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" ABSTRACT -

! f,. o .The impingement‘of turhulent jets”is'Studied both experiment- %

ally and analytically. This work involves mainly~impingement upon

‘solid, smooth boundaries, however, a simple case of a jet impinging .

against a uniform st eam: is also considered Three distinct flow re—
»

.gions exist in this henomenon,, the. free jet region, the impingement

C e

_ region and the wall jet region.' Emphasis has been placed in studying '

s Y,

e;the impingement region which is the most interesting for practical
applications and the least studied owing- to its complexity. The rela4

"tively simple case of axisymmetric impingement is studied first. De-

o tailed explorations of the timeraverage velocity and pressure fields S

hlgare performed and semi—empirical methods are proposed to predict the-

r'velocity and pressure fields and the wall shear stress in the impinge—v
ment region.f,Experimental data of'preVious morks in the wall Jet
region are re—analyaed and shown to comply with a'simple:similarity )

‘analysis. _The results are summarized and average values of pertinent

coefficients are obtained. The“more complex’cases of plane and circu-

*

1ar jets impinging obliquely are studied ‘next and semi—empirical methods
are proposed to predict the wall pressure in the impingement region. .

The wall shear stress in this region is predicted by extending the
'yprevious.methodlto account for the effects of obliqueness.‘,Relatively’

'simple methods to predict the velocity field and wall shear stress_in_'
. T . . \‘\ L ) o ‘ ’ . .‘ - . o
the wall jet region'are.developed and are shown to agree with previous

, and,present experimental results. These studies refer. to. cases where

)



. _ ) o : L ‘ :
the height of impingement is sufficiently large to allow .the -assumption

. : . ‘ [
. that the jet is a point source'6f momentum. - In order to understand. the

,

physice of the‘problem'whenjthe impingement height is "small", axisym-

metric impingement.at heights comparablevto the jet diameter'is also

studied in detail. It is shown that significant differences exist in
B v X

' the impingement region whereas the wall jet region remains - unaffected

PN

of "small";.i""large height considerations. Further, the development

of .a circulh jet in a ugiform, opposing stream.is studied,as an im-

» pingemenb problem. A‘semieempirical method‘ié developed to predict the -

flow field based on turbulent Jet theory and . potential flow considera-

-tions. Finally, as. an application of knowledge gained thus far, a

criterlon for scour from jets is developed and is shown to agree with -

"previous experimental results,

”’

12N
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CHAPTER I - INTRODUCTION

Sy ,
I

The impingement of a turbulent. jet on a solid surface is of
in}erest in many.engineering problems,_such as paint spraying, jet blast

drying, shielded arc welding and im“connection with the operation of
VTOLVaircraft. In the field of hydraulic engineering the impingementvof
jets is of particular‘interest in the design of hydraulic outlet works
andﬁin other problems related to scour from jets. -The‘phenomenom.of ‘
scour from jets has attracted ‘the attention of hydraulicians (Refs. 1 -
‘8) in the last 35 years,_howeyer, no satisfactory solution has been
obtained so far. The reason,for this,‘appears‘to be a general_lack of
appreciation/for the mechanics of impingement. It was felt, therefore,

: that the first step in a logical development of this. subject ought to be I
the systemaric study of the impingement problem. The present study ‘is
mainly an effort toward systematic evaluation and solution of the prob—
lem of turbulent jets impinging on smooth, plane walls. This problem

‘ has been attacbed in the past (Refs. 9 - 27) by workers of various
.engineering backgrounds. The great majority of these works deals w1th
plane or c1rcular jets impinging normally, ‘while very little is known\
‘labout the oblique impingement which is naturally more interestlng from\
the'practical point of view;_ For,purposes ‘of introduction, some very \\

general~considerations will be‘outlined_in this chapter whereas a com-

prehensive review of literature will be presented in the next chapter.

Consider a submerged turbulent jet 1mping1ng normally on a’
‘ smooth wall, asg ‘shown in Figure l 1. -The outline of the jet shown by a

solid line, is toibe interpreted as the locus ‘of pointsjwhere-velocity
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‘}becomes‘negligibly small. At present, it has.been established that there -

"exist three distinct flbw regions (I, Il,‘III in Figure 1.1). In regionn

I, the flow develops ‘as if the wall did not’ exist because wall effects

N

. which are\transmitted upwards in the form of increased static pressure<

become negligibly small beyondya certain distance from the"wall. This

.

implies that in region I, the flow is identical to the well- known free

jet (28) (29) and hence this region is appropriately called the free—jet N

o

region. In region II, the effects of the wall are significant. The
‘static pressure assumes values higher than the ambient pressure and in—
tense pressure gradients'are set—up,in both directions,‘parallel and

normal to'the wall. These pressure gradients,-in turn, cause the. flow

Ato deflect - and become eventually parallel to the wall. Region‘II-is,'t.’"

¥

- \EJerefore, called the "deflection of, more frequently,_ h'-"impingement“ '

region. After turhing, the flow becomes almost parallel to the wall. ‘,

',At the - same time, the static pressure drops to ambient values after some

v

"distanceufrom'the~stagnation point and a flOW‘pattern is established'

which resembles in many: respects the cla551cal walI Jet. Regionalfl is,

. M N ’ .. \ " ) . . N “ » ‘i. K ) N
- therefore, appropriately called the wall jet region._ ' ,? ‘,_'y-fﬂpg_r__i

-..,,.

y
A complete study of this problem requiresvinvestigation of all
'three regions.‘ However, the flow characteristics in region I are. well -
‘known already (28) (29; and all that is needed to know is how far from |
:the outlet this region extends. Region III is a wall—Jet type of f&ow.h

‘ Considerable theoretical and experimental information is. already avail—i

)able for the classical wall Jet (Refs. 30 - 35, Reference Noxxgs is an )

extensive bibliography on the subject and contains many references which

are not listedﬂhere). »”The nbjectlve, therefore,a1nfregionflllsis te .



_ams;um—-—metries thatwproduce the wall—jet:-Com1ng ~to~ region‘II“onefcould“see

B

establish the similarities 'with the classical wall jet and to account-

afor differences that are. likely to exist owing to the- different geo—

@

'_that this is the most complex region of the impinging jet. Here, both “Q;,‘.

R

‘components of velocity are’ of thg séme, order of magnitude ‘and pressure_~ :f

-~ i
S

gradients are significant in both directions, hence boundary layer sim—

¢ <.r. - f ) H

,pliflcations do not apply., Furthermore, 51nce the direction of the

‘velocity vector and the static pressure at any arbitrary p01nt are not.

¢

‘known beforehand, 1t is obvious that equ1pment more sophisticated than ;7 ?ﬁ_ii,_

the ordinary PltOt tube 1s necessary ‘ Thls calls for rather labdrious

imeasurements and probably accounts for a general lack of detailed ex—
g ‘ v .
perimental data 1n thlS region. At the same time, the img@ngement,

'region is the most 1mportant from the practical pOlnt of{view because -

. o~ J‘-' - 7

here.the hydrodynamlc action on_ the boundary is most severe owing ‘to
:'(/imultaneous ex1stence of large shearing streSses and 81gnificant
P

ressure gradients. Hence At is- only natural that in the present work

5 mw

’emphasis was placed on the study of reg;on II Region I was, studied

—-

_.only in so far as was necessary to yerify its free-jetscharacter and to .

- """
',.-

gestablish its boundary w1th region II Intensity of study 1n region III

was dictated mainly by the amount of 1nformat10n already avallable.n It-‘_ B s

¢

‘was found that only few experimental data would suffice to. complement

§oe

'those already available hence the main task in region III was to improve L

a,.

‘upon the analytical solutions proposed earlier and to extend the theory

':fto more adVanced problems, such as’ oblique 1mp1ngement.

a

Given the complex1ty of the problem, it was considered 1mpera—
: d : i : \ . s
’ "tive to proceed in an inductive manner._ The simplest case‘of‘impingement v

: )
) e
K

\ = B ] i . R



‘o

. . "
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is ‘the normal impingement of a plane jet. This was'studied by the ‘author

’as part of his M Sc..program (25) and the results were published recently

B

N
(26) The corresponding axisymmetrﬁc case, i e.;.a circular jet imping— .

ing normally, was studied next and the results are presented in Chapter
. .. .

/IV," Txperimental and analytical results of these works were obtained

for 1mpingement heights larger than about ten nozzle diameters (or nozzleiy
widthsl\which means that the .jet was fully developed when approaching

the wall (28) (29) It was thought however, that these results would
Al

';f not apply to smaller heights where the jet 1s not fully developed -due

to the changes in the phy31cs of the pkoblem. ‘In order to explore o
‘f

impingement at small heights, a study of axisymmetric impingement was

‘ carried out keeping the: 1mpingement height fess t9£§)6 nozzle'diameters.f

S

n The results, which verified the expectation of Significant differences,

f are presented in Chapter V. . The findings of Chapters v and A consti—

tuded the foundation for additional work on more complex 51tuations.: '

N, ¢

.Owing to the relatlvely minor'practlcal 1mportance-of 1mpingement at s

small heights, the remaining studies were mainly for large impingement,

heights. Do o ‘ Co "Y.:. — "':f R

The case of plane Jets 1mp1nging obliquely was studied next o

0

(Chapter VI)V Here the number of parameters defining the problem is:
increased by one namely the angle of 1mp1ngement. A further step in
complexity 1s the case of c1rcular Jets impinging obliquely.. Here;“in‘

regions II ‘and III the flow ceases to be ax1symmetr1c and, therefore,

in addition to - the angle of impingement a new parameter must be 1ntro-

"-j duced to account for variations in the- direction normal to the plane of

-symmetry (Chapter VII‘.”_g ' o v T .1:_, ))/»/v )

R
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- S N
A practical application of the knowledge gained thus Kar, is V'

. v N\
‘ given in Appendix A, where a criterion for .scour from circular jets o

2 o

4.
impinging normally, is developedl__Finally,ianotheriproblem of. imping~

P

4 ment‘is considered (Chapter VIII), namely the development of a. circular
4
turbulent jet in-a uniform opp051ng stream. This study is of interest

with reSpect to efficient diSposal of effluent discharges.: A critical

review of literature and some fundamental theoretical . con51derations
r ' o

are. presented in the next chapter whereas descriptions of experimental

set—ups and experimental techniques are given in ChapterfIII.

.




T~ CHAPTER II - REVIEW OF LITERATURE

’ -
\ . ) o, . - o ) .
. . . : . .

~.
.

)

In this chapter, an effort is made to review critically the

existing material on turbulent impinging Jets. The litengture cited

herein contains accounts of previous contrlbutions to the author s best :

'knowledge, however, no claim to absolute completeness will be made.

i{
L. . - . -2\‘ - i .A i .
2.1 Stagnation Flow ?roblemn/f» ‘ S L
e o . . A
" Consider first a very simple case of impingement i. e.,‘the

case of .an infinitely w1de uniform stream, impinging normally on a
smooth, plane, wall. This is the well known stagnation flow problem

(36) which affords an: exact solution of the Navier—Stokes equations of B

)

» motion; For simpllcity, consider a two—dimensional (plane) flow, the

-v"‘.

‘mfax1symmetric case being analogous to this. With reference'to Figutefz 1,:5

vthe velocity distribution in the frictionless, potential floW'out31de

RGN T . JEEES
. SN

.the boundary layer of thickness 5, is given by 36): o~ “h
o ﬁf'=‘,ax_,;:fv =may o “',,’ s f.(2;1)>

1

where ‘a‘ is a constant.fyif ]pé is the stagnation pressure and P is -

the Stath pressure at ~an arbitrary point (x, ¥, then'

T B AT S N:; »,
' R

-‘.’

Py~ P .=_-Epa (x +y) A o (2.2)

v

For the laminar flow within-the-boundary\layer, it is;aSSumed,that;

,'p - p'.éf %-p a?[xz +'F(y)] : :f ' ;}vvj«fp. -(2{4).

"
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In this way, the.equation of continuity is satisfied identically and the

"“vfunctions f£' and F are. determined by substitution into the Navier—

Stokes equations and subsequent reduction to ordinary differential -

equations' It is nbteworthy that the assumedffunctional form of the
u-component (Equation 2.3) 1mplies that the boundary layer thickness,'
6@> is_independentlof X. If the co-ordinate y 1is normalized by the

transformationA n\ = w\ﬁ% Y, then it is shown_that-the normalized

","A;
vk :
PR

"velocity component, u/U, is a function only of n, i e. ; the velocity‘ﬂ

:?profilesvare similar. I & is defined to be the value of 'y for: -which

u/u -equals 0. 99 then"6 1s given by. : o
2. 40 (plane flow) . 'l‘ 1- . - "1 : .
‘/"a - sy
l 98 (axisymmetric flow) ' Coom '

The wall_shear stress; '%o’ can also be-Calculated3and is’given by!
(2.6)

T =

{ 1. 2326 (p a /_—) ' (plane flow)
e

1.312- (p a /__) r (axisymmetric flow)

e 9

»Twhere r, is. radial distance from the stagnation p01nt It is~seen that
to increases linearly with- distance from the stagnation p01nt., Natural—
N L .

- ly. the above considerations are meaningful so 1ong as the boundary layer

'remains laminar Stagnation flow has been found to occur not only near

| plane walls, but also near’ any cylindrical body (36) Considering a//

turbulent impinging jet, 1t may be noted that in a small neighborhood of
ithe stagnation p01nt, the approaching stfeam w1ll have an almost ?niform‘
downward velocity (time—averaged) “If at the same time the intensity of
'turbulence is sufficiently reduced then;stagnation flow is likely te

hoccur within this small region. o h . _ - '//
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-

2.2 'The Classical Wall Jet L K Sy

o

The problem of . the wall jet produced by a two—dimensional or

radial nozzle and growing on a smooth wall has received considerable

attention (Refs. 30 - 35) and can/be/considered solved The now classic

. work of Glauert (30) appears to be the first theoretical treatment of

this problem, 1ncluding solutions for plane and radial wall jets and :

for both laminar and turbulent states. In the case of turbulent wall

3
H

jets, the theory was "based on- matching separate solutions for the 1nner

o

and outer layers (see Figure 2 2) using the eddy viscosity model of

x
5

turbulence. Later experimental inVestigations have shown that such
assumptions are not realistlc and, therefore it was thought instructive

) to base the following presentation on the work of Schwarz and Cosart

3
3
3

(31) which is most appealing fo§,1ts logical and. deductive development., :

3
N )
3

ConSider a plane jet issuing from ‘a two-dimen51onal nozzle of
thickness d, with a uniform initial velocity U s grow1ng on a smooth

- wall as .shoim in Figure 2.2, In thlS case the static pressure 1s»
constant- the transverse component of velocity,',,, LS much smaller quf

L than the forward component,v u;_ and the transverse extent of the flowvl o

. E IR
, .

| s relatively small Hence the boundary—layer approximation ‘can be :

w!

applied to ‘the’ Reynolds equations of motion, which after simplifications.

become.. 5v . "c‘. 'lh_ S il'. ]2_”f’§'
- du Qu 1 "t 3% i Co :
u a—£+ V‘a—y', = p.—_a}t + v '—a 5. S L (2.7)
. . - , ay : : - .



L ll;'¥

_,'where\ u v are the time—average components of velocity, T, is the

turbulent shear stress and v, o] are the kinematic viscosity and
| 4

'density of the fluid reSpectively Experiments have confirmed that,

. much like in the case of a free. jet, the flow is self—preserving, il.e.

SRV OB R <z.9>' :

.where '62 is. the larger value of y at which u = u'/2. ‘Assuming- that -

the turbulent shear stress obeys a similar relation, if‘scaledjwith-the7

maximum local dynamic pressure, then:_" o .~, ";_b : f I {

. . = . . . - ~ ) *
. th1--_ pum. g(n)__' o - T (2.10)

Us1ng Equations 2 9 and 2 10 and 2 8, Equation 2.7 can be reduced to:

. o - ho on ‘*.f
EE.EEE"fz _a £d d6 2 |df - £d =
L s dx |7 - dn n dX dn'»“ n 4
4By Ve e T (2.11)

qIn order that Equation 2 11 be satisfied for all n,‘ the coefflclents‘
. B TR
: of functions of o must be independent of IR Therefore ,f' ST

G Tocomst = C gy

'*'Strictly speaking, s1milar1ty of shear stress can only be assumed in
‘the form- T k(x)g(n) where k(x) is a. function to be determined
'”, It is, however, p0551b1e to- show [see for example queh Tsuei-and
Cermak (17)] that - k(x) can be taken equal to the wall. shear stress,
"T . - Further, by assuming that the defect law holds in the inner layer }
:,(Figure 2.2) and comparing to Equation 2, 9, one can show that T /pu 2

5is independent of x, E e 5 k(x) ‘can be replaced by pu %gv'jvf
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2 .m = const = C . ‘ (2.13)
u X - AR m . . : ' '
! Syu .
i ——-= const__ = ,Fv ; (2.14)

P o o

A further relation is obtained by integrating Equation 2.7 from ‘y'=

to e« , which yields:

. where -F = 2

f7dn = oeonSt and u; is the shear velocity-VTo/p.

-

Relations 2.12 and 2.13 imply that:

T Bt LT

Y

,where"C 'Vand B are.constants'and x- is:a'correcfed _value of ‘x, to

‘account for virtual origin effects U31ng tge 1atter and letting Cf
- R TR R . pu . :
to be the local skin friction factor T / 3 > ,EquationAZ.IS beeomes:»

kd ‘A ‘ '_ : " . . C P . o . c R ) ) ‘\' : v
CeeedasgEh 0 Cean

2 '

which also shows that ‘ IS/puﬁgieis independent‘of K. . Strictlv

speaking, the exponent B-‘is»aiways leSS than . - %n‘ However, the term
C. : :

';§§E"5 1s 8enerally a small quantlty,-S° that as a first appr°Ximati°n'
L R - .»(2'18> .
. o

’fIt is obvious ~now that with thlS value of: B,' relation 2.14~eannot“be}

_satisfied 31mu1taneously with 2 12 and 2, 13 Yet for values of n

-'y

'31 greater than about O 005 the v1scous term in Equation 2.7 can be neglec-,

ted and hence the condition of Equation 2. 14 w1ll vanish : For.n_~,0.Q05,'

. e
e . .

e . . -

- :
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viscou- effects will be significant'with a resulting loss of self- -

preservsation. The above quoted limiting value of n was proposed by

Schwarz and Co art (3l) on the basis of data in the inner, or boundary,

layer. Since 6/62 0. 150, 1t may be stated that self—preservation is
lost only in a layer of thickness equal to about 3/ of the boundary

layer thickness. It is noteworthy that calculations and measurements
‘{~of the turbulent shear stress (dl) (17) have shown that it does not
vanish at the 1ocus of maximum velocity (n 6/6 ), a fact that pre—'
“cludes -use of any eddy diffusivity or mix1ng length model This is :

v believed to be due to the asymmetric character of the profile.

.For‘the case'of a radial wall jet, analogous considerations_
‘are valid however here _dﬁ will vary approx1mately as r-;.' The
loeal skin triction.factor,r Cf, can easily be shown to depend upon
the nozzle Reynolds number , . Rb é U d/v, by means of dimensional con— tim o
siderations. However when more complex geome%rical configurations are'
encountered, SUCh as Jets impinging normally or at an angle, dimensional
analysis will not be very fruitful due to the increased number of para—

' meters. Insight as to dependence of Cf. upon inltial parameters of

the problem can be gained from the following reasoning

It is assumed that the velocity u_obeys a‘defectrtype_law

in the boundary layer i e.:

——-——nl‘.:v .nY. . X -
= s H® s Fon

This law is'normally.valid for turbulent boundary layers on smooth and -
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rough walls alike: Schwarz and Cosart (31) have indirectly verified its
l.validity in, the inner layer of the wall jet on smooth walls, whereas‘
Rajaratnam (34) has found it to hold in the case of rough walls, Apply;

)

ing Equation 2.9 at y 8, it .can be shown that 6 = const. 62 ,

therefore, the above equation can be re-written as:

o-,l07 §

m L) N
u, 1 , - 9,

‘Solving this for u/um and comparing to Equation 2.9, it 1s easy to {b,

.show that: %ﬂ ' . : . ' . : ‘

el - fM) -1 _
u :

. — const,
am fl(n) ‘ -

. : * : :
- which implies that the friction factor, va = 2(—f) . <depends only upon
: “m

‘the shape of the functions £ ’and' f- These functions are not likely.
to change w1th the geometry producing the wall Jet but they can change
slightly with R the nozzle Reynolds number -Hence it_is'postulated
that Cf depends only upon R ,‘belng 1ndependent,of,the geometry which
produces the wall@jet.

- 2.3 Turbulent Impinging Jets

Consider a turbulent‘jet,.plane or circular, 1mpinging on a
‘smooth‘wall, as shown in Figure 2.3, where for simplicity the impinge—.
'ment is assumed to be normal. . In this figure, d is the width (or |
diameter) of the nozzle, Uo ds -the uniform velocity at the nozzle,
and H is. the impingement height. For oblique 1mp1ngement, H is
.defined to be the distance between nozzle and wall measured along the
centerline of the Jet The co—ordinate system x, y (or r) is used

B for regions I and II whereas the system x (or r), z. is'used for region

“III. The difference betwpen the static pressuro at‘any arbitrary ppint
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and the ambient pressure is denoted simply by p, and will be referred
to as pressure . The wall pressure is p s pS 1s: the stagnation ‘
pressure and T is the wall shear stress. A short paper by Murray

et al Rouse (9) in 195§_contains the_results of_a. study—to determine‘m—~f¥f

the flow pattern and sonie gross characteristics of a circular jet
'impinging normally. (Values of. the parameters defining the problem,-
such as the angle of 1mpingement ,¢, the dimenSionless height H/d

o

‘and the nozzle Reynolds number R

U d/v,_ are 1isted for this, and

for ‘the following references 1n Table 2.1, at the end of this chapter )

The impingement height H was made 8o large compared to the

jet diameter that the jet could be considered as a ‘point source of
: N . :

momentum. A fundamental contribution of this work (9) is the propositlon

oo

.that when H/d is very large, the two parameters U;a and d ~do- not
‘influence flow properties separately Rather, they can be combined
‘ into a single parameter known as the kinematic momwptum and equal to

md U /4 (a reasoning borrowed from free—Jet theory) This immediately

o »

leads to the realization that there must be .a limiting value of H/d

below which the physics of the problem w111 change.. Two questions are,'"

7

¥

therefore ‘raised. (i} how does the flow behave when H/d is small" '

(i. e., smaller than the limiting value), and (ii) ‘what 1is the limiting

L value of. H/d f Very generally, it may- be stated that ‘the answer to”’

ERT R

(ii) will be related to the length of the potential core of the Jet,
~whereas the answer to (1) w1ll be related to the distinct physics of
~an impinging Jet and an - impinging shear layer for "large and "small"

. Fs

‘values of H/d respectively. (In the remaining part of this thesis,

the term 1mpinei?g jer" withouf furth qualification will denotc'z

N . - o e



large impingement'heights.)

It was reported in

[y

this paper (9) that the impingement region

o

begins at a distance X from the nozzle equal to about 0 8 H and the

__ﬂil__well knownuirrotational”flow
Measurements of wall pressure
ingsgral of, the wall pressure

initial momentum of the jet.

'negat1Ve pressures on the wall,

In 1959, Bradshaw and Love (lO) presented the results of’ an B

solution for this region was presented

~

yielded the surprising result that the,

was about 3 A more than the value of the

This was

‘

experimental study for a c1rcular jet 1mping1ng normally These include

data on. veloc1ty, static pressure and shear stress in the 1mpingement

'region. For example, lt was

) zero at the stagnation p01nt

shown that the wall shear increases from

to a max1mum value occurrldg within the

_ impingement region decreasing rapidly afterwards., Similarity of- radial

- velocity profiles in the wall—Jet region was verlfied The length scale

62 increased linearly with T whereas the velocity u (Figure 2 3)

varied approx1mately in inverse proportion to r. Self preservation in -

the wall jet begun atm r/H~u0

' of an experimental and analyt
known flow development fn the

- are presented in the wall—Jet

Ty

. b‘\‘\\

RN

1cal study on the same problem.‘ The well—~
free-jet region was verified Some data .

region however the choice of velocity .

scale ‘was made in‘a. manner that would force the profile to assume the -

' shape corresponding to the free jet. Hence,'it was necessary to esti— -

mate the velocity sca]e by ex

ibuted to the occurrence of 4&.

»

In the same. year Poreh and Cermak (ll) presented the results'd:

trapolation, a procedLre that is inaccuratc :

-~
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'and similarity of ‘the. profiles was not established conclusively In the
impingement region, the wall pressure and radial velocity were measured
and the results were presented in a generalized form by means of dimen—"

'sional analysis which is essentially identical to that of (9) orn"'

example, p H /M (Mo initial momentum of jet = pndzU /4) is plotted

':;against r/H .and a single curve results, show1ng that P, H /M f'flﬁﬁ)T‘:

:‘ The irrotational flow solution was compared against data on wallipressure
'and was found to be valid within a radial distance of /4 . < 0 05" from g
.bthe stagnation point.;.z v tl ;“ ‘._] l,'.ﬁ"k,;‘ii .=‘: ;,J,?{ ’

A technical report by‘Schauer and Eustis (14) in 1963 contains »5“
.“the results of ‘an experimental ‘and analytical study of plane turbulent j
himpinging jnts.é This includes measurements of wall pressure and one-
measurer"nt of wall shear in the impingement region;, Some data were
5reported for angles of impingement other than 90° (oblique impingement)
The analysis was based on an integral approach which led to rather com—f;‘;
‘? plex equations that can be solved only implicitly. Furthermore, a large
'number of rather strong assumptions.were introduced a fact that probably
i,accounts for a large portion of the analysis failing’to describe the ex~js{:v‘

‘_perimental results. It is worthwhile to examine these assumptions.*’For_}‘ g

'nthe impingement region it was assumed that.. ;.g ‘f' ,wfﬁ.’,?l”}“j;3;{_“

'i(iS“""The region extends from the stagnation point eQually along the

- “',

2_ wall and along the centerline of the jet. There is no obvious’:

' -
" :

: reason why this should be.so and none is given.' A weak JUSti—:

v

_ﬁfication can be furnished only in the case of normal 1mpingement

. if one refers to the corresponding flow of a: potential Jet which t.ﬁ

[ .

']'again iS related to. the potential flow of ‘two, equal jets imping— S

e

s : ! ) o e LY . ) -~

;.-~‘ R . T
a
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ingiagainst each.other. In this case the central streamline"beé

€

_tween the jets, after impingement, is straight and can' be replaced ‘

by a. wall. Because of the reversibility of potential flows, the

__pressure distribution on the centerline of the original Jets is-

identical with that along the wall If the impingement region is

M “«

'-defined s6 that the pressure is greater than, say, 1% of the

“'stagnation value, then the impingement region will extend equally

J._in both directions. N "'fQ

',:(ii),i

« e

-The stagnation pressure-is assumeduequal to thedcenterline dynamic

| pressure at thefboundary'bétween regions I and II} For normal

o

j'impingement where the centerline lS also a s&reamline,.all ‘the d

© way'to the stagnation point this assumption implies inviscid

o AN

vflow at least‘near the centerline.' For oblique impingement where

'the stagnating streamline does not c01ncide w1th the centerline,

.the flow needs to be in addition, irrotational ) These constitute .

'f_strong s1mplifications and-they do"not correspond to reality. For

s »“-., "-:

o example for normal impingement it ‘was found (26) that the dynamic

(111)

' :than the stagnation pressure.,

"pressure at the boundary of regions I and II is about 30/ larger

Rg

A Similarity function was used to correlate wall pressures which ,

'is symmetric, about the stagnation pOint The data show, however,.v

t’;{ ithat fo ¢ # 90°', the wall pressure distribution is skew and

vy

-For ¢ # 90 the stagnation point is removed from the intersection

deViation from the assumed curve becomes 31gnificant for ¢ < 70°.

3

|

'..of jet centerline and wall by a certain distance,'s. , In order to

'm}predict this quantity, an equation was borrowed from the corres—’ .

o
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ponding potential flow solution which however, gives the distance

L2
" to the center of gravity of wall pressure. This is consistent

—————————with- the”previous aSSumption of symmetry, bpt in view of the actual '

5

skewness of the wall pressure, it doe§lnot correspond to reality

(v) | In order to obtain an extra integral»equation, entrainment in the
’ Lo
impingement ‘Tegion was neglected Careful examination of later .

data (26) shows that significant entrainment continues to take

place well ‘into the impingement region.-

Inlthe wall-jeturegionlthe analysis was based on the following-i“"‘

assump’ ..ns: : . s

(i) Chue l:“fl Skin friction factor. = 2(u /u ) . was assumed to
- 6 w

vary with the local Reynolds number R = 4%—' according‘to

a; Blasius type relationship Since in the wall’ jet R is approx— '

. imately proportional to 4xll/2 it is 1n fact assumed that
Cf = xlf 1/8. This contradicts prev1ous considerations that
showed' Cf' d‘ 1 , but in view of the small power oﬁ xl' .

involved, ‘the discrepancy is not important. Hence, this assump—.
tion could be viewed as a source of unnecessary complication.
(ii) It was further assumed \that the shear stress T is given by

Prandtl s hypothe31s, 1 e., FT @« - umdé gu - This, however, is

contradicted by reality as . was mentioned before (Sec. 2. 2)

In 1964 Tani and Komatsu (15) presented the results of an .
'experimental and analyﬁ*;al study of a c1rcu1ar jet impinging normally
Based on experiments w1th values of H/d equal to 4, 8 and 12, they

reported that the impingement region extends about 1. 6d ts 3d radially ‘

&
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-y v

,from the stagnation point and l 6d to 2.2d above the wall No distinc- -

tion was made between "large and "small" impingement heights.- In’ thiS'

’3

‘other hand, the value : lZd is about tw1ce the length of the poten—‘

tial core and, therefore, 1t would rather belong to. the "large impinge— o

work, ENTS constitutes an ommission becad%e the value He= 4d is i\k'
smaller than the potential -core 1ength (about 6d) and, therefore, one-<5

could expect At to be classified as a’ "small" impingement height. On the
—

k]

J_ment height problem. An interesting theoretical contribution is~ included

-in this paper and it deserves closer examination. ‘It was assumed that

this case the equatluns of motion will not contain v1scous or turbulence.

the flow in the impingement reglon is invisc1d but not irrotational._ Inh

B terms, which makes it p0551ble to derive a: different1al equation for thevj_'m

streamfunction (Stokes) w that does not contaln other unknOWns.lvThe .

streamfunction -was then written as -an infinite series expansion (using
the co- ordinate system r, 'z ‘as shown in Figure 2. 3) .

R SR

<
"
l\)[l—‘

-

‘.‘*where"f; g, h, e e are as yet unknown functions of . Substituting

: Equation 2 19 1nto the differential equation for w it 1s posdébie to

~ ~

[f(z) + r g(z) + r h(z) ;?f\...]b".Ak'p,.t.'(2.l§)'(

'obtain g, h,l.... in terms of only the functlon f(z).-,Ihe z—component;”

, of velocity, u is then given by

-

o - @+ L2 (d—f - bz),-%jr‘." <Af<‘z‘> + %i-f)+ ©(2.20)

_4 . daz . dz"/

»jwhere A, b2, ceos are integratlon?constants. The meaning of f(z) is ‘

made obvious by letting ‘T # 0. Then, 'ué,- - f(z) i e., f(z) repre-

Asents the magnltude of the centerllne velocityr The function f(z) has_‘

3

\
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fto be evaluated empirically for any given set of initial conditions and

'this constitutes a weakness of this approach Furthermore for large

impingement heights the assumption of inv1scid flow is justified only in "
a small neighbourhood of the stagnation point rather than throughout the
. impingement region as was pointed out earlier. In Chapter v, however,.

: it is shown that thlS theory can. be employed to advantage for the cases

-

of small 1mpingement heights, where the total pressure head remains ﬂ
. ) 'y .
“constant on thg centerline.. The results of an experimental study of

"plane jets impinging normally, were presented by Cola (16) in 1965

"One measurement of vertical velocity in the 1mpingement region is 1nclu-

v

ded and the results agree w1th the experlmental and theoretical results

iof Beltaos and Rajaratnam (26)

A paper by Poreh Tsuei and Cermak (17) in 1967 is a theore— -

V4 Gy

’ tical and experimental study of the wall Jet region in the case of

axisymmetric 1mp1ngement. The theoretical development is 51milar in

many:. re~~acts to that of Schwarz and Cosart (31) which was outlined 1n‘*\ B

:”Section 2. 2 : Firstly, it was shown that.

ve

'uv:ia'”r? ,;l* sz x _rq: 3oc e 'rn_l ' = - L (2,21)“”

;It was not - realized that Cf is independent.of b ol (Section 2 2), which

would immediately give ' s l;bj The/values of the exponents m and n

e
N

‘were obtained empirically as:

[ %)
\,,

e ‘.

"andl-' n :=C'C.9"" ' i-t fb-JI(2522)U

jHowever, a re—analysis of their data (Chapter IV) showed that 6 . varies

’linearlv with R and 1f a small virtual orinin correction is introduced

~



‘then 6"'m

Ty

i. e.,

\

T X B

n = 1' Prom the integral momentum equation, the

following relation can be derived (which is analogous to Equation 2. 17

——for-the-plane-case):

s,
I3

mo

(l

+4FC : _ - ’ -(2.23)

where P is defined ‘as’ in Section 2.2, and C, d6 /dr._ It follows ,

' that, strictly speaking,‘

.term Cf/4FC2

®72°

m < - 1. However, from the'available data the

~can be,estimated to bevvery small‘in Gamparison to_unity{‘

;From_dimensionaljconsiderations, and:usingo'n =1, Cfv can'be shown”to

-depend only upon the nozzle Reynolds number, 'Ro; so that it dee/eases

--with increasing Rs.

‘This means that for very small values of R

) 1

‘fnegligence of the above term may~not be realistic.: Assuming then that

j-Rd is not very»small

the value of m can be taken as —l ) Again,'a

re—evaluation of ‘the data presented in. an showed that - u; = l/r

(Chapter IV)

.

The value of this ?Bprox1mation is not merely academlc.

From dimensional con31deratlons, the authors of . (l7) have shown that'l

If m= =1 ﬂaﬂa n

parameter‘ H

u
-
U

352'
5

H
d

1

-

- ram .> -
Cl ('ﬁ) : “-“;--'-.;.-
¢ @ T

o

the above expressions<will become'free of:the

' ThlS constltutes a maJor 31mp11fication, especially when

: consideratlons of oblique 1mpingement come 1nto play. Then the‘com-‘

plexity of the problem will be considerably reduced by knowing that H o

is irrelevant

Q

:

-



Measuréments of turbulent stresses confirmed-the'cdnventional .

boundary 1ayer approximations with respect to noer&vstresses, and at

i

;m_the same—time demonstrated that»root—mean square'vaers are- also seif—f_¥4"~fr‘
. preserving with scale umt HoWever,‘due to scatter.it was:not possible
to establish conclusively the similarity of‘turbulent shear'stressd
lwwvariations across- the jet, even though a trend toward similaritylis ~
<clearly demonstrated. lt is 1nteresting to:note that the'iurbulent:.

shear stress did not vanish at the point ofvmaximum'velocity,'

In 1968 Cartwright and Russel tlB)‘presented an experimental
b'and analytical study oﬁ a plane jet impinging normally MeasurementSv
were reported mainly for the wall jet region. The 1aw of the wall was, ,:
verified for the boundary layer ' The linearity of ’ 6 ‘was alsggobtained_
bdt the exponent of Xy describing the variation of um was-given‘as
:h—O 39, a rather surprising Value, since as has already been pointed out’
r(Section 2. 2), this exponent cannot be‘greater than —O 5 _ Yet .when fy
-~ the data were re—analyzed (Chapter VI) it was shown thatvan'exponent
v”edualwto'—O 5 is.reasonable, if a small v1rtual origin correction is

,allowed. In the 1mpingement region only the wall pressure was. measured

. and a 51m11ar1ty property was. obtained by plotting pw/p . vs',xllﬂ._-’
o LR , _ o , ‘

. An.interestingvnumerical study ofvthe plane turbulent Jet ;"'
-’impinging normally, was presented by Wolfshtein (19) -in’ 1970 It-was Ah-l*/ o
assumed that the Reynolds stresses are related to the mean strain by a o
qyscalar eddy visc051ty, which in turn was assumed to depend on the 1evel“”
'.of energy fluctuatlons and a length scale.v Thus, it was possible to

o

.obtain iterative. finite-difference solutions which were. compared with ] o

. . N . . . . .
Vo — . P e . . .
: . . . . . . N . . .



' the data of Schauer and Eustis (14) " No claim to general validity of

‘ the th etical model ‘was made owing to the arbitrary selection of the

“length scale.l_Howeverj_this model—predicts the correct trends with“th'_“‘”f“”

-f'exception of the wall shear in the impingement region. This was pre—

-0. 475

dicted to be proportional to R ‘~whereas later work (26) showed

that the wall shear stress in region I1 is- practically 1ndependent of

Rb( It is noteworthy that the model predicts strong generation of

turbulence near the stagnation point a phenomenon that was also obser—v

i ~

‘ ”ved experimentally (Ref. 10 of Wolfshtein (19)) Owing to the very

"

'small thlckness of the wall boundary 1ayer ip the impingement region,,

\

f; it is extremely difficult to explore this boundary layer experim"tally

 Yet, knowledge of boundary layer properties is. important not only i

: layer thlckness from data on wall pressure and shear stress, knowledge

an academic sense but also from the practical point of view for both

' i
scour and heat transfer considerations.‘ In order to estimate boundary

b

.

