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: . BOUNDARY EFFECT ON FLOW PAST BLUFF BODIES TN

|

"ABSTRACT

. ‘ . .
-
\
- a . v
. : . / .
. \ PR

The effects of boundary 1nterfirence on the drag ) .
.force and vortex shedding frequency for equilateral prisms T
.and cylinders are repdrted. . Test bodies were of single and
multiplg—body (single row) configurations. For‘the,former,
_ the models were mocnted in;the test section with and with-
out eccentricity. For each case, the empirical constant
k' (=u /u) was determined to get an estimate of the separa—
tion velocity ug - The latter is nearly equal to, the contract-
ed jet velocity uj. USLng ua as the reference veloc1ty, it
"was possible to obtain'thé drag coefficient bDj which was B

1ndependent of blockage for.all the bluff shapes tested. For
centrally mounted cylinders (subcritical) and prisms at 60°

1]

'the drag coefficient C based upon the gap veloc1t¥ uy ‘'was

_almost' constant. Since both CDj and CDl are constant, it .
cansbe deduted' that the contraction coefficient C must
r l'(’.
remain invariant for these: shaves over the ranges of

blockage tested. . ’ 'i
|
: |

) B

The forebody pressure distributions for bluff shapes
. o " ..
indicate that the earlier concept of interpreting blockage

~

“as an incfease in stream velocity -is not valid in spite of

| . the fact that the values of CDj are nearly constant for all
. * ! .

’ the .shapes teste&” when they are centrally mounted. «:

AR .~ For multigie-body canfiguraﬁions, the‘S;rqnhal number = |
. ™ L . , !
S1 and . S5, were determined using u; and uyc as the reference

- . Sy Covioo
v ’ * . ' \‘




t . ‘s - ,.p i
“vélocities. Si1 was found to be -nearly consﬁ;nt for prisms ' _ »\<

‘ N A ' i N ) ‘
ét,60°,and cylinders (subcritical) up to a blockage of 0.5. .
For prismé at'0°,~Sj was copstant up to 0.3. Iﬁterference a

ef%ecté“on the drag force apd;yortéx shedaing frequency
N ! ' ' . .
cauSed,by-tEe side walls'of a single-body configuration’were,

similar to interference effects caused by neighbouxing bodies .

on other memberé of a multiplé—ﬁody.(single row)'configuraf
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Widtﬁ'of triengular‘prisms, (Fig. 1)

. . < ,
Width of *test.section, or distance betyeen
center lines of adjacent bodies for multiple -
bodies, (Fig. 1)

Blockage or constraint (two-dlmen31onal
flows) - . .

Contraction coefficient

Drag coeff1c1ent normallzed by u,
(=Steady Drag/(ipu bL)).

Drag coefficient normallzed by up,
(=Steady Drag/(ipu bL)) R

’

Dra coeff1c1ent normallged by u,,
(=Stea ag/(&pu bL)) J

,Drag coefflclent of aftbody

Drag’ coefflclentlof'forebody"

2

Tﬁ:;;etical drag coeffifient

‘Pr¥ssure coefficient based upon su

Back pressure coefficient '
Pressure coeff1c1ent at the separatlon
point | - vy =

Drag force actlng on unlt height- of test
body

o, ° >
1 - ’

Diameter of'circuiar cylinders,'(fig. i)f.
Distance between the center line of the.
test body that  of the w1nd tunnel;

- (Fig. 1)

Eccentricity '




o

P

Gap width ' -7 . ' !

k + An empirical const;a;x}t (=us/u)
L Q Span of the Body | | o £
pg ' .Bage'pfgssure . y

Py ‘Pressure at the\separation p01nt e “ ‘

P, Wake pressure. w ‘ \ \

p _Pressure of the undistqrbed' f’lo;VB ‘ - o \..
R . Reynolds number based 'upom b or d,//’ |

(= ub/\), or ud/v)

P : '

|
S Strouhal number norm‘allzed by u, ' o 1
- (=fb/u, or fd/u) . - s :
S1 " Strovhal nufber normalized ls\ul, ° S BRI 1
(=fb/u;, ori{fd/ui) - C . ‘
K4
S. Strouhal number normalne‘d by u., B : :
J (=fb/uy, or fd/u;) Ce s 1
s Separatlon point , (Fig. 1.‘) . g " .o :
u Mean undi#turbed velocity, (Fig. 1) ‘
R" Y Mean gap veloc.‘i‘ty', (Pig. 1) _ - R o
E . . P <1 ;
u; Contracted jet velocity, (Fig. 1) ) - .
“u Veloc:.ty ‘along the separatn.on streamlxne, o | .
s \
“~ (Flg‘ 1) - M .
r“ ‘ ' k]
p Density of fluid ) ‘
Ty Kinemat:.c viscoq&af fluid .
8 fmgle of orientat:gon of-prisn, (Fig.s2) e -
“ ‘: . r Y N ’.':: ’,f\ L . %
i INTERRELATIONS f 3
T s . TR YR S S O
Aa/{(1-b ,B“'- " C 5, 1 / . = 2t R . L e
/(1-b/BY " Cp, = (8/u3) Ch § Cpy = G Cpy o - 4
u/u S >z R . ) : ooy
‘( /u1) .S %/k /“ | g \Sj C.51 . ‘

v " U\ U/
e L t)/u.x
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' CHAPTER 1 S . .
’ © INTRODUCTION : . ‘
. .ue . L >N B < .
[

Earlief\buiidfng codes provided guide-lines for.selecting"
wind loads on buildings, 'as though they were single structures.
. . . ]
& , - -
Only recently, these codes have been revised to include_“”//
A

interference effects of neighbouring structuxes, while evalua-
ting wind loads. Interference effecfs may lead to major

modifications of the load pattern on an ex1st1ng building due

: \\The erectlon of a nelghbourlngvbullding. Leuthesser (1]

has conducted model studiis for flow past a building-:complex to

show that very large negative prgssﬁres could develop due to
: : \

e
d

the interference effects. This"tvoe of loadinafwonld_be_;

rectangular structures. His test data determlned the critical
CS

, 2
detrlmental to the‘lagge glass panels of the prototype struc-

ture. ‘Mclaren [2] ,eonSLdered 1nterference effects of tw1n .

€ \

i ‘ . ' ~ .

”spacing between the structures to avoid interference wind loading

over a range of turbulence 1nten51t1es. Klenhofer [3] -

obEEIvespxhat the suctlon loading experienced by the roof to

\
of bulldlngs caused by interference. effects is a function of

both the spa01ng and relatlve heights, of the bulldlngs.

'ReCently, conSLderable 1nterest has also been given to the

‘pattern(of alr“onw around bulldlngs. Thlgﬁtorms a signifi— ¢

cant de51gn factor £&r the architect ‘concerned with architec~-

©
-

tural aerodngmlcs r“ ' ‘ o e

13 . : ‘ - ,
‘ ' AP e’ \_—w) 5 Q
. . . N .
o B




A

Interference effects'are'also important from a . .

&ifferent viewpoint. Although laboratory models are exposed

- to alr flow which lS subject to lateral constralnt, proto—

type structures aré acted upon by wind which has no such con- I

straint. One of the immediate effects of this ihterfefence

due to the tunnel walls of a test fa01llty is to lncrease the

velocity of the flow past a model (Flg. 1). This effect may
. . oy
. become'very severe if over-sized models are - used during tests.

~

Often, one adopts an over-sized model to incoiporate details

of the field structure. Under such circumstances the natire

N

of interference loading associated with the test program

' . »

should be known., : s

LY

v

It is not uncommon to fing/a relatively large object

such as a pillar of a building passing through an air duct
& - : L . ) f

system in a large Building com@lex. In- such casesfapdaer

requ1rements for-malntalnlng the air flow in the duct can be

- computed if the total drag expgrienced by the bbstacle in- |
} H
cludlng 1nterference effects is knqwn.
off | ..

