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INTRODUCT ION o .a

.

The earligst\studies on the boundary layer prpperties'forAéxfal

flow along cylinders revealed that they were sufficiently different in

r

Qymparisibnvwith the two-dimensional flat-plate values to warrant a

separate theoretical analysis which would take into account the effects

of the Pransverse curvature. When compared to a, flat plate for the same

. [}
R;? the Reynolds'number based on the distance from the leading edge,

i

" these first cylindrical studies reported that the shear coefficients

. * -
Y .
and the momentum thickness values were higher and that the displacement

tﬂicﬁhess values were less: These transverse curvature effecﬁ& have
been confirmed by all subsequent reports. Disagreement sqill exists on
the va%iousltheoretical methods of solutiﬁn of axigymmetrical boundar;
layer problems with respect to the similarity laws. The previous insym-
metrical studies, which are based on modification of the the\afguments
of the similarity function and variation in the empirical consta:xts of
the classicél two-dimensiopal velocity laws, are ciassified according
to six hypotheses for the law of the wall and four hypotheses’for the
velocity defe¢% w, The merits and drawbacgs of each theoretical axi-
symmetrical approach are évaluated and comparision is given to the two-
dimensional laws. Three‘semi-empirical c;mposite correction terms fgr ¢
* the eddy viscosity‘ﬁﬁﬁjthe mixing length for the sublayer and tramnsi-
- {

tion flow regions are examined. The effects of transverse curvature on

the size of the turbulent eddies, relaminarisation, and the division of

» mean flbw properties #nto a wall and wake region are investigated.

-

A series of experimental tests are performed on a circular th
- (_‘," e A } 'l
subjected to a steady jet of water discharging from a conical annular

read

~—
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Several of the studies in the various five methodg include the -

sublayer and transition flow regions as well as the fully turbulent
zone through‘the use of one of three different seml-empirical composite d

correction terms for eddy viscosity and mixing length, those by Deiss-

ler (1), Van Diiest (2), and a recently proposed method by Landweber
"and Porch®presented by Patel (3). These three correction terms will be

+ examined and a comparision will be made with previous experimental re-

N » LN
sults.

¢

1.1.1 Literature Search of Six Competing Hypotheses

LY

-

The first attempts at cylinder flow theories all utilized the-.
assuption of a power law velocity profile: Millikan'(h), Landweber (5),
Eckert (6), Karhan (7), and Sakiadis (8). These power laws were pre-
sented in the form |

1/n ,
ut=A, (v))

»

1.0

where u' was the dimensionless velocity ratio, y* was the dimensionless 4

coordinate ratio and where Al and n were Adnstants which had the values

-

of 8.74 and 7.0 respectively for the two-dimensional case but were mod-

ified for axisymmetric flow. Their drawbacks were the limited Reynolds

!
number range of application and predicted traﬂiferse curvature effects

which were too small by an order of magnitude.

e
e

«~ ' Presently five modern methods are in use for the study for the
mean velocity profile without a pressure gradient along a cylindrical
body for turbulent flow.One of these assumes that the classical fwo—
dimensionéi law of the wall is valid under certain conditions. The

five competing hypotheses for mean velocity in a functionaf form as
@
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where u is the mean velocity parallel to the wall, u' is-the instantan~

eous fluctuation of veloci;:yiin the direction of u, v the cross fluctu—»

-

ation of velocity in the direction normal to the wall, y the len}th

scale normal to the wall and measurezl positive\fmm the wall, p the

-
«

density of the fluid, and y the coefficlent of viscosity of the fluid.
The first term, the apparent molecular 'stress', on the right-hand side
of Eqn. 1.10 represents the effect of viscosity on thé mean flow, wher-
eas the second term is the Reynolds stress dependent on the state of
turbulent motion. For laminar flow, the Reyn>olds stress term is zero..

For turbulent flow away from a wall, thé Reynolds stress is of consid-

erable greater magnitude than the viscous stress so th3t often the fir-

st sc‘resév term is neglected. However, as the wall is approached, the

‘portion of the viscous stress increases. At the‘wall, viscosity predom;

v

inates. . . ‘

The second term can be explained on the basis of the momentum
interchgnge between Jfl}ﬂ.d eleuents as they fluctuate. In Fig.l.1l the
flui'd in layers a and b moves with dififerer\xt mean veloci't:iea. with ;aﬁ
having a smalier vaiue than —‘;b If the smaller’velocity fluid in laye?:

a were to fluctuate with a v' velocity 11.nto layer b, its Velocit‘y in
J

i o

thé direction of the stream would be 1%8 than -‘:b by an amount ;-u',. The
drag of the faster moving surroundings Mould accelerate the element'am,i
therefore in‘crease‘its momentum. The fﬁ\ux crossibg from a to b, p V' ,
;nass/sec—mz, when multiplied by -u' tes\t\fl't‘ﬁ":iﬁf;gw}'u"which is the

change of momentum per second for this flux. The rate of change of mom-
-
entum is an effective shearing stress. Over a period of time the aver-

e—————

age value would be-pu'v'. Now Prandtl also defined

AN

AR







s
.

('S
length at u= 0, then

v

- L !‘. - A - _]L N
¢yt A ol o (Ley

A

Substituting Edqn. 1.21 into Eqn. 1.20 gives the djcensioniess equation

T 1 Us ’ ‘
_-_ = = + ’ .
oy X 1n 5 A2 (1.22)
whi }’vean also be written with A1 = 1/k as
+ +
u = Al ln vy o+ Az ' . (1.23)

%

which is the two-dimensional law of the wall for fully turbulent flow
over smooth walls. ' f

1.2.1.c Comparision of Sublayer and Tramsition Region Equations k

Three semi-empirical relationships for the two—-dimensional

P

sublayer and transition region by Deissler- (1), Van Driest (2), and
L&ldweber and Porch which was presented by Patel (3) are shown in Table _
1.4. The equatians for the dimensionless velscit:y ratio u+ as a,»f’mctf \
ion of the dimensionl'es's vertical length y+ by Van Driest and Landwe-

ber are valid also for the fully turbuiegt region while Deissler speci-\,

fies that his equation holds true until a demarcation point at y = 26%

and u*u 12.9, afterwhich he recommends using the clas‘sic two-dimension~

al law of the wall with the constants Al and Az specified in Table 1l.4. +-

A compa;'ision of the results of the two mixing length exﬁress-
ions of Van Driest and Landweber and Porch obtained from writing a For-
tran program were plotted in Fig. 1.Z. The latter takes
on the linear mi:;ing length relation 2t lcy+ for vglues of "y+ of ap-
proximately 50. The mean \.Ie;l.ocit:y ‘distribution using the three relat-.
ions was plot:t\ed in Fig. 1.3. Since no experimentﬁl sublayer data is ~—

A
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wall. Hence, Eqn. i.l4 should be modified from
" :

s 2

- ¢ du Z oduy v . .
Teu(E et () o
- 22 7 2 =2
to ,1=u(%§-)+,pky{l—-exp(:%—)}(%;j)' o (1.24)

in order to take into account the mean motion all the way to a smooth

. wall.