\

of the state (laminar or. turbulent) of the boundary layer is imperatlve.‘

The above considerations p01nt toward a turbulent boundary layer, a

h.p0331b111ty/that is supported by the 1rrelevance of R . with respect

i,author Wolfshtein (37) R'P" ,:Hi,"? | ’ :;,}~

fnormally was published in 1970 by Hrycak et al (22) The variation of

to wall shear stress. The turbulent counterpart of the cla351cal

stagnation flow problem (Section 2, l) has been treated by the same

: A systematic experimental study of -a: circular Jet 1mp1ng1ng

T

L
o i1
L

_ potential core 1ength with R was studied exten51vely It was demon— e

-strated that for R < 4 000 thlS quantity normalized with the nozzle-'

‘diameter d depends qtrongly "pon R ; wbereas For R > 8 000 thc poten*‘. L



'tial core 1ength varies only between 6.8d and 6. Sd Next, the free jet‘

ilaws were verified in the free—jet regiona In the impingement region

o C
‘measurements of’ wall pressure and maximum radial veloc1tv v _jmaximum_im_____

i in . a vertical occurring at the edge of the boundary layer) were pre- A "
' sented No distinction was made between small and large impingement. |
..heights, hence no generalization of the results could be achieved
hValhable data on boundary layer thicknesslwere also presented These
were for H/d 3 7 10 and 20 but for one only value of Reynolds‘”
blfnumber (R = 54 000) and were - estimated to be accurate to within 15/
.'Jand 30/ for H/d 3 and "20 respectively. It was’ established éhgng)ZrE:
.Ethe stagnati n, point the boun&ary layer thickness 6 is‘almost constant,,\
=pU£iﬂ% the ava lable data. on v to evaluate the constant ’al ‘of Equa—
-tion 2. 5, the thickness can be predicted from stagnation flow consider—ﬁ
‘atlons (Section 2, l) However, the predicted values are about one—half'l"

o : .
of the measured ones (owing to. a numerical 0ver31ght, Hrycak et al (22)

1o . |

'predicted values that are only 30/ less than the actual) “In the wall—' T
l_jet reglon,'~um' wasbfound to vary as ”__l 12,_ yet . a re—analysis | .
;lshowed that the relation um « 1/r gives also a good fit (Chapters v x:
| and V) It is noteworthy that these data were for values of H/d rang—
ing between 4 and 20 i e., for both small and large impingement heights.
“Yet when these data were plotted in the form ‘u /U VS r/d they |
'collapsed 1n a. 51ngle curve, thus leading to the expectation that the
: wall jet reglon is 1ndependent of small or large he1ght con31deratlons,
aThis in turn would 1mply that the wall—Jet region depends only upon the _'

' initial momentum of the Jet for all impingement heights ‘ Further -

]support to this is furnished by the data of Yakovlevskii and Krashen—"""
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ninikov (27), not only for normal impingement but dlso for oblique as

.:will be seen in Chapter VII. The length scale,v,dz; was given as

»FVG /d = const (r/d)0 9?,7 the constant being a weak function of H/d.

Again, re-analysis showed the linearity of 6 i.e., 6‘/d =‘C (r/d)

'with C taking values between 0. 071 and 0.082 as -H/d changes from'

2

2 to 20.. This, however, does not necessarily imply dependence upon

H/d because C2 has been found to vary even for classical wall jets

2
“and Cosart (31) for a plane wall jet It is believed that this varia-

For example, c, varied from 0 056 to 0. 085 in the work of Schwarz

tion is due to varying nozzle conditions which cannot be accounted for

. at present. A survey of, literature by ‘the same authors, Gauntner et al

, (21) wés also published in 1978\§nd presumably preceeded the above work

A brief paper by Bradbury (23) in 1972 is an attempt to: cor-V
.relate wall pressure data by means of a rather weakvdimensional argument
,,This correlation is essentiaLly identical to that of Poreh and Cermak |
j~1n 1959 (ll) and can. be derived formally‘by means'of dlmensional ana-

-lysis u31ng the assumption of a p01nt source of momentum as set forth"‘

dby Murray et al Rouse (9) in 1956 This paper seems to 1gnore most of ‘.

A paper by Kam01 and Tanaka (24) in. 1972, is mainly an investi-

the 31gn1f1cant research prior to. 1972

: gation of turbulence properties near the stagnation point for various
iangles of plane jet impingement.' It is again demonstrated that strong

.‘turbulence exists near the stagnati n, point Measurements of r.m.s.

stress showed that -

(root—mean—square) values of wall pressure and she

©
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'l'for-large impingement heights the r.m, S. is maximum at the stagnation _

point itself, whereas for small impingement heights- the maximum is re-"

~—moved~ somewhat frOmlthe —stagnation point. Iﬁ”fact, the authors staté
that coincidence of r.m,s. maximum with the stagnation point indicates
i that the boundary layer is turbulent. The state of the boundary layer<
depends upon the parameter H/d, the impingement angle and the nozzle
turbulence level For normal impingement ‘the" critical values of H/d
are 8 and 4 for turbulence levels of 0.5% and 3.7% respectively Time—
average values of wall pressure and shear stress were also measured for
some runs, hOWever, the shear stress.data appear to be suSpect beéause

of non-zero values of. fO‘ at the stagnation point.

lAIn 1973; Beltaos and Rajaratnam (26) presented the results of
.a systematic experimental and analytical study of plane jets impinging
- normally. ‘The impingement region‘was studied in detail; 1ncluding ex—
plorations//} the veloc1ty and pressure fields.' It was shown that the
.impingement region begins at: x/H = 0.7. Flow propertiesﬂwere predice_;"
ted semi—empirically and the analysis w1ll be 111ustrated in. Chapter v
for the ax1symmetric case. The wall—Jet reglon was analyzed according
.to con31deratlons outlined in Section 2. 2 . It was established that

for small values of R the exponent of xl describing the variation -

-'of:‘um’ cannot be taken as —0 5 being definitely smaller than this_

_value:

&

Finally, a paper by. Yakovlevskii and Krashenninikov (27) deals
with the wall—Jet region for oblique 1mp1ngement of circular turbulent

_jets._ ThlS w1ll be discussed in greater detail in Chapter VII

e " '_/



‘ 2.4 Summary - ; ;‘ o o 'ﬁ ' . ot .

t

A critical review of literature pertinent to the problem of -

-—~—turbulent~jet 1mpingement“has been presented in the previous sections.
1t was shown ‘that previous’ work was mostly concerned with regions I and' ‘dp
' Ill: .In region I, flow characteristics have been conclu51vely verified
to be identical w1th those of a free jet. In region III, ‘an improvement
| upon the existing analytical approaches has made it possible to effect
.:considerable simplification so long as the- Reynolds number RV is
‘larger than a certain limiting value which will be discussed in later
-chapters. This simplification consists of show1ng the wall jet develop-
ment to.be 1ndependent of the height of impingement. Hence,-the veloc1ty,‘

“.and length scales are given by

o W X , for plane jets o o _
8, = {0 T S (2.24) K
' c, T , ‘for;circularvjets" . i -
. ) .'\\_” . . T . :
o .
. blC.‘ . v ) ]
| . U -5 for plane jets: o !
u /xTa ~. S
— = o (2.25)
U - .
4;7§h,i, for circular jets ' ‘ R

‘;where C2,7C are constants (different for plane and c1rcular Jets)

Aand the overbar denotes that distance along the wall must be measured~'
e A
_from a virtual origin.ﬁ Regarding the wall shear stress, it was shown

that it is proportional to the local value of the maximum dynamic head
-i.e., the local skin friction factor is independent of X3 (or r).

; | _ \
This factnr depends only upon Rb, 1.e,,,p :



30,

| G o= R a8

<¢ . .
bo that dC (/AR < 0.

Furthermore, it was pointed out that if H  is made very small

\the physics of the problem is likely to change, thus. bringing out the

distinction between '1arge and "small" 1mp1ngement-heights The above

'considerations are ordinarily valid for "large" heights, however based:

“on existing data, it was tentatively shown that the wall Jet region de—

'velops in-a‘unique way, independently of‘large or small height consi-

derations.

Finally, turbulence measurements (24) show that the state of .

-

the boundary layer in: the impingement region depends upon the relative

;height H/d the angle of implngement ¢,v_and the nozzle turbulence

level. Even for the smaller turbulence level investigated'_(O.SZ)‘ the -

vboundary layer will be‘turbulent-for all '¢~.so<long'as'»H/dﬂz 8
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c'HA‘PTER 111 - EXPERIMENTAL EQUIPMENT AND TECHNIQUES

i
A
I
V

‘3, l Egperimental Set~Up R S TR
, _ ' : - N

”\ ‘ Experiments were conducted with air jets in air using speeds

e -
less than 300 fps so that compressibility effects were negligible._ Use '

of air instead of water has the advantage that the necessary‘experi- ",

'l.mental set-up is less bulky and much easier to handle .
LT : . .

_ Circular and plane Jets were produced by means of suitably _
designed nozzles and plenum chambers._ The experimiEZal set—up for plane -

jets is, shown in Figure 3 l The aspect ratio of the nozzle is about

=y RN

65, s0° that the flow could be aSSumed ‘to be two—dihensional in the cen— 7Lsf”
o tral portion of the nozzle in the region studied In the chamberﬁ a:

: series of circular tubes were placed near the entrance and a’ sequence of

- five screens was placed further downstream, as shown in Figure 3 l(a)

Al N * P
The tubes serve the purpose of "straightening" flow streamlines which :

2

tend to become curviline r after the sudden expan31on at the entrance. '
The screens were prOVided in order to ensure mixing and thus uniformity }gjl

of the flow. The flow rate was adjusted by means of a pressure regula—",‘

TN

"To . produce impingement a 1/4 inch thick;plexiglass pi;ZE\\\“'

6 inches Wide and 5 75 feet long, equipped w1th 1 foot high sidewalls,
was used AdJustment of the angle of impingement ‘was made pOSSible by‘-
means of a Simple suspension system which is outlined in Figure 3. 2

. whereas Figure 3. 3 shows photographs of the plane Jet set—up.l A circu~ L
lar plenum chamber 3. 5 inches in diameter was used for circular jets.“ B

P
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-}
”vand the details of construction are much the same. as those of plane jets.

. ,»This was made out of plexiglass and was possible to equip with nozzles///'

of different outlet diameters, Ih the present experiments two outlet
sizes were used 0 923 and 0 253 inches. Impingement was produced by
1 means of‘plexiglass.plates. The set—up was somewhat different for nor--

'mal and oblique 1mp1ngement, as shown in Figure 3. 4(a) and (b)

The temperature of the supply air was . somewhat less than the
“'vroom temperature (” 68° F) and for this purpose a heater was 1nsta11ed
between supply and chamber, so that the air issuing from the nozzle was

kept close to room - temperatures. - " PR T
o > , L e

rv

,/fﬁFinally, for studying the circular counterjet, a smaller plenum'
.. ' ‘
chamber was built (plexiglass) and ‘was placed along the centerline of a

‘2 foot square w1nd tunnel. This chamber was constructed in the same
‘fashion as the prev1ous two but 1ts diameter was only 1. 5 1nches S0, as
to minlmize disturbance to the approachlng stream A nozzle with outlet

dlameter of 0. 20 1nches was used SO that the ratio of stream dimension

L to nozzle diameter was made very large (120) To minimize boundary 1ayer

'_effects, the chamber was placed near’ the entrance of the wind tunnel

¢

' This set—up is shown in Figure 3. 5.

3.2 ’ExperimentalWTechniques .

e

3 2.1 Nozzle Veloc1ty

Referring to Figure 3. 6 “the Bernoulli theorem applied between ‘

L BY
™

7'sections 0 - 0 and 1~ l, gives.u AR :‘ o . h .“g$§.,j"

Pyt = op e o G

R,
3
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" FIGURE 3.4 CIRCULAR JET SET-UP

(b) OBLIQUE DMPINGEMENT ..
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'i'wheref p .is the-mass7denSityiof the fluid ‘ Pl’U and P, U, are ,'

values of static pressure and velocity at sections l -1 and 0 -‘0

_lmrespectively, .“If__A_,Al__are the flow areas at~sections~~0——~0~wand~w—¥——~~

1._115 then (U /U ) (A /A ) - This quantity is always less than

0. 0067 or. the present experimental equipment and therefore the_pres—‘

, difference, Ap = p1 Py is given by: f' - . n-,vq-
: o 2 L : . ’;"g:'

":." =t n on i , » . "7,.'. (.‘. T

e Lo 6D

L
il

N The.yalidity of Equation 3.2 vas checked by comparing manometer heights‘ o

with ndzzle veloc1ty heads at d:l.fferent velocities U . _ﬁo’ difference

.

- was recorded between corresponding readings A vertical water manometer ):

,“- ©

h‘was used for heads larger than 3 inches.' Assuming that reading errors

K“"

'1wé£¢ at‘most +0 05 inches, the maximum head recording error would be S
' ébaulzi.ﬁz.f Since U = VBp -, the maximum error in- obtaining U would

be léSs than lé Thus, the nozzle velocity was measured 1nd1rectly by

p recordlng the pressure ,Ap.. This procedure has the advantage that U i

may be recorded within seconds at any instant, o0 that correctlons for .

’

small supply fluctuations can be applied

. Ve
L

3,202 Velocitygand Pressure Measurements in the

Impingement Region Q-Pitot Cylinder

v
»

s In the impingement region the direction of'.the veloc1ty vector :
‘ is not known before hand. In addition, the static pressure is higher.
s
than the ambient (atmospheric) As ordinary Prandtl—Pitot tubes cannot o
handle thlS 51tuation,'a Pitot cylinder was used employing a technique

that does not require rotation of the instrument.“ This technique was '

developed by the author (25) (38) and 1s summarized below. -The'Pitot



) of flow so that no gradients exist along the axis.‘ If the orifices 1,

._ pl’pz’ p3’

“«

cylinder is a cylindrical instru ent of small diameter having three

.orifices near its edge which is ounded (Figure 3. 7) For two—dimensional

‘*flow;—the instrument is placed w[th“its axis perpendiCular to“the plane—‘“”__

“a

~

2 3 (Figure 3 7) are connected/to a manometer, three pressure readings

will be obtained respectively which are related to the local |

f

values of ¢, " and p (st tic pressure) On this prinCiple the

N

-‘instrument can be calibrated so that measurement of pl, pz, and p3

- shown in Flgures 3. 8 3 9 and 3. 10 for an instrument 1/8 1nch in diameter

1.Calibration curves for the factors K Kl" 2; K3l~and 'KJvQ Ké are‘/f

\

'enables calculation of ¢,,V and p ,"and{the procedure is.

i Measure pl, p2, p3

2. Compute K = ‘pl Pé)/(P3 T 2)-
3. From a calibrat on plot of K vs ¢, obtain ¢
1§{. From a. second caﬁibration plot of Ki s b,

/

‘(i = l 2, 3) obtain K

5.Compute-veloc7Ly from: ' L e TR ;/////f

a2 -p L o L G .

6. Compute static pressure from: ' R
2

T -_'= - "VFEV' ﬁ.“““ :;, =]' _ A ‘ .ii
‘Po. Py Ki L2 . e ;; .l’,zf ; p Lo ".z<3'4?" R

L

with a polar angle B between orifices of 45° This method was found to L

_'be satisfactory when applied to plﬁhe shear flows (25) _ It waS'also

: found to give satisfactory results in the case of axisymmetric shear

R -.-Ar ¢
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flows, because here, even th\bgh the flow is not two—dimensional local

gradients along the agis of the\probe vanish if the probe is oriented

~with its axis perpendgcular to. th\\radial line paSSingithrough orifice

2, For the case of large impingement eights,'where the width of the

jet 'is much larger than the probe diameter the 1/8 in. probe yielded ’

) .

fsatisfactory results, However, when the same probe was used in cases'ofgv

'ginvolved rotation by 45° twice so that readings corresponding to 1, 2,\3 g

"small'impingement heights, erroneous results were obtained, which were -

attributed to.the‘relatively large size of.the.probe. In order.to over-

A

come this difficulty, a’ new probe of diameter 0. 04 in. was built.‘ Owing
to the small size of the probe it was not possible to construct separate'
orifices. Hence, only one orifice was drilled and each measurement

v

could be obtained This however,-did not slow down. the work befause

diameter of the fine tubing leading to the orifices of the 1/8 in. probe,

so that response times were much smalleriin ‘this case. As the orifice

size can affect the calibration curves,'a new calibration was performed

the particulars of which are shown in Figure 3 ll. For-the factor

K .
2 ,,- S
is also shown for comparison. It is seen that the curve is shifted

somewhat due to differing relative size offthe orifiCe.h'.For,measure—'

Tk

.....

nd—tunnel, associated with‘the counterjet problembf
‘;third probe of diameter 0. 04 in. and having only
»as built.-’ In this case howeven, the¢relative size of
madeégb be.close to that of the large probe. Cali—

bration curve; for the wind tunnel probe are,shown in Figure 3 12

-

" the inSide diameter of this- probe was’ considerably larger than the inside.

in the Figure 3 ll the corresponding curve of the 1/8 in. probe !;
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It is seen that in this case (Figure 3. 12) the calibration curve for K2

is almost ideﬁtical ‘to’ that of the\l/8 in.” probe. In order to estimate.
"; R : .‘ \ . . .
effects of probe size to the measurements an error analysis was performh /

r,
1 ke

gusing the experimental results for small impingement

heights.‘ The percent error depended upon the 1oca1 transverse gradients

a AR

ed (Appendix B)

.of pressure and velocity The maximum error was 2% for velocity, 3. 5/

ov
for. the static pressure and l for the angle ¢.7[.Therpercent error

in velocity and pressure increasesﬁ%rally for %

‘0@3

from the centerline. o ‘lxalﬁ . lfﬂk

- ? g e v’m'\ . L
To measure wallcpressure,g 1arge number of l/16 in"ib

Lent “ e

static taps were installed on the 1mpinging plates. Details ofvthe'
5. S e .

spacing for plane jets aqe Shown in Figure 3 13. For normal 1mpingement

o,

‘ of circular Jetsvﬁqressure taps were located along a straight iine as

shown in Figure 3 l4(a) ‘ For 1nc11ned 1mp1ngement of, circular Jets a

- c1rcular plate 2 ft.'1n diameter was “used, w1th taps along a radial 11ne.
! L
; Thxs plate was able‘lo rotate about its center., Radial distributions of

-,m

€ SR
pressure were measured at lS increments of polar angle. )¥hese were ‘
, v
o , Y o
d se aratel and the co—ordinates ofxpoints where p/p = 1.0, .95, -

".9;v.8,'etc.‘were determined;‘.These were a tert rdsiplotted on,the'wall.
.. plane and. contours of equal pressure were drawn. The taps were spaced as,i\
. - R . . . L Lo . . . R S ' i

shown in Figure'3.14(bj and a,close.viewiof this plate is shown in'

i)

‘ Figure 3 15‘ Wall pressures yielded vertical water columns generally

less than 3 1nches hence a‘@recision manometer was used which can.
measure aicohol columns at slopes as small as 1: 25 To faCilitate ‘the G

work a valve was- placed between taps -and- manometer so that ituwas pos—“ e

¢
‘

sible to&take readings Fronzg%iffercnt taps b simply tuxning a knob
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~ FIGURE 3.15 PLATE. AND TAPS~OBLIQUE IMPINGEMENT .
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SN . - ' - -
. . . . . .

Figure 3.16.shows'this‘arrangement;_'

- - |
In the 1mpingement region a- thin boundary layer grows on the’ L

‘ wall beginning at the stagnation point.v The maximum veloc1ty in the

‘ vertical which ‘occurs at the edge of the boundaryélayer was measured
’ X . ‘4\ o . X
using ordinary total’ head tubes and assuming that the static pressure

. RN
COASA

’ «

at, this location was equal -to. the wall pressure in - the same*Vertical

"3, 2 3 Measurement of Wall Shear Stress.

.

Preston s technique (39) ‘was employed to measure wall shear

: stress w1th the aid of the calibratlon curves given by Patel (40) ‘This
technique is briefly discussed below. For a Preston tube of external
diameter d0 resting on a smooth boundary, if Ap is the difference

/b .

‘ between the total pressure indicated by the tube and the static pressure

on  the boundary, 1t could be shown that' " i . ;' _ . Th 'I';
Apdbz' X N
_ R (__f_;) L ey
: NMipv© S

_Settingy‘Ap* =,Apd02/4pv2pland T, = 16d02/49v25 Equation_3.5 becomeséic.

'U31ng the equations given by Patel (40) for different ranges of Ap* -

‘.-

*,' Equation—3 6 1s plotted in Figure 3717 This.curve 1s normal— 3
ta - l X

Certain limitations;I

and T

-

-

«ly valid for zero, pressure gradient boundany layers.v

sure gradients use of the Preston techniqUe w111 invﬂiv; errorq'less tha
: B 3-\!' ,"?
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6A if the following conditions are satisfied

we

[

*

1 o [P R o
= T W \4 . -

(€9 e >"A >.f0eogﬂ or IAI < 0. oo7
@ wgpecmo 0 g
: ‘(ii.i)_. o < o 1
where x 1is distance along the wall}_and..Akz, v.3f g&.‘ R
LR %

. These crlteria are rough guides rather than absolute restrictions.' Con-

.~

B dition (i) was derived empirically w1th the a1d of fence readlngs. Con— E

g dition (il).ensures that the tube is located in the region of wall siml—"

larity , Condltlon (iii) 1s 1mposed to ensure that the flow is not sub—

jected to re—lami ar;zatlon. In the present caSe, the only physically

«plausibl". uence of dlfferent flow states is firstly~laminar and later :

ooy
e . PR . =
. B P . : .,/

;;turbulent.;

L e, VR A PR . ; o "u

Two total head :ubés wlth outside diameters of 0.045 and 0. 046 -"“
‘ lnches were used as Preston tubes dn- the present set of experlments; |
These‘tubes were alse used for measuring velocltles in the<%%ll jet
iregion, .as. the statlc pressure becomes equal to the amblent (atmospherlclgl’v

-

in the°Wall Jet.;.



... CHAPTER IV - AXISYMMETRIC IMPINGEMENT

e \'{""h -
> .. . . L . B -. e . - o . . N R
4.1 “Introduction .- . - TR e
. l'-:f‘_ l.‘. B “ : ‘-»'_ ' - . A . : . B . R

-~~.~

A relatively simple case- of impingement 1s studied in this

lchapter Emphas1s»has been placed in exploring time—average flow charac—
teristics 1n the impingement region._ Data of previous investigators in “p

the wall Jet region are rezfnalyzed according to theoretical conSidera—

’ ~

tions outlined in Chapter II and the results are summarized

4.2 Experimentsfand}Experimental Results}_r'; S I

‘ Y
i . ‘l

The experimental set—up has been described in Chapter III

MY

Two nozzles of internal d%ameters of 0 923 and 0 253 1nches were used

.

The velocity at the nozzle was varied between 153 and 293 fps and in

t

this range compres51bi11ty effects are known to be negliglble. The

nozzle Reynolds number R was in the range lO4 to 105 The height H

0

‘.was varied from about 15 to‘20 inches, thereby varyrng'the ratio H/d

4ﬁzrom 21 2 to 65 7 On the whole, five experiments were conducted (see‘.

able’ 4 l) and for description of various symbols see the definition ; f

ffsketch Figure 4.1. The variation of the u—component of veloc1ty w1th
at different x—stations in regions I and II, 1s shown in Figure 4, 2

/These proﬁiles are replotted in a dimenSionless form An Figure 4 3

From FiE;;; 4, 3 1t was found that for -less than about 0 95, all pro-

files are described‘by:one curve. (These profiles are said to be 31milar )

iFurther, this general curve could be given by the equation°-:;' o :'Vflk
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' FIGURE 4.3

FIGURE 4.2
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-

et
-

where ué is the maximum value of u- at any x station, occurring at -

the centerline, ﬁ r/b |- with b being the value of r.:where",

u = %-uc, and. e 'is'the Napierian base, The quﬂntities ucy‘and b

' are generally knOWn as - the velocity and length scales. The data of

Z 'Figure 4.3. are also well described by the Tollmien solution (28) (29)

'For values of x/H greater than 0.95, the velocity profiles are no’
: /.

ﬁ‘ « 1'.‘
>

.
AT : : . . ] . R . K
. L - “ . - . o . . . .
o L . - ' . ' . - . T .o »
‘l.~ . .'4.‘.,, . . - . ’ ' : -

The variation of the dimensionless scale u /U -with' x/d-his

:4‘1onger similar.x

‘shown in Figure 4. 4 Forunx/H~ up to about.0-86 Uo/-uc increases

i;ﬁlinearly with x/d‘ (the virtual origin appears to be located at the

nozzle 1tself) thus - verifying the equation of the free Jet. :

R T

. where Cl = 6 8 and 6 3 for ‘runs 1 and -3 respectively ‘This~type‘of‘,*

“variation for Cl.-has been moticed befbre (29) ﬂvThe variationiof the
. dimenSionless length‘scale‘ b /H ‘with- x/H is shown in‘Figure 4 5:
For x/H 'up to about 0 86 bah increases linearly w1th x, with.a-
.‘slope of 0 093 which is close to the generally accepted value of 0. 096
’for free cnrcular Jets (29) For: x/H 2 0. 86 ﬁ_ 1ncreases morer“
;rapidly,‘assuming a maximum value at x/H 0 95 'jFor x/H > 0.95,
‘:decreases but in this region the veloc1ty profiles are not - Similar and
";bu is of little practical\ nterest. - bj f Oif | . |
R Do S . G

'“: In the impingement region, the v component was also measured

_and Figure 4 6 shoWs that }—— (uv) is’ approximately independent of X

o

for small values of r. ThiSQproperty is of imp 2 e,in predicting

e
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o uc in;-region II and has been observ‘éd é"arlier by the author (25)-, (26) '.' .
for p’lane impinging jets. B v, T |
Y ’Aﬁ';.” . ' ¥ -
oY e . N ) ’ co T "’F‘ E p-' P : ¢ N .
As mentioned befo" "'_the static pressure .in the impingement T

"region is greater than th'e ambient pressufe and Figure 4 7(a) shows T AT

W,

typical pressure profiles in reg«i{n II.\ l‘rt is seen that for anydp_

‘station,_the prespsu:‘e decreases\continuously from 4 maoximum value of | “

. > RTREY ) .- [ .o
pc on:thue.jagls --as' r“ .rincréases. The.pressure profilesvare replotted' - ;d B
in a dimjensionlﬁss form in Figure 4.8 with p/p versus.v-r/bg‘; “ 't-'."v;'., o

o b, & be:{ng the value of r where“- p %—p ', . It is seen from Figure 4 8

that the pressure profiles are’ similar and well‘ described by ,the ?qua iont-

. ~ . 'E

& . " o R : : . .‘: R <3
" " . Ly . 'LA RN ..."?.' . . _g\, LI " R 7
soa ~ ‘ T ige e
RS s Bo "exp (— o 693 n ) oo I
. et - P Y

.. ) ’ [y L ' ' " °‘( " Lot ‘l"“ B E . o t ., 4'. . .‘ ' e

- ¢ s .“‘ N "l )

where n

the wall

b'f‘ Equation !
| the walla shear stress was measured in ’the R

'

S 5 ‘ ,w»\,"‘ e
impingement region and ‘F,igtfre'ffl; 9 ShOWS typical varlaéti‘bng‘ of bég where

o’

From Figure 4 9 i;ﬁ is seen tghat T :'5'? '

' ~.a_ny further increase in r. ,‘

'

‘f/H as shown in »Figure 4 10;1
5 and those of Bradshaw and Love (10) are described by ‘:' k
: :"'“.";r/H lessthag; about 0 2

. . R C . »r Co, ‘.”/jv._. . \vz.'_’.'q‘} - " Lo
. 1ater. R U Y T e L

. R e . . P . PRI . -
. N . . . N X . ;. !
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! w. .‘/' ‘ , ~ . ’ .r o coL R . ) . ) ’ “ . i ’ ' _"' . b
.:'423_:Adalysis of Results ' RS L A @gf e
o 'f‘ i . RN - - . : | : :
oA A 3 1 Impingement Reglon R B f, e

é””For the free c1rcular jet it is well known (28) (29) (36) that
ﬂ""' e v}'

one'could%write\_tw:

-

ct:. .
I

R T b

[TV

' wheref\M'- is the ?omentum flux from the nozzle,’equal to p4 d2 U 2 : Lo
- Using thc prlncﬂpleg of 'DimenS1onal Analysis’ one-could redupQ,Equation-vt'
o o R AT .

4¢4.a to the form,oﬁ Equation 4.2; T ';vf: - .‘;hh T A: ffh

T : A _-.‘* S . : ‘_ . T ‘ [ R . \ ‘u.,. KN MR

N v,ilc =¢f3 (Mo’p’x’H) - _ (45.a)
by s LMoY o T (4i5.0b)

. Equation 4.5.a could be reduced .to'the form:

Comblnlng Equations 4, 2 and 4 6 'F_’“”:f_ f,: .fA;ws'_f:h;?fﬁizl ;{Jf
O T A ?cf ."f-‘CI;v- 6 (H T

~:The experlmental results shown in. Figure 4 11 agree w1th the form&l&tion 5h‘i

.\

”Qin Equatlon 4 7 The beglnning of the implngement region could be B

gt T S RO resenete b T
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wevo L . s ", . ",r«' - C.“ . . P X . s

arbitrarily fixed ‘at that value of -x/H where fu /u F is equal to, say,‘
0. 98 (or some. other convenient value) The start of region II could in
R N

.'”dprinciple be fixed from | pressure considerations also, but it was found -

5 7

'_that, since the pressure data scatter more than the veloCity data, ‘the’ .
. .,?]eh, . R CL " ) o

V"- =] -
,;veloc1ty criterion is superior., e A e,
. w .-,'-..‘.'A ;o - : . \“ . . : ‘~ o - " ‘

S The functional form of Equation b4 7 is evaluated below. In the
% ‘ o ) L Y

. N ..'\_‘

impingement region from Figure 4 7 it was found that %?_ (uv), does
'_ not depend upon X for small values of . r,' That Is, in the neighbour—Af' o
hood of the axis ‘of the Jet°' AU ;i i.'m: o i.' "~f'yﬂf3’f.jn?

‘<uv5'r

I
oo
o
=
H
~

dhich could be reduced to the form. \7 L *:;f-’v

* ' N : P . _‘X! ' B 4 “ ’ ‘
T = (ru

85 (rv)‘\l?“:‘ g—

. - : \ .
sy “w M v - N . 13
‘and . = (ruvi] "= comstant.
S - RS BERTERRR
- . ..‘ o A '4.' ..'> —

~ L

Using the“equation.of continulty, Equation 4 lO\can be re—written~as

e

iU51ng the formulatloﬁ of Equaw
B '~' 'JL * ,'!, . : R “‘”

dwhere Tk
uation 4 12 could be wr;tten aseQe;”ag

Tl
“tionybs 6 Eq

. ‘..

AN

o
I
w, ¢
&
gs
-
\k
%
-



T | - R [

R

‘-‘:‘3%""‘0‘ | L K . | o
PR e [2KH ‘ Ll x S NI
~where‘. N szs‘ E—E .. K3 ZKH -1 and £&'= T Combining Equations.
- R 0, K ’ ' '

o B K, & \/(l £) + Ky . - (4.14)
where . i

K ,

The present experimental results and those of Tani and Kom.

(15) were used to evaluate K.4 /and K3 . It was found that RZ

. and K3 = Q.. With these values, Equation 4. 14 becomes

, : c ...— . ’ .“b i . ) . .‘ /’
o = 3 10 &;,/(1 - g s e ,(4.15)/:

o

cf

This is shown plottedgin FigUre 4 ll, along w1th the ekpggimental obser-

® . (R I |

vations... This eue %nt’_er\_sef.ts .the : nuc .4 ?guc'f " line ‘a& .3‘
N ’ : ﬂ'r Yoo ‘ ‘

fthis value‘of"x is %onvenlently taken to denote %;g end of reglonvI

and th%ubeginning of region II.; Recalling thation d 13, 1t is. easy to

~b‘verify1ﬂ¥u:w1th a value of K3 = O the gradlent of ucf at .the wall will

T

-fbe infinite. This 1s phy51cally5unacceptable and, therefore 1t must be i

- -G x L
“understood that Equation 4 15 iginot apply very near the wall Rather
o
one’ could expect that the 1rrotat10nal Variatlon (u x (H - x)) would be
o . [ R

T;;more reliable when x approaches .H. k The avallable data are: not suf—'

el

Tﬁ@fieientiy close to th ﬂwall to. permit verification of these conﬁ}dera— I

o Cwe ) S I e B !3 L. . - ~'-35M.

“r . “»."‘

Toep o T I N O O

v

For the impiﬁgeﬁeﬁt;region con51der1ng the ax1al,pressure o



' ’ ) . 3 . AN 'ﬂ ) . : . .
o
, vl.j‘. . : } . B ‘ 4 ) . " l " v . . ..‘, .."'

v ' t * ’ ) . - ’ ' ’

excess: 'g“, P el‘gaf(Mo;p,H;x): ER P (4°Ié);a.

,,ﬁquation‘4.16JEQuld'be reduoed.to the form:

s

L overall average experlmental value of Kp: as 26 the stagnatlon pry

o 4.18:

: H, 2
r “2. L '-,PUb | | N | : | . |
~and ‘further: . . . SR T

~

W o wan

— ()" = g (150 fre ,coustang“;;"K'_ l, 4;16

& D

wh_ere'*pS is tnelstagnation'pressure. ’ CombininngquationsfgrlZ and _
. v - . B - o R , : ;
T mem
- T g (X/H) RAREEE (/7% 1) RPN
: S0P Koo 6 e -~ SR
: : S S P _ - ] LoeL e 4 : -

3 The experlmental observatlons shown in Flgure 4. 12 support the functlonal :

N

form of Equatlon 4 19 B e ' ' R R

. . . . . L : (RN S
B N . . N . LN L R . . .o . . “3 B
_ . .

v B Regarding ‘the constant Kp the present experlmental results

! )

Ty

give an average value of 24, 7.- Previous works 1ndicate values of 24 2, :;:~
‘. { . Q‘ -

30 2 24 0 and 26 1, (Refs. 10 11 22 and 23 respectxvely) Taking anf;-

‘surejis;glven-by;:-

v:Further;.theilength scale for{pressure could}be written'as;3

a - ' o
A i} . - 'ﬁg_},'»-.- N . B . . . ~N . !
. . . e

IO (S
P

ﬁnﬁ>§fu T B L ER .tf.Zl)



-The experimental results plotted in Figure 4 13 support this formulation.

: The value of -bp “at the wall is.'bpw.— 0. 078 H Since the wall ﬂ?essure
3 profiles agreed wigb Equation 4 3, one could now transform this equation "iA
fﬂ to- the more convenient form '
e = exp = 11D S oy
o L et SRR ' Lo l\\'>*
here = r/H, = This 'is- comparé‘ with experlmental results in Figure

. . R -~
c

‘-4 14 where 1t§is seen that p ‘ appr@%@hes zero at = O 22 H which

“could ‘be conveniently taken -as the end of the- impingement region. vl_;?:\1

-

‘nquating the wall pressure integral to the 1nit1a1 momentum of the Jet, i »

D

'the theoretical'value,of Kp Wlll be 28 5 which agrees w1th the average

experimental‘value-of_ZG;f7‘ - _‘ie' Ly "7"W J

Ly ) o ; : .
IR T B e (‘9' ’
: In this section a s1mple method 1s developed to evaluate the'_u-'

ffunctional form of Equation 4. l9 In the 1mp1ngement reglon,’assuming

‘biglwax1al pressure%g% - remains constant ‘and equal to p 4”%5”’
'd', ) . '.‘
(see the inset of Flgure 4 1 ia one could wrlte' ‘ =
IR .“'v2 - |
5 ~puc' N \
: 7 Pc = pS b 2 K (4 23)
Using Equations: 4.15 and 4.20 Eouatlon 4.23 is reduced to.the form:
6..' ‘o = w
cue T -r_ 10 g - 9 o (4.24)7‘
where the coeff1c1ents have been evaluated u51ng the present erimental L
i-‘results ' Figure 4 12 shows that Equation 4 2 is satisfactory for ‘x/H ~pﬂf2;:
-:- -', g TN ‘\3 ) _L"v, )
,greater than about 0 92 The experimental p01nts of Bradshaw and Love < _
: Qo - ”’% "Hb » R
_ (read from tbeir contour ploﬁs) lie somewhat bel W the plot of Equation e f;‘
- : B J.,’ L. . ) NS o @A‘-\\’—V:“i‘—:‘V‘:A,—m‘_—;_“
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4,24,
"hv . _ The varlation of the wall shear stress in: the 1mpingement

Lmrtregion is predicted as- follows—~~Consider the Reynolds equatlon of"

j‘motion 1n the x~drrect10n' R - ‘d_ ﬂ]_ Qﬁx
o R 80.' Y T S
o f‘,z.,ég_. du R I AR
_..vu.8 + v ar f% p 8x .. r e e .x4i25)

RN . .. i RN
A e

. '

where Oy aqﬁ T x'fareﬁthe'total; normal andAtaﬁgential‘stressesﬁﬁelf
e spectlvely, i e..'" _ ST f\\‘ B &{ S

')4,."

Q
n

-

T
EX

ORI

S SN
ime-averaged

where the prlme denotes fluctuation ani the overbar den

L,

: . AL A . L
o value._ Assumlng that near the wall the measured pressur p “is approxi- .
mately équal to the .sum’ of tlme-average statlc pressur-,
-J . . et N \4

‘?d the 'normal SR

A

= stress then' ‘T?h;j}f*h}‘.f "‘:d_v=f D el
L o %% P T P. . %2

An order of magnltude analy51s shows (see’ Appendlx D) that the v1scous

n-‘,‘.

term 1s negllglblé’ln comparlson to p,.

».

flnally 31mp11f1ed to°'
' i L APr — ﬁ’ e e

P - " 9 { ,’ . S ’:. ... . ) o .,’,. _‘.- ‘_\,‘ ,~/:

;;,'Ol!-' o
©
H

i.At‘”x.éﬁH the 1nent1al term§1vanlsh hepce'i



- ! S s
But Trx = Typ @and: DR
- 1 R IR N 14 o
. ! — . = — L R i
: [r ar (rT‘rx)] . :.[r’ar (rTxr)] gy . ¢ dr (rT,) o
s : X=H I X=H
: - ] ..-.'r T . ,. . ‘ . . - ‘v k‘.:.. ‘ N '- R ) L
T S A (‘gﬁ) e s [
RN ,. o C e Twl .
Using the previous findings on pressure %tributlon, it can be shown
TN . : .
0 LR :
(see Appendlx D) that the wall shear stress is giverkglgy: 2
SR “To.-. T . I -.bexp (- Ill& ‘A ) ' L |
I ,—l:——= 018 5—943)\exp (- ll4l) .
where the maxnnum shear stress, To'm, is glven by the expression' :
e 2od2 toae T E
T SPELTE U Tom 0. 16 pU (H)‘ R T (1'*32) -
' . and it geeurs-af A = O.l‘4. oLy ' v DR

Figure 4 10 shows that Equation 4, 31 agrees ylth the available -

— . . <. - -
data so long as )\~ O 22. Returnlng to the neglect of the viscous term é
from Equatlon 4 27 it may be. argu;d_l that 1ts vert1ca1 ;red‘ient may not l
be negllgible J.n compar'lson to the. vertlcal gradlent of -p; If this | 'i‘

' wem the case then the coeff1c1é‘n't 0 ‘16 1n Equatlon 4 ;32 wouch not be ",}.,f“ T
constant but 1t 'uld de;)end upon R (as Sn also be verifled by di—' \ 4

a?gxens.lone’xl analysls;"‘:;“flowe’x;er, ‘the' experimental results show= that no ’, ‘
dependence tnpon 5: Rg; .x1sEs 2 ht least withrn the range’ 60 090 Roﬁ, .

Kl x.