DN o
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‘CHAPTER 2 ’ . ' v

REVIEW OF PREVIOUS INVESTIGATIONS CN

2.1 DRAG CORRECTION'FOR WEAKLY CONSTRAINED
FLOW

4 ] )

In the ensuidb dis ussion; blockage or constraint

causing boundary e fects‘f[r flow past bluff bodies is. defin-
ed as the ratio medel area to the aréa of the test section
(Fig. la). When multiple body configuratio;s (two-dimension-
al) are considered, the area of the test section is replaced
by the area between the'centgl‘lines of edjacent bodiee

S . PP

(Fig. 1b).

ot

- constant increment to the flow velocity. This increment is

3 fe e
~

To 'account for the intefference:effects due to the

e . o *

side. walls of the test facility,’ Glauert [4]‘ proposed a

supposed to take care of the increase in the velocity past"
the model. He provided  a, good appraisal of the nature of

interferenqe effects associated with constra}ned flows and

-

used the method of image to arrive at the induced inter-

°

ference velocities on wing sections. Lock [5]  also
ey
adopted the method of images to study the interference effects

on symmetric objects, According to him, the increment -in

the’ velocity to account for the 1nterference effects is pro—-

portional to the square of the blockage. *

e — L

&, Besides increasing the velocity in the vicinity of

the body, .the side walls 1ncrease the velocity of the flow




~'as u (Fig. la) the velocity of the undisturbed stream #s

,dyhéhicvsimilarity. Nevef%heless, the invariance of C /k2 ' Cen

.In fact, pressure measurements taken during the-¢ourse of = ' )

-~

just outside the wake. This‘reduces.the wake pressure and

4

“T"hence the bodyfexperienceé a hiéher‘dfeg force. Lastly, the
. v t

existence of the side walls in a test facility is associated
< r's . ‘ N

with a lbongitudinal pressurevgradiept, when the side wells

‘v

" are parallel. Glauvert [4] observes that this is of little \::b

consequence in'evaluatingﬁbluff.body drag. ‘Maskeil\Q [6] ’/
used the experimental .results of:Fail et al [7] to advahce

a formula for the drag coefficient C, which included inter-
ference effects. He agesmed that the flows in constrained

and unconstrained situations were dynamically similar and

~

.that the wake pressure p& ‘was ‘close to the base pressure

o

,_M;_pb In_general, this _ig not true-- [879] -In~arr1v1ng at- - -

¢

the above formula, Maskell used the momentum, relatlons.

L A}

Modified-vereions of his formula have peen used successfully

by different authors [10,11,12]. The data used by Maskell

to substantiate his theory was associated with very limited

bloekage (7] . Denoting the velocity at the separation point

S -~ d i -~ -

B

‘u  and the ratio u /u as k, Maskell showed that the

value of CD/k2 qas«constant for a given shape over a Aow
range  of blockages. This ib a necessary condition fo r

- o

does not ensure dynamic s1milar1ty as implied in s theory.

Shaw [13] demonstrate thls fact for flow pagt bluff shapes B .i

subject. to 1nterference effects. '

-

"
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o™

g

2.2 DRAG CORRECTION 'FOR STRONGLY CONSTRAINED : .
’ FLOW f . - R i

- v
..
. % . o
.

Shaw. [13] has provided =a detailed analysis of ‘the o
" flow past a normal plate subject.to side‘wall constraint.
Furthe%,dhis test results [13;14] cover a broad range of ’
blockage and provide supporting evidence to the netnod pro-
posed by him to includg interference effectsw‘ According to,. -
him, the velocity uf at the contracted jet fectlon is close
to the separatiPn velocity ug. As such, in the case of flow )
pastabluff oojects subject to interference effects,’the |
lcontracﬁion coefficient Co is a significant parameter.

facty ln a related study (151, it was pois;ple to succesé' cii
fully adopt Shaw's theoretlcal values of C, to provide the

proper reference veloc1ty to normalize the drag coefflclents

of bluff bbjects. In a slmgﬁtly dlfferent context, 7
Sarpakya [16] obtalned the expressxons for the contract%on
coefflclents ,of flow" past 1nc11ned plates which denoted |
butterfly valves. |

- Modi [10] obtained a better correlation to his . .
data-related tb flow past a circular: cylinder squecﬁ-;o‘a ‘

relatively strohg lateral constraint by including'highef"order

terms in Maskellls analysis., . Interference effects as applied
2] .

to axisymmetrlc bodies have heen reported by'Lin LL7,18].




2.3’ BLUFF BODY ATTACHED ‘TO WALL

-

- . . ) 6’

o

In the limit, an eccentrically moqpped~ﬁdde1‘5ecomes
a model attached to one of the walls (Fi§. lc). Field -

applications of such configurations include pipelines cross- ',

ing the beds of waterways and pillars crossing air ducts.

“ v

The flow past'a bluff dey attached to a wall is cﬁaracteriz—

ed by flowfseparation upétream 3; the body- and the absence ;

1

of freg,oscillations of the wake in the rear of the body. - Y

Arie [19] observed that‘the floor'ﬁoundaryrlager upstream A

.~ of the body was a secondary factor'to contend witH, in,

| 9 = ./
' ¢ tion. Thﬁdggyndary layer at the test section was very thin

T uél member of a group of bodies has applicgﬁion in.

. shown that the chdracteristics of the upstream boundary | *

_layer flow.is a pfimaryffactor that determines' the nature of ° N

" 2.4 INTERFERENCE DRAG FQR GROUP - - :

A1

dnalyzing the'dharacterisgicgj However, Good. [20} has

L] N - o

LAY ~ . , % E
flow past a wall-mounted normal plate. Although its impor- - !
- n X - -

‘tance was racognized; no attempt was made during the present

test program to simulate ‘thé upstream boundary layer. The

models attached to the sideuwai},weie viewed as-the extreme v -

Lot ’
T

éééelof mounting\the_bodiés eccentrically, in the test sec- -/

relative toé the model si for the clear tunnel case.
- o . . )

- "
k -~

CONF ESURATIONS . ‘

- v

s

< - .’
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Led

,cigcular gglindefs and.streamlined struts is provided by

. Biermann_[23]. -

7

N o o ' .
of pile groups [21] and pier rows [22]. A brief discuss-

ion related to interference drag -for flow past'slngle rows of

>

-

B

" o . .

S : / , . .

2.5 VORTEX SHEDDING FREQUENCY CORRECTION
FOR CONSTRAINED FLOW ‘ . ~f

-

. K o 1

.
L]

. v Abernathy [24] extended Roshko's notched hodograph
\ P . " . - .
theory [25] to include flow past inclined plates subject to

o

. 4 : S~ .
side wall interference and provided experimental data to
subpbrt his theoreticel*ﬁodél' Like Roshko [26], he too,

proposed a un1VErsal Strouhal number based on the ve1001ty ‘

—_ — ——

3

' Strouhal numbér was found to be nearly constant for a wide

. éonducted tests on a 90° wedge which was subject to varying

" degrees of blockage.‘ According to him, Roshko's proposition

aloqg the" separatlon-streamllne, the distance'between the

¥3

freexétreamlines and the frequency of vortex shedding. This
’ v

rahge of blockage and plate inclinations. ' Chen [27] - °

o

®

related to the universal Strouhal number [26] was only

appllcable in a v Y narrow range of blockage for the 90°

o

wedge. Toqkas [29] conducted tests on circular dy11nders

and normal plates set in ‘a narrow channel and found that the

- so~-called universal Strouhal number coricept was not appli-

rcable when blockage effects are present. o ' . .