PPV

One could argue that the presence of the wall modifies the uni-

versal, constant in that

|
/ Ke k-{1 - exp (-y(A)} (1.25)

PPVIVE RRPLRNY S

or that the mixing length must be\changed to )

L» ky {1-exp (-y/A)} " (1.26)
Writing Eqn. 1/(25 and 1.26 in a dimensionless form in which & 1s a

constant of turbulence equal to A u*/v, then

ool

K= k {1-exp (-y /&) (1.27a)

and JL+=- ky+ "e‘xp (—y+ /A% )} (1.27b)
o+ 3
where L =u, /v and y+~= /v 3
Thus Eqn. 1.24 would beco;n'e .
+ 2 *2 , gt /
Lo @y iy - entan Ep (1.28
¥ 3y . 3y ‘
. ¢

e
For a boundary layer flow with zero pressure gradient,dt/dy, -
* ) . A /’\
equal to zero at the smooth w}all and therefore, T = T, Through inte~ -
. ’ M 13 .
gration of Eqn. 1.28 one then obtains the expreaaion for ut which 1s

_ / at v* 24y+ \

(1.29)\
0 N\

‘ - 1 /(:fkly*'z{l - exp (-y*/a* )}Y'
L . N . * »










v | =

u, a '

u * i o
u, - Al log ¢ = log a) + AZ 9 (1.;34)
which can also be represented by '
+ + Lo
u = Al log{a log(l+ ‘Y:-)} + AZ- (1.35)
- a

1.2.4 Derivation of Richmon‘;'s Streamline Method

Richmond (15) assumed that there was.a tegion:mear :the wall
where the mean flow was dominated by the wall. He obtained a law of the
. =

wall for the axisymmetric bov.mdarymlayexwusring«Cc\lesl0(32). stteamline

Mhypothesis in that region. In the region near the wall of a two—diﬂlér’l:-"' -

sional turbulent boundary layer, Coles has pointed out thab the ‘mean
streamlines of the flow are given’'by lines of constant ut. Therefore,

Rickmond's procedure for the wall region of the axisymmetric boundary

'layer should be valid in the reglon near’the wall where the turbulent

flow is essentially two-dimensional as in the case when the ratio y/a
is small. .ptherwise ‘the similarity law derived from the streamline hy~-
pothesis may be incorrect. .

His proc;adure assumes that u' is constant on the mean stream-

lines. Therefore, ,using the stream function y

©

, _ .
] u+ = —3— a ¢ (C w) R (1-36)
* T - .
inverting this expression .
» . L 4
1
A &) / : (1.37)
. U .
. - .. /
The continuity equation defines the stream furiction .
- N - ‘
. ur o and vr oo (1.38)
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y/8 or y/a < 0.2.with the reasoning that"though it is not uncontrover-

sial, it should suffice for calculation'of the mean velocity profiles

by

within the limits imposed.

1.3.3 Rao's liypothesis

Rao's hypothesis (1Y) was derived on ‘the basis that for a slen~
der cylinder','thé s;xblayer thickness is comparable to the radius of
transverse curvature. He states that for small y/a, the Ecé.l. 33 (q‘h -

au*/v log r/a) reduces to u = u/ul- (yu,/v)(1-y/2a). Therefore, the use

‘of the streamline hypothesis or the ‘two-dimensional law of the wall

near the surface to estimate skin fricti&n assuming a linear relation
is incorrect unless y/2a << 1. The error increases as y/a beéo;es com-
parable to unity. Physicall§ this means that, as the thickness of the
sublayer becomes cgmparable to, the radius of transverse curvature, it
is more corr?ct'to use Rao's eqhation fof the ;eéion very close to the
wall than either th; two—dimensional wall law or thm streamline hypo-
tﬂesis as a ligear ielgtion. A graph of a compa;ision he:wqen the
streamline hypothesis and Rao's.is shown 1n.Fig.l.Si,and'Fig. 1.6..
Willmarth &nd"Yang.(17) agree with Rao that Eqn.1.33 is cor<. i
rect in the region very near the wall, but ﬁoﬁbt that it ;an be valid

in a region extending from the wall as far us the radius of curvature

of the cylinder:whenﬁla >1, Their.conception.of the sublayer is a

i ¢ 1 1 .
regivn dominated by wall effects and that no matter how large the ratio

-
&/a becomes, the aublayer thickness 1s always small co?pared to the

radius of curvar.ure of the. surface, a. If this were not true, they

state th.at fle t:urbulent eddying flow would wash the fluid in the sub~-

layer completely off the cylinder. They also question Rao's velocity

) ’ptu"ile law used throughout the boundary region, because 1:: takes the

4

}
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X

of the wall, czanot be considered in isolation from the effects of the
wall and that the wall effects appear to be stronger than hithefto
assumed. Rao also questions the assumptioﬁ that the eddy length scale

is proportional to the distance from the wall in &tsymmet:ric flows. He'

'doubts that the eddy structure on cylinders of 5mm and 50mm diameters

should be the same at 2mm from the wall even if the thickness of the
turbulent boundary layer is the same in both cases. For example, the
velocity induced by one ring vortex on another :I;n the two é:ases wivll be
'dii.fferent even if the strengths of the, two vortices are the same in
both cases. For this reagom,Rao justifies the use of his alternate for-
mulation for the mixing length and law of the wall for axisymmetrical.
flow;. \ |

Two of the repo.rts,published before Rao,attempted to improve
results over the two-dimensional and Richmond's method. Ginevski and
Solodkin (27) adapted Prandtl's mixing length the.ory to the t:\hick cy-
lindrtcal boundary layer and included consideration of concave and
convex surfaces, pressure gradients and.flow separation. They divided
the flow field into a purely laminar one and a fully turbulent omne.
After examining this approach; Sparrow, Ec.kert and Minkowyez (26) hsug.-
gested that the use of. local turbulent transport coeffients would im-
prove results and used the two-layer ed‘dy viécosity formulation of
Dieésler(l) to take ﬁhe transition region into account.

Patel(3) and (25) explained his choice of tl}e local similarity
method over Rao's method in that he de/sig:ed' to avoid Rao's special
scaling ‘assumption that th; laws applyiﬁg to the sublayer should per-

sist when substituted 'in' the equation for the region of the law of the

wall, He used a recently introduced mixing length formulation by Land-
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+ F(y*,0) = A, 1ln(y -J,) +A forC.<y"  (1.51b)

'L L) 1
. - ‘J

with Al = 2'5. and A2 = 5.1

and C1 - Al In Al +~A2- 1.4 N

! . - . - ' - ' 5 L\
and Jl Cl Al 4,9 .

