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AECEE o . ABSTRACT : : %’P";

n the basis of the tﬁoelayer hypothesis, a two-

_ dimensional turbulent wall-wake (with 'and wlthout pres-
'sure gradlents) has been 1nvest1gated The outer layer
was assumed  to vary in a manner srmllarﬁto that of a
two- dlmen51ona1 turbulent plane—wake, and’ the 1nner—layer

-

in a manner 51m11ar to that of a two—d1mensronal turbulent
boundary layer. The boundary layer type of equatlon was
: then‘analyzed and suitable - relatlonshlps for the decay
- of max1mum veloc1ty defect, and the growth of length A
scales, were established . For each shape and size of
obstacle, \32<§éloc1ty proflles were found to be- simllar“\
- beyond a dlstance of about 25 h (h belng the helght of
‘the obstacle) from the- obstacle. The outer layer proflle
‘was found to be descrlbed well by the c1a851cal plane—wake
curve, while the inner layer was descrlbed by the 'law

" of the wall" For Z2ero pressure gradient flows, the |
'dlstance from ‘the wall of the pornt of 1ntersectlon of
the inner and outer layers, was found to be proportional

| to the half—wake w1dth;_ The constant of proportlonallty

. was found to decrease 1n the streamlng dlrectlon for ‘
adverse pressure gradlent flows._ The wall roughness and
7the Reynolds' number gave 1nd1cat10ns of the thlckenlng

7 -

- of the inner layer. e

iv
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Prandtl's m1x1ng length hypothe51s was found tor'

give ‘good results for zero pressure gradlent flows

d' Assumption of constant eddy v152051ty, based on Gart-

’shore s (1965) analysis, was found to give satlsfactory~

results for wall-wakes w1th moderately strong pressure
gradients: The characteristic Reynolds" number,
ulmb/v, was found to be an 1mportant parameter for ob-
talnlng the skin frlctlon for adverse’ pressure gradlent
flows. |

There was-.an indlcatlon of the 1nfluence of the.

coefflclent of skln—frlctlon on wake- parameters for the

-weak adverse pressure cradient flow.
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CHAPTER I

INTRODUCTION«

1.1 GENsRAL ,
| The occurrence of wakes behlnd obstacles located on'
'% walls, which are Called}“walléwakes",_is quite frequent»in,
'Jnature.~.Any protuberance on aqwall exposed to a moving*‘
vstream pnbduces.the tyPe'of flow.associated with a‘wall—-
wake. The bed confiéurations in a channel.or‘Stream or
‘the bed materlals themselves, lf they are large enough
w1ll produce’ wall—wakes. However, the flow past the
obstacle may not always be two-dlmen51onal in nature.
Non—tangentlal 1njectlon of fluid through,a slot in a
wall will produceba flow configuration whichlis analoéous
in many respects to:L wall-wake. | |

,: The size of the obstacle on the wall 1s of 1mportance
" mainly in determlnlng the nature of the flow far down-
. stream from the obstacle.‘ For example, lf‘the height’ of"
the obstacle is. small enough so that it lles w1th1n the N
viscous sub layer of the bounda;y layer of the section in
whlch 1t-1s located, no appre01ableychange“1n flow cha—
racteristics wlll be'notediilwevmay sayjthat the flow will
ignore the presence.ofithe‘obstaclel(except, perhaps,'in a
E very‘sﬁall region around it), if-the‘obstacle'is submerged'-
'»1n the lamlnar sublayer of the boundary layer, (Schlicting,,‘

1968). If the obstacle 1s 1arge enough to protrude out. of'



\\.

the 1aminar sub-layer, but iswstill confined within the
thickness of thelhoundary layer, then'itsvpresence will
_be readily felt-for/quite'sone distance downstream. An
‘essential feature associated with thisvcase is. the earlier
tran51tlon from lamlnar to turbulent boundary 1ayer,
?Llepmann and Fila (1947), Tani and Hama (1953). The flow;
once disturbed by the preSence,of the,obstacle, gradually
attainsrthe characteristiCs.of a fully-deveioped tur- -
-bulent boundary layer as it.proceeds'dOWnstream from the
. point of'disturbance. The velocxty profiles in this region
do not exhibit any wake characterlstlcs which' can be at-
tributed to the presencevof-the_obstacle, It is only_when
Vthe‘obstaele'is sufficientif long that it'protrudes out-
‘of the boundary layer that we observe a marked change in
velocity proflles qulte*far downstream from the obstacle.'u
-In such a case. the'wake and wall characterlstlcs of the
iflow contribute equally in bulldlng its structure for
long dlstances downstream from the p01nt of dlsturbance.
'It is to thls category of flow that we’ glve the name
wukwne. | | |
'Flow past an obstacle that is fully surrounded by
fluid’ dlffers ln several ways from flow past one that is
tled to one of the flow bOundarles. First of all, the
flow in the wake of an 1501ated obstacle 1; free to os-
- c111ate about the plane of symmetry, whereas such 050114

Aflatxon is wholly prevented in the case of the wall—wake,

Roshko (1954 1955). Further, the presence of the wall

SO



causes considerable‘reductiOn (30%- 40%) in the form drag
of the. body (Arie and Rouse, 1956). The striking cha-
racteristic of bluff—body flows w1th no boundary is that,
for all Reynolds numbers above a few thousand the form
drag coeffiCient is approximately constant. From this fact
’qu can deduce that- (l) ‘the. separation behavior of the
‘boundary layers formed on the body is determined by body
shape alone, and (2) theAflow processes in the~wake, which

N

N determine~the base pressure, are dominated by'the tur-

S

bulence generated by the initial shearing between the f%g
stream and the separated flow._l' _" ' LE

1.2 EXISTING WORKS .

v‘vConsiderable work has been done on the plane tur-
bulent:wake. ihe'classical WOrkfis‘that'of Schlicting
(1930), which is based on Prandtl's mixing length
hypothesis. Tollmien (1933) solved the same problem on

‘the baSlS of von Karmén's hypotheSis. ExtenSive‘investi-

gations on two and three dimenSional plane wake have been -

v
carried out since then and. some of the important works are

listed in additrbnal bibliography. On the other ‘hand, we'
find very little work donegin the field of wall-wakes..'
‘Most of the available observations on wall-wakes are pri-
marily concerned Wlth the effect of an obstacle on tranSi-'
“tion and" separatidn phenomena‘in the boundary layer..

in the obstacle is whoily or partially submerged Wlthln

Lo ‘rv T ‘v 'rg‘
RN R Es o
S oy B kL

(
s
YN

_These studies havertreated primarily configurations where-’““



‘subject can be found in Tani's (1961) work. Experlmenta-

71nv1sc1d dlsturbance in the on-comlng flow~“‘

the boundary layer,"A comprehenSive.bibliography on this
1nvest1gatlons on the eddy pattern and drag coeff1c1ent
for bluff bodles attached to . the boundary, have been done
by Wleghardt (1953) and Arie and Rouse (1956) Slmllar
work “in whlch the bluff body was immersed in the tur-
bulent boundary layer has been done by Good and Joubert o

(1968) . The effects of fluld 1n3ectlon through th= boun-

dary have been examined by Torrence (1967) and Mlckley and

'aDav1s (1957) .

1.3 SCOPE OF PRESENT INVESTIGATION . . . o e

o

The present study dlffers con51derably fro? other}

lnvestlgatxons in that the obstacle is loc dgalmost at
))

-the leadlng edge of- the wall. It thus causes¥a large

blance to this. type of flow is that ;M:

'(1969) Thelr studies were malnly COncerned Wlth flOWS
‘past objects of various geometrles placed at the %3ad1ng

~edge of a flat plate. The experlmental results were comw""'

pared w1th a mathematlcal model based on the Oseen

o llnearlzatlon for wake-llke dlffu51ve flows. Thelr

studles, however, were confined to the reglon of de— _

. veloplng flow . (x/h < 100), h being the helght of the

s}



obstacle and £ being the'longitudinal distance heasured
downstream from the obstacle. No measurements of tur-
bulence quantities were made by Sforza and Mons;

In the present experlmental pProgram, a simple two-

b dlmen51onal object\placed on a smooth wall was xnxestl-
gated flrst. Measurements of mean veloc1ty and wall

- Shear ‘Stress were made- downstream from the obstacle at
dlstances of up to flve hundred times 1ts helght The
experiment was repeated wlth obstacles of dlfferent shapes'
and sizes. 1n order to determlne whether the shape and size
of the obstacle played any 51gn1flcant role in its’ 1n—
fluence upon. the general flow characterlstlcs. In one
case the effect of bed roughness dOWnstream from the p01nt
of dlsturbance was also examlned. .

The study was then extended to’ wall-wakes Wlth ad-
verse pressure gradlents The appllcatlon of a moderate
pressure gradlent can exercise a large 1nfluence on the
- decay. of wake-characterlstlcs Only adverse pressure
-..gradients whlch would not cause separatlon of the boun—i
_hdary layer were lnvestlgated in the present study.

Another ob]ectlve of this 1nvest1gat10n was to obtalni
,data on.rurbulence quantltles For th1s reason, turbu-
lence fluctuatlons and shear stress were measured for two
‘ztyplcal cases of wall-wakes on a smooth, flat. wall with
.zero pressure gradlents  An lnvestlgatlon of . the effects

of wall roughness and adverse pressure gradlents on tur—h-

'bulence quantltles in a wall-wake comprlsed the f1nal
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section of the experimental program. ' T

s

1.4 PRESENTATION OF THE STUDY AND RESULTS
b\ The fOllOWlng arrangement has been adopé%d in pre-
sentlng the detalls of the present 1nvestlgat10n.

An analyticail analysxs of the wall-wake, with and
w1thout pressure gradient, 1s presented in Chapter II.

. The analysis 1s based upon the" assumptlon that there
/ex15ts two dlstlnct reglons of flow downstream from the
obstacle. Boundary layer sxmllarlty has been assumed for
the flow in the reglon close to the wall (termed as the

wall-reglon“) and plane wake type flow has been - assumed
in the reglon away from the wall (termed as the "outer-
reglon ). WOrklng from the observatlon that veloc1ty-and
shear stress proflles are 51m11ar, the analy51s pﬂbdlcts
certaln ba51c relatlonshlps for the decay of ve1001ty

'defect and growth of the- half—w1dth of the wake. Dlmen- ;
51ona1 con51derat10ns are employed to obtaln a number of
-dlmen81onless parameters whlch are useful in the presen— '
tation of the experlmental results; y ‘ | |
-‘j‘ In Chapter III detalls regardlng the experlmental
arrangements and the measurement technlques are dlscussed

.The theory of hot-wlre anemometry for turbulence ‘Mmeasure-
ments is presented and certaln practlcal dlfflcultles
whlch were encountered durlng the experlmental work are %@
also mentloned | |

: The'measurements'of mean turbulent quantities are



presented in convenlen

,defect ‘and growth of t‘

'these results with the

e

analyzed invChapter Iv. The effects on the wall—wake of
shape and size of the obstacle, wall roughness, and longl—"h
tudlnal adverse pressure gradient, are dlscussed with ,
reference to the experlmental data.{ The results of mean |

veloc1ty proflles, wall \shear stress, decay of veloc1ty

half-w1dth of the wake?’are '

forms. Also, comparisons of

4;»eoret1cal predlctlons, presented

-

in Chapter II, have been made.

‘Turbulence measurements for the wall—wake aiglanalyzed
\

in Chapter V. Prandtl S m1x1ng length theory has been

- tested and found to prov1de an adequate descrlptlon for

3zero pressure. gradlent flows. Gartshore's (1965) eddyld~

tverse.pressure gradient flows and was found to giVe

vrsc051ty hypothe31s was tested for wall-wakes with ad--

adequate results for moderately strong adverse pressure

_ gradlents.‘ The skln frlotlon was found to 1nfluence the

-n.dlffu51ve behav1or of the wall-wake thh the ‘weak adVErse

"rfpressure gradlent Turbulence shear stress ‘and certaln

Fidbrd

{iother characterlstlc turbulence parameters were also -

lanalyzed and comparlsons w1th exlstlng measurements for
e :

4

some turbulence parameters are presented

COnCIUSlODS and p0931b1e extenSlons and appllcatlons

of the present study are discussed in the final;chapter -

fChapter VI.

_-Some typlcal experlmental data are. tabulated 1n the _

S

: appendlces, A and B. o R %
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iod 1970-1972.
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'CHAPTER 1ITI

ANALYTICAL CONSIDERATIONS

. 2.1 INTRODUCTION

This chapter presents a theoretlcal analy51s of
two—dlmen51ona1 turhulent wall-wakes ' Slnce a purely
theoretlcal solutlon to thls flow" phenomenon is not pos—

&SLble, because of the complex nature of turbulent flows,"‘
certaln approxlmataons have to be made 1n the ba51c equa—

- tions of motlon, in order to Smellfy the problem. The
selectloh of these approxlmatlons 1s of prlmary lmpor- |
tance. The bas -c concern here is ‘the manner in whlch a

: wake—llke dlsturbance develops downstream on a flat

'67

plate. Experlmental observatlons on the exlstence of
51m11ar1ty of flow pattern in the downstream dlrectlon,i

ad
make it ea51er ‘to choose sultable approx1matrgns;for\the»

‘¢

analys1s of the above: problem.
' (In Plgure 2.1, a deflnltlon sketch of a two—
dlmen51onal turbulent wall—wake formed behlnd an obstacle;'
(a sharp edged plate restlng on a. flat plate) is- shown.
The carte31an coordinate system has been chosen. In . '
Flgure 2. l ‘h is the height ‘of the obstacle placed at the
leadlng edge of the flat plate and x and y are measu d

along, and normal to the flat plate.

e R S
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/‘. " .
. The wake behind an obstaclk on a flat plate is found

. ir

’to be characterlzed by three reglons, namely.

(l) Recirculation region ke

. In' this region the effect of vorticity induced by
the obstacle is domlnant over the effects of viscous and
\turbulent diffusion. The»flow separates at the exposed
" edge of the obstacle and reattaches downstream on the
flat plate. The veloc1ty proflles are characterlzed by
'negatlve veloc1t1es (back flow) dlrectly behlnd the ob-
stacle, a;d con51derab1y greater than the free stream

'veloc1ty near the exposed edge of the obstacle.

(ii) Flow Devel;pment Reglon ( or Near-Wake Reglon)

In thls reglon, mixing effects due to the shear.
.layer and the wall 1nf11trate the flow f1e1d The velo—>
c1ty proflles and shear stress d15tr1butlons are not
;:31m11ar 1n.thls reglon.. |

(1ii) FarfWake Reglon

The flow field in this region has a wake-like

. character in the'area which‘is'away from the wall. The. -

[}

law of similarity (dlscussed below) for veloc1ty and shear'.‘

stress dlstrlbutlon holds true in thls reglon.; The pre-
sent 1nvestlgatlon has been carrled out mainly" 1n this

region. It has also been called the 'decay—regron for
the Smele reason: that the dlsturbance to the flow fleld

‘created gy the obstacle, tends to decay in thls reglon.

In.the follow;ng_pages, however,/thls-reglon is referred P

- to as the 'farewake region®™.

11
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L 2.2 SIMILARITY OE)FLOW AT HIGH REYNOLDS NUMBERS

'In a turbulent flow sultably deflned by boundary

)

'condltlons there is a main structure that is independent

of  the fluld v1sc051ty, prov1ded that it is not too

vlarge In other words, geometrlcally 51m11ar flows are

-Simila 'at hlgh Reynolds numbers

The pr1nc1ple of Reynolds number SLmllarlty may be

stated as follows- In a fully tnrbulent flow, theref I
'ex1sts a region ‘over whlch the dlrect actlon of vis-

\\\o51ty on the mean flow is negllglble,‘1 e., the Reynolds

stresses are large compared w1th the mean viscous stresses.

_Wlthln thls reglon, mean motlon and the motlon of the
'energy-contalnlng components of the turbulence, are de-
:‘term1ned by the boundary condltlons of the flow alone. .

‘The effect of the,fluxd vlscosity is negligible.'

-The ‘reasons for the ex1stence of Reynolds number
v

'~51m11ar1ty ln turbulent flow are to be found in the nature

' of the transfer and dlssrpatlve processes in turbulent

motlon.‘ Quotlng Townsend (1956—a).

B "It appears to be a consequence of the non—llnear
- form of the Navier-Stokes: equations that an’ initially
smooth distribution of velocity ‘will, in the absence
.of v1sc051ty, develop veloc1ty dlscontlnultles._ In
a fluid of finite viscosity, the diffusive action of
viscosity tends to smooth out the dlscontlnultles,

~ ~at except at the immediate nelghbourhood of the
- original dlscontlnulty the resultant veloc1ty dis-
* tributio.. remains ,unchanged. The only effect of a

[

12



motlon between the dlscontlnultles much as it
would be wi zero viscosity. There is a great
deal of evidence, both direct and indirect, for
the validity of this principle, and it is :
~fundamental to all turbulent flows.* ‘

Py

. Ve
. : 2 )
2.3 SELF-PRESERVATION OF DEVELOPING FLOWS ' /V

In a developing flow, the transverse distributions'
of mean uelocity and other mean quantitfies. change as the
position in the ‘down-stream direction changes, but&the
’dlstrlbutlons are subject to varlous restrlctlons, such
- as the conservatlon of momentum and energy. It is often
assumed that the mean quantltles retaln the same func—
tlonal forms whlle changlng malnly in scale. For a paf-v
‘tlcular flow to be self—preserv1ng, it is necessary that
the varlatlon of any mean quantltles over any plane,

X =_constant should be expre551ble non-dlmen51onally

-

through sultable scales of length and veloc1ty, say'l and' |
'uo, as ‘a unlversal functlon of (y/l ). The scales of
length and . veloc1ty are functlons of x only. The pr1nc1p1e
of self—preservatlon asserts that 'a moving equlllbrlum |
is set up ‘in whlch the condltlons at ‘the 1n1t1atlon of
~ the flow are for the most paLF irrelevant, and the: flow in’
ﬂall sectlons is geometrlcally sxmllar. ..._ |

) The analy51s of the dynamlcs of self-preserv1ng |
flows 1nvolves only the equataon of mean motlon, and does

~not prove that self—preserv1ng flow is. p0551b1e. It 1s

.p0551ble that the other dynamlc condltlons may prevent the

13
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establishment of self-preserving flow. All avallable

experlmental ev1dence for shear flows lndlcates,.however,

that self-preserving flows occur, if a self—preserVLng form

G

of the equatlon of mean motion is phy51cally p0531b1e3

l

.

'R.4 % THE TWO-DIMENSIONAL FLOW-'.SELF—PRESERVATION

Townsend (1956—a) has shown that the two-d1mensxonah
'wake flow can only be self—preserv1ng if the veloc1ty
varlat;on across the flow is small, as compared with the
free stream wfloc1ty. Two-dxmensronal wake flow satls-
nyfles thlS condltlon far downstream from the obstacle'
whlch produces 1t For two-dlmen51onal plane wakes behlnd
c1rcu1arscy11nders,'the flow is roughly self-preservlng
beyondAX/djs;SOOI(where 4 is the dlameter of- the cyllnder)
and accurately so beyond x/d = 1000 These dlstances are
so large that not many measurements have been made 1n the
range close to self—preservatlon. Fortunately, the most
,‘v1olent departures from self~preservatlon occur w1th1n
‘one hundred dlameters of the cyllnder, and so measure-
‘ments Just beyond this llmlt may ‘be used to infer the ;,,
nature of the self-preservang range at hlgh Reynolds

numbers.‘f: r‘.ld S \ o

1

2.5” SIMILARITY ANALYSIS OF TWO—DIMENSIONAL WALL~WAKES
- The present analy31s of two-dlmen51onal‘turbulent

wall~wakes is based on the assumptlon that the flow:



y‘as for that of a two-dlmen51onal plane wake.

~region, at a distance far downstream from the obstacle,

cag be divided‘into two distinct regionS* (i)‘the outer

reglon and (11) the inner or wall reglon. o

(i) Outer reglon~'

This is. the reglon away from the wall in wh;ch
1nert1al forces predomlnate over the v1scous forces, and
the effect of the wall on the flow fleld is negllglble.
In other words, it 1s assumed that the flow 1n thlS ‘
region. 1s not much dlfferent from that of a two-d1men$10nal

plane wake. Thus, the veloc1ty and shear stress dlstrlbu-.c

.tion in the outer reglon should be approx1mately the same

(11) Inner reglon-
The inner reglon whlch 1s adjacent to the wall is’

where -the effects of the wall predomlnate. The flow fleld

1n this reglon 1s completely dlfferent from that of a ’
plane wake. Surface condltlons of the wall greatly in~

fluence the flow in thls reglon. It is reasonable to say

that the flow in the inner reglon of a turbulent wall-wake
would behave in a manner similar to the flow 1n the inner

reglon of a turbulent boundary layer, under the same wall

‘condltlons

There 1s no dlstlnct llne of demarcatlon separat1ng=

these two reglons and there is a p0551b111ty that they may

' overlap 1n a g1ven sectlon of the flow reglon. The wake

"type and boundary layer type of analyses for the outer and



inner regions, respectively, are presented in the fol-
. I
lowing pages. o - o

r

2.6  THEORETICAL ANALYSIS OF THE OUTER REGION

‘The outer: reglon of a turbulent wall—wake can be
analyzed Hlth ‘the a1d of the assumptlon that the flow
field in this reglon is not much different than that of
a plane turbulent wake,. The veloc1ty and shear stress
dlstrlbutlons are srmll;; 1n the far—wake reglon. ThlS
‘means that they vary from section to sectlon only 1n mag—
| nltude, and if sultable parameters for veloc1ty and 1ength
are chosen to non—dlmen51onallze the data, they w1ll a11’
fall on a single curve. Because of- the aSSumptlon that

v-the flov in the outer reglon has a wake—llke character,

* the parameten;that would sultably descrlbe the flow in

fthls regxon should be the same as for that of a plane wake,‘

v1z._ the maximum velocxty defect and the half width of
the wake.‘ - Maximum veloc1ty defect is a hypothetlcal quan-
tity in the case of the wall—wake. In thlS case it does
not reach ltS plane wake value, rather, lt approaches

 zero: because of the presence of a solid boundary

j(Flgure 2.1). In the present analy51s, however, we w1ll

jemploy the hypothetrcal veloc1ty defect u and the

ml
half-wldth of the wake, b, the ordlnate at which the velo—'

city defect ls u] /2 (Flgure 2. l),‘as the non—dlmen51on—

allzlng paraneters for veloc1ty and length respectlvely.._

16



' requlres that'

U8 g (ym)
In

)
) L
i o) Q)f/-,
‘and 5— =9 (y/b) )

: Spud 2
Plim
where ‘W and b are functlons of, x only. U and T are
free stream veloc1ty and shear stress respectlvely, and
f and g denote functlonal relationships.

The Reynolds equatlons for the two—dlmenSLOnal

case in the carte31an coordlnate system can be wrltten}as~

du . %3u _ a u au' au'vY,
ax ay ) BY‘ | 3-x2 _ayz b9x 3y.
' ' : (2.2)
and the equation of continuity,as:
”au av _ C 4‘T' ‘ B

there, u and v are the (tlme) mean ve1001ty components 1n
the<f'and y dlrectlons respectlvely, B

u' and v* are the fluctuatlng components of the
velocity | |

P is the mean pressure

o is the mass density, andbaj.ésﬁffr- ' o O

AT

%
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V is the kinematic,viscosity of the fluid;

-

. 2;671 BOUNDARY LAYER SIMPLIFICATION N

. QOF THE EQUATIONS OF MOTION

A characterlstlc feature of turbulent wake (as:

:well as jet) is the llmlted extent of the wake-wldth 1n

the transverse dlrectlon‘ ‘The pressure across any sectlon

can be con31dered constant Thus boundary layer type ap—

. Proximations can be applled to the equatlons of motion.

These’ approxlmatlons are- ‘ _ K

v (1) Beyond a certain lnltlal reach from the obstacle,

Yy << x.,~ | |

(11) The transverse component of veloc1ty, Vv << u ‘in
the major portlon of the flow field. plh

(iid) The fluctuatlng components are much smaller than k"vs
the mean cQmponents. | _ v |

(1v)KThe veloc1ty gradlents in the Yy dlrectlon are much
larger than those in the b dlrectlon.-

‘ o
A study of the order of magnltude of. the equatlons of

-dmotlon (Equatlons 2 2) w1ll lead to the follow1ng set of

~51mple equatlons-

i

w28 4 L3u | 1 ap 2 %y - ButyrC o
‘1.15-’-(- + V-a—y- = E 7% + \, 5 ) ,\\;.)' o (2.4)
S e SEES G o
. ‘ SR > Ry
&
: 9w’ Jvo_
~and % flsy-- 0




. Comblnlng the second and third terms on the rlght hand

side of equatlon (2. 4), we can rewrite the above equatlon

as:
Ju cau _ 1 QB 1 3t
Yax T Vay T -pax+pW

where, T =

total shear.stres%§;

) : )
Tz' = ‘viscous shear stress

T, = turbulent shear stress =

(2.6)

‘T.

: 2f7 K WALL—WAKE WITH ZERO PRESSURE GRADIENT

" The equatlon of%hotlon for the turbulent wall-wake

. can further be 51mp11f1ed for -the zero pressure gradlent

| case, by substltutlng ap/ax =0 in equatlon (2.6).5 The

final equat;ons then become:

du . du, 1 37
Mt VayT o oay ,,
e .
and : E-}- ?1: 0

9X = 9y

(2.7)

19



2.7.1 MOMEN'I‘UM _INTEGRAL EQUATION

/

and y = =, we obtaln,’

. Now,

5-{-( |

dy

dy

u
0 0
I“lauzd_,ld
07 ax &Y =3 dx

+ Integrating equatlon (2. 7) between the 11m1ts Yy =

Integratlng the. second term on the rlght hand side of the

equatlon by parts, we obtaln

Substituting

applying the

and - - u

for v from the equatlon of continuity, and

boundary condltlons,

e}

i

n

]

U
o

0 at y = 0

at y,=

0



“ TS
. — '
we get, o
' N
"% 3u {5u Ju
Jovgy a§~>3-uo fogi dy + jgpg; d{
. __a ™ 14 ("2,
S lo P o
Thus, the left haha\side becomes |
o g§_f (uz-uUd)'dy ’
. : o o
whefe UOS%gvthe.frée stream velocity. = = L §
" The right“hg§d~side'of'the equation is:
Cps e . i T.
JoP 9y » p " To p. IR O,

¢ - .
by applying the boundary conditions:
| ' “r =0 at’yve'm, and

" T = wall shear str‘ess,_,ro at y =0

We obtain the'momengym integral equation,ihfthe»form:v‘

2
-~

oo .
d [ (W =~ =
4 f P u (Wymu) ay = 1_

_ . 'é,ei,»f
o ~ ¢ . \ (, :



If we assume, as a first approxlmatlon,

Y

that TO

1s very small and can be neglected then equatlon (2. 8)

- can’ be reduced to~

&.IO D-'{- (Uo‘u) dy = 0
("0'
Integratlng both sides of thq.@b

respect to x, we get
4 s

[ p.u. (U_-u) dyv= conStant #
o .o" . )

ﬁer_ev_lFY/b o 4

.’}

ove equation with ¢

D1v1d1ng throughout by o in the above eqqzlion,

-

‘ and taklng the terms whlch are 1ndependent of A

the 1ntegra1 51gn, we. get-”

R F—-b]fdl-(u‘) ff axr =

s outside

= —  (2.10)



Rt

Equation (2.10) is further reducible in the "far-
“wake region™. If we introduce th‘e-‘.fact' that Uy, << Uo
in the “far-wake region", so that the term coptain‘ihg
“Im, 2 . ' O - |
(U—) is very small and can be neglected, we get -

Nt

a0
- u . , F
i ﬁlE b I £ ax = ;27
" Yo o pU
Sinée the term
_ B
e - £dx =F -
A Io 1

is independent of x and is 'va‘finite quantity, we can write

u ,‘F

(;lﬂ) b = D
< UO . F Uz \,
‘ 1% .
The drag force F can be writtgns as:
DU(Z) . - .1 _—‘-\‘: : ‘.
FD = CDO —Z—'.h cot . f&:ﬁ%""l‘ o \\_};‘"
. ' e ’ L
° . L . ‘?g‘i "l’q {,A N '
Cbo being the drag coefficient., — - | C ; '
| - R “ o y
» ‘Thus, Vo j
'(ﬁlﬁ) b = L |
. (o} . =
s g - :
or, (G 2 = (2.11)
o Do : |

23



.In all the turbulent wake (as well as Jet) problems,

S § 4 has beenkobserved that the maxlmum veloc1ty defect,_

lm (or maximum veloc1ty in the case of turbulent Jet),
and the wake—w1dth b, vary as some power of x It is

approprlate to assume, therefore,vthat
a, axP
and,' : b a xq'

where P and q are the erponents to be determlned

| ) If we examlne equatlon (2 11) we see that whlle the
left hand 51de of the equatlon is proportlonal to xp+q Q}
the rlght hand 51de 1s 1ndependent of x. Thus, for-.

'31m11ar1ty we must have.
p + q»ﬁ: 0 . L v - ('2'.12)

A second equatlon between P and g can be obtalned

N

if we substltute equatlons (2 1) 1nto equatlon (2.7) and

Smellfy. we thus obta1n°.

U U u' u!
G—b' A fr -p-odm e, dm 2 L, L,
u, u. ’ o
1m u 1m
1lm
T A o | - :
- b 22 fe|" £ar + bree OAET Ay + S = gt (2013)
Uy o , : bu

o 1m
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Jiwhere,, “b' é g% | .
d (u, )
' = —
uin dx_lm
« _ af
IS £ - dax
v - dg
g Toax
gn o OF
==
da

oy

In equatlon (2. 13) we see that the flrst two terms

“on the left hand 51de are proportlonal to (U /a q-1

' *

whlle the thlrd fourth fifth and 51xth terms .are propor-

tlonal to x9° 1.. In the"far-wake reglon . where ulm<<U ’
these four terms are very small in comparlson w1th the,
‘flrst two terms and hence,'as an approxlmatlon we can
drop them. Also,‘the last term on the left hand sxde,~
(\)/bu1 )f"(‘ls the v1scous term and 1s usually very small
except near the wall. In the outer—reglon, therefore, we
can neglect 1t The equatlon of motlon (2 13) in the
outer portlon of the 'far-wake reglon can then be. ap-

proxrmated to -

g S gl Co |
2 _b* Af' - p °1mf=g'_ T (2418)

u : T2 : , :
lm . u : - S
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‘vSinge the left hand 51de of equatlon (2 14) is

P portional to x3” p- 1, and the rlght hand 31de is 1n—

¢

dependent of k, for sxmllarlty we must have
a-p-1=0 . oas

Solving for p and q from equations (2.12) and

(2.15) we get - .
g2l '
AR T .
| o f; ' (2.16)
-~ 1 .
P=-35 )
or, . - nlm a x-l/? ;”
| . SR (2.17)
and,  baxt/?2 ) &
? . ‘ e - S ? ,
It is to be noted that the expouents P and d are
.the §ame as in the case of a plane turbulent wake.
i
- Neglectlng the effect of v1sc051ty we could wrlte
ulm'?~fl‘fFD. X, p)- o
" From Qimehsidnaltanalyeis;'it‘can be shown that = =
. -——— .1/, = constant = C, -



Rl = 0, ta/mey) (2.19)
. where C., = =1 = constant o (2 20)
- , T2 2Flc ' ' N

0

w1th reference to x.

o o 2 .
Substituting for ?D = h CD° p U°/2, we get
St _ A
ﬁ;f ?ﬁél (becbo) (2.18)
where Cy =:75 = constant ;~;

Equatlons (2 18) and (2 11) . 1nd1cate that the‘

length scale 1s h C

If we subst1tute~equatlon (2. 18) 1nto equatlon -

(2 11), we obtain

l . . o

_ Equatlons (2.18) and (2.19) 1nd1cate varlatlon ofv

max1mum veloc1ty defect, and of wake w1dth respectlvely,

be'determined.exper')u'taily,

2 7.2 EXPRESSION FOR VELOCITY PROFILE
IN THE 'FARrWAKE REGION'

The expre531on for veloc1ty prof11~ e " far-

wake reglon ‘can be derived in a menner 51mi1ar to that

AN
)



‘empioyed by Schlichting (1930) for the turbulent plane-

- wake. ?randtl's mixing length hypothesis will be em-

R

" ployed in thiS'resb‘ct..;.' B - . “ L
o _ " The shear g;:;Ls 1n the outer portlon of the "far-

wake region" can be approxlmated by

_ "where‘rt = turbulent shear stress =

4

>

(2.21)

e A

—pu v',and £ ‘is the

mlxlng length whlch 1s assumed to be proportlonal to the

total wldth of the wake (Schllchtlng, 1930). Thus we .

can wr}te-‘ . _
SRR . : .-

2 = kb
where‘k-is'a eonstant. '

Iwae’substitute

: '_'d : 2
g' f ar (I/pulm)

(2.22)

xnto equation (2. 14) and 31mp11fy, we obtaln the equatlon

of motion for the 'far—wake reglon p

y 9w _ 1l 3t
© 9x  p Jy

in the follow;ng form:

L

(2.23)
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Equation (2,23) is easily solved with the use of
equations (2.18), (2.19), (2. 21) and (2.22). The fol—

- lowing differential equatlon is then obtalned-
TN -1 .
T f'f 7 v N (2.?4)

The above dlfferentlal equatlon can ea31ly be
‘solved. The 1eft hand 31de of equatlon (2 24) can be
reduced to

d .
ax (Af)

and the right hand side to

Hence, thefdifferential equation (é.24)breduces"to.

af _ g ,1/2 g1/2.

dax
.where (c /2C k 1/2
'Solving equation (2.25) we get

where C is.thélconstant:of intggrétidh.