|
- © . |

1 - ° ¢
. o® |
|
|

Toebes [29] has reported the values of Strouhal

number for flow*past circular cylinders and triangular prisms

x
- -
i




subject to a maximum blockage of 0.44%. 'In particular, for .-

the prisms at 0 = 60° (Fig. ﬁ) and circular cylinders,(sub-‘
critical flow), he used the gap velocity u, j=uj Cc) to

normal‘ize the vortex she{dding\ foraequencyg The choice of u, .
in glaCe of uj as the'réference velocity is apbropriate
(see Notations—Intérrelations),.if Cé does not wvary with Q

blockage. FOr both the prism at 60° and._the circular cylgnder, .
g

the results of Von Mises [30] and Toch [31] provided indixrect

evidence that C_ does not vary with blockage. The
data compiled in the present investigation provides evidence
to support this fact. However, for the- triangular prism at

o]

§ = 0, Toebes used the contracted jet velocity u. as the

J x .
scaling factor to.obtain the Strouhal Number—534r~To compute :

ujy the values.of Ce &ere obtaineo\bn thé-basis of'Shaw's

analysis f[13) related to constrained flow past a normal

plate. For this prism, Sj remained constant for low blockv.

p‘ages (b/B < 0.3) and 1ncreased gradually for higher, blockages. _%
These results have been further confirmed in'a recent inves- °
tigation [15]. Toebes [9] "also investigated the near wake
characteristics of the triandular prism (8 =°0°)‘and conclud-

ed that the actual wake‘bubble'geometry was’quite different -

from the theoretical guasi~steady wake bubble [5]{

1

Shaw [32] has studled the vortex sheddlng frequency
of bluff bodles placed in eccentrlc locatlons between two
sxde walls., For this purpose, he towed two—dlnensional bluff e
shapes 1n a water tank and obtaxned the vortex shegdlng fre-

“ quencies from visual observations. " : ' 2
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2.6 ' VORTEX SHEDDING FREQUENCY OF GROUP .
CONFIGURATIONS

Vibration of tube banks is a serious problem in the
design,bf heat exéhangers and ; number of investigators‘ {33,
34,35] have studied the vortex shedding frequency of multiple »
body configurations. In this context, some current research .
trends are reviewed by Mair [36]. Recentiy, Borges \[3§]‘
provided useful data related.to the vgrtexﬂshedding fre-"'
quency of ,single and multiple rows of circular tubes. He
observed that thé.flow downstream of a single row of cylinders
becomes unstable when the spacing between adjacent cylindérs
was‘tedubédtto(;wicé the &iémeters of the ciiinders. Accord=-
ing to him, up to a blockage of 0.5, the mean Veloéity u

in the gap bétﬁeen the cyliﬂders was the controlling” velocity

1

for forming the Strouhal number §; which was found to be

Q

nearly constant.

-

The-vd%féx shedding frequency of twin rigid cy;inggfgég
° ¢

spaced at various spacing ratios were determined by Spivak [38].
He foupd that the cylinders ceased to shed individual vortices

P 2N

when the gap between the cylinders was less than their dia-
mgters. For such a situation, the vorkices were Fhed by the
composité'body formed by the two-cyliﬂders.thivgsey [391
invesé%gated the flow induéed forces.g% a pair of.éylinders .
which were free’édovibrate; When the gap getweégvthé cylfndefs‘

was of the -order of their diameters or mdre, they vibrated

ihdependently confirming Spivak's observation that indiyiduai
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vortives are shed from the twin cylinders at these spacings.
“ N g
For smaller gaps Livesi's data indicated "in phase vibration"

0f the cylinder pair which further confirms the "composite

oy

body" effect observed by Spivak for comparable gaps bétween

z%e twin cylinders. ' )

N

2.7 ‘SCOPE OF THE PRESENT INVESTIGATION | ~ '

o
N
i

The préesent investiggtion was undertaken to study .

- the boundary effects on the dfag forcé expériéhced by cirquiar‘ o

i 1 AN -

and equilateral triangular bodies (Fig. 2). _gprodynamicall&}l

‘they pgpvide é sha}p dontrastdfrém the point of view of flb&

- ‘ B separation; Drag fﬁrces pbtaiAéd either bjwdirect m;;éﬁré- o

mént.wiph the aid of a force"gagé or by integrating khe
prégsures téken around a body. To study . .the interference '
effects, the modelszyere mounted boéh‘ig the,cenfral and .

i ';ccentric locations. For the central chse} single and multiple? )
body configurations were included. The moéifiéatfoﬁ in the
vortex sbedding frequency of these shapes’subject to %nter—
ference effects is also réborted. For the eccentric case,
only‘s}néle body configuration was studied. To prédict the

drag coefficient, a theoretical formula has been derived . ° >

based upon the momentum balance. o

!

w2

e
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, . ' EXPERIMENTAL SET-UP AND PROCEDURES

' ’ ¢ ) ’ , ~ ’ N ‘ ‘
'/ i 0 o . N . ‘ - ‘.,_,-
'3.1 FORCE GAGE MODELS o : .

y
Tests were conducted in aﬁwrhdltunnel whose test
section<was 14 %€“ x 10", aThe Styfofoanfmodels were 10"
1ong and the model surfaces were sanded to_a smooth finish.
Clrcular cylinders and equllateral prlsms formed the basic
shapes (Fig. 2). The models wgre attached to a force gauge

\
\in whlch a dlsplacement transducer w@s houbed (Fig. 3)

- mFon the,de51gn,ofuthe force gage7~see'Appendmx“3;~m~*' -
‘\Q ‘ ° . - . - . .
The steady forces on the models were obtained f¥fom - )

dlrect statlc callbratlon results. ' The vortex sheddlng

frequency was determlned from the record on a paper chart br

t rough spectral analy81s. For the latter, a-B & K analyser

(Fig. 4) was used. At hlgher vortex shedding frequencies,
Jthe model was held rigid and the &ortex shedding frequency - .‘g
was obtained rrom hot wire surveye in the wake of the b%uff | ' ‘W
body. . . . . E i

\ . ok i T

3.2 PRESSURE TAP MODELS ' R .

\

1 o A &

For surface pressure measurements, machined metal.

models were used. They were rigidly fixed at the ends in o
f . \ R . . ' . -\‘! . R Yy

the test section. The surface pressures on the models were .\~ IR

| ) - . A S
measured with the help®of -an inclindd manometer. Ifhtegration SRR

B




/ 4 12 - -
/ e ¢ -
- R ' ot ) ‘ T . ,
; of pressure'gave the steady forces acting on Ghe models. Hot =
. wire wake surveys.yielded teg‘lnformatlon about the vortex
/ i 'shedalng frequency for the qp@els. The pressure coeff1c1ent
l»:"/

tps at the separation points for all the shapeé was deter-

-‘mlhed experimentally for a large range of. blockagé& and gaps .

(Fig. 1) . This enabled the estlmatlon of k's whlch'were

needed for a few models that do not have pressure .holes. a

3

However, the tests dealing with the drag force of

»

multiple configurations (Fig. 1lb) could not be extended to
‘J € ~ . ) - N /
the lower range of blockages, as the small size of the

cylinders did not allow sufficient numbers of holes to be .

drilled aréund their peripherfes., A wide range of blockage .
' was covered for determining the vortex shedding frequency
-0of multiple bodies.

f

3.3 OTHER. EXPERIMENTAL PROCEDURES

. o The velocity at the entrance to the Eest sectien

.wag obtained with the help of a pitot tube-micro manomeeer
combination. 'This, in éurn, was correlated to the mean un;

’\dlsturbed veloc1ty u at the. test section. The inteﬁsity X
of’ turbulence in the test section was estimated to be of .
the order of gﬁ?b For the calibration of the wind tunnel,

:c 'l‘ - ”see Appendix 2. 1In conductlng the tests on_ the bluff body

attached to the wall, the ‘side walls of the test sectlon

were replaced with two adjustable plates. . .

i s Dot T



W

19 @ ! e
) :, . ‘ . «”éfb | ‘
y 13 - ! ,' T c;’ - .
N ! At ‘ e .
- - P - .
"« CHAPTER 4 . ‘Q ‘ S
. . h R ' .
hNALYéE:’OF RESULTS °
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4.1  THE EFFRCTIVE VELOCITY L e T o

- .