"The results were compared with Richmond's (15) experiments with
a‘a' 0.3048 cm and u = 1240 cm/sec with natural transition and u =460 cm
/sec with clay~centerbody and enveloping stovepipe. Since the friction
velocity, u,, was not measured and not rellably derivable from the slo-
pe of the measured profile at small wall distances, this parameter was
regarded adj@table for each of the hypothesis and was adj;:sted in two
different ways for each set. I&\the first instance (see Fig.l.6 and 1.7
), the values of u, were chosen to yeild a comman value of u(y) in ag-

4

reement wi’ti.h the measured result at a chosen y well out in the boundary
iayer (b:t at a minor fraction of boundary layer thickness). In the
second method (see Fig.l.8), tt;e values were chosen instead to yeild a
common value in agreement with the me‘asugred u(y) at the measured point
nearest the v'lall. f) . ‘

./bs 11llustrated in Fig. 1.6, 1.7, and 1.8, the Rao hypothesis
suceeds best in’ des‘ci'ibing the expeiimental profile over most of the
thickness, even at very large y/a. The advantage 18 not s'ubst:ant:i’.ally

weakened if the result is compared with that' of Cebeci (36). Cebeci

}eéumed an eddy viscos:iu.ty independent of y/a,.as in fhe derivative hy-~

pothesis, but integrated the mean momentum and continuity equatibns in-

[ P
s
-stead of assuming shear force per unit streamwise distance of ¥,

"A recent compafiston by-eebeci(SS)‘;after he rejected his defiv-

. A
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\v{hich generate new turbulence occur in these regions of locally unst‘a-
ble inflexional profiles. When there is a very favourable pressure
gradient, the outer flow cox}taining the large eddiéslis strongl; ace-
ele;:ated 80 that the large eddies pas‘s more quickly over the sublay-
er flow field , s;q that. their ﬁzassaging actic;n at a given point near
the wall has {:.‘a greatly reduced time scale. Then,ghe flow near the wall
- f!.s locally mél,re stable since the degree of instabilit; and therefore
‘ the number of locally unstable regions in the sublayer dre” reduced.
The result is that theknuniber and intensity of bursts are redtjced.
‘ Ultimately, a reversion to laminar flow oc;:urs.

\
/1/'3/ Variation in the Viscous Damping Constant At

The vis‘co-.us damping constant, A"’, represents the effect of the

F4

viécousysdblayer , (y+ >40), as it determines the additive constant A2
: '

in the logarithmic law of the wall. Huffman and Bradshaw (18) made a

/ comparision study on. the change in A+ and k with respect to the dimen-

.

sio'nle s shear stress gradient, 3¢ +/ 3y+, in the inner layer where'yls
< 0.2‘ :f\or two—-dimensional and ‘axisymme(:r'ical flows. As the data for
the boundary layer itself has been shown insufficient in accuracy to
rgach a conclusion to whether k and A+ have varia\,ble\ values as sug-
gested by Simpson(4l) and Cebeci and Mosinsk;L (36) or comstant values

as suggested by Coles (32) and Herring and Mellor (42), their compar-

' <

ison analysis was based on flows in which low Reynolds number .effects
. are expected to be.larger than in a boundary layer. They staté that if

the value of k were varied but assumed constant in the profile fitting
o .

process, one would expect the optimum At to vary‘ to compensaten .lf this

+
optimum A were found to be constant even in the presence of rather

« ]

écronge: Reynolds number effects than those found in low Reynolds num-

¢
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sional and axisymmetric flow for 1arge\81+/ ay+ it can be concluded

i

that the transverse curvat:ure/ may affect the viscous sublayer. It is

generally accepted, however, that the transverse curVature does not ef-
//1/ .

fect the rest of the innepfiayer since the ratio of the inner laye

thickness to the .radius of. curvature is in&ependent of Reynolds number.

The reasons for the sensitivity of the sublayer to tranéve;ge
curvature remain conjectures. A possible clue comes from the obse‘r\ia-
tion by Kline et alj (43) and hGupta eml (44) of a tendency to trans-.
verse periodicity in the sublayer with a wavelength A given by u*}\/v;
':+= 109. Moreover, \/a =368ub/a =100(3't+ /ay+); consequently, A/a is'
about 0.3, 1.e. one transverse wavelength subtends about 20°, when
significant curvature effects begin. This tramsverse scale is quite
large when compared wit‘h tEe eddy length scales just outside the vis-
cous sublayer, i.e, zsub ~ 16 when y =~ 40, so that it is plausible
that the éublayer is affected while the remainder of the inner 1aye;' is
not. .

1.4.4 Reduction in Turbulent Eddies Size

Willmarth and Yang (17) suggest that there aré two primary eff-~
ects in a boundary layer with transverse curvature that reduce the size
of turbulent eddies. The first effect causing this reduction is the in~
creased fullness of t;he velocity profile when compared with a flat
plate (se; Fig. 1.12), where §/a =0 is the flat plate case. In ‘a boun-
dary layer with a fuller velocity profile, the turbulent eddies near
the wall moving at any given convection speed must be smalle;' bécause
the mean velocity corresp_onding t:o that convection speed is reached at

a point nearer the wall. The second more direct effect where the large

eddies suffer a greater reduction in transverse scale than small eddies

toa
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¢
yx/a increases, which also means §/a incresing, the turbulence 1nténsity

decreases. Compared with the flat plate case, th;a effect of the trans-
verse curvature decreased the intensity of turbulence.
1.5.0  Conclusions '

This chapter examined the law of the wall for axial turbulent
flow aiong a cylinder without a pressure gradient. Previous studies
were classified according to;six major approaches. As no previous
agreement existed regarding the appropriate similarity 1‘aws for the
mean flow, these competing hypotheses were compared with respect to
accur;c;' of p;ecl,iction, the range of application and the comstraints
existing on their respective utilization. ) '

This chapter considered’ the sublayer end -transition regions as
well as the fully turbulent flow region of thé inner iayer. A compari-
sion of the thrée‘ semi-empirical composite correction térms for eddy
viscosity and mixing'lengtb; used in previous studiés was examined.
None of the three relations were found to be in strong contradiction

with experimental data. Their results overlapped in severgl instances

and could possibly coincide further through slight modification in
L

o

Modifying Van Driest's equation through substitution of Rao's
v'?riable improved cor;el‘ation with experimental resulit's’ . It should be
noted that the viscous damping constant, N , variesAfor large values
of 31+/ay+ and that the transverse curvature may affect the viscous
subla};er but it'generally 18 accepted that the rest of the inner layer
is not affected. |

The first attempt at axisymmetric flow theories, based on the

assumption of a.power law velocity profile, has long been abandoned due

wr
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: 4
to limited Reynolds number ramnge application and its inaccuracy. Therer
fore it was not examined closely.