<

- 4 ' N
. ’.180 000 (Tblﬂ' 1n'@1udes*‘ﬁhe present data—ang those of Bradshaw and Love g

(X8 ﬁ B 8 J‘. v . . N
'-,_(.10)) The reason for this. result. can be%raced? to _the strong turbulence
- : . V%a : T ,@ Lt ) ‘-. ‘ ~‘:_ s 155}, v.l ,,
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o .
computed directly from their tabulated measurements : The solid line.

drawn\in\Figure 6. 18 is- AR average of all the data and has the equation'

P
"

.= 0. 0474 R f1/5 - (average) T (6.38)

1.

Consider now the length scale '62,#\Eduations 6. 34\state thatn'd_2

—w—varies linearly with——x-—%—The Ty

dé. /dx is not expected to depend upon - ¢ or H/d if account is taken
of/the derivafions 1eading to Equation 6.34 (see Chapter II, Section 2 2)
The data of Schauer and Eustis are' shown in Figure 6.19. It is‘seen
that a single straigh line- fits the data well, even though ¢ was - “

* varied from 30° to 130° and H/d.awas varied from 20 to 40 .The equa—

tion of this 11ne is: C ' L "j; . .
P x el B 5\’\>'
- = .= 0,089 6— +.1.2) C S (6.39)
i.e., C C, = 0‘089 and the virtual origin is located at a distance of
1 2H before the origin of X. For the case of normal impingement

(¢ = 90°), Cartwgight and Russel 018) reported C2 Os056 for* R in : i
the order of. 105 The virtual origin was. located at' X = -Z.SH,' For '
the classical wall Jet Sigalla (32) gives z = 0,965 for Rds‘in.the
order of 105, with the virtual origin at x = %O.Sd.. “The results of-
Schwarz and Cosart (31) for. ¢ = 0°, show C2 'to decrease from 0. OéS
:‘at_‘Ro = 13, 500 to 0. 06 at R- = 41, 600 with the virtual origin being .
‘between. X == 7 2d- and -15. 6d These considerations indicate that
there exists a:;ertain relationship between C2' and Ro” and that
generally C2 ‘decreases for increasing Rofiw HoWever?'it-is not_possible

~

~
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!

at present éo’establish the ;elation between 'Cz and K because ; C, s

is also dependent on conditions at the nozzle, ‘which vary among differ-

-

ent investigations and cannot be accounted for at present.' The loCation ‘

of the virtual origin appears to depend only upon nozzle conditions, as

N

" to consistent variation with R v could be detected
. . . : NS (f

(\ /l

An dverall average value of C2 'is--0. 0765 whereas the virtual_

origin seems to be located. at. an average distance of l 35H before the

origin of x,pli,e}:

\ &"7‘“
. Pl

= 0.0765 (§-+ 1.35) [ . (average) ;,‘f‘-(6.ab)

o
N

;s

. For the case ¢ = 0°, the. quantity H bécomes undefined however here\

the virtual origin is located at an average distance of lOd before the

nozzle. The theotetical prediction for um is given by Equations 6 34

and 6.35, To obtain an estimate of - the ‘exponent, a, consider the: term t
¢
2FC, g
this becomes C /0‘107 If this is less than, say, . 0,06, it could be

appearing in Equation 6.35. .Taking F =0.7 and 02 2 0.0765

neglected in comparison to unity and the exponent a, will be simply

\

equal to -0.5, This condition will be satisfied so long as Cf N_O 0064 ;
“ which,in turn yields hhe condition R 2 20,000,- In most,practical

, problems, R° is ‘likely to be larger tQan this value, hence in what *

Sae

remains it will be assumed that. a-= -0.5, and

.o

o= xS (6.41)

‘ From dimensional consideﬁations, it is easy to show that:
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T ‘f - ,4’) .,’v' |

which, in view of Eqﬁation 6.41,”beeoneﬁ;,' y
\ L S®
\ 5 Uo ’Ad 'Gﬁﬁ?,
._u " C<¢) - . . . ": . ‘ .
?ﬂl = M T o N . . .‘. - (6-42)
o S Vx]d S ! o

.wheré\ Cu(¢)' ii'a function of "¢, Thus, ‘the preceding approximation

ot 0 N .

with;reipect toxthe exponent 'a has made it possible to shpw that H
‘affe¢t> - The data of Schauer and Eustis were re-analyzed

does no
and are hown plot ed in Figure 6. 20, in the form ' (U /u ) vs x/d

‘Equation 42 states that when the data are plotted in this form,
‘ \

\
straight 11nes would result._ This is shown to be frue in Figure‘6 20,
q

-and the slopes of the resulting straight lines are related to C . For

_the case of normal impingement Cartwright and Russel (18) gave'the -,

relation um &‘ -0. 39. However ‘when. #his was re—analyzed it was

shown that in,the range of x/d . in which their data were obtained

'Equation 6 42 was valid with C = 2,41, _ - .

_Values of C, are plotted against ¢ "in Figure 6. 21 where it
is seen that the data points define a single curve, a fact that'supports
the conclusibn C = C (¢).. . This function is now&predicted as folloWs.

It has been shown earlier that in Equation 6. 35, the term ccf/zrc; T

could be neglected for R 2 20,000. Recalling that Equation 6.35 is a
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result of the integral momentum equation (Chapter II, Section 2.2) and

", . noting that this term represents frictional effects, it is reasonable -

 to assume thnt frictional forces could be neglected from the momentum

equation. If My is the momentum of the wall jet'in the direction of
: > - - S T

. positive 'x.‘and <M2‘ is the momentum in the ‘direction of negatiwe X

" then:
. ‘ 2 ) : ' ; o
S M -M, = -pUdcos¢ (6.43)
K' ‘ '. ’ ) “ - ) " N } . _“ L

[ ]

1Bnt in general M =

“
PREARRST

0%=38

puzdy{ or taking -similarity into account:

o o e 2,20 S o ‘
Co M = prc e Ba | BN NI

Letting C 1"and 'C w2 correspond to" the p051tive and negative’ x

respectively, Equation 6.43 can be re—written as:

) iy

S

o 2. 2 N S S SR
R deo .C2F’(Cul - Cu2 )y = U d cosio o (6.45?

or the equivalent: x

2 52 IR ’ . s .
Clll - Cuz ) —- m‘, cos ¢ . . \ ‘ . oA i (6.46) i
where ‘m2 =.§%¥f¥m Note that if ¢ is taken less than 90°, then c ul
: 2

coincides with C (¢), whereas Cu2

"and . C.

C.owill coincide with C (l80°~—‘¢);

" One more relatlon between C can be obtained if it is

ul u2

3assumed that the- momenta in the two wall Jets (which are preserved
quantities if friction is neglected) are in the same ratio as in the
corresponding case of - .a potential jet If it is recognized that this '

' ratio of momenta is determined by the flow conditions in the neighbour—
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- hood of the stagnation point where the flow is locally of. stagnatibn

\ ‘
type, then this assumption does not appear unreasonable This,assump—‘

tion ﬁ&ll yield (44)

/ C' 2 . L . .
ul, - I+ cos ¢ < SR
e 2 7 1-cos ¢ S : S (6.47)
C .
u? L

Solving Equations 6.46 and‘6.47:

R o tcul = mv(1'+ cos ¢)Yf ‘ N\
0°<¢<90°; f o \ \\\re.as)
A G TR
1 : . ' -
Tofevaluaté"m consider the case ¢= 0°. ThlS represents the classical

},walleet for which Cul =.3.32 (29), and naturally Cu2 = 0. ‘It fol-.
lows that m = 3.32.‘ Furthermore, since 'Cu2' could also be taken as
the value of‘ c ul for the supplementary of ¢, Equations 6. 48 could be

R 3

reduced to' a 31ngle equation, i e
5 .

-cu(¢) = ABEFes ® (6.9

.This is shown to describe the data adequately in Figure 6. 21 Note‘

that the chosen ‘value of 3. 32 for - m 'on1d give a value of C2

1/0.7 x 11 = _3. This is not in agreement with the average value of
3
-0, 0765 obtained earlier (Equation 6. 40) and the discrepancy is attributed

';to virtual orlgin effects : Substituting Equation 6 49 into Equation 6. 42

. . "..: ﬁf';.q” [S.S(l#jgcos ¢)] 2 | -:v | : : ; :. (6.50) -

'the velocity scale is finally given by
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; 6.4 SUmmary'

The problem of oblique impingement .of plane turbulent jets

{
/

has" been studied in this chapter. It was established that the free jet
. f
region extends up to '70Z of the inclimed impingement height H regard—

v

less of the angle of impingement. Thé wall pressure and wall ~shear

stress, as well as the maximum velocity near the wall were studied in
deéail in the impingement‘reglon.‘ Q‘semi-empiricalbmethod, based on
similarity:properties, was developed.to predict the wall pressure‘and
lvelocity.' The wall shear stress was predicted by the same method as in

-the previous chapters, properly modified td account for the effects of

1 - .

-obliqueness; ~The extent of this region along the wall was established

from wall pressure con51derations and it was found to be a portion of
A1

-
v

- H that depends on the angle of 1mpingement.

The wall jet region was studied utilizing previous experimental
k) ’1
results. The analy31s~was carried out in accordance with the theoretical

. COnsiderations of Chapter Ii‘ It was shown that the local skin friction

'factor depends only upon the Reynolds number R ; and'an'average empiri— .

o

‘cal equation was proposed which covers': the entire range of experimental
. results (5600 < R 3 300 000) The length scale was sshown to vary»lin—'

_'early with x,_'however,'the cOefficient Cz‘fdescribing its gradient

was- found to depend upon the Reynolds number. At present it is not

possible o establish this relation because of the presence of signifi— B

cant nozzle effects which vary ‘among different 1nvestigators. A satis-‘

factory theoretical method was developed to predict the relative velo-

—
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. ' : . ) . o ..- 0.5 i
city scale um/Uo, which was shown to be proportional to ' .(x/d) s
the coefficient dffpiépprtionalfty ;Cﬁ being a functioﬁ.bf only  ¢.
Thisifuﬁction was determined with the aid of the méﬁentum inpégral"'.

.equétion-aﬁd an analogy drawn -from the corresponding case of a potenﬁial'

*impinging jet.,'““

FE . by T
. . M . . N . RN .
. . . AEN . -
. sl . = b -t
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_CHAPTER VII - OBLIQUE IMPINGEMENT OF CIRCULAR | ’ B

TURBULENT JETS

\

'7.1 Introduction ,

S 184,

The oblique impingement of plane turbulent jets was studied

a

“in the previous chapter. Another configuration thaf 1s also of consi—'.
. ' : - :
. derable practical importance is the oblique impingement of circular

-

turbulent jets. At first sight it may appear that this problem is a
generalization of the normal 1mpingement of circular jets involving the

same escalat on of difficulty as when pa351ng from the normal to leique
. © . \

: impingement of plane jets. This however, is only a crude representa-
tion-of7reality. When dealing with plane jets, the oblique 1mp1ngement

vinvolves only one parameter in addition to those describing the normal

:;timpingement i e., the angle of impingement . If a circular Jet

'impinges at an angle different than 90° the flow remains axisymmetric ‘

5

only in the free—jet region. Therefore in order to. describe the'

impingement and wall—jet regions, it is’ necessary to introduce anrextra

-

: space co-ordinate. This could be distance measured perpendicularly to _"

~

,the plane of‘symmetry (i e, the plane.containing the jet centerline

: and normal to the wall), or it could be a polar angle measured from the

ctrace of the symmetry plane on the wall Thus when passing from normal 'ljt

to oblique 1mpingement of circular jets, two’ new variables must be

-

introduced and this makes the problem more difficult than any other 3
studied previously Yet the undjrstanding gained in previous chapters

ER

.‘will be helpful in this case._

-

It appears that.no information,isgavailablevforithe'impinge—h o

e R A



v

ment region;, whereas the;wall jet region has been,studied earlief*by ,?
L v A

Yakovlevskii and. KPasheninnikov (27). Their work include experimental\“

Aand analytical results regarding the velocity field in the wall—Jet

-

region. The analysis is of the integral type and makes use of a number

a.
o

‘of rather arbitrary assumptions, such as:conservation of flow rate and

kinetic energy 1n the impingement region. Furthermore, an arbitrary

v

physical model is introduced to represent the wall Jet. " This cdnsists

of the assumption that the wall Jet is produced by a cylindrical nozzle
@

of variable thickness. The analysis yields complex equations that are’
'y

difficult to ‘solve. : R ,

[

- The objectives:in this chapter are, therefore, two-fold.

‘One is to study wall pressure and_shearAstress_in the impingement region,

“and the rsecond to obtain additional experimental data in the walléjet

- e
region so as to complement those of 27). Furthermore, a relatuvely

simple analytical approach is presented based on the general theoretical

' 'consig§£%E7ons of Chapter II, which results in simple analytical expres—

S
K4 <o

usions for the velocity field and the wall shear stress.'

!
R

Consider now a circular turbulent jet impinging obliquely as

“shown in Figure 7 1 The wall pressure in excess of ambient,w111 be

denoted_simply by 'p , . the stagnation pressure is ps‘ and it‘giiurs

-at_the stagnation point, S, which is removed from the intersection of

"jet centerline and wall (point 0) by a distance S. For convenience,~'2‘:

¢ two co-ordinate systems w1ll be used. In the impingement regipn, it

'.waSngenerally found more convenient to use the Cartesian co~ordinate

system (x, Yy z) whereas the wall—jet region was found easier ‘to study

" \
*. ) o .

-
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by using the cylindrical co-ordinates (r,' » z). Note that both systems

‘originate at the stagnation point S

EAEN

.7,2.'Experiments'f' o : o o - . . “

- .
L : . »

A The experimental set—up has been described in Chapter IIT. A

Atotal of nine experiments were performed whosé particulars are listed

. in Table 7. 1 , The nozzle Reynolds number Ro’ was varied’ from 35, 000

to 100 000 whereas the relative impingement height H/d was between

15.5 ‘and 47. ;

Run No. | H/d | R ()
1 39.25 | 34,700 | 60
2 15.5 | 89,600 | .60
3 | 20.0 | 89,600 | 30

4 14615 ) 34,700 | 30 -

50 a7 | 34,700 | 45

6| 19.45 | 89,600 | 45 | |
7 ] 203 | 89,600 .20 | ° . -
8 17.5 | 100,000 | 20 | S

1 9. 1358 | 34,700 |- 20

-"r. bRy

" TABLE'7.1  RANGE OF-EXPERIMENTS

;wall shear stress was. measured us1ng a Preston tube (Chapter III) of .

"O 046 in. outs1de diameter As the line of action of shear stress is

not generally Rnown before-hand measurements were. performed only in ;

ﬂinstances where its line of action could be accurately estimated
). . N
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7.3 Analysis and'Results

7431 ‘impingement Region

The objective in this section is to study the wall pressure

»_—~and shear streSS“——Measurement of wall pressure is straight forward
(Chapter III) even though. it is fairly laborious. However, regarding
-the wall shear stress, a major difficulty is present, i.e., the direc-

.tion of shear stress is not known at an arbitrary point on the wall
Con51dering the "limiting or "wall" streamlines, the shear stress will:
act along the tangent of the wall streamline passing through the given
point._ Intuitively, it appears reasonable to assume that the wall
streamlines are a family of curves orthogonal to the contours of equal
wall pressure. Before this can be assumed however,_a better.justifi—

cation must be furnished For a three—dimensional boundary layer, the -

'.equations of motion at the wall (z =.0) reduce to (46)

.-
9x - H
z=0 9z =0 ‘ .
. (7.1) .
. : . 2 .
B ()
\3y z=0 32? - z%0
whereas- the components of the wall shear stress are given by
[ 3u
Tox = M (Bz) N
z=0 .
, TN ey S ‘
W T s o ' o ) - L

s

ln_Equations.7;1~apdr7,2,.rp is-the'static presSune ahove:ambient;



o

u, v are the velocity cdmponents in the ‘X and My—directions respec—
. v .

tively and U is the viscosity of the fluid
‘ ’ .

If the velocity profile is assumed to be collateral in the .

immediate vicinity of the wall, as is usually the case (46), then for a
range of very small, but finite, values of =z, the ratio -v/u remains

constant on the’ vertical through any given point (x, y, 0). Quantita-

tivVely this is expressednas:;n:‘

L '.':h\ 1
ve=Bu ; B=B(x,y) . ; for 0<z<z2

. ’ v | ‘ | < 2 o
with z, .being a small‘but fini#e.lengthl This immediately implies o

that:

Substituting into Equations 7.1 and;7r2{ it is easy tg
Gely), . x

‘ i-——7rf——-- =B =
@p/3 Y20 T Tk

which shows that .the total wall shear stress To. is in the same direc— .

tion as the vector (Vp) o which in- turn is orthogonal to the equal—
pressure contour pass1ng rhough the p01nt (x, y, o). This then shows =
that the wall streamlines and the wall shear stresses -are. orthogonal to

the equal-pressure contours ' This conslusion will prove useful in the -—<\i\\

‘remaining part ﬁf this chapter o SR '_' '\\\<;i§;‘. '

B
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7.3.1.1 Wall Pressure =~ B S )

- Typical wall pressure contours are shown in Figure?7.2, for.

« ' ) o -
¢ = 60° and 30°. It is seen.that\the contour shapes deviate increas-

——ingly- from the- circular pa tern‘of-normal impingement—“as“¢_”decreases.

!
N\

This, in’ turn, shows that wal streamlines will no longer be linear

\

with the only exception of the reamline\pn the symmetry plane‘which

\
is the x-axis. An interesting £e\ture of these plots is the absence of

co

negative values of pressure at the side Xf negative x. This is in ap-

\

parent contrast with the observations for the plane jet (Chapter VI)

where negativ? pressures'did occur;. Yet, this does not constitute‘a

contradiction. It is vellxknown that if an.isolated vortex tube forms._
within a mass ot.fluid, it‘must end either on.ﬁlow boundaries (solid or .

#free surfaces), or it'must close upon'itself. i“e:, forming a vortex

& ao

' ring. In’ the case of plane jetsythe occurrence o} negative pressures
,was attributed to the formation of a straight—line:vprtex'which ended
‘on the sidewails of‘thevexperimental set¥up (see Chagter I11). fIn the

case of | the circular jet, a vortex can close only upon itself, thus

forming a vortex ring surrounding the jet. However from the side of

empirical approach will be employed ‘Consider finstly-the case of
normal impingement, ¢ = 90°. At a given point (x, y) or’ (r, 6) the\
" wall presshre\is‘pQ(n, ) = p (r) because, due to symmetry, 8p/36 = Ri'
v : ‘ ~ o - | . , . - ,(

,‘ . ¢ .
QQA,_ - - i \
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At was found (Chapter IV) that the radial pressure profiles are similar,
ioe.: ‘ . ) A =y’ “Hi ﬁ:[i . .
s ] . 2 -‘;‘ . . 4‘:;’1
ETa e = e k=893 . . (.3

where n = r/b and b is the value of r- where P, %—p . Engtion

7.3 implies that: ' , v N L N ,’Vf , Jf’ v
. e ‘ ' o @ e E
\ . ’ ) l ’ xz ‘_ 2 s & " ® R
o p, (8 y) = poexp |- k(—z + ‘y;) . - (7.4)
‘ ' o > W7 b ) . i
3 ‘ : s .- 1
i S . S . ¥ ¢ ~ry
. The pressure on the x-axis is: o S ﬁg v :
. . U v | :. N . . 5‘ s ) v_ " . - y,' .
\ . ‘ U ' it > i a’ s x2 !-1 ' . ; . . ‘ .
p,(x, o) = pexp —k<—§) P )
' . T T A se. T . ’
’ - . i ° g 5 2
It follows that: YA o i v o
| ' - . " ! | ‘) . » » o |
. g y ' 1 R '
- pw(x, y) ‘ . 2 D e . .
, —_—— e - >4 ) .
‘ - ! 'p,w;(x,' 0“) ' ? exp oo k(b) e . - ' .- (7'65
o . - v R :

. \ - ) . 9 i '. L . : : . co ) ‘ .
Equatidn 7”6 _states that, in the case of normal-impingement, pressure
. N
._profiles along 1ines- parallel tp the y-axis are similar if the maximum <

value of pressure is used (which occurs at y.= o) as pressure scale’ and
;&f b _1is used as length scalef This property of similarity is retained
for all values of ¢ as- Figures 7.3 [(a) to (c)] show. In,these

figures the following convention was adopted-

IS
©

P = %W(X, o) f?fvx >0 'p2 = pw(x, o)_for,g <0

.TZy/b ; b =value of. y where p=%P12 -
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Hence: o .
b w .~.=!{ g(z) WH"~e k;‘ a - g
o L T. . g . _ ' - . . «:7’ Lo
Z‘where k's 0'693- Here, however the Jlength scale b is not constant,v

. but it varies with .Xx as shown in Figures 7. 4 [(a) to (c)] Assuming ‘
large heights of impingement it can be- shown by dimensional analysis'
'that i . . R ‘
LI fb% ¢),*; [N _‘- S aw
The data are seen (Figure 7. 4) to agree with the formulation of Equa-i'ii
'tion 7.8. When ¢ = 90° ’ (H) = f ( 90° ) const 1. e.;‘ fgt‘is:ah‘A‘
,.straight line parallel to the x—axis._ The data indicate that the |
lt/éarity of b/H is preserved for angles other than 90° however, thed'
vvslope of the line depends upon ., ¢ 'If‘vb3 is the value of b at -
;fs & 0 (associated with the profile on the y—axis), the above considera;v

tions can. be expressed as.

“:m;x._ jl'

: ;b : o T S .
_‘where -ﬁf1 and a . are both functions of only & and therefore, they

.k Q.

'F'can easily be evaluated empirically.i Regarding the principal pressures t'fll

.w'Pik\and Pz,' these are also similarly distributed much like in the -_f:'

'bcase of plane jets as shown in Figures 7. 5 [(a) to (c)] Defining n

: 1 R -~
lx]/bl 2 ‘bl 5 being ‘the value of _Jx] where pl 2 ‘ 7 stj thel;‘h

'principal pressﬁres~are given by'
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P, o - —kn I ' |
=== = g(n) = e R . (7.10)
Py . \ . - \ ‘
'By‘dimensional analysis it is easy to show that: . -

1,2 - (7:11)

. It is now p0531ble to derive a’ general expression for the pressure at

.any . point (%, y) on the wall as follows
P ~ P; ’ B

, 1,2 .

= —— =% = g(D)gn)

-pl’z pS Tl

eléc,,,

[}

= exp - k| - + 4 : _ v (7 .12

o

ools

l', 2 .
" Inm Equation 7‘12‘ Hbi should be used when x>0 and b when x < 0.
On the basis of the . above, the ‘wall pressure can be predicted entirely

: if the following quantities are known The eccentricity s;‘.the o

stagnation pressure' Pg» the length scales 1, b b3 andlthepslope ,:.

j.d._ By dimensional analysis, it is easy to. show that .
ﬁ. . L . .

. ‘ G—) = £ ($) [

.......

'__;f xf;(¢)}f . ’“f'fe'.iiFr”l¥“~;“ %ﬂ ; .h_fﬁ(ztlj)e;;

-1
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The first two formulations are«verified in Figures 7.6 and 7 7 where
'the data for different values of R o and H/d are shown to define
single curves Similarly, the expressions involving the length scales

are verified in Figure 7 8, whereas values of a are plotted against

¢ in Figure 7.9,

Qualitatively, the variations of .s' and ps are similar to
those obtained for plane jets (Chapter VI) However, here the relative
eccentricity s/H is about one—half that of the plane case, The rela-

tive length scale b /H increases with decrea31ng values of ¢, 1like-

a

"in the. plane casey but its rate. of increase is considerably larger In
contrast with the plane case, the relative scale b /H increases with

.decreasing ¢.. This is attributed to the inability of the jet to

v

develop concentrated vorticity at ‘the side of negative x. Yet, ‘as

o R

'bl is always greater than b2 ) the pressure profiles on the symmetry

plane are generally skew, the skewness increasing ‘as ¢ deore ses,

~much 1ike in the plane case.. This is clearly demonstrated in Figure 7 10'
‘ where ‘the ratio b2/ l} is plotted against ¢ | This ratio is indica—’
tive of the degree of skewness of the pressure distribution and is ,'\\\”

”:termed the "skewness 1ndex . It is now’ possible to derive some useful

gexpressions related to properties of the wall pressure distribution.

-

‘The equal-pressure contour of value p /p l/m ‘can b \obtained using-

'Equation 7. 12 S
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Lnm z
or y = % —k--—x—z- .3 3 =1,2
.bj < v

which 18 sjymmetric about the x-axis. Drepping the minus sign for con-~
venience,

anc using Equation 7.9, this becomes:

b, - 2 T
= S+ q Xy 4/iom _ x/H
% G rad) Jk (5—175) o - (7.14)

where J'’=1 when x>0 and j = 2 'when x < 0 If a . is the

-area of the contour P, /p = 1/m, then a is given by:

—

Y ' L auasy
L ' X, . R L
where xl’z,'ure the vnlues of n_ whgrei this contour intersects the
- x-axis, i.o:: |

S o - (7.16)
BT ol o | ' o
Using the available results and making some’ obvious approximations,

Equation 7.15 can be reduced to . (see Appendix D Section D 5)

a = 7 2;m) by (b +b,) (7.12)A

The area of'the"contouri pw/ps.= 1/2 As then:

2 = 3by () +1y 0as
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w ¥

since k = gn2 = 693‘ Hence,rthe ratio 5&/a2 equalé f2nm/k. When'. .

pw/p = 1/m, this can be written as:

P o an o : ‘ :
A a e k a, . . B (7.19)
Pg . : .

Equation 7. 19 states that the wall pressure is similarly distributed if

it is referred to the area a of the contour which a certain value of

P determines. The scale .of pressure is p; and the}scale of area is

az, i.e., the value of a wnen P, = %-ps. Thie could beveasily

checked for the case ¢ = 909: It follows that the property‘or simi-u ' X\
larity with‘respeot to contour areas is'ﬁreServed for all .o Contour

areas were obtained directly from the data (with\\\planimeter) and

Equation 7.19 is verified in Figure 7.11. This result makes integration L;al

of wall pressure very simple.. The total pressure force acting on: the

wall, Pw’ will be: P v . -
P l/pd,a 42p/‘()d(2) S _
o . o } k . . ' . B .

4

Equating Pw to the normal component of the_i;Qtial momentum of thegjet:

L o N
_E‘azp = DT Uo sin ¢ ..

Using Equétion’7.18;'thiS'becomes, after some manipulation:

'l - p 1 2 | N " ‘~( - . .. " ‘. " ) " _"
- —2— @) - ksnd o (7.20)

2, G T =
P, /2 B3(b) + b))
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o . s X

and sin ¢ = 1. The present'data (Chapter IV) gave p350u="0.q78.k A

« . summary of available data is tabulated’below;

Source‘ b9Q

Poreh & Cermak | 0.075
Tani & Komatsu | 0.088

Hrycak et al | 0.089
Bradbury | 0.077
Present data 0.078
Average - | 0.0814 .

~

‘TABLE 7.2 VALUE OF }Féo'

S ' - - Py .
Using-an'average value of B, 0 0814 the value of —3 G—) at

¢ = 90° is predicted to be 52 2 which is in excellent agreement with the'fb

' : average experimental value of 52 obtained in Chapter IV The empirical ‘

curves of Figure 7. 8 were drawn S0 that they pass through b = 0. 0814 .
_ ¢ = 90°. ': Using these curves, Equation 7 20 can be evaluated and is
plotted in Figure 7. 7 where it is seen to' agree well with the experi- ',v
,mental_tesults,v - R ---'.-. ’h’-,,i "“;;fﬁ . R
Considerihgithe'eccentricitvx?s 'ofithe:stagnation.point;iit.
. is not possible to derive an expre591on from potential flow considerae»
‘tions, owing to the fact that no potential solutions can be‘found for>

flows - that are not" axisymmetric However, s* can be predicted if it isit-

,assumed to be proportional to a characteristic linear dimension of the f,
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KT

wall pressure distribution. Such a dimension is the distance xc L of S

the center of gravity of the wall ' pressure distribution from S. This v

is given by:

) ‘oo

‘-:xgl,’;_--af*~f/j-~-’f—f~'-xpdqu e T uay
oy S -.Jm:»-‘ ad o A R S e

This equation~can be reduced to (see Appendix b;‘section D.6);F‘;

N S _ -3 —3 o : :
U Boh . BRSO
BT Tt —— o (7.22)

B R R

Taking a factor of proportionality of 2 9 indicated by the experimental R

results,‘the eccentricity '8 becomes

L x .. - O e Lo
R TR — 7.287.
‘This GQUation is. shown plotted in Figure 7 6 and‘}s seen to be an ade—-_

quate description of the data. 1:_.‘5;;;1} o

RN

With the in%ormation already available it is poasible, in -

A'principle, to derive an’ equation for the family of curves that are ortho-;

;1gona1 to equal—pressure contours. These curves will represent thevwall

'streamlines _as was pointed out earlier; and inspection of the available‘rc
S

u"relations ﬁhows that a” derivation of their equations would be rather-'t

| laborious. The end of the impiﬁgement region oould be taken as the con-':

-‘/' BN
P

vtour p /p = l/m with m being a large number so that p /p .0..( :
B . . \
For example, m could be taken equal to 50, so that p /p = 0 02 I

yis reasonable to assume that beyond the impingement region, the wall 1* '
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,streamlines are linear, retaining the direction they had when crossing

o212,

]-f the 1imiting pressure contour.‘ Inspection of the pressure contours in— E

f‘”dicates that these straight lines intersect the x—axis at different

points i e., there is no . single focus of streamlines.» These considera—'

itions are in agreement with photographic evidence presented in (45) forj»‘:'

the case of a potential impinging jet Yakovlevskii and Krasheninnikov”

‘(27) state that in the wall jet region the streamlines are straight and1

originate at the point 0 (Figure 7 1) This implies a single focus R

Of Streamlines This apparent di@azreement\with theaPresent conclusion," R

. .can- be explained as follows Even though the streamlines originate at...

_different points on the x-axis, the distance of these points from 0
or S remains finite and is of the order of the distance OS(- s)
'This distance, however, is about an order of magnitude less than H

':Measurements in the wall-jet region are made for distances r at- least

'of the order of H ' hence it makes little difference whether a measure—a'

» ment of velocity is made by orienting a probe towards iS' or+10' oraany .‘;

1other point in—between. A

7 3 1. 2 Wall Shear Stress ;fl'

Measurements of wall shear stressrin‘the impingement region

e . -

. were performed as’ a rule, only along 1ines where the direction of shear j7;f»='-

’hstress could be estimated reasonably well The x-axis constitutes such -

ba line and typical shear stress measurements on this locus are shown in

”Figure 7 12 The quantity T ok is ‘a normalized value of the shear

'Y-O*'

.stress 'fgﬁ defined as - CoT f- T’& /4pv 2. where d is the outside :35

diameter of the Preston tube ( 046 in ) -1 In Figure 7 12 the data\

~
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for the.case"x ='0, y‘> 0 indicate ‘measurements along the y-axis. .For

the case ¢ = 60°, the y-axis was almost perpendicular to the pressure :

~ T

contours hence such measurement was permissible Owing to probe inter-‘

_ ference with the flow the data for X, <. 0 are. mostly ‘of qualitative

]

¥-va1ue:7—This—is demonstrated clearly—in~Figure~7 12%~—>where—the~4¥——~f%-¢—

:w continuity condition (dT /dx) o+{ = (dT /dx) o_bi is not’ sat-_ _
/ .

isfied It may be noted that values of shear streSSwaléng the x-axis ‘

LS

_are the most important from the practical point of view, because they
indicate maximum (x > 0) and minimum (x < 0) variations.
.-In order to predict Ty ,conSiderlagain'the equation of,motion'

S
SN S

in the z—direction. Strictly'speaking, a curvilinear'frame of reference'Qu
should be :eed (x,, yl,dzl)‘where '21 is distance along the. stagnating\
- Streamline, " distance perpendicular to it on the symmetry plane'
and y1 is distance permendicular to the. symmetry plane However, if i;t
| the stagnating. streamline is assumed to intergect the wall at right E

'-'angles, it is permissi le to use the Cartesian system (x, y, z) or - the }ii

v system (r, s z) if ‘? 'is-kept very small' The°Reynolds equation of P

motion in the z—direction is (after some manipulation of the equation ;&f

given ‘in (47), and using cylindrical co-ordinates)

v sz‘+ zg_avz +'v 'avz ; 1:302 ; ;l a(rrfé)';';lfafez' .1"k7d24):';
:,ar ~r 36 Tz9dz pdz . pr Ir pr: - 30 ST
5 where Q s, .frz and Te : are- total (laminar plus turbulent) normal and
'shearingﬁstresses respectively. In;particular, 'dé” is given by-iiv
o, = mpepvyfam—2 . (1.25) .
IR | R SR L e

.9z -
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.where the overbar denotes time average and the prime denoﬁes fluctuating

‘ value. . At the wall (2 = O) the inertial terms vanish and Equation 7 24

/30 - ‘3(rf )'- ' ’ 1 S o
(az ) :_ }_—_____ilf____ 0__“.1'» : ‘ - '_(7:'26.)',' K

. o . .'% | | _ O ,
Much like in the previous chapters,fhere again the‘viscous componént'of“'

~ becomes:

Gz will be assumed to be neglig1b1e in comparison to the other terms.'

Furthermore, it is assumed that the measured’ pressure p is approxi—

!

—
I
—”
1}
Ry,
.
o}
5]
+
s

S awm

- .where ' T f and- f 6 ire the comgigiéﬂs‘of :Tb‘_in the r »ahar_e;" g
_directions respectively. This equi®ion Will'nowxbe solvedvfor:the cases

B ='0f.and 180° ki e., along the x—axis In this case - T % x -and

:}.since the flow approaches axisymmetric properties near ‘the symmetry
-fplane, terms involving ‘%65 will vanish. Denoting (T )e 0 ﬁ ‘as T > f

- \ﬂ

f?Equation 7. 27 becomes.

dey e e e T
o o fep) T g
Cdx i*( )Z=o VI e

P
3
O‘ _
S
AL }

This”can be reduced toh(see Appendifo):

2 gl M oM L a9y

.Jvﬁere. gl(n) _ﬂ___ﬁgiﬂl 5 82(n) ng(n) “aﬁd qm,idm Vafe_fU#étipﬁsi*
3 R S e TR

‘d.‘-v
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‘of Ny “the’ value of n where the maximum shear stress,.Toﬁ?'occurs.;
These functions are shown graphically in Figure 7.13. Furthermore,_ U
.*is a function of ¢ and'

c, .= —om <d> = h) . (7.30)

_ R _ .

" The: functions o n (¢) and h(¢) are left to be determined empiri—
_cally., In Appendix D Section D 1.1, Equation D. 17 and Equation D.18,
it is further shown that n has the same value for both semi—axes

W@

(x <0 and ‘x >0) and that if 1 om T are the values of Tom‘

om = - Dy
. for.the.semifaxes x_> Ov*and” k < 0 respectively, then, in’ order to °
. . . . ) } - - ‘\‘ e ' | ’
--satisfy continuity of T  at x = 0,-the ratio T ,(2>/T (;) mustv
. ! R Lo . om - om "

'equal'the‘skewness index:

1—"(2)"-'» b . L

‘ om . P S o S s

o om

;”The variation of n ‘with ¢ is evaluated empirically in Figure;7;14.:
?Using this graph and the auxiliary plots of Figure 7. 13 Equationi7,99
was applied to the cases ;¢ = 60°' 45 and 30 5 and the results are
"compared with experimental data in Figure 7. 15(a) to (c) It is seen
that theory is in good agreement w1th experiments in~the main portion of
;the impingement region It was pointed out earlier that when X < 0
Lsignificant errors ‘are involved in measurements of HT ;‘, If it is
.assumed that this error is proportional to- the magnitude of T then

the. curves T, /T will be reliable in the range x < 0, as: they involve“

‘only relative values.{_ Regarding the friction coefficient C* ‘defined
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L4
in Equation 5.30, 6n1y the data for x > 0 are reliable. Dimensional -

analysis will indicate that:

Mo @ = B, R (7.32)

The available data, for x > 0 (C*(l)) are tabulated below.

o

‘ ' oy | ¢ (V)
Source R - H/d ¢(2) | C, "
Run .1 | 34,700 39.25 | 60 | 0.179 |
Run 2 [89,600. | 15.50 | 60 | 0.163 |
D .. |60 :
Run- 3 | 89,600 | 20,00 | 30| 0.154 | =
Run :4 | 34,700 | 46.50 | 30 | 0.168
Run 5 | 34,700 | 47.00 | 45 | 0.181
y 3 , B
ch. Tv | 20 x 1071 \lgy 90 | 0.160
t°'3 toy- ] :
180 x 10° 66 "

TABLE 7.3 MAXIMUM SHEAR STRESS (x > 0)

As was the ‘case at normal impingement, there seems to be no consistent

!
variation of C* with R . At the same time;_ ( )

appears to be in—
dependent of the angle - ¢, .. ‘as was the tendency in the case of plane jets
(Chapter VI);.and therefdre an average value will be'adopted, i.e.:_ e

: é;gl) = 0166 ‘gj B (7}33),‘

Regarding C*(z);4 the value of C, when x, <'O Equation 7. 31 provides

a~useful guide. Figure 7. 16 shows this plotted (using Figure 7 10)

L
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Y

together with the measured data. It is seen that there is no agreement
but this does not necessarily disprove the analysis, ‘as the data are

unreliable in this range. If it is assumed that the errcr is proportion-

)

al to the magnitude of the wall shear stress, it is possible to apply a
correction based on the. requirement of continuous shear stress variation

at x = 0. The corrected values are also shown in Figure 7.16 and they

.are much closer to the theoretical curve.

'7.3.2 Wall Jet Region.

.

A short distance after the ‘end of the impingement region, the -
flow assumes a pattern similar in many respects to the type of flow

known as the wall Jet.

I3

On the basis of considerations stated at the end of Section
27 3 1.1, it is permissible to ‘assume that for all practical purp ses,
hthe flow takes place along radial 1ines originating at the stagnation
point S. Yakovlevskii and Krasheninnikov (27) assumed the origin to |
be at the intersection of the jet centerllne and the wall. Considering
that measurements in this region are made at radial distances that are
.at 1east an order of magnitude larger than the eccentricity, s, this
.difference is immaterlal Furthermore, it will be assumed that ho sig—
”nificant skewness occurs in the boundary layer. Thls'assumptlon is>
'implicmt in (27) even though it is not stated explicitly It is evident p
_that skewness 1s likely to increase for decreasing values of the angle ‘

.of impingement, S0 that this assumption can be adopted with the quali-

fication that’ it may be unrealistic for the ‘smaller values of ¢

-y

)
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Yakovlevskii and Krasheninikov (27) reported that profiles of the radial

velocity component are geometrically similar in the usual manner of wall

"jets However, their experimentation was limited in the range 45° < ¢

. r,a_‘

further explore similarity, measurements were per— ‘

formed for the rather extreme. case ¢ -20°, at po&ar angles 6'= 0°

- and 45°, If u is’ the radial component of velocity and u is‘its

maximum value in _the vertical, plots of u/u VS z/G are'shown‘inZ'b"

Figure 7. 17 The results confirmvsimilarity'of profiles‘at this low-

' value of ¢ A summary of average data is presented graphically in

Figure 7. 18 together with the classical wall jet profile Experimental
results are in good agreement among themselves .even’ though agreement

with theory is only fair It is reasonable to expect that skewness .

|' o,

would cause the profiles to deviate from similarity, s0 that it may be

concluded that at least in'the range 20° < ¢ < 90° skewnessveffects are

PPN

not. significant.