. . .
» : . o .

p# foregoing discussﬁons, the contracted: jet
velogi uj (Flg. 1) is con51dered to be the proper refer-
veloc1ty to normalize the drag force and the vértex

shedding frequency of bluff bodies subject to oundary inter-,
ference. In the free stréq@i}ne model the velocity‘is,

1

eesumed to be invariant along qhe free streamline (sw” in

>

“Fig. I). This implies that the separation veélocity u_ is

‘and is uniform all- across the contracted sectlon for flows

|

equal to the contracted jet velocity uj. For flow past

a normal plate set 1n a narxrow channel, uj is close to u,

4 > .

which are at least moderately constrlcted [13]

.

estimation of u, can be obtained eithex throggh the deter~

3

mination of the pressure coefficient C

ps near the separa-

tion p01nt or from the estlmates of the contractlon co-

l

eff1c1ent c

1 . *

?.x ’ - e

. By applylng ‘the' energy relatlon along the free .

.

streamllne, it can be shown that




by

BRY - ver o ‘14 . .

% o o °
‘ - I} . '
o .k = u_/u (4.2) | -
S ° : , a
) . - _: ] 2 . 4
; : Cps™ (PgmP)78p w%) (4.3) 5
) " ‘ ’ .
When blockage is incfeased for flow past a bluff body, the -
contrlbutlon of the downstream suction becomeSrdisproportion; Ty
(- . ‘ - T . ‘

.o ately. large compared to the upstream“thruét and when the
R - ' - o - . o
o : blockage is high, the pressure distriblition in the rear of

the bluff body is generally uniforn, Under these circum- ..

<

stances, tne drag coeﬁfic;ent\;CD and the presstre co-

— SN

R

efficient Cp ~ have a strong correlataon. The emplrlcal s
' 'coeff1c1ent k .is dlrectly connected to Cp . Conseguentlx, )
the ratio’ c /k2 remains almost constant especxally when; ~ .
) ‘the blockage is hlgh : - A W
) v"\k' . ' @
4.2 THE EMPIRICAL CONSTANT, k : | R v
L o =

. o The.theoretical“relationshib between - k ’and the-;{r
blockage b/B for the normal Plate -[13] is sketched in ° , o

’ Y. Fig? 5. The present exper1menta1 values of k for thé
1 prism at p = 0° are also lotted in the same figure. ' These‘°
: estimates were oblalned through the determination of'tne .
presaufe coefficient cps near ,the sepafation;point. The” . ‘ u”'
values of k for thi prism at 6 = 0° deviate a little bit
from éhe correapondlng the retlcal values of k for the :l

. normal plate when ‘the blockage is small. .Part %f this

f@ﬁ, .. ..- discrepancy can be traced,touthe arbitrariness agsociated. 7,




. . . - . N ‘i f‘
9.4 ¢ - :

'With the estimation of'the undisturbed pressure P ,thle‘“

ps However, the discrapancy becdmes negli-
;&)

,e/f—”’”'EIBTe when the blockage increases as errors in the estimate

+  determining C

of p become less significant. The estrmate of k and

Cbs are not influenced‘significantly by the after body .of

v

this prism (central mounting).
o .."} . ‘ [
In Fig, 5, the experimental values of k<or !

: ‘ ¢ -

[ad - 4

prisms set at 8 = 60°, circular cylinders, and 990 wedges [27]
,are included. The fact .that- the 90° wedge arfl the prish.sigsv

. [ — 2 % ‘

at 60° seem to have a common curve for the variation of k
. . o . R t:

with blockage is"again traced to the minor errors that are"

\

built into the def nltlon of the reference pressure p. In

the present tests, it was determlnedgiy estlmatlng the static

pressure at 4 section 15 1nches ahead of the.model center,

‘.

1
nghe value of k-~ for b/B + 0. denotes the case wherenbdﬁndary

w 9,
interference is absent.

4

I

W -
4,3 SIMILARITY OF PRESSURE DISTRIBUTION -
v’ nt o ) ‘

"

)

;')‘» Although it 1s reported that the pressure dlstrlbution
sln the rear 'of the flat plate is uniform [131, the pressure
distr;bution in the rear of the prism (6 5.0 ) is non-unlform"
. (Fig. 6). This naydbe due, in part, to the presence‘of the 1
prisn's’gﬁter-nody. Conpare Fig. '7, Cp fo¥ prism, 6 = 60°

’

N However, as stated earlier, the value of éps

(6 = 0% yielded k values which approached the theoretical

for tne'prism

value of k for th8-flat plate. The non-dimefsional form gf_"l‘_d:‘y




-

-~

‘the pressure dlstrlbutlon C /C in the rear of the prism
(6 = 09) set at several blockages resulted 1n a 51ngle dis-

tribution, (Fig. 8). Since Cpb/cps = (pb pﬁ/(p -p), the .

— pattern‘of pressure differential (pb-p) at any point in the

rear of the pris %g deterﬁined'by the pressufe.difﬁerential4
pP,-p at the s ation point. In other words, there is a
similarityﬁln the distribution of the'pressure‘differential
in.the rear of the prism when these differenceshare norpalizL
ed by the pressure differential at the separation poiht;

Not even this type of similarity is present in the wetted
) portlon of the prism (forebody), because the stagnatlon‘

pressure coeff1c1ent is always unity (p01nt 7, Fig. 6) for 3

all blockages (central Case) while Cpé’ in the vicinity of | -

, . oo
e ! . N

the separation point (points 1 and 13 in Fié. 6) attain
different (lower)-wvalues at higher blockages. This indieates

that ;n(general, it is not possible to represent the pressure -

distribution around the bluff body By choosing a scaling
. factor; PuBllshed pressure distributions for flow past a

normal pgate set in a narrow channel [13] also defy any N

attempt to group the upstream pressure distribution for | TN

;‘différent blockages. Briefly stated, Maskz}L's 6] "Inter-.

S

faS ) ‘ .
.velociqfﬁxis not apprdﬁ%iate, especially when the constraiq}

°

‘is severe. ‘ - ,

pretation of constraint as an effective increase in the stream




same grapﬁ, (Fig. 9), the .points dénbting b/B = 0.371 and

- (see Notations,Interrelations), the value..of the contraction

A
17
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4.4 DRAG COEFFICIENTS OF BLUFF MODELS IN
CENTRAL TOCAZION -

y

I

“The drag force on the three shapes (Fig. 2) have
"been normalized by the velocities ‘u,°u1, and uj. ‘The.mean”.

gap velocity u; (Fig. 1) is readily obtained from the

-

continuity equation. In eachnéaée, Cps was deterﬁined. - ”»

This, in turn, yielded an.estimate of k (Fig. Sf. These

experimental values of- k were used to evaluate uj(=ku).
1 . . ~

\ ) - o

~

L

For the prism (6 = Oo), the drag coefficient

CDj(=cD/k2) was obtained by adopting“ui as the reference
! M

velocity. The nearly constant values of C 57shown in

Fig.9 (see also Appendix 1) éonfirms-earlier-predictiong [15]

related to the invar%ance of °C for this pmism. HoWeyer, o

Dj
it éhould be noted that in the previous inveétigation, the

-~

i
IS oY

s . . N
values of k were obtained from reference [33]. 1In the -

0.486 belong to the mulfiple,body ponfigurétions (single ré&)\
anduﬁﬁése points seem to fit well with the gengfal,trend for

CQ, CDl and C_. for single body configurations. ' e

b \
The drag coefficients CD, CDl and CDj for,phe

Dj

prism (6 = 60°) and the circular cylinder (subcritical) are’

shown in Figs. 10, 11 and 12. (See also Tables 1 and 2). The -

P
s

values of CDl remains constant for the prism (8 = 609). Since

~ T .