(2.25)
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For plane turbulent wakes the constant C can be de- -

termlned by applylng the boundar# condltlon

R

at A ;0, £ ='1,'and hence, cC=2

i

thus £Y/2 _ 1 4 § A3/2

~ The constant k can be: determlned by applylng the

boundary condltlon
at A =1, f=1/2, thus k/3 = -0.293

3/2 2

‘Hence, = f = (1-0 293)° (2.27)
) Equation'(2.27)‘cah‘be,rewritten as
U-u . 372 y
© - (1-0.293 {¥} )2 | (2.28)
u 7. b : . . ‘
Im . . P SRR

It is shown in Chapter IV that the aboue eXpres—
51on for veloc1ty proflle of the turbulent plane—wake
descrlbes the flou in the outer reglon of wall-wake very*
'vuell. | | ) | |

Bes1des equatlon (2 28) there are two emplrlcal

equatlons uhlch descrlbe falrly well the dlstrlbutlon of

30
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?SChlichting'experimentally found‘that the mixing length

velocity defect for the plane—weke. These are:

(1) 22— = 06937 (2.29)
' ' ' Ud-d 1 T |
and (ii) g =7 (L + cosi%) o (2.30)

- for 2 > %-3 -2

TR

In the present analysis, however, Schllchtlng s equatlon

(equatlon 2 28) has. been employed

2. ‘1.3‘ SHEAR STRESS DISTRIBUTION
» 1} - "IN THE “FAR-WAKE REGION"

The expreSsion for shear stress in the "far-wake

;region* can b? derlved with the help of- the m1x1ng-length o

hypotheSis, The shear. stress at any p01nt can: be wrltten

, J
as:

T=0p 22(23)2 e (2.31)

v B 9
. f

£ = 0.185

‘where b = 2.27b is the total width of the wake..

0‘
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leferentlatlng equation (2.28) w1th respect to y

3

we obtaln- o L
3u _ “1m yi1/2 o Zr 372
Sl 0.879 —- ‘b)_' (}-9.293‘b) .)

Yy . - b

Substituting for & and g% in equation (2.31), we

get: A, |
=028 () 1-0.293 G225y
pu ' : ' ‘
In

S

‘In summary, the flow characterlstlcs in the far--

‘wake reglon of a turbulent wake are deflned by the fol-

low1ng set of equatlonsf

e . |
£ = - = (1-0.293 23/2)2 ; -
YIm '
_ )
)
. e )
m _ o (X )-1/2 = )
T, - 1' h-Cpho . : ,;
S ;  (2.33)
L e ) |
b ' X 1/2 ;
= C, (+—3—) )
PP | )
g = L = 0.128 A (1-0.29 732 ) .
‘ouy ' - ) -

“Where A = %

‘_32
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The constants’Cl‘and Czeherefexperimentally7de—

termined by Schlichting as

¥

c = 1.0

.Cp = 0.25

Equatlons (2.33) have been found to give satls—'
factory results for turbulent wall-wakes.J Some variations
in the . coeff1c1ents Cl and C2 have been found, and these

w1ll be dlscussed in. Chapter IV,

2.8 "NEAR-WAKE REGION".

We deflne the““near-wake rs?;on as the reglon
where ulm ~ U and hence, we cannot neglect the higher
powers of (u /U ) as an approxlmatlon. " The flow,field
'1n the “near—wake reglon can be‘analyzeq in the fol-

.low1ng way~'

S N
. UO‘
- and, —b_ = Bv‘ ‘

|
£

- “,
ok

"Then, we can rewrite equation (2.10) as

208 (Fj=aFy) =1 (2.30
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2.8.1 ENERGY INTEGRAL EQUATION - o

We can construct the energy 1ntegral equation by,
‘ multlplylng the equatlon ,of motion (equation 2 7) by u,
.v-c o

and 1ntegrat1ng between the llmltS Yy = 0 and Y = ®. BAfter

jlmpllflcation, the result ‘is

d. (w2 2 (® g o |
a; Io 2 (QO - Q ) dy f IOTsy dy - ;t(2-35),

ot
. B -~

If we suhﬁtltute ul = U -u into this equatlon and

evaluate,. the left hand side becomes-

d

b .3 a a4 2 4 3
R en L, L2, g,

dx “.dx dx

vhere, = ¥ = X
- .

Do

and the right hand side of eQuation_(2.35)_is

@ 3 ro0 au. )
au - 2 1
.J,or--.dy = .'fopf‘lm 95y Y

“'i

since, —IIQFQ_g(y/b)‘=-g(X)

pulmv o
S

34



If we substitute for

e S £ (n)

1l _ £
and _— = ulmB—

we get} J Tx— dy = -.pui '[‘fi.g.dl .‘
o} _ m o) ‘ .
" Since the integral I f'.gd) is independent'Of X,
o ' o '

‘we can wrlte ‘this 1ntegral as, G1 (say), then equation

_(2 35) takes the form.

3 3

27 = (o8) - 37, L (o%) + ¥, L (a?p) = -20 G, (2.36)
ax ax 3 ax

.-The two unknOWn quantltles a and B are solved for
by uslng the two equatlons (2.34) and (2 36) 1n the fol—

low1ng manner.
Let QB=T]' ' ) ‘ | . ;

From equation (2.34),

- 1 R : o '(2.37) 
2T -ary) o (237
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oxr,

~

3

- Sﬁbstituting for n in equation (2.36);Nye»get

-

L E-3F, (34 ndy F3\(u dn , 5, nd%)
dx dx dx dx
v

= —2a3G1‘

~dn o 2
— (2‘F1 3aF2 + a ,F3) \\
dx : S
=3 F2 nde - 2 F3an9— - 2a3c;l (2.38)

ax dx- S

leferentlatlng equatlon (2.37) ‘with respect to

we getx‘ o . y

(F,~oF,)“ ax
1 .
= -2
= 5= | (2.45)
ax (F1F2 2aF1F3+a F,F3, }

: "(2’. 39)
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énd

are 1ndependent of x and can be evaluated numerlcally, if -

In equation (2.40}, the integrals

a
F1'=:I £ d)
(o]
.mz
e, - [2
2 ' 40.
_ 7.3 .
F3—Lf dA \\_\
o0 '

Toogk,

G=If~_-'gdl
1 o . |

we substltute for £ and g from equatlon (2. 33). ‘Their

} nume:1ca1-values~have'been evaluated as

= 1.02

= 0.717 AR
(2.41)

0.570

il

S N N e S

Fy
F2
'Gl 70;244

‘Substituting'these values into eégation (2.40),

- - wWwe get

or,.

=

‘da _ -0.2307(1.422 )2 ‘
ax  (1.422-w)%-0.22
ax _ _ 4.35 )

da- " "3 %t 3

a”  a’(1. 422—&)2

Integratlng the above expression, we get -

: ~da : ‘ '
: \ da
= |- - 4, 35[ —
o fé&3(L.422—a)2._ ‘ 1 a

-
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. Solving, we obtain o LR
~ _1.83 _ 0.695 0.244a |
X = 02 " | + 0.61 +(‘1T22_a) + 1.68 lOg(I——m) (2.42)ﬂ
- From. equations (2.42) and (2.37) a ( f—--ﬁ—,—) and
o
B (= hg ), have been computed and are presented in
Do .
Table II-1.
Table II-1
' Variation of Wake-Parameters - '.".,}:-sj"
~ for Zero Pressure’Gradient Flows
e
o, CIRG,  TEG,
1.0 - 1.65 - - 2.96
0.9 ' 1.48 _ - 2.92
0.8 ~1.40 | 3,10
0.7 1.38 3:57
0.6 oo 1.42° -+ 4.48
0.5 o 1.51 - 6.23 |
0.4 - 1.70 . 9.73 . .
. . . ) o 7P§u
0.3 . 2.07 17.70 . ¥
0.2 2.85 41.57
0.1 | 0 5.27 - 174.80

.0.05 . 10.15  716.30.
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"~ The wake:para@eters-a and 8 computed from equatidns
1(2.42) and (2.37) are plotted in Figure (2.2). It can be
seen that for x > 40 ‘the varlatlon of a and 8 can be rep-

«

-resented by the relatlonshlps of the form:

S Ui -1/20 |
o= =2 = 1.35 (x/n g ) V27, | C (2.43)
ST “po’ . . | .
4
S and B =R - 0.44 (am cDO)l/Z - © (2.44)

Do

/

z’.

Equatlons (2 43) and (2 44) 1nd1cate that 1n the far— -

-y

.wake region (x/h CDo > 40), the ve1001ty4and ‘the length
scales for the outer reglon of the wall-wake follow thel ’

'one-half power law varlatlon 1n the long1tud1nal d1rect10n.
. ‘ e i

It is to be noted that equatlons (2. 43) and -.44) )
/ s

:

were obtalned w1ﬁhout assuming any power-law varlatlon for
»

Eglm and b. Tﬁeévarlatlon of u

’-‘w

lm and b in the near-wake -

treglon can be expressed by 1ts more general form, equat10n8

f(2 42) ané (2. 37) (or Flgure 2.2).

The coeff1c1ents 1.35 and 0. 44 in equatlons (2.43)

¢

and (2 44) are. dlfferent than those obtalned experlmentally
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L4

"by Schllchtlng (1330) (viz., 1.00 and 0.25 in equation
2.33), for the plane-wake. -The higher values of‘these
coefficients compared to those obtained by Schlichtihg ‘
indicate that the wake width and the centre-llne maximum
veloc1ty ‘defect for wall-wakes are hlgher than that for B
‘ plane-wakes.v However,.the nature of the varlatlon of b

and U in the longitudinal dlrectlon remalns essentlally

the same ‘as that for a plane-wake.

The experlmental verification of equatlons (2.43)
e«
and (2.44) w1th the present work is dlscussed 1n Chapter

"t L . S e

2.9 INNER REGION OR WALL-REGION

' The flow structure 1n the 1nner-reg10n of a. wall—
wake is dlfferent than that 1n the duter reglon.T The wall
charagterlstlcs play the predomlnant role in 1nf1uenc1ng
‘the flow structure near the wall. It can be suggested
that the flow in the 1nner—reglon of a wall-wake(may

not be much dlfferent from that 1n the 1nner—reglon of

boundary layers. There is a poss;bllrty that_the"law of



e

e

the wall"for~§§e turbulent Bijj:iry‘layer'may hold in

- the inner-region of a turbulent all-wake as well.
. ‘ STRE _ _ ,

2.9.1 LAW OF THE WALL
' The 'law,of ‘the wall' for the turbulent boundary

.. layer over a smooth surface is of the form

u _ | - i , :
g, = f (%’Hl) ’ | (2.45)

o
B

Qehere u*v='/-%ﬂ is the shear velocity. .
In_the reglon very close to the wall. (viscous
sub layer) equatlon (2. 45) takes' the llnear form

u yu

G* . O | (2.46)
Equatlon (2. 46) has been found to be valld for _

§51'< S. 'fﬁr X_x > 30 the "law of the wall" takes the form

- =A-1ogY—t+.B ' | S (2.47)
u, SRR R ‘ . v

oo
Y

For turbulent boundary layers over a smooth wall’
ulth zero pressure gradlent A and B have been found to
: be universal constants and their values are (Clauser,
‘19567 B |
a = ..5-"_6>
B"= i.9 |
- A comprehensxve blbllography on this subject can be found

in the work of Runstandler Kline and-Reynolds-(lQGB).
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A . ‘ q‘;u' ;%Q}b
2.9.2 EFFECT dF ROUGHNESS ON
 THE “LAW OF THE WALL"

It has been observed that the flow structure in
the outer reglon shows the same qualltatlve features for
rough walls as for smooth walls, for turbulent shear
flows. It is now well known that the‘outer flow‘structure
is independent of the surface lrregularltles. Thus, in
the analy51s of. the wall-wake, the surface roughness can
be con51dered to modlfy,'or change, only the "law of the
- wall", and not the wake~characterlst1c5frh the outer-'
f . region'. | N |

The flrst exten51ve study of boundary layer over
‘a rough plate with zero pressure gradlent was done by
-Moore»(1951). Hama (1954) developed a relatlonshlp |
ibetween the logrlthmlc portlon of the mean veloc1ty pro—
‘-Elle and the re31stance coeff1c1ent for both smooth and

:krough surfaces, in the fully developed flow He proposed

~that the roughness, effect is 1ndependent of external flow

_‘condltlons, and hence is appllcable, for a glven rough—
ness,. to plpe flows, to open chanhel flows, or to flows
‘over a flat- plate. Comprehensxve llterature on thls tOplC
::1s.ava11ab1e in the Stanford report by L1u,}K11ne and
Johnston (1966). _’7;‘] R o
Clauser (1956) and Hama (1954) have also demon--’
| strated,than an equatlon of the . follow1ng form may be used'

- to. descrlbe the mean veloc1ty dlstrlbutlon 1n the 1nner

N



< : .
region of rough turbglent_flow, in a constant pressure

. A h ' . : .
field. : ' : o )
- ‘ . » . ,. . / ( . : .‘.4 . >-l - : - |
2 = A log ﬂt + 1%. fu . @ o (2.48)
Uy - '/ . Uy ) ,3 .

where Au is a functlon of the roughngss keynolds number,'
. u* "
Rk = 523—, and thls term shifts the plot vertlcally but

'does not change the slopes (Flgure 2 3). o . \\{

€(u/u,)=A log(yu;/v)+B~f

Fi=

‘log(yu,/v) i s o Q

Flgure 2 3 Ve:tlcal Shlft ovaogrlthmlc Proflle
for Rbugh Wall

o " For the smooth wall Au/u* = 0. For roughness'
"-ReYnoldS.nu-be:s, 5%1 > 70 k being" the helght of the

P
-

1:oughness:é1elgnts, an eqqqtlon ‘of the type

s,



_ compllcated by the fact that the orlgln y o] ls undefined,

o
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has been found to be valld where D is* af??nstant whlch
is dependent upon the shape and,dlstrlbutlon of the rough-
ness elements.  For rougﬁhpurbulent flow,‘the value“of

D = -3.3 for sand roughness (Hama, 1954). The equation

of velocity distribution in thé inner region of rough

'turbulent flowvthen,becomes

E = ‘ C x o : .
w, = 5-6 1og_k + 8.2 - | - (2.50)

The presentatlon of rough wall data is serlously

because of the presence of ‘the roughness elements. ‘The
cr1ter1a and method for the determlnatlon of "effectlve“

orlgln are dlscussed in Chapter III

S . ’ -g

1

t

2.10.1 INTRODUCTIONVWUE

The two-layer hypothe51s for the wall-wake w1th

zero pressure gradlent, proposed in sectlon 2. 5, can be

extended to the analysis of wall—wakes ‘with- pressure
gradlents We assume that the outer reglon of -the: wall- r
wake w111 behave 1n a manner sxmllar to that of a-two-
dlmen51ona1 plane wake with' pressure gradlents, and the

inner reglon w111 behave like a two-dlmenslonal turbulent



boundary layer with pressure gradlentj. Wg:;ggg;;ssume
vthat the law of similyrity for the flow fleld holds true

Hrgbthe far-wake region, for moderate pressure gradients.

.2.10.2\§QUATIONS OF MOTION

The equation of motion (if second order terms are
omitted) and the equatlon of continuity, for two-dimen-
sronal flows wlth pressure gradlent are respectively: ’

L - . ' : E
W,y 13p 1ac . ' (2.51)
ax 3% p d9x p 9y - L

©3u . 3v _ o o o SO
and- . 3% +.—§ = 0 . , - (2.52)

Applying thé Bernoulli condition

%%& = -y g.g o o o (2.53)

where U is the local free Stream velocity, we can rewrite
equation,(z.Sl)bin the following- manner:

3u . au . 1 3t

u—a-;‘—""VW:Ula;fB-—y _(2..54),
| )' For self-preserving (self-similar) flows, in the'

far-wake region {section 2.6), we can write

U-u

=S =f (y/b)=£ (A) .  (2.58)
Uin 1l - 1 N S Y
._lf;.= 9, (y/b) = 9, (\) ' o (2.56)
PUm | S . : : S

Where ulm-and bgare_defihed in Figure (2.1) éndl

*functions fi and_qrare indepehdent of x;_

¢
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Substituting equatlon (2.55) into the equatlon of

ContlHUlty (2¢52), we get the cross—stream velocity, v,

as ﬂ‘ o T . v
v Ao .t A ) du | .
= bulm Iotldx ‘ b u, Iolfldx bax ax | (?.57)
. : N ,
. du
v - 1lm
where ulm In
. _ ab
' = ce———
b = dx
ﬂ;' ' <
T Y
£1 = af)/ai

Substltutlng equatlons (2 55), (2 SG)Aand (2.57)

, 1nto the equatlon ‘of motlon (2. 54) and - 51mp11fy1ng, we

get-‘
dgl 1 ' .uim el
- HT—'=_gi b—-— (f' Fl{l} f ) - b'(———Af' %ﬁl}f') ~+
. Yim 1 lmv
qui B . ‘ T
—2 () - 54 (g-£) (2.58)
u : lm . ‘ :
1m S
c S A , _ . , . .
whe:e ,Fl(l)'= lfldk o : . ‘ _;eA g e

@
An examlnatlon of the above eqnatlon w111 reveal

that while the left hand 81de 15 1ndependent of x, the



o~
(? v

terms outSLde the brackets on the right hand 31de are‘
-functions of X. Therefore, for 51m11ar1ty of flow, the -

following‘conditxons must be-satisfied:

ul .8 . ' ’ ‘ : R .
613'= constant o ,
im ‘ ‘
>U/u1m;= constaht . _
b* = constant ’
and . GE; gg = constant
. o T 1m .

- The above four condltlons could eas11y be simpli- -

.q

g
fled to glve the followxng expressmons.

h
. » db _ o ’ ) . : —
m-‘ - —‘const%htw

P
At
W

T

p du ,
-and ;2-—3%3 = constant

)
)
)
) :
;e&%ﬂ.= constant - ) o (2.59)
S )
)
)
ulm

Thus we. flnd that the half wake—w1dth varles

‘linearly w1th X.

or, ha(x+xo)
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o~
S

where x_ is a %?nstant which (when the origin of co- .
- ordinates for x has been chosen) 1dent1f1es the p051t10n
of the hypothetlcal orlgln of the flow.
Substltutlng the exprg551on for b, into the third

expre531on of equatlons (2.59), we get

" Integrating both sxdes of the above express1on and

%

‘srm?llfylng, we obtain

ﬁ ag? hence, U a (x+x )
d}a X i o7 . L oo v o y
.;:L?JWMh& It is tOube noted here that the above relatlonshlp

”h:»ls true for any pressure gradlent. However, the exponent
Y
- m is ‘not arbltrary, it depends on the pressure gradlent

It is shown elsewhere that m depends on the factor ulm/U.'

The exponent m. w111 be negatlve for adverse pressure

gradlents and p081t1ve fpr favourable pressure gradlents.y

and U

A second solutlon is b constant w1th Uy ar

both belng proportlonal to e°°n8ta“t (x+x )
These results were flrst derlved by Rotta (1953),

and later dlscussed by Townsend (1956-b) for flows w1th
small veloc1ty defects.d<{P_v .
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2.10.3 MOMENTUM mmcRAL“‘EQiJATmN

The momentum 1ntegral equatlon can be" obtalned by

‘1ntegrat1ng equatlon (2. 54) between the llmlts Yy = O

‘and Yy = = thus : - ‘_ R or
“ u * au - au 1{"st :
Joars [r 5y ar- oo« Hsa eoo

‘Applying'the;bOundary conditions
at y Q&O:VT =1 ;u=0

and at y ='=; 1 = b; u=uy

and 51mp11fy1ng and rearranglng the terms, we obtaln the

LA

momentum 1ntegral equatlon as:

d_ [ oy e e AU [T
R

T

For a plane-wake T, = 0 and u = U-u, f, and equation’

(2:.61) reduces td:

& (@ 1mUbF}) =S (u? bE,) onum.prl =0 .62
~ where . ' F, = Ifldx IS I e
o o : e
S : m2 ‘ ‘ " o IR L
.amd;- B Fz'é Ifrdx , .

[¢]



Available‘ééta on plane-wakes with pfesshre gra-

dients (Hill et. al, 1963; Gartshore, 1965; Newman, 1967)

indicate that f1 has the same functlonal form as for .
Plane-wakes with zero pressure gradient, provided we

 replace U_by u. = - -
N o ‘ s , '

u Y

o _ S ' ‘ 2
Thus, 28 E () = (1-0. 2932373
- v u&m 1 o v :
o v . v B
with  F) =1.02, F, = 0.717 (equation 2.41)
o S
If we substitute for U
v . o
- “m . "
Ui = By (x + x.)° | .
N 7~/>_
and U = ﬁ (x + x )mv ~ :
) ek TR o’ : ¥

whére B,, Bé and B, are dlmenSLOnal constants of

proportlohallty and will vary with pressure gradlent

' equatlon (2.62) can be wrltten as:

d < 2m+1 a 52 2m+1
, dx (BleB Fl{x + x } - = (B F {x + x } ?%¥

BB 2331?1(:: tx ) =g

51
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Since Bl' Bz, B3'F1 and FZ are independent of x, we qa Rts
. BN 9 . o L "" ,:1‘ y
write ' : L

2m 82,
(2m+1) . ByB,BIF) (xtx,) 2™ - (2me1) Bl 2F2(x+x )

mB.B B.F. (x+x )2® = o

1727371 0o I
. . . ' _ 2 :
or, 318283(3m+1) Fl = B182F2(2m+1) |

G °
B u
: 2 _ lm _ 1 (3m+1) : ‘ :

or, B, - U - 2 (Zm+1) SR N (263

v

If we substitute for‘Fi (=1.02) and F.

(=0.717), we obtain_
the expre551on for ulm/U as | o

2

u |
—%E (2.64)

The above expre551on shows the dependence of the

Vo ,.V,-

ratlo of veloc1t1es ulm/U on the exponent m, and hence

v

on the pressure gradient To enable a more clear under—'
standlng, equatlon (2. 64) is plotted in Flgure (2. 4). ’
The followlng characterlstLC' features of,equation

]

(2.64)_can.be'observed from Figure (2.4).
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FIGURE 2.4
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| VARIATION OF (u, /U) WITH EXPONENT m



(i) m > o P (uy /U)o 2.13

~

8
[

(ii) - 0; (u; /U) = 1.42

-0.185; (u, /8) =1

=}
N

C(iii)

(iv) m(; =1/3; , (w; /U) =0

n

I+
8

Av) m *%/Z;Y(ulm/U) >
If 1 >(u /U) > 0, the’ solutlon represents a self-

preserv1ng wake in an adverse pressure gradlent w1th m

" between —1/3 and -o. 185 ‘For:large'VQJueS’Of m,pback/

flow occurs. - f L .'”?{ﬁgf'"

5 -

' Patel and Newman (1961) obtalned the same expées—

sr._'

sion for Jets and wall ]ets in. .a mov1ng stream and c1a551—

. '»-S . ' "._"4 PR lw L
“fied them as. followa e, g§;§{ SR
i 2 . 1 B .- ' o ‘ .
Xi)» m between -l/3“and -1/§~“ Jet flow .

: -
(ii) m between -I/3'and ﬂO 185-ﬁ wake flow/
(iii) -2om> - 0.185_;:% Baick, flow”

s i P
:E.\ ’ . © i

"

Equatlon (2 64) helps in determlnlng only one of.

7
the unknowns (u1 ). To determlne the other unknown,

‘b (or B ), we requlre one more equatlon. Varlous methods

whlch are avallable dlffer 1n terms of the choice of the
second equatlon. However, they all have 1mportant short—
‘comlngs w1th the possxble exceptlon.of Gartshore s (1965)

method rA brief dlSCUSSlon of Abramov1ch's (1963) and

'Gartshore s methodsﬂiollows.

I .,\\\
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.' A
2.10.4 ABRAMOVICH'S (1963) METHOD

Abramovich's equation is derived from the considera-

tion ofég m}x?ng layer in constant pressure. It.is.

‘reasonahle éﬁ ‘assume that the spatial rate of growth: of
%“ ,|"

the m1x1ng 1ayer w111<:7pend on the level of ‘turbulence

in thlS layer, which 2 turn depends on u

lm.,

ﬁg;

For a wake or jet type flow in constant pressure)

it can be shown that | , ' /)

. ~
\

_ | _ o R . -
o Expanding as a polynomial, this may bevwristen.as

% db _ lm - S

& A“Al ﬁm’“‘ et e
(U-u, /2)° o
3 3 ) o :

WS

Ifiuim = 0, no m1x1ng .occurs, db/dx -0 and thus A = 0.

i
. f

L
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oy
~

f‘éfficient A

of equations (2.43) and (2.44) which gives A

t

Abramovich, following Pr tl, chooses only the

first term A, in the above expansion, on the ground that

1
L S . e i o®
the rate of spread is proportional to cross-stream tur-

bulence v', which in turn depends on uy .

For jet flows in zero pressure gradient, the co-

, was found to be 0.052.

- . 1 '
For small deficitfwakes'(u1m<<U) in zero bxessure
gradient, thé coefficient'Al can be obtained with the help

1 =.,0.163.

In pressure gradients we continue to assume -

-

. db . ' "’ulm‘ ‘ o
x-S e - 2

N
S ) .
we can rewrite equation (2.65) .as

o

ab _ B '(qlm/U)

If we subStitUte,fOr‘(uim/U) froﬁ'Equatibn (2.64),'we gebn“

db _ .y g, 3mEl . °
& = 178 GroR

(2.66)
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R

Both these equatlons (2 65 and 2 66) have'been
found to predlct hlgher values and thelr l ltatlons.-;'k
™. o :\L R }5{ ,1 : ;9‘ " “f

are dlscussed in Chapter IV. Co e e e J”}

2.10.5 GARTSHORE' s (1965) METHOD T R

The most sophlstlcated method currently avallable

t .‘/’v' o

: for shear flows with pressure gradients ls that of.J

\:

Gartshore. It permlts ﬁhe .eddy v1sc051ty Reynolde{gni,,,

. . . . ' . . ]
: B . : i . ) . : '
S - .
. )

r

(where € is eddy V1sc051ty), to vary both 1n the down—

stream dlrectlon of a partlcular flow and from one flow‘

to another., This . varlatlon is related to (au/ax)/(au/ay)

~at y = b. ThlS theory is therefore not subject to the
llnltatlons of other theorles, whryh have assumed that i
R .is constant (ﬁlll et. al 1963),.or that the mlxlng
llength is- proportlonal to the width of ~the flow bAn'
approach similar to Gartshore S was suggested 1ndepen—
dently by Bradbury(Ql963).“ Both are based on Townsend'
(1956ﬁa) large eddy. equlllbrlum hypothe51s.
Aniexpress1on for R can be obtalned by applylng

the equat10n of vort1c1ty to two similar: flelds of

o) / o oy

0 <

T &
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turbulence, which are characterized by a length‘scale‘

'Ly, and a vorticity scale wB,'both_of which are positive

',quantltles

,SLmllar.~

SR |

F]

. . g’,
On the ba51s of Townsend's assumptlon that the

'ityplcal 11fet1me of a 1arge eddy 1is proportlonal to

1/|9u/3y], Gartshore derived (for ‘small 3u/3x);

- L; a(l + constant ligéail) (2.67)
o

The above equatlon was derlved from the assumption
of the 1n1t1a1 exlstence of 1dent1ca1 1arge eddles, in

flelds thch are. themserves not 1dent1cal but merely

The theory 1s agaln restrlcted to, small
\au/ax) . '
3u/3y T
| On the basis of the energy equatlon for large

_ |
eddles ’whlch are superlmposed on -a mean flow w1th

scales ulm and b, one As able to deduce that

58



Comblnlng the above eXPIESSlon w1th equatlon (2 67)

we obtain = = =
Vs S Lo S ’ ’

1. 1 ’ au/ax o
E’é- ‘RE (l + constant 1—7——' )

where R_  is the value ovaézat“au/Sx_= 0.
‘ 0 N ! oo -
g g ‘ o o . : _
\ ~ For small perturbation wakes the“above expression

reduces to
A\l

e

= 0.077 (1—9 1 liﬂéiil) o (2.68)

I

A

Gartshore applles the -above theory specifically
ffor the purpose of obtalnlng the shearfhg stress at:
Yy = b, and then states the half momentum 1ntegral equatlon
between the llmlts Yy =0 and y = b to obtaln the solutlon
for shear flows wlth pressure gradlents. He uses the
ﬁRunge;Kutta technlque to obtaln the solutlon for equa-
,tlons (2. 67) and (2. 68): | '

- In the follow1ng pages, equatlon (2 68) has been
used to obtaln a second equatlon tp solve for the otherv

-

unknown Bl If we substltute the expre551on for shear



stress, T , !

equation at A= 1 (y = b), we have

or,

where

() -AED) + BRI O £ -

o T %y TR, By
et

- e - 1

—7 = 9N =g
PUim : €

We can rewrite'equation (2.58) as: .

|

x (/R = mBy {f

o
Fl.(l) = I fl‘dk
\ (o]

A ’

B, —
1 ulm

-

U

A

o,
Fip (0 = £} + nB

fl

1

1u

U

Im

‘equation (2.68) and then evaluate the

(2.69)

(2.70)

60
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We can obtain an expression for R. ‘rom equation

(2.68) by substltutlng for Bu/ax and 9du/9- It then ﬁakes

the follow1n§&form.

f

1 | u 1 :
= 0.077 (1-9.1 B IET—-—A~ m.—. =—|) (2.71)

)

The left hand side of equation4(2.70) is, therefore,

d d

. _ 4 . ‘ o] e U
(£ 1/R) = 0.077 (£] = 9.1B, "|mf, /5xf1 m.EI; 1)

g

- " - » TfFY n '
—.‘0.077 (fl 9.lBl [mflb {Afl + Fl}l)
This,expression can be‘evéluated for x» =1, noting thaﬁ

fl(l) =:'1/2; fi (1) = -0.622; fi (1) #'0.076; and

-

‘Fl (1) = 0.787

we thus obtain

g7 (1) =-0.077 (0.076 - 5.65 B.

L {088 -m} )  (2.72)
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Similarly we can evaluate the rlght hand side of

equatlon (2.70) for A = 1, and we get

o/

R.-H.S. = 1.622'B; ({m + 0.383} % - 0.455 {n + 0.622})
‘ : 1m

1
lm 3m+1

va we»substltute for o = 1.42 (2 +l) (equathn
2.64) and simplify, we get
3B

_ 1 2o .
R.H.S. = (m) (O.sz 0.04m 0.008)

{m 2.185} {m+0. 185}
0‘0681 T

k]

Equating the left and right hand sides of equation (2;70)

- 'we obtain

0.077 (0.076 - 5.65 Bl'{0;88-m}) = 7

{m-2.185} {m+0 Les} s
0.06 By (=S

solving we get

0.0047(3m+1)

By = (0.28+0.48m-m2) @)
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- This equation can be apprqximatéd to:

_.0.013 , | |
B = Geim) S (2.74)

'Thus the flow characterlstlcs for self- preserv1ng

wakes in: pressure gradlents are deflned by the follow1ng

set of equatlons:

_? = B1 (x + xo)
ﬁ' ‘and U o (x + x ,m
Im S o

-0.185 > m > =1/3

_ 3m+l P
o T T L4 (2m+1)
B, = (0.013

1 - YT

«
. < 5 . L. .
~

= 288,172 (1 0.20303/2) 5
Y1m o€
' ‘mf
1 1o 1 ., U L
and ﬁ; = 0.077 (1-9.1 B, ]fT— A m,———;,fI|

1 -~ Yim

b}

[~}
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The fore901ng analy51s 1s for two—dlmenSLOnal
pPlane wakes with pressure gradlents It 1s.assumed that
the outer layer of the wall-wake behaves in a manner

similar to that of a'plane—ﬁake. Verification . and dls-'

N (
£,

cussion of equations (2 75), W1th reference to the ex—

perimental results/ are presented in Chapter IV.