Consider now the follow1ng analysis. Neglecting viscous

'i

fstresses, ‘the Reynolds equation of motion in the radial directlon is (47)5_}f'0
v v, dv_ V. v . av"- 1v' vt
a2 T, x 8 _ 13 %t Y Ve :
- Yy 3r[?+ r 36 TV 3z r _ par  dr r +._r, +
3 (vIvD)
1" "r'p O U LTToTy
b "'.86~. + S (=v vz) _ (7.34)
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this equation_becomes:

gy ey By ve o Mo 1 % g
el rdr x99 ' "z 3z T pr___ 96 p, 0z - BRGNS
Lt : L . SRR PP o
introducinglthe‘usual boundary-layer apbroximationSf»it is assymed that::

o 8w & and v :<€-wvu‘ S 'wﬁl; (7 365
or - 32 i Vg . r LT \5 {7.30,

Furthermore, since in the wall jet region the radial direction is almost

4 -~ e *)
the same with the direction of a streamline,,it could be further assumed
. ' . . ) ! dJ ‘ L . 'M N ° “ N 2
,that;’ L :," o e T o
: In addition to these, since ve << v ,"it'couldfheiassumed'that the.-ﬁ

[

stress %re = Iér which acts between radial planes is much smaller than
the stress (Tfé“=‘Tzf‘ which is produced mainly by the dominant velocity

gradient (Bv /82) Con51dering also ‘the first of relations 7 37 it

. i
- 'V.A. V‘v L S _‘\ .

follows that

arre b arré-

L rae S _az

ﬁ’hence;'uafre/ragj?CQuld'bevneglected_fromeduation‘7.35:'_Since S
e ~v;;+v,¢;the\termlﬁv'-/r.‘could.be_neglected inccomparison'to_

P

v~‘¥;;: Furthermore, ‘the angular velocity ve is at most of\the.order' .

‘hof“? ég which together with ‘the first of ;elations 7 37 indicates that R

; - ‘.\BV ‘- , .-‘d i o
ERCSREI SRR r - : PR . : : S be 5 -
"VB,;EE ' << v?:sztaf'T Therefor%,.Fguationljrls can he'reduced to..



, BV . avr 1 :.a.l-‘r.z;\. * .
,vr-Bjr—* +,vz 3z = p 9z ' (7"38)‘

. Consider nbw the time—averagevequation‘of'continuity,(47):

t. ov, -9dv_ - : - L
1.3 ! Tz ' ‘ :
—_— (rv-. — s e 2} - ) . \ o
. ror (rvr) tree Tt 9z -, 0 D B (7'393‘»
PR 3 9
.Sinee v, < Vv and ——= << —  this reduces to
. " 0~ "z . 130 . 3z [ :
, ‘ ‘ , —
W

) dxv,)) - Axv) SR

R A S (_7_,‘-40)"[
These equations (7 38 and 7 40) appear to be the same with those govern— ;5
s.ing axisymmetric flows. Yet the flow is not ‘assumed to be axisymmetric

because angular variations cannot be neglected even though they do not
'appear in the governing differential equation.‘AInﬁview of these, the _"‘
-flow in this region could be labeled as "quasi—axisymmetric , because!f
ieven though it is nbt ax1symmetric, it does retain some properties of 5-7:
the axisymmetric radial wall jet It is now convenient to employ a.

4 more familiar notation, i e., vr, v are designated as u “and w ;refd

spectiwﬁiy Then, Equations\;DBS and 7 40 become

"_,." .. ‘:‘( ar +. W 3z, —‘ 0 '_aZI: .- ' - _, ' (7.401) .

T Yo Yot
@ er . 2z

_.where’ T -1s written instead“of,‘it .| " The similarity.relationjis:;

W o ~‘:',' o . )T e *
R — = (&) - E = = : SR (7.43) .
oy u . D T | = 6 . - - ( ‘
X L 20 ’ S 7o
h) . _‘;;~;“ _‘,. '. R . s ;
B P e : §
° B S S ATRTIREE i
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A

l"tional axisymmetric wall jet Assuming similarity of shear stresses'

.T =  pu g (E), and proceedinﬁ asyin Chapter.II, it is possibie‘to derivef.'

- where the constants ‘1, C. 03 must be universal since the functions
- x.s._x ;-',.“ e

°andlEouations 7;46-andf7;49 lead.toi

22w 20 gL 2 pvp L 2pip Y s eriaey
u_ or ;f, i\ f F] T f_Eh_ ar _ttF.' ~f;gT(;)__ S (7.44)

R

‘O
.
c B

B

Where F<a> f__,f;(r;iq.s__ S e (7.45) -

(7.46)

3]

'ff‘ :I"

ﬂvf_;_:‘s=ﬁ c. "l ’..#Q e 3 Aélf - .’; 4 '.”(i}zs)‘f
rgyyi_ . o ,A;-., ..\W-

£, F and g are the ‘same regardless ofﬁf 6, H/d or. ¢ Equations

7 47 and 7. 48 require ‘that: 'LI;A o 4 o h<”‘“_- | )

e e =g )

R A “m e k(e)r e (7 50)

T

' where a is an exponent and k(e) is a’ function of 6 : The integral

8

. momentum equation, together with Equations 7'49 and 7. 50 will yield
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¢ :

o : . . £ : S ' - Co . ,."{f'- L
ca = = (Lt ‘ C (7.51)

2

| . . , pu_
¢« where 'Cf ~is the 1ocal skin-friction factor ’}b/ B is the waLl

shear stress in the. r-direction, and Fl is a constant equal to

(%

can be/shownwtoidenend only

T

J £ dE The skin—friction factor xc

R upon R ’ using the same arguments as in Chapter II i e.
c = cf@o) D .<7-52>

.The quantity u, /u ' V ~7 is plotted against r/d for different

‘values of . ¢, ‘ and H/d in Figure 7. 19 It is seen that u, /u

- B ‘ +e L
does not depend on r/d , Values of Cf 'obtained frpm this graph are |

j tabulated‘below.- Inspection shows that the only dependence of- Cf ,is'

.indeed on the Reynolds number R o"

freawo | m, | ma [eer Jeey e | L
1 - | 34,700 [ 39.25 |- 60 | o [o.0m00 | .-
o S R 90 ' | 0.0116 e

TR | e | 180. | 0.0106 .
2 | 89,600 |15.5 | 60" | 0 | o0.0087
o .| 90| 0.0090
89,600 | 20.0 | 30 | "o-|o0.0082 | .
34,700 | 46.5. | 30 | o |o.om095| o o
34,700 | 47.0 | 45 |0 -|-0.01005 |-

-

' TABLE 7.4 SKIN-FRICTION. FACTOR,

\

i'Data\froniTable 7;4daregplotted_iniFigure 7;20;7together with the empiri-

Ly B
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L Sx

,calJequation for :Cf’ arrived at in Chapter IV It appears that the

L - Yoo
'-,exponent_—0.3 of R gives a variation somewhat steeper than the general
trendiof the data- Hence, the following relation 'is proposed_ using an‘:

'exponent of —1/5 as. in the case of plane jets, i. e.,

- 1 - . .
SR AT g s .o
cf = 0.0980 R, L I‘ 7 (7.53)

Figure 7 20 shows that Equation 7. 53 is a. reasonable average of the

eavailable results.-

Regarding the length scale' 62, it was shown earlier that it

grows linearly with r, at a rate that should be a universal constant, ﬁ
X :

‘apart from some Reynolds number dependence Yakovlevskii and Krashenin—

ikov (27) reported experimental data for ¢ 45° 60° and 90° H/d'=

3 5 and lO and 6 °'_and 90°, at: a value of Reynolds number, lR°1= ’g

P

69 000 - The length scale Gé was found to grow linearly w1th T Tat:'.

LN

a slope of 0. 075 which is close to 0 0792 and 0. 0765 that were estab—‘h '

'ilished in Chapters IV and V respectively The present results for the ﬂ

case . ¢ = 20° are shown in Figure 7. 21 and they are described adequatelyi'df -

'by a straight line of slope 0 0755 o o d 'li“'“ DI 'h:;ﬁ ;.7

It remains to evaluate the velocity scale Uﬁt'~;Gonsiderb':
‘ W ! ‘ .
;:first the exponent ‘a in Equation 7-50.‘; Strictly speaking, this is' e

1'a1ways less than —l as Equation 7 51 1nd1cates Using C = 0. 075 and

0 7 the term C /4F C. becomes C /O 21 This will be less than, o

, F 12 £
say 0 06, so long as :'f 1is less than 0 0126 a condition that w111 be v
'satisfied so - long as R, 20 000 In this range, it could therefore ;:_

—'be assumed that~ ‘a = -l i e., um;¢ %;a The velocity scale, um, is_u'
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. also given by:

G

\“ ' _ ‘u = f(p,-ond [} H’ q)’._'-rsle)

m
-f—whioh—by~dimensional4analvsissbeeomes: . '////

u ‘ o : .

g, q - f(¢, ) @58

m B h< )
v d
N
' m,x h(Qz 9) . ‘ -
cer V-Uo'~ R R e T (7.55)

“which implies that*'ua; is independent of -Ha .‘Furthermore,,if‘:UOIuﬁ"
is plotted against r/d for fixed ¢ and 9 ,' straight‘lineSIShould

' result. This is shown in Figures 7 22 (a) and (b) where the data define

straight lines after a certain distance from the stagnation point.t Note .

, also that data with same ¢ and 6 but different values of H/d fall

valong the same line. The virtual origin seems to’ be located at the
'stagnatién point with the exception of the case . ¢ 20° » 0 = 45°;1
The slopes of these straight lines equal the reciprocal of' h. The

. data of (27) were: re-analyzed in the same manner and it was again tound
that ,uT r | |

Experimental values of h(¢, 6) are tabulated on the following

page, together with values of r /H r, being the value_of T where o
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u, begins to obey Equation 7. 55, and it can be thought of: as the begin— )

ning of the wall jet region (see also Chapter Iv).

-

Source .. | H/d | Rb ¢(°) 1oe) | ne, ) r_/H
Run 1 39:25 | 34,700 | 60 0 | 2.05 | .447]|
Rui 1 39.25 | 34,700 | 60 90 | " 1.04" -
Run 1. 39.25 | 34,700 | 60 | 180 |- ‘.695 -
Run 2 15.5 .| 89,600 | 60 -0 2.05 | .420
‘1. Run 2 15.5 | 89,600 |- 60 | 90 1.04 -
714 . . : » -
S+ Run 3 20.0 .| 89,600.| 30 | ‘o 2.94 | .625
— 1. Run 3 20.0 89,600 | 30 90 | .45 | -
Run 4 46.5 | 34,700 | 30 | 0. 2.94 | .590
Run 5 47.0 |° 34,700 | .45 0 | 2.48 | .533
Rup 5 - 47.07 | 34,700 | 45 | 180 0.40 | - |
"Run 8 17.5 | 100,000 | 20 o | 3.72 | .800
Run' 8 17.5 | 100,000 | 20 | 45 | 0.90 | .800
Run 9 .| 35,8 | 34,700 | 20 O |, 3.72 | .84
Run * 9 '35.8 | 34,700 | 20 45| 0.90 | .56 | °
Yakovlevskii & | 3.5 | 69,200 | 90 | any | 1.19. | .34 |
. '| Krasheninnikov | 10 | " 90 [ any [  1.54 .36
g en 35 60.. .0 | 2.03 -
L g 3.5- 1. " 60 |[180 | -.495 | -~
10 "1 60 | 0 .| 2.00 | .43
10 | | 60 | 180 | .704 | .31
3.5 " 45 0| 2.25 | -
3.5 1 " | 45 45 N 1.41 | -
3.5 |- o 45 90 69 | -
3.5 "o la5 .l 135 |40 | -
o 3.5 "o | 45 | 180 .35 -
10 3 "o 30 | o | 2.77 | .53
w0 2" | 3 .|180 |} .20 -

v

TABLE’7.5 EXPERIMENTAL VALUES OF H(¢,Ae) L

This table shows that h depends only upon ¢ andé/? acoor&ioé to
theory The quantity T, /H can also be shown»to d end only~upon ¢

and 9. This appears to be the trend however, the data on T, .zefe‘
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~

not as consistent. It remains now to evaluate the function h(¢, 6)
Consider first the particular cases AQ!=‘0f and 6 = 180° , These cases e

are of particular interest because they represent maximum and’minimum

l

' values of h for a given ¢ . Let:
hy E on(p, 0°) S IR
) R L . B . (7;56)
h, = h(p, 180°) L IR

,‘;A'relation‘between h1 -and hﬁ can be obtained frpm momentum considera-‘
| ' .

‘ﬁtions,'as follows Consider an elementary control volume determined by

two planes intersectlng at the centerline of the jet and whose traces on

the wall form a small angle Ae about the x—axis, as. shown in Figure o

7:. 23 .

7.23 © CONTROL VOLUME



R T AN LR R T N
. . K ’ N ton o . . _'u. L.

‘ v

The planes are OPlM and 0¥ M whereas the plane MPl 2 is the plane

defined by the outlet Section of the nozzle. The angles OMQ,,; QAi‘d'.

d

and OQP . are all right angles.’ If the angle ¢ is not very small

R then the elementary momentum in either direbtion of the x—axis will be

v" L .. . . N
T -~

- ¢,‘ft< - . R ) ¥
or, using Equations 7.49 and 7.55: -

a0 dM1;2w' : °F1C2Aeha,z?o ¢ S @D

. rk o _..-'. N X N . [ . Coe .

g whicb shows that dM is preserved Regarding the term. hl 2‘ this o
. o : e
”f‘should be understood to be_-'hl when X > 0 and h when, X,< O The

cd

same-appliea;to ‘dMi'é»“f The difference'

RO *dM1\ a, = _9F102Uo~q Aefhi ‘T;Pz ?5_', Sree 8
will equal the x—projection.of dM the momentum at the nozzle contain—vt"

Sotwn -
e ed within the angle Ael (see Figure 7. 23) Strict/y/speaking“in PR

)'—3-"‘

order to evaluate dM1 2, distance~ T should be measured from the
‘ , : v .

:_stagnation point fS However when ¢ is not very small | s/H < 0 l,

v’and if r/H is\taken sufficiently large no significant error will be '
introduced , Another objection may be raised because some momenta may be .

”‘entering the control volume near the point 0 owing to the bending of |

. Q)
iassumed to ‘be negligible, whf" is not -

'gstreamlines there. 'These»a

lgunreasonable if K is not very sma . h, ally, frictional forces are

5. . '.' .

w-neglected and this is reasonable for R ,20,000v(see also-ChaptervIV).

[



T
. The elementary momentum, dMo‘ is

~hence:.

-°?192“o.d,;A°§h1‘ —.hz >ﬁ S 4._pxrd;vuo AQ,,FOS é.

"whieh'rééuceshto:"-_’.e’ fv; B 1:~‘\\;
. » ‘ AB ‘ ‘ ' ‘

L . hl v "' hz . " ‘“1 (Ae ) COS k\ o ) 2 ‘ ‘,-» (7059)

- »‘- ’,_'__,._"l;\*‘\v' ‘.." . . - . ’ -v - . .' . . ..“j‘“\.. . v ‘ N ‘

' where3'K NS oIE AB,-AGl; are verY»sdeil,'AG ~%an A8, hence,
. 4F1C2 < : (Very sma- A X

' f Fi ' T SR P PP ER

| (from gure 7 23) N~ = R

IR WIS i /(7 o

et el X S

" Thus, Equetionv7;5§%becdmeéf-‘. u,e_f'/:f":_ .

is obtained by considerlng the ‘¥"".

: One more relation between hl' and h

.felementary flow rate, dQ between twb planes normal to” the wall located‘

! u

S _ e

>

afz 99y
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4o - [ atyaz’ = by of e - “byu s, / Eaed
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e L T “q)h. S : R 1 o ‘
sd.edy _ dQI,Z | AyF2CZ(U;d)hlf2;'u33fi oo T .%#‘ . 'b~\;;;"
[ ‘ .. ) . o ‘ s . ' ~ y é . . . :"‘?“" L ’ .

N

=

R Y

' . | o R "y

oo,

Not:e that dQ on the strip Ay is pres'r'd,» i &y t_fis independent

f? thé prgfem“es gﬁfe -\%

s

.-of r._‘ Furthermore, the flow in t'his §

o r»‘.‘,

symmetry plane and approximatps a two—dimens onal condition : Hen e;,
e n‘

is assumed that sz/dQl \'33 equalkto t'_ Eﬂ‘atio of flow rates from{-a__

corresponding plane jet of ideal fluid i e s (44)
Y S ';‘;'f'f - g e RE
- de - b K "’:b‘:, “F S . o o - vA | : | .
_ L a2 o lFcos (2.63)
;o R \ _—‘dQ T h ,':i}f "1 + cos d) . N . . T . ‘ .
A ‘ '
:".‘2. v, -"" ,":‘! i ; . : . - - ) _:w.‘__‘

The experimental results, taken from Table 7 SAnfirm Equation 7. 6}“133'

IRtY

shown iq Figure 7. 24 Solving Equatlons 7 61 and 7. 63, :-hl’ and_ hz_a_re o
R
" By . (7.64)
- Vosin ¢ |
z AR
Y = 1 1-cos¢ - (3. 55
2 2 ° Y sin ¢ : ) . s .
3 . AT N
s ! oy t
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FIGURE 7.24 - VERIFICATION OF EQUATION 7.63

-~

Data on hlvvand\yhé are plotted in Figure 7. 25 jhWhen ¢ 90°
.‘h1 = hzﬁevhgb. The average value of h90 in Chapter IV was found to

w:be l 0 The data of (27) indicate h = l 19 Furthermore, it

90
';'appears that the experimental data of Flgure 7 25 w1ll be best described

e

: if h is taken as 1 lO which is also an average between 1 0. and 1 19.

F}C v will glve h90 -¥—¥£———
, c 172 S /A

. . : . Lo;,\i* . : l 2.
‘if‘-Fl is taken as 0. 7 and C2

s value 0 079 found in Chapter IV‘and O 075 found in thlsﬁChapter Thus,
, - :%\ ; vﬁ: . .
Equatidns 7.64 and 7. 65 become. L Sl et e 5,
| ST ‘ .

{‘Moreover, the defiaktlon of Kl'E 3 —'1,08,

: hl ' ‘=, ‘l‘j‘. 0‘1'0"4, ':.1 _+__C_‘(‘)S.-.¢ . ": . . o ‘ ' “ L T (7 . 66) ‘”

; : ’ Si‘n ¢ ‘:,:"A - e - .ﬂ:_ L :

: -as. 0 077 which is an average between the “h
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These are plotted in Figure 7. 25 and axe seen to describe the data ade-
: quately at least for 20° < ¢ < 90 Considering the limiting case .

¢ = 0°; it is seen that lim h 0; which is in' agreement with physical" ‘

A - KTERY
Y7 f-u W

considerations." However, Lim h @,“ which is physically unaccept-»

Able.* This is attributed to the fact that for very small ¢, “the f.f

‘formulation of Equation 7. 59 is no longer valid.

The function h(¢, 6) can now be predicted in general as
'follows. Consider -the locus of points on the plane- z = O for which

("the maximum velocity in . the vertical um, is constant. These locivwill

.,',‘,

: be called "isotachs" as they are lines of equal um:' even though they

RO
= .,vt.

-Tare not, strictly speaking, such Some contours of equal um are‘;;

: presented in (27) for ¢ = 45 and they appear to be almost elliptical

. in shape.' It will be assumed therefore, that for any angle the isotachs o

are elliptical For the case ¢ = = 90°,- the 1sotachs are circles which S
‘.indicates that if .a b are the long and short semi—axes of the ellipse,. :V'h
. N - .

then the ratio b/a must be unity when ¢ 90’ and it should decreasev“

| - for decreasing values of :¢. Consider.then‘one:such ellipse as;shown"'

in Figure 7. 26

4 FIGIRE 7.26 |




This ellipse will be completely defined if the semi~ g&es a, b.‘ané‘the

eccentricity €. from the stagnation poinL tlé'gpecified Obviously, e

~‘at. ¢ = 90° a= b “and e =0. For the following analysis it_is_ onlyi_“_

necéssary to assume that at least one isotach is an ellipse For any

' point (r 6) on the periphery of the ellipse, um/ o is constant
Ger

) e l"‘. . ’ _
The eqoation of,the ellipsefis: A
.'./“ ' ' LR ’ T . 4-”\

FurthE§???€’l rl, a_+.€,‘\r2:.>a. > :anod rlt_ 1 },(e/a)‘—.h -

‘Recalling Equationi7.65; it follows that: =

+.Since" (Equation 7.68) l}:__ =€——, ,Equatior‘l 7.69 can be solved to - b
yield (see.Appendix D’fSECtion”D,7);, B T P

i» S hl § cos ¢'cos 0 + ‘Jcos 6 + - C—) 51n ¢ sin 6 ST e e
S A E& = - 2 — ;‘>1 ‘1(7;70) “

(l + cos ¢)[cos 6 + (—) sin 6]

This equation was derived ‘on the - assumptlon that at least one isotach is : s
- u ,.\' N : )

°

elliptical However _using this relation and working backwardseit can }}»*

be shown that all 1sotdchs will be elliptlcal withf_

S
;—.. .,,.
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Consider the case. ¢ = 90°.  Then: -

u " hg " ' 2h

247,

'm 190 0 @

.ﬁheré' A 'is the'area’of ‘the otach '—E'Q-conét,(WrZ) ‘and’ A is. the
e 35 _ e o

‘ area of the nozzle (nd /4)

'-“expressed in terms of isotach areas will be generally valid i e., £orf"

L # 90°‘ (A similar property was discovered earlier witﬁ@respect to
-'Z

S \
: wall pressures 1n the 1mpingement region )

N

',;qu'elliptical‘isotachsf’
s A s mab ﬂ(—) c——)
: Using some obv1ous geometrical relations and Equation 7 68 it isl'

1Apossible to show that

A b Y Gh o gy

e S - . S = I R - R

. or, by Equations 7.66 and 7.67: - ...

It is'reasonable'to-exPect'thatithis law;"



o s,

3Suhstituting Equations 7.74 and 7}66.into'Eqnation 7.70, h - is :given

Ceme o o

finally aei'

_ . 110 -, 1+ cos. ¢ cos 9 SR a 75)
. JF,:. | _.455;75 -_cos26'+ sinZQ o B ;
P P |

Coet ! R C N

: Experimental'reaults are available £ 6 = 45%, 90° and h135°.’fbon€h“
sider first © = 90°%.  ‘Then:"

D

Y Uhee, 900 = 120 st Y2 T e

When 8 ='45° or '135°, Equation 7.75 becomes..g,',f‘f_l e

LNL ..

h<¢,'l35°>

V_in § 1 + (51n ¢)

j_These are shown plotted together“with available experimental data in .

; Figure 7 27 It is seen that agreement is reasonably good with the
Lol - - »‘«Yc

4‘exception of the smaller values of ¢ The variatlon of the function
. _1

Cuse. 290 707 ‘eos ¢ ﬁ'a"'l'f 9P,

i.h(¢, 6) is‘illustrated more clearly 1nﬁFigure 7 28 where h is plotted \

”'against 9 for f1xed values of ¢

Finally, consider the beginning of the wall Jet region, .rb.
1 is easy to show that r /H is a function of ¢ and 9 only._.:
-Adequate data to define this function ex1st only for 6 0..-rrva7ri}v'

denotes the end of the impingement region, thls quantity can bé found
i > .
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° PRESENT DATA (TWO EXPERIMENTS)
A DATA OF- (27) H/d 35

249,

10

h(g, 90°) |

05

h( ¢, 45°)

Lo R E
o T T - .
S o
et A T .
,‘Q\\ T PN A ) .
. 5 N
I 8 - . . .

. :‘_FIGIJ_RE_"'/"';Z.‘Z-".‘ '

S~

THEORY, Eq.7.76

]

60
(degrees)

~ THEORY,£q.7.77" | -

- 1

KX

(degrees)

0

fj"; DT 5
| THEORY, Eq:7.77

S I

30

R

-60"
(degrees)

_COMPARISON OF THEORY WITH EXPERIMENT =
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N \:‘ Q l
from the pressure similarity curve and the values of b/H (Figures 7.5 .

and 7. 8) It was’ found that the.ratio r /r is independent of ¢

-when~»9 = OQ—~and*is equal*to l 9“““*1ﬁ}ﬁt‘i$“assumed that‘this property %“f;f_

‘holds forvother‘values of " 6, then:‘ f - v ' .'{g
o r, i B '
iv_«,%_*__ N S ;—; | =~\f(e) lx

__Applying'this‘relation at ¢ = 90°:

(—-—) '-=f<e> <——) =) =194

R ¢ 90° S ¢=90°
v B : . . : ' ) 6-AO°_

-

which implies that £(6) is actually a comstant, equal to 1.9.

A &

7.4 Summary -
‘An.advancedxcase of'impingementfon smooth walls has been'»fv;
. B l
“con51dered in this chapter. This is the obﬂique 1mp1ngement of circu—

lar turbulent jets. In the impingement and wall—Jet regions, the flow

L

is three—dimen31ona1 i. e., it is necessary to use three space co-

' i
, ordinates for 1ts description The wall pressure has been predicted by

means of an 1nductive, semi—emplrlcal approach Wall shear stress in

fthe impingement region 1s generally very: difficult to measure and predicth

‘owing to uncertainty regardlng 1tS'line of action. However, the direce
. . 'J_,. Thae

tion of wall shear is known in a particular case, i.e., along the“

:intersection of the symmetry plane w1th the wall. Measurements,showed,



- general zement with theoretical considerations based, on the same

k‘a"roach'as that u in previou chapters. -
pproac 13 S

‘.’n. .; _‘_v{" -k .\\*

For prediction of flow properties in the wall Jjet region, a
.theory has been developed which is based on boundary—layer simplifi— '
- cations of the Reynolds equations of motion. It was shown that the
flow in ‘the wall jet can ‘be’ con31dered to:be quasi~axisymmetric 4This;
means that flow takes place practically along radial lines with :
'shearing ‘stresses between radial planes being negligible. The length

:‘scale grows linearly on each radial at a’ universal slope. The local :

skin friction factor Cf remains constant along each radial., Moreover;

‘o -

fyit does not depend on any other parameter of the problem GH/Q, ¢, 0)

but upon the nozzle Reynolds number, Ré.- U51ng all available di%?’

~L,\!

‘it has been p0551ble to derive an. average empirical expression for~ Cf

fwhich indicates that C ‘ R ;/5, much like in- the corresponding case’

£
'of plane jets (Chapter VI) Thus, the wall shear stress can be calcu—

-

:_lated if the velocity scale um, is knowq) It‘was shown that *um « 1/r.'.ﬂ

‘lHowever,vthere ex1st 31gnif1cant variations of um‘ in the angular
direction These were predicted by assuming the contours of equal um
Yto be elliptical in shape, based. on. data presented in (27) and on
.available_knowledge‘regarding~norma1 impingement (ChaptersyIVvand V);

It was again verified‘that cbnsiderations Qf}whether the;height.of'}

impingement is*hlarge"-or_ﬁsmall";do'not‘influencefthe wall'jet'region.f":

S

..\ ; .

4 -

R
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CHAPTER VIII - CIRCULAR TURBULENT JET IN AN

OPPOSING, INFINITE STREAM

8.1 Introductioni

The impingement of turbulent jets upon solid boundaries has
‘been studied in the’ preceding chapters. However, impingement is not
necessarily associat%gy&ich solid boundaries For‘example, one could.,~

conceive of two streams impinging agalnst each other at an infinite f

_variety of geometrical config%rations. In this chapter, the impingement

of a circular turbulent jet against an infinite uniform stream will be
«conéidered This constitutes a simple geometrical configuration,f

.-however, there is relatively ligiie information in literature w1th

9w are used as aerodynamic stabilizers in
'fafterburners or turbOJet engines. For the hydraulic engineer, this

& ' -

: problem is of interest w1th respect to efficient dilution of effluent

'discharges. Furthermore, this problem represents a 11m1ting case“of
the more general problem of jets issuing in streams.<,Depending upon

‘.the angle between the origlnal directions of the Jet and the stream,?"

,ﬁmany different configurations are obtained For—example, Jets ‘in- co-

lflow and- Jets in cross—flow are the configurations associated with the' A

_angles 0°: andt 90° respectively ‘ Jets 1n counterflow occur when
'this angle 137180?;

Basic mean flow characteristics are shown “in the defini* on ,_.V .

. _ - ;.
‘sketch Figure 8 1. The Jet issues from a nozzle of diameter d with

LY

I

PN
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FIGURE §.1 . DEFINITION SKETCH

, initial velocity U s against an infinite uniform, stream of velocity

l (u _ );7 A stagnation point forms on the centerline at a distance."

;X" from the nozzle.. This distance 1s called the penetration length"””

-

and could be con31dered to be a quantity analogous to the helght H

associated w1th impingement on: solid boundaries.: It was shown 1n the ;A_f

‘ preV1ous chapters that H. was a "key prarmeter for the quantitative'

ntreatment of the problem._ Thus, it is not unreasonable to speculate j__;f,uf,*

»

that in the present problem, xp w1ll also be an- 1mportant parameter.f”""

There is 3 physical difference however. Whereas for impingement on

solid boundarles,- H is an imposed (or independent) parameter heref,;

the penetration length is a dependent quantity Tr%atment of problems )

be perfectly 1ogica1 under certain circumstances.; Other things being

LN

in terms of dependent quantitles is somewhat unorthodox, however it can

R



constant xp will be a single-valued function of the stream velocity '

255,

.,"u.

1 This implies that mathematically, one could treat either para—'el

R
Lo meter as independentt o

‘§§$urning to Figure 8 l if - u, v . are the t1me~average com-

l‘,.a

"ponents of velocity in the 1ongitudinal (x) and radial (y) directions

’respectively, knowledge of the flow field amounts to knowing the

o a

‘gfunction .u‘= u(x, y), since v = v(x, y) can be obtained by integrat—"ﬁl

bing the.equation of cdktinuity.- As it is common in jet flows, longi—.‘o
_’tudinal velocity profiles at different distances from the outlet can be
breduced to a smngle similarity curve’ 1f proper ch01ce of velocity and

‘ llength scales 1s ‘made’ (28) The problem then reduces to predicting thea” o

similarity functions and the variatlons of . the scales. v

."‘

The first contribution to*this problEm appears to :.';.

paper by Arendt et al Rouse (48) in 1956 ' Experimenﬁpi results were.,,.

Lol

_-3jpresented in.a dimen51onless form suggested by dimensional analysis R

'dvelocity was measured, 1ts°direction belng estimated by a trial—and-ll
”error procedure The correct ch01ce of determining parameters of the iﬁl“-:
:f“problem was p01nted out, and it allowed derivation of a very simple
-lexpre581on for the penetration 1ength ' Sui and Ivanov in, 1959 (49)

";and Su1 1n 1961 (50) proposed, after extensive experimentation, empiri—_";
bR N

“-cal formulae-and nomograms for predicting the velocity and length

iscales and the 51milarity functi;”

; ATimma 651) dealt mainly Wlth

"similarity of velocity proflles and the dependence of the penetration

length upon initial conditions Ilizarova and Ginevskii (52) reported ?

: ) + _ s Lk
: _These results were rather approximate because only the magnitude of "ff‘fsr’_

o k D .



»

presented an ihtegral analysis for predicting the penettation length

o u~

‘va
‘.u* R *.\\ f . N _‘,,‘. 1'

| and confirmation was only partial, since cqmparison with éxperiment

£

!-‘ ) b et
S?g? and the velocity scale. The resulting expressions are rather cdmplex ‘~w;;‘

,’. ‘

was made only with respect ‘to the penstrationw%ength Measurqments of

ERY

the“MEaniglow and turbulent correlations wercgf epontﬁd by Rao (55) fA';]y
[ 7O v i 22
AT W o : . :

% The'eprrimental data with respect to turbulent co:rela'ions are o

n\

S G& S
. .because of symmetry

P

established assumptions.°

a__,8.2'_‘'E:{'Eerimfentsi-
s s L e
R “44]“ L . .

Careful search of the Russian literature (Refs.,49 to 54)

l “"

fdisclosed that a wealth of experimental dht?,w1th respect to the mean‘,-'

e,f\ T B

a

&, flow was. already available. Therefore, ‘only one’ experimene was con—”f S

ﬁ ducted to serve .as’ an additroual 1ndependent check on
] 1.5 ! ' 1‘;‘; N '-‘ ‘.) . 1?;"0."'; T

f wf%sults.i Details of the experimental set—up and techniqu '



8.3;fknalysis and Results o ]H?~?’:ﬂ,

4,3 . In what follows, it will be assumedﬁthat this’ problem is ana—r‘

4

w o

2 ' ) ' '
,?J, logous to impingement at large heights. By this is meant that the T

=w
penetration length phould be sufficienﬁi& large so, that the;main portion

' . v

/as“w*of the: flow-in*the“Jetrcan—be assumgd“to originaterfrom a‘point source“_
vy . , - .o
SR S 5

{ﬂ _ -~ofﬂmomentum.b Arendt et’ al Rouse (48)uhave shoWn that this assumption

o R

1eads to the result X /d'ﬁ 1, if A is defined to the speed ratio,;

AL

\p-\

> ,u R "

gj , U /lul, The consLatiﬂof¢proportionality was reported [(48) (55)] to’
. be about 2 4 ‘which means that if X /d is required tQpbe’ say, 1agger
R . A WL \; C v “ .
qi than 10 A ¢will havsjto be larger than about 4 A ‘more, prEClse oy

o ot !
|

determination of this. limit willgbe con51dered later but these values . p.;

v "'71 Lo
KN . o © A
4 . .,;1’ .

giVe an idea of the range in which the present study w1ll be valid

RS R -
o Assuming then a’ "large penetration length, it ;s poss1ble to dlStiﬁ-*

P . 4 . “§
L AP a

S guish again three flow regions (Figure 8 l) ‘Firstly, in a region

e ) A:‘.,,,-

beginning at the nogzle and exténding’ to SOme distance before the NS
. ; R Lk LT
‘. v ‘ ¢ o )‘», NN
& ,stagnatlon p01nt one could expect the flow to have con51derabl asimi--" - -y

larities w1th the free Jet. The region close to and upstream of the -

Q.

LZstagnationipoint”is:an;impingement region~whe e the v—component of ””LA;'

T

N . -"‘|‘-“'
” . .4‘ *

.gu'

Ean be/assumed to be occupied by approx1mately potentlal floﬁg;_This i

R

T .:.., ‘
c‘

- ":-clearly demonstrated in the experiments of Rao (55) where~it is showniﬁ/ ﬂi?

: al-tas the stagnation

2
PR YQ,, L - e 't, e - ., LNV

f.qthat the"turbulent correlatmons become'ver:
s ;
$<Qii point is. approache% Transitions between these regions cannot be.

-t E el e

'._—{' a'

Tt PN N .
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. 8.3. l Velocity Similarity Functipn :f' A . .';'J

oo . . N Al T . ‘ (

oMol b YRR AR - )

, A typical variation of ,u in the radial direction is shown
&

N .
n A _'u‘ .. -bp

schematicah%y in Figure 8. l., From a maximum value of uc von the : II‘

” N “ .
s -centerline,' u decreases continuously, aqproaching the free—stream -

SR e e .
a v A

velbcity up as y'uincreases. fIf-~um4 is, the centerline value of

. e ' . v N .

‘u -4ul (um = uc.— u ) then, similarity can be expected to be in. the

&
"

L form (u - u‘ﬁ/u f(n), where‘f =.y/b° and b 1§ that value ‘of y

L ',".' ‘ Y Ql»i}.

' ‘fj mpere u %~ﬁi~= l—u . This is shown in Figure 8 2 whene the pres
-

»
.o,

' data and, th&%e of Sui and Ivanov (49) define a SLngle curve.u In this ;wﬁf
e R
figure the quantity D/d whiqh appears in the legend denotes the S

E [N F
CF R PR SR

: relative dlmen51onlof the opposing stream w1th respect‘to the nozzle' !

":‘ udiameter d %be conventional free-Jet similaritygb’

REA

. i £ 'X.:
quabe only in the range 0 <ng 1 2 - For n > l 2 the data give 5s+{ o

% ’ A l‘

j;; considerably higﬁer values‘of f which in turn shows that in.t is case ,

- the jet expands faster than a free Jet. Inspection of the*legend in< l_tﬁi%
: - . S

i R

dicates that these profiles are in, the range x/x < 0 73 No"data T,

ﬂj are available*néar or beyond theAstagnation point, as measurements with }.

Al e

-conventional equipment are practically imp0531ble clqse to the stagna—

\ F

In ordsr to obtain an undérstanding of the flow field 'ffgf;:‘“

B
.

a . . .
“?:$-01nt source of strength m inma uniform ‘tream, ui., The source is ,é;' )

. v . . . = P
m- : ot v . R St
N ST . VT

’_'Jcated,on the centerline ag a Qistance xo;»

T O O RTINS S

. This dlstancg.wm e &nitialw‘

PPN A : ('4
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/ N

N t:he shape of the stpgnation stream surface 'is reproduced as—""losely as
. : B 'w . .

'possible near the stagnation point.

dn .

2
.

ey

. ’ﬂ“ v .
Vi N e :
. s ‘
. ~ z"".’ W

e POINT/ |

" . SOURCE .

__o‘ﬂ
13
X
~—
1 |
e

-'_- _- : . {:\;‘(,_"4 P ‘ ~  ,‘\._.,.'

N FIGURE 8. 3  THREE DmEstbNAL POINT SOURCE IN: A UNIFO%STREAM - s

‘. . B ’v' .. ' ‘Ql A.. . '. ) N 'v . R . -,‘ P :‘o:‘ al Tt . . . l.l :.Lﬁ .\'
- Wth' regerenge'%gggéigupé-__&3 the potentlal flow solutlon yields (56)

. .‘\'
N

A

) g o
.. L . Lol e '.. . L o 9 o =
where k = m/lﬂr. : F'rdm‘ these; it -%slpos's'ihl'e" to f£ind ‘an expression’ for s

; o , ‘U = Ul,. i e. : - O \/l R ':'-', \ . ' Q ¥

5 T - 3



‘s

S T

,vaAt"'-: /o _yeaipi"- | um-a'uc -;u = k/x L f.,'f'. . (8(3)2'

.

. _.where 'xl is distance along the centerline measured from gﬁh point f',ls‘.