, c. o : \ - o= C 2 3
CDj and ch are both constant (Fig. 10) and CDj ‘(CDx)qc

‘ - N

O

R s B
A ¥ S T Y-



coefficient Ce should also be n¢arly constant for this prism
) - - . ' . N
" Co -in the range of blockages -considered. A similar conclusion

’ can be drawn for 01rcular cylanders (sub;>it1cal) by observ-
i_ \ lng the nearly constant values of CD and C Dj ln.Elgg. 11

| ' and 12: Indeed, the assumption that C is constant for the
‘ prism -(6 =v60° ) and the-o;rcular cylinder (subcritical) was.

taken” for grahted'in thefgnaiysis of data in some of the

eajlier investigations /[15,20]. 1In Fig. 10, the point

LN

XY denoting b/B =. 647 belongs to the multiple body configura—
‘ tions (single row) and this point seems to fit well with the
general: trend for. Ch / ¢ "and Cpy for 81ngle body conflgura—' '
/ : T ’ "\/
N ) . - ,}"‘ S
Y The drag fﬁrce data for c;rcular cylinders has been ' -

tions.

~plotted in Figs. ;l and 12 (See also Table 2). The single
r . ’. dyllnder s drag data can be grouped together to y1eld a
- constant value for C 1.0 In so dorng, only the data corres-~
.‘pondlng to the;subcrlticai Reynolds numbers were chosen.

This was done by restricting the selection of data to a
)

. range where QD d1d not vary appreciably w1th Reynolds

‘number (Figﬂfll), The cylinder drag force was again normaliz-
[ . '
ed using u/ to yield Cps+ Fig. 112 .indicates that Cp

Dj
and C D3 ari both nearly constant for the 91ng1e circular o ; L -
'qyllnder (subcrltlcal), when the blockage 1s Tat least moderate.
o - As mentlo?ed in an\earlier section, this—leads to the
conclueioﬁ‘that Cc is constant for flow past single oylinders '
,  in the rgnge of blockages teated.‘ o A ,t : ﬁ‘f

.“r “~




pressure acting on the upstream and downstream portions of

‘tion of the flow in the forebody leads to suction pressures

19 o

- - —

In Fig." 11, the.data for the multiple cylinders is also"
. ; ’
presented. Although the.yalue of CDl‘for the multiple cylinder

(critical flew) falls short of the mqen CDI for the single

cylinder (subcritical floﬁ), the valﬁes.of‘ c for both the

Dj
éingle’ana multiple configuration\are nearly the same. For
the mﬁltlple body conflguratlon, the pressure plstrlbutlon
(Flg 13) around the cyllnder surface indlcates that the flow{
is adpproaching the critical range, espec1ally for the .three

larger values of the Re{nolds numbers. At these Reynolds ' .

.numbers, the point of separation appears to have moved down-

Y

Y

stream (Fig. 13). This lowers the value of Cps and henceé k. "
The value of C also decreases with the increase of the
Reynolds number. (See Table 2, Runno, 28-32). .Hence, CDj has

neaély the same value for multiple cylinders'over the range )
\. . . o

of Reynolds numbers considered. ’ &

’

Fig. 14 indicates the drag contribution of the

H

the central prisms. For the prism (6 = Oo),,the accelera-

which amount tg a large forwaxd thrust, when blockage is

]

severe. However, even larger suction pressures develop in
Ay

I ¢

the rear of the‘prism (Fig. 6) and the final result.is an o v

increase in the net drag force.
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4.5 DRAG COEFFICIENTS OF BLUFF MODELS IN |
) ECCENTRIC LOGATIONS . o&

«

¢

The experimental drag force on alle the three shapes
for the case of eccentric mounting has been normalized,
using d, ui and uj as the referenc7/velocities. For the

two prisms,‘CD/ CDl and CD' are plbtted in Figs. 15 and 16
. . . J .

- (See also Table 3). The interfeﬁénce effect of ghe'side wall

/
w

appears to be negligible when t7é gap G/b'is %pre than one.
This seems to be the case forl 11 blockages tested. The
values of ‘C;; seem to be c6n§Zant for bqtﬁ the prismgffor
a large range of blockages ané gap widths. However, the

value of éD1 displayed a much wider spread at low gaps G/p.

The pressuie distribution around eccentrically mount-
ed cyllndrlcal models 1nd1 ate_ that the value of Cp at the
stagnatlon point is much ower than unlty (Flg 17). Fﬁr;her,
the stagnation point on Fhe cylinder surface gets shifted :
towards the narrow gap gide by a small angle. Comparison of
the pressure data ﬁor t e}cylinder mounted Yith and'without’

eccentricfty indicates/that the flow meets the cylinder at

/ ! ‘\\‘

"an oblique angle when/the mounting is eccentric. “In fact,
5 . ! 2N

r

- AN .
by giving a constant jangular increment to all the pressure

3
l

!

- * v

tap locations, the symmetry of the pressure coefficient 2"

graph (Fig. 17) can /be improved. Some visual observations

. were made in a smo tunnel to establish the fact that the

&

flow approaches the circular cylinder 5; an oblique angle

when it is eccentryically mounted (fig.”le).




Fig. 18 deplcts CD, Ch and C j‘ for different gaps,
c/d, over a range of Reynolds number from 2 x 10" to

3 x 105: (See also Table 2 and 3). Fig. 19 was produced by

bchoosing.from the above figure the data in the subcritical’

[ o

-~ region. "From Fig. 19, it can be seen that CDl‘and CDj remain

A

<

~ Biermann [23] - who condubted drag’ﬁests_bn‘twin‘cylinders in

-

nearly constant. However, C, shows some erratic t;énds)ae\ ,
the gap é/é iélreduced. This is traced in part, to the
deflection of the oncoﬁing flow induced by the. eccentrically
mounted cylinders. This deflecEion of the filow generally

resulted in a downstream shift of the separation point on

N
°

the narrow gap side (E}g. I7).I The location oflthe separa-
tion point on the wide ghp side did not display any clear
tfend.) It is felt that its specific locatlon was dependent on.
the dlstrlbutlon of the deflected flow in the two gaps.

P

. R a »
a very wide wind tunnel observed that the flow characteris-
F 3

{
tics change rapldly when the spa01ng is nearly 1.75 diameters.

These changes are rapid and can result in a positive or

negative increment to the drag forces at this critical spacv
ing ratig. He also comments on the possihilit&.of flow changes
e;en when the spacing is held constant.
. - ‘\
The forebody pressure distr%put%on around the

eccentrically mounted prism set_at36O°'displayed a pecuiiara

form (Fig. 20). The flow separates on the wide'gap side and

re-attaches to the model surface at a downstream location.
S

"

For a fixed eccentricity (e = 3.5" in Fig. 20), the re-attach-




-mounted circular cylinders and prisms set a

ment point 'seemed to move downstream with increased blockage.

Fig. 1d shows the smoke tunnel photograph'of the instantan- °
'R : ' ¢ "
ebus streamlines for the deflected flow past an eccentrically -

mounted prism set at 60° ‘ B
When the prism (8 = 0°) was moungkd in the test
section withia large eccentricity, the values- of the pressure

coefficient Cps at the two separation points were not always

equal, Eig.21. * At lower blockages, the values of ‘Cps

‘dlffered sllghtly. .However, this difference became almost

'negllglble.when the blockage increases. Further, the pressure

.

distributiohl in the rear of the body was nearly uniform at

higher blockages. On the other hand, for ecgéntrically '

= 60° the

’

values of CpS at the two separation points ‘not differ from

o

each other for all the blockages tested (Figs. 17 and 20). = -

e

Part of this behaviour may be traced to the fact that the after i

" body’ beyond the points of separatlon in these two shapes is

% . , ,

either too short or non-existent.