Of the remaining five moderm hypotheses, the one often chosén

because of its simplicity is the two—dimensional hypothesis. The effect “ f

i

of the transverse curvature was, partly taken into account through var=:

iation in the values of the constants Al and A, for different radii in

2
P

the two-~-dimensional wall law. The total shear stress though, was assum—
4

ed equal to the shdar stress at the wall as in the plan‘ar' case. The?e—‘.
fore, this hypothei\s becomes increasingly more inacct'xrate. for smaller
radii as the transve\ se curvature efﬁect increases and théreby places a _
limit on its applica;on. Comparison with experimental results revealed °
tha;'.t: this hypothesis was sufficiently accurate for use with large cyl-

{

@

inder radii.

2

Y Richmond's stre

ine hypothesis was based on the assumption ’
W o

o 2
the, flow is essentially two-dimensional, as in the case of small values

‘o \

of y/a. Otherwise, its usage may be incorrect and the validity of it's

%3
results questionable. kfn comparison with experimental results, it pro-

ved sufficiently accurate for use with small y/a values but because of -

this restriction on its use, this hypothesis is not often utilized.’

Variation in its values of AI and A2 improve its aq?racy somewhat.

- Rao's hypothesis was derived on the basis that for a‘slender
cylinder, "the sublayer thickness is comparable to the radius of trans-
verse curvature. Unlike the previous two hypotheses, Rao's appears not

limited by the size of the radius and was found valid £8r large values .
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All the pre"sented methods have been found somewhat inaccurate
. in predicting the velocity distrii:ution in comparism:‘z with experimen?— .
al résults for low values of q+. Patel (24) proposed that there was a °
definite limit that can be imposed on a turbulent boundary layer by
transverse curvature effects ;vithout destroying the essential equilib—-
N rium that exisfs between the product;ion and dissipation of turbullem:
icinetic :anergy in the wall region and thereby provoking relaminarisa-
tion. Patel proposed that this limiting vaiue of a was about 28. Rao

and Keshaven (20) also proposed a relaminarisation in terms of Ra less

than 15,000.

e ]










:' This chapter also.deals with the existance of a specific outer

. files into a single curve because the viscous-dependent part of the

A .
. N
48 .
“

\\_\' : '2:2). In the fourth n;ethod Rao and Keailaven ‘(20) found that there was L\
not any similarity when the velocity defect curves were plotted aga;inst {

\:‘\—-/\/ y/s but similarity was obtained for each R value when plotted against

" a local Reynolds number, r,+¥No velocity defect law was suggested in

“ Ref. (20). o B :
S | | @
’ In the following secf:tiona the various met ods will be exaninéd . ‘
in comparision with experimental(;eaults to find ény restrictions that
may ‘exist on their respective utiiizatidn. Discusgions will include the
justification of the various'autﬁors and their criticisms of the com-
petixig approaches. As the various methods are based on the two-dimen- ’
sional defect law, a brief discussion of that law) will first be given
for’comparative purposes. t
\

\\
layer eddy viscosity, enabling calculation of velocity profiles gs was

. |
'examined by Cebeci (28 and 35) and Sparrow et al (26). Their observa-;/

tions are compared with White (21 and 22) who stated, without substan-

tiation, that no.law of the wake or velocity\defect law was necessary

for thick axisymmetrical boundary layers as no por¥ion of a truly thick

axigsymmetrical velocity profile exiSted that was not wall-related. The
“validity of this statement will be examined.

*

2.2.0 DISCUSSION OF COMPETING HYPOTHESES

2,2.1 The Two-dimensional Velocity Def;ct ‘Law
For flow along a flat plate it is necetsarl to treat the two—~
' dimensional turbulent boundary 1\ayef as a composite layer consisting of
'ix‘mer gnd outer regions. For turbulent boundaryiayers there is no sin-

’ gle dimensionless y to—ordinate that collapses all the velocity pro--

@ [}
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U-Y 551 & +1.3802w) (2.6)
) 6

vﬁé/r'e w=l-cos(y/é) and did a curve%ﬂtting (Fig. 2.4) to better |reflect

the effect of wall curvature on the profile shape far their experiment-

al data. They there%o,re suggested the following velocity defect !law for

the single cylinder that was tested \ 4

. .
- U= vuae 3,951 &) +0.925(2-w) | 2.7
U* [ ‘
\ o

where w has the same definition as above. They did not check 1if I:his

equation would change for othetr cylinder radii. . .
} N
2.2.2 Yu's Hypothesis I

Among the first to study axisymmetrical flow was Yu (10), who
assumed that the similarity 1aws' for a circular cylinder with radius a
were dependent upon ‘the/ radius Reynolds ‘number,.Ra. Therefore, the vel-

ocity defect law proposed in functional form was.

U-u_ ¥ Ua :
o A , (2.8)

where L was the length scale. The resulting equation was

v

U-u,_ _ e ‘
o B, In(}) + B, (2.9)

in which Bl is independent of Ra and where

- 0lk -
L=e v (2.10)
U* “\
: @ : , l
and — o S (2.11)
, U, , !

t
From his experimental mean velocity distributionms, Yu found |
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. Afzal and Narasimha (12) examination of avallable experimental -

data from various sdMirces (Richmond (15), Willmarth and Yang (17), and

Rao and Keshaven(20) when plotted in the two-dimensional defect law co-

¢

ordinates, as can be seen in Fig. 2.10 to 2.12 respectively, reveal the
clear existence of a substantial logarithmic region. Previously a log—

arithmic outer law region had been reported by Yu (10) and Chin et al

" (11).‘Therefore, Afzal and Narasimha (12) state that all available

measurements overwhemingly appear in favour of a logarithmic law in
clasaical ciefect co-ordiﬁates. Unlike the two-dimensional case the‘v#l—
ue of their intercept D (D is equivalent to BZ) was not a universal
constant. They ;uggest that to, the lowest order D could be a function
of &/a. To ve’ri'.fy this hypotilesis the values of the intercept from the
varlous sources previously mentioned and that of Afzal and Singh‘(l3)
were plotted against 5/a in Fig. 2.13. As \3/ahapproaches zero the val-
ues of D approaches the flat plate value. From the above results it

follows that the classical defect law can therefore describe axisym- \ :

metric turbulent boundary layers -provided tha 1/a¥ and &/a are small.

et A s

For moderately small values of 1/a+, and §/a of order unity the inter-:
¢ R ' i

cept in the defect law seems to depend on §&/a.

b n L €,

Rao and Keshaven (20), on the basis of their own measurements,
however have concluded that the two~dimefsional defect law co—ordinates
do not show any promise. Afzal and Narasimha (12) dispute this. They’

attribute the scatter of the formers data points for the same,Ra and \

8/a as shown in Fig. 2.12 to the artifically tripped boundary layer {

20). In view of the known slow recovery of boundary layers from the,

4

effects .of tripping devices, they claim it is likely that at least the
. ' "
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Fig. 2.12 Velocity Defect Law: Rao & Keshaven Measurements.(a) R =
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"o
(48). Therefore, for their experimental data for §/a <2, they present
the correlation expression ’ @ |
D= 2.5- 0.72% ’ e (2.14) ! ~
which they state is alsol coneist‘ﬁg with all previous work’. Therefore,

if Eqn. 2.14 is substituted into Eqn. 2.13 the velocity defect is
/.l L}
&¥ .