IT b is the Value of y. where, (u'ﬁvui)/uﬁ =5 and n y/h ,

e

a. .

.'w:ith: .

"i;eg:‘f

e VIS L@ =vw s e

e ‘.4‘,‘
v

~ the above can be reduced to- ‘1: By

' This ascertains that similarity holds even beyond the stagnatlon point.

sm . ' ‘ .
Ité&g}ndw reasonable to- assume that 31milar1ty exi‘fs throughout the vg ;

L}

LA vu.'

flow“fleld with a universal 31m11ar1ty function given by Equation 8 5

.

This is. verifled 1n Figure 8 2 where it*is seen that this functlon des—l'n

i r

cribes the data adequately even when' n becomes as large as 4 O It~f::?’ﬁ

kR 2 - . I

'is not hard to expl&in this agree?ent 1n the range x/xP < 1 For small

%

; values of n,v where the flow is of the turbulent Jet nature, the o

gaussian 1aw is’ adequg%e. For large values of n, the flow bccames V
. o R e , o -

. ) : - s | _‘.(8,.4'.)-_,'

‘\‘ ‘_Q‘ | ‘.‘. . S ‘ “ ".)(8.5) o
v a‘, l




. IS

u

-_almost potential (as can be verified in (55) where turbulent intensities‘

'Htend to zero for increasing values of y), and Equation 8.7 is more

5 3Ai-appropriate. As these two functions practitally coincide when n < l

o Equation 8 7 can be used for all n. It . ofninterest to note here that
IR a conventional approach i e., assuming an eddy viscosity model for the
" g 5 “ 3 } \‘ _.

shear stress, and’then using 81milarity considerations to reduce the h R

[N e ) /

‘equation of motiodgto an ordinary differential/equation, is not fruit—fr

'thul; The main reason for this appears tb be the lack of. similarity in

.)_ the distribution of the radial component of velocity v and the turbu—
L Ty . . \,—-
:lent "shear stress T.h This can :be seen if v is evaluated from the'ﬁ*f

; LA
. ,q. “.r

~equation of continuity and substituted into the equation of motion, ,

~":;fusing T = pu 'g(n) ’ Such substitution Will 1nd1cate some restrictions
e ’ , . . . RN i '. ‘ ) -b“ . . R
"fupon the quantities/ b, um, u which in turn can be shown to lead to-fﬂr
absurdum..al N \f_' ’f R f;3,- P A S

A -
R 2
e
i
A

a

S o » ., This 11m1tation was n.”‘ ealized by Ginevskii (53) who imr'Vl

~":plicitly assumed s1m11arity of\shear stress dhstributions and obtained
LI . \ ‘. ol »'-|4
f{z‘ :uthe shear stress by a polynomial approx1mation satisfying some obv1ous
o , EX 5
boundary conditions.x The function f(n) des%ribing the velocity proflle
e fa

‘ R S
fwas then derived hy means of an eddy v1scosity_model :

ason for the somewhat Unconvenilggél_ézproaCh em—'qﬁ

'€5~Fwsimilarity 1s theiée

:“f
.

oy
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»aniso Rouse (4§9;r ”‘. r;f"‘ N : ft\”

% ’ . . P !

“'f”' "*:'?“~‘§1(M§;.p,‘ul).“.V“ ' 15ﬁ*f5" '_(8;8)

‘.‘ L . \

_wnere MoJ(SIPﬁdZUo?/Q) is the initial momentum of the jet. ;Withfthe:,

. same assumptions, u. ' will be given by:- j W
I S - W - o I , - )
_ R o T o o
. T u. = f. , u x K e /

«which. by ﬁéaosﬁof°Equation'8;8 reduces 'to: . L . o

Experimental data are plotted in this form in Figure 8 4 where it is
. T . o \9 . - 2o
R seen that, exceptlng the values X 2 and 3 : they deflne a single .,h‘, Wg
" ) " X ".» ‘,- 4 . BRI R . : ,' .: o~ \» .
o ~;‘curve. - L'~; 7 ears that the present formulatloﬁ\is\correct for { i

L A 4 whlch checks out‘with”?evious approximate considerations?\5Con-'~~"

-p,g;flsiderlng now the quantitative form of Equation 8 4 1t 1s knownﬂthat .t

Lo LA PR S __,
L - . .

ff;?'féfﬂéufngémjét}j#7im'l/x.._ Also for jets 1n co- flow, Tan1 and Kobéshl -

l/k.

o .L.. i [T
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a

. . N " R - . . . . ) ‘.“‘ »
m- - 5.83 - : ; . v 11y
'iJ—— . x/d ‘ o e . . I» ‘ . A o , (8‘11)

el

T which is the famiIiar law of axial veIEEity decay in free jets. For

x/xpl> 1. O Equation 8a3 should apply. By plotting
2

Lo
e

it was found that a straight line, intersecting the axis at

described the data reasonably well Thus'-

mop oo 0104 L s 10 L (8.12)

S

Jnhere;'xl =x - 0 8 xp.3 This relation is verifled in Flgure 8. 4 n,:

e

the range 0.7 < x/x <1, 0 a«smooth trans1tion JOlnS the laws of

iEquations 8-10 and'8 12. ) Comparing Equation é 12 to Equation 8 3 the e

required strength m: of the p01nt source was. found to be (Appendix D,

Lo
0

"Section D 8) : n S L S L e e ?;* o

'where Q (” ﬂd U /4) 1s .the g:ztial discharge of the Jet.f A complete fj,_"’

. prediction of - um requires knowledge of the penetration lu'.th,ﬂyxﬁ@'-“f

which is“evaluated in the follow1ng sect;on.f,

L . : D DV -
S an T . S : - ¢ et
e LT S -

"-_;;!233.3.3}' Pene-trat‘iOn Length . . "o T R
Recalling Equationg8.8fand.applying‘diménSional_reaSOning; xp FR

_4_;_ o ’}Q s . S R R i
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is given by: ‘ . -
: o o
x/d =. C_-A ‘ T
p ’ a n .
g - B | SRR
—wimwhere Cﬁwmis a—constan S An—experimental value of—C §—=~2 4—»wa5»~——w-~—

t
-\“

Vgiven in (48) Applying Equation 8. 9 at x/x '*,,;[ whereﬁ um‘= ul,

ait‘cl wbe shown that Cp f4(l.0)s From Figure 8 4, an. average value .
of is 2. 6 Hence. ce ,?-‘- - ' ’
C . R R T
~ When "A"hecomes;less than aboutsa,'the'above'reaSOningcwiil not'be , .
':valid and in this case it could be shown that xﬂid ¢1(A), where
‘¢1(A) 1s not. necessarily a 1inear funetion.‘ T
:5;‘8.3:4 Lehgth‘Scaleni N
Using dimensional arguments similar to:thoseﬁleading~go"

.

| *»k8f15fff

'1fThis formulation is substantiated in Figure 8 5 where the data deflne'~

: ‘3‘

fil aosingle curve whlle A is Varied between 7 and 20.. The;co;respondingi
-Hx"variation of a. free get is also shown for comparison.:

{ | To deve10p a quantitative expression for the function f

_..., . . - l"

”consider the 1ocus u 0 i e., y = y . Sekundov (55) anrived at Aan/

5 expression for the gradient dy /dx, which was too complex_to permit.f,,i
~._

"integration and it was assumed with some indirect justification, that;.sl
e B R . 0% SR



symBor ,.x 2

N N . Eq.8.07( .
1 - R I ¥ B e

o ' e 867,

AT e 347

e ele 34,7

7 68.6 |

s 347

' . 20% 140

s .7 PRESENT Y o

e e T8, 20 L e T

L. . e R o
S ) } * / y

s . u POTENTIAL [/

omorpe

| FIGURE 8.5 4o LENGTH SCALE VARIATION “

o

Ea ] -
™ 7 H

R S

. .FIGURE 8.6 . LINEARITYJoF ¥,

T




£LOO.

P
. . v .
Ay e 20 <

»d? /dx is'aVCOnstant;- The results available here permit a direct test

of this assumption. If n y /b then f(n ) - ul'/um and no;=

f 1~(— ——D Further,u~y /x = b/x . “Using.average data from Figuresﬂ

P
‘ m T .
8 4 and 8 ﬁ, values of y /x were calculated and they are shown
i‘
plotted in Figure 8 6 which confirms the linearity of Yoo in the
range x/xp‘ 0.7. : Thus, the foilowing empirical=relat10n is adopted
. - ‘-‘ : '.y- "o 4’ g
T yo.o= .,-0‘-26:;'-}". LT e U (8416)
SRR TE R JE ST I O S
When A Qvﬁ ,« the flow becomes that of a free i\t In that case,
: Equation 8 16 w111 represent the locus of points u/u 0 Ol , i;e,,;l:;
thé locus where u, is almost equal to ze"”*.
".yof and Equations 8 7 8 lO and 8. 16
T b [2.24° 2/3
e .,'-'.'~‘=302£
€T AN X g ) . R
. \\p_‘_q P \/ IR
where g is substituted for‘”x/xp:i, Thls relation 1§ veri 1ed;1n
' Figure 8. 5 at least in the range of available data, x/x < O 73 F@ff
»x/xp > 1. O the potential varlation of b will be b = VO 5 x (Sec..q.
2 N N :r/ﬁ Lo . . X . a

S

8 3 1)’>wh1ch can also be wrltten aS'V":

B B Lo B "‘ . .y,.'
. . ' N T

P ;Af"\b/x? - o. 77 (g 0. 8) BN AT I'.~(8;18)”i
. o P e T

T oo . '1‘,' . 73 . PR : o o ‘ 't . . L o s . ‘ x
In Figure 8 7 the relations expressed by Equations 8 17 and 8 18 are i
“ :- . L . R ,;\- e '_4

shown graphically It 1s seen that the two functians have a p01nt of

tangency at E =ll,léf ‘a property that Justdfies use of Equation 8 17

for E < l 4 fand use of Equation 8. 18 fbr é f;];134-= ":y
EE o N S TE . '
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“FIGURE 8.7
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. 8.3.5 Geometry, ”7&;

._x,,-
oo
S

‘he flow fleld
.ec[ion 1 e.; the'locus‘:

urface, y =‘y (Figure 8 l)

o The locus Ly

nd- the present flndlngs regarding 31m11ar1ty of velocity“f

1e variation of the scales.
: ey

Lgure 8 8 Ir is se

L SN
l&; at x/x L 0“5
P P

. - e
R

¢

edicts this’ toyb"g 107 xp, i.e,
LR SRS -o)

afy ;‘?6

(u = __ 0).-:

?,,

5 about 40/ Iess

..r“ } B

- S

, Galculated values are shown plotted 1n-r

"‘that y,,l,xeaches’ﬂ m

A

ax1mum value ‘of. about v A

Ginewskil s (53) theor

.ALl:', yf=§yo . €an- be found using the deflnitlon of Yy

o

prof1les and 'Fi

) - e BN

etical development Ty L
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.

function of only R . earlier results, reported in (25) and (26) for
e "’( ;
¢ = 90 . as well as data for the" classical wall jet (¢ = 0 Yy should e

B
o

;«lﬁapply.AWThe avallable—experimental‘results are pIdtted in Figure 6.18"

For the case of a classical wall jet, Slgﬂlla (32) proposed ‘the’ follow—ﬂ

ing BlaSiUS Ttype’ relation"k‘f e 'j .'f,g" o . ”; l.'. i )/6
e - um6 -;0.25 R ’
g =0 0565 (5 ) 3, I
T T R SR .
HUsing his results on U and 6 it w@ﬁ?@ound that (u 6/v)0 :25'; R.O.ZS.
, ' o
! 'F(x/d), where F(x/d) is a m11d function varying f%bm 0 67 to 0. 75 in
‘-the range of measurements,vi e., from x/d 15 to 65 ‘ COnsidering

o .

’ that Slgalla 's measurement of T involved an error of about 15/ it is ;

:

b

perm1351b%? to assume that F(x/d) 1s constant w1tH -an average valé% of
: Sy : el

0.71, With thlS, the above expression becomes' .

<

e “ - s _‘Rof;/zs |

re-analyaed)l -(6;3@)2‘“

~

o
of -~1o5 D

& seen to be some—
. e o A S 7}
.»what steeper than the general trend of the data p01nts '_Z}‘.h;_ oo o &
P N AT : R '*,;-f.»-; b
. u._J*‘»- R R b B

Also for the case of a’ cla531cal wall Jet Myers et al (33)

have reported measurements of will shear stress for values of" - 1n the
e e

' range 7 lOO to ?500 An average relatlonshlp for C can 'be~_-'derfved A -
& g .

. N t . . ‘ . 1“.:~t T _‘I'l-‘ o 6“1 ’ ..’v.“' .;
. s . : : .. . . a T,
‘V\\ ' _*. O PRERI RPN I ST

from thelr results as;_“’ ( o _ _
;...e RN L R

-
°
=

FRE s ) T 0 01525 R é{ff, (Myers et al-ianrg.:"(GQSi)“fukm

7 :" ) . N ,.,’, L < o o re-analyzed) . . q T ,:'1 %
T L ’ -""‘;.' o e e 3’~...'_ ce et T S R A1
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" This is.also-plotted in Figure 5}18,;£6gé§§§;twifhgﬁhréé‘da;a,p@inig”;'}. ER
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i) ‘near the stagnation point, as was outlined in Chapter II TR

oL - . A . P . S .
< S R o R X Lo e -
[t

Considering the boundary layer at the wall and the maximum -

value,:- ~ of the radial velocity, in any vertical which occurs at
: , / e ’tlv.ﬂ

, the edge of the boundary layer (z-— 6) it is of interest to study_its___ui_” -

J‘hii‘variation with rﬁ[= Dimensional analysis will show tha

. .
ERe)

-"; {f‘ﬂr-fv : .vmh ﬁ”fsii‘ o o ftfé -f:}f‘;ffﬁﬂ‘* EEI

P s el CeE SRR ES
Vi

» ; The available data are shown plotted in this form in Figure 4.15 which A

Af- confirms Eguation\A 33 Assuming the Bernoulli equation to hold it_‘.f”
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Substituting this- into | Equation 2.5 (Chapter ‘IT) the. boundary layer

‘thickness near the stagnation point will be given by

B TR
o , y N o.'225' o
(ﬁ) T T (4.37).
“A < 0.03 YR :

- : o] - Lo e,

'\‘feal considerations (see Chapter II), showed that:.

o

The data of Hrycak et al (22) are re—plotted in a different form in S

v

Figure 4, 16 \It is seen that initially % remains approximately con— .

‘stant and equal to- abouf '1.92 x 10 3 Using R = 54 000 Equation

4.37 will give-O 97 x 10 -3 i;e.,_about one—half of the meabured valug
SNy . .

" This 1is not 3urprixinguin view of previous consideratlons which point ,"

to'a turbulent boundary layer The work of Wolfshtein (37) on turbu—

: lent stagnation flow shows that if the boundary layer is turbulent it:/é'>

LB ' ~

thickness will be larger than the\corresponding laminar value by a factor

by

’ which depends on the 1ntensity of turbulence.

1
v oL . PR

U 4.3.2 Wall Jet Region ) o oo -
No data were taken in the wall jet region. However; theoret154'

.:%;\\‘\»'Tév' ‘ : e , o L " ;’3
62 c = 02 r
",l u . C o : -
om0 (4.38)
Uo r/d "
\\ gf ‘ To' .
. L o Cp o= E——e—— = ¢ (R )
; £ : 2
\ A .(-';’ S pum /2 £ 0

' where r is to be measured from -a virtual origln, and - Cf

dependent ofq.r ;Consider first the;data of Bradshaw and Love'(lO). To

|

should be.in— ;-~

v, \“
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X

s the data on ‘5; are re—plotted in the form 62/H vs

r/H in Figure 4.17. Poreh Tsuei,and Cermak (17) gave the relation

8 /H = 0, 098 (r/H)0 9, which describes their data well. The value of'
\

: r/H was between 0.5 and Z: 5 - This relation is also plotted in Figure

4 17 and is seen to give somewhat higher values than those of Bradshaw
_ and Love. Finally,‘Hrycak et al (22) gave the relation 8 /d = K(r/d)0 -95

.for values of r/d ranging from about T to 40‘ The constant K was

.s,

0. 0945 for H/d = ‘10 and 0.1025 for H/d = 20. . THis relation is also

4

plotted’for'the values H/d = 10 and Hld 20 in Figure 4, l7 The

data show that they can be described’ well by the straight line.

6 . ° ,‘ . ] ) .‘ v . - ' . ) ~ B .
ﬁg--'= ~0.0792 (§-+'0.l7),.average' g (4.39)
i.e., 2‘-== 0.0792 and the virtual origi.n is located 0.17 H behind the e

-—

stagnation point

.-For the velocity scale, if the reciprocal of um fis plottedv.

against r,’ then a’ straight line would result. The data of Bradshaw and

. <

_Love are replotted In the form U /u vs r/d in Figure 4 18 where the .

W

resulting stralght line is described by the equation L ‘ '.‘ii'--
ceLu .7 .
TTtem -1.052 . ,
. Uo“‘b—' (r/d?- 1.8) (Bradshaw and Love)

‘ “i.eq, Cu -1. 052 and the virtual Qrigin for velocities is located l 8d

[¥hed

after the stagnation point, Hrycak et al gave the equation u /U =
. 1.4 (r/d) -1. 12 which is also plotted in Figure 4. 18 Again a straight

line ‘can fit the data reasonably well. - This results in

u T T : o S
- m 0.94 ' e , '
T, T GR-To Gwekera)

o
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A HRYCAK et al (22)

- FIGURE 4.18  VELOCITY SCALE, WALL JET REGION

-

r/d

-~
¢

o 4 .8 12 6. 20

24 f ‘ ll. ™ 1 |‘ — T .
20l © BRADSHAW & LOVE (10)| 18
" [4-20 {
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Finally, Poreh, Tsuel and Cermak gave the relation u H//E 2 1.32

( /H) , where K..is the kinematic momentum of the jet at the nozzle

‘{equal*to md U /4) Figure 4.19 shows: this relation re—plotted in

the—form——#EYU“H——vs——r/H"———The resultlng“straight“liné has the eqia-

tion .
- <
1 | Yl 1.5 )
r C . . -
4 VK " | (-}i' ~ 0.14) ) ; : -

" which''can also be written as: °

Uy 1.02

U T @A) - 0.1k (8D

(Po'reh% Tsuel and Cermak)

. : ' ;o ,
The above re-analysis is summari;ed in Table 4.2 below.

S - - . . m | o .
| ‘No. of | - . .. Locus of
Source . Runs . go H/d Cu Virtual Origin
Bradshaw.and 1 | 182,000 | 18 | 1.052 |  +1.8 d
Love; - : ' y : B P ,
i _ o _ . | _ .
Poréh, Tsuei 6 | 72,000 | "10 | 1.020 +0.14 H
'aqé~Qe;mak to. - to.. P | - L
/ o I 325,000 | 31
— — . - .
Hrycak et al 4 — R4 =20 0.940 +1.0 d
| Average 11 SR | 1.004 |- +2d '
T . TABLE 4.2’ VELOCITY SCALE - SUMMARY
\\\VfThué, thefvelocityfscale‘can be finally writtenlas: , .
. u : _ f .' | o ‘ i
ﬁE 1.004 (average) (4.40)

" 46' r[d -2

k2
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Considering now the friction factdrf‘Cf, Poreh; Tsuei and Cermak"give
f R . - ’/’ . " . f . .
the relation (which includes the d?ta of Bradshaw and Love):

f

2 : ,

T H 0.3 A B

A o YK\ / o -2.3 -,
. TR ( ) =, 0.3 (x/H) © e

/
.

If Cé is independenE of 1r, then To < r” , and a plot of:

(20 : 1
’ TOH E_ 0.3 ‘l." 2 »
pK - \v/) |

~ would résﬁlt in é straight line;‘bThis’ﬁs shown in"Figure‘4.20;where the

vs r/H .

drawn straight line has the equation: T ‘ S
Av . 2 . . . .
ToH (_@)0'3' . 0.209 ,_

, N AT R T '

\\
\
<

N X X Do v o 3
Recalling. the relation found previously for uﬁpﬂfrom the same authors,

*,
(Y

' ,thé_aﬁbyé cén also be written as: o - e
N (g“_x_)o'?’ __0.209
pu /2 \V a.15)% .
Py ‘
. R 0.3 . - . R
~or, finally: p Cf = 0.328 Ro o . (4.41)

v'which'was defivéd for daté ly%pgvin the range 72,000 f_Bb 5.325,000. It
‘feﬁainé now to consider théiduéstion‘of where does the wali}jetmrégion

. begin.. The anéﬁer lies in finding the value of‘”r ‘béydndwﬁhich.the iays

gerrning fhé developmeﬁt'of the .wall jet (Equatién'4.38) become valid. .

Carefﬁlle#aminatidn_of the available datarshéwédt£hat the béginning.bf

~ the wall-jet region‘(r'= ro) can be bestidefined fromlconsiderations'of

the veiocity'scale' uﬁ. A According ‘to previous findings (Equéfions 4.33
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and 4,38) u can be.written as: o '\\¥_ :
"u e ' L . ‘ . .‘ . ‘
m H- ek ' . o U :
- -U_-_._;d : fm_(H) s - ot il — : : ‘(4_1!.2)

Ctor all values.qf'.r/H.v Igﬂfollows that r  must be a fixed portion of ;
H, i.é.;',rd/u = const. Examination of the avallable data gives an '
average'value of «r /H ; 0.36, even though some variation exists among ,
different eﬁperiments. Recalling that the impingement region.ends at

Co '\ . ’ . 3 .
r/H = 0.22, it is obvious that the range 0.22 f_r/H < 0.36 represents a

'transition betweenlregions\lI and III.

“4.4 . Summary A L \i\f

. An‘analytical and'experimental studyﬂof'circular-turbulentfjets;'
impinging normally,;has_been.presented in'this chapter. fhe beginning of
the impingement.region hasvbeen-located<at x/H = 0.86 'from axial '
velocity considerations;'vhereas the end of.this region has ﬂeen located
at r/H = 0 22 from wall pressure considerations."A semi—empirical

method has been developed to predict axiai velocity and pressure in the
impingement region. Similarity.of velocity and pressure profiles in this
‘.region has been explored and\a satisfactory analytical method to predict
.dwall shear stress has been—developed Ex1sti;g data invthe.wall jet"
region have been re—analyzed and were found to confirm the 51mple—exponent
ltheoretical con31derations of Chapter IT. Average values of the bonstants

describing the variations of the length scale, the velocity scale and the -

*uwall shear stress, have been obtained and summarized
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'TCHAPTER V - AXISYMMETRIC IMPINGEMENT. OF DEVELOPING JETS

u§5.1 Intrddqctibn“

The~impingement of . fully developed jets was considerad in the

previous chapter. However, when the nozzle is placed at a.small dis-

_tance from the wall, the physics of the problem is iikely to change
o .

sbecause in.this case the jet is not fully developed when approaching the

‘wall. The study of circular, rot fully developed jets impinging normal—‘

ly, is the objective of ‘this chapter. The main quantitative difference
thet en impingement at "small" and. "large" heights is that.since the-
latter’is fully.deve10pedhwhen it enters the;impingement region, it can
be assumed to_originate at a.point source of momentum, whereas the‘

’ . . . -

former consists of an inner core of.uniform velocity ehual‘to v, and

-

- A
an annular shear layer surrounding the core. This type of geometry

"depends on both U ‘and d and it cannot be described by the previous
-assumption. This study, therefore, was carried out at impingement

‘ heights less than the length of the potential core, i.e., B/d < 6.

Quantitative flow characteristics are shown in the definition sketch,

hi-Figure 5.1. - The flow issuing from the nozsie behaves ihitielly’as.a

free jet; Abba certain distance from the nqzzle; xé,'the static
N - " . . ‘;
pressure‘risfs"above atmospheric, i.e., wall ‘effects begin to be felt. -

C e
-

Thus, forW x=>.xd‘ pressure gradients*exist'in both directioﬁs, T X and .

r. The gradient in the r—direction is .set’ .up "so that the pressure falls
jfrom a maximum value on the centerline to ambient values when r be-

R comes sufficiently,large, ’ In,the range 0 f_x_f-xo,'.the flowican be

i o Yoo . . : v .
identified to be an axisymmetric shear layer, ice., for r f'rl; u = Uo;
. . o . R - .
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o for f S, rl, s§;~{ Q, u approaching zero for r = ré . This region :

can, therefore be appropriately called the free jet region. ‘ In thei‘

_;range_Mzo_;;ngrﬂ, u increases initially from a value of u at the"°

d

1
) )h ] ~

region the difference between the static pressure and the ambient pres—

ey

b sure is generally greater than zero and is simply denoted by, p. "‘-'

-axis to a‘maximum"of um. at’ r'= r1~ and then\decreases again.‘ In.this

Furthermore, the radial component of velocity,.v, becomes comparable to f;

‘ the “axial component u, in fontrast with the free Jet region where
R <<,u.» It is appropriate therefore, to call t@is the impingement o ;Zﬁ
S AT

region‘ .,.' " . ,. - o ‘, ) . ‘ Lo . , .." ‘ ,‘ . ’.-\\ T ‘;:,‘ B
™ . . N ) ’ e puc >“ ) N '

SRR S If p ' is the centerline pressure then p + 7 = constf=_‘

N 'pr‘_wf,' . L ,
‘Q;jzzo 3 1.e., the total axial pressure remains constant throughout which
' indfcates inviscid conditions near the centerline. The wall pressure,

begins to behave as .a radial wall jet. : jffﬂﬁ“: {5v_£5‘-[ 1ﬁ; . ;;
‘75.2‘*ﬁxperimentsfigi~' [ A SR P

L Details of the experimental set—up and measuring techniques'
K . ) « .
have been described in Chapter III A nozzle w1th 1n51de diameter of

.

0 923 in. was used throughout. It was initially intended to carry out

experimentation in- the range '0 ~Q. However, it was found that

&lm

R

when H/d ‘was 1ess than about 1 l :some statiL pressure was transmitted

v ,f' -

’ 'creasingatH/d : If pT is the total pressure at the nozzle and p £

e [ - -, . . . -
L Y
sl

c R ‘

has a maximum of . - Pg at the axis and decreases to zero a few nozzle

frOm the wall to the nozzle, its relative magnitude increasing with de- i

| diameters from the stagnation pdint. Beyond this'distance the flow soon i



the static pressure, then pT —-p + pU /2 JThe relative static pres-

DU 212
u‘ This quantity decreases from 1 0 at

N 1
-

sure is - p /pT'-vl -

[

i

H/d =. 0 to about O 01 at H/d l 1.' To avoid unnecessary complica— .

tions only values of H/d greater than 1 1 were considered Further- .

rv .

e more, it was found that the stagnation pressure ps, was equal to pU /2

o .

80 1ong as H/d was less than about 5. 5\ 5 For H/d ,3 5.5, p <
&2 :
pU /2 indicating that diffusion effects have penetrated to the center-

line of the jet Thus, only the range l.l < H/d < 5.5 has been consi-
dered in this study For - H/d 8 to 10 the flow 1is that: of large

-~

impingement height as described in Chapter IV A transition between

) large and small impingement heights exists 1n the range 5 5 < H/d < E
where ‘E is an, unspecified as yet upper limit, Determination of

?.Ei; can be achieved from con51derations of stagnation pressure tThiSHis o

.;1 given by
gh-' R 1.0 5 11<HMA<55
T ey T T T |
—-—-—;-/__. = { ' Q" B ‘ ) ) o ; (5.1) -
w2 ) T S S o
. “ﬁ,' 'Og . __ég__ Sy | El f.g. '(Chapter,IV)u-
' : = (H/d) T e

1ﬁ:Let g = H/d and p =p /-————». : An—equation for | 5;” can be found

in: the range 5.5 < E < -El,i using afsecond:degree polynomial approxi- '

T mation and the conditions ’ . o ﬂ"\-
—_ . S S e 3 5 R
(pg) T L0 ) = s/t
AE?S.S 1 S : o §=Elh_ . | o  . .‘ )
. _" : P ;\ v_- . . .'pf v Y(S’?)u.
,.dps - L dps ‘ o 3
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Assuming that: . B

—_ S — - :
p, - a +a (& 1‘5”5)'T a, (£ - 5.5)‘ , -  ;(5;3)
A | .
' i .
it is possible to determine ajs a5 \2 .and ‘El, from the conditions
5.2. '.This procedure gives . 1.0( aj =0, a,.=-0.0325 £ = 8.3.
- With these, Equation 5.3 becomes:: C | |
—— . o . 2 ’ ‘ - . -
Py = 1-0.0325 (&- 5.5) . _ (5.4)

' and it is. 7hown plotted in Fiiire 5. 2, in the range 5.5 < H/d <8.3, -
_which constitutes the translti th between small and large impingement

-heights Detailed measurements of thlelow field were made in the first

five runs whose particulars are shown elow.
;
- ~
o . ] R PPN
Run No. H/d o . d(in)
1 4.05 | 53,600 | 0.923 | SN
} | 2.2 | 53,600 | " | |
3« 2,21 |31,200 f "l BN
' 3.08 | 3152000 " | - o
5.17- | 53,600 [ " o N

 TABLE 5.1 RANGE OF EXPERIMENTS

- Pégticulars,of"suppleﬁentary\expefiments are indicated on figures where
these data are plotted. = '
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5.3 Experimental Results and -Analysis -

4

Frée—Jet—Region

5:3+1

Y

[

K Typical velocity distributions in this region are shown in

{
\\

.Figure 5.3. It is seen that for r < rl, u = Uo' " From continuity r»,'
. \ . . i

, requirements it is -easy to show that for r < rl | v = 0. The;v—‘
. ¢ . :
. component is also shown plotted in this figure. It is seen that the =

above reasoning is supported by the data. For r > rl, "u decréases
to zero _while v takes on non-zero values and in general . v << u.,'

These profiles are replotted in Figure 5.4 in the form %—; vs' n where
o . ‘
r-r

n = ——B—el -and b is the value of r - rl for which u = . The

Nll—‘

conventional function exp(~- .693 n ) applies as’ is shown in Figure 5 4,

..

The'range r < ri -1s called the potential core, whereas the range

r>r is the shear layer. Annular shear'layers have been studied

1
earlier (see (28),(29) for comprehensive accounts). Using the integral

momentum equation and the entrainment data of Hill (41), a simple analy—'

sis (see Appendix c) showed that r and b vary almost linearly

1
with ‘X, a result that is supported by available data. The. analysis[of

Squire and Trouncer (42) yields complex expressions for rl and b

.which however, can again be shown to be approximately linear.

The present data on, r1 and b are plotted in Figures 5.5,

; and 5 6 where they follow straight lines up. to a certain value of « x/d
. 1 s_.

‘their variation changing beyond this value, owing to the presence of the

,

wall. Theoretically, when x =.O,~'b = 6\Hand r /d = O S.gp However,

1 3 e

the data show that thlS is not- the case an only if the X co-ordinate

7 is adjusted by ‘what is commonly knnwn as the virtual origin correction,\:--
y ‘4‘,: N . . ° . . “ . p ) . °



120 =
A 00 F

_ DATA FROM RUN 1, H/d =:4.05 h
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would the above conditions be_satisﬁied. ,
Thus. in the free jet region; r, ‘and b are given.by:
rl x - ) ' ’
i 0.39 - 0.065 I . '(5.5)
i€
b oo o115+ 0.087% ‘ - .(5..6) |
d / . d . . e . : ‘ H
The virtuval origin is located at. x = - 1.32d ‘'so ‘that, if Xy =
x-= (- 1.32d) = x + 1.32d, then:
. » X '
b i .
E? = 0.087. i L , ) (S.oA)

According'to Equation 5.5 the length of the potential‘core will be 6d,
a value that is commonly accepted for circular jets. Theoretical valuesf
~for ‘the slopes of . T /d and b/d are.0.077 and O.IOO'respectively (see

Appendix C), which comparepfavourably with the experimental yalues.

The outerjlimit r2,'of the jet ‘could be’ defined as that value‘

of r where u = o. Using Figure 5.4, one could dédute that 2':f£1,+.‘.

2.§b.' The end of the free jet region could be define as the value of
X where rl and b begin to. deviate from the 11near ariation

Figures 5.5 and 576'indicate_that_these limits coincidevfor each;run_as
would'he_enpected.* However, this limit‘is‘much_better defined'for'vri

than for b.

' 5,3.2 Impingement Region

Beyond the value x = x the flow is aﬁiected by the wall

v 6
This is generally accompanied by an increase in static pressure above _ .;:

\
. »./'



'

___embient, increase in- the v-component of~velocity—and‘increase in ‘:l'
At the same. time,the distribution of u in the core (r < r; ) is no’

longer uniform. Typical velocity distributions are shown in Figure 5. 7

Inthe shear layer (r > T ) the similarity E— f(n) is preserved as
m -

it is verified in Figure 5. 8 A complete prediction of the flow field

requires knowledge of the quantities, uc, u.o» Tps b, p, ‘and u and

v. in the core. : Consider first the static pressure, p. ‘One could"

FS

generally write:*w 1/
, } s . ) o ;:l
- p = f(vpi‘Uo,.d’ H;"Z, r).
’} or, by dimensionel analysis:
= £ G 5 D) : - o (5:7)
2, 1'd>d*>d” . - ST . .
on./z L : :
fdrtheré; R
L RGP - Le P BRGNS
pu ~/2 : :
o o
- H, e H : ;
B T e 1O X
andjthecrelative'well pressure isi fd'_ o
W Jc: (SR 9) .
P 3 (d’ d) .50 P R ~(5-'9?_'

For large impingement heights, the function f4 is independent of H/d

as'was shown earlier (Phapter IV) Finure 5 shows cx sting data piottedh fl

-“
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in the form pg;p vs r/H fof dffferent values of ‘H/d. For H/d = 8

(" ~ .
P, /p is close to the average curve’ for large heights whereas data of.
different Luthors (15 22) for ?H/d 4 yield practically identical

. curves, while they are considerably removed from the large height curve.'

'

Considerznow Equation 5. 8 - In the range of interest l}l_ﬁ
pU , o
H/d < 5 5 P /—— = 1, which suggests that ‘unless the functions fl

D

-and f are of spec1al form they should be independent of H/d. This
expectation is also supported by ‘momentum considerations Equating the

‘4integral of the wall pressure to the initial momentum of the jets

..I/..,m B .
AT TR dr = p S Ut T eae
o - ‘ ‘ ‘
which,:using Eduation 5.7 reducesvtoj ‘f »f" v
' L r o w o \ FEEE G S
r.. oy r- r, =._ ‘ \ )
ff (0,d T —d(g).—/fz,(d )a- G2 i _(.:5‘,11).4

o . . B o

"which again suggests that .the functions _1‘ and f2 should be indepen— :
o R .
- dent of H/d unl SS they are of spec1a1 form., The available data wighin :
" AN N \ pU %
_the range of small impingement height are plotted in the form P. /_—3—- :

4

Cvs r/d in Figure 5 10 In spite of scatter,_the data appear to define -}

- a s1ngle curve, thus verifying the above reasonlng._ The Gau351an.var1a7g

9 N

ition would give here only a fair approximation.~

On the basis of the above, it. is reasonable to assume that the7
function fl" defined in Equation 5. 7 is 1ndependent of H/d It fol- g

lows that the static pressure P at any point in- the flow field will beiv“
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‘given by:

PoosE&D . s

» : .

————where-an- overbar-has been used—to—denote~ dimensionless quantities, ie. s

_ . eu? L _ | :
P 5"p/ 7. z = z/d, r= r/d. The centerline pressure, pc,.will

‘then be:

This formulation,is verified in Eigure S;ll; where data for H/d varying

between 2.21 and 5.17 are seen to define a single Eurve;‘“

':., Finally, the complete pressure field can be constructed using f
. the present data and Equation 5.12.  This is shown in Figure 5 12, N
where average contours of equal pressure are presented. .The physics of.
.this problem is now clear The effect of the wall (expressed in terms '
of increased static pressure) extends a certain distance above the wall.:
This distance does not’ depend on the height of impingement H but it isfv
proportional to the nozzle diameter -d., Thus, with reference to Figure ‘
- 5.11 it. could be stated that the boundary between free Jet and impinge-
"ment regions on’ the centerline is given by z/d 1 2 = 1. 4 Thls;is .
lalso SUpported further by Figures 5 5 and 5 6 where r1‘ and | b »are -
. »seen to- first deviate from the linear variation .at approximately the l
fsame value of z/d for all three runs (an average is = 1 25). The
lateral extent of this region at the wall can be obtained frgszigure
~5.10 to be r '-.1.4d ,which is the value of r wher8_~pw[gf§rvﬁ/0.gl.

e, “ .
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. ‘A‘

. - .
Since the total pressire on the centerline is constant, one///{

could. write: = R I o 2\
ﬁ:.-= 1-p, = £(2)

This is. verified in Figure 5. 13 for - H/d ranging from 2. 21 to 5 17._ To-
v>derive‘an equation for u /U » - an empirical observation is utilized which
statesithat.the product'a uv  varies very little with X 'near the center—
line, i.e., for small values of r. This is»shown.ianignre 5.14 'where
uv is plotted against ‘r for different values of“'x/d, lt'is seen("
that for ‘r £ 0.1 in. uv' is almqst independentjof X _(qr‘z); .Thus_‘

1 ﬁv" g(r) then %—%;btrnv),=.gl(r) and '[%-%;{(ruvj];-o = gl(9> = eonst;
lThe‘above}can be'easily'transferned (seeiéhanter'IV) tot_t |

-

mm e EEE

or:

. The constants kf; and ‘k2 are evaluated to fit the_data\and the above .
) ’ . . . . N N . - \\, ’ ! .
~ becomes: - .. - o i A’i T f t;,/-

~

(5.14) e

e , _ © . A : , |
'-Equation 5 14 is’ shown in Flgure 5 13 to describe the\data adequately for .

' O 1 < z/d < 0 8. TFor z/d > 0. 8, there exists a smooth transition between T
u, o
Equation 5 14 and ‘the - 1ine ,ﬁ—-= l For very small values of z/d._a_ -
. 0 . . : -"
gsquare-root type of variation would give infinite gradient of uc.f. This
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. is physically unacceptable. If it is assumed that»the,flow very near

the wall is of the stagnation type, then .u «.z," Matching‘this with___m_;i;i

“du
‘ Equation 5. 14, so that uc and EEE- are, continuous at the matching

point one finds that:

=Ny ' )

SO 5 w/u =26 o Gas)

Loy s

Consequentlp; the variation of P. can be found using the Bernoulli
equation which .applies on the axis |
: : - . * p . K .
" For z/d < 0.14 - e——gf— = 1-4 (592
') .
‘ _ .(5.16)
S e, R o
" For z/d > 0.14 . —%— = 1.08 ~'1.14 = =~ ' o
- == . = T d S

-
~,

'These are plotted in Figure 5 ll and are seen to describe the data ade-

quately The variation of u, can also be described by the simpler
u

'relation Wﬁs. = ‘0 / 7d with ‘the understanding that this is not to be

. o] . o » ] . . ‘;_ﬁ
'applied very near the wall : o Lo .