Tls assumptlon is valid only for
moderate adverse pressure gradients. Its valldlty for

the adverse pressure gradient tested is dlscussed in 7

. a

ez

ﬁChapter Iv. - L ., ST
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CHAPTER ITITI

-

- EXPERIMENTAL ARRANGEMENTS AND
MEASUREMENT TECHNIQUES
Lo . Lo

B 1

3.1 INTRODUCTIOﬁcI ot

ThlS chapter descrlbes the experlmental arrangements

and the measurement - technlques adopted in the present

study. ““In order to obtaln a satlsfactory analy51s of the -

o -~

present study,.measurements of. the followang flow para—:

. meters were made~ mean veloc1ty.1n the longitudinal di-

rectlon of the;ﬁlow wall shear stress, components of

b : ] :
turbulence fluctuatlons in longltudlnal and lateral di-

.lrectlons and turbulent shear stress across “the flow

b}

The ch01ce between an open—channel and a w1nd tunnel, to
carry out the experlmental program was’ bgsed upon w ;ch

arrangement ‘would serve. as the ea81est and most ecdhpmlcal
: } . . ’.f P B

. B N ~ N ‘ :
~to worh w1th S A S

o

, . L o Ly
After«some prellmlnary measurements\ln an open chan-

.
> o
0 3 .

_nel lt was found/that the water in the Hydraullcs Labora—
L

£y 4

tory was not clean!enough to carry out turbulence mea-

surements with a hot-fllm probe, an ‘a,few hotffllm‘probes

were destroyed in’ the process It was therefdre decided’

to construct an Open c1rcu1t wind-t nnel . to carry oUtf‘

this expetrimental program o

Mean velocity and turbulence s

re measured with a

\
\



A N
hot-wire and a DISA 55D01 COnstant-temperature anemo- "
meter unit. Mean velocities Were further checked by a
Pitot static tube. In the following sections, details of

the wind-tunnel and the measurement t%ﬁhnlques used are

Va
descrlbed

3.2 DESIGN REQUIREMENTS FOR WIND TUNNEL

AP

The main requlrement of a wind-tunnel is that it must

: prov1de a’ translat10na1 uniform rectlL.pear air flow. The -

fulflllment of thlS requirement is very difficult. To a

*

first . approx1mat10n linearity and flow uniformity are‘,

LN

: provrded by the’ geometry of the tunnel walls and' by 1ts

\

'1nternal constructlonal elements.

.
&

The veloc1ty dlstrlbutlon Should vary as llttle as_-
possible over the lengthtof the test sectlon and the

statlc pressure should be constant ,ﬂhe dev1at10n of flow
. ' /7 '
veloc1ty from the mean value should be wlthln * 0 75%,

> L] >

wh11e flow dlrectlon in the horlzontal or vertlcal plane,' L
‘ A :
o khould not dev1ate from the ax1al dlrectlon by more than‘

3 0 25 . Garlln and Sle21nger (1966) Usually in low .

1 b
7

\speed tunnels, the static pressure varies 11nearly alongf
the test sectlon.

L An even more dlfflcult problem lnvolved in the use of
wind tuf;els 1s the malntenance of low 1n1t1al turbulencev
-in the test sectlon of the tunnel. A hlgh level of tur—w
bulence or vort1c1ty affects test results ln that 1t |

changes the flow pattern by cau51ng premature tran51tlon

<



from lamrnar to turbulent flow in the boundary layer.
Strong turbulence also presents other problems such as
cauSLng the tran51t10n .layer to be displaced forwardly
along the body Whlch causes changes in the frlctlonal
res15tance<<etc.‘§Thus an 1ncreaso 1n turbulence is, to_
‘a certain degree, analogous to an increase in the Rey—.

nolds number. : . 4

tTurbulence in the wind tunnel can be reduced by pro-

Jid
& N 4

v1d1ng a hlgh contractlon ratio at the entrance and by
using a number of fine mesh turbulence—reduc1ng screens
11n the settllng chamber. "For an extremely low turbulence

tunnel a contractlon ratlo as high as’ 25 l has been used

.

‘A moderately low turbulence wind: tunnel usually has a ‘tur-

bulence 1nten51ty 1n the range ofi-0.5% to 1. O%

:

The W1ﬁd tunnel used for thlS 1nvestlgatlon was de—

'51gned w1th two obJectlves in mlnd- (1) The test—sectlon

' had to be long enough to allow measurements to be taken at

N

‘dlstances far dOWnstream from the p051t10n of the ob— ‘

'stacle, i. e suff1c1ently downstream that the struoture

.of the flow in the far«wake IGQLOH cOuld be fuliy estab—
'_llshed and (2) the turbulence level in the free stream had

to-be/mbderately low w1thout prov1d1ng a hlgh contractron 5;

raziof ‘A schematlc representatlon of  the w1nd tunnel is

; shgwn 1n Flgure 3.1. T @
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7

3.2.1 INTAKE CHAMBER -

3

':{ An intake qhamber was attached to the entrance sec—
. e T . - 3

tion of the wind turfnel in order tgo cut down the tur-

bulence of the enterlng air stream and to make it as dust-

free as p0551b1e.‘ The sides of the intake chamber were -

‘ made of 1/8 inch x 1/8 lnch mesh screen, 27 inches long,

thus glVlng lt the shape of. a cublcal box.' To cut down'

the entrance of 'dust particles, the box was wrapped with

an oil- 1mpregnated flbreglass first and then with medlcal
gauze. ﬁTh;sAarrangement caused afS% reduction in the
static pressure.

1

.

3.2-2v”CONTRACTION o LT

The w1nd tunneil contractlon was made of #22 gauge'

: galvanlzed sheet metal. The top and: the bottom each: had

5

a radlus of 6 1nches and the SldeS had a radlus of 9 ’ "

1nches “To. obtaln a unlform veloc1ty in the test sec—

tlon, the\contractlon was followed by one foot of unlform ,

l‘ i ! ,.~ y .
cross—sectlon, 15 1nches x.19 1nches . The overall con- )

Yy

traction in- the‘cross-sectL%n was 5 4 1 CD

~

R o P
'_3;2.3 - TEST. SECTION - L , |

-3

- The test sectlon was made of : 3/4 inch plywood w1th

the front wall belng made of a 1/2 1nch transparent p. v c.
)

.sheet. - This transparent front wall was divided into. three

s
4- foot long removable doors, which allowed access to. the

5

69 -



~,d1rect10n. Slnce all th}.measurements were to be. made in .

1nterlor of the test sectlon; o B e
‘ For smooth wall studles,‘an 1/8 1nch P.V. c. ‘sheet was
attached to the floor of the w1nd tunnel and all ylineb
drlcal bodles studled were placed at the leadlng dge of

-
thls p-v. c..sheet 1n a vertlcal plane, normal to the flow

ﬁ«:@

a vertlcaﬁ plane, 1n t'ge 'al reglon of the test sec- -
"/

/

tion, .a rectangular, ra”*;

,wap decided upon. The entrance of thef 2 feet long ‘test
J . - ; ¢
section was 15 inches high, 9 1nches w1de.

It seemedﬁdegigable that the est sectLon should have

?Zf&a

Wrth boundary layer

-

: :Jw*‘of -

M

w31on Ain accordanCe with t growth of the dlsplacement
thickness on the wall. n thls case, however, because of

'the presence of the obst cle at the leading edge, the flow

reglon underwent a furt r constrlctlon;” The longltudlnal‘

Q . . : -

- expans;on requlred the fore, was more - than the one that

B

accorded Wlth the dlsplicement thlckness. ,Further,'the

“

Ashape and 51ze of the' fstacles were factors to be taken

into con51derat10n in providing the longitudinal expan-
‘sion. To account -‘for all these factors4 an adjustable

wall or vents in varjous- sections of  the wall would have

been necessary- Ho’eﬁer,.it" S not the aim_of this study

to provide an exac ulopgithdinal expansion for‘each and

B ) /" .
. - /. o .
‘% . f Lo . TN .

» o

than a square cross—sectlon v

;'measurements, it lS custoT;ry to g1ve 1ongltud1nal expan—

70



-

' ) 14

every case. Rather, a constant longitudinal expansion of
- 1.1% was provide% on the upper Wall and it was found that
the free stream veloc1ty in the central reglon was w1th1n
2% of 1ts average walue for all obstacles tested

Ralllngs were placed on top of the; test sedtlon for a
probe traverse, and #n one~inch wide slot, through whlch
probes and probe support were introduced, was cut along
the middle of the top wall of the tesé’sectlon This slot
was sealed by means of- adhe51ve tape once the probe was |

1ntroduced.

, -

3.2.4  DIFFUSER
The diffuser, was 7 feet long and made of a 3/4 ~inch

plywood sheet It was tran51taoneo from a rectangular .

cross sectlon of 16 l/2 1nch X 9 inch to a 01rcular cross—T-

sectlon of 22 . lnches ‘in dlameter.
N

3.2.5 FAN e

; A 21— 1nch dlrect drlve, duct—mountedufan, w1th a
1 l/2 H P. electrlc motor, was used ~“ﬁt produced an

average veloc1ty of 96 .0 feet per second in the test sec4'

tion. = - ¢ >
SR
.-

3.3 ROUGHNESS TYPE

Bhe

A continuous strip'of #36 aluminum oxide wet-or-dry

'cloth,xmanufactured by 3M Company, was glued tolthe floor

L7



I.'

S .o

o of the wind tunnel. to study the effect of roughness on the

¢

Vwall—wake The gralns of this cloth were very angular

~

‘and are shown in Figure 3.2. The grain 51ze ranged from

0 38 mm. to 0 70 mm. , with a medlan 512e of 0.56.mnm. \

R

g (0 90183 feet). ThlS was taken as the nom1na1 roughness

‘,fhelght, k.

Whlle measurlng bed shear on rough boundarles, Hol~

.fllngshead (1972) fOund that the equivalent sand graln

roughness for this particular cloth‘ls 3.3 tlmes the nomi-

nal height _(i-e;, ké = 0.0061 feet). The high k /k ratio-

“}resulted because the g@a1ﬁ§~were very angular, and many

w

\had their long axls whlch was about twice the sieve size,

oriented normal to the boundary;

<

‘

3.4 APPLICATION OF é%VERSE PRESSURE GRADIENT

A false top, whlch could be ad]usted to any deSLred

'helght at the entrance end ef the test sectlon, to apply

f'an arbltrary adverse preSSure gradlent ‘was flxed to the ,

v

test sectlon.- The contractlon at the entrance of the w1nd

&

{table end of thls wall. ) The detarls.of the three adverse

pressure gradient cases'studied-are\shoWn in Figure 3.3.-

-

3.5 'MEAN VELOCITY AND THE FREE STREAM
TURBULENCE IN THE WIND TUNNEL '

The free stream veloc1ty, Uh and the‘turbulence

-
f

72
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A

tunnel was sultably transrtloned sO as to jOln the adjus—"

Y
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SECTION SCALE IN MILLIMETERS
FIGURE 3.2 SAND GRAIN ROUGHNESS . |
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(/3w + w2y g2y l2

intensity T = x 100

through the teSt section of the wind tunnel; are plotted
in Figure 3.4. The average free stream Qelocity was taken
as 96.6 ft./sec. There was only a sllght variation in
thlS veloc1ty in the major portion of the test sectlon.
The turbulence intensity in the test section was a little
high, 0.72%, but no further means of . reducing the tur-

bulence was applled ¥

3.6 MEASUREMENT OF MEAN ‘VELOCITY

| The mean‘velocity in the flow field was ﬁeasuredjwith
a flattened total head.tuhe( with an external thickness
‘of, 0.024 inch (0.002 ft.) and width of"l/é&inch'in conjunc-
tion with a static tuberf 0.1 inch diameter. The static
tube had four holes, w1th dlameters of 0. 016 inch, spaced
at 90 degree 1ntervals around the tube,,at afproxlmately

8 dlameters -from ‘the leadlng edge The spac between the

ntotal head and statlc tubes was 1/2 ﬁﬁch.
" bration of the total head tube, under lgw t bulence,con—
.dltlons in the free stream "showed no apprec'able error

when compared Wlth 1arge dlameter tube . measu ements. The
total head and statlc tubes were connected t/

a very sen—

-51t1ve 1nc11ned manometer on- whlch mean v oc1t1es as low

v'as 3 ft /sec. could be measur w1th su'table accuracy.

¢
L
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In all cases, the probe was mounted on a traversing mecha-
nism that could be orlented to the nearest 1/1000 of a foot
in the vertical direction. -

Correctlons for turbulence fluctuatlons,'v1scous
effect dlsplacement of the effectlve Center, and angle
of attack,_were thought ‘to be small enough to make their

application to the present measurements unnecessary.

.

3.7 MEASUREMENT OF BOUNDARY SHEAR STRESS, . AT 5

Measurements of boundary shear were carried out with

a Preston tube. Slope of ve1001ty proflles near the wall
¥

* were also used in determlnlng the boundary shear. How-

| ever, thlS was done only. to check the relatlve dlscrepancy .

between the two methods. This dlSCfepancy-was found to,be;
10%415%.7.The value of boundary”shear, T measured by the

Preston tube was adopted for most of the cases, although

N

an error of up to 10% in TO could be expected in some’

cases. Follow1ng s aabrlef discussion of the Preston

o
L

tube techniquel™

"?;\

>

3.7.l PRESTON TUBE -

v A Preston tube is a total head tube, restlng on -a .
surface faclng tﬁ% flow ThlS convenlent method of mea-

. suring skin friction was first’introduced by J. H. Preston

(1954) and is based malnly on. sxmllarlty con51derat}ons

L‘

and the fact that a law" of the wall is valld near the-

-7

&



surface. ' This law of the wall is commonly expressed . as:

u YUux
. — = f
. u, ( J@

(3.1)

i

Instead of con81dét1ng the mean veloc1ty at a p01nt
close to the wall, ‘we may con51der in the dimensional

analysis the difference between the pressure recorded by

a total head tube resting on the wall andﬂthe~loca1 static

, -pressure. If we call this pressure dlfference Ap, and
R - C'\
call the dlameter of the total head ‘tube d, then the analy—

; \ép'_ (uxd,
g T v .
."r it ) © \ \
o or, alternativel', ' . ~ .
o T Y | - - &
o . 2 ,
—— = "gl( =)
pv pVv

-

where p -and v are mass densrty and klnematlc vrscos1ty

s
R

of the fluld respectlvely.

[

E;ther of these expressions gives us a means of de-

termining skin friction;

For a total head tube of a glven geometry, e1ther of

iy

. -~
the functlons (g or gl), can be 51mply and accurately de—'
. termlned by experlment. The total head tubes used by

Preston were of c1rcular sectlon ‘with a ratlo of lnternal
g

to external dlameter of 0.6% The callbratlon curve



£

. ( S
'Y p

@i representlng the functlon gl, was determlned from measure-

ments w1th fgur ‘total head tubes of dlfferent dlameters

Rra B 4

in a 2- lnch plpe- - ;.“‘”, o (
A " s

At the tlme Preston_proposed his method~ there was a

i. L

con51derable bodygof ev1dence to 1ndqpate that the funcmign

£ (equatlonHB l), defining'the law of the wall, was un
versal fpr fhlly-developed turbulent ;low in plpqs and in
channels " But, anly the experlments of Ludw1eg and Till-
man (1950) show dlrectly that it applles ‘also in the wal?

reglon,of the turbulent boundary layer.

N .
" The prlnCLPie of the method has 51nce been confirmed
by numerous 1nvest1gators for plpe, channel and boundary_

layer flows A comprehen51ve blbllography on the subject -

can be found in the work of. Patel (1965).

e

. The most accurate and’ rellable callbratlon equatlon
4for the Preston tube was experua!‘kally obtalned by Patel
(1965) in the’ form--' B ’

-‘i\."‘%i' : : o . o r
y*'=jo;8zé?’— q.1381'x*'+ 0.1437 x*? = 0.0060 x*3

for 2.9 < x* < 5.6 (3.2)
. . ) \ W
D . ".[':'dz | ' u,d »
. Where y* = —) = log10
: . 4pv .
: ' ‘ . CArog2 . o " o~
and x* = loglo(éeg~l ' . £ R —

40\) ‘_ _ o
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.—~the cons ts -

The calibration equationi forythe range

0 < x*<2.9 , |
was represented by the straight line \ -
B _ o ,
y* =3 x* + 0.037 . : .- (3.3).
and~for'5}6 2 x* < 7.6 by the'expression‘ o -
x* = y* + 2 log, (1.95 y* +'4.10)’ SRS & W

2

From thesﬁﬁgallbratlon equatlons, Patel determlned

5

5.5 and B = 5.45 for the logrlthmlc law
of the wall, for;the turbulent: boundary layer, expressed
in the fo‘m

- .
s yu*
ur T A log -+ B

Y

3.7.2 PRESTON TUBE IN PRESSURE GRADIENTS

Equatlons 3.2 to 3 4 were derlved for zero pressure .
gradient flows. For a very strong~pressure gradient' how—
ever, it is certarﬁ that the law of the" wall, in 1ts\ ‘
‘usual form, must break down and the Preston tube callbra-
tlon would be expected to change.‘,The modlfled form of

;the 1aw o%’ﬁ‘g wall for turbulent fldi with pressure

- gradlent ‘can be wrltten as: .

u Yu * ' - ‘ . '
u, ( ' vup) : (3.5)
where %? ‘df is the pressure gradlent parameter,

pu

whlch measures the severity of>the preSSure gradlent
. . //

A Y

S
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as it affects the flow in’ the wall reglon. -

It is now an establlshed fact that with the appllca-
tlon of an adverse. pressure gradlent the reglon of ap—
pllcatlon of the law of the wall is reduced and at some
partlcular hlgh value of* p' there is no- reglon left for
.which the law of the wall is valid. However, for small

v

values of up/ dev1atlon from the law of the wall is small.

The Preston tube would therefore only 1ncur a small error

whlch would depend on its diameter and the value of ap.
After examlnlng the avallable experlmental data,

. Patel (1965) suggested the followrng llmltatlons for

Preston tubes recordlng T , within the prescrlbed error

range.~ For adverse pressure gradients:

-~

maximum error-ﬁ%:h 0 < 2y < 0.015, 239 < 250. S
. A ! ‘_,/""
- for favorable pressure gradients:
max1mum error 6%-
‘ " : uxd -da '
q;; ay >'=0.007, =2 < gqo, EEEN <0

Vot . e

. —\\ S . 'éé E
He emphasized the point that these limiting,é@pdltlons

are purely emplrlcal 1n nature and glve only a rough guide
'to the use of Preston tubes,_ The add1t10nal restrlctlon
of da /dx<0 rﬂ favorable pressure gradlents, has been 1m—

»posed to ensure that ‘the flow is suff1c1ent1y far from the-
. \ A
commencement of lamlnar rever81on. In severe pressure

gradlents the Preston tube was found to over-estlmate the

skln frlctlon.

|

l
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o where:h

a0

.3.7.3V'PRESTdN TUBE ON ROUGH BOUNDARIES

If the boundary is unlformly rough llke a bed 5¥%

i!

. spherlcal marbles, or SLmllar to leuradse s sand rough—

-

‘ness with k representlng the roughness helght for a

Preston tube of external dlameter d placed on it;. 1t,can

be shown that-i o R . SR co )

g ’ B
2. - ‘ EY . .
Apd” _ F, (- '%) - - (3.6)
4pv? 4pv? _ . ' :
'for -rough turbulent flow, equation 3.6 becomes:
24p F, (d/k) : : (3.7)
T 3. . ( .
[0} ‘_ S S
Equatlon 3 7 was suggested by Preston himself. Hwang_
N K

and Laursenf}&gﬁﬁ) attempted to evaluate it both' ana-

lytlcally

and experlmentally, and for developed rough wall

‘flow they obtalned the equatlon-

8 _ 1453

T
_O
©0.0833 (

L IR

k. =
s
The-

fled form.

zero datum

({1dg%99}2- log— 30h {o 25 ( )2‘+ N
. S S .
T ‘ ,
. . i . I £
a/h)*1+{0.25 (g)z + 0.1146-(%)“}) (3.8)

helght of the center of stagnatlon tube from

inner radius of stagnation’tube

equivalent'sandvroughness'

above equatlon is shown 1n Flgure 3.5 1n a modi-.

1

1
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Holllngshead (1972) has carried out an 1nvestlgat10n
in this fleld and an extensive dlSCUSSlon of this subject /
can be found in his work

3

3.7.4 VELOCITY PROFILE METHOD

-

For a two-dimensional’ turbulent boundary layer, the
shear stress near the wall can be assumed to be very
nearly constant.' Wbrklng from this assumptlon, the velo-

city profile in the v1c1n1ty of a rough wall 1s glven by:

4. - 575 '1ogEZ £B. ('3_'.9)'

_ where B is a functlon of the roughness Reynolds number .

(u* k /v).
The above equation can be rewritten as
» wLeu;
_ /2 _ 1 27 -
. u* (To/p) 5;75 {lqg(yz/yl')} (3.10)

*ﬁhere:ul and u2.are mean velocities'at.ordinates y1 and
yzlrespectivé;y. o |

- This is a convenient expression for boundary shear
computation since a knowledée of k_ and B' is‘not7neces-’
' »sary.. To use: thls method, however, 1t is necessary to know
.-the correct datum from whlch y is to be measured. ThlS |
datum selectlon 1s generally made by tr1a1 and’ error, w1th
the -datum belng changed until a plot of u versus log y

becomes a stralght line.



fgsed<for Parameter d, ln computlng the value of To, from‘a

.equatlon 3.2. The dlscrepancy between the values of To*

The external thlckness of the flattened tube was

i/

computed by the two tubes, was found to be w1th1n the

. limits of experlmental error.

ForAthe rough boundary, a circular total head tube

,'was'used\so\determine boundary shear stress. The nominal

roughness, k, of the ro:;h boundary, was 0.00183, feet and

the equlvalent roughness,,ks, was.0.0061 feet The zero Xﬁ?f

A datum of the rough boundary,.(z “in Flgure 3.5), was found

by the graph1ca1 method descrlbed in sectlon 3.7, 4 to

be approxlmately half the nomlnal roughness,v(o 0009 feet).

‘/Hwang and Laursen s equatlon (Flgure 3.5) was used to

'compute the value of r v wlth (h-a)/ks~$_0.32, and a/ks =

)

I



\

0.58. From Figure 3.5 we obtain:

ep, - o
2 - 31.0 A ©(3.11)

T
0

This expression was used to determine the:value’of,Td

for the rough wall. Wall shear stress for the rough wall

"‘ was also computed by the slope of the velocity profile

method. .The'discrepency hetween‘the two. values of TO.Wan
found to‘beflarge for_reason'explained.in.Section 4.2.4.
The values of boundary shear obtained from velooity profile
'utvathod was found to grue better results, and were adopted.
. For adverse pressure gradlent flows, the flattened
Htube w1th,the calibration equation (3.2) was used to de-
'jtermlne L In the 1nvestlgatlon the max1mum values of
:”‘ap and u d/v were found to be within the limits pr0posed
by Patel and hence the Preston tube measurements were used
w1thout,anylcorrectlon.
To obtain an‘idea'of the order of magnitude'of the

error; in the meaSured value ofvro, the boundary.shear

stress was also computed by the veloc1ty proflle meﬁhod

The dlscrepancy between the values of T determlned by
'these two' methods was found to be 10% 15% for adverse rg
pressure gradlent flows.and 3%_to 6% for zero pressure‘
'éradient floWs.Q Houever, thefboundary\sheer stress com-
puted by the slope of velocity profile methods Qas'found ' BN{
. to be inconsistentAfor.some runs. Qence, the’;reston tube -

measurements for ro'were adopted for all the runs”ékcept



S »
N :

for rough~walE (run numberHG). No correction for tur-
SR ) coo '

bulence and flow displacement, caused by the probe

geometry,.was appli=d to the measurkd value of Ap

(=p-p ). It was assumed that the comblned error in T P
thus determlned was not large enough to cause any ap-
prec1able dlscrepancy in the analyé&s of the flow..

’ Flgures 4. 4 and 4. 16 (Chapter Iv) 1nd1cate the justlflca—

tion for this assumptlon. .

.‘%.

3.8 MEASUREMENT OF TURBULENCE INTENSITIES -

The hot—wireianemometer,is the instrumé&nt mostuWidely
used for‘fluetuatioﬁJheasurements At the present tlme,
other technlques of turbulence measurement (v1z. optical
technique, Doppler teohnlque,'etc.); are still in the de-
veloping-stages. ‘The laser Doppler teehnique, in which
|1nstantaneous veIOC1ty is deduced- fr}m the Doppler fre-
quency . shlft of llght, scattered frpm partlcles moving
' w1th1n the fluld 1s belhg 1nvestlgateg/by\many groups of

researchers. Its advantage over the hot—wire.method'is.

‘that there-is no solid sensing element in the-flow,whereas

hot-wrre probes and thelr ~supports may be large enough to
: dlsturb the flow, whlle the wire 1tse1f is small and very
‘dellcate. »A~br1ef dlSCUSSlQn of other technlques of tur-
'bulepoe‘measurement can berfound in Bradshaw (1971); ‘In
the'present investigation:the hot—wire‘teChnique.was used
“to-meaSUre turhulenoe. A-description‘of the principle:of

A%
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. v < s,
of the hot-wire anemometer is giuen beipw.
| | ¢ e .

(S O

3.8.1 HOT-WIRE ANEMOMETRY Yy oo ~ _
o The prlnc1p1e of hot-w1re anemometry is based on the
"AQ relatlon between the rate of heat loss: from a heated body,
t}and the veloc1ty of f1u1d flow in Whlch it is 1mmersed
.lThe first systematlc work on thlS relatlonshlp was done
by King - (1914).' He found that the rate of heat loss, Q,
from a cyllnder of dlameter d ~and 1ength 1, 1mmersed 1n 'i
a fluld of temperature Tf could be represeyted by the

St

¢
equatlon: .

Q = k.. 1[1 + (27PCu.4,1/2

£° 1 (T, “Tf) | ‘3;12)

wh_ere‘kf = thermal conductivity of the fluid

-specific heat of fluid at constant pressure

. =
p "
p = fluid den51ty
u = fluid velocity ,
-[-Tw =‘Temperature of " “e cyiinder ;

’ -~
The fluld is assumed to be flow1ng in a dlrectlon perpen—

'dlcular to the axls of the cylinder. 1In non-dlmen51ona1

form, thlS expre551on can. be wrltten as:.

‘ Where N = Q/1 - = Nusselt number
u nk_(T —-T,) v :
. f''w °f . o
Ré'

(ud/v) = Reynolds number and A and B are

- .constants.

88
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& : . ) - .
However, the basic assumptions of King's theory are not,'
o : 'S .
entirely valid, and in practice the‘heak)transfer is of a
more complex nature.- Experlments carrled.put by Collls

and wllllams (1959) show that the equatlon-

- 0.17 . ' - .

' N = ﬁﬁ‘ T (0.24+0.56r°-%°) - o (3.14)

&i. v f € i o - 4. ’

. /»« R : ‘ cd ! .
é;?re T = (T +T.) /2 P

fa

will give the best results fod/hot—wlres operated in air

at Reynolds number in the range 0. 02 = R, <‘44.

- The above expressions are for cylinders ofllarge
B &

aspect ratio (l/d), for whlch the heat transfer can be con-
o o
»sldered two-dlmen51ona1. For»hot:zifes w1th a5pect ratios .

of the ordek .of 200, which are commonly used, the e: fect
. ;/7 ) . PR ) . .

of heat conduction to the support becomes significant.

Direct calibration is_therefore necessary.

4

'3.8.2 HOT-WIRE ANEMOMETERS

" A hot-wire anemometer consists of a finei{electrically,
-heated wire, stretched acroSs the ends of two prongs. When

.exposed to an air. stream the w1re loses heat by convectlon,

@%ﬁ%h the result that 1ts temperature (and therefore elec—é
”trlcal re31stance) varles w1th the | veloc1ty and current of

" the alr stream in accordance w1th Klng s law. The-ln—

strument can-be used in two ways. One method is
“the wire with a constant current and then dete:

velocity by measurement of resistance. ' This method is




.

! : ad e

. ‘ g oy G
4 . /- .

known as éﬁé"cénstant current method" Wlth the other -

method, the wire is malntalned at a constant temperature,
and therefore constant resistance, and the velocity is.

,determlned from the measured value of the current This
I f

method 1s known as the "constant temperature method".

&

_Elther one can be used for low irequency velocxty fluce-
tuatlons but the latter is generally used because w1th
it we. can obtaln 1ncreased accuracy for hlgh frequency

' fluctuatlons In the present study a DISA 'type 55D01

N LA

constant- temperature anemometer unit wasfused< This unit

’&‘. [ 2 I\
/35 a commerc1ally allable item (DISA Elektronlc A/s,.
1

- Herlev, Denmark). Its pr1n01ple of operatlon is shown by

a block dlagram in Figure 3.6-a.

-

For condltlons of thermal equlllbrlum the rate of

I,

heat loss, Q, from, the’ hot—w1re, must be equal to the’

<

heatlng power Qgherated by the electrlc current that 1s,

Tit must ‘be .equal to (I ), where I 1s .the robe current
q p

'Hand R is the operatlng re51stance of the wire.. For a

"hot-wiré operated.at a spec1f1c over—heatlng ratlo, 1n a

’ , B
zspecifiC'fluid at a SpelelC temperature, the quantlty

_f”is thebresistance of the wire at fluid tempera-
'ture. Comparlng the above expre551on w1th equatlon 3.14

we can say that.

IRy Al(Tf'l) +B, w4 0 (3.15)

RW_R

.o
l '
v

Qo
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e R
\\/////20 a falf’apprbximatlon, for a glven wire, /wheré'Akrﬁs a

~~ function of Teo bdﬁ B; is not. Equation 3.15 can be

o

I

wrltten in a generai\form as- - S ‘ #&f
2 PYR - Ao, \n_,/ | e

v ‘ N 3’
where constants Al, l' and n.are chosen so they best flt.
,the callbratlon d/fa within a selected veloc1ty 1nterval
The Qutput 0% the anemometer is a brldge voltage,

- E, and the squared voltage, Ez, is proportlonal td\the,“
heat loss of the wire at the veloc1ty in questlon. Thus,
equation’ 3. 16 1n terms of ‘the brldge voltage E, of the
anemometer can be written as- o - , .

2 _ . ' S /o
E = Al+Blu. : . . g

yg'the constant of proportlonallty being absorbed in Al and
‘_ 'ﬁi:' Thus 15\ o 1s the bridge voltage at zero ve1001ty,

‘the above equatlon can be written as

‘E? =E2+Blu_a, . ST - (3. 17?P
Thewemplrlcal equatlons 3.15 or 3.17 rebresentlng
heat loss and veloc1ty can be used for the evafﬁatlon of \
} ve1001ty fluctuatrgns from anemometer measurements How~-
ever, in. order tOvdeSCribe ﬂheihot-v.r' respc ise to .
fluctuatlng flow, a term whlch takec into'account the

: thermal 1nert1a gﬁ the w1re must be added to thecright hand

side of equatl n 3. 15 or 3. 17 Assumlng a unlform tem--

perature dlS '1but10n along the w1re, we then obtaln the

_ fOllOWlng heat balance equatlon.

s
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: 2 C dR ' :
R-r_.1 A;+Blu * R R-R, @t . - (3.18)

C ’@'«"’”

where C = E%é” is the modified heat capacity of the wire.
£ v ‘ S :

C specific heat of.wirein

w

I

c = temperature coeff1c1ent of re51stance (referrlng
'to the temperature of the fluid)

The thermal ‘inertia of the wire influences 1ts fre—
quency response in a constant cufrent mode of operatlon.

s ThlS is especially true when the wire is exposed to a -

'sudden change in the veloc1ty, or when the veloc1ty fluc—
tuatlons are'IArge. A constant temperature mode of opera—
tior ‘s thus preferable to a constant current operatlon
under such c1rcumstances, ‘as the constant temperature
,system minimizes ‘the efrect of probe thermal nertla by
keeplng the wire at a constant temperature (re51stance),

and u51ng the heatlng current as a measure of heat trans—

fer, and hence als of,veloc1ty.&

/f;)' 3.8.3 CONSTANT THMPERATURE OPERATION

”The constant‘temperaturevmode of operation was first

pLOpOS&d by Kennelly et. al. as early as 1909 " ‘However,,

,thls pr1nc1p1e requlres a"sophlstlcated and well- de51gned

electronlc system, as explalned by the aid of the block
s

 diagram in Flgure 3.6—a. S o S @t

.

'ThejﬁheatstOne bridge is in exact balance at a . =

e
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certain bridge voltage, wh;ch 1s supplled by~the servo
'ampflfler. A sllght cha&ée of the probe re51stance, due
to a change in éLe convective cooling of the w1re, pro-
'dy@es a small unbalanced voltage. Th1s VOltage after
;hav1ng undergone con51derable ampllflcatlon, is then used
to adjust the brldge ;bltage, and hence probe current, in
. such a wayathat the brldge w1ll be kept balanced and the
wire res'stance kept constant. Thus the t~ﬁperature
varlatlons of the hot—w1re remaln .extremely small and it
can . be shown (Andersen, 1966) that the upper frequency

llmlt is 1ncreased by a factor of:

G-2aR S -
W

Where a = is the over-heating ratio and s is the
. -_ . ‘- " N ‘ ‘

ampllfler transconductance.