-4, .55 108 ()6'7) +2.5 -0.2% (2.15)

Uy

2.2.4 Rao and Keshaven's Hypothesis

Rao .and Keshaven (20) i:westigated the velocity profiles meas-
ure'd farther downstream of the ntarginal profile, (expleined/in section ‘
2.3. 2)‘for the existance of simiiarity. A checi on the two-dimensional
form, v - u)/u veraus y/8 did not seem promisingo\'l‘hey state that ° ¢
since the turbulent boundary 1aye>r is already uhder >the influence of R
,similarity can be sought using two techniques. First) ‘with R, fixed,

similerity may exist in terme of some suitably forme Reynolde nu;nber

~

_which includes the outeér flow variables. The second possibility is that .

similarity might exist for all values of Ra at a given value of . the .

local Reynolds number, r,. The ﬁ?&t technique with' r, plotted versus
» 1 - /‘“\ {

3

(U - v)/u, in Fig. 2.16 gn{z\ 17 reveals that -similarity exists only

'for the variou)s‘in‘dividual R' values. No aimilarityi'was obtained in

terms of the generally used geometric parameters y/s, r/rs, 6/8, d@nd

r /a when the velocity defect at various values of R was plotted.

18

They reason "that ‘the difference between axisymmetrical and two-

dimenaional flow 1s the penetration of the wall shear to regions far-

Pl

ther’ from the wall in the former case. For axisymmetrical flows near

P .

-

" the wall ‘t-'r a/r and for twm-dimensional flows near the wall, 1--;-; ‘I'hese

f : oo 4 Y
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(19) which 1is (u ,Y+) where Y'= a+1n(r+/a,+). The #elocity profiles in
Fig. 2.20 for a 0.06096 cm, (0.024 inches) diameter cylinder at RB .

= 2100 and for a 2.54 cm. (1 inch) diameter cylinder at Ra =: 8750, re-

veal that the former has no wake componet while the latter does have

one. Calculations for the former show that its entire boundary 1layer . -
was represented with only the inner layer eddy viscosity expression so
that the entire velocity profile was represented by the law of the wall

. Calculations for the latter revealed the necessity of the use of both

inner and outer layer eddy viscosities so that the velocity distribu-.

tion was given with both the law of the wall and the law of "the wake,
For axisymmetrical flows Cebeci (35) felt that £ should be ex-
pi:essed as a funct:io!n of the two-dimensional definition of the momentum
thickness Reynolds numbe?,'Re, because ]| decreases with decreasing Re,
ano:lf2 in Egn. i.19 increases, g:aking tﬁg‘wake component smaller. As a
result Cebeci (35) uses the two-dimensional definition for the outer
eady.viséosity formula for thick a;tisymetrical boundary layers.

For thick axisymmetrical turbulent boundary layers excluding

" the subla}er region White (21 and 22) utilize Rao's law of the waii :

U = 2.5 1n (Y) +5.5 (2.23)

| ) (2.2&)\"

Cebeci (21) pointed out that neglecting the wake contribution leads to

s

appreciable errors that may be especially noted for large cylinders and.”

where

Y "a+].n(§)

e

‘suggested that White take the wake into account and change Rao's equa-

\ -

tion to .
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ent appears.

' The axial extent of the flow which exhibited the negative
wake was confined only to the first two or three stations 'in the‘ test -
section at the lawer Ra values. 'he disappearance of the negative wake
at higher Ra values was extremely rapid and therefore they assume that
the axisymme trical turbulent boundary layer starts with the marginal
profﬁile, if Ra is more than 5000. Thé appéarance of such marginal pro-
files at' low Rg values -in thie two-dimensional flows has been discussed
by Coles (32). A plot .of‘the measured Ry of the marginal prgfiles ver-
sus Ra in Fig. 2.22 reveal that their me ureme;lts tend to the two—dim-%
epsional Ry 'value of about 500 given by Co R+ =

. Afzal and Narasicha (12‘& state that the negative wake qoﬁ\pop—
ents ¢n Rao and Keshaven's wall law plots at the intial stations were a
result ;ﬁ the experimental data, being obtained by artifically tffpping
the’ boux;d‘ary .layer. The i;litial stations may not have reached a natural
state because of the known slow recovery of boundary layers from trip-
ping devices. ' ¥ .

‘The point of departure of the wake portion from the logarithmic

- portion 1s also of interest in predicting the wake portion. It was ob-

served that while B (which is equivalent to co&%ant AE) increased in
the downstre\_dj.rection, the point of departﬁre in terms of Y+‘ decre- .
ased and the product BY* tended to be constant at a particulat R . A

’few trials indicated that bett:er correlatton is obtained if l(BY+ was

. plotted against Ra which is showm in Fig. 2.23.

2.4.0 ALTERNATE OUTER LAYER VELOCITY EQUATION

“

Sparrow et al (26) did not suggest any velocity defect law. nor
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Using thé shear stress distribution for a circular cylinder given by

? T a o
. == (2.31)
Tw a+ ¥

N MY

integrating Eqn. 2,30 once Sparrow et al (26) obtained the follow-

4 ! :

ing dif ferential equation for the velocity distribution away £rom the

and;

wali

3

.
ayt -%ka+ @+ -1 a’ (2.32)
a

where

‘ N |
AL DL (2.33)

<
©

The demarcation between the reglons mesr the wall and, away from the
wall as detemined b.y Deissler (1) frou pipe flow data with y+=y1+-26‘
and u = u1+-1;'2‘_9. Sparrow et al (26) used u,"=12.9 as their demarcation
“point. Thg velocity profiles in the form of y+ a8 a function of u
wérg obtained by numerical integration of Eqn. 2.32 for parametric val-

ves of a’ . Numerical values of a@ were selected according to the iden-
§
I d

tity‘ .- % ‘ !
4
ua Gt ..hb) R » :
o oM .8 | : (2.34)
vou u‘:

»

"in which u is the free stream velocity., For a éiven Ra, a sequence of
«x

,equally spaced values- of u‘: was assigned and to each of these corres-

Ponded an a+. For each of the assigned u: values, Eqn. 2.32 was integ~

-’ +
rated from u+ =) to u=u .
o«

They also suggested the following closed form solution for the

g




T T e e

2 was a ' -
"fmction of &/a where <S was the displacement thickness. All three of .