Considering the maximum velocity. um; 'it is assumed'that'

u < u- o« Jz/q, The constant of proportionality was evaluated as

oom [

1. 15‘(u =1, 15 u ) and this is shown plotte n. Figure 5 15 together

with the data. A Simpler relation can again be tr en’'as u. /ﬁ =

-

1.15 Mz? d. In order now to predict u and v in the core, 1t will be

‘assumed that Ain’ the range 0 < r < rys the flow is 1nviscid This is‘

supported by the constancy of the total pressure on- the axis. At the

1 a

same time, irroLaLionality cannoL be assumed because the total pressure :



113,

o | v

..E
o T

o

| 3TV0S KiIooTia
Pz

£

“

o

ST'S TUMOIL

AR AN

1

o - z0

-l

| L




- 114,

e

does not remain constant in the radial direction. Under these conditions .

.the solution of Tani* and Komatsu (15) will be applicable.f Neglecting

.

terms which involve powers of r greater than 4 S is given by (Chap.;,‘

II‘)-‘: :
“ - u '+'><l>'(‘z'-) r? ;t"¢"(a)“r4 Pt (5 i7')
o o c . l. = v::nz , ] _— M>.;__<.‘. ). 5
- “ﬁ?l"' ,.”":o';' S o S o
k»';»‘.“Wi.th 9 (=)= - %‘ -(f!'g"+:'Cl)’ “and ¢2(2)',.j‘.=' " (C u + ; (i"))

wh‘r RPN AP “::” C oL G -f”;' » B R
v.:e e Cl’-gz_ are constants“r. L B B

Bu o T
Br _.‘2¢1r + 4¢2

"USingJFhéxconditiOH ’(ar r=r.
R 1 !

-

o (sas)

2]
1)

L

.With»this»and‘someffurther‘manipulation.it‘can,bé;shonn thatin‘hj'

e C :X?(Z’ffkg), {““"J,?h;‘n.7“'”'i] (St195u1x°
. with e XEw/ri.
vfé'",Q The data are plotted 1n the form suggested by Equation 5 19
in Figure 5 16 ‘ It is seen 1mmediately that Equation 5 19 is, strictly
speaking, a poor approximation /However,‘if one is interested in finding
: . £
‘u ‘rather than u = uc, Equation 5 19 becomes adequate because u - uc

is about an order of magnitude less than 'u To demonstrate this, let f

e the subscripts P and a denote predicted and actual values respectively,_

U
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5"} With~ u,. = V 7d as was seen earlier ucf and u

\ i n"‘
Then the error will beﬁf
u - u (u ~u ) - (u_ =-u)) )
" a : a .
) B I e Ta c
u -iuc,'-_'j | u-u
_— .iuﬂ,— uc) -~ lT—% (um -u )
- m ..C pﬁﬁn. S m c/a -
"‘ . . N u" _..u
. b u"+< £ ) (u -u) 1
= z c u. .- u m ’
; - m c/a -
,‘_\ .
-(¢' -w_)'.m e S _ L
SRR I YRR —a o u-u
g VP a S SN = 4 = .. C
=T u - — vhere ”¢'—'¢(A)K_ u -u,
R e - m " e
u a .

s - ¢ I
"'.‘lel=015 1+015¢ L o

vThén'the'error'vill be in absolute Qelue;?';

o
¥

-

'The maximum value of ]eli is plotted against A beneath the main graph

/.

of Figure 5 16 and it is seen to remain less than about 5Z. To predict

i consider again Equation 5 18. ¥b}

o ', W ’ } ‘ . o ‘
L2 _lf’l At
s S

" (if) can be obtained.»

'r.' v

A
If one tries to evaluate Cl and C2 80 that the above relation fits

the variation of r1 , it will be necessary to use very large values of ~
2

5_]C | and ,02,, This means that r is described adequately by rl x

¢ . i “. S el . . ) i B g.:‘*

g

‘%%-”cz 25, Using;also sone?dimensional'réasoning tbe above_can bev



~ written as:

r/d - = c@ay (5.20)

where now C denends on ;H/d and will be discussed later. This rela-

tion is verified in Figure 5. 5 with ¢ evaluated empirically As ie o

‘could have been expected Equation 5.20 intersects the free—jet linear

variation at a distance z, from the wall such that zo/d-'is indepen-

‘dent of H/d For runs 1, 2 5" respectively, zo/d ='l;2};f1.19?and

1. 34 Taking an average value of zold = 1.25, the value of C can be

- predicted as follows. - R '4 _ e S
3 = 0.39 - 0.065" ¢( d-') (free jet region) .- -
\t z.=z L h
s (o] -
d = ,—= (impingement region)
u¢;;73 o e
‘Equating.and simplifying with ‘zo/d = 1.25: -
L o ) e . ) ) . . | \(t | |
9 . .. H o . '\',~ ) . . s ':
= 0.50 0-0.069 3 o sy

.This equation is plotted in Figure 5. 17 together with the empirical

9

"values of c and 1t is seen to be adequate The radius of the core,

rli— WaS determined by means of the relation "," - , " A ; ’_w
Y 2 .cc.z .Cl T ug L S . ‘r-'
' lf e uo+ i 1 u(1v) I

“2°c "8 Ce

]

'and by observ1ng tha; this ratio behaves almost as '%—#tulThis conclusion:

~

Tcan be obtained formaTTy by requiring uc ‘const,"fThis'will yieldﬁ‘q
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u ' o E 2.2 S - . T
ﬁ; = o °‘,1(E)'+_°‘2(E) S - -(5.22).

The coefficients a B al, a2’ ‘can be determined from_the foilowing bounah,

dary" conditions.

N
(A1
a
. ©
oo
o
o

u :
o ‘ S T (5.23)
d %,1-1 s U—o' = 1. 0 and W =‘ O
These will giVe:' s -
U 1.0 T S

This relation 1s obv1ously superior to previous equations for predicting'
“sﬁc’. as shown in Figure 5.13. However for purposes of predicting ;ri .

“‘and for later analytical calculations, it 1s much simpler to work with’

.,the square-root relation It remains now. to predict the radial componenth .

of Velmcity; 'yi_- Let Au = umis.ué: and ¢(A) A (2 - A ) Bj L

~“Equation 5:19:

"_ u'_§ s + Aa¢¢(x54-”if?-f S e

o

;i Using this reration and integrating the equation of continuity, it can jfk

\
be shown that (Appendlx D Section D. 2)

)

“where £'(z) = u /U, and F(\) s a function defined by - -

c

EA

Fe-ze@r0 e
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FQO) = A +<)_B.(Fl(>\)‘+,:‘2F2‘(‘X))>s—1

with B = Au /u’ = 0.15 and:
, el e -

E Fi(A) =/>f2¢"dx R SN0 ;"/-'Aqacix.
- , 5 4 B
If vl' is the value of v at r é-ri,- then:
‘ vl/Udh 1 CRE : o
‘ D= - -f (z) F(l) function of z only (5.27)
| rl/d | _ o o -0

'This conclusion is verified in Figure 5 18, where the data define a

' single curve while H/d is varied from 2. 21 to 5. l7 If our previous
findings w1th respect to £ (z) and F(l) are substituted in Equation 5 27,F
.“then: , |
e 1 o _ 0.294 8 S o “"(5{28)

L. /d
o _r.l _Vz-—oo7

e

o This is seen in Figure 5 18 to be in fair agreement with the data only
»_(forf Z‘g,ots.' The discrepancy is believed to be due, mainly, to the
j.fact that differentiation of f(z) is involved Even though our approxi—

mate prediction of 'uc is’ reasonably good when applied to u -as such e

fit could be in considerable error when predlction of the gradient is

. i

' attempted Nevertheless, the analysis has shown the correct dimension—

:iless grouping of parameters,'so that v1 -can be predicted using the .

v.

'_empirical curve drawn through the data in Figure 5 18

Furthermore dividing Equation 5. 26 with Equation 5 27 the

hfvariation of v is obtalned as:
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= %1%%-'= ifunctionsofl A .only ';sf g - (5.29) ..

£i

e B K YRS

.<}<..;

“This formulation is verified in Figure 5.19 whe;e the data are seen’. to
define a single curve. Using our previous definition of F(A), it is
‘.possible to show that (Appendix D Section D. 2) Equation 5. 29 can also T

be . written ds: | | }

R U 2 A
';Ih‘f “ITIE'[1'+ OtlSA (2 A_)J.“ . e o ‘(5,30)

G - ‘ RN SR o . . o

‘This is plotted in Figure 5. 19 and agrees generally w1th the data, even

_though it yields somewhat higher values Considering the approximations ‘

-

"z.in olved in this derivation, the: agreement is remarkable‘, If the flow '

were not only invisc1d but also irrotational, then v 'would be propor-fﬂ

"-btional to r, ie., v/v % r/r This is also shown in Figure 5. 19
Efor comparison, ’.4"d'. : l"' 'f'“ s -,‘1““5"
o . e 1
. e Ao

» With these results; it is possible to predict the veloc1ty
-'field within the core. The assumption of 1nviscid flow and the use of.

ﬂﬁthe trumcated power series expansion for ‘u has been fruitful "even “
;rghough this flow model may not be realistic throughout the core.,aforif;i‘v

o example, careful examination of the full equations of motion will reveal

that some shear stress is likely to develop w1thin the core in the 5.73'l;
:'impingement region. At the same time, this flow model is not entirely

| _free of inconsistency Aﬁblying Equation 5 17 at T %,fi,i this-wouldg

r“‘lead to “m - uh = 1/u, ‘pwhich contradicts the relation o -*u;’q‘gc,;\-;~“”

O

"vtthat was established'before.' Yet the former expression yields reasonable {'ni¥ﬂ

'answers for not very small values of /d;[_.It may be~statedtin“conclu—vgx-

.
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.

. sion that the inviscid flow model should be regarded as a working hypo-

thesis rather than as an accurate physical representation. It is .

~_;m‘ ___satisfactory_in 80— far~as—it has made—it“possible to.analyse.thejexperif‘

mental results in a systematic manner.,

'

Considering the shear layer in the impingement region it is

‘Tli‘ ¥ evident that <u  can be predicted using earlier similarity considerations.'.

‘: For this, it is necessary to "know.. the scales uév and b;,_ The velocity

‘h scale umb is given in Figure 5. 15. l In Figure 5. 6 it is seen that the’f
length scéle b deviates from the linear law in the impingement region
It was shown earlier than r /d = C( )f6~) i e., ﬁhe two variables» H/d

= and z/d upon which Ty /d depends are separable Assuming that a'w" S

simllar relatlon holds for b, .thc:. . | A

b =‘:fu;giion;of bz[d'lonly'

o

i

e

Twith ib‘ being the valﬁe of b at" z s_z§ (i,el, the beginning of the
impingement region) ‘ Figure 5 20 verifies this c0nc1uSion. The»value'
fof‘bbo can be found from'Equation 5. 6 by setting x/d (H é.zo)/d,.*

"f“ which gives' hﬁit

'*_ith/d' o 087(H/d) + 0. 006 .g*:f “?“.lf“ ";ﬁ‘[° (. 31)
' According to this, the predicted values of b /d for runs l 2 5 ‘res- fl
pectively will be 0. 198 0. 358 0 456 whereas the corresponding experi- T

- mental values are 0, 200 0 363 0 445. :

After impingement, the ﬁlow forms a boundary layer on the wall

%

o -

beginning at the stagnation point Denoting the maximum value of v, lat”‘-

v
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_the edge of the boundary ‘layer, by 'vm”'and applying the Bernoulli equa-

tlon: ~ - ) | R St
. RV ) i o .‘v‘ “ :
, . LS A Lo o o

U, /2 - R

.Present‘data on‘ v are plotted in. Figure 5 21 together with data of “l
other authors (15) (43). It is. seen that Equation 5. 32 is adequate for
_r/d 1. 0. Shortly after the wall jet region begins —It was found :
fiearlier (Equation 5 15) ‘that for z/d < 0! 14 Zuc‘ varies linearly with

z with a constant of proportionality (see Section 2. 1, Chapter II),,

- 2a = 2,U ,/d i That is to say, if ideal fluid stagnation flow occurs in- :

.this‘range the constant a is equal to ,U '/d, ‘and therefore
- (5;33)

" This is also plotted in Figure 5. 21 and is seen to be adequate only: for
.r/d <0.14, . Hence, stagnation flow may occur within a small neighbour-

'hood of the stagnation p01nt with radius 0 144, Furthermore using

. a-= ,U ,/d and Equat}on 2. 5 (Chapter II), the boundary layer thickness :'

'FWlll be R .>' o

L2Boe S (5.34)

'Hrycak's et al (22). data for H/d =3 and R '54'060 findicate -

l C‘) ) e .017 At this.value of R > Equation 5. 34 w111 yield '

r/d 1.0

J-§-= 0. 00835 which is again (see also Chapter IV) about one-half of the j,

measured value .

;o
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4

Consider now the wall shear stress in the impingement region

‘ Applying the same reasoning~as in Chapter—iV"rit“is possible to relate

"_To. to the local pressure gradient ige.::

| r; e | o T
T, = J/. (BZ)z—o de. e e $5735?
o KR - _ . ,

Since p does. not depend upon H/d T, must also be'independent”dfi j».-f

this parameter, i.e.

—7 T R@ L sy

<

It follows that the maximum value of 'fo-7wili be: -

= eonst’v#'*c B o o (5-37);i

" Dividing: ' ._v_:'.. ' L ‘ f; -

e = n& L o ’
T h@ - o . (5.38)
om - . . . . . o

Ty

lThis is verified in Figure 5. 22 whereas experimental values of ‘Cfm.fi

‘, are tabulated below

B 72 I R .

4.55 | 53,700 | 0.0066
o . 4.025 | " | 0.0066
N B 7 R "1-0.00696
‘ 3.64>1° - " 100.00682 | L
e 4-1.95 " .| 0.00710 | : o
e | 1.95:1 30,900 [ 0.00758 | IABLE'S.2 S
. 4.025 | 31,000 { 0,00730 |  VALUES OF ¢~ - - '
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'It is seen that C

~129.

is indeed independent of - H/d however a- slight

( Patel's (40)

fm o

dependence upon R " seems to be present. .

From stagnation flow conSiderations (Chapter II) it was shown

“that initially T °=‘1:'-. This was found to be the case for large impinge—

- -

jment heights (Chapter IV) However this is not 50~ in the present case,

'"as Figure 5 22 shows, even though a stronger expectation of 1inearity

exists here ecause there are better chances of the boundary layer being

laminar at s all impingement heights.‘ This leads to the conclusion that

: jshear“stress measurements near the stagnation point are suspect. ’Qne .

N ay : .

_:source of errdr is the pressure gradient which was estimated from

riteria to cause errors larger than 6% for r/d l 5...

et

more signi._cant source of error near the stagnamion point is the small;

-thickness of the boundary layer.‘ This was. found earlier to be of the |
g-order 0. 017d i e Zrnce La 923 in., 6 S o 016 in. '~Cons1dering

V:that the outs1de dia eter of the Preston tube was 0 049 in., its center"

'wh‘l_was located outside the boundary layer and therefore, the present mea-w‘-

B It follows that the present data on’ wall shear stress near the.stagnae"g&;/;

‘tion point must be regarded as meaningless.. Yet the data,:onfmaximum

73surements near the stagnation p01nt 1ndicated dynamic heads rather thanuf
':shear stresses. This is’ supported by the shape of the shear stress
. curve: at very small fr/d; wh1ch is roughly of the form T m_r?, 'Sinee '

~ for small‘values of‘ r,"vm (Figure 5 21) the dynamic head will be

2 . .‘,"7
VL -/va r2._ The data of Hrycak et al (22) 1ndicate that ‘the center :

'of the Preston tube will be inside the boundary layer for'~r/d;z 2'0"2:.;

1

".shear_stressncromv are believed to ‘be reasonably accurate. Ihis;expecj,”'
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;tation is supported by the following consideration. The skin,friction'

.'coefficient,

Ctm?

hqs an average value of 0.0069 for—the present case,

.whereas for large impingement heights .Cf._- 0. 32/(d) . Th%Se two

“variations will become equal at H/d = 6 8 which is close to~t§e corres—

. o

i v

‘ponding value of 7 2 where stagnation pressures for large and small

', heights become equal , If the theoretical considerations’of Appendix D

are. applied in this case.- assuming the pressure ‘to be gaussian, the

following relation w1ll,be obtained ';

=

om:‘

i

1,47 { 7d [1 ' ‘_l ?(r/d) ] ’ '1 BQ?/d) } o

(5. 39)

'This relation is plotted*in Figure 5. 22 and in view of the above consi-

: derations, 1t is believed to be more - reliable than the data for r/d _0.8.“

- the wall Jet

5.3;3ffWallfdetfRegion

St

AN

- In this region the flow~as§umés'the—pattern‘commohly,known as:

'In view'ofsprevious considerations“(Chapter II)'the:~

analysis will be merely a demonstratlon of the fact that this region is

independent of the parameter H/d This can be shown formally (Chapter

v

- IV) by assuming that At 1s 1nfluenced by‘a 51ng1e kinematic momentum

term,

ndzU 2/4

¢
/

N

Thus,.i‘ h ’?‘_4'_' j ':_ o f | . _‘\\53 r"

- 2 1';‘

G . v

- : .40
T.o? v- * 3

= —% = C.R) o
bu 2/2 f
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Consider\first'the velocity scale u . The re-analyzed data of Hrycak‘.”
et al (22) have shown (Chapter IV) that u /U = 0. 94/6— - 1.0) for:

values of H/d equal ‘to 4, 7,,10 and 20. This includes both small

and large impingement heights and supports the independent development

¢

of the wall jet For the case H/d 4, the wall jet region begun at "

,ro/d = 2,0. » The results of Yakovlevskii and Krasheninniyov 27)- for

H/d»= 3.5 and 10 also showed no influence of H/d .(see also Chapter

e

vID).
Considering the length scale ‘6;,_ Hrycak ethal'(22)'prop03edv;,'

a

the relation (directly from their data)

where. K was given as: °
K = ,0[0864 + 0'00081'(H/d) o . (5;42)

These were, obtained from different experiments using - H/d = 2 4 - 10 and
20. Within‘the range 1. l < H/d < 5 5, K changes from 0. 0873 to

o : .
~;0 0908 hence 1t is® permissible to accept an average value of 0; 089 and §

assume K const,. i;e.:

52/§k73f 0-0893(r/d)°i95h'5 o o “','-f.k:f f’<5(43}h

o

" This relation 1s shown plotted 1n Figure 5. 23 for r/d 4 to 40 which

1
represents the range of experimentation in (22) - It is seen that Equa—

_‘,

- tion 5 43 can be repre ented by the linear relatlon 6 Q765r,.i.e;;ﬁf”
R - c, =’gq.076§*{__:~- ST e o (5044)

G

SO S 4.
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P
Lot

o /

‘The data of (27) show the same trend but theirrvalue of C2 is slightly

_lower (Cé = 075) \These values of 02 are also very close to the .

| ;average value obtained for large heights, 2 0792 (Chapter IV).__i_mfs

b‘be detected in these data - By Equations 5. 40 u; should vary as r

C2(. 0794/1. o>_, i.e.::

A

' Present data ‘on shear stress are shown in Figure 5 24, where

ﬁ‘/u is plotted against r/d 'with H/d varying between 1. 22 and 4 55

and for R 3 equal to 13 800 and 35,300. It is seen - that the data

define a single curve, Dependence upon R vcaﬁnot be ignored however,ﬂ

hthe rang of . R considered is rather smallhand this dependence cannot . -
. S,

-1
K

'and the following relation was found adequate

Uy = 0.0794-'7_. e
| U T r7d - 03 | R RIS

..’

ﬂ_'Assuming an average value of'-be l 0. (Chapter IV) and neglecting the

virtual origin correction the local skin friction factor C : will be

o,

g = 0.0126 3 31,800, ¢ R, $55,300 . (S.46)

..--Summarizing/this section, it has been shown that the wall jet region

vubegins at r /d O;i‘and it dev lops in the same fashion, as in the (;”

"case of 1arge impingement heights The only difference lies 1n the

v e,

values of r | and loc1 of virtual origins which are mow related to d

| :rather than to H , A detailed analysis in this region will be presen—

ted later (Chapter VII) where the general problem of oblique impingement

.

h is dealt with o t'f"_ ~i- q' ST S .::f'ff Q?f uﬁ\,,‘
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5.4 Sunmary

The impingement of developing jets ‘has been con51dered in this

\

"«chapter. It was first shown that a given value of H/d  can be'consi—

tdered "small" in the interval [1. 1, 5 5] whereas it can be considered

large if it is greater\than about 8 3 The range 5 5 to 8 3 is transi-

’ tional, Further, it was established that the static pressure, including
‘lthe wall pressure, is not.affected by “H. Wall effects extend about

d,l.25dgabove the wall and about l.4d‘alongbthe wall, regardless‘of H/d,. 3

It whs possible to predict the velocity field in the impinge—.

'ment region, u51ng the inviscid—rotational model as’‘a working hypothe51s,

Knowledge of the free-Jet region is necessary in order to. provide’infor—

?mation regarding the boundary conditions for the 1mpingement reglon e ;ﬁ.’

v .

An approximate analysis was developed to predict the annular shear layer '

which yields very simple expre331ons. o

The wall Jet region was confirmed to develop 1ndependently of

oy

ﬁH/d,. its properties being almost identical to those of 1arge 1mp1nge—.>:

.
‘I

-

ment heights



[y

'CHAPTER VI - OBLIQUE IMPINGEMENT OF PLANE TURBULENT JETS -

6.1,.Introductionf

The case of a plane turbulent jet impinging normally has been '
';studied by ‘the author in detail (25) (26) A more general version is

:-obtained if the angle at impingement ¢, defined to be the angle between

-~

'H'the jet centerline and the wall is allowed to vary At present, there: B

.

) is relatively little experimental and theoretical material regarding
o oblique impingement Schauer and- Eustis (14) have studied mainly the

'wall jet region. Kamoi and Tanaka (24) were mostly concerned with tur—-v'

N

- bulence characteristics but some wall pressure measurements were .'
ﬂincluded Mathieu (12) deals with the wall jet region for small angles

of 1mpingement (¢ < 30 ) The present study covers the range 20° = ¢

'5_90°, which 1s the most important from the practical point of view. lIn:e:‘-

x,the impingement region, the obJectives were to study wall preSSure and

4

shear stress maximum velocity at the edge of the wall boundary 1ayer

"and to define the limits of this region. No measurements were performed R

)

1" .7.»

in the wall Jet region, however, a simple theoretical treatment is

b"i presented and is compared with experimental data of previous investiga—';;ﬁf]

|

tors..'»v,. _'f '-::r'l’; s ~'_7~ 3;.f:i"

~:_6._2 'Experiments':n

o The experimental set-up has been described in Chapter III

3

-Wall shear stress was obtained using a: Preston tube with outside dia-;

; meter of 0, 046 in..and utilizing the calibration curves of Patel (40)

' '.gas has been explained in Chapter III A total of 15 experiments were

8 ':‘")' .
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fperformed .of which the particulars are summarized in Table 6 1 '.The:'

,symbols appearing in this Table are defined in Figure 6 l

ELENE

T ';Quantities 3Messnred;‘s

‘Free Jet Impingement‘xepff'.

'Run“No§‘f¢(°) o
A I rffRegion;--'.TRegion"

Coagm
(o]

1| 60 | 45.5 12060 |- ety |
2|60 | 68212060 |- [ oo
3. 30 f4s.s faz0e0 | . ]
4_ji.,*3de_,'45.5. 8550 |-
s | 30 68:2] © 8550 | uw
.
7
8
9

G

.;:30 | 68 21{ 12060 | : : t‘g,»»il EJ;‘m
' 1¢4°‘;. 6812 'Vizdébf B
| 9 | 45 |es.2 12060 |
] 200 |45 | er.o | 12080 |
11 |30 | e1.0 | 12060 |
12 |60 | es2 ssso|
:13. | 60 | 91.0 |.12060 |

N is!:: "}20i;.]91;0ff,12060"f.

_‘: BN ) .
0 o

8.2 e
n.

=)
O ci0

o

cr_‘

" EABLE 6.1 - RANGE OF EXPERTMENTS = -

“

j 6,31:Resnits énd’Anéiyéis-Jf”’

6 3 l Free Jet Region

For normal impingement (¢ 90 ), the boundary between free— o

o gjet and impingement regions is located at E = 0 7H (26) Assuming

C . o
. “ . g ke ~
Loy
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| \"STAGNATI'QN? 7\

2 .;:;'fJ R e =
0~ ZA

* | FIGURE 6.1 DEFINITION SKETCH Lo




‘ .-‘ : ) ) 2 . . o . . . .' ’ . R . '.‘ I ‘. . ‘ '-,v‘ : ‘
-.,a"large"‘dmpingement height, the centerline velocity, uc, can be written RN
- ) . . o " ’k,ni

Ce 2,
as:  ‘u_ = f(p, OU d, H,o¢; E) - It follows that

w - oned e

For a free—Jet the- corresponding value of axial velocity,, cf? is given K

by:v

Lo~

";—‘J-l | N . o . . ,".. - :
T U Ya T T T e (6.2)
Lo . o T VYE/H : . e

.HWﬁere;.Cﬁ 'ls a oonstant.'j oDlviding Ednation,G.l wlth'6r2:

26 ¢> (6.3)

& _ e ;,

1if'-g~' is the value of E giving ‘the boundary between free—jet and

'kfimpingement reglons,,then one could define Eo such that u, /u »‘;‘-5.'l = Ly

'{'equals, say, 0 98 Hence
'{. - --_.f_f 5

=

' All data on'.uc:,are‘plottedvin,the’formn.ﬁg- d ,vs E/H, in Figure 6.2, -
LT e S e e S
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.
&

,It is seen, that for E/H 0 70, the data follow the free—jet variation

S (Equation 6. 2) where the~constant‘ C——“is taken as“z 50 It follows,

‘that E /H is'independent of ¢, i e.:
.70 : T E !
F = o070 - - (6.5)_

'Schauer and Eustis (14) proposed that the distance from the stagnatio‘
point to the boundary between these regions is a fixed portion of H
This was verified only for the case. ¢ = 90° and it obviously contra—.w'

dicts Equation 6.5. The discrepancy is believed to be due to the strong

assumptions introduced ‘as was outlined in Chapter II

. ™

. 6.3.2 Impingement Region )

6. 3.2, 1 Wall Pressure

Distributions of wall pressure for different‘angles and heightsl

of impingement are shown in Figure 6 3 The stagnation point, S, which r
‘ corresponds to the location of maximum wall pressure is in general re-

: moved from the intersection of wall and jet centerline by a distance. s;”
vgf.This is not hard to explain if one considers first the flow of an ideal

_ fluid In this case it is known (44) that a stagnation streamline (see :
‘-Figure 6. 1) must intersect a solid boundary at right angles Assuming

i

that stagnation—type flow occurs ‘at 1east in. a small neighbourhood of -

the stagnation point for flow of real fluids, aséjfinted out in (36)

: then the stagnation streamline will intersect the wall at right angles,wg"

, which causes the stagnation point to become offset. Figure 6. 3 shows
'r.that the wall-pressure profiles are skew, the skewness increasing as

¢ decreases.§ Furthermore, for the angle ¢ = 30°, the pressure becomes

-,
- N ~
i
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:;negative toward the‘side ofvnegative‘ Xo This is believed to’ be due

to: the formation of a vortex." When the—angle ¢ becomes sufficiently

e small the boundaries of the free jet and the’ wall jet get s0 close at
the side of negative x, that some of the fluid in, the upper layers of

L4

. the wall jet which has very low momentum is entrained into the free'

A:jet, thus completing a circulatory motion and forming a vortex. In view
of this explanation, it is not surprising that the soldtion of the cor-'

responding potential flow problem (45) does not predict negative

k4

= pressures, because it assumes the flow to be irrotational everywhere.

@

lt isvnow convenientbto adopt“the following convention. 'Re%

_ ferring to Figure 6. l 1et -xl be distance along the wall//measured

, from the stagnation point, so that the positive.axis -xi‘ points towards
. ‘the right—hand s1de.' In order to avoid useﬂot negative values o& ~x1fk_
it is: observed that the negative axis :xl 'will be’ the same with the '

! positive\axis if the impingement angle is made 180° - ¢ ' Hence -by .-fi;J<

E referring flow properties in the range lsxi_f'OL to the case 180 - ¢,

1t is POSSlble to use always Positive values of xl n :_';Q",’i' ‘ _‘ﬁ -

For pressure profiles that do not exhibit negative values,
,'1et b be ‘the. value of xl fbr which .p é?ps (p = stagnation_

) pressure). /lhen,_if p /p is plotted against n X /b a‘singlef.'}vj

[

‘curve results, as shoWn in Figure 6. 4(a) , Hence, P, /p g(n) ahd o

"the function g(n) will be the same as that for ¢—.90°, which is given

g,

€
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Equation 6 6 is also plotted in Figure 6. A(a) and is seen to de8cribe

the data adequately for n < 1.6, being somewhat low for n 2 1. 6

Th- type of similarity has also been’ reported by Kamoi and Tanaka (24)

. vever, -it cannot apply when the pnofile takes on’ negative values. If

ir

p & the minimum value of the profile (p < 0), then Figure 6. 4(b) shows
that Similarity is preserved if (p —'p)/(p - p) is plotted against |

= x /b Here b is defined to be ‘the value of x1 where‘-pw-- p.?i‘

n

“

Ll Complet prediction of the wall pressure requires, dn addition,A
! ?‘ : : . LT
”knowledge of the quantities P ’ b, p @and A With the same assump—-'

tions as in the previous section, these quantities can be shown by 'd

€y ‘; -
ldimensional analysis to be' . )
! . * . i v”._
' e, g o
i g g (@) (6.7)
A ) » TN (6.8)

U dn,
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‘which was derived by equating the integral of wall pressure to the normal-

component of momentum.( Howgzer, the derivation was based on the assump—~ o
°.~tion of symmetric wall pressure distribution, which does not allow for -
Tskewness or negative pressures for the lower values of ¢ and, therefore;“’
-it ;e only a crude approximation of reality as shown in Figune 6. 5

Figure 6.6 shows the variation of p/p with ¢ It is seen that

) negative pressures do not occur in. the range ¢ < 130° whereas at

.¢ 150°fJ p becomes a significant fraction of ”p..'j | ’

The variation of- the relative length scale b/H, 1s shown in
'Flgure 6 7 (The present data were obtained for values of H/d equal

to 45 ;5" and 68, 2 whereas the data of Schauer and Eustis were - obtained

B for the values of H/d equhl to 20 30 and 40 The data of Kamoi and

’ Tanaka were taken at - H/d 12 and 16, ) In the range 30° < ¢ < 90°"

\

b/H is seen to change very slightly However for ¢ > 90° the varia-f_,”

tion of b/H with ¢ is more signlficant, and the following‘empirical

s

"relation was found to be in reasonable agreement w1th data.,T:ﬁ~' ' ;
\“Lb-‘. == (‘J_ 5o ) 5 $>90° 0T (6.12) 7
._.18_(_)'-'¢, B e T

. . = ‘ 1. L ’ LT SLE
Figure 6 8 shows the relative eccentricity, s/H -of the stagnation p01nt

-

7ras a function of ¢ Schach (45) has given the ideaL flow solution for
. ' i o

an impinging jet of finite w1dth The reSulting expressionafor the ec- :

' L ‘»‘J.‘z.

,’centri01ty s is of a very complex nature and‘i; shown graphically in S

3
v

',Figure é 5? where dp' d%notes the width of the je
,-tance from thejwall.. In.the_range “30° ( ¢ < QO“E

-almost“linear;'i.e;:,if" T -3_»
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'In order to use this equatién for the present results, it is ,
| required that the corresponding potential jet has the same initial mo—":‘
.v_mentum and produces the same stagnatlon pressure as the real jet.,; ‘ o
:ﬁLetting U be the velocit;)at infinity of the potential jet, then the i

1Lf,':following relations must be satisfied
pU d & pU d

4 “¢.Using these conditions nd the approx1mate expressibn for p (Equation }Q

we

Eor e

C 6 11) it can be shown t at";[,gf_.__ -5*l-f' - ‘“ﬁ;fs‘ - d r,f;ﬂ- ‘hu

’/,‘

«

;s
H. T

'6-0'9-

7‘The3expe\dmental data 1ndrcate that thlS relation 19 satisfactory, the e
s : i TR TP
1‘1f'constant of’ proportlonality being equal to 0 194 i e..5fgf'

___,,’——

thlth the above results, 1t is\poss1ble to predict the wall pressure up

n

!/’ ' BEGERE O S :
to the p01nt where the minimum pressure, p, occurs.v An approximate pre—t

...’

3

gdiction of pressure beyond this point can be derlved by assuming that :

'a:_thls pressure is essentially due to ‘a point vortex located a distance 5'.~;;;

:pabove the'wall If P is thé'strengfh of the vortex, the wall pressure

Ty

"pﬁ"at a, distance 2 from the:progegtion of the vortex on the wall is jﬁlf-V
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-

T e

’~given-hy‘(see Apﬁendlen;fséctibﬁ-n.s)ﬁ;.

N L

j-_"ﬁllét’ §

- If _227‘is the value of 2. vwhere — = 5 v ‘
o R P R
) . I3 L. - B o . o (v‘ “'le.. ,.d
mv‘ 4 :

[1 + 0. 41( ) ] ;'j,j ",{'fl‘:‘;‘# - a(6f165 ol

- ‘({

_ vll

: -The available data have shown that Equatlon 6 16 is a reasonable approxi—

‘o

'mation If n, n2 are the values of n. where the minlmum pressure, i

e

.p, and 1ts one—half value occur the present data indicaﬁe thatl"n ﬁéﬁfl*

::.y;and n2 : 5;1,‘ Since 2 (n - n)b Equation 6 16 ‘can also be written

ras:;o=.g_4 ot . T R R '

e we

= [1 +;0,1025(n‘— 53?]52>
“o fon A IS

re,v o

FQIt is now p0531b1e to derive an Equation for the stagnation pressu

"p s by equatlng the integral of the wall pressure to the normal component N
‘\iof the initial momentum of the jet :ﬂ;'“f.'f}fi_‘_’ f;fﬂ~-'»h.;ﬂ;f ‘,,”ﬂff

/ Pflxl - ondsinq,

4 . ! o £y

." .;", (,-.‘.x;‘

.:VUsing the preV1ous expre351ons, it is poséigle to show (see Appendix D,

TSection D 4) that the: above equation reduces to " ﬂ‘_,‘t Q"‘
: ~- v 2 . d' B i -b + b . _‘_‘-,1, X b . ) (6-. 1.9)
Ce 'pUé_../z. AR { 1 -2*] KRN ::a/ 2\ .
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S

ra

. where B is the ratio p/p ‘ and bl, b2 are the values of b for the'

positive and negative sides of X

r

tion was introduced in order te restriot ¢ in the range of values less

£ -
L.

- than 90°; since p is the same for supplementary angles.»~ In this

e A J";__- .: L '\__" ] IR . . ,‘f“":-.' . ,'
't;:"ffh’ It remains to: determine the extent of - the impingement region

5y

i*' -

Introducing this into Equatioﬂ 6, 19 the stagnation pressure becomes.'

. : Q : . a -
o t) . h o o - ;»l . 5
o - - ,‘ : ‘ . K e . r, ; e T : | . T .'
‘_ Co . ps, B_ . L 2 sin ¢ o

L . o (6 21)
Ce s el

e

With the aid of the graphs of Figures 6 6 and 6 7, the above is plotted

',‘f in. Figure»6 5 and is seLn to agree with)the data reasonably well This"

s‘

_sefves as a check of tPe presented re?ults on preSsure distribution.

. .

1 aloﬂg the wall Letthg xl denote the end of the impingement region,

Yoo

m;ixif could be defined as that value of Xy where lp[ 0 02 p o When

v 1

. negative pressures oqcur xl;,will not be single valued Hence, ‘an-

@

additional restricti n is’impoSed on . xl, i e., it should be the largest

‘Velue of xl‘ satisting the above condition.i‘ The results show that

"y

{Ei/ﬂ‘{depends uﬁon' szsésliﬁdicatéd‘iQ,thé.f°1;9?1n§'§351¢‘5' SR
: ool B AR T T - LR
. ‘ Tee A A e L = B
-t R B P R ST el A 7 L
N . : A e Ton IR R o l:,.” L e NS

e o Ca
notation the empirical relation expressed by'Equation 6. 12 can also be'
written as'T D I - {: C
2 ,VS» .1.A S S . o . .

e b o e - . e BN '
R 2 1 LN - L N
s PR a ("’) e D 16.20)
:‘..l: Lo 1‘ o . T , o S
.4_._‘, gh v _p P e e “"_ﬂ
. w.

0

1.,respectively.; Note that this nota—" '
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. FRr e
Ce L9y X/
307 [ 0,490

45 71 0,400
60 | 0.345
90 | . 0.310
‘20 4 00275 0 o o ‘
133.5 "7 0.355 | T . o e
150" | o700 f oo -

" TABLE 6.2 ° EXTENT OF IMPINGEMENT. REGION
: 0 ) o ) - T : o <

o » : ' Ve
TR : - ) AU
TR T

'Thevwalue of-VEiYH 1ncreases for decreasing ¢ in the range O¢ﬁ51130 ),

'j_-owing‘tO_the "flattening of the pressure proflle and to increasing
,values of b. ThlS trend is reversed in the range ¢ > 130°, owing to 'f; :
:gthe occurrence of negatlveapressures whlch cause the implngement reglon
[ Lo

N to be considerably longer than it would be 1n thelr absence. It is -

':noteworthy that in' thls latter range (¢ > 130°) values of x /8 pre~‘ e

R

'.:dicted from Equatlon 6 17 ‘are in good agreement with tabulated values -

.- _’whlch were determlned directly from the data - ,‘h: ”_.f-;._

[ -...\- R RS B R S .
. w\-. i . Vo . . o -

B

“#v{\a {6 3. 2. 2 Wall Shear Stress ;

Typlcal wall shear stress varlations are shown in Flgure 6. lO
- -.,~. - * 4":-.

T When ¢ < 90° ﬁeasurements w1th a Preston tube present no’ difficulty. -f

.:However, when ¢ > 90° it is not poss1ble to use’ an ordlnaryvprobe

>

gpecause the incllned nozzle leaves llttle room for equipment.»‘ A special

L e S T

ehf probe was built'to accommodate thlS configuratlon as shown in the J?-r; f,;;;f

following sketch «Howevcr ‘the length of the suspended part of the»ém

2 probe becomes enormous and measurement is not as accurate as with an’ h‘A"sﬁs[



'

1

~

'SSTUIS

.

AVEHS TTVM

. ,...,.W o (u) I

g - N

s '

V....., X ,\ . ' . -
0T'9 Fupgra - .

v -

T

i

- /7

<.