. T~

Because of the constant temperature of the wire, the'

vconstants Al and B1 in equatlon 3.16 are indeed constant
‘,that 1s, 1naependent of the turbulence fluctuatlons. Thus;
‘the constant temperature method is. the most expedlent when
ame;zurements in turbulent flows of great relatlve lnten—
v51ty are to be made. A detalled descrlptlon of the con-
stant tenperature operatlon of the hot-wlre anemometer ‘can
" be found in Hlnze (1959) and Bradshaw (1971).

o L 4 ' . .or

3.8.4 MEASUREMENTS OF FLOW FLUC?UATIONS

‘Beginning with the simple case of one-dimensional

5



"
flow, we can measure the fluctuatlng component of flow
; veloc1ty w1th a hot—w1re mounted perpendlcular to the
,flow dlrectlon, u51ng the callbratlon curve E = f (u)
(equatlon 3.17). gp actual measurements, the slope dE/du
of the calibration curve, E = £ (u), determlnes the sen-
sitivity of the output voltage to changes in veloc1ty if
these are .less than about 10-20% of u.

ThlS can be shown as follows.

E = f (u)

‘Therefore, dlE::fg-g du

v . du -

or, for small fluctuations,
| df’

ef = du u;'

)
b

- where e' is the fluctuatlon in voltage and u' the fluctua—_

tion of veloc1ty. The quantlty e ‘(=dE) is usually mea-

sured as the r.m.s. value of the fluctuatlng voltage,

= /(e’ ), on an r.m. s. voltmeter connected to the hot—w1re‘

Aanemometer. The correspondxng r. m.s. value of the fluc—

.tuatlng component of the veloc1ty, : /(u 2), can‘be'found'

dlrectly from the equatlon 3.19, if we,knbw the slope |
'vdE/du of the callbratlon curve;t If the amplitude of the
calibration curve: is large, as compared te “the mean velo—

; clty, it may be necessary/to correct for the dlstortlon

X .
caused by the non—llnear response of the hot-wire. How-

v

ever,vthls dlfflc\ltycan;fovercomeby meanslof a.'

llnearlzer.
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3.8.5- MEASUREMENTS OF CROSS COMPONENTS
AND CORRELATION

A wire. perpendlcular to the mean flow dlréctlon will

be sen51t1ve to instantaneous veloc1fy fluctuatlons in
this dlrectlon only as long as the veloc: ty fluctuatlons
:,1n the transverse dlrectlons are small. If the wire forms
an angle of 45 degrees to the mean flow; it will display
equal sen51t1v1ty to elther of the two fluctuatlng velo-
.c1ty components in the plane formed by the dlrectlon of .
mean flow" and the wire ax1s . Thus two- wires placed at an
' angle of 45 degrees with respect to the mean velocity, -
Y(Flgure 3.6-b) w1ll generate output signals pr;portlonal
. to the sum- (ur+v') ~and the dlfference (u'-v' ) Qf the two

/

fluctuatlng components ‘

Such a. conflguratlon of the hot—w1re of the X-probet
is very useful 1n the measurements of Reynolds stresses.
“In the follow1ng section, the mode of operation of an

probe in the measurement of turbulent quantltles is

discussed. i
A

: ' ’ '%
3.8.6 THE X—PROBE IN A PLANE FLOW FIELD
—

S The 51mp1est form of X-probe con51sts of two hot-w1res‘
attached to the prongs of the supports so. as to be located

- as nearly as possrble, in the same plane. ‘This plane w1ll

‘be referred to s the 'probe plane . In the probe plane

they form;a cross. The wires are connected to separate.'ra
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anemometers. The turbulence components are separated by
means of a correlator In many cases the probe is placed
- in the flow field in such a way that the mean flow velo-
’city vector is located in the probe plane, thus both wires
' belng in thlS plane. are exposed to the flow at ‘the same
‘angle. Consequently, in this position, only one longl—
- tudinal component of mean flow velocity. is present so it
lls usually the pOSlt n in whlch the probe is calibrated.
If dev1atlon from the\{low dlrectlon occurs, or cannot'be'
rav01ded 1n subsequent msasurements, the'transversal com—i
-~ ponents of mean ve1001ty w1ll occur, affectlng measure— ‘
mé\ts of both the longltudlnal mean veloc1ty component and
the turbulence component In the follow1ng dlscu531on,
' 1t is assumed that both wires of the X-probe are 1nc11ned

at an angle of 45 degrees to- the mean flow dlrectlon, and

hthat the probe plane is parallel to the dlrectlon of the
h mean flow.

S nce 1t is very dlfflcult to flnd an’ X—probe whlch

has h't—w1res w1th 1dent1cal callbratlon curves, let us -

assum that the callbratlon curves for hot—w1res A and B

e X-probe (Flgure 3.6-b) are: p' ' ' ‘ :‘
. n, . S ‘
Ei :lEg' + BA uwA )
. A A -; :
4 n ) (3.20)
E2 =2 4+ p B ) ,
B : OB B WB‘. ) o

 where E, é = bridge voltages for the. two hot-wires,.



EOA B, BA,B' and nA,B are constants whlch arg independent
[ 4 B .

of flow yeloéity'and can be determined by calibration of

the hot-wires, and u, is the flow velocity acting in a
' A,B

diréctionvperééﬁdicular to the axiélof hotfwires.

For two-dimensional turbulent flows;‘we may Qrite<£hé
instantaneous_velocitiesAin longitudinal and transverse
 rdire¢tiohé as: - . ) |
| bib ‘ u:= ﬁ‘% u'

v=v+v

<

designating»;he timglavefages of_thé COmpbnents asvﬁ,.V,
and the inStanfaneous Va1ue§ of fhe turbulentifluctuatipns
as u' ;nd_v'..  ‘ |

| The“ccmpdnenﬁ.of veloéity perpendicular to the hot;

wire axis can, therefdre, be written as:

‘ _ . ..o ) o eO 1 o |

uwA = q 51q 45 w v cos.45 ‘e /3 (v - v) o |
(3.21) -

_uwB = g>51n 4? + . v cos 45" = /5‘(p +.V)

3.8.7 DETERMINING MEAN VELOCITY WITH THE X-PROBE

~ Applying the rule of.averageé to equations 3.21, we -

can write:

ey Tvz 7Y |
-1 == : . SR
B GO T € I 13

B

98



N
Hence W= g (@, + T, )
A B
3 - 1 - — R :
-and v = {u - u_ ) . 1 (3.22)
| . vZ wg W . o |

Substituting the values‘ofdﬁg and ﬁ; from calibration
R : ' A B
equations 3.20, we cau write‘the mean components of velo-

cities in the longitudinal and transverse directions as:

L 1 "7"»_ 2 1/n 1., 1/ng
= /i {(EA EOA)/BA} A'T‘/f {‘EB ?/B }

' (3. 23)
| and V - 1 {(E?- Ez")/B‘ v}l/"B'— A "‘{(E' - E )/B }l/nA
-2 B og' /BT T /2 op

: AR .(3.24)

Bl

whereinvand Eg are the mean squared output voltages and B

-can be measured on a D. C--voltmeter connected to the

anemome te I' .
»*

In equatlons 3 23 and 3 24, all the.terms on the right

‘hand side of the equations are known and hence & and v can

easily be calculated.’

v3 8 8 DETERHINING TURBULENCE INTENSITY
AND SHEAR STRESS

The turbulence fluctuatlons -are computed by mea-
S surlng voltage fluctuatlons in the anemometer c1rcu1ts.
o Differentiating the analytlcal expre551on of the calibra-

tion curve of a hot-w1re (equatlon 3. 20), we get:
, 2- 2 du
dE = en. — e
u

—

- 2E - ,
N w
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dE is then the voltage fluctuatlon, e' , caused by the ve}o-

' c1ty fluctuation du w (), at u'.' The voltage fluctua-

tions for the wires A and B, therefore, will become: B
522 . S
u : ‘ :
) . A oA wA ‘
v e ,—"—_'_'.!n ——— . *
. A = A —
L ZEA u, )
£ N A )
I - | ). ,
> 7 2 ' ). (3.25) ,
E -E u :
B OB WB )
and e! = - n, — )
B = "B = .
2E u
B W

The velocity fluctuations normal'to the two'wiresé%.»
. , ey

in'accordance;with'equations 3.21, will be: ‘ S
u& = 1 (u'-v")
'l".A /2
and u&' ; 1 (u'+v")
B /2
or, a1 (w4 ut ) )
= W W . .
. V2 .\ B | ; (3.26)
and v 1 (u' -l ) )
V2. "B Va -
: Substituting the values of u&‘;'u& from equations .
' _ A B
3.25, and E& ,_E@ from equations 3.20, into equatlons
A

3.26 and 31mp11fy1ng, we obtaln the follow1ng expre531ons

for ' and v

' = 1 (H,  e! +H_ e!'). ”
uo= V2 A. A BQB§¥ )
o 3 PR ) | |
o - ] ] ) (3-27)
v' = 771-“{1383 HA?A) )
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2E ‘
where HA = A {(E )/B }l/n )
| — o )
nA(Ei—Ez ) A )

, °a ) |

o ) (3.28)
2E; — . ) N
| B. 7 3 1

Hy = ———=— (&} - 2 )/ 1YMp )
© n (E2-E? ) BT )
B'"B “o )

B
Squarlng and taklng the time average of equations

3 27 results in

g2 o1 273 2 _, ot oty )
\ . u 7 (Hye'a +Hye p * 2HHy eA g )
Z_1 427, 277 o on ).l
v v =5 (HA e', + HB e'n ZHAHB er B) )

.J"

similarly, multlplylng u' and v':ln equations 3. %j and'p
‘ A
taking the time average, ‘gives us the. turbul“h%@shear

stress term as:

— — on

e! - 2 .2 5-‘ :
wR L # o

]
o W

Kl

(H 2 2
B® B

Nlb—‘

uulvl =

—

The quantities e"2

' 2
A’ B
an r.m.s. voltmeter connected to the_’;

relatlon factor, eAeB, between the flu.

of voltage, -can be measured dlrectly on an analog cor-

' relator, also connected to the anemometer. B oy R o
: - B}

The thlrd compOnent of the turbulence fluctuatlons, - e

>
¥

w', can be . measured by rotatlng the X—probe 90 degrees in
C .
the ~vertical plane. For two-dlmen51onal turbulent flOW'lt

can . be shown that:



102

T2 277 23 _ '
w'S = {— + (v/u) } {HAe At HBe 2H. HBe (3.31)

Numerlcal calculatlons of ﬁ, ‘i, w'” and u'v '_

from equatlons 3. zaﬂ 3.31 and 3. 30 can easily be performed

Wlth a calculator or computer. : S o -

v

3.8.9. INFLUENCE OF INACCURACIES - o
OF THE ANGLE OF ATTACK

An experlmental 1nvest1gat1on of the error in mea-
surements w1th -an X-probe caused by lnaccurate angles of
attack was carried out by Klatt (1969). Error can be
caused by an 1naccuracy in the anglerf attack in the probe

plane - (angle a in Flgure 3. 6—c), and/or by an 1naccuracy

"Klatt's 1nvestlgat10n led to the dec151on tha the X—probe
can - be used in obllque operatlon at angles of up to t 25°
in the probe plane w}thout cau81ng an error of more than R
1% in mean veloc1t1es U and v. On fhe other hand, the
angle ¢ ShOuld not be greater than 5° so as to limit tbe ”
error in. uigpd v to less than 1%. | |

When determlnlng turbulence quantltles, measured B

values of adequate accuracy can only be expected for u'



-

‘and for low-level lsotr0ph1c turbulence at angles not
greater than 20— 25°'7 For transverse components of veloc1ty
fluctuatlon: the oblique angle of attack shoulg be res-
trlcted to below 10° to glve adequate results "

It should be ‘noted here that the ‘influence of in- -
'accurate angles of attack on the measured value of flow’
‘veloc1t1es and turbulent fluctuatlons will also depend
.on the turbulence level and its structure. Very near the
- wall, therefore, the error in: measured values of turbulent

fluctuations, and the error in the mean veloc1t1es, would

‘be quite signlflcant The maximum fluctuation in a boun-_

.yu
dary layer occurs at, or near YU 12. Hence, measure-
§ v '

ments taken around this - reglon are llable to be faulty and
A}

should be corrected. In the pres%gz\study, howeve% all

the measurements were taken.well above thlS reglon, and no

ecorrectlons were applled to the measured values, In addi-.

~

tion, the ratlo v/u never exceeded 0.1 in- the regions wheref

measurements were performed This further reduced  the

error.

e Equations~3 29, 3. 30 and 3 31, therefore, were used

,to dlrectly determine turbulent fluctuatlons.

3.9 ARRANGEMEN/‘EOR MEASUREMENT OF MEAN VELOCITIES
' - AND TURBULENT QUANTITIES BY X-PRDBE

Fhe arrangement for the measurements of mean velo-

c1ty and turbulent fluctuatlons by an x—probe is shown in
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cthe block diagram of'Figure 3.6-d. The mean voltagévdrops,_“
EA B,‘across each hot—w1re, were measured with DISA 55D30
~ D.C. voltm@tgrs and the r.m.s. valﬁes of the voltage flucﬁ

R
tuatlons . A g+ PY BISA type 55D35 R-M. s, voltmeters.

The correlatlon factor

—X—;f was measured dlreukly byfa
 DISA type SSD?O Analogk orrelator, through’a DlSA type
55D71 Dual summing unlﬁ. | | |

& All OperatLOns were: performed at a‘l :20 brldge ratlo-
~and at a probe over heatlng ratlo of 0.8. 'The %gper fre—
quency llmlt of the anemometer was 600 800 kHz and the .

lower freguency llmlt 28Hz.

\ . .
c . | . . S

©3.9.1 X-PROBES

a

' A DISA type 55A32 X—probe was used to measure: u, v,
Yu'c, /v' and u'v"® f A DISA type 55A39 X—probe was used

to._measu_re‘/w‘2 1nstead of rotatlng ﬂhe flrst X-probe 90 B
'*degrees in the vertlcal plane. - The wrfes of both X—probes

. were of 5 mlcron diameter platlnum—coated tungsten with

..Q

E“an effectlve length of approx1mately 1l m.m. The aspect

' ratlos of the Wwires were 200

3.10 CALlBRATION oF X-PROBES . = , |

Callbratlon curves for the x—probes were determlned

'by pa581ng compressed alr through a 3—1nch dlameter Ppipe,

fltted w1th a heatlng element ‘and a 0. 92 inch diameter

‘nozzle, at the outlet. The heatlng €lement waS'connected

- \
. 4

L, T



. - / ’

: :
to a rheostat R (Flgure 3 8-a) , which was" adjustable to

105

allow malntenance of a constant tempera of 70° F at ‘
the outlet. ®$he mean outlet ve1001ty as( £ d by mea- -
" suring the pressure drop across the nogkle ¢IDuring cali-

f

bration, theyx-probes were placed 1/4 inch from the 4
Lnozzle,:with_the axis of the pr6be on‘the'aris of thg
{nozzleé: The,effective'eooling veloeity, ﬁwpof'both the o '
wiresf for DIsa type‘55A32 X-probe, was assumed to be -
(assuminé_a»45°ainclination) u, = 0.707u, while for DISA
type 55A39‘X—probe, u, was eqnai"to u. The callbratlon ‘

curves for both probes are plotted in Flgur 3.7. The

: follow1ng callbratlon equatlons for—the X-probes were

found-

1. - DISA type 55A32 X-probe

wire A: Ey'= 8.8 + l.62 h°-45

T e~
w
. .
- w
N
~—

Cwire B: E} = 8.95 + 1.57 uO- 46

e 2. DISA type 55A39 X-probe E -

a 0.49 SRR N\
= 8 éL + 0 94 uw ) _ | S
. ) (3.33)

3oRu 5

- w1re‘A: E

wire B: E = 8.

4)+

It is to be.noted that for DISA type 55A32 X—probe,

uw = 0 707 u, hence the coeff1c1ents 1. 62 and 1. 57 for

wires A and B. w111 reduce to 1. 15 and l 11 respectlvely
for the mean row-veloc1ty u.
A comparlson of mean veloc1ty proflles, measured

by the x—probe and by the fla tened PltOt tube of dlameter :

Ve
O
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E
Ey !
04
0.2
0
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WIRE A

WIRE 8

E§='a.9§+ 1.57u%‘°

. DISA TYPE 55 A 32 X-PROBE
PROBE RESISTANCE AT 70°F, Ry
=3.52 OHMS, R =34sonms
PROBE OPERATING RESISTANCE =18R,
’ BRIDGE VOLTAGE AT ZERO VELOCITY, E
OA =2.965V, E;, =2.990 v
= U cos 45° = 0.707 u

g

EA = 885+ 094,047~

DISA TYPE 56'A 39 X-PROBE

PROBE RESISTANCE AT 70°F, Ry

Rga =3.44 OHMS, R, =3670HMS
PROBE OPERATING RESISTANCE = 1.
'BRIDGE VOLTAGE AT ZERO vsLocmr E,
‘E0A=2977V Eos--zssev '

w =u. )

L N “ )

50 100 150 200 250 300

. FLOW: VELOCITY u (ft/sec)

, -

PIGURE 3.7 CALIBRATION CURVES FOR X-PROBE

S .
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°.002 feetﬁ is plotted in Figure 3.8-b. The maximum

. struments needed to be corrected for the h1gh level of L
'§Mrbulence present near the wall The Pitot tube mea-
surements were adopted for the ana1y51s of the mean

velocity.

¥
3 lO 1 CHECK OF VELOCITY FLUCTUATION HEASUREHENTS
. € -
The IOngltudlnal component of veloc1ty fluctua—

tions, u', measured by the X-probe, was checked agalnst

» that measured by a s1ngle—w1re probe, (DISA type SSA22),

f_of which the standard callbratlon curve was supplled by
/u'z/Ud, from

the single wire and the X—probe, are plotted in Flgure '

the DISA company. The measured valuer of .

3.8-c. . The maximum dlscrepancy was found to be less than

7%. It was assumed that the errors in measurement. of v"
»and w' fluctuatlons were of the same order of magnltude

as that of u'
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EXPERIMENTAL RESULTS AND DISCUSSION

4.1  EXPERIMENTS

WO sets of experiments wérelcarried out for the
present nvestigation. The flrst serles of six experl—
”ments was carrled out w1th zero pressure gradient flows, 3
-and the second Serles, of three experlments, with longi-

“\t\\lnal adverse pressure gradlents. All but one run
(run number 6) had a smooth bottom wall and the
cyllndrlcal obstacle was placed at the 1ead1ng edge of
'the wall The SLgnlflcant detalls of these two groups of
experlments are- glven in Table IV—l | ' |

The centre line mean veloc1ty fleld was measured

by a flattened total head tube of external - thlckness

bO 024 inches. The turbulent. fluctuatlons and turbulent

'bshear stress were measured by means of a constant tem-

‘ perature hot-wlre anemometer. The turbulent quantities
were measured for. flve cases: three zero pressure gradlent
flows, - includlng the rough wall (runs number 2 4 and 6),
and two adVerse pressure gradlent flows (runs’ number 8

. and .lmber 9). The boundary shear along the centre line
'was explored N the same flattened total head tube, used

o

as a Preston ?ube, for’all runs except run number 6 (the

¥
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‘Reynolds numbers, (Uoh/v), were 5200'andv37,500, res-

f‘
rough wall)._ A c1rcu1ar total head tube with an outside
dlameter of 6 11 1nches and an inside diameter of 0.085
inches, was used to measure the boundary shear for run.
numbe% 6. The reason for u51ng a c1rcular tube for the

rough wall case was that it permitted the appllcatlon of

Hwang«and Laursen s (1963) callbratlon equatlons (Fig.

3 5 = Chapter III) for determlnlng T .
"The free stream velocity for all the runs, ‘except
run nﬁmber 1, 1n serles I, was 96 0 ft. /sec For run

number l it was 40.0 ft /sec ThlS run has been referred

Jﬁ?s the low Rey%olds number ~case,
For the flrst two runs, a sem1—c1rcular cylinder -

of 1/4 1nch radlus was used as the obstacle: Sharp edged

plates with helghts varylng from 1/4 inch to 3/4 inch’

were used as ‘the obstacles for the rest of the runs.

AN

1 The mlldest longltudlnal adverse pressure gradlent'

-applled was denoted as APG—I (run number 7), and the

strongest as APG-IIIL (run number 9). APG-IT (run number

j8) wasrbetween these two.

The lowest and hlghest values of the free—stream'

pectively. -

lll
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4.2 EXPERIMENTAL RESULTS FOR SERIES | S ' ' o
(ZERO PRESSURE GRADIENT FLOWS) s '

A typlcal velocity dlstrlbutlon in the centre-plane
for run number 2 is pPlotted in Flgure 4.1(a-c). 1In this
case, unlike that of a wall—jet' it is hard to dlffe—
rentlate between the\wake—llke and boundary layer—llke '
characﬁerlstlcs from these plots of veloc1ty profile.
Therefore, to determine the veloc1ty scale, u

1ms and ‘the 7o

(length scale, b, for the wake proflle, some 1nd1rect '
method has to be used. vSuch a method is dlscussed in the-
next sectlon. | ‘ | .’

In Flgure 4, l(a) the veloc1ty dlstrlbutlon in the
reglon.lmmedlately behlnd the obstacle is plotted
(x/h = 3 to 12). Thls 1s the reglon of rec1rculat10n.
The flow separates from the obstacle and re—attaches down-
Sstream at a certaln dlstance whlch is dependent upon the
Sshape of the obstacle and the- free—stream Reynolds number.
For this partlcular case the p01nt of re-attachment was
‘at approx1mately x/h 11.5. Slnce.the purpose of the
present study was to 1nvest1gate the flow structure at
-long dlstances from the obstacle (far-wake reglon), ex-
ten51ve measurements were not made in the reglon of
'rec1rculat10n. The characterlgtlc feature of the re-
c1rcu1at10n reglon is the formatlon of a standing eddy,
and the - reversal of flow near the boundary. " This can-be

observed 1n Figure 4. l(a);



0.16. T T T ) T T TT | T T
o1a |- o 4
012 RUN No, 2 R,12,500 ' -
X/h . . ]
0.10 - Ts A -
: 7 a oo,
R . 7
y(ft) oos} 12 v -
006 |- 4
— 2 -
004} —
002 |- -
= : - =
0! : L1
~20 0 . 20 . 40 ' 60 80 100 120 -

u(ft/sec)

v

FIGURE 4 l-a VELOCITY DISTRIBUTION IN THE REGION OF
,SEPARATION FOR RUN NUMBER 2 S :



Flgure 4.1(b) shoWs theaye1631ty dlstrlbﬁtlon 1n'@

' the hear wake region, (x/h = 16 &0“75)
flexion can be observed on thegpLQﬁs\ or " ]

50 and 7s. On the other two'pfﬁﬂ

to‘boundary‘layer-type flow.

| Veloc1ty dlstrlbutlon in the far-wake region,
(k/h = 100 to 500) is plotted in Figure. 4. 1l(c). The
polnt of 1nflex10n on the veloc1ty proflles is not clearly
marked in thlS reglon. However, one may notlce that the
veloc1ty proflles near the boundary fall on a 81ngle curse
"(shown by g chalned line). Unllke a plane-wake, the velo- o
city for a wall-wake w1ll approach zero at the wall 1nstead
of attaining the max1mum veloc1ty defect, glm' If y Gwd

(Flgure 4.1-c), is the p01nt at whlch the veloc1ty proflle

dev1ates from 1ts wake- -like character then an’ analy51s

() = £ (v/8,) R ._ T

where u'= ﬁw at'y = 8§ ..
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This analysig is 51m11ar to that of the wall- ;Lion
of 'a wall Jet. ~In. the case of the wall—wake, thlS type
of ana1y51s involves the pract1ca1 dlfflculty of de—'
term;nlngbthejp01nt\y :Gw, wh;ch Yarles,ln the ;ongl-
.tudihal directiohdx;' fhe-distance, Gw,-cah be uisualized>!
as being the distancelby which the outer 1ayer of the
wall—wake 1s dlsplaced from the boundary. In houndary'
layer_termlnology,hone can call thls dlstance'the 'wake—v
d%splacement'thichness", The possibiiityrof cortelations
. beween 8 and the half—wake width, b, and between the
chaphcteristic boundary layer thieknesses,»c*vand 8, and
6w; may alsovbe suggested. .The ve}bcity‘profiies for the
other runs were not plotted It was conside;ed mere exef
pedient to display them in tabular form. 'They arevshqwn

J

in Tables A-1 to A-6 (Append;x»A).

"4.2.1 DETERMINATION ordu' and b

1m

im and b, for the

.-outer region of the wall—wake,‘cannot be determlned

" The veloc1ty and length scales,'u

dlrectly from the veloc1ty proflle plots so an 1nd1rect
method has to be used
Assumlng that the ve1001ty proflle ln the outer

'reglon ofgthe wall—wake is descrlbed by the equatlon

c .
-
g

S, 3/2
S (1-0.293 (X}~ )2

c
5
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where-ul and u2 are the meagpred veloc1t1es at ordinates

= y+ and y2 respectlve&y*vwe can wrlte.

<
. Uo—ul B - yi 3/2A2 ' S
- m = (1-0.293 {E—} ) _ (4.2)
T Im ( - o , ,
- N - /
f§.  Uo;uz ' y2,3/2 . N .
and - = (1-0.293 {=} )“. (4.3) - .
.u b : : . ’
lm o v ‘ v
D1V1d1ng equatlon (4.2) by equatlon (4 3) and
taklng the square—root we obtaln. . ﬂ.- .'f
'{(Uéﬁﬁi)/(Uo-uz)}l/z»=.3.41 (yl/b)j/f _ . .\. g
& 0 auym Y
K
HSOIViDQ, we obtain:f‘ , o EEEA . {j n X
_ 3/2 . 3/20 L . 2y |
b {(kly2 -y, / 3.4;(k1 1} : - (4.9)
C ~

yhere _kl = {(Uo-ul)i?}(qo—uZ)} |



Coe L e

" In equation (4.4) we know Yy yz‘and,ki;'hence,b
'can be ea31ly determlned Once we determlne’b 1ﬁican
be determlned by either equation (4.2) or (4.3). 'it.
should be noted that u (yl) and u (y2) should be chosen
such _that they fall in the outer—reglon, otherwise»the-

~calculated value of u1 and b will be lncorrect One

'ushould be careful in the selection .of !'1nts, u. (?1),

and u sz), for the computation: of u and b A large

Im ’
error in ul can result from a faulty selectlon. This =~ !
~can: be explalned by means of Flgure 4.2. Let us_aSsumeA
Aithat A (u 'Yl), and B (u ’YZ)' are two typical exper{:

'mental p01nts,'selected for the computatlon of u

A 1y and b. “tf
As can be seen in . the flgureﬂfa large error ln the : ‘
u_value of u1 will be produced by flttlng the erroneous
wake proflle (plotted as a chalned llne) to these points;
~ even though tHE‘relatlve error in A and B ig smal

- It was found that the best result can be o:lalned
:by selectlng A,and B from &he middle one- third reglon of
the veloc1ty proflle. The values(;o computed ;ust

‘ checked by at least one. more set of p01nts The veloc1ty
and length scales so computed are tabulated 1n Table A-7

F(Appendlx A) . _‘“'g
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4.2.2 VELOCITY DISTRIBUTION IN THE OUTER REGION

For all~runs in Series I, the velocity profiles
1n the center—plane were checked for srmllarlty, by
plottlng the non-dimensional veloc1ty defect (u_ —u)/ulm,
agalnst A = y/b. The plots are shown in Flgure 4.3(a,b).

It can be observed that the veloc1ty proflles attain
t51m11ar1ty within a short length (x/h = 25) after the

flow reattaches to the wall. Thejpoint.or reattachment

(x = x_. Figure 2.1) for thevsir runs,vwas‘found to range‘_
ufrom approxlmately 11 to 14 times the .height of the
obstacle. A falrly close agreement wlth the wake—proflle
(equatlon 2 28), can be seen for all 51x runs. R : - '
N For run’ number 1 (R =35 200), the dev1atlon fromva‘ (\
the wake—proflle can be seen to start at approx1mately
llvy/b 0. 3, whereas for runs 2 3 and 4 the value is
slightly hlgher,'(y/b=0.4). For runs 5 and 6 thls value
is'higher still (Y/b*O 6). If we recognlze the fact that
v~the Reynolds number is largest for run number 5 (37, 500),
and smallest for run number 1 (5, 200), and also that the
wall 1s rough in run number 6, then these plots lndlcate
that- hlgh Reynolds number as well as the wall roughness,A
tend to decrease the extent of the outer—reglon. Con-
'-versely, the 1nner-reglon of the wall-wake has a tendency

| 'to 1ncrease wlth the Reynolds number and the wall rough—_f

ness. A deflnlte conc1u51on regardlng this observatlon

Acannot be draun, because of the scatter of the data.
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However, rt would seem loglcal that there would be a
faster growth, of the boundary layer under these 51tua~
If y = 5 is the pblnt of deviation of the velocity .
proflles from the wake—proflle, then the - above observatlon
} 1ndlcates that the ratlo Gw/b remalns constant 1n the -
far-wake reglon, for any partlcular flow and wall charac—
'terlstics. Reynolds number and wall roughness may affect

the ratio. only by a scale facﬂbr.

4.2.3 VELOCITY DISTRIBUTION 'IN THE INNER REGION
o {(SMOOTH WALL) 5 -

| Veloc1ty dlstrlbutlons in the "1nner reglon for
the first five runs; are plotted 1n Flgures 4 4 (a, b).
The shear veloc1ty, u*, for all runs has been computed by
the'Preston-tube technlque descrlbed in Chapter III It

may be seen that the’ law of the wall

u Yo . o
ug A log v B |
holds true in the‘inner region, for all. flve runs. For

'run number 1"(low Reynolds number case), the-data'becomes_

-too scattered beyond yu /v = 400, and the "law of the wall"

does not seem to be valld beyond thlS p01nt ThlS indi-

'_cates that the 1nner region 1s smaller for thlS run.

\
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Por runs 2, 3,4 and 5, the logrithmic form of
velocity dlstrlbutlon is seen to be valld for yu, /v up to
1000 to 2000. ThlS 1ndlcates that the "law of the wall'
is valld over a 1arger region for hlgh Reynolds numbers
In other words, we can say that the 1nner-reg10n of a
two-dlmen51onal turbulent wall-wake increases wlth the

_ free-stream Reynolds number. The effect of the freef
stream Reynolds number on the “law of the wall' in tur-
bulent boundary layers is already well known (Runstandler,
Kllne, Reynolds, 1963).e However, it was found that the
exper;mental data fall, sllghtly away for most runs from.'

the equatlon descrlblng the law of the wall in the tur-

bulent boundary layer, v1z.

LS 5.6 logli* 4 4.9 : © (4.5)

Equatlon (4.5) is shown .as a SOlld line (marked
(1)), in Flgures 4.4(a, b). _" |
A better approxlmatlon for descrlblng the velocrty
.proflle in the inner reglon was found to be , |
’ .

L =f5.6_logx%* + 3.8 - - -(4.6)

4 _*

c

e

. and is shown as. a chalned llne (marked (2)) in Flgures

4.4 (a, b) The dlscrepancy whlch appears can be attrlbuted
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at least partly, to the error in the Preston tube. measure-.
ments of u,. Since the_slope of the logrithmic profiles
remains unchanged; it seems that the Prestonjtube measured
values of u* are oonsistently higher than the actual
values. This may be because no correctlons for turbulence
and probe geometry have been applled to the Preston tube

"“

measurements.

.

. ‘ The large deuiation (1n all five runs) of the ex—'
'() perlmental points from'the "law of the wall", in the‘
, reglon x/h < 25, 1nd1cates that the flow ln the wall—reglon
'«) ‘ has not developed to‘TﬁHTy turbulent flow. As we move’ |
N further downstream, the data begin' to fall on'a single
‘ g &ﬂhne‘(equation 4. 6), 1nd1cat1ng the valldlty of the law.
. of the wall in the inner region. |

:Jb It was not p0551ble to take measurements in the
regron of yu*/v < 25 with the lnstruments avallable.

i;Howeyer, it is understood that the veloc1ty proflle in the

reglon close to the wall iy of the form.

‘u oy, e . “(.4‘.8),

Veloc1ty proflles in the inn&r reglon, for runs 2

o

T3, 4 and 5, are plotted in terms of (y/b), 1n Flgure (4.5).

It has been: found that a power law, of the form.
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* .

4 28» & . | - a9,

: 9 ’
describes the veloc1ty proflle, in the far—wake reglon,
very well for all four runs. It can: be seen that the
region over whlch equatlon (4.9) holads, increases as x/h
jlncreases. If y= wals the poift at which the ve]oc1ty
proflle dev1ates from equatlon (4.9) and adheres to the
wake profile, and if u :"uw at y = Gw' then from equation>

(4.9) we msy derive:

S

u_'= (g_)l/? S a0,

Equatlon (4. 10) represents the veloc1ty proflle in
the . 1nner—reglon of the wall—wake, wrth zero pressure

gradlent However, u_w,and'é‘w are yet to be evaluated.