’ P ’ e
‘. these modified two—dimen%ional velocity defect laws are therefore ap~:.* }

)«which was suggested K‘y W:Vflmarth and l‘ang (17), states that B

oarently dependent on the ‘cylinder‘radius, taking into account'that’the
Tirst method modified the e’é(uat'ion for.one particular radius.
PO 5 ~ R .

- >

/ . For ‘each of these thrée methods, (the respective reports, where -~
- L4 ) 1 . -

. v © B, was presepted not only in functional form but given specific valugs).‘

\ g

‘the velocity defect plots in. twe-dimensional co-ordinates of (U-u)/u,
) _ versus y/$ closel): coin‘cided withexperimental results. The only ex-~ .
o 2 . ., : 2

/ ception was Rao and Kesh@ven's (20) data, which did not collapsehint'o a

single  curve for the same R and §/a vé"],.ues: Afzal and Narasimha (1‘2‘)

~

explained that ‘the discreperlcy was due to the fact that the data was .

. N A
obtained thrOugh artifically tripping the boundary layer and in view of

the known slow recovery of boundary layers from tripping devices, the Lo

”i};xitial stations may not have acheived a natural state therefore inval-

€

.
wr !
'

I

idating those initial resplts. As,the. functional \relationships of each

of the three methods are appgrently eqlﬂally valid, the only difference ‘ )
, ’ A\ - g

» appears to be in terms of'the presentation 6f (U-u)/u, versus y/§ with

[ ’ v .
variables a, Ra’ and §/a. lgor increasing values of cylinder radius, a,
»> , .

S A w'hi%also means increaging values of Ra' and decreasing values of ¢7a,

' ) 4
: Py the velocity defect plots approached the two-dimensional values-\',‘ -
’ *
In the fourth approach, Rao and Keshaven (20) found that the

T . two-dimensional velocity defect co-ordinates -did not reveal any:simi+

g larity for their experimental data. When the velocity defect was pYot-

e
’
.
(3

> L ted against a 1oca1 Reynolds number, r*, similarity did exist for each

-~

¢ - individual value of cylinder radius Reynolds number, Ra' - QO
) . I . ). . - ' s R = [ , /

- h—wvvw-:w B = i SR NE PV
.
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der was towed By a line attached to its nose, but was completely free

N
~
(

ljess than 3% over the” pressure range of 310:.3 to 379.2 kPa which: they

4
-

examined. As the predictive capacity of the methods (Ref. 52) produced
apparently excellent resul s, the nethods were chosen for comparison

with the pre‘nt experimenta work, As a greater range of flow and

pressure conditions are present
-
ed to find if the same predict:ive accuracy is maintained.
L ®
3.1.2.b Review on Flow Along a Circular Cylinder in Experiments

nvavled, the' two methods ' are examin-

‘

The majority of experimental work for'flow along a cylinder has .

been umder turbulent conditions beginning with qhat performed by Kempf

(61). S'ubse\clueptudata'v‘was reported by Telfer (62), Hughes (63), Rich-
< .

mond (15) Yu (10), Yasuhara‘(la), Selwood (64),” Willmarth and Yang

"(17) , Willmarth: et al (14) Rao and Keshawen (20), ahd Afzal -and Singh
(13) ., (See Table 3. l)

Only three of the above reports obtained the skin friction from

direbct measurements‘. I.[ogal frict:ion factors were measured by Kempf (61)

for water flowing along a cylinder of rndius 1.7526 cm. and lengths of

3

.up to 9.144 m.. The cylinder was rigidly attached to an outside towing

deyice which moved it horizontalfly through the water. The range of len-

" "gth Reynolds number,Rx,extended rom 3,5 x 10% to 2.4 x 107, while the

3
cylinder Reynolds number ,R ,ranged from 2.3 x 10* and 5 x'104.' Hughes

(63) measured average friction factors for watér flowing along 5 cylin-
der with & rgddius of 1.27 cm, and lengths up to 25.6032 m,. The cylin--

of constraining support. During the towing, a slight yaw was noted (-1°

); which 1is small in view of the lack qf constraints. No observations -

. of sidewise motions were mentioned and there was not any s‘tatementa’ as

| g

s @

B N T T S
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1 - ’
AUTHOR (KEF.) R. N {E‘“. of x/a
’ Richmond (15) 93.8 = 1600
, 253 1600
b - 40,200 +16 to 20
 » Yu (10) . 15,250 ° 12 to 96
: 30,740 12 to 96
4 43.060 12 to 84
Yasuhara (16) f 218,000 100
Willmsrth and Yang 68,800 ’ L s
am, - . 136,000 128
70,200 192
115,000 192
134,000 192
Rao and Keshaven 425 96 to 640
(20) 825 96.to0 640
1,320 48 to 320
1,420 24 to 160
’ ’ 1,620 48 to 320
% 3,940 24 to 160
106,000 5.3 to 16.4
- 218,500 5.3 to 16.4
! Villnarth et al 482 21,960
(1%) ; 736 21,960
899 21,960 .
- 1,439 10,380
4,330 3,513.6
. 6,203 1,756.8
. 9,494 1,756.8
. 11,693 . 1,756.8
. 12,790 ° 878.4
19,230 878.4
23,100 878.4
36,680 - 439.2
. ) 74,260 219.6
\; : . 92,310 219.6 -
N Afzal and Singh ~ 11..2\00 30 to 162
(13)
Présent Work 2,189 272,72 o 2181.82
. 2,306 - "
2,571
i 2,693 7
2,922 ’
3,085
. 2,862
3,260
3,428
3,198
‘ 3,822 .
3,942 b
) , 4,040 .
4,046
. 4,285

~

Table 3.1 Experiﬁ:entai Work. gan Flow Aloﬂg a Circular Cylinder

-
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‘

Cpoeffichent A:lcmg a‘Cireular.Cylinder Using Experimental Data ¢

z

For the experimental thread shegr coefficients with various

&

nozzle conditions, the following assumptions for the flow of the water

jet from a nozzle into a stationary atmosphere were made:

a) The pressure along the jet boundary and across section of the

"{et is atmospheric. f '

-

b) The jet has no extgamal forces acting on 1it.
c) The jet flow is uniform at the nozzle exit.

d) The velocity of the jet remains consqgant.

e) There is no mixing of the jet with the surroumding atmosphere

o . £) The friction be}:ween the jet and the air can be neglecpe&.