4.6 GEOMETRICALLY SIMILAR MODEL ' T

4.6.1 Contracted Coefficiehts for Eccentrically. . ’
| Located Prisms (6 = 0~) ‘ . .

©

“ - &

As mentioned. in the previous section, for eccentric
prisms (6 = 00), _the values’ of CP (and hence k) at the twq

separatlon Poxnts are almost equal, especiakly when. the

blockage is high. Thus, ‘for either branch of the divided y “@): -




A

R4

- ~

flow, the blockage must be nearly equal, since blockage

uniquely determines. k, ((Faig. 5) . Conséquently, Co for
- 4 . A : 4
either side must be nearly equal. With reference to the

s

s.ketch (p-25 ), it can be s’een that b;/B; = by/B2 or | X .y
bi/b2 = Bx/Bz;_ "Hence, tl;e staghation streamling P9 °

which divides the flow between the two brah'ches; will assume
such a pcssition as to yield almost equal cohtfaétion co-
efficients. However, Fig. 2l-indicates that the lpcatiion

of the stagnation point was closer to t-};e wide gap than that )
-indicated by this model. Part of this situation can be

traced to ‘the fact ;hatbthe stx‘eg;nlines in the actual flow

get deflected toward the wide gap. (Fig. 22a). E

4.6.2 Evaluation of C_. for Eccentric Prisms(8 = 0°)
by -Using the Expression for Central Normal Plate

~,

)
»

D
by using an equation which was primarily derived for a central

For eccentric priéms (6 = 00)' . C. can be pr?dicted
-normal plate. When the prism is eccentrical;y’ mounted, the *

\ .
\stalgnati‘on streamline will divide it into two parts, each
of which can be considered as a gate protruding from the -
wall with apﬁroximately equal blockage. pefine” m = g_!_a. .
Clearly, the pos_’;ition of the s‘tagnation streamlipe w;‘.ll be | 0

completely determined once the value-of m is found. It
: N -

can be seen that m is given by L B .

: . ’ - B ’ . . .
S . m - o .




1y kg -

- . The followmg expressmn is adopted to obtaln C

for each portlon of the body -

v to : . i .

1 2 .. ~1,A%~
Cp = —5- [ (A2+1) (A-1)2 - 2(A2-1)2tan" (Al :
D 2A2( ) o ) 2X . .

. N B . |

o +(A241) . : o . (4.4) Cor

3

s " where, using notations ofJ[13] z

e

. | . ..

.« t k B/D‘ ': oo L e )
kJ = an empirical constant to relate the separat:n.on . @.
" and, jet veloclty. o ' v

' . .
(I ‘ -

.Consequently, the total drag force actlng on the body can be
3
computed. Thls, in turn, yields the drag coefflclent CD

. > . & ’ -

for the eccentric prlsm., . @ .

. . ' «The resdlts are éhownv in Table 46. From this, ilt can,

| ' o . \be' seen’ that for blockage greater than .30, the: agreen&e% .
' , between the.predicted and experimental values is reasonable

' with the exception of :thosé corresponding to low m values.

. For blockageS' smaller than .30, referring to Eqn‘.(4.4)°.the

®

.~ values of Ky have to be'determined "(ﬂith some difficulty . :

© [13J(Fig."11). Further, _dué to machining limitation, the g SIRS

SRS | Q ' corner along the length edges of the body can hardly be’ . BN
. made as sharp as implied in the theoretn.cal model. This

-

. l:.mitation is particularly true for bodies made of etyro-

LA 1

- foam. _As a result, at large eocentricitxes, i e., small

u‘*)



I .

+ These may be tlh

v

' : theoreticél and exgerimental values of C

and- at low m's

[

i ’ ; 4.6.3 Mémen

25

- "‘]

o

. " m's, the narrower divided portion of the body will make a smalld -

e reasons for. the aigcrepancy between the - .,

o

b . £or b/B < .30,

for b/B > .30.

’

t&ﬁ*Balance Model

. -

-

\

5
\
N

X

; er contributiqn to the total .Cj ‘thaﬁ‘preqicted By'Eqn. (4.4).

. S The drag orce_aéting on a prism that is mounted
‘eccentrically,:cénxégﬁo be predicted by using the momentum -

'§alancé. For this bufbose, A control volume HGNM "is taken,

¥
"y ©

. a5 shown in the accogpéhying sketch..

s

. \ ‘ )
. ) ‘
N H . M

.ew

. Nl |
-

o

SKETCH




P

.. this assumptiph,’one notes that: the pressufe is neaily uﬁiform -

.coefficients are compared in Table 3. From this, it ¢an

is quits dlose. -However, fo b/B < .30, C ¢ is is'gerlthan

< T
x‘< ' ’ >"4 . - »/
With reference to Section 4.1 , let P, be equal to pb. With .,

¥

al% across the control surface MN.- The mohentum relation
yields . B aE ; e

= '(p=p,)B - pujz(B-kz)cc + pu?B . (4.5) . :

N —

From coptinuity .

; u - B :
. (B=bjC o= —G;lB =K .
and using Eqn. (4.1) = ° _ - o )
Cog = (py-p)/Rpu? = - (k?-1) ¢
Hence . \ L s e ,
o AN ' . D =_ % pu’B(k-1)2 ) .
) ) . .« . , z‘ : ) C ‘o . .

Mo, _ . . ‘ .
and the theoretlcal drag coeff1c1ett'- : : T o , '

be seen that for blockage greater .than .304_the/ agr ement

D
CD . This may be explalned s follows. When blo kage is

K

low, the pressure is less unlformly distribut _ across theyj

contracted jet sectiop (see Section 4 1) and éhere is af



; 27 , ‘ )
) e . . -
‘negative pressure‘ gradient from the free streamline toward

. [4
V] - the wall. Hence, the'mean pressure is smaller than the

assumed pfessure Py .Accordingly, the mean contracted jet .
velocify is greater than uj. Rewrite Eqn. (4.5) as )

© 3

. 2; - ‘_ \' _ Tr_ _ ‘ - 2 _
pB + pu’B pb(B b)c, - p, [B-(B b)cc] pu (13'.15)cc

el

A
(w]
]

-,
]

?

pB + puzB - (pb+§puj2) (B_}S)F_c - Py [B‘- (B-b)CcJ -

&

row

2 ' - z —o
- . tou 2 (B-b)Cy

, ) L e -
- : ’ '

«

In Eqn. (.4&) , it can be readily seen ‘that the third .

.., term yields a fixed value for a certain flow conditidn, and’

v
©
a S

the fourth term provides a correct es;timate. However, ins
. ¢ ' B ! | ' . “
. - the last term, using uj in place of the mean contracted

’

jet velocity will result in an overestimation of the drag
. -%orce. Therefore, for l:;l'ockégé sma&tér than .30, tfxeuth_ebreti-

cal is greater than the experimental drag coefficients. -

- .
o - t
. N g

4.7 BLUFF BODY ATTACHED TO WAL

4 w" -~

t

.

" For a bluff body .attached to the wgll," the upstream-
o §taxidir'1g eddy makes the forebody pregsure between the wall
~and the_ Etagnation inf; constant for all blbgkages ' -

' - tested. (Fig. 23-25). The absence of a gap makes the,afterL'

S . . body pressure distribution essentially uniform (Fig. 23-
.o ‘ 'v

25) unlike its counterpart models. for which the gap is finjte.

.

S 'For comparable /bl}oc'k.ages, a wall bddy has a lowér drag'thém'

)

. 7' abody with a finite gap. (See Tables 1 and 2). This charac- = - i &

S v .