=

4.2.4. VELOCITY,DISTRIBUTION IN THE INNER—REGION
_*FOR THE ROUGH WALL—WAKE - - . T

Ve1001ty dlstrlbutlon in the inner reglon for run"

number 6 (the rough wall case) is shown in Flgure (4 6),

where u/u* is plotted agalnst (y/k ), k‘ belng the equiva-Eh
- lent sand roughness hEIth.' The value of k for the type
of . roughness used was found to be equal to 0 0061 feet..

The effectlve datum was found to be 0.0009 feet below the
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crest of the protruberances, by u81ng the method descrlbed

in section 3.7.4 (Chapter III). | : T
' The shear veloc1ty, u*,‘wasicomputed from the slope .
’of,the,logrithmic profile, which was assumed to be of the

form:

2 =5.75 logl- 4+ g.5 (4.11).
Uy ; o ks' : , : ;

.

| i . u 174,

Thus, uy = g7 ﬁgmw

where ul and u, are mean veloc1t1es at ordlnates yl and
Yy respectlvely. Shear veloc1ty was also computed by |
u51ng Hwang and Laursen s equatlon (equation 3 8), but
it. was found that u*, thus computed ‘was not consistent.
:For some proflles, u* computed by equatlon (3. 8) was t00'
low, and for others too hlgh as compared ‘to the valueS’
computed by u51ng the slope of the logrlthmlc proflle._
Thus the values of u* determlned by the slope of the log—
_mrlthmlc proflle were adopted » | - o
The plot in Flgure (4 6) 1nd1cates that u*, thus
determlned is fairly accurate, as all the data for.
bx/h > 40 fall on a 51ngle llne, w1thout much scatter.
One can conclude that the flow in the 1nner regions becomes

-'rough turbulent flow beyond x/h > 40 : Further,vit‘may be



-r

~
'_notlced that even though u, was computed from equatlon

(4. 11), thls equatlon (marked (l)\ln Flgure 4 6) does not.

represent the best—flt—llne for'the experlmental points
in, the plot. ThlS could be due to the fact that the kg
value- adopte” for the type of roughness used, may not be

correct The correct k value can be coh\hted from the
equatlon of the best—flt—llne, glven by
u

<SR

1 S Y |
oy = 5-75 logp +9,7 S (4.12)

If (k ) is the correct value of k ; then for rough N

turbulent flow we must’ have-

'5.75 10g—Y-— + 8.5 (4013

f«
Subtracting one from the other, we obtain:

: Lk
5.75 logTE—) = 1.2
: s’> .

T

Since the value‘of k. adopted was 0.0061 feet, we obtain

(ks)cf=vQ;9038:feet.

133
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(1972). The value of k determlned by Holllngshead was =
0.0061 feet (sectlon 3. 3 Chapter III).' The cloth he B
used was subsequently used in water for a longwperlod of
time before be1ng used for the present study. Hence its
k value is llkely to decrease. . | - ‘
From Flgures (4.4) and (4. 6), 1t can be concluded

that the logrlthmlc veloc1ty proflle holds true for flow

~in the 1nner reglon of the wall—wake, for smooth as well

‘as rough surfaces The reglon over whlch the logrlthmlcv
law is valld is- larger for a rough surface than for a.
smooth one, under the same flow conditions. - It is 11ke1y

- that the graln size and the roughness pattern will further

1nfluence the réglon of valldlty of the logrlthmlc proflle.'

.oe!

4.2.5 GROWTH OF LENGTH SCALE - : L

‘The length scale, b, mondimension  _ized by the

helght of the obstacle, h, is rlotted against x/h 1n

. Figure (4. 7), and is tabulated . Table A—7 (Appendlx A).

-~

In thls plot the drag coeff1c1ent CDo’ has not been taken
/ i
lnto account This plot was, 1n fact used to compute

CDo‘for some of the obstacles, for. whlch the determlnatlon

of C Do by other @gans was d1ff1cult It can be seen that-

134
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Fﬁe length scale varies w1th the square-root of the
fdlstance from the obstacle, as was predlcted by the .
theory. Fu:ther, the experlmental points fall on two

separate lines The data for runs number. 1 ‘and number 2

(sem1—c1rcu1ar cyllnders) indicate that for these two runs

the half—wake w1dth b, is less than that for a sharp-
1edged plate (runs 3 4, 5 and 6). Thls is obvious because
-.the coefflclent of drag for a seml-elrcular cyllnder
A‘restlng on a floor is less than that for a. sharp—edaed »
'plate restlng on a floor. If we take cDo 1.25 for a
sharp-edged plate restlng on a wall (Hoerner, 1965) ,

then CDo_for a sem1—c1reular cyllnder restlng on the wall
ean be computed.as fblloﬁs.' We have the equatlons of

‘."-llne (1) ang.llne (2), in flgure (4. 7), ass
’ B : ;‘mz‘

-

line (1): 'bsh =

I

‘line (2):  b/h = 0.535 (x/h) /2

" 15 of the fqrm. _"‘
; b/hcbo = Cz "‘»/hcno)'l/2

en,  bm=cy tx Cpmt

CIf the egu@tlon for the growth of’ the length scale
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For ‘line (2), the value of Cpo = 1-25 '
_ 'Theirefore,"'(f:2 = 0.46

.Therefore,bCDo‘for_line (l),;xruns number 1 and number 2), .

5 4
. >

is
CDo = 0.84
. e v
‘ The‘computed-valuelof CDo 0.84. has been’ adopted
 for runs number 1 and_number 2 1n the plot of" (b/h C ' fQ?

a

versus (x/h CDo)' 1n Flgure (4 8). It is to be - noted that -

run npmber 1 (low Reynolds number case), and run number 2 LA

(high Reynolds number case), are at dlfferent Reynolds
“numbers for the same obstacles (sem1—c1rcu1ar cyllnder),

and the ‘value of.C mlght be - dlfferent for both of them.

" But, since 11ne (2) in Flgure (4. 6) is the mean 11ne for

kruns number 1 and number 2 the value of. 0 84 for Cro is,
‘in .fact, the mean drag coeff1c1ent for the two cases.
,'The exper1mental p01nts for'llne (l) in Flgure (4.7)

.1nd1cate that  the dlfference between the actual values

-of Cpo (for run number l and run number 2) and the mean;‘ ég:'

value of 0.84, is not apprecxable.‘
From Flgure (4 8) 1t was found that the growth of
the 1ength scale could be descrlbed by the equatlon°;
= 0.46,(n/hrCD°) )

'b/hfc"

o Cwaa

#
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There 1g;only ‘a ‘slight change in the coeff1c1ent

C, (= 0. 46)- from éﬁe theoret1cal equatlon (equatlon 2. 44),

denlved earller for the growth of half—wake-w1dth

-'The virtual or1g1n was found to lie at (x/h C

It may also be noticed that the half-wake-wldth for

 the case of the rough wall (run number 6) increases in the

same way as for the smooth wall This confirms our hy-
pothe81s that wall—characterlstlcs will not affect the

wake-characterlstlcs of a turbulent wall—wake to any ap-

Lo

reciable extent
-pQD_

’ To determlne the v1rtual orlgln of the growth of
the wake, (b/h C ) was plotted agalnst (x/h CDo)l/zg
Do) = ~4,
Since thls value is not of much 51gn1f1cance 1n the "far-

wake reglon ,.1ts effect was 1gnored

PR SN

- 4 2. 6 DECAY OF VELOCITY DEFECT SCALE

In Flgure (4. 9),'a plot of ulm/U versus (x/h CDO)

is shown. It was found that the"centre line ve1001ty

A defect decays in the manner descrlbed by:

Am _ -1/2 aier
g =13 (x/h Cpo) (4.15)

. forf ,(x/h.CDo{ % 39. 

139



140

-0l

500

1o

NS
o}
S N
R ] .
w3 on

§o

ot




141

J
Thus, the inverse square-root law for the decay of
veloc1ty defect - as predlcted by the theory, holds true
-(equatlon 2. 33). The dlscrepancy between the mgﬁghred
value of the coeff1c1ent Cz (=1.3) adﬁ the one predlcted SR

by theory (C‘ s 135, equation 2. 43), 1ssvery small.
This dev1at10n of coeff1c1ents C1 and C2 from
.~ their theoret1ca1 values may be the result of one or more
of the follow1ng factors- ‘
(1) Errors in experlmental measQﬁ?&ents
(1ii) Error 1n the adooted value for CDo‘
(111) In the theoret1ca1 computatlons of these co-
.»'eff1c1ents, 1t was assumed that the veloc1ty ’
profiles follow equatlon (2 28) right up to the

boundary, which is not true.

However, since- the dev1at10n 1s very small, no,j
attempt was made to compute the corrected values of the
.coeff1c1ents Cl and- C2 | o | | ‘
: Once agaln we flnd that the roughness of the wall

'does not affect the decay of the veloc1ty scale‘ O

' 4,2.7 'DISTRIBUTION OF BED SHEAR STRESS, To

A plot‘of T / i p uim versus x/h C °i$ shown in

lx')l
Flgure (4 10), on a log—log scale. It'was.fohnd that
T / 2— im = Cfm,.lncreases-llnearly, in the far-wake

reglon, with x/h.CDo, indthe‘manner described by ‘the
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; ’ ' o ’ . | ‘ 1'43.

4’ v b
| |
equatiion: | y
’ . v | f
. 1% = 2.1 x 1073 ) | (4.16)
iy %pulm2 h.Cpe' . ' S

I
| The above equation can be Seen to approximate the

dlstrlbutlon of Cf closely, except for runs number 1 and
number 6 for whlch the dlscrepancy is a little hlgh :
Thellnfluence of the Reyﬂblds number on the dlstrlbutlon
of Fiﬂ does not indicate any deflnlte pattern. A con- -
clusive statement on the Reynolds number effect, therefore,
;cannot be’ made. For rough wall flow (run number 6),

the value of Cf can be seen to be larger than for smooth o f
wall flow, in the range x/h CDo <,120. Slnce only one
case of roughness was tested, 1t would be premature to
draw a defanlte conclu51on regardlng the effect of rough-
ness on Cf . However, it would seem loglcal that there:
would be a hlgher value of Cf for rough flow than for

smoth flow. (Thls can also be explalned from equatlon

(4. 16), whlch can be wrltten in its general form as:

. B o B B
L C =.T—+I— a (x/h C_ ).
- fm . spuy o DQ
) ’lm : :
/

',

, _
" Singe ulm was found to be 1ndependent of wall rough-

l

‘ness, and I has a hlgher value for rough wall flow than

,i
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for smooth wall flow, Cfm will oehhigher for the rough -
wall case. “ | Y |

It can be concluded from the plot of Cf versus
(x/h C . that Cf is proportlonal to (x/h C A
relationship of this nature can be obtalned by con51der1ng

the velocity profllec of the 1nner and outer reglons at

their point of 1ntersectlon, (y = Q). The wake proflle
at y =,6w, (u = uw), can'be_written as: '
- <
U'o—uw 3/2

* (1- 0293{ } ‘)_2

and the 3511 profile, from the 1/5th power proflle (equa-

- tion 4.9{; can be wrltten as:

u ‘ )
= a (—)l/5
Uy,

)
o
.‘h

The experlmental plots of veloc1ty proflle indi-
cate that (Sw/b) is 1ndependent of x, or in general we

.‘,,

can say that-‘

s S R
W ' el R i
BT MR o

where A 1s a constant whlch 13 dependent upon the Reynolds,

number R ,'and roughness characterlstlc of the wall b/k -



: , £ ‘ .
Equating the two profiles at y = Gw’ we obtain:

‘ U
Ux o]
‘ ’ Y/k ). —— . -
Uim | e s"Tay ﬁu
v P
If we substitute for Cfm =‘(2u*/ulmF, aod
Y1m ‘~ - /2
T @ (x/h'CDo) A , we obtain:
o ' ’ :
C. o A, (R '/k()(xv)‘
fm © 1% e’ y.\s hCp
.
élfk The above expre551on lS the same as equatlon (4016),
‘ At L v '
1f we recognlzéﬁt@at- . ,f”;J
n '\"l‘f‘.- . . SO P o e
r 2 -3
Al’,e' y/k o l X 10 -

R {v'.’

S
..‘: o "
R

It is to be noted however, that Al w111 depend

‘on (y/k ), and p0551b1y ‘on R - and 1;5 exper;mentally,

~)obt:a:med value of»2.lx10 -3 gives only its o;der_of mag-

_ nitude.

Explanatlon of the behav1or of T, w111 be fac111—

_tated by maklng a plot of T / 2pU (= Cf) versus (x/h Cbo )

"

145



If we leldQ&bOth sides o

2 .
Uo’ we get-

f equatlon (4 16) by

If we:substitute-for‘(ﬁim)z,,from equation (4.15), .
- : : o L )
. ~which is:
.ulm - -1/2 :
- ! = 1.3 (x/hC -
‘we obtain: ' .
R : . T ‘ —3 . . . .
, Ce = +—2- =.3.55 % 10 : (4.17) .
TE T I2 P92 . - A
<“§ ?& *w}‘f%_-1 
q};’ ‘ v_r'v" P
; Thus, we flnd that the coefficient of skln frlctlon,

5 becomes 1ndependent of x/h C
14_41n the down—stream dlrectlon
A plot of Cf‘versus x/hC

It may be seen that - 1n the

the coeff1c1ent of skln frlc“'on

t six runs.

”far—wake region"

Do' and remalns constant

is shown in Figure (4.11).
. (x/hC >30);

attains constancy for all ‘

The value of Cf for run§“2 3,

4 and 5 is very

nearly equal to 0. 0035

146 -

as., was computed 1n equatlon (4 17).f -

For runs number 1 and: number 6, the value of Cf is ap—.

prox1mately equal to 0. 0042

FEAUI /’

Thls constancy of the
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@

. coefficient of shin friction, for the uall—wake on. a
smooth boundary, is?a;significant departure‘from the
case of‘a'fullyfdeveiopedfturbulent boundary layer on
a smooth wall. In the latter case, the coefflclent of
skln frlctlonsdecreases in the longitudinal dlrectlon.‘

- To check thefabove observation,‘the coefficients
“of skln frlctlon were also computed by the Squlre and
Young (Schllchtlng, 1968) formula, glven by.

Cp = ———20376 5 (4.18)
”(109{4'075Re}) ' - o

v

| L o
‘and the Ludwig .and Tillman (1950) formula: '
- ____0.246 | o
Ct T 56787 _0.2¢8 - . (4.19)
10 S Ry ”

hwhere 6 is the momentum thlckness, deflned earller,
: H’i 6*/6 is the shape parameter, and
0]

[0} . Vo

R, = —— .

8 v
o In both the equatlons, measured values of 6 and h
are used ‘to compute Cf. The computed values of C. from

f
' both these equatlons are plottedaln the same'flgure,‘

&



S S i
(Figure 4.11). It is seen that the coeff1c1ents ofﬂﬁﬁ%m

friction, as computed from the Sgulre and Young and thej;y

Ludwig and Tillman formulae, show generafiy the same be- ’

hav1or as the measured values of Cf, except that thelr
magnltudes are con51derably less than the measured
valueg. ThlS 1nd1cates that the coefflc1ent5'0 0576 and
0. 246 in equations (4. 18) and (4. 19) respectlvely, are ‘
less than the ones obtalned experlmentally., One reason
for thls might beé that the nature of the 1nner reglon
of a turbulent wallvwake is dlsturbed by the %resence of
the obstacle at the leadlng edge of the plate.‘ Such a
dlsturbance could cause a modlflcatlon in the coeff1c1ents
in’ equatlons (4. 18) and (4.19). Error in the Preston
tube measurements may also . be a factor.
| From the Pplot in Flgure 4. ll it was found that
~if the coeff1c1ents in equatlons (4.18) and’ (4 19) are
increased to 0 092 and 0 393 respectlvely, then the
measured and the comﬁuted values of Cs fall on a 51ngle
- mean Curve. However, a large dlscrepancy between the
experlmental data and that computed by the Squlre and
Young formula, can be observed 1n the near—wake reglon

_(x/hC <30).' This is because ‘the Squlre and Young formula

@,s valld only for a fully-developed turbulent boundary ‘

&

is zero at the pornt of reattachment and 1ncreases as we _i

!

layer, whlle in the case of a wall—wake, ‘the skin frlctlon

L1493

<
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@yve downstream from this point.
certain dlstance downstream from the point. of reattach—
ment that the skin frlctlon attains the value aSSoc1ated
with fully—developed flow. The Ludwig and Tillman equa—
tion, on the otherlhand; can'be seen to*shov’the Same
trend ‘as the experlmental data _ Thus, an appropriate

r_equatlon for the coeff1c1ent of skin friction could be

of the form: .~ . \ . ' } ©

: 0. 393 ST R ,
Ce 1 ﬁ 678H_0.268 . (4.20)
Rg

There was no other experlmentalddata fouhd to
‘conflrm the valldlty of the above equatlon. It should be
noted $hat the above equatlon is the ‘'same as the Ludw1g
and Tlllman equation - (equatlon 4. 19), exceptlng that the

'coeff1c1ent 0 246 in equatlon (4 19) is replaced by 0 393.

4.2.8  VARIATION OF WAKE DISPLACEMENT THICKNESS,. 8,

An expre551on for the wake dlsplacement thlckness,

Gw, can be obtalned by equatlng the veloc1ty, u v obtagned
from the wake proflle w1th that obtained from the inner.

«proflle, at y = § . S _ : L

From wake profile we- have: , jr T o
U ~-u ' i . o .
o w _ (1-0 293{ wy3/22 (4.21),

Yim
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and from the inner profile, (equation 4.10):

D

u 6
w - 1/5
5, = 28 &) Q (4.22).
.

Substituting equation (4.22) into equation (4.21) we get:

¢
v s . -e.3/2 .
ﬁe_ - 28(——) ‘ 3* = }1;0_293(Bﬂ)_ f)23 L
- 1m SSlm SRR

')'n ‘.

An approxlmate solutlon for (Gw/b) can be obtalned

from the above equatlon, 1f we assume'that 6 '<<-b,=sog;[:‘
. , A

that the rlght hand 51de of the equatlogels‘app:qximqtely

S L

equal to 1. - _ﬂf'*» - F u*uipfau;ﬂg”y;'7;*
- N B R :
8. 1/5 U -u o o _
Thus: 28 (%) ‘= © Im v :
b 1.1* - > .
; i
. © ’ Al
e . S8, 1/5 S | AP o -
b - _w - __(2 q1E 1m : . _
or 28 (& = u*f(}’ g .
. ¢ 0O
y )

- In the far-wake region we can assume u << U and hence:

vy . ‘ . N lm 0 ’
‘ "ég (Eﬂ)l/s - 22 ='(2;)1/2
7 'b S W Cf”



If we substitute for C =.3.35x10;3, from equation (4.17),

f
and simplify, we obtain:

‘,;éé,go.u - | (4.23).
A | : i

. “” e
Thus iﬁ the;fer-wake region; the ra#io, (dw/b)"becomes.
vindependent of x. '
‘Variation'of 6 Jin the longltudlnal dlrectﬁﬁﬁ can
be derived by substituting equatlon (4.14) for b We

thus obtain:

| '=,o.'2( X (4.24)

Thus the p01nt at whlch the 1nner and outer

reglons of the wall—wake (w1th zero pressure gradlent)

meet, 1ncreases longltudlnally as xl/z. It was not pos- -

sible to verlfy experlmentally equatlon (4. 24), because
of the dlfflculty of determlnlng 6 from the veloc1ty
proflles.. Ah examination of’ the veloc1ty proflles
hplotted in Flgpres 4.3(a, b), however, confirms the

¢ .

valldlty of equatlon (4. 23).

152
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4.2.9 GROWTH OF BOUNDARY LAYER PARAMETERS.

. Boundary layer parameters, éﬁbdeflned by:

displacement thickness, &* = I-(l —'%—)4dy, p
o - * i o o . : L
momentum thickness, . = f 2.1 -%) ay, and
: _ U v .
Bomet ' : oo ' o
.
shape parameter, R X§  = %— ’

are pleﬁted in>Figure_4.12Afor runs numbers 2, 4 and 6.
These parameﬁeré:haVe been compufed bf,ihtegratingvthef‘

measured velécity p;ofiles, .Eor a tu;bulentfboundary

" layer on a smooth flat piate, at zérobpressu;e gradient,

. assuming a l/7th.power law for the velocity profile, i.e.

(y/é)l/7

C:C
o

(4.25), = ¢

: Yy . :
" where 6 is the boundary layer thlckness, we can ea51ly

derlve expreSSLOns for these parametersw‘ They are of the
” follow1ng form-

U x -1/5

0. 0462 (———)

%ﬁ (4.26),

U oX :;/5' . . _
0036 5 a2,

]
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% ‘ . ,
and _ H = e = l.285 : (4.28) .

. . » 1 . ry’
Equations (4. 26), (4. 27) and (4 28) are plotted

1n Flgure (4.12) along with the experimental data. It
;ﬁcan be Observed that the measured values of 6* and 9,

'gf;r the wall-wake, are much hlgher than the correspondlng

. values for the turbulent boundary layer, on a smooth
‘hplate.o This is obvious because the momentum loss. and the
‘dlsplacement effect are- much hlgher in the case of a wall-
,wake, due to the presence of the obstacle at the leadlng
:edge.‘ For run number 6 (rough wall), ‘the values of &%

.and 0 are even hlgher than for runs numbers 2 and 4. ‘This - 7
;15 because the roughness of the wall Creates a further’
;'1ncrease in thegmomentum and dlsplacement thlcknesses.
'.Thls fact is well establlshed for the case of turbulent
L:boundary layers on rough walls. (Llu, et al 1966 )

- In the plot of shape parameter, H we see that the
;Qexperlmental data attaln the value of 1 285 (for tur-
-‘bulent flow) in: the farrwake rz;lon. '

4.3 EXPERIMENTAL RESULTS FOR WALL—WAKES_ '
-, WITH ADVERSE PRESSURE GRADIENTS

Three cases (ruhs numbers 7 8 and 9) of wall—wakes
:twlth adverse pressure gradlents were 1nvestlgated for the

. present study. They are cla551f1ed as APG—I APG—II and



—

o . " » . o

APG—IE&:’in Series II of Table‘IVfl. APG-I was the

weakest pressure'gradient, and. APG-IITI, the'Strongest‘r
The pressu Z/gradlent flow was created by attachlgg

a false roof to entire length of the test—sectlon in

the Wind tunneI.‘ The plate was flxed on the downstream
end of the test—sectlon, and at the upstream end 1t was
.adjustable to any de51red helght (Flgure 3. 3).» For APG-T,
the opening at the upstream end was 10 75 1nches,_and for
APG-I{I 1t'was 4 lnches.; Further detalls are shcwn in
Figure (3 3) The entrance section’ for the three runs ”
was not the same, consequently the entrance veloc1ty, Uo’

\

. was dlfferent for each run. . The maxlmum value of U was

. 145 feet per second, for APG—III and the mlnlmum 107 feet

per second, for APG-I For APG-II, the value Qf UO was

121 feet per second.®

@
4.3.1 FREE STREAM VELOCITY DISTRIBUTION ‘

The free . stream velocity dlstrlhutlons for the threeu

runs are plotted in Flgure (4.13). The SOlld 11nes fitted
emplrlcally to the experlmental data were found to be des—'

‘crlbed by the follow1ng equat10n8°

APGoT ~0.115

: o= (x +0.2) L E (4.29)
APG-IT : = =1.02 (x + 0.2)70-215 ., .o

- 0 ) . N . t. .
APG-IIT : g =1.015 (x + 0.9)~0-31 (4.31)

N
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These equations indicate that for all prac-:ical
cases the external pressure gradient can alway:s e ex-
pressed by an expo@éntlal equation of the form,

(Wygnanski and Fledler, 1968)..

u _ m —h_l . -m-1

These equatlons satisfy the crlterla necessary for
self 51m11ar flows w1th pressure gradients, viz.:

e}
s m
U av(xi+ xo)-
The values of the exponent m, for the three runs,

are therefore equal to -0: 115 -0.215 and —0.31, res-—

pectively.

4 3.2 MEAN VELOCITY DISTRIBUTION .FOR WALL—WAKES
WITH ADVERSE PRESSURE GRADIENTS )

The mean ve1001ty proflles for runs number 7 and 8
" are plotted in Flgures (4.14 a,b). The velocity . proflle
'data for run number 9 is tab;;ated in Appendlx A. .
In order to verlfy the wake—like character of the wl
velocrty proflles 1n the outer-reglon, non—dlmen51ona1

plots of (U—u)/u : versus y/b have been shown in Figures

(4.15). 1t can be noticed'that the velocity prqfiles

B
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.

for all three runs agree well with the plane wake profile:

' 3/2 o,
gou (1-0.293{%} "2 k
Im ‘ ‘
n the far-wake req /h > 50),
The scatter ear the wall once again makes

velocity;profile st;».‘{shlftlng from ‘the wake profile
to the boundary- layer proflle. An approx1mate value of
the p01nt of dev1atlon seems to be- somewhere around

y/b = 0.50 or below for the three runs.

B

"4.3.3 VELOCITY DISTRIBUTION IN THE INNER—REGION
OF WALL—WAKES WITH. ADVERSE PRESSURE_GRADIENTS

In. the 1nner reglon of the wall—wakes with“aéuerse
_pressure gradlents veloc1ty profiles were agaln tested
for the "law of the wall“k Flgure (4. 16) 1nd1cates that
‘the logrlthmlc 1aw.holds for all three pressure gradlent
_runs. The scatter of the data is not much - greater ‘than
normally expected in thlS type of plot The‘bestefit—line

for APG- I was found to be of the form-'

o= = 5.6 logl¥ty 7 4  (4.32),
u, v v _
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'FIGURE 4.15 VELOCITY.DISTRIBUTION IN THE OUTER-REGION -

o

“FOR RUNS 7,8 AND 9 sy

s
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26.5 for APG-IIf.

and“for'APG—II~and APG—III,'it was of the form:

“

2 = 5.6 log¥2* + 6.6 . (4.33)
. Uy v e ‘ | AR
y

These plats confirm the validity of the two—layer

hypothesis: for wall—wakes w1th adverse pressure gradlents.

At very strong adverse pressure gradlents,khowever, the‘

’ logrlthmlc proflles may not hold near the ‘wall. For such

<

flows the boundary layer mlght separate, whlle the ‘wake

proflle in. the outer reglon may still hold.

Velocrty proflles in the 1nner~reg1on are again

plotted 'in terms of (u/u )’ versus (y/b), in Flgure (4 17)._

A

;It can be seen that a logrlthmlc relati”ﬁ\hlp of the form.‘

— ) . ds B . - .. . - . . L. .
. . X . R
. . . [

U ogd S L a3
ay = 5-6 logf + B | . (4.34)

a2

holds for ail_three.runs- For zero pressure gradient

‘flows the relatlonshlp was 1n the form of a power 1aW‘
a‘h(Flgure 4 5). In equatlon (4 34),‘B was - found tO’be

' 26.0 for the best—flt—llnes ‘for APG-I ‘and APG-1I, and

.'/_/ q

If we compare equatlon (4 34), (assuming Bl

w1th equatloé (4. 33), we obtaln. L e

e

V'O

‘= 26.0),
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(4.35).

In equatlon (4.35), the factor v/u, can be con-
51dered as the length scale for the wall-reglon._ Thus :

we can see that the ratio of the length scale for the

outer reglon, b , to the length scale for the wall reglon,

(v/u,), remalns constant for wall—wakes with: advense pres-
sure gradients. Equatlon'(4.35)-has been used in de-
f:termlnlng ‘the expre331on for the local coeff1c1ent of skln

u frlctlon, f (=t o/ —OU ).

“3:3.4 DISTRIBUTION OF BOUNDARY SHEAR STRESS

An express10n for the coeff1c1ent of’ skln frlctloni

L]

can be obtalned 1f we- d1v1de both 51des of equation (4. 35)

by the factor (Ub/v = Rb) We obta1n.~

LI
S AN

g C N34 o
0 o LR, ~£1 _=’ lo ! "“:“‘, oy )
S 13.46 ¢ .
_. O,’.r,\.. -, (2f)1/2 19_Rb , J (4.36)"
w2 T, |
- where Ce :-Z(ﬁ_) =7 -
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Squar}ng equation (4.36), and simplifying,‘we

.obtain: ' . - '

Sf T Rﬁ R ‘7r’h"5 o (4,37) o

If we substituté‘for3Uq(x+xo)m, and ba(x+xo),

we obtain:-
- ‘ . -

2(m+I) . o ‘04538))f o'

L @a%he constant of proportaonallty 1n the above equa-

>
\u

tlon w111 depend on some appropriate pressure. gradient

,,parameter, (or the exponent‘m).,

Equatlon (4 37) for the skln frlctlon coeff1c1ent

.;Cf,'ls&plotted in Flgure (4 18), along w1th the experl—»
i ment data for the three pressure gradlent runs. It may“

‘be seen that the skln frlctlons for APG IIWand APG III

~are satlsfactorlly represented by’ equatlon (4»37). For

-weak pQ§§§:;: gradlent flow, (APG I),’the skln frlctlon
2007

‘seems to be 1ndependent of Rb and is more or less con-

'stant In the doWnstream dlrectlon.
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‘A° 51ng1e curve for the varlatlon of skin frlctlon

"tlndlcates that equatlon (4. 37) is 1ndependent of any
*';pressure gradlent parameter. It seems that the Reynolds
.number,mRb, €ould be an 1mportant parameter in deflnlng
T:f-certaln flow charaCterlstlcs for wall—wakes with pressure  .

ff7grad1ents,‘espec1ally if the pressure gradient is strong.

"4Q3;5,1VARIATION OF VELOCITY SCALE

Flgure (4.19) shows the varlatlon of the non-

dlmen51onallzed veloc1ty scale, /U); 1n the lengi-
& -

Atudlnal dlrectlon. In the&far—wake reglon, the ratlo

: llne) as predlcted by’ the theory. However, there 1s#a

/U does attain. a constant value (shown by the’ chalned

dlscrepancy between éhe (%% /U) value predlcted by

:equatlon,(2.64); Lo PR ’ =,
. 7———-U ', = 1-42 “?‘m'*'l) v L L . RN ‘(2-64‘) ',

(oA

.and the one experlment lv observed mhe ratlos of

/U) experlmentally obtalned in- the far—wake region

Fffor the three runs, and the ones predlcted by equatlon

.(2 64), are . tabulated as fo'lows-.
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TABLE IV-2 COMPARISON OF THEORETICAL

Y : AND EXPERIMENTAL VALUES - .
, - of (u; 70) .
' (v, /0) 1’ Y)
Run No. _APG ‘ m (Experlment) (Eq 2 64)
7 I  -0.115 0.110 1.070
8‘ I —-0.215 0.350 0.835 B
9 III . -0.310 0.285

LN

0.261

- It can be observed that thefdisérepancy between

.the two values of (u /U) is greater for wea¥ pressure

gradlent flows (where the exponent —mﬂ;s small),_than

for strong pressure gradlent flows. For APG-I

(2 64) predlcts a value of (u /U)>l which is obv1ous

, equation

because equatlon (2. 649 glves the llmltlng values of m as

~0.185 and 1/3 for self preServ1ng flows, whereas the

‘v

exponent m for APG I 1s —0 115 whlch is. beyond the llmltS

RN

B

fof self preserv;ng flow. However, a constant ratlo of

/U) for APG-I 1n the far wake reglon, and the simi-

H

_larlty of the veloc1ty proflles (Flgure 4.15, 4 16),

1nd1cate that the flow was self preserv1ng for APG- I

‘ of'(u /U) 1s stlll too large to be cons1dered as ex-

perlmental error.- A p0551ble reason for the dlscrepancy

’could be an error in the coeff1c1ent 1 42

~

in equation ¥

For APG II the dlscrepancy between the two values -
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(2.64). Thisvcoefficient was obtained as the ratio
(Fl/Fz)' in equation (2.63). The numerical values of —\
parameters Fl and F2 were evalnated by considering a
plane-wake profile, (equation 2.41), . For a wall-wake, K
the values of_Fl and F2 will be different than the ones ;
given by the plane—wake profile, becanse of the'change in
velocity prc ile near the wall. | |
For APG—III ‘the dlscrepancy between the two values \
of ulm/U is the smallest In fact, we-Can say, in. this
case, that equatlon (2. 64) - agrees fairly well with the
experlmental data.
The above observatlons, from Flgure (4.19), reveal
that the plane-wake ana1y51s of the outer-layer of a tur-
bulent wall-wake predicts values for u /U which cor-
respond reasonably well with the experlmentally obtalnedy
-values, for‘moderately strong adverse _pressure gradient
flows. For weak adverse pressure gradlent flows the pre-
drctlons are far from the experlmental observatlon.,%h
posslble reason for thlS could be the negllﬁénce of the
“coeff1c1ent of skrn frlctlon ‘'in the momentum 1ntegra1
: equatlon (2 6l). If we wrlte the momentum 1ntegral equa-

tlon (equatlon 2 61) in its complete form, 1t is:

L ' N o - :
RS N _ _d 2 ‘ . dU -0
ja;#{ulm.q b F;) 52'(ulm b EZ).+.5§'ulm b Fl N

e,



If 'we apply the conditions described by equation (2.59),

and simplify, we‘obtain: v

s 2m 2 y2m . S
BlB23%,FEﬁ(3m+l) (x+xo) ~ BB F, (2m+1) (x+xo) =5
B )
R ‘Ha ’
e
o < 2, 2
Dividing throughout by U° (= B {x+x } ™y, we get:
v . . . . xJ
. e - *';"':‘-11"'5, ' iT'o, Ce
By (B,/B;) F; (3m+l) - B (82/B ) 2 (2m+l) == =5 (
| ~ | . 0?2y
, ,
£ (4.39)
Substltutlng er B2/B3 = ulm/Uf we obtain:
*
lm' | e |
@ ({3m+1} F, - {2m+1} m g ,) = 5+ ~ (4.40).