S '

The Reynolds number R is the ratio of the in‘ertial'forces .t:o the

, Viscous forces and is.applicable in situations where these forcl:es are
the dominant ones. At low Reynolds number, :the viscous forces are dom-
inant, an\d the interial forces negligible, and at high Reynolds numb?r

the inertial forces are dominant and the viscous forces tiegligible. The

formula for Rb, the Reynolds number based on DH’ the hydraulic diameter

'

-

r DU ' )
RDn _1__“ et ~ (3-1)

v

.

and Ujet is taken as the average wvelocity in the direction of flow, and

and v 18 the kinematic viscdsity of the fluid., The hyd;:aulic diameter

" is four times the ratio,of cross section to wetted perimeterL.'l{erafore

for the nozzle annulus area in this experiment,

o DH = 2¢ i # . (3- 2).

L, J
. where c is the nozzle clearance. With Do as the outer diameter and Din

-

a8 the inner diameter of the nozzle through which the flow passes. The

PR

¢

L
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) 3.2.3 Two Theoretical Metho_b;:for Coflculation of Average Exit
L

Velocity at thg End of a Conical Annulus g
- ]

-

The equation utilized in the the following two methods are for a
develop;tng turbulent boundary layer. Such conditions are shown to exist
for r1/r2= 0.5;31 v;here\the boundary was still developing at the poiﬁt

of’ 35 DH (Ref. 57). The lattef\'length f}xrther increases ;rith'larger r1/
.- L, ratios. For the nozzle; utilized in this experiment 1:1/r2 = 0,10287
cm:/0.1295 cm. = 0.7942. Even when the length is assumed to be 35 D, =
1.8669 ca., this vaftie is greater than the length (L) of the. channel
(sec; Fig. 3.2) whicﬁx/i‘s equal to 1.3208_\ cm. ., 'l?;le;.'éfore the methods a.re
valid for “thhe p/;eéé;;,t ‘experiment:al ;:onditions. \ .

B.2.3.a Method 1 - Integral Momentum Equations

e .
/'Fgr the fnner boundary layer, the force and momentum—flux

« ‘
ye ' ’ '

-
:
' {
i .
1 .
s
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.
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-’ .
- steady flow of water was passed through the nozzle at a constant supply °

96
Watts - U-5 AB 3" NPT). The flow was measured ﬁith aroﬁaineter «(n, 1.
Fisher and Porter Co., Precision Base Fldwmeter Tube No. FP-3- 5( o-c- '
9183) with an accur_:acy of 2% of maximum flow and a range from 0.281
to 3.52 gpm (1.064 ,‘?13.32‘ lpm). The pressure after the rotometer was

obta:l,ned through the use of a pressure‘ gauge ((5), Solfrunt U.S. ‘Gauge

€at. No. 33504) xrth an’ accuracy of « 0. 051 of full scale and ‘'a range

of 0 to 100 psi (0 to 689.5 k.Pa) The rest of t:he flow system consists

of an elbow (3" NPT), a reducer bushing (3" NPT x k" NPT), a Polyflow

] 'fi‘tting (2" NPT xé'" Polyflow Tube), plastic tubing (30 in. (0.762 m)

o4

af. " Polyflc?w Tubing 66-P-;§-) and the nozzle (6) itself also shown in

greater detail in Fig. 3.4.. The force on the thread ((7), 0.011 inch

(0~.2"'794 cm) diameter Bérklef Viking monofilament) p’lz)-xced within the -

noizle was measured by a *foéé:e t;mter ((8) , Ametek Trim éeries Model T~
.‘?06-—"1'0) with an accuracy ot: 2% of full scale and a range of 0-50 gra.’és .
. The length of thread and the nozzle protrusions were obtaine(i using a,
vernier (Kar Stainléass Hardened Vernier Caliper). X }

3.3.2 Experimental Procedure

RIS SESE P SIE VR PRUE LRI

-

After the exper;infental apparatus was set up-as in Fig. 3.3, the.
’ B

nozzle protrusion was set at its intial value of 0 cm through measure- B
. " o '] : ' , .
ment by the vernier caliper. The three nozzle protrusidn wvalues that 2

would bé tested were 0 cm,“Oin?.? cm. ,. ahd 0.254 cm. reéspectively. With

*

. ~ .

the initial value of nozzle protrusion set, cne end of the thread-'was

attached to a force meter and the other end inserted through the cen-
. y

ter of. the nozzle so that there was a thread length of 30.48 cm.. All

thread lengths -were measured fronfn;the end of the nozzle protrusion. A
’ +

/ - -

I3
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protrusions for the same Reynelds hum}:er, Rx’ but no consistent pattern

@

to the variation could be observed-that satisfied all supply pressure

conditions. Although there wag scattering for the point\g of

protrusions, which can bé partially attributed to the limitation of the

the three

accuracy of the force guage testing instrumentation utilized, the re-

’

sults were not affected to the extent as when the supply pressure para-

meter wa(s changed.

:  The graphs of shear coefficient, Cf versus R showed

that the

plots of the experimentally M_C values shifted downward with n-

creased supply pressure. Although with increased supply pressure for

the same protrusion the shear coefficient was found to decrease, it

should be noted that the force increases as seen in Tables 3.2 and 3.3.

As the supply pressure was increased for the same protrusion, this re-

sulted in the flow and consequently the velocity also being
“ ¥

increased.

In Eqn. 3.7 representing the experimentally based Cf, even though the

value of T in the numerator increased, the denominator contained a vel-

€

ocity squared term which wa§ the dominant factor in that equation.

o
As well as the experimentally based C from Eqn. 3.7,

retical curves 'were drawn; the two-dimensionél average shear coeffici-

ent using Eqn., 3.8, and White's average axisymmetrical shear coeffici-

based Cf values were greater than the two-dimensional plot.
Y .

closer in value to White's coefficients for lower pressures

tending to the two-dimensional for higliet presgure. Neither

theoretical plots fully represented the experimental values

o

N

o

two theo-—

ent using Eqn. 3.10. For all the pressure readings, the experimentally

P

They were
while

of the "two

&
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x,r’would be 1.63 cm.. Experimentally, it was fqund that there was shear
forces at thread lengths smaller than 1.27 cm., which 1s less than Xp
in Fig. 3.21, Tﬁex:efore, some external factors must exist and be taken, .

into consideration. , °

3.5.1.b Effect of Water Vortices and Air Pockét Shape
In the a;}ocket region close to the point of contact, x;r, in

Fig. 3.21 water vortices are initiated, thereby creating shear forces
b

on t;hé thread within that region and reducing the maximum length of ‘phe’f
air pocket to Xy It was experimentally noted that the size of the air
pocket and therefare the point of contact of the water jet with the .
thread, Xp, Was a function of the operating pressure. A parabolic decay
with decreasing operating pressure was noted (see Fig. 3.22). The val-.

ues -of Xy » Xy Fpors and X which are shown to be smaller in Fig. '

3.22 than In Fig. 3.21, are reduced further with decrgasing pre?ure.

As the operating pressure is increased, the water jet is projected fur«

ther and the size of the air pockei: is increased as more air is drawn

through the open central section having the diame(:er DI’ which ruas the

<

entire length of the nozzle. .