19217 . z89.
R -2

RN __,Am,umm‘\_m&v. T
5 08 FRRTN ot .




157,

'fsatisfied

‘:'where ’xl‘*'O : means that xl approaches Zero from positive values. -

ordinary probe. .ﬁhis'consideration is demonstrated clearly in Figure B

g NN PR

""d6,l0 Considerlng the shear stress T to be positive for xl >.0; ‘

then it will be negatim? for xl < O and naturally T must vary with

7

xl in a continuoue manner., Therefore the following condition must be AR

\ . " . . N

Hence, in ‘the graphs of Figure 6 lO.the slopes of ]T ]/p for supple~"

mentary angleS‘of impingement should be identical Inspection shows ';' 5

"'.‘
ps

that this is not the case, the dev1ations increasing w1th decreaSing ¢

Thus, shear stress measurements for ¢ > 90° must be regarded as approx1—’

mate.‘“'»f-';,ff -"2 “T - l-ffltv;i g 5fn"5 S lf: SR
R -‘Q\\ . : - : :

In order to predict the wall shear stress the same reasoning .

8.

"will be applied as that used in Chapter IV It &s fitstly assuméd that v

the stagnation streamline intersects the ‘wall at rf, ht angles. ThlS is )
not unreasonable in v1ew of previous considerations (see Section 6 3 2 l)

If the equations of motion are written Juoa curvillnear system (tl, tz) 'E

where' tl is distance along the stagnating streamline and tz. is distance it

~ .
", Y ) . - . ; e YA
o ' PRELZ- R



e perpendicular to it, then some curvature terms will arise. Howevar,
since the stagnation streamline 1ntersects the wall at right- angles, the

A

erms will vanish very near the wall and. the coordinate system '

(t , t ) will coincide with the system (y, ) shown in Figure 6.1.
1’ "2 :

Using similar reasoning as. in Chapter IV one could write -
D At . S B IERE

(See also Appendlx D Section D 1 2)
For the’ case of normal 1mpingement it was found (26) that preSSure

distributions were geometrically similar with scales p nd b ’ where o

'!.l, ,“' .

‘e : . B . . \h\’ '.!
rpc was the centerllne value and bp' was the value of x ﬁ%ﬁé&e p/p

: := 0 5. ) Assuming this to hold when ¢ # 90° “w1th gﬁ being thé’value \

"‘of pressure on the stagnating streamline,,one could write */‘/,M/l,/—

;o

w,

b ”ﬁwf;:' T E ‘;ﬁ ' s /2'" ‘ ;
- . .‘ L. .-.:"“" ] ,=‘. . N = "kn . - = Y . .
" P.=p.8(n) _’.‘;;”15'} .xllbp : gﬁ © P ks 0,59_3 (6,.23)
U51ng Equations 6 22 and 6 23 1t is possible ‘to show that (see Appendix R .

"

D SectiOn D 1. 2)

3 ; ro/ffoxa., Soerfkn) -~ gy 8. 28)
e @) ;
T e - .
= "‘m;f d&-’. = _ o (6.25)
va‘o /2 - C o
: where Tom. is, thegmax1mum value of o and C1 is a coefflcient which

depends on ¢ B The functions- Ci and h are left to be determined

““¥ empirically. Obv:LouslyJ Equation 6 24 cannot be expected to hold when

) .



bl . u,} \ . L. . . 3 S

negative pressures occur., F gure 6 11 shows the data plotted according

i e

to the formulation of Equation 6 24
‘,; describe these data well ‘choosing Cl Q.2. The variation of ql
'°{.¢ <cén be obtalned directly from the data, using,Equation 6 24 and work—'

)

It appears that a singde curve can

ing backwards.' Thls would show that 1 qQ s vary Eomewhat with ¢

- Iy, ,;f‘(" L T ‘.A“:
o However: the term associated with Cl :hl%ﬂhatioﬁ 6. 24 represents a..

." N 's' . -

. r}«: ”,._ -
E2 wt"”“‘ -

is suffiCient.

%; ‘ sma } cbrrection and for prediction purposes,

R

. QL‘ A -
) N k When negative pressures occur (¢ > 130°
is not valid This is demonstrated in Figure 6 12
PN . ~—-»...- . i S
¢m 150 are only crudely approx1mated by Equation
the max1mum shear stress, T om® dimensidnal analysis will'sh
l on /2) _. . o P ~(Z ) : .

' wheré »RHf thR&g‘éé ] However, the effect of vﬁscosity on T

.

Q. appears to be negllgible, as was also found in Chapter IV« so that Equa—fj
;3 tion 6 26 agrees 1n essence w1th theoretical predictions (Equation 6 25)

. ThlS is verified in Figure 6 13 where data, covering»a range of_v RH.

v

o

L from about 20 ooo ‘to abouL\270 ,000, define u}
| .

qg$ > 90°, an 1ncrea51ng error should be expetted to beﬂiﬁherent 1

;." L

R
data of Figure 6 13 accordlng¢to prev1ous considefaiionS." R
f\ . : “ "315 R - f' T & s ) L2 7 ( 3 Ve
: vcan be,applied 1f 1t ns assumed thawfthe error is proportional to¢ e A
méasured vaIue of Sheérvstress. For the case ¢ = 120° . thlS correction

b
N . ..

.W% - o

amounts to about ZOA of\th\\measured Value as shqwn 1n.F1gure 6 13 :

ta
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w 6

“can. be sWn (Appendix D, bection D. l 2 Equation D. 28) that the max:i--‘&@~
o

mum shear stress at the side of negative x

@ o~
K

.
~Qvu,

X

-‘~v

pondingﬁvalue at’ the side of positive x,

This is shown plotted in Figure 6 13 where 1t appears to agree w1th t
A ‘ : : . ‘ .

_ QcOrrected data.

S
‘(errors greater than 6/v(see Chapte
. * N . : - \ -’ P : M
ing value, 'nc.r This depends on, ¢ and is tabulated below.
. v, ,) . . 2t
y } e : -
R S R 8 e :
¢ o . . N . ) . _1.;‘l:;.J{ . ‘g\ @
! . K - - D b
X . o IR o S
R o ‘ 3 SRR
: . " .‘ . v .&?a &9 .
y _\»;,' S e T e STy o . o
o CTABLE 6.3~ VALUES OF n_ : T -
S : B R
3, v PP N AN
T 6,3 2 3 Maximum velocity, Lo |

Lo w

the present measurements of wall shear stress

'?- =

v
o 3

4

i

- r!«

'\a'-'*

If‘the value of longitudinal velocity at. the edge of the

boundary layer 1s denoted byﬁ

.lw.

T o

bv;thewequation;

is related to the corres—

‘.-4

Finally, owing to the presence of strong pressure gradients,'L

- ‘ ' RIS ey
Begining at the stagnation p01nt, a,boundary layer grows at

) (6L22) |

,("
o
he¢7

/

-‘.-

6§;e likely to involve

r III)'when n is less than a limit— -

2
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bt

of this quantity It is seen that um increases from Zero at th

L2

stagnation point to a maximum value and then decreases qontinuously.-.

Regarding the accuracy of the data in the range ¢ > 90 ;. considera-3:7}

P" s

tions similar to these with respectxto wall shear are valid th'uﬁax’; o
,y‘J - v, R R

g

l

is the maxihungalue of u ;g then Figure 6 15 shows that profiles of

oo

.umf are geometfically similar in the sense.
' = EgM) o e T (6.28)

.in the rangel“¢ <.130f.'fvi ",'{”'fnua N A y

BeItaos (25) and Beltaos and RaJaratnam (Zg) have shOWn that

‘xin the case of normal impingement,' um can. be predicted by application
. . \/,‘ B ) B ’ . A."‘£\‘ ,', - O ‘#

: 'of Bernoulli s equation& i e"fu‘&v“fﬂ SR DI

ok

' This can alsa be written as: :

Lo .v s -‘-'» ri’.ﬁ'-‘::'

S ;_,;d”,rd_j'avy_u;aajwa o .;sukii'z;
O et O O exp(- 0. 93n )135/ 2 ! 2‘ 30)

' AR
".

R L
the rm givenaby thation'G 30

'_"c

-4,.

'~seen to Hescrlbe the data reasonably fell
A RS S “e:- ~ ---fg1¢,3'-~v
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,"this equation is only a rough approximation to the data, as: seen in

. Figuﬁé 6 ISa.d From dimensional considerations, it- can be shown that'

P e P : : N '. . - [

'njf;erifled in Figure 6 16 It is noteworthy that for ¢ < 90° #

t?¥¢)' 1s-approximately a cohstant equal to" 2 8 Since a is a contii“‘

: du - Ce s <

oug £unction;of xl the value of (3527)1. 3 must be the ‘same for
i - ‘ 1

supplementary angles of 1mpingement. Using Equations 6 30 and 6 31

e

hzthis condltion can be- expressed as'rff f

G . . -

Vo

. B .._?"('6’.321) | L

v

v

Co Mmoo T e

urThis 1s shown‘plotted 1n Flgure 6 16 The dlscrepancy between predicted

'

Lvalues and data in the range ¢ > 90°' is likely to be due to the ihac—-

S . X . B ‘
flow assumes the famillar patternxof the.wall Jet As no; measurementsv

were»performgﬂf%n this reglon,_thls sectlon is mainl

‘._,\ .".
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M . S s .
e e S .
Ehe 4 “ . o - ‘
B ¢ -~ .

t,tanalyze existing data on the basis of the general theoretical considera- .

tions presented in ChapteruIIr~AThe simllarity of velocity profiles*ff”“f*

y veri{ied for ¢ # 90° by Schauer and Eustis (14) 1eads to the following

,'..vh

(aee Chapter Iﬁaﬁj_.'-fu' ;.rﬁ_‘; | .."f:'g"bf"i~“"

s T6.34)

3 Furthermore the exponent ;:_is giyen.by,'k-bf pr__ v_:.jp; 4
R s "'(l + ZFC L (6:35)
,"““‘
z'. '-‘ . -
. : " ,...‘4!.
B T R P ST UL L
. equal to-about- 0.7, and TCEX/is.the\local‘skin_frietion-ﬁactor vTo['{z .
. c o )4/‘w- s \<'-7’;?f" L L
' Con31der first the skln frlctlon factor ‘Cf, chordlng to

\'preVious con31derat10ns (Chapter II) this should be independent of "X
'fThe”data of Schauer and Eustls (14) were re—ahalyzed anduarﬂzplotted in 5‘ﬂt

These data were obtalned

Flgure 6 17, in the form - u /um s -

for values of R : between 39 000 and 43 QDO For. ¢ varying between

'; 30 and 130°’ and H/d between 20 f. U*/um' angb,m”
therefore Cf :isiindeed:independené;‘ {Thﬁs>5fbf;f
gan’aveqageuvaloe'dfgf

e

L8 N
N A R
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* : . K1 . ! S o ¢

function of only R ',‘ .' earlier results, reported in (25) and (26) -for

& "( ]

. ,dJ = 90 , as well as.. data for,_the»classn.cal wall~jet ((b“-“O ¥y shoﬁld L"“-——

L O

0 7l With thlS, the aborve expression becomes° -

apply The avallable experimental results a?e plotted in Figure 6 18

For the case of a classical wall jet, Slgalla (32) proposed the follow— ’
. ing Blasius type relation- . -_" ) -‘% ’ . .

R SR

LG N X ' . e '. . . . X Jﬁ\g‘ .

F(x/d},_ where F(x/d) is a mild function varying from 0 67 to 0 75 in

'*,the range of measurements . e., from x/d 15 to 65 ‘ Considering

L . “..l Al

-~ that. S:Lgalla s measurement of T i involved an error of about 15/ it Fs

O

' .‘,'permissible to. assume that F(x/d) ‘is’ constant with an average val\re of
. 5 ‘.{ ", r.. ,,‘ 0 .

4

T  /u8 0025 1 ol R
o #Ge = 00565(“‘); f'.‘§' © w LL°

'_Using his results on ‘u and 6 it was found that &%6/\))0 ;25" R°025 .

Thi's is aIso plotted in Fiéure 6 18, together wi,th bthree data pointsm v

! S = ‘.,o;»o79_o .‘Ro_'l\/»'z‘, -.(S‘_i”gallé—,' re'-'an"alyaed).‘" (6:36): }
< A l . . N SR ’ . ’ ' ;; [ -,-4" A . o L S .: !
ThlS relatlon was thained for an esti ated range of R pf NlO5 S
~3 x lO <((nd 1t is- plotted 1n F1g re 6 18 where i ¢ é seen to be some- S
i ; ,,q (.- . o - SR :
: ’ ° oo T
-what steeper than the general trend of the data p01nts¢ e o
‘ Also for the case of a’ classical wall Jet Myers\et al (33)
" w‘,‘.‘. . ‘_ e ;>h¥_ . )
_have reported measurients of Wall shear stress for values of* R"' An, the N
o N LI .
Cet . ""' : S .f 4+ -' -
;égng‘e 7 lOO »to 56,590, An average relatlonshlp for Cf can be derived REED
fto‘r'n thelr results ,: ;\T-rfié » 1\\ e .";j ;_ ") o " j u ;,/3_ | . L ,' s
B l/ 2 (Myez;s et al (6 37)'; =
o S O CM anal ed) : e
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dbe determined from the definition of thlS surface,‘i

K3 S

OP / 21ryudy 5_ O

:-e, :

'S,

1 - N\ \
b.d T T I T ¥ T ¥ 1 1
s . - 4 N ..
03¢t . \\\*s‘ - I
. ————— —
Y .
 Xp 021 I . '
o " RETURN.___ T T -
- 'o 1 FLOW. .\Yo/.’fp [
- FORWARD FLOW s
.'0 - 1 i 1 L L i - llv\. .
0 - 6} . 0.2 03 04 0.5 0.6‘ - 0.7 0.8 0.9 10.
‘ ‘_‘x/xp SR
FIGURE 8.8  FLOW GEOMETRY
v s e
= :
If y, s the radius of the sta nation streamsurface ‘then - can.
£y, g s y

" From- this equation it .can easily he shown that (see Appendix D Section

.'D 9) y /x depends only upon x/xp, and calculated values are shown

L

." 2,

plotted in Figure 8.8.. ltvis seen that .ysf reaches_a maximun value offf~. |

-about 0.29.;{p at xyxp>=_0:75}‘

]

—_—
e B

»time—averaged Instantaneous configurations are shown in the photo-

ol -

~ .

~

~\ It should be emphasized that thése loci must be regarded aS\'

'graphs of Figure 8 9. (These photographs were taken using orddnary dye

injected together with a water jet. The set—up was installed ina

-~ -~

-

1. 5 ft wide laboratory flume and it was used for vizualization purposes

fonly ) “In fheorj, the staonation streamsurface envelops thc entire

gy
A
'
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.

: flow originating from the jetJV.HOWever, this is not true in the present"
case owing to turbulent exchange, so that the enveloping curve would be.,

- considerably higher“than the,stagnation streamsurface -(broken line, t ﬁ\ L
'-”F ;er 8. 85 This effect can also be seen. in the photographs of |

m_iFigure 8 9, —andnit—is obviously-beneficial from- the practicalupoint—ofr———r—r

S view, where maximum diffusioh is usually desirable. S
@

iy . i
’ . P T SR - o -

e

o "‘. ' .:\ . ‘ ~, N . : ’ I ‘ ..
' 8.3.6. The Question of Infinitely Wide Streams
In realityg'infiniuely wide streams do not exist. Therefore,'
: o ,
] it is necessary to consider the question as to what stream dimension

‘can be considered to be infinite If D is the lateral dimen51on of
@ v ~

_ the opposing stream, and d is the maximum diameter of the stagnation

v

'streamsurface, then the ratio D/d ' gives an- indication of the degree

.:.N,v’--
y

of contraction of the opposing stream, due to the developing counterJet._ ,f»

Assuming the opposing streamtto be circular in cross section, “the dis-
' charge Q will be Q = 7D u l4. At the section ‘where d occurs,~
the velocity u N (assumed_tgfhe~nniform) will be larger than ul and

cit will be given by 3 \

2 . oL T (8.19)
o a2 ' IR SR
, 1- 6D

A If"vD/d is—grea!er than, say, ‘3. 3,,then u /u will be always less S

" than i 10 which means that the development of the jet will hardly be -
affected by the size of the stream An indirect confirmation of this

v

limit is presented in Figure 8. 10 where the: relative penetration 1ength

2N

%w’



4

.«

.,..ou

. HIONAT NOTLIVHIANAd

.

o X

~0T°8 FWNSIL

nn\og

T T
>ODZDV_MW. u}

-

- Spral >oz<>H 2INS v

e oo e,

n

’(l X vj V‘-- o

-

A

’

Sp/@l--  AOAQNMAIS v

P/l . ¥OHINVY ®

38 AONVAL %I0S O

\ ,




N _— " 274- ..,

.~

is plotted against “A If the stream can be considered to be infinite, l :-
then< x /d should obey Equation 8 l4..d0therwise the size D will be '

‘ an important parameter It is seeh by inspection that our. prediction‘\*“*ii\

o is reasonable, even though it is difficult to’ establish precisely the

'limiting value of D/d in this manner. Since dS S 2’x 0.29.xp,7f

this-criterion can also be'written as:‘
I U T R T

' which is close to - D/xp 2 2. 0, given by Sek?ndov (54) . The above " °

relation can also be written as:
i C : #”:“ . S, ,: : .}‘7

‘,z,S-x L S (s 21)

o

’

which implies that the limiting value of D in terms of the jet size

‘d is dependent upon the speed ratio A.; Lo I S .
7 8.4 Summary T . _ 5\ SR CoT

Mo

The problem of a circular counterjet has been treated. in this

chapter from the point of view of impinging JetS It was observed
. / .

firstly that the penetration length could be used as an independent fz

\ _
variable instead of the stream velocity ul ‘ Thus dimensional analysis

was carried out in analogy with previOus chapters using the penetration

length in the role of the. impingement height.f.-'

The velocity similarlty function was predicted by combining

potential flow theory with turbulent jet knowledge. The,velocity(scale

'A\

=



Was found to vary as‘in a. free jet in the range x/xp kk,/o 7 whereas
3 it conformed to potential flow considerations for x/xp-,a 1 0. . The
)

length scale was’ found to grow considerably faster than in a free jet -

and . it was predicted by utilizing the empirical observation that—the—~

locus of points where u = 0 is a straight line. Finally, the question
o -l
of infinity was considered and it was sho that a stream size D can

N

‘*@be treated a& 1nfinite if D/x is 1arger than about 1.9.

- _4'

. . ¢‘- " : . c B e
Y T .. - . R . -
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The flov,characteristics.of turbulent impinginé’jets have

-

. 276.

. . : e ot R
been studied both experimentllly and\analvtically. Starting with ‘the

relatiVely simple geometry oﬁ a circular jet impinging normally on a

smooth‘well, the study was.extended step—byhstep so as to include,

‘ relntively complex“geometrical configurations such as the oblique im-

[ 2 S
g
L= ¢

f

pfngement of circularljets.

With a view to practical'application to scouring problems,

vpemphasis was placed in)predicting wall pressuresiand shearing.stresses
-iﬁ the impingement regionland a‘satisfactorv hemi—empirical.method of |

. analysis has been_proposed; Somefpreliminary considerations of the
Scouri;g‘proélem kAppendix'Al havebshoWn.promise-nith respect to pre-
dicting scouring processes.on,the basis of the present\findings; |

' "

i ‘Flow cherecteristics,of the wall jet region have,elso been

..
,

‘considered. " It was shown that‘a simple analytical approach can predict

5

1 flow properties reasonably well so long as the nozzle Reynolds number
\ ’
is- 1arger than about 20 000. Confirmation was prov1ded by a re-analysis

'of experimental data of previous investigations and by data collected

by the author.

- N - f .
A . e - . N

- <

Further, the problem of a circular counterjet was studied as

%ibeing essentially an impingement problem and a simple semi—empirieal

' method has been proposed to predict the time-average velocity field

-
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Finélly,'in the course of this study it ‘was shown that when

a

' the impinging jet 1is not fully developed when approaching the stagna-‘

tion point the physics of the problem changes drastically in the

P

fimpingement region. K‘limited study in this direction (axisymmetric ‘

r

‘ case)'has been performed in order to furnish some fundamental under—
standing of the difference from the fully developed impingement. This

could provide the foundation for further work on more complex geometries,

Y

‘which was not pursued here, owing to rather: limited practical interest

=

‘of this type of flow.

i
= .
B 4 , ]

'k‘ The present‘work WaS'confined'to study'of time—averageA\V”

r . : -
quantities. However, the importance of turbulgnt fluctuations cannot
i 8 R

be underestimated. “In view of the current trend of attacking sediment
" transport problems in terms of probabilistic arguments, it is evident
that turbulence measurements in.the impingement region'arebdesirable

and expecially with respect.to\wall pressures. .
. , v - o .
- Experiments with rough‘wsllé'are also desirable,fsince mobile,
'beds'are,usually'rough;;.However, the difficulty may arise of hg%'

would wall pressure and shear stress*be defined in the case of rough,
boundaries. This is commonly'overcome by averaging over;an area'that
.includes a large number of roughness elements._ Is:it then correct to - .
express‘forces on roughness elements 1nvthe manner introduced in
hAppendix;A?l Research in this direction (see also Chao & Sandborn (58))
d‘would;be;an'excellent centribution to the field of sediment'transporta-

| tion.',The impinging jetvprovides.abgood.means ofkdoing so, because of'
the~simultaneous existence of shear stresses and pressure gradients,‘

2
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thus affording an dpportunity to relate forces on roughness elements to

" the local (areal average) values of-pfeseure.and shear stress. It is

knqwn/atfpresent that local scour is caused by two kinds of singulari-a

)

ties. One 1is the impinging jet, the other is the vortex located near

-

a boundary. It appears reasonable to speculate that an approach

‘

similar to the present could be fruitful with respect to the vortex

starting, say, with a simple rectilinear vortex located near a smooth .

. boundary. ‘ - . : L _ | \\\\\\‘
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APPENDIX A ~ A CRITERION FOR SCOUR

fﬁ{) ‘ 1' l - LT S e

—~ . ' ' \\-

In this section it is shpwn how the knowledge gained so far
_can be applied to the scour problem. When a turbulent jet impinges on’

~an erodible boundary, scour may or may not occur, The first task
associated with scour from jets is, thefefore, to determine the condi~
. v
. tions undep-which scour will take place. This question can be put into

several forms.l For ‘example, given the- geometry and velocity of the jet

* and given ‘the properties of the erodible bed material determine

whether scour will or will not take place, Or, given the geometry and
velocity of the }QT) determine the properties of the bed ‘material so
that scour will not occur, If scour is expected to take place, the .

next\task is to determine 1ts magnitude and geometry and their develop-~»

ment with time. S
- s L

In this Appendix, which ‘serves .as an illustration of practical

o B )

l
) application of the present results, only the first question will be ‘
considered for the relatively simple case of circular turbulent jets

impinging normally on a boundary consisting of cohesionless material of

uniform size D.,. The answer to this question Wlll form a criterion

- for scour._ : SRS

7

‘ A.2 Theoretical Considerations

L
A criterion for scour has been proposed earlier by Poreh and“

Hefez (6) bascd on: dimensional reasoning \\If M , is the initial

el -
~



momentum of the jet and H is the initiel impingemeut height ahd . D
: \
the size of ‘the uniform bed material, then if everything else is kept

M-

m“dbnstant—and~—M‘—~is—allowed ‘to— vary, there—will-be—a—valuerox 'mo

-

v

below which no scour will occur. Poreh and Hefez wrote the following :

dimensional relation for the critical value of M : \,‘

-

M= .f(p,Ys, 'DZ. H, V)

‘ wﬁeré' o, V- areithe'density.and ﬁinematic viscosity of"the‘fluid res¥

pectively, ‘and *s~ is the submerged speciﬁﬁc weight ot/the bed material,:'

i.e;, XY= pg(s - 1) if s is the specific gravity of the bed\\\

material wiﬁh respect to the particular fluid

3 - )
LA AL
M- ‘ vr"-H)
. 0 7 ‘ .
':Since'_Mora.pT—z—-Ub“,.“this;cen also.be’writteu.as:

o
»

NETE H—%S—-z—l-)— =6 ®,D. @)
T a’u; : o'k AR 3

~.

Experiments

~ : - = S . e

- Yy S I e L
'/?luence of th _Reynoléginumber, Ro;,Was negligible* and:for the~range of

8 not surprisinglin view of our previous findings on smooth

. Itywas established earlier that even for smooth walls, shear :

s and pressure .did not depend on R . Since erodible walls are .
‘rough it may be expected that the scouring forces will not depeog*'_ﬂ;_d
: for a stronger reason." ’ . v 4 i S
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experimentation (D/H = ,00029 to .0b22); the following enpirical rela-

tion.was found adequate:

'f'.}’_BE"_:_l_ = 12.81 & (4.3)

dZU 2 . “ : ’ ! D'\\ ‘
. o A\
. L ‘\' . -
‘which can be further reduced to: ' . \._ i -
- . L
H/d = 3.58 S (A.4)

T ,,Uo//'gD('s' —"'15

Tsuchiya (8) considered the same problem. His approach however was -

'based on questionable theoretical derivations s that it was not pos-’d'

"sible to obtain any consistent CriteriOn, such as\:he above

: Consider now the following simplified th\bretical model which

~ makes use of the crltical shear stress concept. Th total tractive -
'force on a bed particle will consist .of two- componen s\ one, due to the
> A ’ \ X

shear ‘stress To"and anothertdue to the pressure‘gradient, dp/dr i e.:

T ey ning,
where T .is the tractive force and a1 isba horiaontal‘area repreSent-
- ing the area.gf influence" for the particular grain Obviousl |
iél ={c1D?' with the constant ci being a coefficient wh1ch depen s
:upon the degree of packing of the. bed material. The quantity Ap k

' represents the pressure difference between the front and back sides
. . . ) .

':the particles whereas ‘aé is a Jertical area representing the effec—

tive area of projectlon of the grain. Much like 1, this area will be

.a2'= c.D7. If.'re"is an equ' ent, or total, shear stress which 5””?\



[
incorporates pressure gradient effects, it will be equal\to T]aI, i.e.:

)

. 2887

. ,82.
: ‘o Ter ® T ZI ;APW
Cor . T, i'f T dD Fr ‘v o e oo “g‘A;S)'
'-.where a\= const =' 2/c This derivation is ordinarily valid for‘
‘ T~ ' ’

uniform bed materials with grains of spherical Shape. Since the con—'

stant o depends mainly upon the shape of the individual grain and the

)

.”degree of packing,of Ehe bed material allowances can be made to extend -

' this equation to non—uniform materials of shapes other than spherical.

4

3Furthermore, it is obvious that this analysis will- be realistic so long

.‘as ‘the grains are very small in comparison to the width of the impinge~-_

‘ment region If r* denotes the radial extent of this region, it is R’

_ reasonable to restrict particle sizes S0 that D is 1ess than, say,

‘_one—tenth of r* ‘i.e.:‘

. . ~

‘D "< o-lr* » . o ) "".-‘»v "‘b_' (A-S)

.For a smooth wall and large impingement heights, r 0 2 H (Chapter VN;,Q

LIV). When the wall is rough this value is likely to change, Since‘r}.

‘roughness tends to intensify turbulence, it. is reasonable to expect that B

Ty will decrease with increasing D._ When D becomes equal to or

: then the pressure difference Ap : w111’be simply

»greater than T,

. equal'to »pé] Obviously, most practical situations will bé’such that

'condition A 6 is satisfied. ”f'. ,_‘-' R o ﬁ,J;
) . ‘ ... B ’ : .

«C - . .
‘,V', N

If T is the critical;shear'stress.associated withithe‘par-f;

b
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‘ ticular cOmbination of fluid and sediment, then a condition for non—
scouring will ﬁe S : e
‘ - . ‘ " g B | . | . . . " . . ! V
| ' max T, < T, . ’ T v » (A.?)
S o . . - . T W '~l,
-Considering large impingement heights, it was shown in.Chdpter IV that;
. ] ) l. e ' ‘.'.4 .7 = '.»\»"'
| T, a».rOm g(d) P, ' ps’f(l) H ‘A = ,r/H. h
~ with:
‘ ,
om H, "~
5 2 '(51) .= C,.. = 0.16
Py .
p : 2 A-:--’~-- e L —— — -
=5 & K = 26
on i p °

When the wall is rough the functions g and £ -as well as the coef—

& Q

ficients Cy and Kp' will generally depend upon the relative roughness

i . A . . . % . . . o . -

D/H}l so that: S .

"linm c, = 0.16 ; lim X = 26 dm 4 g()\) g, ()\)

D‘/‘H+o i D/H+o - D/H
e L. . v ,.. . . ’ f -. N : o ..
cand. 1im f(l) f (A) R
. - D/H0 - . o

vhere gd;‘fé .reﬁreSent‘the forms occuring for Smooth wells.'A

Using these relations, it is possible to reduce Equation A 5
to the form :

. N 2 . . : ) .:—' -
S A D-df 4 »
Te BlPUo'CE)‘[C*g(A)»TlaKb Hax - A8



1
N 'y g "Mﬁfé
. - . ‘ < & Lo "J
" - , v S A o i g E '
it

The<quantity inside the brackets is a function of. both A and‘”D/H.:

-Denoting this by F(X D/H), the above equation becomes.” .
: R

2 d.z. . 2 . : f:”" . e C ,

o . B o 7 LN

The mexinum,of- té wilifoccur-st A= Aﬁ,, ﬁhile“ Am. is determined

from: . R o - :-‘f';‘ ﬁj?wﬁ Chal
A=\ e i e s .
m . : : R 'y AR : »
which‘imnlies that Ay =LA$(%)J ;'Itlfollows;thet; V’?fi o
< | W : . Y v ; - RS B
max T,k = ( ) G(—D » P o St (AL1L)
B e R L . T
where.- G;,is,g new*function“Which depends only upon- D/H.
1 A - ' . : : S ; s - . K ) : -
' . - N . ¢7'. Lo
v _ Considering now the critical shear stress, L the well—known :
. 2 YA K :
Shields' diagram gives the- normalized critical shear, Té/pg(s —_l)D,
- o S

. as a function of the particle Reynolds number,,.u*D/v._'However, the

: influende of v1scosity is of little consequence in most practical sit-
/. . B

.o . - 1

- ,uations, i.e.: L O
_»,-" . ' ’ . ’ ' Jf. R o .
T, :'_'Bpg(s‘-‘l)ﬁ L S R '(%-lz)

A o s

where g is a constant This condlusion is also supported by the'
' results of Poreh and Hefez (6), where no viscous effects could ‘be de-.

; tecteqdas was pointed‘outvearlier.

Substituting Equations A.11 and-A.12 into_Equetion‘A.7_the;.\ -

> .
——~ i .

i
ey
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A o n

conditionffor.non—SCOuring cdn be expressed as:

| N
- G(=) o :
H/d . V H’ N : .
>, - > N : .
527;:-. ks B ¢ . E (5.13)
, - o : : b e
"where w* has .beensubstituted for the‘quantity Vg(s - l)D - which.

- . .o

4

has the dimensions of velocity, and is relhted to the fall velocity of
a single particle in still fluid Taking the limit when D/H -+ 0

‘then T ~will not contain the pressure gradient term and at. the same

o

- time 0 16 Hence, at the limit
. S o.wd . [36 D " L
M PG>0 (A.14)

Tl = N8

This relation will hold forqfhe smaller values

D/H, " and it is
'obviously independent of this pagameter. This e: tplains. the empirical

finding ‘of Poreh and. Hefez (Equation A. 4), whose experiments were for

‘ D/H always less than '0.002.
' - Y

L : N ‘ E 4 .
Considering now the larger values of D/H 1. e;, D/H’>'r &/ Hs

obviously this will represent impingement on a relatively smooth but

3

curved wall.. To evaluate forces on a particle it will now be necessary

h_to,integrate' To and ' p ,on,the surface’ ofithe”grain. Ihese forces.

will now be proportional to Tom and p which in turn are proportional jf'

UQ"onzdz/Hz.‘ It follows that- in this case the criterion of non—scourr”
Cwill simply bet - Lo

: U_7‘_|7: 2. t:QnSt ; -'D- > r*

“(A.15)
.o N : o

‘Since r¥“7isilike1y‘to decrease with D/H, the‘condition -D > r* will



be satisfied .at.a value of D/H which will be less than 0.2, i. e., of

-the order of 0 1. The criterion of Equation A.13 can also be obtained

by dimensional analysis, as in Equation A 2 neglecting viscous effects
‘ Analogous results can be obtained when the height of impingement is )

small.. ‘Using the results of Chapter V, it is possible to show that in

'this'case:

onz p dh

T = ™3 | [Cfth(r) - cx_E _Rd'; ] (A.16)

. "l . b
) T . o . T .
. — o — o . .“om
where h_(r) = — .; h (r) P, /p ‘r=r/d ; C, =-—F— = 0.007

. T T . : , fm 2 S

o -om - . . AR Py 2

\

Thus, the criterion for non—scburing will be:. Lo S
N T L (A1D)
; _ U, = - B v B R

whereas'When D/d-~+ O;._this:Will reduce to:
. e o - .

Y “fm . D . SRR
T2 B 5 G0 o e (A.18)
o P x ‘ - :
‘And when .D)d 3_f¥/a:
* : : S
A ﬁ;', > const (D» z_‘r*) ST L (A.lQ}

a

~A.3 Comparison with Experiments -
- .. N N /-

Experimental results are available from three different sources

' (i) Poreh and Hefez (6). Data were obtained with air jets impinglng on .

-
~ .



_sand beds in the range 0. 00029 < D/H < 0 0022 (0 23 mm < D < 0.90 mm)

““_(ii) Tsuchiya‘T8) Data were obtained with water jets impinging on

sand beds in the following ranges of parameters

0.4435 m < D <. 150mm
13,840 < R < 58,600 | o
100 < H/d -< 80 . . . R
10,0022 < D/H < 0.0375 i B

Critical velocities were obtained by keeping other parameters c0nstant
while varying the velocity U and recording the‘relative amount of
. .sediment that moved The critical velocity was defined to be that value

' _of‘,_Uo -at which 0.5% of: sediment in the impingement area of the bound—

- ary was dfslodged ' o ‘
(iii) Chiu (59). 4Data were obtained for air jets impinging on a}hearly

Y

'uniform sand bed of median size D-= O 26 mm. - Othér parameters were
;in the following ranges _
| 166<H/d*< 50.28

8,780 < Ro‘; < 42 800

6000804 _:_ D/H < 0.00243

-ln these experiments, the bed was allowed to be scoured and the final
maximum (or equilibrium) scour depth was measuredl This was plotted

:against U, 1 in each case (keeping otherhparameters constant) and the ;Aiv'

value of <U ' corresponding to zero ~scour- depth was obtained by extra—

"polation., This extrapolation was considered to be fairly reliable f
'because the scour depth varied with U . linearly'(exceptinggthe vervh

ihigh values of U Yo v¢f‘h._' R AN {L -

Experimental data from the above sources have HEen re—analyzed
. N

-and they . are plotted in the form suggested bv Eauation A. 13 in Fioure AL



294..

T zoEmaHMo W100S V TV Zunsra

I\n_

O R Tt

S eNmnods e g

I L ,.  I _ — 77T r T T T b

ONI¥NOdS-NON . T

S oz<m ~=< :: Nm:mz ® H3YOd o !

<4
!
L,
\
4
]
(1-5)ad /%N
P/H

oz<m ~=< 32 :_Iu n_
SRR :nxm suo- co_.: o._o:; va <>_IUDm._. 4
R - aNvS - ~_m:<>> 5&.:8& v

_.__..,._. L 1 ._ Lo : .._h. .__._ ._ ,.. _ _ ____ o ow




.for scour experiments.

S

. The data exhibit considerable scatter: which however is not uncommon

{

Thus our—formulation is reasonably well‘Veri—
fied and for practical purposes the average curve drawn through the

data could ‘be used to obtain limiting values of the parameter

\:ju“.

wd .

. Uo/ gD s- _]_ :

Lo

For the 1ower values of D/H (D/H < 0. 0012) this parameter

‘remains constant .as was predicted earlier with an average value of‘

3.5. Substituting this into Equation A, 14, the corresponding yalue of -,

'B will be 0, 013 A conventional value from Shields diagram would be

"abouttO 04 a There are two reasons for the discrepancy. Firstly, ¢

205,

',Shields value was obtained for plane flow, whereas the pfesent data R

.’.

are. for axisymmetric flow.g This difference however is not expected to ;‘5

b »

account for the present variation of 300/ox The following second reason '

:appears to be more satisfactory and lles in the definition of the

critical condition. Shields diagram was obtained by plotting shear P

stress versus rate of transport and extrapolating to zero rate of -

b.

transport. Later experimental and theoretical studies (see for example ;

£t

bulent nature of the flow is considered ‘ Turbulence is respon31ble for
the existence of a éertain however small, probability of movement

which in turn, causes some: transport to occur over long periods of r'a

time.' Using theoretical 4erivations of Paintal (61) for plane flows,;<"

the corresponding probabilities of movement for B =0, 013 and 0 04

.'.1_

‘Paintal (60) and (61) and Yalin (62)), showed that some transport takes 1:‘A

iplace even when T s 0 ‘ This situation can be explained if the tur—T-"
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-6 - /-

. respectively are'lo-,8 and 10 .. : ‘niw
’ ‘ R PN . . N

A s

-

: meﬁt‘with previous considerationsfx Finally, it is noteworthy that no

A ment is mostly by rolling, SO that the above factor is. absent

o ment heights wi}l be: _f; .

V
Another interesting feature in Figure A, 1 is the tendency of

N

the data to become independent of D/H as  D/H 'increases, in agree~

u

¢

significant differences exist between air-sand and water-sand data,

even though these reprEsent an over thousand fold ﬁariation in submer-
ged specific weight of sediment.' In the phenomenon of sediment trans—
portation there exists a. quantitative difference betwdgn transport by

air and transport by water. This is due ‘to the fact that in the former

g
case, (s - l) «-l 000 whereas in the latter case (s - l)'v 1 O. Thus,

fall velocities ‘are- much greater in air.‘ This implies that saltating

\

particles, strike the bed with much greater momentum in air than in ., -

water, a fact that contributes to increase transporf When dealing with

initiation of motion, however, very little transport ‘occurs and mover

\ . K ‘-..,/'
This

k)

b
]

.

explains why no quantitative difference exists between air-sand and o

- ',‘,.

v ",

water—sand data in Figure A 20

tUsing- B .= 0 013, the criterion for scour fon small impinge—

M)

| ,'.'(A.vzo)‘.l-_. ‘

- The. quantity Cf 1 varies slightly with nozzle Reynolds number ‘and for '

' ij' between 31, 000 and 54 000 (Chapter V) has ‘an average value of O 007

which gives‘
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[ -

r '
z L Yy e o
i 2 U (A.21)
v *. o -

- In practice, almost always U, is much larger than w, ' So.that,scour

will almost‘aiways-occur‘for‘smell impingement heights;

'fA.4 lsumnerz '

A‘simple epplication-to the scour problem'associatéd'with |
'impinging jets-has'been.presented in this‘Appendix lt was shown thathil
the question of whether or not scour occurs, can be answered by exam—l
ining a single dimensionless parameter which expresses the erdsive
éapacity of the Jet, Experiments confirmed theoretical predictions
over a wide range of the specific weight of bed material with Tespect

to the surrounding fluid

1y
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| APPENDIX.B - .ERROR ANALYSTS OF PITOT CYLINDER
8  ‘TECHNIQUE |

, .o . - .