- W
D

5




g "terlstic of the wall b@is linked to the deflection of

the oncoming flow. - Visshal observations' in ‘a smoke tunnel
’ '/ , )’T ¥ ,
- ‘confirmed this behaviour of the flow cohfigpration (Fig. 22b) : “

aﬁd c) . b 0 .
< — . / ) - S _ . :
4.8 VORTE\X SHEDDING FREQUENCY FOR MULTIPLE BODIES ' -A -
(SINGLE ROW) . ] ] - T

The Strouhal numbers’ S, S and Sj for the singie rows
of cylinders and prisms shown‘ in:Figures' 26 to 28,:'ere based
respectively on the undisturbed mean velocity u,'the gaip s
velocity u, “a'nd- the ‘contracted fet velocg',nz ﬁj. 1n.all
cases, S incrsased w:.th blockege.. In the lov:re-r_. z;\ang‘e of

3

blaockage, )§1 is nearly constant for the single‘ 'rpws of prisms s
at 60° and cyiinders. Co o . A ‘
, | . S1 for the single i'o;s of ;;risms at 0° indiéated e 7
marked "inci'ease with blockage.. | SJ was nearly constan-t up ,to
a blockage 4f 0.3 (Fig. 26). These trends are similar' to the
character:.stics displayed by s:.ngle prisms subject to -
comparable blockage. As blockage is 1ncreased to 0. 5, vortex.
shedding for single rows of cylinders and prisms occurs at
'.‘n,lore tnan one ‘frequency (Figs. 26, 28). For. single cylinder
rov;rs ' 'Borges_ [37]) too has™ reported the ex’i(stence,gf multiple
" vortex shedding frequenciee at higher'blgckages. Even for
flow past tw1n cy“.linders of diameter d, the flow character-
.istics have !been observed to change distinctly, when the gap ; ’

betyveen the cylinders is reduced to the order of d. In the - - . “




Al <

. o , . . .
. ' present tests, the hot wire signals for single row bodies '
. 1. : ) oA
consisted of a larger number of harmonics when the blockage "
was increased beyond 0.5, “a
. VIR ‘
. . T L - . , s . T A
. i . . R . . ’ ° ¥ /)
o e ' .,3‘
. 'v >— T g
’ @ T .
~ ) , , ) . .. . ;
. ‘ o . . Al . . . . ;




prism at GDO'and the cylinder (subcritieaf)_indicates that Cc]ﬁ
, . cer (st :

dlstrlbutrons for all the shapes defied attempts to regroup

erratic trend when the gap was reduced. For,eccentrically

values of k for normal plates when the blockage is' at

o

least moderate. '

For flow past bluff shapes, solid. boundary 1nt - : Y
ference cannot be 1nterpreted merely as an effective. incFease

in the stream veloc1ty. In partlcular, the forebody pressure o i

and form a single distribution. However, the drag force £ér ; &
the two prisms and the cylinder yielded nearly constant_-values

for:the drag coefficient ij..,The fact that ch and CDj | .

are both nearly constant over a range of bbéckage for the

"
N

does not vary much with blockage. ﬂﬂi',"'

L4
-

" . S . )
For eccentrically mounted prisms and cylindere,'CD

- was independent of the gap (G/b or G/d) when the latter was -\\'.J

moxre than unlty. C. for the circular cylinder dlsplayed some

D

mounted bodies, the flow wag,deflected towards the wider gap,

1




and . CDj was nearly constant for any one shape. 7
3 ﬁ ‘ . °
The Strouhal number s, for multiple prisms, .
u(singié\rewd at 60° attaifts nearly a constant value for block-

"5.2 _RECOMMENDATIONS FOR FURTHER STUDIES .

- condition.

b}
. . . \ M v

age nb to 0.5. 1In this ranoe of blockage, S for multiple."

cylinders is also constant. For multiple prisms at'Q?,‘S q ‘

3

is»near constant only up to a blockage of 0.3 and gradually

lncreases*beyond this blockage.
! ’ ) i ' J

ﬁrOm the point of view of the drag force and the i

vortex sheddlng frequency, (b/B < 0 5), the interference effect

due to the side.walls on a single body appears to be 51m11ar to’
[ ¢ I'4

that due to neighbouring bod;es on a member of a multiple body’

Y

configuration. Co

' v o . -

The present study can be extended to cover .the

fOIIOW1ng 51tuﬂtions.

(l) The effect of wall 'interference on the unsteady o o

‘; force coefficients for bluff-shapes. . ¢

- . 2
- .

¥ v

- (2) The effect of<yail interference inecluding y -~

. . /
(A hydroelastic‘effects; and < o D

" . - oo

. . 4 : , . ) st

'(3) Detailed wake study under constrained flow . . .. . ‘.
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64 . .
PROGRAM 1 * CD CD1 AND CDJ FOR TRIANGULAR | PRISMS BASED UPON PRES (j>
\

a

~_SUPE DISTRIRUTTION. 4 - -

R

. . o

OO0

Voo PROGRAMATRIAN(INPUT.bUTPUTi oL K
: DIMENSION P (1474 5 DG (4) -
REAL K .
1_FORMAT (5F10. 4,r5/tnrlo 4)) . .
2 FORMAT (BXsFSa3sF7.3,2F6.2+FB.3.FB. . v3F6. .
3 FORMAT (BX»SHWIDTHs 7H BLOCKe6H ECCe6H . GAPsBH DELTAH»8H
© 1UW9H Ry6H DRAGs7H  CPSy6H Ks6H CDy6H  CDly6H C
© - 2DJsBH  RUNNO+//) - : : = :

_ 4. FORMAT (/) ’ . , .
= ' 42 FORMAT(1Hle///%//+13XsB6HTARLE - CD- CDl CDJ FOR TRIANGULAR PRISMS " '
. } AT 0 DEGREEsBASED UPON, PRFSSURE DISTRIBUTTON»7)
43 FORMAT (1Hle/7//77+13X38THTARLE CD CD1 CDJ FOR FRIANGULAR PRISMS
1 AT 60 DEGREE'RASED UPON PRESSVIRE DISTRIBUTIONs /)

“TM=1 K
11 READ 7+SHAPE ’ - ‘ )
_____IF(SHAPE.EQ.100.) Gn TO 22 ~ ot ‘ -
A - IF(SHAREEQ.1..NR.SHAPE.EQ., Py GO YO 6 . : - v
T ‘IF (SHAPE .EQ.3.) GO TO 40 .- . : _
-4 . IF (SHAPE.EQ.4.) GO TO 41 - . . o
. GO TO 8 ‘ - ‘ , ;
40 PRINT .42 ) Co L ' . . ‘
.. PRINT 3 o e L o T .
760 TO & T . , 3 — -
1 41 PRINT 43 , o ¢ - o : ‘
| S PRINT 3 , . S C o ‘
’ . 6o T0 8 .. . , ‘ . .
? 6 PRINT & ‘ )
: &'READ_y.otg.eccpa.w.N1((P(I.J».1 =19N) »J=153) . P
- ' D0 1T J=1e3 T T T T -
-3 S 0. & + . B . )
NN=N-1 - ) . +*
0 10 I=1sNN : L ,
=P (T1eJ)+P(T¢14 D) S ™ ’ I
S= S‘A o > Lot - . -
E 10 CONTINUE :
' ’ IF(D.EQ.2.60) GO TO 12° r

cT—ae e

T IF(N.EQ.3.40) GO TO 13
B © _* IF(D.EQ.4.S3) GO TO 70 :
SRR - IF(J.EQ.3) GO TO 60 . ) -
o D6(UY=.01648S :

_ 6o 70 17 ™

o 60 TO 50 .
76 IF(J.EN.3) GO TO 14

o DG(J)=.,0336%S : . . —
' "~ 4 6b 1017 N ' L
; 14 DG(J))1=.06728S~ - : - .
! GO TO S0 s : o [ ‘ .