3.5.2 Entrainmeﬁt ‘of Alr

\

Another.factor invovled is the entrainment of air across the

boundariesh of the annular water jet. The rate of entrainment of gases
fr;cyn the surroundings into a jet is due to friction and is dependent
upon the density‘and velocity differences between the jet and its sur-
roundings. When jet densitiga\are pade higher pthan those of the sur-

roupding gases, the effects of entrflinment is reduced in impoi:tancg.

For the present experiment, the density of the water jet, p‘;‘, is signi~
# .

v
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Eqn. 3.7 would be modified and the shifted average shear coefficient

would be
b . ’
Ts
ons= 'p——i-———- . : (3.32)
r w_jet
L
which would be greater than Cf for the same value of x at the same pre-
ssure. As discussed préﬁously, wvhen the supply pressre was increased,
A 4

so wereé the values of X, Substituting larger values of xv" in ‘the above

equation would increase: the difference between Cf

. ' -
ence is therefore greater for higher supply pressures than lower ones. -
When comparing the graphs for 206.85 kPa (see Fig. 3.5 to 3.7)
with those for 482.65 kPa (see Fig. 3.17 to 3.19), the experimentally

based Cf values shiftea noticeably downward with increased suppiy pres-

sure. This downward shift can be partially explained if the Cf values

were replaced with those for Cfs' 'Although all the Cfs values woulq be
greater than the C \’ralues“, the higher supply pressure C £s valueg are

f's'values.L Therefore, the down-
ward shift when comparing graphs of 206.8;3 kPa and 482.65 kPa would be

inéreased more than the lower pressure C

reduced.
Although a theoretical value for xv was not obtained, it was ex-
perimentaldy observed that it was less than 1.27 cm over the suppl'y

pressure range utilized. Precise experimental values of x, could not be

and C. . This differ-
fs .

obtained due to the difficulty in observing exactly where the air-water-

f

interface occured due to water jet tutbulénce. The values of x varied

)

from 1.27 to 30.48 cm. Therefore, in Eqn. 3.32 for the same value of‘

would be affected more whern the values of x were

X, the values of C
v fs y
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/*-’3.6.1. Conclusions
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" .
close to the wvalues of X, than 1f x was much greater than X, There-
fore, a graph of (!fs versus Rx would not have the plot curving dovn~

ward to the same extent at low R:i values as shown in the graphs of Fig.

' S
3.5 to 3.19 when plotting Cf versus Rx' ) (J

3.6.0 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

This chapter has dealt; with the experimental and ‘theoretical
analysis of shear coefficients of a thread subjected to a steady jet of -

water discharging from the conical annulus nozzle utilized in a shut-

A

tleless fluid jét loom. The various paramete;s affecting nozzle perfor-~

mance were examined (i.e.: consideration of changes in supply pressure,

.
_the length of nozzle protrusion, the entrainment of air by the water

-

jet, the shape of the water jet, the point of contact of the water jet

1 .
. with the thread, and the water vortices created).

In the graphs of Cf voan:sms-Rx the plots of the expegimer(t?aliy 4
based cf, obtained from Eqn. 3.7, shifted downward with increased supply
pressure whil:a the force for the same protr@sion incretm;l. This can be
partially explained by the dominamig of the Uget term in Eqn. 3.7 which
increased greatly with greater gqpply pressureé.

' White's axisymmetrical iaverage shear coefficients obtained from
Eqn. 3.10 ;,zere _)found to be closer :fn value to the experimentally based
values than the theoretical two~dimensional values from Eqn. 3.8 for the
lower supply pressures. For higher pressures the experimental C £ values

tended towards the theoretical two—dimensional plot.” The most influencal

performance parameter was the supply pressure,with the nozzle protrusion
: N
length having only a minor effect. Therefore, the necessity of *an adjust-

able protrusion for industrial purposes is questionable. A fixed protru-

N
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GENERAL CONCLUS IONS

The previous axisymn;etrical studies for the law of tﬁe wall
were classified according to six hypotheses. The first reported hypo-
thesis, baseﬂ/on the assumption of a power law velocity pr'ofile, has
long been (ab/and‘oned due to limited Reyqolds number range applicatioy
and ité Anaccuracy. Of the remaining five modern hypotheses, t[hree (
the tﬁo—dimensioﬁal, the streémline, and derivative) can be recommend-
ed é’or abplica;tion only if~ the radius, a, is'large and for smaller
values of y/a. The local similarity and Rao's hypotheses have been
found superior to the preceeding three iIn describing the experimental ™
profiles foxr the entire range of values of a and y/a examined. A1l the
hypotheses inave been fourd inaccurate in predicting t‘he velocity dis-
tribution in comparision with experimental results for low value:..?. of
a . P atel (24) postulated that this was the result of relaminarsation -
of the turbulent boundary layer due to transverse curvature effects
and proposed a:a+ val,ue of approximately 28. Rao and Keshaven (20)

suggested that relaminarisation occured for Ra values less than 15,000,

The'previous axisymetrical studies for the velocity defect

A

N

:; \ it
I e o PN " .
LR TC IR S IR WU RS .

laws were classified according to four hypotheses. Three (Chin et al's
(11) , Yu's(10), and Afzal et al's (12)) are baséd on ga’difica.tion of
the -classical two-dimensional velocity defect law with respect \to wvar-
iation in empirical constants, Bl and ‘Bz. All three had B2 constants
dependent on ,the\cylinder radius, in texrms ‘of a, Ra’ and § /a respect-

' ively..Each method's velocity defect plots in two-dimens:l:bnél coord-

t

inates of (U~-u) /u, versus y/§ coincided closely with experimental re-

sults, with the only difference being that of presentation. n the

et w0 e e d o o s e AR 80t A it -
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. APPENDIX A CALCULATION OF ANGLEa

4

.

, . ‘
In Fig. 3.21 -

D:

il = 0.0405 in. = 0.10287 cm

D ‘ .
‘52 = 0.0510 in. = 0.12954 cm, / (A.2) /
. . [

’ —_— —_—

When DIN equals DO’ then Xy is at meﬂx
2 .

If a=3° as in tﬁe specifications of the nozzle and N ymax

Therefore,
tamo= Py = Ek; , , (A.3)
Pyor PXpor
“ry D
= Y0 ‘ , . .
“ro1 2tang ) - (A.4)
D ' . ]
= I '.
i i | w9
. ~ xo= P "D = 0.12954 - 0.10287- N
Wmax *TOT T W —— : - = 0.5089 cm  (A.6)

tan 3° .
4

but experimentally me;x was measured to be 0,1925in.> 0.48895 cm

Therefore, '

D, - Dy 0.12954 - 0.10287 : . (A7)
tana =_ gL = 0.05454" , -
Nmax * - , '

a = 3,1218° ]
r , f
- ~
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