U 2

v

It is to be noted that equation (4.40) will take

the same form’ as %equation (2.63), if we aésume that C_. = 0.

£
In terms of exponent m, the above equation can be written
.as:
b

{Cp/28, (u /0)} + () /U0) F, - F,

o %5, _ 2 C a.an.
. 3Fl =2 (glm/U) F, S :

173
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An examlnatlon of the foregoing expression reveals
that as (u /U)*O the numerator of equation (4.41) tends
to infinity, and hence m+w; This is in contrast to the
51tuation_for a. plane—wake case, in which m —.—1/3 at

/U) = 0. Equatlon (4 41) is plotted in Figure (4. 20),
for different values of Cf, assumlng Abramov1ch s expres-

~ ¢

sion for Bi;(=db/dx), given by equatlon (2.65):

R
ta

e
R

, . . o u., /U
e ' B. = db = 0.175 1m

' 1 dx. 1-5(u, /U)
27 m? T

Y

The'values of Fi (=l 02l and F, (=0. 717) were assumed to:_-A

-be the same as for a plane wake. :
Figure (4. 20) shows that for each value of m, we

robtaln two - values of (u /U), one 1is small and the other

is large. It seems that for a wall-wake, the smaller

value of_(u /U) glves the r;ght solutlon at weak pressure

gradients It may‘ﬁlso\be notlced that the dlscrepancy

between the wall-wake equatlon (equatlon 4. 41) and the-

plane-wake equatlon (equatlon 2 64) , is not 1arge on l“

‘vthe rlght hand 51de of’ Flgure (4. 20) Elther of . the two

‘equatlons may be. usede%or the’ determlnatlon of - (u -/U),

~ for strong adverse pressure gradlent flows

. To" determlne (u /U) from Flgure (4 2&;, we‘must /' )
know the skin - frlctlon, Cﬂ“, For adverse pre ure'gradientv
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A“flows, ‘the coefflcxené“of skin frlctlon usually decreases

¢
ao

LAt

.g—--,

k\

s

s »

in the downstream dlrectlon. fhls has been observed in
Y . N

‘Flgure (4.18) for two ,strong. preSSure gradlent flows.

o,
" The- same plot also 1gd1ca§es that Cf is. more -or less con- ..,
"stant for APG- P More measurements on weak adverdt
preSsure gradlent flows are necessary before a deflqate

statement can be made on whether the skln frlctlon remalns
]

' constant for wall-wake flows.- For the present case, the 4

¥ 3
value of Cf for APG-I may be taken as 2. 5x10 3. For this

value of Cf, and Qith m . = -0, llS . we obtaln (ul /U0) = 0. 12,
This value is in excellent agreement w1th the experlmental

value of 0. ll

”
w

. The large dlscrepancy bétween the experlmental and
the predlcted values fog u /U (Table Iv-2), for APG-II,
still cannot be explalned Flgure“’¥20) does not. help

,much 1n predlctlng the value of ulm/U because of the
fact that the“skln frlctlon is not constant. Fxgure (4. 20)
(eqﬁatlon 4 41) , would be of great help if it were pig—
51b1e to obtain an expre551on for Cf; 1n terms of the
'exponent m.(or some . other sultable pressure gradlent para-

: meter). For thls, however, more measurements are neces—7
sary in.a varled range of adverse pressure gradlent flows.
An meortant revelatlon obtalned from equﬂtlon (4. 41) is® "

o
that the backflow predlcted by the plane-wake equatlon for

’ % -m<0. 185 doss not hold for the case of the wall-wake. On

‘\Q |

176
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R SRR ,
the contrary, the ratio tu,; /U) for the wall—wake‘r?duces

considerably for weak advefse pressure gradient\flows. -

s
s

/4.3.6  VARIATION OF LENGTH SCALE -

Flgure (4. 21) shows the varlatlon of 1ength scale,

'

b, in the longltudlnal dlrectlon. A 11near varlatlon of |

the lehgth cale with £~1n the far-wake region, can be
observed for afil thigyrpressure gradient flows.: Such a -
variatlon in the 1ength scale was predlcted vby theory

" for self—preserv1ng whke flows wlth pressure gradlent
The slopes, db,ax,( =Bl), for the three runs were de-’
termlned and a comparison w1th those obtalned by
Abramov1ch's equatlons (equaklons 2. 65 2 66), and by

Gartshore's equatlon (eqpatlon 2.74), is shown - ‘in the

follow1ng table.

- TABLE IV-3: COMPARISON OF THEORETICAL AND
EXPERIMENTAL VALUES OF b | -

B, B B B

Run " = - By 1 1 P
No. APG mg ‘\jeq.Z 65) (eq 2. 66) (eq.2 74) (expt.)
o, | X
I -0.115  o. 0186  0.500 " 0.0140  0.0045
3 I -0.215 - 0.0690 ,0.230  0.0127 0.0135 .
9 III -0.310  0.0530  0.035  0.0116 0.0130 o
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obtalne
1, ac gabw
.rom Gartshore's equation, (2. 74), glves the most. satls—' Q

It may be seen that'the-ceefficient-B

factory resv't fer APG-TI and APG-III. For APG-I, the
‘discrepancy is very large. In using Abramouich's equa:
tlon, (2 65), measured values of . (u /U) were used

thereas theoretlcal values of (u /U)( glven by equatlon

2 64, were used in equatlon (2 66). Both these equa—

tlons, (2. 65 and 2. 66), can be seen to predlct much hlgher_'
i[values of B1 than the ones experlmentally obtalned it ¥
is to be noted that the coefficient 0 163, in equatlon

(2 65), was obtained by assumlng the boundary. condltlon
forxzero pressure gradlent flow in the polynomlal for
db/dx."It is't§éféfore not illOgical that. there would

be error in the estimate of Bl with the use of thls'

. equatlon.

4.3.7  VARIATION OF WAKE-DISPLACEMENT THICKNEss;VGw‘~;
} — ; . i
An expression for wake—displacementvthickness;'%w

_ can be obtained by equating the wake profile:
=2 = (1-0.293 &y
Im " -

2 (4.42),

-~

' ehd"the wall profile,a(equation34,34);

u o Y : L e
;= 5-6 logl + 26 o wa,

1797



\ PR -4
at y =.6w; u = uw'_Whléh glvss:A
5. 3/2 ou, | 8 s
~ 2 u- * B X) . “
(1-0.293 {¥} )¢ = — - —— (5.6 log— + 26):  (4.43).
T T SR

Equation (4.43) is too complicated to solve for Gw.. An

.

-apprakimate solutioﬁ for 5 can be obtained if we assume

that the shear stress at’ y Gw' asiderived from the two

proflles, is equal., Thus the slopes, 3u/3y at y = Gw,

must be equal for the tﬂo proflles.“

leferentlatlng equatlons (4 42) and (4. 34), w1th

!

: respect to . y, and equatlng (du/9dy) at y —'Sw, we obtaln-

- . | s o
..2.44 Us _ .88 [ ;m bw 1/2 {1-0. 293( S 3/%1
LW T ’ .

. . -
s

&

u

. ) ‘., , S . - ‘ . 6 . ‘- ‘. ‘ ‘ :7_ .
or, 2 .= 0.36 [(——)3/2_— 0.293 (Bﬁ)B] - (4.44)
Tlme - . . v . :

4
If (6 /b)<l ,so that'the second term on the right
- hand 51de is small enough to neglect, ~in comparison to the

first term, we can~wr1te. |

Ue 4o e Ow 372
u* = 0.36 (5m)7°°
T lm L :

(4.45)
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' Equatlon (4. 45) 1nd1cates that the factor (S, ,b)

w/

wiil vary with ‘the ratio. (u*/u . It is to be noted that

both the shear veloc1ty u, and the veloc1ty defect ulm

depend on the pressure gradlent in the same manner. _In'

adverse Pressure gradlent flows both veloc1ties decrease

.. in the downstream direction. . -
If we substltute for u*, from equatlon (4 35), into

-

equatlon {4.45) and slmpllfy, we obtaln"

w 3/2 _ 0.8x10% : |
A= b) o= (w) . L '(4..46)

In the.above equatlon the factor (bu /v) is propor-
tlonal to the Reynolds number Rb( Ub/v) because ulm is pro-

portlonal to 0. If we consxder the fact that

o_» a (x+xo)

+
and .ulm a (x xo) '

“then from the above equation we obtain:

5. . ' .
-—!_a (x+xo)-2(m+l?/3“

o

(4.47) -

181



ThlS ekpressxon lndlcates ‘that 6 will decreaseirf

o

movefiﬂ‘the downstream direction from the obstacle.af

<\'.' ((L

””fgquatlons (4 .47) and (4. 45) was not pOSSlble,
!

beCauSe of the scatter of the data for the two ve1001ty .

-Z'a I I

' momentum .
; ;jsfae, ‘and’ the shape. parameter, H, as derived from

‘i&'atmn Of the velocity profiles, are plotted in ¢

Flgure (4.22). The boundary layer parameters decrease SR 'Qﬁi'

“at first and then steadlly increase. The high values of o e

8* and 6, near the obstacle, ‘are 1nd1cat1ve of hlgh order

of turbulence present 1n this reglon. o o i

.

\\\\;“\n The strong adverseggkessure gradient,'(APG4IiI),' | S~—
“has lncreased all- three parameters, w1th the greatest dif- | ?§?
ference belng that for §*. ' ~“4_ : e o
The 1ncrease in @, even though the skin friction
»decreased in g01ng from APG-I1I to APG—III is explalned by

‘the fact Lhat de/dx, 1n the Kérmén momentum equatlon-

M
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CHAPT-ER V @ , o~

?W

5.1 ?-'INTRODUCTION

ThlS chapter presents the exper1menta1 analy31s of
the turbulence characterlstlcs of the wall—wake.. Many
results of measurements on turbulence 1nten31t1es§1n
boundary layers as well as in. plane-wakes have been pub-
llshed yet no such results are'akallable for wall—wakes.

.Because of the lack of such materlal it becomes a very
.dlfflcult task to make any very conclu31ve statements
about the structure of turbulence in a wall—wake. In the'
follow1ng pages an attempt has been made to explaln the
behav1our of some of the turbulence characterlstlcs of
-wall—wakes.' . bg- ‘ : ; ‘

Slnce the alm of the present study was to glve a
qualltatlve analy51s of the trrnllence characterlstlcs,,

- onIy five experlments were selected for turbulence mea- -
’JSurement Three of these were from Serles I (runs number
2, 4 and 6 - rough surface), and two from Series II
(APG II and APG III). The average free stream: veloc1ty
for zero pressure gradlent flows/was 96. 0 ft. /sec., -and
the free stream turbulence was 0. 72 per cent.\ The dlameter

of the X-probe used prohlblted the taklng of measurements

at dlstances any . closer to the. wall than 0 012 feet.

. . . 4
x R . . I
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4 .
Since it was not p0351b1e to apply all the cgtnectlons’
fneeded for the. hot-w1re mea§urements, none‘%bre applled

The' results presented here, however, w1£} glve an under-

E

‘standlng of the. development of turbulence characterlstlcs
W

‘\
from one section to the other..
. é{. A - \ . ) i . ,
R szheasured>values of turbulencetquantltles for . ST
the five i

ns are tabulated in Appen&ix*‘

_ ¥ o g .
5.2 ° TURBULENCE INTENSI?IES ~ _ fﬁ

Measured values of the u—component of turbulence

%

1nten51ty, with respect. to the free stream veloc1ty U ’

" for zero pressure gradlent flows (runs n er 2 4‘and 6)(

A

are plotted -in Flgure 5 1. The'natur of the dlstrlbu-

-,
[ e ‘1- .
: fg‘éix

tion of the longl udinal componenﬁ(ft turbulence 1nten- | ‘ 'l K
51ty is essentlallj the same for all ‘three runs. A hlgh

: level of turbulence in the near wake reglon (x/h = 25{50)
results from the dlsturbance_to the flow caused by the"
obstacle. Since thernear wake region is the region of
intense'turbulence, it is. expected to have a much higher
levelnof turbulence than the far—wake reglon. Ehe.maxima,:
v h é&seen to occur at about the half—wake wldth

, &fﬁiﬁ 1) in the near wake reglon. .Slnce-the turbulent

‘boundary layer is not fully developed 1n thlS reglon, the

_turbulence 1nten31ty gradually decreases as we move t'~
' wardsgthe wall 1nstead of attalnlng 1ts maxlmum value.

At’x/h 100 the curve is ‘more flattened and the

n .
< b
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turbulence 1nten51ty is practlcally constant in the central
. N

reglon of the flowrm ‘The maxrmum occurs very near the: wall

4, e i

- 188

| 1ndlcat1ng t'the turbulence structurelln the wall. reglon

‘lS fully establlshed Similari - in the profilés 1s not

&

E wake reglon of the rough wall élow can be seen to be ap- -

bservable in the outerﬁreglon sxnce U ’(insteah ofjulm)
has been used as the veloc1ty scale g . .

AP . ! .
The only noticeable effect of the hel ht. and- shape

.

of the obstacle appears in" the relatlve magnltude of tuﬁ
. “ #!

bulence 1nten51ty in the near wak§'reg10n (runs nggber 2

N

and 4), whereas the roughness of the wall in ﬁpn number 6h‘

causes a hlgher 1eve1 of turbulence throughout the flow

reglon. The max1mum 1nten51ty of turbulence ‘in the far-,

-

Vel
proxlmateﬂy 50% higher than that of the smooth wall flow.

Flgure 5. 2 shows plots of the\longltudlnal com-"-

A,

ponent of turbuleno% 1nten51ty for two adve;ze pressure
gradlent flows. Appllcatlon ofquverse pres@ure gradlent

>

e
affects the turbule ce quantltles in the follow1ng ways
1€ °

(Scottron, 1967)

5
(1) There is a

apld thickening of the boundary 1ayer

and _an earller tran51t10n from 1am1nar to turbulent'

flow.

L

(11) aA. réductlon ln wall shear stress occurs, produc1ng

a reductlon in the: t:Ezulence level near the wall.
‘/ r . .

, o
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(1i1) A'general_lncrease‘in»the turbulence level of the
. o .
- whole region is mbggé((/Thls effect seems to over-
.rlde the other egfects (such as wall shear stress
varlatlon) |
(iv) There is a high level of turbulence at distances -

well auav from the wallf

The drop in wall shear stress which results from

the appllcatlon of adverse Pressure gradient reduces the

- turbulence 1ntensrty near the wall. However, the in-.

fluence of contlnued pressure rise and upstream generated
=N
turbulence, serve to produce a higher intensity ofpturf

bulenCe. well\away from the wall" v
» A hlgh level of turbulence in the near—wake reglon
can aga&n be observed for both adverse pressure gradlént
flows in Figure (5.2). For the weak pressure gradlent
'vfIOW‘(APG II), a complete SLmllarrty 1n proflle, from.

-

'very near the wall ur o y/b=1.5, cﬁh be observe for

N
h>100. Beyond th‘T point, (y/b>l 5), the 1nten81ty of /)

turbulence tends to 1ncrease 1n the downstream dlrectlon.

1]

- The 1nten51ty of turbulence in the outer reglon thus grows

'because of - the appllcatlon of adverse pressure gradlent.b
: Thé strong adverse pressure gradlent flow (APG III) ex-
3h1b1ts essentlally the same features except that the 1n—
;ten51ty of turbulence starts 1ncreas1ng at much smaller

values of y/b( =0, 4)/ It can be concluded that the appllca-

tlon of adverse pressure gradlent prohlblts the dlffu51ve

-
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‘behaviour of the wake and, in tact, increases the turbu-
lence level (in the’outer region of the flow) in thevdown_
'stream dlrection. The effectuof the wall on the inten-
sity of turbulence_seems to diminish w<th a strong adverse
pressure gradlent. A steeper gradlent of proflle near
'the wall, and a generally hlgher magnitude of turbulence
intensity, can also be observed for‘the strongﬁadverse
. Pressure gradient flow. .The outward movement of wall-
generatedﬂturbulence, which is due to the adverse pressure
gradient, is clearly notlceable, as the turbulence inten-
‘sities attaln thélr maximum value at points away from, the
wall | _ . , , ) ) _
“ L ‘ : N

- The v and w components of turbulence intensity are
}plotted in Figures (5.3 to 5.6). The behaviour of'the
transverse components can be seen to be essentlally the'
same ‘as that of the u—component except that- thelr mag—
vnltudes are smaller than that of the longltudlnal com-
. ponent’ (anlsotrophy). The degree of anisotrophy in-‘

creases as we move towar@s the wall for all the cases.

For all flve runs the u-component of the intensity of ‘*

turbulence was found to be the largest and the w—component

.-the smallest

| In Flgures 5.7, 5.8 and 5.9 (the latter two flgures
.are shown at the end of the chapter), the u—components of
turbulence 1nten51ty, relatlve to the local mean ve10c1ty,

!

rG, for zero pressure gradient flows, are plotted.  These .
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profiles are compared w1th 4 _—TVU proflles in the same
plot. The general trend of both proflles is the same in
the outer reglon. Near the wall the relatlve lnten31ty
v/ —TTVu can be seen to increase ‘rapidly,’ espeCLally in the, -
far-wake reglon. These plots 1ndlcate that the mean ‘ |
velocity,,ﬁ, near the wall, decreases at a faster rate -
than the root mean Square value of the turbulence fluctua-
'tlon, / —T? _ The dlfference between - - the two profiles seems.
'to remain constant in the downstream dlrectlon

For adverse pressure: gradlent flows, (Flgures 5.10.
and §. ll shown at the end ‘0f the’ chapter), thlS dlf-
ference can be seen to 1ncrease in the downstream dlrec-
tlon. This indicates that in the case of adverse pres—"-'
sure dgradient, mean veloc1ty near the wall decreases in
1the downstream direction at a faster rate than the tur-
-Tbulent fluctuatlons decrease The stronger the pressure
jgradlent, the more pronounced the effect, as can be ob- -
served 1n Flgure {5.11). B ‘ |

The three components of relatlve turbulence 1nten-

. sity, and the total turbulence 1nten51ty,

S~

T = .({u'2f+/_\;—'—-2-T +=GT?}/3)1/?/U

in the far-wake reglon, are plotted (for all flve runs) in
vFlgure (5 12), for the sake of comparlson The proflles

at the 1ast statlon for each run (v1z.’at x/h = 250 for
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runs 4, 6 and 8 and at x/h = 500 for runs 2 and 9), are
in fact compared in this plot

For runs 2vand 4 (smooth wall with zero.preSSure
gradient), it can be observed that the'three cOmponents‘
of turbulence 1nten51ty\for one run are very nearly equal
to the correspondlng components in the other run. This
1nd1cates that the 51ze of the obstacle does not influence
the turbulence 1nten51ty 1n the/far—wake reglon. The in-
fluence of wall roughness and the adverse pressure gra—
'dlents can be clearly observed in these plots. Another

dlstlnct feature is the" 51m11ar1ty of the proflles of the

‘three components of turbulence lnten81ty ln the far-wake

region.

5.3 'SHEAR STRESS DISTRIBUTIONS FOR
" - .ZERO PRESSURE GRADIENT FLOWS

The dlstrlbutlons of turbulence shear»stress‘-

Ty - u'v"
au2 - oz
PO, Y%

‘are shown in Figure (5.13), for smooth wall w1th ‘zero
pressure gradlent flows. In the near wake region the
: maxlmum shear)stress can be seen to occur away from- the
wall. For x/h ﬂ§150 the 51m11ar1ty in proflles can
!clearly be observed Wlth the maxima occurrlng very near

the wall A constant shear layer, .close to the wall, can

also be notlced in the far wake reglon.
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-

ngher values of turbulence shear stress near the

wall, whlch occur because of tﬁé roughness of the wall

are dlstlnctly/nptlceable in Flgure (5 14).,-Another

-the wall The shear stres seems to decrease rapl%}y as j’

wé move away' from the walii  a possrble reason for the

stresses in this area. - . R Lo Q@
~;n/%lgure (5.15), turbulence shear stresses in the

far wake reglon, for zero pressure gradlent flows, are

- shown Flgure (5. 15—a) shows the plot ‘of r/r =- ' '/u ‘

agalnst y/b Klebanoff's (1954) data for the turbulent
boundary layer on a smooth wall is also shown for com-
parlson His data was reduced to the y/b scale,-On the
assumptlon that’ the total wake-width 5(*% 27b) was ap-

1 o«

proxlmately equal to ‘the boundary layer tﬁ}ckness 6.*~It'

L vcan be seen that the dlscrepancy between the bounda:y <

layer shear stress and.that of the wall—wake 1s small in

éﬁﬁe area close to the wall. In ‘the central and outer

?regions'of the ﬁall—wake, however,}this diSCIePaﬁéY is

"large. - This indicates that the shear veloc1ty, u,, ;s

not the proper veloc1ty scale for the outer reglon.

In Flgure (5. lS—b), the plot of T/pu1m=- v v'/uim

'agalnst y/b is shown. Townsend's (1949) data for the

plane—wake behlnd a circular cyllnder is also shown for
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comparlson. Thxkalscrepancy between the wall—Wake data and
that of the plane wake can be seenétp be very small in the
. outer reglon. The assumptlon that there is 31m11ar1ty ‘.

between the shear stress dlstrlbutlons in the outer reglon

Ny w

is, therefore, ]ﬁstifled.

. The equation (2.32), S v

T _‘_‘ o v 1 3/2%: .
_ = 0.}28:§ (1—of293{§}. h; (2.32)

2
u
lm

‘obtained in‘Chapter II, is also shown in the same ﬁlgure.h
‘It can be notlced that the equatlon, (2.32), estlmates a
.“sllghtly higher va%ue for T/pu than that wh;ch was ex-.

,_perlmentally obtalned. Thls may.be due to one or_more of

~the foiloning factors: .
(i) The hot—wire:measnrements for TTVT may Be slightly

erroneous

-(11) There may be error in the computatlon of Ui

(iii) The coeffLCLent for the expre551on of mixing

-,4'and -

length (v12. 2— 0.407b - Schllchtlng, 1930), used

~in der1v1ng equatlon (2 32), may not be absolutely’

correct

}

A modlfled coeff1c1ent for Jthe mlxlng length has

<«

F\Z:en obtalned usrng the experlmental data. Thls»ls dls— :

. . '
ussed in the»followrng pages. R

-

' The influence of the wall on the shear‘stress dis-- 7

trlbutlon can readlly be notlced in the anner reglon.. The )
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shear stress across the wall-wake sturts deviating from
-

that across the plane—wake p;oflle at about y/b 0.75.

The effect of roughness is not clearly notlceable.
5.4 ° MIXING LENGTH FOR WALL-WAKE S
. \\"WITH ZERO PRESSURE GRADIENT FLOWS =k

Y

According to Prandtl's m1x1ng length hypothe51s,v
the expre551on fo: turbulent shear stress can be wrltten'
.as: } , N |
1, = - pa'v' = plzl( l o i" ;" - (5.1)

&
In the outer reélon of Qall—wake, the veloc1ty

proflle can be represented by.

U —u

= = (1—0.293{§}3/2)2--'
1lm C o
™~ -; leferentlatlng the above equation with respect to

7
-

Y., and substltutlng lgto equatlon (5. 1), we obtaln

ECIEE 2 oy : ' o
- = =10.79 %T-X'(1-o.293{§}3/2)2 C o (5.2)
uim » , B D B R

_ _ » .
The m1x1ng length L was evaluated from the above :
expreSSLOn, for measured values of - ' '/ulm, and the ;

.average value for the three runs was found to be

Rt SN

=?o,38b,,for (y/b)'3 0.7 O (5.3)
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1, ’ ' '
In the inner region, the mlxlng length was 51m11arly

. evaluated by assuming the logrlthmlc velocity proflle.

J :
The data is compared with the turbulent boundary layer

equatlon for the m1x1ng lengthJ
, : v , _ 5
_ 4= o.ay | ' - (5.4) _/“
The aQreement in the inner reéion; (1-5;0;1); of
thevwall—regTOn, is seen to be satisfactory‘ or both rough
and smooth wall flows. For y/b > 0.1, the smooth wall
~data can be seen to depart s1gn1f1cant1y from equatlon
.4) . This dlscrepancy can be attr;buted to an error: 1n
the measurements of both ST and u,. | |
The above plot 1nd1cates that the mlxlng length,
at any sectlon 1n the wall reglon, varies llnearly w1th Y
in the inner reglon, and bears a constant'ratio with the
half wake w1dth in the outer reglon thus JUStlleng the
assumptlon of the two layer. hypotheses,
5.5 'SHEAR'STRESS'DISTRIBUTION :
k _ FOR ADVERSE PRESSURE GRADIENT RUNS

)

The expre551on for shear stress dlstrlbutlon across

-the flow was derlved 1n Chapter Ir (equatlon (2 69 (2.75),

in the form°‘ <

o= = T A2 (1-0.20113/2) B N
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| B .mf : . '
where ~% = GE_B = 0.077 (1‘9?1‘31',f7£ -\- m,_g_\l_ )
S8 % Tlm . | 1. Uim f1
P (5.6)

and e is.the eddy'Viscosity.‘
If we assume- that ¢ varies only in the x direction
and "remalns constant across the flow, then we can determlne
a 51mple express1on for R from the above equatlon by
| evaluatlng the equatlon at
& | ’X; 1; fi(l) =1/2, ‘fi (1) = -0.622 - '
S : : "_j . - = )

' / If ‘we also substltute for Bl from equatlon (2. 73),

-

and for (u /U) from equatlon (2. 64), and’s;mplify.,We_
obtaln ’ ' |

0 78—m

= 0.08 (6_9_2——m) N )

e

The expression for shear stress thus becomes:

;='- 0. 0704 (ojm—‘ﬂ) A2 (10, 293A3/2 S (s.8)

pulm

Equatlon (5 8), along w1§h measured values of :

(-u’ '/u2 ) for the two .adverse pressure gradlent flows

aré‘plotted Ln Flgure (5. l7). In u31ng equatlon (5 8),
%;?

the experlmental values of m were used. ~ For APG—II

m =-O 215 and for APG-III - m —,—0 310.
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Similarity in shear stress distribution can he
noted. However, equation (5. 8) can be seen to estimate -
- vdlues which are higher than the experimentally ohtained
values, by a factor of about 15% for APG-II and 25% for
APG-III : Gartshore s (1965) plane-wake measurements for
. pressure gradient "B" (m = —0.3125,_u1ﬁ0l= 0.239), are
also shown in the plot;:.The agreement between the two
reSults is verthlose, the slight discrepancy being caused
by the fact that a higher le;el of turbulence was present
in the Wind tunnel for the present study.

. The measurements of shear stress are seen to differ
from equation (5. 8) only by a scaling factor. This will
,Simply modify the coefficient 0 08 in the equation for

(equation 5 7)._ The main.equation for the shear stress
»(equation 2.75) will, as a matter of fact remain uné_‘

changed. Thus the assumption of constant eddy ViSCOSity

across the flow is baSically Justified Wygnanski and

"Fiedler (1968) suggested that the expreSSion for eddy

‘VlSCOSlty (equation 2.68) should be corrected for the

"é’

‘~intermittency factor Y. A high value of € in the. present

study can be attributed to this factor.'

i

Because of the lack of measurements .0of other’ tur-_ .

bulence quantities, it is not pOSSlble at this stage to: :
4 o
analyze the turbulent structure of the wall—wake. Such a

‘study is therefore recommended for future investigation.
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CEAPYTER VI e

. SUMMARY. AND CONCLUSIONS

6.1 - SUMMARY '
| | In hydraullc englneerlng,'wall—wakes are often
vencountered an? more often than not, they are three~
dlmenslonal in nature. Therefore, study of. two-
dimensional wall—wakes is necessary for understanding
"the cbmplex behav1our of the three-dlmen51ona1 ones.

This study is the first step in understandlng the mecha—

~

"n1cs of the”ipree—dlmenslonal wall—wake At first, . 4

van 1nvestlgatjgn of two—d1mens;onal wall—wakes with zero
- Pressure gradlents was carried out. The 1nf1uence of ;
wall. roughness was examlned for one. case. The St aY was’
then extended to wall-wakes W1th adverse pressure grﬁ}
'dlents The measurement of a few of the turbulence
characterlstlcs, for cases w1th and wlthout adverse‘
vvpressure gradlents, comprlsed the last part ‘of the study..

. The 31gn1f1cant concluslons drawn from the present in-

‘vestlgatlon are gJ.Ven £elow.

215
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6.2  ZERO PRESSURE GRADIENT FLOWS

1

- From a 51m11ar1ty analySLS of the boundary layer

_types of equatlons, the decay of the maximum veloc1ty |
:d defecttand the growth of_the#length scales, in the fa:-
- wake region, were ginen by the folloﬁingleXpressions:f'

R
s

-1/2 S R |

= ."b a xl/Z | | | . X . ) L0

Expressio‘ns-for'u1m and b werevalso‘deriVed for the ;- o

v-near-wakevregion.'ﬂ /

Exnerimental observatloﬁs (Chapter IV) showed _

_ that the flow fieid of the wall-wake was d1v1ded into .
»”an inner’ and an’ outer—reglon.v The outer reglon was ;:

’essentlally 51m!ia£\to’that of a plane-wake, and the .

1nner reglon to that ogx/,boundary layer. leferent

shapes and 51zesfof obstacles showed that the veloc1ty -

"proflles 1n the outer and lnner re ions satlsfled 51m;>

‘larity beyond x/h~25 The logrlthmlc 'law of the wall!'

‘was found to be va11d ln the 1nner ;eglon\_'A power law
dlstrlbutlon of veloc1ty, as-.a functlon of half-wake—‘

"width b and U, was also ‘found to be valid 1n“lhe‘1nner

;egion.n The characterlstlc length scales fot the 1nner

. :and outer layers (b znd v/u,) were found to be proportional

Loy
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7

to xy/z. .The pornt of 1nteract10n between the 1nner and

outer layer proflles -gave the 1nd1cat10n of hav1ng a
constant—ratlo wlth the length scale, b. A similar
constant ratio expression was obtalned analytically.

| Prandtl's mlxlng length hypothe31s was’ found to
-glve good results for the shear stress dlstrlbutlon -
‘across the-flow. Slmllarlty in the profiles of shear
stress and turbulence fluctuatlons was found beyond
x/h = 100 The coefflclent of skin frlctlon ‘was. found |

to vary only sllghtly in. the downstream dlrect1on of the
flow. w | | R

“The effects of wall roughness and the free-stream
_Reynolds number were not notlced in the outer layer.‘ A
thlckenlng of the 1nner layer, because of the roughness,

was observed
‘ L , s o -': N

6.3  ADVERSE PRESSURE GRADIENT FLOWS

On the basis of 31m11ar1ty, expres51ons for the ‘
_length and- veloc1ty scales were obtalned.x Expre551ons

for  flow parameters were. derlved in s

»_terms of _the exponent m. Gartshore s -“9659 expres51on

for eddy v1sc051ty was found to g1ve satlsfactory res)lts.1l
s

ffor moderately strong adverse pressure gradlent flow

The only case of weak adversg pressure gradlent ”
ot

‘tested was found to give 1ntere'

o

results. varlatlons
of the wake—w1dth and veloc1ty ’ffect were found to occur

in a manner 51m11ar to those;@br strong adverse pressure
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gradient. However, a large dlscrepancy was found between
the values pPredicted by the seml—emplrlcal equatlons and
the ones experlmentally observed There is an 1nd1catlon
that the skin frlctlon 1nfluences the dlffu51ve behav1our
of the outer reglon of the wall-wake, for weak adverse
»pressure gradlent flow However, the llmlted amount of
experlmental ev1dence in this regard prOhlbltS any
generalizing’ of the above: statement |

Adverse pressure gradlent was found to reduce the
1nner layer (the wake was found to grow) . The 1nteractlon
of the 1nner and . the outer layers (Gw/b) was oredlcted toA" (S“
7decrease, in proportlon to X 2/3(m+l), in the downstream
dlrectlon.b The characterlstlc length scales for the inner
and outer layers were found to have a constant ratio. The . .
rskln frlctlon was found to vary in proportlon to x 2(m+1),5.
- or w1th “the characterlstlc Reynolds number, (u b/v). h
'~semr-logr1thmlc veloc1ty proflle,'ln terms of A(— y/b),
I.was fmund to be valid in the 1nner ‘region.
. Turbulence fluctuatlons and shear stress were
' found to. satisfy. sxmllarlty in the far-wake reglon., A
151mple expression, derlved on the ba51s of the expre551on

- u, b
for R = im . pProposed by Gartshore, was found for shear

€
stress dlstrlbutlon across the flow.