The Non—Rotating Pitot Cylinder Technique is based on the

\
4

assumption that the prassure readings taken from the three orifices of r

. the probe (see Figﬁre 3.7) are related to the local static and dynamic K

pressures p. and. p respectively by the,equations: h
i o T v , _ S

R I ; S (1)
where K; are three calibration factors which depend on the angle ¢ et
(see Figure 3. 7) f Calibration of the instrument was carried out in a -

uniform‘stream, i e., .po and pv have the same value 1n all three
' 'flocations' 1,2 3 of ‘the orifices. However if there exist gradients

of-'po.‘and p in the direction normal to the axis of the probe, then

, it is reasonable to assume tha\

T S S P
L Py = Py K3 1=1,2,30 0 e (BL2),

{ . . . o ¥ ! - .

. where p i and P i are the values correSponding to the locations of
the orifices Assuming constant gradients betWeen L\and 3 the follow— o

oing relations apply._

SO o ey
L T A dPQ\'ff PR dpv'- R
T\7>5$7**’_ Sl fva'.=~hpf2’i3AgE§:>;;-fpvl S Py2 T 4'5;_:":ﬂ°;4 .
' _where the'gradients v—e—', .are evaluated at the central orifice, 2,
dx dx /—‘\ .
x denotes distance norma] to the probe a ’ ndwlA;_is_the distance Lo
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a between successive orific s. 7,' : | . : C -
. — _ ‘ // . : - L .
. 4 . .. . - : N . . . . . - ,1—1 ' ,‘?'

g\&~ The first step after measurement of pl, pz, p3 is to- compute

LY

~the factor A . Do e o “v .

Lo P3 - P2 L ‘¢ ’ ' o

‘ | (B4
: K= 22 5 450
o o B Py " Py $20

from which the value of . ¢ can be obtained from the appropriate graph

- 'Using Equations B 2 and B 3, K will ‘be given by

@ oxy b [P,
17 %2 vz Lax ax | . - .
K = — —5 T (B.5)
L A v R
(1<3 K, + ” [-——-dx +K3_,~dx] -
'a? S dp&‘ e P : -
f E;g‘ and d;f' are both zero, then K = (K - K )/(K 2), and

h-this can be assumed to be the "true value of K at the location of l

‘ 'orifice 2 where the measurement applies The'extra terms 1n‘Equation75

"‘wB 5 will be respon31ble for the introduction of a certain error., As- ..

true distributions of Py p‘ are not known before hand the measured :

-

.‘; values (which are obtained on the assumption that gradient terms are o

negligible) will be used .to obtain an estimate of the errors introduced
u'ibecause of gradient terms In order to apply a correction to K,Q it is

necessary to’ add terms equal in magnitudc and opposite In: sign. to the"f' o

Vlgradient termS‘pn both.the_nominator and thepdenominator-of.the fractionf'

‘Hence,'a;corrected;value;ofV'K.ﬁwill‘be:' R LR T
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[dp dp | , - .
Py - D, + A + K — S L
1" P2 dx 1 dx | L - [(B.6)

| K,lHA < ] dPo } dpv .
_ h, ,p3b-[P2 - A dx - +‘K3 ax |

Thehvalues of pl, pé,.pé,;gl,_gavrappearing in Equation B.6 should,

strictly speaking, be "true" values; g These, however, 'are not known‘
L]

.before hand and therefore, as a first approximation the measured values

)

can be" used For- the case of impingement at small heights where
"gradients are. most intense, error estimates will be provided for two -

profiles. One is- in the free—jet region where dp /dx 0 and the

—

- other in the impingement region, where both dp Jdx and dp /dx are
'¥different from zero. Letting h denote corresponding manometer height

o and considering that here A = 0 0141 in, Equation B. 6 becomes.

'

| | E [dh | dho] N
‘,'1.—11 +0 0141 - Kl

., dh N
h3.—v‘h2 -»0.0141. (‘-—) X, +dx AR

‘.The analysis of error is performed in Tables B 1 and B. 2 where r de-

",notes radial distance and the subscript c denotes corrected values. S

Cen

It is seen by inspection that these errors are generally with—":,i,e;

S

' "in acceptable 1imits with the exception of large values of distance )

.v'“

| from the center, where the percent error is magnified owing to. the very
i;small magnitudes of h and h .i Thus, excepting regions where h 1’IJ
Aand h become very small the error in’ static pressure is 1ess than f

-3 5% whereas it is less than about 4, 0% for the dynamic pressure., Since'

o -c’.Jpv‘,' the error in velocity measurement wili be less than ZZ

,
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large a 2° in regions where ‘p , p tend to zero.

[
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The eJ&or of the angle ¢ is generally less than about 1° s becoming as
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- APPENDIX C - ANNULAR SHEAR LAYER

-Consider an annular turbulent shear layer, originating ‘at

i

________x = 0, as_ shown in-Figure C L
!

N

[
Y

| FIGURE C.1 DEFINITION SKETICH

. The Reynolds equation of motion in the x—direCtion:is (neglecfingllaminar;!

’ stresses in comparison to T —pu v,): f-“'f e‘ﬂ'jf’:” B

du’ ¢ ,3u‘.= , l QR.+ 1 B(rT)‘ S ey
. P X pr . dr I ST

o and the 1ongitudina1 component of velocity, u is given by



! R
U for r < r et -
‘u = o * . , “ T - (C.2)
_ Uof(n) for,‘ r 2 r, )

E where n s (r - r )/b b. = rz - rl, r2 being the value of r where

-u =0, and the function f(n) is closely approximated by (28)

SRR a2 P
o - a- s T @3

-The\conVentional approach in these problems is to pursue a 51milarity
analysis (29) However, in this case it can easily be shown that con~ s

jventional similarity assumptions [such as \F/U = f (n) . T/pU g(n)]

'will lead to absurdum. Therefore an integral analysis is- preferable.

'0 'tél f= rz,"

i

,"Multiplying Equation C l by T and integrating from r

a and neglecting the" pre_ssure. gradie_nt term:

B T
S e T T e T
T2 P Ty
But 4 / ru‘de’ '=;,,i/- ,rUézdr‘ -L-f ru dr
A = 5 Uo k] - (C»5)

IR P S S
B .= / (nb »+».‘?l,)‘ Up fru(n‘)b,dn. =
o



Using Equation C.3, this becomes: - .

305,
’1 ‘ i

o o . o o o o
o 2,2 2, 2, 2,
- = Uo ‘b / r.]vf dn-+" .U° bilrli / £ dn. |

o | | 0

'_”ffz- in ‘terms of - b by solving he quadratic, .

~ B = 0.065 Uo‘2b2'+'0.313»ﬁ'02;r11?5 R - €©.6)

Thus Equation C.4 can be written as:

Ti +0.13 B2+ 0.626 F'i-— - 71: -0 - @ED
Where the oVerbar is_used'to.denote non—diménSionaiizedﬂqUAHtities Withv".h;

respect to ‘dff(i‘e~j\__i\f_r /d etc. ) It 1s then possible to express’

T

o

ECE ‘/0.25 - 0.0325 3_2'-'0{.313 o (C.8) -

This is plotted in Figure C 2 where it is seen/that it can very accurate—-'f

ly be approximated by%the linear relation' e

5 . oa.'s-o_-.zo'.ssss T e

:“g

One more relatienTbetween' rif'and b can be obtained 1f the entrain—

:l“ment data of Hill (41) are used Let Q be the. total flow-rate through

e

'-'the jet.; Then, Hill s entrainment coeffic1ent C is,defined as.:.,r

.....

c :.5?‘;3g' L (incoﬁpressihlefflon) oo Ry (C;lO):
2 - _Qo dx. . 7 LT R RS
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B R SR et

v-.. . e L

fh¥-—4wheré*4“Ki”€:/Eﬂfdn’$fOiI3f',and - K, =‘/’£dn = 0.45.
It folloWs_that‘Equation'C.lO can also be Written;as:

e Bamrel. Lo

EI

- LR }." nd»’ RN
‘?m57%<**T[%L;A

'The data of Hill (41) indicate that for small values of X = x/d 2

'can be approximated by a straight line, i. e.._ff

5

e "\Jﬂ_;' . . ERR - _ .
_01=W+&:3H¥‘<5%'_1‘7f*j'<Qf“4”

“with avn= 0. 083 ;‘.-3 o 036.

Substituting Equation C 13 1nto Equation C 12 and integrating’ wé Obtaiq'.fo
" after some nantpulation: _':~,1*f‘u R L T

R T

s

Using Equation C.Q,jthisfoanfalso.be,wtitten'aS;uﬁ

]
O . 4‘ .

ﬂ%?z}glfsj b - [0.207 X +0.064 X2] L eas)
~which yfelds:- . - " e
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Hi

e I

-

.‘/2.46 + 51,193?+- 0.256 ;2 S (c’._i_7)}', -

The’fnnction"¢(§) 'is shown graphically in Figure C 3, where dt is seenf-'

bl'bgf011OWS S

that it can very accurately be approximated by the straight line

¢<x> ‘1. 57, + 0. 45 x0T ey e

Using this relation and’ Equations C 9 and C 16 the scales ifi.;gnd ,b"

are given by

Bo= ooz x0T Lo €.19).

E o= dso-o007% e (c20)
ng -b1/2_ is the value of r —_rl where n = E-U then Equation C.3
will show that bl/z 0. 442 b which 1mplies that: ’, R T

Lo e

w7 = 00x ST T ey

_Con51dering now the entrainment veloc1ty§ vé;-this\cénﬁbe'prediéted:as“hw:'f'“:-

K

[ L
AN

. .,2_1,_rr2Vé S e e L T T e e

. . -
]
o

eHencef . ::1whiéh?by‘means,of_brewieushx“-‘

" findings can be.wtitteneaéfk'

Y a L5 230 X SR AR

0 0.083 +0.036 x .- Tl e _('C_-,ZZ,))".’ e

CS s+ 0125
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o This is. shown plotted in Figure c. 4 where it is seen that ve' increases

: with x, approaching a constant value of about 0. 025 Thus, for x

Cr~

> 5 O i.e, for the transition and_for the fully developed Jet , one could_

"a'ssume..'v'e = const = _.025 _ A

0‘03 1 v ) i o
. v c —l
0 ! ! e ! |
"o L0 20 30 40 s0

'ffii‘ X

. PIGURE C.4 ~ ENTRATNMENT VELOCITY -
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_ APPENDIX D -~ DERIVATIONS

 D.1 Prediction of Wall Shear Stress in‘Impingement'ﬁegion '

1

{ . .. —_———

A

Wall shear stress in. the impingement region is predicted in
general by applying at the wall the equation of motion in the direc- |
* tion normal to the wall ~ Then the local pressure gradient normal to

" the wall is related to the shear gradient along the wall.j ‘The perti— .

‘nent equations are different for plane and circular jets._

D.1.1 Circular Jet
" o The tzl normal stress.is ox =i- p+ 2u gu . Firstly,dit

- is shown that the viscous term is negligible.

du _ 2p a(ru) - __E B(rv)_ - (by" continuity) -:-

gy 8x : r ox . or -
¢ o 3(rv) | o . . SN e T

“o

=

.L where v is velocity paramell to the wall and v is its maximum o

N

‘in a given vertical occuring at the edge of the boundary layer When -

oy -0 it is reasonable to assume that p 4+ (pu /2) pé (as is also

shown in Chapter IV) This relation 1eads to Equation 4, 35 which can”.f"”

be.used to evaluate [——-(rv )] ‘ ‘and Equation D, 1 becomes.
ER ST VR S e
" e . o

Pogz o

et

+

>
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At.the same time, p ~ p_~ P- Hence 1t  will suffice t6 show that:
S | v_d .
- (2w) 2 V278 K‘ 2o << p_

. Hz

[

‘or, after some obvious manipulations:

"Ro,'>‘>7z.. -2% f—",‘ll..8 | ) " ',.(D..3)..
'which is always satisfied for a turbulent jet . The above eonsiderations |
‘ apply to normal impingement. In the case of obliquemimp\\gement,_simi—'
lar reasoning can be applied for wall shear stresses on the symmetry plane.
In this case the angular gradient is zero and therefore the continu—
i.ity equation will be 4entica1 with that of axisymmetric impingement..

!

Using the- results of Chapter VII the condition to be satisfied will be:

TR > EE S D (D)
Ry H) S (X
.. T 7 ) N ) : ». - :’ ‘ v.
where now Kp ‘and b/H depenf on the angle of impingement heiéht " The |
right—hand side in (D 4) will ‘be less than about 20 if the an?ﬂe of »

-.-, impingement, ¢ is greater than lO°, which implies that (D.4) will al-.

_ ways be satisfied in this range. o ;4'?~3_if ’ ;,'/_

A similar devélopment can also be applied to the/tase of small O
:impingemenu'heights (Chapter V). Here p' pU /Zf and‘the,necessary‘ |

*_conditions (using results from Chapter V) will readépif

... L e e L,
which again is always w'isfied.A ! o e
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[

The starting equation for.pre&iction of.w511'shear stress Will

Be: o L R T

e Differentiating::

s will be given by:

‘Sf- <rf~>—=-—~r< P ey

‘ 0_‘ ‘ e o
: where"é is distan\e from the stagnation point measﬁred along the nor— .
} mal to the wall This relation applies for normal impingement as well

k.n:.as for oblique along the symmetry plane (see also &hapters v, V and VII)

Assuming similarity of pressure profiles

P =P, f(n) 7?“n,5-r/bp.-f*

‘.bPW(- ) nE PS (Bz) nf N - . .':(_D-"7)

Using Equatlon D. 7, and 1ntegrating Equatlon D 6 the wall shear stress

Letting gl(n) L n'f_.and‘ gé(n)ﬁ=_nf,w'this“ean'be written more

briefly as: :'ﬂs i i S T S ‘1;5’_1, T o

R REE I S ‘ T

"“:"Iéjltl;;Aféz:(gfg)»:;'é(fﬁa)- -»(v),; (332)- : _v. igf_fw-%;'fh:~
i Pg 2k} op o \3zZ - “\dz 0 “g]_ .n:,‘ - 3z o ',gz(ﬂ)_ L (D-) -



. show that

2

8140

For the case of large impingemeut heights dimensional reasoning will

p, .

. It follows that (o)

e

[

5, by fp 9

_%tc?f.'f

=0y G ®) - and

ap

i

- hy(@) = s7—=|"  and h,(¢) = |—L "
A [?<Z’H?]z/u=o, HFL ,[a(z/m]z,ﬂ:o,

I

.With”the§e,TEquatiénvD.8 Beeomee;f R ’ .‘-1 e y g¢g- ,f

A

_-',an Zk[ h <¢) +. 24 (¢)} gl(n) b, (¢) gz(n)

I

Iffrﬂm is the value of /n where the maximum value of T o
this maximum, Tom’ is given by. L .

'\.
o

g &

T [P <>+zh< <> h<>‘<>
,——' J_,3¢ ¢) gln ¢ gzn

i TS
¢

Equations D. 9 and D. 10
3 . .

= ot Bl(n).,.— B gz(n) Sl

.-m;dlcﬁ,. -

A

Qm"=f“' | | .
-p—s S a gl(n ) - B gz(n )

Also, since. n, ‘is a 1ocué.of'maximumﬁ g

2 ps SoBb
hy(®) - pend .(5?%)0 = hy(@), vhere

T .9y

occurs, then

i(D.ld)_ o

Ty

Letting a(¢) and B(¢) represent the coefficients of gl and 82

4(D'..11)> o



Letting‘

o gl'(n )

g (n )
5 1 m

.8
o

f
: 82' (nm) ’

~can also be written as: -

i - p..a[g
. S .
B

which implies that:

L o T P 2
o ¢ a om/7 H

j # o pU/2

. The quantities 9 and

’shows these functions graphlcally. The

iof impingement'

O'

- B gz'(n )

= 0

C;\3}5

S

.

\ '(Drlé)’

__qﬁi ~{gl(n ) - 0—~gz(n )1‘1‘“the above

, e o 'ﬁa_w
L. RO oh/g;(n)ﬂ‘

e
/

depend

6y ) = h(¢)

onn

In the case of normal 1mpingement

'qm 2 295 and u ' o 32

‘1T /T om Wlll be given ds:

: _twhere Aié

© to dssume

Using also the result b /H

7- 114A

“1— 9 43 A

ap_ -
Zs

1) =, 8,11 =

(D.13) ..

ORI

e

and Fignre'7 lsb(dhapter V)

: K

1141 £

\variation of n

¢,, is left to be obtained empirically
o o - \

’with:the'anglerh
0078,

(@15

1 76 which glves _

T/H TThis'isiidenticalﬁto:Equstion 4L31}1ﬁ_0hapterfiv;'_ o

that the length scales defining the wall pressure (b b2 and b3

b /7%*\\;;

<

‘ Consider now the case of oblique impingement

It is reasonable- -

)

(?



L e

approach a constant ratio between themselves as the wall is approached

d.e., for small values oﬁ z, b /b ei and b /b <, sq that’ cly‘j'V

and cy arefindependent ot_ z.. This implies that

@by/32), b,
@, T T G2 08

“

dnd ‘Similarl)-r for- b3 - F

<_COnsider‘now the~ceefficients ,d_*and 'B{
,'3b ¥---

a -"——I<L> h, <¢> + 28] 58 =GR

‘-uc

e Tem; S - :'s“‘lfif
-Henee:”. l_»'is%-=,%f-[ B---h (¢) * 2] “fj§‘ S

“Letting the subscripts_ l and .2 denote quantities related to the sides_

of positive and negative x respectively, it can immediately be veri—w :

"'fied that [h (¢)] [h (¢)] At the same time, Equation D 16 ascer- ’}{-*h
. = 2° 8 N

tains that.~-; T :-.-’-,w«”f ) o hj"'fv_~"? ”;

o fem) femd oo T

- .and, ‘therefore:- "

@ e ® o ) =y

- Sineeh 0 is a single-valued function of n 3.theslattesbfelation;imf1 o
‘plies that

e g e



. a relation that, was verified experimentally (Chapter VII),;.Erom\Equar _i‘

' tions D. 13, it now follows that'-

om”, . d,. B , o SR . _ o
mg o Yo 2 . R _
Ty S e T B S5 T qpas)
.(I ). I By Toby . ST N

. R e AR LI .
n . & c A » o .
. y [
. K LN L. . . s L -
. . \) s

-The condition o{ continuity of wall shear variation at’ x = 0 requires .

- g

RS

that (from Equation D 13)

SR D [Tom{g_("o )}] - [_Tom{é_(k_)} ]

om ‘' n=

"It can be easily checked that this is 1ndeed satisfied by means of

'E.Equation D. 18.tu : f' ;‘f: _E ':.} '”.‘ "‘m

' Consider ‘now the case.of small impingement heights The steps :
: leading to Equation D 8 ‘are idenfical therefore, Equation D 8 wiil’b

'the Starting equatlon in this case. _In Chapter v 1t,was~shown_th £
el =pu 2p2 ana "}-—Jl-—— . £ ( Eo»’.i L

' L pU /2 : SRR N
- Therefore,, bﬁ/d;=‘h5(z/d)’§ _"ﬂhence G—Jb const

T Further;htheutern.'57122“-—ii .= cornst ;;”-henceiﬂ;f'

T——— L

BRI R R S o
. . L em— g ) : P . - A(DV1 o
D Pgly fa_ o gl(n) B gz(n) B ',»,'3(1] ﬁ)

) L where a and B are constants. Using a Gaussian approximation to

’p /p , by fd= 0. 2. Hence: n = 11 ég 1. 85 hich gives 1Qﬁ_= 2.375.

.-.Z'[ ..



‘andﬁuoﬁ 530.385;- Thus the‘wall.shearhstressican finallyﬂbe written’as:.~

—

.

g i;:f'--l 8(r/d)2

0:
__,3147 _ -
. 3Tom . r/i .

B

o 22°' e -
e-,i.afr{d) %-‘ - (D.20)

AT S

which is identical ‘to Equation 5 39 of Chapter V The:maximum'wall'
shear stress will be simply "_1.-“¢f7.- ’.ﬂ ' .v

.‘._‘

, 5 = ;oonst; o
: ‘DUQ‘ - B
— ol
il S o

.. D.I. 2 ‘Plane Jet '.'~‘**“}}‘L[*"'

The total normal stress is\fgain o, == p + Zu gy (see N
Chapter VI for definition of symbols) From continuity o

; Assuming that near the stagnation point the Bernoulli equation holds,
. A Sy

‘jit can be shown that'

'fVi§h*u; R K N '(‘3 12 )’dv -

.:j hence it will suffice to show that (assuming p ~,p N,p )

\E\/ﬂ‘



' .whicﬁ leads tof ‘ :)/-

- which will alwayS'befSatisfied foria~tufbulentijet, 2

¥ ST

Therstafting.equation‘for the prediction of wall shear stress . -

. is: 4»“‘:f[-'
dr
! dx I vl

1 V=0

f'Usipg theirelations of Eduationv6r23§{f""

: .Qpéf‘qf‘ ";.ég‘ EERl‘ Cle

e

‘This relation satlsfies identically the requirement of continuous shear »

,‘_stress distribution at x1 O;Tf Substitutldg__nto Equatiqn D. 22 and

PR

*integrating v‘5~‘.7.,7v.ij.n? T T

which can alsgioefwnitten‘as; '":5"°-‘:““-f .1:=;d*_-;',. /{:*i%;;r

 f¢°|bﬁ

ab

'

..”From dimensional considerations, one could show that very pear th wall
. _ , , v AN .

o "and ‘b are iven b } f»”‘“'

pc o P “g : »y_v

-

o 41 & ) L ey

So')ﬁg oAy ey
. . .‘ : S _\-_‘\.'v »A,.. — - -

=7 \[- {“‘ (By (a ) }lerfffiﬁl;- R 2 ‘ng _fif | fl?f?Bi:»f}' |

A



Ps 7 Bty c%, 9 g bobye ] y <H, »

ap

which indicate that the terms ,——-( . and '(Bbb/ay)aef

Co320. 7

“(D.éé)'4 E

depend_only

o

o upon ¢, i e. ‘ ‘t,-

SR 1 \f'{ ) + ( ) } = q<¢>:

¥ _-"m;g(ay >\t,-=-* B(9)
oo RS . oW s

" _Hence:. -

=2 = aerf(/kn) - Bhg
‘.psv . ST
"'Theﬁmaximum.Valne of\nTOS'bccurSLfor‘ ﬁj4'w;‘fi;e,:

o . Dividingi . .

e e anfleNe A B
Top o TR e

L @as)

C w26

) ean

- This is identlcal with Equation 6 26 of Chapter VI if B/a is set

s

"j_fequal to C‘ Using the subscripts 1 and 2 to denote the sides of

'positive and negative xlb,respectively, and reasoning 1n ‘a manner simi-f_h

-

illar ‘to that qf the previous section, it is possible tp show that.v wo; ;j*ﬂ"

r
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L _% o a2y

"V'\J__ e

D 2 Derivation of Equations 5 26 and 5. 30

s

1

‘This can also

v/ Bu

o

7 g " 1.2,
.rv=-.—2-u;r 2 Mt rl f¢>\d)\+Au r1"'1 f oA A

equétion of cdhtinﬁity i$:-‘

'S(fu)‘ b B(rv)
9z .. - ar

=0 oy

-

tjfﬂShbStitﬁting EQuatiQnﬂs{ZS,aﬂd'intégratingff

ST

0 = 0

B X

be written as:-

rd F Q) oopowid o vhulds F,(0)

"?lzd U T tﬁ T e 0

_ But : c, = U f
related to C

;fOllOWs'that

“:;Equation D 30

oIz
S
-

.'ﬂwhete';F(X)l,=

A TR T A ‘9‘39)

(z) and r dc[f(z)] 2- where 0 is‘a function of CH/d,
as defined in Equation 5 20 Since' u f— 1 15 u ‘_itj ”f.m.t
Au BU f(z) = 0.15.- Substituting these into ; .

and simplifylng.

ey - W O] 18 R P ¢ 5 1)

A +QB'(Fi¢+ 2F2)Ai;. ~ This equatidn'iSQideﬁtiéal'tB :



el

v Equation15.26i' deeﬁaluéte F(A) it is necessary to find F (A) aQ&:T ,  "

(F,(0), which aré related to B = A @- .

A\

n .

= ‘ A " K . N ] i . . =" .
RO éff A prd =f4'(x3>- x‘im =jfx“ -2, | S
ST e e T

CFLO) = _x__;__, :
F,(0) =_f @3 =23 yax 7%
S DR R A

A

‘Hence  F(A) = A+8(22° -1) and F(1) = 1+ therefore:

LI L Apege-ad 0 e
:. _which isvidentibgiftq'Equation_5.301with;"8 = 0;15.:” 

'D.3 Derivation of Equation 6.15 (Chapter VI)

_VORTEX

o WA‘LL-

- S AN SN FIGURE D l VORTEX'

C] A : ) )-// _ . QN( )

o B U BT S VO NEARAWALL
.7 _IMAGE q2 A o

“ VORTEX EER

\.t’ Ty
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L

.‘_J.;

."‘3" o With reference to Figure D, 1, the velocity ql due to a8 vortex

of strength T is~7L

’},," .‘ : ‘ o "',7‘-¥.S:f R

1'11 C The resultant velocity will be in the directiOn of the. wall and has a
"ﬁ;-' :magnicude of | i ' ' '
L am 288 o= 2gm e d s
2 R } »”_.1.'

jApplying the Bernoulli equation (and using r % + 2 ) ,

W B?? W’“T" VR ¢ 5 X ) I
L +2)__, et S st ot

”The*minimuﬁ pressuré,-EffWiil.Ee?f _;

‘Diviaing Equétidn*D.33 With'D334§j'.:‘l’ ﬂk.";@ o ';.rf"

- NN e (Raas)

| which ds identical to Equdtion 6.15. . .

‘b, 4 Derivation of Eguation 6. 19 (ChaEter vI)y ;T;"L' e }; 

o The:starting eguatiqn;is:, ;"
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o J v- | ;"'pwdxl‘ = pp B | Sin ¢ R ‘,’;‘ vt v (D.36)

CBuer L

_  ,_:F w 3 | 0 ,
. S . w 1

J4\8:"
Co. o= I .
‘Sp‘x
®o
sy
Ao

C -
0 a

| o Af'-- ,,B' .c
‘Considet each termJSgparétéiy; L -

]

-n b2

R P o Y %
. e A fw oo (2w = . :
AR / P dxl .4_,_131;2/‘__ - dn. = pbz'/(::")d,‘(n-‘n‘) SR

-
"
-

' Using Equation 6.17:

~,(7'-i-\‘? l__ B

A= [[1 + 0.1025 (n—n) ] d(n-n)
ﬁ - ) v . .

'€§ f f:ffé'

=D f(1+010250)

o

where 6 15 a dummy variable.

E"al“ati"g the:integral, & is finally given by: |

<'IA“. = g..,a/s__‘_g ‘psbz: R 8 .(n.'.'37)'_‘7f'

where B 3 p/p . 3: Consider now B

Sl e e
: o s

'.r'."- .

P, . R TR
W . - . .
= oo, [(F)an o
[ - Ps f(p)"--_ S
n 0 e

".' .
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Usihg the similarity propetty of Figures 4.5a and 4.$B:V' ' v.‘}

P, = P " kn?

L _ L ‘ ' T _\ ’ . . . 325.

—— = g = e 5 k'=0.693 . (D.38)

Eouetion ﬁ.38 Holds for all h ‘when P = o, bet only in‘the range

- 0<n f_ﬁ-'when p < 0. Since B involves integration only in the

ihte:val

" or: -

_»Since.-

as:

Finally,

e

i

iehd:“

\{,

R

A+ B + C = 2 458p

2

[0, nl it follows that SR . ‘;‘

?]- ' ’ o P .
f[B + Q- B)g(n)Jdn S
). , . .

“

#

(n) is almost zero for n > n, th? above can also be written

= . . i £

- . f o . LA v
. . e

Y

,w-

o
S o ‘ T
C is given byif,' e . :'1: . “,‘ -

.,

b +pb2[en+(1-e/gdn1+ |

o e I . e
oy N .
P I L -7,
R T

el

B epb, [B(n - 0) +a- s>/8<n>dn1 T 0

Lk}

’\ﬁ',= -psbé [ (l - B)'/gdn +Bﬁly\ -’ : . : e .7~ »,.‘-/_ (D 4017 o

o0
C.F.'Psblf gn. T 0
: o : SR R
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e

- Letting F.

v = Py {2 456b 2’/gdn + blj gdn + Bbzn - Bb2

| I
. TR
‘.,. d:

p _fgn

.. e .
| LA

i .
R

“or using T = 3.1:

i

P m “z'sin"¢ o
200 d by R
DUO/Z B —-—\(S 55 - F ) + F (’l -2y

Wy .

A

S
i

1

. vy R
A

. ( P E)= LR
o : puoz/z d ‘_'".:.’o;.."/, ZFp(bgolﬁ v Fp (bgo/H) -

.
e

. A+B+C = Ps.{sb,'.z’(g,as +?{-Fp) -I-,..‘Fp"(hl.+.‘-.b2)}v o

o {0535 - 1) 40y ) < 0B s

":wllleh-'¢',‘:-=.7"“90'°: ?»;"_ﬁ 5:*,':“15;2%:,“1‘,*90:’ and. s 0, \thence.

[=

‘.- o -

No 42) 5

_fE&éluéting Fp;”tp'agfée.hith'thg*experiméntal result: ”if., f  L



‘Fp has to be taken equal to one which is in reasonable agreement gith

~ -% the theoretical value of 1. 065., Using Fp-f

\-
becomes*

327;

1.0 Equation D 42

R -om . SR

g 2 where, y- is glven by Equation 7. 14\and x1 X, 'are aefinedainquuation.t‘ﬁ

'.Pé

|z
N
n
e
=
oS-

which 1§ Equation 6.19,

a

ou %2 K bl + b2 by

(b.ﬁsj |

_DlS"Derivatioﬂfof Equafion 7;17 (Chépter'VII)

]

?Iﬁe_starting relation is:

S X, A
s 2

X

l7{16. The above gives. € 2 e ‘

e ‘}:.' 1 , R uL‘f:
\ | B
= 2 ydx-+ j/.y X
- - 0

"2_ -
| !

0

e |2 ‘
- = 2, ?2;~ J{ (-Z)dc——o + b | J/i G

/b T ._,Hp'

e

JLet E=43= 50 3 =1, 2. Then:’

I
SR AR T '
T BB >1’ 2
SN B R e

Cgas

(—Z)aj &)
1 1 B AR

(D 44)

w B
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Further, if 75;' Tam/k , ' then: ' o

T

x}l_.‘/blv:'?' E ”and‘ ) x2/b2 =~ E; .

. 328.

N Evaluetiﬂg thé_iﬁte%;als, thié:becemee:¢:_“

Ueingythese and.Equatioﬁ_D.44, am‘“willlbe.given.by{
Sy L & b
‘ '» 2 [ 3 2 2,112 2 -7
o =2[b /'(—+a€)[_5 ‘-é]/d£+b f(—i+a£).r.
,m AR ) b o S 1 b -

o -T2 . : : 1

‘ . - —E-o R 0

e

-E dE+

o\

i ‘[
w = 2 { 7 b3l by 4 3O y'bz?}'.. -

L .. an | - ‘2 .
V=..2.( )b (b +b)+ a( ) by —‘bz_:).‘

.Calculations have shown that the second term ‘can be neglected ow1ng ot ?gi

o

| 'fthe,fact_that o angl bi _ b2? are both relatively small quantities.-

.Thereforesn - ;

. m"-

'.»which is Equation 7 17. '.' "A_'fig':; : *“tfv IR ‘rk~."‘f o

[
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. D.6 jDerivétion of'ﬁquation .22 (Chaptef VII)

S qunSidep fifstly the integral:

LN

. o o ) o .
| ey = [ (S panix -
© e T o

o

- xp; , b[2 f (D) ax =
| 12 '£ Pr2n P00

xpl,z b[’! e.r" |

. T ol : : e -
~ E3 [ we bl Pa
‘ WT‘V“f b P'fj'-f—ﬂ”l;—o = d &> +

AL 3-2 s Py’ TRy B By T

(I T o e

T 3f ,f f¥  b ‘pi‘ :.'k 3o
SR 9 f(——) 2 Ay a Bl -
TR G GRG0 6

o .

ST T YU
e (2 onldn -+ -
Loothg T

O

i

=i
=l

">

o
N

w

—
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T
3 2 b, N } \ I

+ by »Ine—kn [—3+ an]dnz =/ S s T

- o . -

Lo o

¢

s

) [v] ° »/' 0 . |
R (. Co 2, " a2 '
) ‘PSJ; 3b2 b3 )/‘ne dn + bl b3 I ne ,dn 4

+ d523‘ J nze'k”%("'&n + 'ablé I n%‘,k.”? dn;"- o S | * '
et O VPR
Evaluating the integrals Fhls becomes

103 2 2"9_@"73_.‘-,3 .

P ;2k (=20 + 5k ¥k G *+Dy );

Lm0 Lol e

e Using Equation 7. 21, this becomes : BN _‘ ' . o -
L L L ‘ 2 R

' xcPw 7{;1’ g 2k .(b Zk,{ (b $ R L TN

32'1)' )

=! \,,,\

$'e Ty S+ —% " hence, after simpli ns |
® =. 3 b3.(b14. +b,) = : he_pce, aftet simpvllgj..catio‘r_l‘. 5/

.'”But P =
o T

3 3.
2 , o b,” '”’
X b, 05, +b)

. bl-.—'vb
B

%

. ""'.;"Vh_ich .is Et{u‘atio’p 722

: D7 ﬁefivétioh of Equ‘atio'ni7-.' 70 -

The ’ecjue'tion of the ell:'lp‘s.e.is_:' o

S a
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"In terms of‘polarlcq-ordinates,.(r;la)_ this can also be written as:

(r sin 0 2

- (Ecos g ) + ;I_ﬁg___) =1 E : ; | -(ﬁ;A?i

fhExpénding>and‘ihtroduciﬁg théAfatiE "r/rl ~which equals h/hl;lvthis e
becomes: ' ' IR ' o ' h
2 r; 2 2 -8'2‘.':'. r ‘ rle Lo e .
G_"> 6"—) eos b+ (2 = 2()EDE) cos 0+ e
R a ' rl 4a a Lo
L2220 o '(.57 o T ®'48)
+E D A sin® =1 SRR g
T a SN - AOUNEC ) EE
‘ l ’ ‘ i ' ' ' . . _..
B Bdt rl = a'v+ € i év r/a =1 +. (é/aj Hence“' : ( - b. e
e 1= =2 FOSA A | o N e S "

- . s -

e S g S22 T
‘ ;$_/; ;_1, .. a(fzo‘ (%,%'59 FOS?? + (1 +i§) c—) sin 6;
.'_7-2"(54")&4-5)'(:5); e 6  <'1"‘ 2oL,

Further, dividing by 1.+ (s/a):.

cos20 +;(§) ;inze }Jf 2(%;9(§) cOs 6-7 f}.fifo,f‘Q;'

o . R
2 SR By
L& a2

: gTﬁié;relétiéh'can"bé éo1védff6f Ir/rlitto'éivgg.

I PN P TR A
208 0% Y cos8+ (L +5U - E(cos®o+ 2 siney
TR 3 a - avy atvtvt . 2 A
Lo . , (1‘+”§)(cdsze + 2 sinze)*'
G R

L .gécoé:é'# ‘kms29‘+ (&/b)zféiﬂzé'fi?; (E/a)zj* T
o p(l + e/a)[cos_9—+ (a/b) sin 6] ERRE L

T A - o a




‘But  e/a = cos ¢ , ﬁence:

t»" _cos ¢ cos, 9 & ‘Jcos 6 + (a/b) sin 24 sin ¢

..

" 'p.8 ;Defivation:oftEquation 8.13

‘or.

: (D.50)
I (1 ¥ ¢os ¢)[cos 9 & (a/b) sin 6] s
. . ;o :

'QSince .r/f'- is~a positiﬁe qnﬂ/:ity only the "plus _sign is meaningfui

Recalling that. . r/r = h/hl, EQuation D.50 becomes identical to’ Equation ‘

‘\770

\

f'§\~_

o

The distance x°‘ from the point source to the stagnation

point is given by (56)

,But“thisjﬁasifound to be equal to'O.Z'Xé,:hendejv

. = : lm: ll}‘_ll l (o 2)2’ -x:pz: a

. .

Usinngqhation18.l4;.thiéibecomeez:

o ﬁ_";«“41{(_0'.2)‘-2("2.@)?"d\2f_1'ro‘2'/v.lﬁ,.l:l P

: . m
w2
o '4;4;Uog'

= 160.002.0%
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*D.9 Sfégnétion’Streamsurfadegu vy =Yy

R T s : o S

The‘startingiéquation_15:
J aryudy = 0 . © (D.53)
" But u = vy +'um£(n)  ‘(Equéﬁion-8.Z)“
YSI ‘.: r]S .
.I yudy = b';I nfgmf +.g1)dn.
o - 0 '

'..Wthe:'hs 'yé/b.: “Henbeﬁ

I yudy =_~b2 3u'm- I nfdn + ulj hdﬁz = 0

o

-

% Evaluating the ihtegrélé,Fthis.becpmeS:;; 

v o 59 [1. N R 2].‘ - 'lz‘]ullnsz |
Cost T L ‘Jl + 0 59 Ny e e
-.Létting ,F(h) E_nz ﬂ[ﬁ,—_ 1 ]'i ‘.and'qsing.ﬁqﬁé;i§nsA8,9gaud“

8,14;ttﬁis rédhcesjto; -
- FOg )"_ = 1.3¢ ('5;—,)' RN ¢ -1 N

| Hence' n = F -1 {1 3 £ (——)} = e B A |

che s et 5 NS

" Since . yslip' 5,fﬁ; b/xb'; iF fd1iows“that::f
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\\ o ‘_.“-"M

yé s Y . R T |
%z~ = function of = only. = = © .o (D.55)
xp . o _‘. ' T xp ' . .. Lo ‘ ‘.’. o !

N

%m——4*‘“fLIhis;fﬁﬁ§flon‘can“bélévsluated' easiiyfhsing‘Eqngtion;D.Séaand;EQuatibn o

S 8.s.
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