It is hoped that thls study w111 serve to prov1de

‘Some understandlng of the complex nature of the flow -
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associated-with turbulent Qall-wakes However, it should
‘be noted that more measurements of turbulence characterls—'
thS are necessary before a full understandlng of the

SUbJECe can be achieved.
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RUN NUMBER 1: . h

TABLE A.1

MEASURED MEAN-VELOCITY DISTRIBUTIONS

0.25 in., U_= 40.0

fps,fRe='5,200

Xx=5.0in x=7.5in x = 10.0’in x = 15.0 in
y - ly u y u \'4 u
ft fps ft - fps £t fps  ft  fps
0.006 21.8 0.006 26.0 0.006 27.0 0.006 27.9
0.008 22.5 0.008 26.8- 0.008 28.2 0.008 29.7
"0.010 23.2 0.010 27.6 o0.010 29.0 0.010 30.6
0.012 24.0 o0.012 28.1 0.012 29.5 0.012 31.2
'0.014 24.5 0.014 28.5 0.014 29.9 0.014 31.8
0.016° 25.1 0.016 28.8 0.016 30.2 0.016  32.5°
0.021 26.3 0.021 29.4 0.021 30.6 0.021 33.0
0.026 28.3 0.026 29.9 0.026 31.1 0.026 33.4.
0.036 31.2 0.036 31.8 0.036 32.0 0.036 34.2
0.046  34.3 0.046 33.9 0.046 33.5 0.046 34.8 R
0.056. 37.1 0.056 +35.2° 0.056 34.8 0.056 35.3
0.066 .38.4 0.066 37.0 0.066 36.0 0.066 36.0
- 0.076 39.4 0.076 38.3 0.076 36.9 0.076  36.7
0.086 39.8 0.086 39.3 .0.086 38.0 0.086 37.3
0.096 40.0 0.096 39.7 0.096 '39.0 0.096 37.9 -
. 0.106 39.9 0.106 39.6 0.106 38.5
0.126 40.0 0.116 39.9 0.116 38.9
' 0.126 40.0 0.126 39.3
- - .0.136- 39.6
- .0.146 39.8
0.156 39.9°
0.176

.‘.'*ov.o o

N



" TABLE A,1l

.

(CONTINUEDB)—"
SRS NERDLT

U x = 20.0 in 'x = 25.0 in «x

0.176 40.0 -0.196

.39.9

= 50.0 in x = 100.0 in
4 u Yy u. .y u u -
£t . fps . ft fps - ft fps ft fps
0.006 29.4 0.006. 29.7 0.006 . 29.6 0.006 - 29.0
0.008. 30.2 0.008 30.6 0.008 30.0 0.008 29.5
0.010 31.0. 0.010 31.3 0.010 . 30.7 o0.01®@ 30.6 .
0,012 31.5 0.012- 315.8 0.012 31.3 0.012 31.3
- 0.014 32,1 o0.014 32.3 0.014, 32.0 0.014  31.9
0.016 32.6 0216 32.6. 0.016 32.4 0.016  32.4
0.621 33.2-0.02 33.4 0.021 33.5 0.021° 33.8
0.026 33.8 1 0.026.134.0 0.026 34.5 0.026 34.7
. 0.036 ° 34.3. 0.036 \34.6 0.036 36.0 0.036 36.3
. 0.046 " 35,5 0.046 ;35.3 0.046 37.0 0.046 37.3
0. DSG 35.9..0.056 (35.8 0.056 37.3 0.056 37.7
‘ ©0.066 36.4 0.066 37.8 0.066 - 38.0
~0.076° 36.8 0.076! 38.0 0.086 38.5 .
; 0.086 37.2 0.086 38.2 . 0.106 '38.8
- 0.096 37.6 0.106 38.6 0.126 39.0
0.106 38.0 0.126 38.8 0.146 39.2
'0.116. 38.4 0.146 39.0 0.166 39.3
»-0.126 38.8 0.166 .39.3 0.196 39.4 -
0.136 39.0“.0.196 39.7 .0.226 39.6
. 0.146 39.2 0.226 39.9 0.256 39.8 .
0.166 39.5° B :
0.176 39.7
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RUN NUMBER 2: h = 0.25 in., U_= 96.0 fps, R_= 12,500

" TABLE A.2

MEASURED MEAN-VELOCITY DISTRIBUTIONS

x = 6.25in x =12.5 in x = 25.0 in 'x = 50.0 in

y
ft

.
fps

Y
£t

. u :
fps

ftf‘f

o
fps

Y
ft

u
3 fps-

0.001 .
0.002

0.004

0.006

0.008
0.010
0.015

0.020

0.025

0.030
.0.040
0.050
0.060
0.080
0.100
- 0.200
0.300
0.400

34.0
50.4

57.5
58.5
60.0
61.2
61.2
64.0
66.6
73.5

- "'7700 E
. 84.0

' 90.0

93.5
95,0

95.0

43.5

55.6.

0.001
0.002

0.004

0.006
0.008
0.010

‘0.015

0.020
0.030

0.040

0.050
0.060

0.080
0.100
. 0.150
0.200
0.300
 0.400

43.5

50.4
61.6
66.4
67.6

- 68.0

70.5
73.0
73.5
74.5
76.5

'80.0.
82.0

86.0
93.0
96.0

96.0

96.0

0.001

0.002

0.006
0.008

- 0.010

0.015

0.020
0.030

0.040
0.050

0 - 060 5

0.080
0.100

6.150
0,200

0.300
0.400

45.5
51.8
62.0
68.0

1 69.0
70.5
73.0

75.0
7.2

-80.0

80.8
82.0
84.0

'86.0
90.0
93.5

95.0

'96.0

0.001
0.002
0.004

0.006
0 ..008 ’

0.010

10.015

0.020
0.030
0.040
0.050
0.060
0.080
0.100
0.150
0.200

'0.300
0.400

0.600

41.6

52.4

60.0
63.5
64.5
. 67.2
72.0
75.0

82,0

84.4
85.0
85.5

86.5
. '88.0
',"_:90. 5 :
93,7

-94.8

96.0
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TABLE A.2 (CONTINUED):

X = 65.0 in x = 85.0 in x = 105.0 in x =

125.0 in

fps

£t

. fps

Y
ft -

fps

y
ft

fpsi

~0.001
.0.002
“0.004
0.006
0.008
 0.010
- 0.015
0.020

0.030

' 0.040
0.050

0.060

- 0.080

0.100"

0.200

0.400
0.600

42.0
52.4
60,0
66.0
72.0

73.0..

76.2
77.5
84.4
86.0
88.0
88.4
89.0
89.5
90.8

'91.8

96.0

0.001

//G 002

0.004

0.006

0.008

0.015
0.020
0.030
0.040
0.050

0.060 -

0.080
,0.100
0.200
0.400

0. 700

0. 600ﬂ

46.0

53.5°

60.0

68.0 -
69.0

73.0
77.0

80.0
8600

87.0

89.0

89.7

90.3
91.5

94.3

95.4
95.8

0.001 .

0.002
0.004
0.006
0.008
0.010

0.015
0.020
0.030.
0.040.
0.050
0.060 .
0.080
0.100
0.200

0.300

0.500
0.700

46.0
53.5

-58.8
68.0

69.0
73.0

76.0.

77.0
83.5
87.0
87.6
88.0

90.6
91,0

92.2
93.2
94.5

-95.0

95.6

0.001
0.002
0.004

0 . 006
-0 . 00 .8,%':
0.010
0.015,

0.020
0.030
0.040
0.050

0.060 .

0.080

0.100

0.150

0.200

0.300
0.400
0.500
0.600

1 0.700

41.6

54.

S8ls
64.5
66.6

68.0
70.4
74.0

77.0

82.8
88.0

88.5°
. 90.0

91.5
92.0
92.3
93.0

93.7

94.2

94.6
©95.2
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RUN NUMBER 3:

. TABLE A.3

MEASURED "MEAN-VELOCITY DISTRIBUTIONS

e

'h = 0.25 in., U_= 96.0 £ps, R,= 12,500

X = §.25 in

x'=12.54in x = 18.75.in x = 25.0 in

fps

y'

o RN ) R
£t fps

Y
£t

fps

ft

fps

- 0.001
0.002_
© 0.003

0.005
0.007
0.010

0.015

"'0.020

0.025

0.030
0.035
- 0.040

< 0.050

" 0.070
-0.080
0.090..

0.100

0.120

0.150
- 0.200
0. 300

0.400

'15.0

28.0
34.8
38.4
40.0

43.0

0.001 37.0

0.002 48.0
0.004 57.5
0.006 60.0

- 0.008 61.5

44.0-

46.0
48.0

51.0 "

54.0

,58;0'

62.0

71.0
84.0

- 88.0-

90.8
92.0
94.0

77.5 -

0.010 62.4

0.015 64.0

0.020 65.6
0.030 67.0
0.040 68.5

0.080 75.3

0.100 80.0;.
0.120 83.0;
0.150 88.0
0.200° 9376
0.250 . 94,5

. 0. 350,”96 0

96. 6'

97. 5

fr;

0. 450 - 96. 5'
. . 0.600

0.001 .
0.002

0.004
0.006

0.008

0.010

0.015
0.020
0.030"
' 0.040-
0.060 70.0

0.060

‘0.080
0.100
0.120 .
0.150

0.200

0.300

0.400
0.500

43.0

55.0
61.5
65.6

67.0

68.5
-70.0

71.0

‘71.5
73.0
75.0.
77.5

80.0
82.0
86.0

89.5

93.5

94.0
95.0

95.8

0.001

0.002
0.004

0.006 -

0.008
0.010
0.020
0.030
0.040

0.050°
0.060

0.080
0.100

0.150

0.200
0.300
0.400
0.500

0.700

42.0
51.0

60.0.

64.0
67.0

71.0

73.0
75.3
77.5
78.0

80.0

81.0
84.0
88.0
92.%
94.C

94.8
96.0
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4

. TABLE A.3 (courxuuap)

4

* 0.700

0.800

X =:37.5 in{ | x=,50.0 in ¥  x = g5,

Y - u ) 4 a -y u

ft .+ fps ' £t fps = fr fps
'0.001 40.0 -~ 0.001 43.0 - .0.001 - 455
0.002 50.0 0.002 . -52.5 ' 9,002 55.0
0.004 - 60.0 0.004  63.0. - 0.004 - + 63,0
0.006 = 63.5 0.006°  65.6  -0.006 66.0
0.008 - 65.6 0.008 67.0 = 0.008 ~ 67.0
0.010  67.0 = o0.010 .,8.5 0.010. 70.0
0.015 71.5 - 0.015  74.0 0.015 71.0
0.020 .  71.5 0.020 75.3, . 0.020  76.s5
0.030 76.4 = 0.030 80.0 0.030 - 80.5
0.040 '78.0  0.040 81.0 0.040 83.0
0.060 80.0 0.060°  '84.0 0.060 - 86.0
0.080 81.0 0.080 86.0.  0.080 '87.0

~0.100 83.0 0.100 - '86.5: 0.100  89.3
0.150 ‘85.5°  0.150  88.1  90.150 . .90.1
0.200 88.5 0.200 - '89.8 . 0.200 “91.0
© 0.300 92.0 0.300 - ‘920 .. 0.300 92.2
0.400 93.5 0.400 93.3 " ' 0.400 = 93.3
0.600 '95.3 0.600 95.2 0.500 . 94.0.
96.0 1 96.3  0.700

~.95.8



‘é .

' TABLE A.3 (CONTINUED)

x = 85.0 in x = 105.0 in 'x = 125.0-3in

b4 u Yy a- y u

ft fps £t fps - ft fps
0.001 43.0 0.001 43.0 0.001 40.0
0.002 59.0 0.002 - 59.0 0.002 52.0
0.004 - 62.0 -0.004 . 60,5 - 0.004 57.6
- 0.006 63.5 . 0.006 64.0 - 0.006 64.0
- 0.008 67.0 . 0.008 65.6  0.008 65.6
0.010 67.0 - 0.010 68.5 - 0.010 66.5"
- 0.015 70.0 . 0.015 70.0 - - 0.015 72.0
- 0.020 74.0 . 0.020 - 74.5 0.020 75.3
- . 0.030 77.5 0.030 80.0. 0.030 78.0
.0.040 81.0. -0.040 82.0 0.040 81.0
0.050 . 86.0 0.050 - 86.0 0.060 89.5
- 0.060 88.0 0.060 '88.0 . 0.080 90.0
0.080 88.8 0.080 89.5 - 0.100 91.0
.0.100 89.5 0.100 90.8 - - 0.200 92.4
0.150 91.3 0.150 . 91.5 0.300 93.3
- 0.200 91.8 0.250 - 92.6 0.400 94.0
- 0.300 92.7 . 0.400 93.8 0.500 94.5
0.450 93.8 0.550 94.4 0.600 95.2
- 0.600 94.7  0.800 - 95.7 0.800 95.7.

0.800 ' 95.8 :

235



.?_ ®“7_ - .237

N X
Q)

cow UEE By

B :J ,

et -
TABLE A.4 (CONTINUED)

¥ = 65.0 in/x = 85.0 in- x = 105.0 in  x = 125.0 in

Y Uy ¥ u oy u
ft fps ft  fps Et fps ft - fps

0.001 48.0 . 0.001 48.0 0.001 49.0 0.001 50.0
0.002 58.0 "0.002 60.5 0.002 59,0 0.002 60.0
0.003 . 62.8 0.003 63. 35 0.003 62.4 0.003 65.0
0.004 64.0 0.004 64.0 0.004 63.6 0.004 66.0
0.005 64.5 0.006 65:6 0.006 66.4 0.00§ 69.2
0.007 65.0 0.008 67.2 0.008 70.8 0.008 71.4

10.010 69.2 0.010 68.4 0.010 71.4 o. 010 ; 73.0
~ 0.015° 71.6 0.015 71.5 0.015 76.0 o. 015" 74.0
0.020 74.0 0.020 73.6  0.020 77.4 0.020 79.2
0.030 75.4 0.025 75.4 0.030 80.5 0.030 ' 80.5
0.040 77.2 o0.030 76.8 0.040 83.6 0.040 83.6
0.050 84.0 0.040 '80.0 0.060 87.5 0.060 87.0
0.060 86.2 0.050 82.8 0.080 89.2. 0.080 88.4
- 0.080 87.4 0.060 84.4° 0.100 89.8 0.100 89.6
- 0,100 88.1 0.080 86.0 0.150 90.4 0.150 90.6

0. 150_ 88.8 0.100 89.0 0.200 91.0 - 0.200 91.0

0.200 89.5 .0.150 89.s 0.300. 91.8 0.300 9l1.8
- 0.300 91.2 0.200 90.2 0.400 92.7 0.400 92.7
0.400 93.2 0.300 91.5 0.500 93.6 0.500 93.5
0.500- 94.8 0.400 93.9 0.600° 94.4 0.650 94.4
0.600. 96.4 0.500 94.0 0.800 95.8 0.800 95.4
' - '0.600 94.8 ) S
0.800 96.0




, RUN-NUMﬁER 5:

'MEASURED ME

TABLEAS'

-VELOCITY orsrnﬁnumrons

,' ‘ ) - s v: ]
h'= 0,75 in.,10°= 96.0 fps, R = 37,500

X = 18.75 in .x = 30.0 in X = 45.0 in x = 60.0 in

y

o

u E oy Ly u
£t fps ft  fps ft -ggis", ft fps
0.001 37.5 0.001 44.0 0.001 44.0 0.001 44.0
0.002 48.0 - 0.003 55,0 0.003 58.0 0.003 59.5
0.003 . 51.5 0.005 60.0 0.005 62.5 0.005 65.0
0.00¢ 53.2 0.010 65.0 0.010 69.0- 0.010 70.5
0.005. 54.0 0.015 68.1 -0.015 73.0 0.015 -74.5
0.007 56.0 0.020 69.2 0.020 76.0 0.020 77.5
0.010 s6.5 0.030 71.5 0.030 79.0 0.030 80.0
0.015 58.0 0.040 74.0 0.040 81.0 0.040 82.0

- 0.020 s59.5 0.050 75.0 "0.050 82.0 0.050 84.0
0.030 60.5 0.060 76.0 0.060 82.5 -0.060 '85.0

0.040- 62.0 0.080 77.0. 0.080 83.0 0.080 86.4
0.050  63.0 - 0,100 78.5 o0.110 - 84.2 0.100 87.5°
0.060 64.0 0.120 80.0 0.140 85.5 0.120 88.3
0.080 66.0 0.140 81.5 0.180 87.0 0.150 89.3
0.100 69.0 0.160 83, 0 0.230 88.5 0.200 90.1
0.120 7. 7 0.180 84.2 0.290 90.0 - 0.250 90.6
0.140 75.5 o, 220 87.0 0.350 91.0 0.300 91.1
‘0.160 79.0 0.260 88.5 0.450 92.5 o0.400 93.0
0.185 . 83.0 0.300 90.0 0.550 94.0. 0.500 94.3
0.210 '86.3 0.370 92.0 0.700 95.2 0.600 95.0
0.250 89.0 0.450 93.5 . 0.700 95.2
0.300 92.0 0.550 95.0 '

- 0.400 94.0 L
0.500 95.0
0.600 95.0
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X = 75.0 in

x = 105.0,in x = 136.0 in

u
.fps

“u
fps

ft

b4
ft

E
fps

0.001
10.003
0.005
0.010
0.015
0.020
0.030
0.040

0.050

0.060

- 0.080

©~ 0,150

- 0.200
0.250
0.350
0.450

-1 00600 :

10.750

42.0
53.3

62.5:

68.0

74.0

76.5
80.5
83.0
85.3
86.7
88.3
89.5
90.4
91.0
91.5

92.4

93.3

94.5
-95.3

0.001
0.003
0.005
0.010

0.015

0.020
0.030
0.040
0.050

0.060

0.080
0.100
0.150

0.300
0.400

0.500
0.600

44.0
59.5
65.0
70.0
74.0
77.0
81.0
83.7

86.2

87.5
88.5
90.0
91.3
91.8
92.5
93.3

94.6
95.2

0.001

0.003
0.005
0.016
0.015

'0.020

0.030

1 0.050

0.070
0.110

0.150

0.250
0.350
0.450
0.550

0.700

0.850

#
44.0
56.5
64.0
68.0

93.0
75.3

80.0
84.5

88.5

90.5
92.0

92.7

93.5
94.1

94,6
95.0

95.2

0.001
0.003

0.005
0.010
0.015
0.025
0.035
0.045
0.065

0.085

0.105
0.125
0.150

0.200
'0.300
'0.500

0.700

42.0
55.0
61.0
65.3

'70.5

77.
79.0

82.0

84.5

88.0

89.5
90.7

'92.3

93.0
94.0
94.5

95.0
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";'r,' ' ' J ) ' ' .
TARLE A6 | o

&, MEASURED MEAN-VELOCITY . DISTRIBUTION .

RUN NUMBER 6: h = 0.50 in., U_= 96.0 fps, R = 25,000
(ROUGH WALL) . PN -

X = 10.0 in x = 20.0 in x = 25.0 in x = 37.5 in

b 4 u Yy - J
& - fps  ft fps

u Y
£t fps ft

e
23
2

0.002 24.8 '0.001

) 33.0 0.001 33.0 0.001 32.5
0.002 26.6 0.002 34.5 0.002 . 35.2° 0.002 33.0 -
0.004 28.2° 0.004 40.0 0.004 41.0 0.004 37.5
0.006 29.8 0.006 44.0 0.006 44.0 0.006  42.5
0.008 31.2 0.008 47.9 - 0.008 47.0 '0.008 . 46.2 SR
0.010 31.2 o0.010 49.5 .0.010. 49.8 0.010 49.0 f
0.015 32.5 0.015 53.2 0.015 54.0 0.015 53.2
0.020 32.5 0.020 55.7 0.020 57.3 0.020 57.2
0.030 '34.0. 0.030 58.7 0.030 60.3 0.030 61.8
- 0.040 36.5 0.040 61.0 0.040 63.2 0.040 65,0
0.050 38.8 0.050 62.5 0.050 64.5 0.050 67.2
0.060 42.0 0.060 63.2 0.060 66.0 0.060 68.5
0.070 46.0 0.070 64.0 0.070 66.5 0.070 70.0
0.080 52.3 '0.080 65.0 0.080 68.0 0.080 70.7
0.100 62.7 0.100 70.7 0.100 71.5 0.090 71.7
0.120 71.6 0.120 73.0 0.150 76.0 0.100 73.0
0.120"79.5 0.140 75.7- 0.200 80.5 0.120 74.7
0.160 85.0 0.160 78.¢ 0.250 86.0 0.140 76.2
0.180 89.0 0.180 82.5 0.300 88.7 0.160 77.8
0.200 90.5 0.200 85.9 0.400 91.5 0.180 .79.0
0,220 92.0 0.220 87.5 0.500 93.8 0.200 80.7
0.250 93.2 0.250 91.3 0.600 95.0 0.250 84.2

-300 94.0 0.300 93.3 0.700 96.0 0.300 88.0

-350 94.7 0.400 94.2 . .- - 0,400 90,7
0.400 95.4 0.500 95.0 = 0.500- 93.0

*0.500 96.2 0.600 96.0 - 0.600 94.6
. o : | 10.700 95.8



TABLE A.6 (CONTINUED)

'"x = 50.0 in x = 75.0 in

x = 100.0 in

x = 125.0 in

Z.

y
ft

u
fps

Yy
ft

u
fps

B 4
ft

u
fps

ft

Y

. a
- fps

0.001
0.002
0.004

- 0.006
0.008

0.010
0.015
0.020
'0.030
0.040
0.050
0.060
0.070
0.080

- 0.100

0.120
-0.140

0.160
0.180

0.200
0.220
0.250
0.300
0.350
0.400

- 0.500

~ 0.600
- 0.700

33.0
35.2
40.5
44.0
47.0

49.8

54.0

56.5
62.5
65.2
1 67.2

70.5

2 Sy J
75.0
"76.8 -

78.0
79.5
80.7

81.5
83.2

84.8
87.0

.90.0

91.5
93.7
95.0

95.8

0.001
0.002
0.004
0.006
0.008
0.010
0.015
0.020
0.030
0.040

0.050

0.060
0.070
0.080

0.100

0.120
0.140
0.160
0.180

0.200
0.220

0.250
0.300
0.350
0.400
0.500
0.600
0.700
0.800

32.5

35.2
40.0
43.2
46.2
49.0
52.5
55.7
60.3

64.0

66.0

68.5

7.7
74.0
77.0
79.0

80.0 .
8l.2

83.0

.84.0
85.3"

87.2

' 89.5

91.0
93.0

94.8
95.5
95.8.

0.001
0.003
0.005 .
0.007
0.010,
0.015
0.020
0.030
0.040
0.050
0.060
0.070
0.080
0.100

0.120

0.140
0.160
0.180
0.200

0.220

0.250
0.300.
0.350
0.400
0.500
0.600
0.700
0.800

'31.2
34.0

38.0
42.0
46.0

49.7

53.3
57.3
61.0
63.8
65.2
67.2

. 69.0

73.0
75.0
77.5
79.5

80.3

81.3
82.7
83.6
86.3
88.5

89.5
-91.0
92.8

94.5
95.6

0.001
0.002-
0.004
0.006

0.008

0.010
0.015
0.020

0.030
0.040

0.050
0.060
0.080
0.100
0.120
0.140
0.160
0.180

- 0.200
0.250
0.300

0.375

. 0.450

0.525

0.600 .

0.700
0.800

0.900

31.2
34.0

40.0
43.2
45.2.

47.0

50.7

53.3

57.3
60.2
6245
1 66.5

69.0

72.8
75.8
78.0 -
'79.5

81.0

83.3

85.5

87.7
- 89.5

91.7
92.5

93.8

94.5

95.2
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TABLE A.7

MEASURED MEAN VELOCITY DISTRIBUTIONS

s _ ]
RUN NUMBER 9 (APG-III): ‘h = 0.25 in, u, = 145 fps

X 5,0 in 7 5 in 10. 0 in 12 5 1n ‘18.75 in. 25 0 in

Y )] _ u P u
ft fps fps fps fps “fps . fps
. 0.001 29,0 43.0 50.0  46.0 44.0 .  40.0
- 0.005 33,1 62,1 67.8  62.0  61.4 . g0.1
0.01 © 38.2. 71.6 74.0 '70.1 68.4 ~ 63.5
0.02 47.0 - '77.5 78.1 75.7 73.6 68.5
0.03 = 55.8.  82.3  g4.0 - 79.0 75.7 . - 71l.6
0.04 72.4 © 87.4 87.3 82.0 78.7 74.5
0.05  90.0. 94.6 91.0  g5.0 ’81.0 . 76.0
- 0.06 107.6 100.6  94.0 88.5 . 83.0 77.0
0.07 117.0 = 107.3  98.3 91.0 84.1 79,0
0.08 . 125.0 * 113.0. 102.0 ' 94.4  86.6 - gp.2
0.09 - 130.7° 117.5 106.5 97.0  87.2° 81.5
o.%g 135.0  122.0. 110.2 100.5 90.4 83.0°
. 0.F1  136.5 124,95 114.0 104.0 92,0 g4.2
10.12  137.0 :ngﬂg - 117.0 106.5 - 94.4 85.8
0.13 . 138.0 19 119.5 = 110.1 96.2 87.2
~0.15 -139.0 131.0 122.¢ . LA14.0  100.7 . 90.0.
0-17° 139.5 131.8 125.0- _*317.8 ' l0s5.0 \\i97.2‘-v..
0.20 °140.3 '132.2 125.7°°7121.3  109.5 - ‘104.0.
0.25 143.0 1330 127.0°  122.8  115.0 108.0
.0.30x" 143.0  133.0 .127.0 © 122.7  115.0 - 108.0
o s '

% o vl



'TABﬁE A.7 (CONTINUED)

37.5 in 50.0%n 6

2.5 in 81.25 in 100.0 in 125.0 in.

0.6 ¥ 98.0

83.8

79.2

X
Yy u u T ou u u u
(ft) fps fps ' fps fps fps fps

0.001 35.0°  29.5  23.0 19.0  14.2 10.0

£ 0.005 51.1 - 40.6 34.2 27.2 20.0 17.0
0.01 54.0 46.0  37.5 31.0 24.0 19.0 4
0.02  58.0 50.4 42.0 32.6. 26.0 21.0 -
0.03.  61.0. 53.0 45.0 35.3 26.7 22.7 °
0.04  63.5 54.8 46.3 36.5 28.0 23.0

- 0.05 .. 65.0 56.6 - 47.0 37.5 29.0 24.0

- 0.06: 66.7 58.0  47.7 .37.0 29.6 24.5
0:08 - 59.5 50.6 38.8 31.2 26.0
0.10 - 61.7 52.5 31.5 33.0 26.7
0.12 ' 68.7. 55,0 43.0" 34.5 27.0
0.14 200661 57.4 . 44,2 35.7 '28.6
0.16 7 67.8  58.8 .  46.4 - 37.7 30.2
0.18 69.5  61.2 48.5 39.0 31.0
0.20 82.0 . 71.5 . 63.0 50.0 40.3 33.0
0.22 84.2  73.3  64.8" 53.0 43.4 35.2
0.25,/%87.0 ~  76.0 67.7 58.0 47.5 38.0
0.3, #2.0 . .80.5. 72.5 62.8 51.7 43.2
0.35%. 5.8 'B4.0  76.7 63.7 58.3 9.2
-0.40.: © 97.7 .-88.2°" 79.5 71.0 64.5 556.0

0.48! ., 97:6  89.5.  82.0 74.6 - 70.2 63.8
0.50../98.0 ' 90.0<% 83.8" 78.0 73.8 . - 70.7
0.55" " 98.0 90.0  ‘83.8 79.2 74.1. 72.2 -

90.0 74.0

72,2
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TABLE A.8 -f\\\\’

FLOW PARAMETERS FOR ZERO PRESSURE GRADIENT FLOWS

. RUN NUMBER.1 RUN NUMBER 2 -
. . : . ‘ . .
x b LT u*" X b Unm . Ua
- ft ft fps fps ft = ft  fps fps
10.416 0.038 12.4 1.47 0.333  0.035 43.0 ---
10.625 0.044 10.0 1.90 0.416 0.042 33.5 3.0
0.833 0,047 ' 7.6 1.70 0.520 0.048 27.0 3.5
1.250 0.065 6.4 1.80 1,040 0.063 16.3 3.9
 1.660 0.079 22 1.90 1.560 0.083 13.5 4.2
. 2.080 0.089 4.6 1.95 2.080 0.094 12.0 4.1
-4.160 0.125 3.5 1.90 3.120 0.110 9.6 4.0
8.330° 0.167 2.4, 1.85 4.160 0.130 8.8 4.1
R . 5,400 0.137 7.1 4.0
+  7.100 0.160 6.1 4.0
8.750 0.177 5.6 4.0
10.400 0.190 5.1 4.2
RUN NUMBER 3 . RUN NUMBER 4

0.333 0.051 69.0 --- 0.625 0,096 71.0 -—-
0.416 0.058 51.0 ---' 0.833 0.110° 56.0 ---
0.520+ 0.065 40.0 =---  1.040 0.137 36.5 3.4
+1.040 0.085 21.0 3.85 2.000 0.175 20.0 3.95
1.560 0.098 16.0 '3.90 3.120 0.200 16.0 3.80
2.080 0.106 15.0 4.25 4.160 0.217 13.5 3.90
-~ 3.120 0.130 12.5 4.20 5.400 .0.240 11.5 3.90
© 4.160. 0.154 10.0 4.00 - 7.100 0.268 10.5 3.90
5.400 0.170 9.0 4.15 8.750 0.300 9.4 3.95
7.100 0.195 7.9 4.00 10.400 0.333 8.6 - 3.90-.
8.750 0.230. 7.1 4.00 -
10.400 0.250 6.3 3.90



TABLE A.8. (CONTINUED) '

11.25

9.5

RUN NUMBER 5 - RUN NUMBER 6
L x b L u, x b L u,

- £t ft fps fps  ft ft fps fps
'1.00 0.125 57.5 —-— .0.66 0.090 73.0 -——
1.25 -~ 0.156 42.0 -——- 0.83 0.104 53.0 -—
1.56  0.187 32.5 ——- 1.25 0.125 30.0 3.26
- 2.50 0230 21.0 1.95 1.67 0.150. 22.5 4.40 E
3.75 0.260 18.8 3.55 2.08 0.160 19.0 "4.35
5.000 0.290 15.0 3.20 3.12 0.190. 15.3 4.45
'6.25 0.320 13.0 , 3.50 4.16 0.215 14.5 4.5Q\
7.80 0.360 12.0 3.60 6.25 0.260 12.5 5.00
8.75 0.390 10.5 3.60 8.33 0.290 10.5 4.40

- 9.40 0.390. 10.3 3.90 10.40 0.345 - 9.5 4.40

-10.00 0.400 '10.0 4.13° o ' N

- 0.420 4.05
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TABLE A.9

' PTBH PARAHBTERS FPOR ADVERSE PRESSUREAGRADIENT FLOWS

.RUN NUHBER 7 (APG I):

)

b .

U

: . ulm; ?* '
ft ft fps " fps fpS"
0o -— 107.0 -— p\\--- :
0.45 —— -107.0 - '& ,
0.63 - 0.108 104.0 42.5 R
1.00 0.115 103.0 32.0 -——
2.07  0.140 '99 .0 17.8 3.70
3.12 S 0.175 ° 93.0 14.0 3.08
4.15 0.188 .89.0 9.8 3.27
6.25 = 0.195 85.5 " 9.0 3.02
8.35 . 0.190 82.5 8.3 = 2.95
1o 40 0.201 80.2 6.4 2.90
- RUN NUMBER 8 (APG II ): h = 0.50 in., U = 121.0
. x Ynm T Uy
ft - fps fps
0 ——— 121.0 - ——
0.55 - 121.0 - -
. 0.80 . - 120.0 -— _——
1.00 - 0.108 117.0 69.0 -—
2.07 0.198 105.0 42.5 3.40
3.12 0.202 98.0 - 34.8 2.45
4.15 0.238 92,0 . 32.2 2.15
6.25 0.260 . '84.6 30.7 2.12
8.35 0.282 77.5 28.7 1.73
'10.40 0.318 73.8 24.8 1.61
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" TABLE A.9 (CONTINUED)

RUN NUMBER 9 (APG III ):

h = 0.25 in., U_= 145.0 fps

-

u

x b 1m u,

ft ft fps fps fps

0 -— 145.0 — —-—

- 0.25 —— - 144 .5 ——— -
. 0.55 0.058 - 138.0 55.3 6.75
. 0.80 6.080 - 127.6 49.8 5.85
1.05 0.095 122.0 43.3 4.55
.'1.55 0.125 114.5 . 35.4 3.44.
2.10 0.150 107.3 °29.5 3.12
3.12 0.195 - 97.0 27.2 2.55
4.15 0.222 90.0 26.1 2.34
+ 5,20 0.232 - 84.0 - 25.2 2.06
6.75 0.252 79.7 . 22.8 1.91
8.20 0.270 - 74.0 20.7 1.65
0.295 72.5 1.62

10.40

22.0
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hatt®
'TABLE Bl
TURBULENCE CHARACTERISTICS FOR RUN NUMHER 2
x = 6.25 ﬁ%s.?hg- 0. 25 in., Ug= 9. 0 fps
200 Sl - ,
- 41w"¥f ~
oyt W) vy w'/8) (Ta =) 103
0.012 - 0.139 0.104 0.085 3¢§§r
0.015 ~0.143 * 0.108 ~  0.086 3.58
0.020 0.150 - 0.117 0.088  5.39
0.030 ° 0.162 0.125 0.094 7.89
0.040 0.170 0.132 . 0.098 10.11
©0.050 0.173 0.134 - 0.100 11.31
0.060 ~  0.162 0.123 . 0.093 9.30
0.070 0.148 0.112 0.083 7.16.
- 0.080 0.128 0.098 0.073 4.45
10.090  0.103 ~  0.080 - .0.057 - 2.
0.100 - 0.078 " 0.062 0.040 | /gc
0.110  0.060.- - 0.049 0.027  0.73 .
.~ 0.120 0,042 .- 0.040 0.021 0.33
.. 0,130  Y0.,03%:° 0,033  0.017 - 0.08
0.150 - 0,029 - . 0.024 ~ 0.012 - 0.03
0.200 0.019 " 0.006  0.009 0.03
x = 12.50 in.
- 0.012 ~ 0.098 . 0.071 - 0.058 2.15 |
0.015  0.100  0.073 .0.059 2.36 - .
.0.020 - 0.100 ~ Q.071 - '0.060 -« --
0.030. 0.110 0.083 - 0.062  4.60
0.040 .  0.113 0.087 0.064  6.25
- 0.050 °  0.115 - 0.088  0.068 © 6.50
0.060 1 0.117 0.089 0.064 7.10 -
0.070 S 9,116 ~ 0.088 @©.064 . 6.80
‘0.080 0.115  o.bss 0.062 7.00
© 0.100,  0.105 0.080 = 0.051  5.80
'0.120  0.090 0.070  0.043 . 4.45
0.150 ° 0.055 0.045 - 0.023 - 0.90
0.200 °  0.023, 0.020 0.007  0.12
1 0.250° 0.014 0.012 - 0.003 0.02 | .
0.300 _ 0.009 - 0.008 0.002 0.01
RS CoTTT e

" NOTE: 'u',‘v' and w'{ are the root-mean square values
qf»the-velocity_f}u_ uationa :
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TABLE B.1 '(commuz\r{)

X = 25.0 in.

4

- yUEe) (/o) /o) /o) (-ET/u 103
10.012 © 0.080 10.058\_  0.048 2.50"
0.015  0.080 0.059 0.047 . 2.65
0.020 0.080 0.059 0.046  2.60 “
0.030-  0.078 0.059 0.044 2.80 ‘
0.040 - 0.077 - 0.059 0.043 2.90 .
0.060 0.077 0.060 0.042 - 3.00
0.080 ., 0.077 0.061 - 0.042 '3.40
0.100 ° 0.077  0.060 0.042  3.50
0.120  0.077 0.060 0.041  3.80
0.150 0.074  0.059 1 0.038 3.60
0.200 0.047 0.038 - 0.022 1.55
10.250 - 0,022  0.019  0.009 . 0.14
0.300 0.011 = 0.009  0.004  0.06
0.350 . 0.007  0.006 ' 0.003 e
x = 50. in,
0.012 . 0.077 . 0.056  0.046 . 1.90 |
0.015 0.075  0.054 0.045 ° 2,08 ',
0.020 0.074 0.053 °  0.044 2.28
0.030 °  0.070 - . {i0.051 ° 0.041 - 2026
0.040 - 0.067  0.049  0.037 . 2.20
0.060 .0.061. 0.046 - 0.033  1.76
0.080- - 0.057 - 0.043 . 0.031 1.50
0.100  0.055 0.042 10.030 1.45
0.150  0.053 0.041 0.027  1.45
0.200 0.051  0.039  0.026. 1.40
. 0.250 0.043 0.033  0.023 - 0.92
0.300 0:027 . 0.022 0.013 0.38
. 0.350 0.020 0.015 - 0.005 °  0.16

-0.400 0.010 0.009 - 0.004 0.02



““TABLE B.1 (CONTINUED) ‘ - .

. | ‘ SRS TN AR
, PR
fJ¥ 87.5 in. e T o ey
'y(\m\ (u'/o ) /O /o) (<EVT/u2) 103
0.012 0.072 0.052 0.p44 2000 .
0.015 0.072 ~ + 0.052 ~ 0.044 . 2.00. I -
0.03 0,071 0.051 - 0.043 © . 2.20 " .
0.oiF® 0.067 - 0.048 . 0.041 - 190 .,
0.040Y3 " o0.064 ' 0.047 ..00.038 - 2,00, .o
0.060 0.060 0.044 0.032 " 1.85 Y
0.100 0.052 0.039 - 0.030 11355;:;
0.150 - 0.046 = 0.03¢  -0.024 - 1. 12 °
0.200 0.041 0.031 10.022 ' 0.80
0.250 0.038 ~ .0.029°  0.021 , ' 0.80
0.300 0.036 0.027 0,019 - 0.62
0.350 0.030 0.023 0.015 0.56
0.4000 0.020 ,0,016 . '0.009 . 0.22
0.500 - 0.012 . "0.011 = 0.009 - 0.04
= 125.0 in. . : _ .
0.012 0,069 0.051 " 0.042 1.73 .
0.015 . 0.069 1 0.051 0.042 -1.75
0.020  0.068 0.049 o.gnz' © o L.71
0.030 0.066 5  0.048 10.039 1,65
0.040 0.064 0.047  0.037 . 1.58
0.050  0.062 1 0.046- ~ 0.036 '1.48
0.070 - 0.058 0.043  0.033 . - 1.25
0.090 0.055 0.041 ©0.032 1.14
0.110 0.052 0.039 °  0.0630 - 0.90
10.150 0.048 ., 0.036 0.026 < 0.71
0.200 0.043° \ 0.032 10,023 0.16
- 0.250 ©0.038,  0.029° ©  0.020  0.10 -
0.360  0.033 0.025 * ° 0.018 0.10
0.400 - 0.027 ° 0.021  0.014 0.05
0.500 10.022 0.018 0.010 ' .0.02 -
0.600 0.018 0.016 - 0.008 ——



TABLE B.2
Tunnnnnncs CHARACTERISTICS FOR RUN NUMBER 4

X = 12 Sin.,, h= O_.SO' in., Uo-r 96.0 fps

| L ' o 2. 3
y(ft) (u'/u,) (v (Uo) (w'/70,) (-uTv /Ug) .10
0.012 0.159 ~ 0.115 ©.0.085 1.46

L 0.015 0.162 0.118 ' 0.085 1.92
0.020 0.166 0.123 0.086 - . 3,26

. 0.030 0.170 0.130 0.086 ' 4,95

0,040 - 0.171 0.132 0.087 - 6.96
0.050_ ©  0.177 0.138 0.090  7.84
0.060° 0.182 0.141 . 0.092 9.30
0.070 0.187 0.146 - 0.096 '11.00
.0.080 . 0.190 - 0.148 0.098 11.80

.0.0%. . 00.193 - g.151 . .0.099 " 12.85
©.0.100 " 0.197 . 0.153 0.100 14.20
10,120 o 0.198- . 00153  ¢.102 14.50
©0.140 .- 0.192 - 0.150 = 0.097 14.40
10.160° . " . 0,176 1 0.136 0,083 11.70
- 0.180 .. . 0.154¢  0.i20 - 0.073 9,13
0,200 0.126 . . 0.100 0.062  6.00
- 0.250 7 0,061 - 0.052°  0.042 0.80
0.300 - . 0.031 ' 0.026 - 0.036 , 0.04
- 0.400 *° o.011 0.010 . 0,031 ——
X = 25;.0‘1!1. ’ i

©0.012 L7 g, 097 .- 0,070  0.053 0.64

0,015 “,..o 099 10,071 © ' -0.055°  0.77

- 0:020. 1 " p102 0 0J07¢4 - 0.055 . - 1.29

0,030 " —J0.104° . ©0.077-.  0.055 - 1.3¢
0.040.. ~ 0.107 - o. 08L %" 0,056 ' 1.34.
0.060 .- 0.110 - /70.085'»~ 0.056 - - 1.97
0.080 - 0.113 ‘0.089 0,056  3.23
1 0.100. - 0.116 .. " 0.09 - 0.057  4.12

- 0.120 . 10;119“;rq 20,094 © . 0.060. - 4.80

- 0,150 . 0,123 ' 0,097 - ‘ 0.062 © 6.10

0+ 0.200 © -0.121 0,093 ' 0.062 = 6.15

0 0.250 - - 0.103  0.080 . 0.056 3.87
0.300 . - 0.075 . ~0.062 = 0.042 - 0.56
0.350 - 0.048 " 0.041 " .0.032 . 0.06
0.400 . . -0.033° " . 0.030 1 0.028 0.05

0.500 ... 0.023 0,022 - 0.026

.3, )
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W ~ TABLE B.2 (CONTINUED).

X = 50.0 in. j[ A S ' )

. 4 .t,"' o i,. . e ey 3

Y (£t) ('70) v /v /0) (=87V/ug) .10%
0.012 ¢.076 0,055 . . 0.039 . j3.82
0.015 0.076  0.055 . ' -p.039 2.11 ,

0.020 - 0.072 ' o.052 .~ © 0.039° - 2. 08

0.030 . 0.069 " 0.051 - 0.038 '1.80

0.040 0.068 0.051 - 0,037 1.73

0060 ' 0.066 10,050 " 0.036 7 1.57

0.080 0.064°  o.049 © . 0.035 1.40

0.100 0.064  o0.050 ' 0.035 1.31

0.150° ' 0.063 0.050 0.036 1.52

0.200 0.063 = 0,050 ~ 9.037 1.68

'0.250 0.062 - 0.049 . 0,037 1.60
~ 0.300 . 10.058 .. 0.046°. - 0.036 © '1.60

0.350 - 0.052° ° 0,041 . 0.033 1.00

0.400 0.043 - 0.035 . 0.027 - 0.16

0.500 . 0.025 = 0.021 0.023 0,02

0.600 0 0.013 9,010 0.021 - 0.0l

X = 75.0 in. ,

0.012 0.073 0.053 0.041 " 1.82

0.020  "o0.071" ' o0.052 0.039 - 1.80

0.030 °~  0.067 0.049 0.038  * 1.68 }
0.040 °  0.060 0.045 - 0.040 ].68 e
0.060 - ‘0.058 0.042 0.041 - 1.36
- 0.080 . 0.055 . 0.041 0,037 118
$0.100 ° “0.053 . o0.040 . 0,032 . 1,04 °
0.150 - 0.050 - 0.038 0.031 - 1,00
0.200 v 0.048 0.037 - 0.032 0,87

0.250" - 0,047 0.036 0.032 : 0.80

0.300 = 0.045  0.035  0.032 0.72

0.350  0.042  og.035 0.031  0.64

0.400 .  0.038 10,030 0.026 0.51

0.500 - 0.030 = o0.026 0.027 - 0.25

0.600 -~ 0.020 . ,0.017 0.027 0.10

0.700 °~  o0.011 " “0.009 0.026 " - '0.03



x = 100.0 in.

Al

(u'/ﬂo

10.900

0.009

‘ 3
2
] [} -ty Yy

y(£ft) ) (v*/0,) (w*/0,) (‘u v'/0,) .10
0.012 0,076 0.055 0.040 1.65
- 0.020 0.073 0.052 0.037 1.68
0.030 0.070 0.051 0.036 1.68
0.040 0.066 0.048 0.036 1.65
0.060 0.062 0.046 0.033 1.67
0.080 0.057 0.042 0.032 . 1.44
0.100 0.053 0.039 0.030 1.14
0.150 0.054 0.039 0.029 0.80
0.200 0.044 - 0.033 0.029 0.55
0.250 0.042 0.032 0.029 0.45
0.300 0.040 0.031 - 0.029 - 0.40
0.350 0.039 0.030 ° - 0.028 0.44
0.400 0.036 0.028 0.027 - 0.37
0.500 0.029 0.024 0.023 0.13
0.600 0.022 0.019 0.022 0.02
x = 125.0 in.

'0.012 0.073 0.052 0.038 1.55
0.020 - 0.071 0.051 0.038 . - ;. 55
0.030 "0.069 0.050 . 0.037 1.50
0.040 .0.068 0.050 0.036 1.40
0.060 0.063 0.047 0.034 1.25

. 0.080 0.058 0.042 0.031 1.00
0.100 - 0.055 Q.041 0.029 0.68
0.150 0.047 . 0.036 0.029 - 0.62

- 0.200 0.042 .0.033 0.030 - 0.60

- 0.250 0.039 90.030 0.029 0.57

- 0.300 0.038 1 0.029 0.029 0.50
0.350 0.036 0.028 0.029 '0.43
0.400 0.034 0.027 0.029 0.32
0.500 0.029 0.023 0.027 - 0.16
. 0.600 0.023, .. 0,019 -0.026 0.04
0.700 0.011/(’ 0.014 0.023 0.04
0.800 0.013\é>fJ 0.010 ~0.017 -—

0.011 0.011 ——

254



TURBULENCE CHARACTERISTICS FOR RUN NUHBER G\XROﬁh WALL)

TABLE B, 3

x = 12~5 in.,’ ﬁ;l 0.50 in., U = 96.0 fps ,

\

(\%ﬁ -av70d) .103

] [ ]
Y(ft) (u /UO) (v,/Ub)
= . - —
0.012 0.190 0.161 0.130 2.15
0.014 0.187 0.158 0.130 1.50
0.016 0.189 0.161 0.132 - 1.65
0.020 0.191 0.164 0.134 2.00
'0.025 0.197 0.169 0.134 2.70
0.030 0.202 - 0.174 - 0.135 . 3.10
0.040 0,210 0.184 0.138¢ 4.40
0.050 = 0.217 0.191 0.140 5.60
0.060 0.221 0.195 - 0.144 7.60
-0.080 0.236 0.208 0.150 10.30
- 0.100 . 0.243 0.213 0.153 - 11.75
0.120 0.244 0.215 0.158 - 13.30
'0.150 0.228 0.201 0.138 12.30
0.180 0.170 0.147 0.105 6.05
0.210 . 0.116- 0.102 0.076 2.40
0.250 ‘ 0.058 . 0.050 0.026 0.20
0.300 0.032 ' 0.030 0.014 0.05 .
X = 25.0 in.
0.012 0.139 0.114 0.092 2.92
0.017 - 0.138 0.112 0.090 2.85
0.022 0.135 - 0.109 0.086 2.75
0.032 0.1233 . 0.105 0.079 2.45
0.042 0.132 0.104 0.076 2.25
0.062 - 0.131 0.108 0.071 2.30
0.082 0.133 0.111 0.069 2.50
0.102 ~ 0.135 0.113 0.070 2.87
0.152 ‘ 0.141 '0.118 0.075 3.75
0.202 - 0.143 0.121 - 0.073 ~  4.25
0.252 0.117 0.100 0.062 3.62
0.302 0.080 . 0.070 0.039 1.45
0.352 -0.040 " 0.036 0.016 _0.42
0.0

0.402  0.022

0.020

0.011

' 25%
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TABLE B.3 (CONTINUED)

. : LS o ’.
x = 50.0 in. S o
J - L ) ’ y v ey Y 3
y(£t) /o) (e /0,) (w'/0)) (-u'v /0]) .10
O.OLZ\V/ 0.130 - 0.106 0.085 3.12
0.022 - 0.129 0.100 , 0.078 -3.00
- 0,032 0.121 0.096 0.071 . 2465
0.042 - 0,114 . 0.091 0.066 2.50
0.062 ; 0.101 0.080 - 0.060 -~ 1.85
0.082 - 0.096 0.076 0.051 1.60
- 0.102 . 0.089 . 0.071 0.047 1.40
.0.132 0.083 0.067 0.043" 1.15
- 0.162 » 0.080 0.064 0.040 ' 1.00
. 0.202 0.077 - 0.062 0.040 0,90
0.252 0.075 0.060 0.039 . 0.88
- 0.302 0.069  0.054 - 0.037 0.75
0.402 - 0.055 0.048 04027 v 0.58
0.502 0.031 0.028 0.016 - 0.05
fjg 75 0 in.’

\\vd/012-‘ 0.116 0.094 . . 0.086 2.00
0.020 0.115 0.092. 0.081 1.90
0.030 0.110 0.088 0.074 1.75
0.040° ° 0.103 0.081 0.069 1.42
0.050 - 0.098 0.077 0.065 " 1.45
0.070 .. 0,089 0.070 0.058 . 1.15
0.100 = o0.080 - 0.062 .- 0.050 . 0.95
0.130 0.071 - 0.055 0.042 0.75
0.160 =~ 0.065 0.052 . 0.040 0.58
0.200 - 0.064 . 0.053 0.040 0.48 -
0.250 0.062 : 0.053 . 0.038 T 0.62
0.300 - 0.056 . 0.049. - 0,035 , 0.50
0.400 --0.047 - 10.040 0.028 . _0.36

0.600 - 0.022 0.022 0.012 0.01



TABLE B.3 (CONTINUED) .-

X = 100.0 in.

0.702

0.021

10.019

Y(8) . (u'/0))  (v'/u)  (w'/U) (-a%7/0d).103
o ‘ o o g o ,
0.012 0.110 0.089 0.082 2.00
0.022 0.109. 0.086 0.075 . 1.90
0.032 0.102 0.080 0.070 " 1.68
0.042 0.097 0.075 0.067 1.50
0.062 0.090 ° 0.069 . 0.061 1.40

0.082 0.085 - 0.065 0.057 1.20
0.102 0.079. 0.062 0.051 “1.10
0.132 .0.071 0.054 0.046 0.80
0.162 0.063 0.049 - 0.042 © 0.63
0.202 0.057 0.044 0.036 ;.. 0.40
Q.252 0.051 0.041 0.032 0.33

- 0.302 0.045 1 0.036 0.029 0.27
0.402 0.037 0.030 0.025 0.18

- 0.502 0.030 0.025 - 0.024  0.10
- 0,602 0.024 . 0.021 . 0.017 - 0.03
1 0.702 0.021 - 0.019 0.013 0.01

x = 125.0 in.

0.012 0.100 0.079 0.076 2.00
- 0.022 0.100 0.081 ~ 0.070 2.05
'0.032 0.097 0.076 ', 0.064 2.00
1 0.042 0.094 0.073 0.061 1.96

- 0.062 . 0.087 0.067 0.058 1.87 .
0.082 0.083 0.065 0.0S5 1.77
0.102 0.081 0.063 0.049 . 1.60
0.132 . 0.076 0.059 . 0.044 1.35

- 0.162 0.071 0.056 * 0.040 0.84
0.202 0.065 0.054 0.040 0.70°
0.252 0.056 0.047 0.036 0.63
0.302 0.046 . 0.038 0.030 0.50
0.408 0.036 - 0.029 - '0.022 0.25
0.502 0.031 0.026 0.017 ,0.15
0.602 0.028 0.025 0.016 : g.%g

257



TURBULENCE CBARACTERISTICS F'OR RUN NUMBER 8 (APG II)

TABLE B.4

.0.450

- 0.030

x = 12 5 in., h = 0 50 in., U = 117.0 fps
Y(ft) (u'/U0) . J(v'/V) S (w'/U) (-u'v'/u®)iilo
0.012 "0.170 o 00121 - 0.101 1.06
- 0.015 '0.17g+ o - 0.104 1.55
0.020 0.172 0.105 2.87
0.030 0.177 0.107 4.95
0.040 0.182 "0.114 7.13
- 0.060 0.192 - 0.121 10.43
©0.100 0.210 e ) --0.128 15.62
0.120 - 0.213 0.166" 0.133 .. 18.11
0.160 0.202 0.158- 0.117 '18.05
0,200 0.158 0.127 0.085 - 9.80
0.260° 0.068 0.056 0.043 1.26
0.300 0.038 0.032 0.019 '0.09
0.350 0.038 0.032 0.011 0.09
. x'=25.0 in., U= 105.0 fps
0.012 0.120 -0.086 0.072 2.18
- 0,015 0.122 0.092 0.075 2,64
10.020 0.125 0.095 0.074 2.93 , -
. 0.030 -0.131 0.100 0.075 13,22 U
. 0.040 0.134 0.104 0.075 3.32
.0.060 . 0.140 0.110 0.077 4.50
0.080 .0.144 0.115 0.077 - 5.37
0.110 0.147 0,117 0.078 6.40
0.150 10.147 0.116 0.080 6.50
0.200 . 0.145 0.115 *+ .0.079 6.45
2.250 0.134 -0.106 0.073 5.80
0.300 0.107 0.086 0.055 3.25
0.350 0.075 0.062 0.041 1.56
0.400 0.048. 0.042 0.022 0.80
-0.026 - 0.014 0.22

258
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S A {
TABLE B.4 (CONTINUED) =
{ : ‘
x = 50. 0 ‘in., U = 92.0 fps
; . e \ )
() (/o) (v/o) wf/o) (-a'vT/o?) 103
£ - e ' .,\,,.,‘ ’
0.012 - - 0.088 0.062 0.055 = 2.70
© 0.015 0.089  0.063 0.055. . 2.76 .
0.026 - 0.090 - 0.065 7 0.055 3.00 "
0.030 - .0.093 0.067 - 0.056  3.30
. '0.040 ©0.094 . ' . 0.069 . 0.056 _  3.48
. 0.060 «0.095 ° 0.071 ' 0.056 - - 3.67
1 0.080 - 0.097 - 0.073 1 0.056 - - 4.00
- 0.110 00.98 0.076 - - 0.056 4.15
0.150 - 0.098 '  0.076 . 0.057 - 4.50
. 0.200  0.097 _  0.076 . 0.054 °  4.87.
0.250 0.095 ;& 0.075. 0.053 4.70
0:300 °° 0.090 "™ . 0.071 - . 0.052 ~ 4,10
0.350 . 0.082 - 0.066 ~  0.046 3.30
0.400 . 0.075 = 0.060  0.041 .  2.44"
. 0.450 0.060  0.050  0.035 1.83
" 0.500 0.052’ 0.042 ©  0.028 - 1.22
0.550 - 0.045 0.036 0.023 0.26
x = 75.0 in., U = 84.6.fps - S
0.012 ) 0.086 . - 0.062 , 0,053 2.65
. 0.035  0.087 0.062 ' 05054 .~ 2.63
0.020  0.088 -  0.063 -, - 0.054 . - 2.91 .
'0:030 ©0.089 -  0.064 - 0,055 * %3.00 °
‘- '0:040 - 0.090" - ./ '0.065. .’ 0.056 ~ 3.12 |
_o.ogo . 0.091. ; '0;067 - '0.056. _ ‘- 3.50 .
'0.080 ° 0.094 . .0.068. - 0.055 . 3.80 ~
'0.110 0.093 1 0.071 . 0.0S55; 4.10
0.150 °  0.093 . 0,070 © 0.055 . 4.28
0.200 '0.093  0.071 . 0.053 = 4.77
0.25Q '0.090 - 0.070 ' 0.052 4.61
0.300 0.085 0.067 0.048 = 4.28 T
- 0.400 . 0.075 © 0.060 = 0.042 - 2.97 '
0.450 . . 0.067 0.052 1 0.037. - 2.32
0.500 © 0.061 - 0.047 ,0.033 1.47 |
-0.550 . - 0.055 - 0.042 ° 0.029 0.80
0.600, ~ 0.050 0.040 0.026 0.22 _
> : -k L : O - T
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' TABLE B.4 (CONTINUED)
x = 100.0 in., U= 77.5 fps
y(£t) (u'/0) (v'/u) (w /o) (-awru?) 103
_ — — -
0.012 0.082 0.058 ° -0.051 "= 2.00 ,
0.015 0.083 .- 0.060 0.051 2.12
0.020 " 0.085 0.061 . 0.052 2.20 S
0.030 ° 0.087 = 0.062 . 0.053 2.32 :
0.040 0.089 0.064 - 0.053 2.60
©0.060 0.092 - 0.067 = 0.054 __ .3.10
,0.080 0.093 . 0.068  0.056 . @ 3 63
. 0.110 : 0.096 ' 0.071  "_0.056 ~ 3.80
04150 0.09¢6 . 0,072 - 0.056 4.08
70.200 - 0.096 10.072 0.055 4.71
'0.250 0.095 ¥ '0.072 - 0.054 - 4.63
0.300 0.091  0.070 1 0.051 - 4.45 e
0.350 . 0.084 - . 0,064 . 0.045 3.90 :
0.400 0.079 . 0.061 . - .0.043 3.29
0.450 ' . :0.075 - 0.058 . 0.040 - 2.56
0.500 - 0.070 -~ - 0.054 0.038 1.83
0.550 0.066 =  0.052 * - 0.036- 0.85
0.600 0.062 0.048 ' 0.033 -0.15
x = 425.0 in., U= 73.8 fps* R ; ;-
- 0.015° -, ° 0.083  0.059 0.053 - 1.22:°
0.020 - .0.086 0.061 0.053 1.83 ¢
0.040¢ “ . '0.090 - -0.064 . .- ¥0.054-" . -.1.95
vn;oqo*\\ © -0.094 :'" 0.069° .  0.057 . 3.06
~0.100 - 0.097 © .. 0.073 °  0.060 °  3.42
0.150 . 0.100 - 0:076 - ‘».0.060  ~ 4.03 .
0.200 -0.100. - . 07076 - 10.060 ' 4.60 .
0.250 7 0.104 'A.080 . 0.059 . 4.90 . * .
0.097-  0.073 D.060 ~ - 4.64 = -
0.093 0.071 .056 - - 4.22 .
0.088 | 0,067 ©0.050 3.80
,0.084 0.066 0.050 - 3,17
0.081 0.063 - 0.044 2.81
0.080 - -~ 0.062  0.043 2.04

0.078. " ° ‘0.06} .0.042 - 1.40. g
0.077 - 0.061 0.042 ©0.85 . .
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TABLEBS

TURBULENCE CHARACTERISTICS FOR RUN - NUMBER 9 (APG ITI)
X% 6,25 in., h =10.25in., U= 136.0 fps '

y(£t) W/0 = w0 (@) 102
0.012 * 0.176 0.130 . 0.096 3.8

0.015 . 0.168 - g.119 '0.098 -—

0.020 . 0.175 0.126 0.104 .

0.030 ©0.188  0.137 0.115 4.95

0.040 - 0.200 . ¢.118 - 0.125 7.58

0.050 10.213 . g.16p 0.136 9.72

0.060 0.220. 0.166 0.143 1193

10.070 0.226 * = " 0.173 . 0. 146 14.34
0.080° - 9,223  ¢gl}73 0.142 1595

. 0.090 . 0.207 0.161 . 0.129 13.50
0.100. - o0.188 . g.149 0.111 . 11,27
0.110 . .g.1s8 0.125 - g.091 8.22
0.120 " 9.132 0.106 0.069 ~ . §:!35
0.1300 . " 9,109 0.083 0,054  3.40
0.140 = 0.078 .. 0.077" . o0l0o40 = 1.72 |

0150 .+ 0,068 " glps57 © 0.033 0.94 -~
- 0170 - .g.047 0.040 -  0.021 0.22
x =12.5 in., U = 122.90 fps ;

- 0.012 - 0.152 0.108 . 0.078. 3,75 o .
1 0.015 - - 0.155 - ,o.111 - -0.078 4,37..c, e
0.020 . . . g.159. 0.116- . .0.080. " 4lgg P
04030 * -, - - 0.166_/  0.123 - =-q. 082 - -6.23 ¥

- 0:040 . ° 0 ply707 ©0.130° p.pgy. 7.8

.. 0.060 - 0-177  "-0.136 ., o088  9.g3 |
0.080 0,184 .. g.141 0.085 - .11.83- | .
0.100 - 0,183 ° g 142 - 0.084  .12.86 . - - .
0.120 0.170 === " 0,080 S = S
0.140 . 9161 . 0.123 0,073 10.00

0.160 0.142 : " 0,109 0.065 7.60 |

0.180 -+ 0.115 © ° 0.089 - 0051 . 4. ¢p 5
0.200 " 0-091 - 0.073 - g.038 3.04
1 0.220 0.067 0.055 °  0.028 . 1.s59
0.240 . 0.047 . 0.039 ~ g.p2g - . 0.80

0.260 | ~0.041 0,032 . 0.017 " . 0.38




* TABLE B.s (CORTINUED)
LY

g

/' x = 25,0 in., U = 107.3 fps

. 3 : .
y(£t) (u'/u) (V/O) /o) (-a/u?) 103
0.080 0.068 1.38
0.083 0.070 '1.41
L 0.087 0.071 .1.50
2 - 0.092 0.070 - 1_62
ek - 0,096 0.072 ©1.70
4 0.099 0.073 2.06
0.080 0.137 0.104 0.073 2.27
0.100 0.139 0.107 . 0.073 2.50
0.130 0.141 - .0.104 0.074 - 2.90
0.160 0.140 0.111 - 0.074 - - 2.92
0.200 0.137 0.105 - 0:072¢ Y2 40
0.250 0.127 © Q.090 - 0.064 "1.21
0.270 0.107. 0.083 :7'0.058 0.90
0.300 0.095 0.075 . - 0.050 .- 0.32,
;X = 50.0 in., U = 9p.¢ fps . M
0.012 0.098 0.068 " 0.060 . 1.00
.« 0.015 0.10Q 0.070 ., * 0.061 "1.00
0.020 0.102 . 0.073 0.062 .  1.12
L 0,039 .0.106 1 ol077° 0.065 .l.21
% ,07040 .. “0.110° --0,080 0.064 . 1.38°
2,0-060" "7 " 0,113 ; .0.085 0.063 T 1.62
. 0.080 ©0.114° 0.086 © 0.063 - 1.75
©0.100 0.115 0.087 0.063. % 1.94 -
~ 0.130 ~ 0.116 0.088 = 0,063 - . 2.23
0.160 - 0.114 - ' " 0,087 ..0.064- - 2.50
*0.200 0.112 - 0.086 0.064 2.76
0.250 . 0.109 '0.084 - 0.062° 2.70
1 0:300 0.106 - 0.081 0.057 - 2.10
0.350 © 0.100 0.077 . -0.054 °  1.s54
0.380 . 0.094 - 0.073. 0.051 & 1,20
0.400 '0.090 0.069 . 0.048 0.97

262
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TABLE B.5 (CONTINUED)

x = 87.50 in., U = 77.2 fps
y(£t) (u'/u) (v'/0) ') (-a'v'7u?) 103
0.012 0.092 0.065  0.059 0.73
0.015 0.095 0.067 0.059 S 0.72
0.020 ' :  0.099 "90.071 ©  0.060 0.85
~0.030 0.103 . .0.07% "  -0.062 0.97
.. 0,050 ~0.109 %V 0.081 0.066 1.37
1.0.070 . 0.115 0.084 0.067 1.58
0.090 . 0.118 0.088 - 0.068 - 1.80
. 0.120 0.121  0.090- ' 0.069 .  2.00 .
0.150 .+ 0.126 10,094 ~-.0.069 . 2,26 .
0.200 - —_ - '0.069 2,60
0.250 ~ 0.069 2.70
..#0.30 0.069 ~ 2.43
: 0.063 ' 2.00 :
; 0.059 . 1:62 o R
0.450 - - 0.053 0.90 . - °
(0.500 - , 0.048 - 0.36 .
X 0,012 " -% +0.092 - 0.066° ©  0.058 0,56 . -7
© ., 0,015 = ''0.092.- 0,065 _ 0.058 '~ 0.53 " .
,0.020 .* -70.096 . .0.069° ' 0.060 (O 0.62 "
.~ 0.030 - 0.10L - - 0.074%} 05062 .  0.81°
¢ 0.050 0:105. - - 0.078-°  0.063 .  0.93
:0.070° .. 0.110° 0.081 ., 0.065 -  1.45
.0.090° . 7 0.114 °  0.086 0.067 -, 1.62
- 0.120 - 7 0.1200 ° '0.091 ' 0.068 - 1.81
. 0.160. 0.124 0.094 . 0.07) - 2.17
0.200 . - - '0:131 0.100 0.073 2.40
0.250 - . 0.133 . 0.101 - 0,077 2.72
0.300 ° - 0.132 .. 0,101 0,077 2,70
0.350 ' 0.132 0.100 © 0.077 . 1 2.35
0.400 0.126. 0.099  0.074 72,10
0.450 . 0.123 - 0.096 . 0.068  1.60
0.500 0.114 . 0.091 0.064 - 1.10
0.550 : 0.109 -~ 0.086 - 0.061 ©0.41
- 0.600 0.105  0.084  0.051" - 0.08

g