“13 IF(J.EQ.3) GO TO 15 . : ‘ : -

e - »
d - . o . - - ‘ i
1 7’ r * .
- . ‘. .
“, . . - \ N o .
v . . " (\_ ~
, Y

i V7 0 7 WM TBAMMC T TTVERRCOITY - ) o TN . R £’




£ . *

DG(J)=.0
GO T0 17

5245

18 DG(1)=.050485

. 7 FORMAT(F10.1) .

IR , " i ! - .
NP e s Lt ol e AN L "_,
° ‘ .

GO TO S50
12° 1IF(J.EQ.3) GO
DG(J)=.019%4S
17 CONTINUE ' .
16 DG(J)=,0386%S

YO 16

"DRAG=DG(2)+NG(1)=~DG(3)"

. GO 10 19
‘18 ORAG-DG(X)-DG(?)-DG(I)
13 DYNHD=5.1944H !

IF(E.EN.0.) GO TO 32
CD=14. aQbDRAG/(DYNHD#D)

SQ*IF(SHAPE ﬁp 1+ .0R«SHAPE, EO 1..nR SHAPE EQ Se)

GO TO 18

GO T0 33
32 CDh=15. ¢3»DPAG/(DYNHD*D)
33 :V=1R,29%SQRT (H/.0753)
RE=520,*V#D
- BR=N/W
~=—.CD1=€D# (1 +=BRI®* (1,=BR)

,

ECC=E/D ,/»“

,//’/'GAP (W/2.~E- 0/2‘)10
GO TO 35
34 GAP=0.
35_K=SQRT(1,.~-CPB) __

IF!N{EG’II 38.0RW.EQ.10438, OR . WeEQ.946)

S

6o T0O 3s "’

! /

4 £

CDJ=CD/ (K#*K) -

" MEMel
GO 10 11
. 282 STOP

PRINMNT ZvD9BR7ECC!GAPQHyVoRFqDRhG9CPHoKQCDQCDIOCDJOM

- -

. f’ -~ END
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PROGRAM 2 - CD CD1 AND-CDJ FOR CIRCULAR CYLINDERS BASED UPON PRES
SURE . DISTRTIBUTTON.. A

2

2Xz13 X2 X2 X3

w -

< . PROGRAM CIRDRA(INPUTOOUTPUT)
Pt ’ DIMENSION P(50) -
. REAL LIFToK : ‘ : h
.1 FORMAT(5F10, 4vI]O/(RF10 4y . ’
g . -2 FORMAT(BX9FSe3eF7e3e2Fb6e PeFR. .
’ : 3 FORMAT (RXsSHWIDTHe7H RLOCK +6H ECCoﬁH GAPQBH DELTAH’BH K
. * 1UV9H 4 Re6H DRAGe7H - CoSe6H Kvﬁﬂ . CD,6H CD1.6AH C
. =, 2DJeRH RUNNOs /) .
: 4 FORMAT(/) -
_ .5 FGPMAT(lHlQ/////(g!ZX’76HTABLE cb Col CDJ FOP CIRCULAR CYLINDER
. . 15 BASED UPON PRESSURE DISToIBUTTONs/)
. ' 7 FORMAT(F10.1) . . . E
e N=1 £ . L ) . ..
' 11 READ. 7»SHAPE : oo o : [
IF(SHAPE +EQ.100.) GQ_IQ_ZQ o : . ‘ o

[l

IF (SHAPE,.EQ, xo ) GO TO 6 ;
IF (SHAPE.EQ.1¢) GO T0O 40 ~ 7 R ‘
GO 10 8 - - .
40 PRINT S
PRINT 3 . v
.GO TO 8, : Co , S .-
6 PRINT 4 ’ ' ‘ ’
8 READ loD'HquCPBoWoJo(P(I) I= ng)
M=J=-1 >
DELTHE=6, 283/M - 4
,.‘ 1y S 0. ‘ ‘.
. D0 10 I=1sM. ~
o . A=P(1)+P(I+1)

“~

e e e e g

£

B B=A#COS((I-, saunELTHE) ~ ¢
‘ S=S+8 . " g
10 CONTINUE ’
R=D/2. : L o o
DRAG=-.17aonELTHF¢pas o .
. ‘ .‘ SS 0. = o . ] bl . i
. C . D0 20 I=1sM - N
- L ‘A=P (1) +P(Ie1) o S
T C=A#SIN((1~-.5) #DELTHE) - o s
A o $S=SSeC - - ' ‘ S
o 0 CONTINUE - . "
. | _LIFT==.178#DELTHE *R¥53
' < 7 " DYNHD=5,194%H 7
T . © IF(E.EQ.0s) GO TO 30 "
A CD=164 «49#DRAG/ (DYNHD®#D) . : v e
. - " CL=14+69®LIFT/ (DYNHD*D) S~ " ' 3 L,
T 60 10 31 “ s < c
L - 3o Cb=1S. 93°DRAG/(DYNHD“D) . = ’ - 5
P - CL=0. . — T -
AP 31 V=18, 2q~soRT(H/ 0753 S e Y SR S
‘ St RESS20.eveD | , - ‘. . L

A

"
Ay

3

LGSR CRATOE WAL TIAMS H’\IIVERQI’FY SR o AT EE
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. ‘ . BP=D/W. es - - .
CD1l= CD”(ID-HR)“(IO“BP) . '
'ECC=E/D - - A .
—~ IF(WaEQa74) GO TO_21 . “'
T e IF (WeEQa1143B.0R.H.F0+10.25) GN TO 26 ,
. T . GAP=(W/2.=E=D/2.)/D - .
< GO TO 23 ’ . ‘ | \ : .
T 26 GAP=0, : L
GO TO 23 , o ‘ .
21 GAP=13.5=E-D/2.)/D. " )
23 K=SQRT(1.-CPB) ' : )
L£DJ=CD/ (K®K) . C 3
) PRINT 2vDoBRoECCoGAPyHoVoRfoDRKG’CPBoKQCDoCDIvCDJvN
L N=N+1 ] s
. 60 TO 11 : '
el 22 8TOP '
.o END
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PROGRAM 3 CDT con CDl AND .CDJ FOR FCCENTR’IC TR{\ANGULAR PRIQMS
. C AND CYLTNDFRQ. i . .

T m- B el

'

> C PROGRAM rrcrN(quur ouwpur\ Cooae C R
. ’ ~ LRFAL LeK, oo, o e ’ . . :
1 FORMAT(AF10,4) - -* . . : ’ -

Y :""4 ““ 4 F()QMAT(]OXQFSJ,IOF‘! ?QF‘; ?9 Fﬁ ‘PquB "qFB ZQEQ 2eF7T, 'iv?F? 20F6 ?94F7
» - K 1,218 7 7 7 ) - -

I FonMAT(Inx.qurnrH.AH Ranw,SH Ecv.eH " XAP+AH DFLTAH,aH oy
) R ReTH - VnLT.7H ORAGTH . CPSe6H KeTH - ChT4TH.
- G R R CDI.?H fCDJoﬂH T QUNNO.//) ) % AN -
Lot e 6 FORMAT(Z) o , ) .
- e 7 FODMATHOX.‘SH\NDJH-‘»H RLnCwe"SH EC(‘oﬁH XAPaRH  DELTAH:AH- A |
' T T e 9He T L RsTH  TVOLTWT7H. “ DRAGTH, ’CPS.&H. TKeTHTT cn:7H‘*ﬁ”
2 nls7TH - CDUSAH | RUNNOL//Z) - .. SN :
: 15 ROQMAT(THIg‘/////w3?Xy68HTARLE ~ CDT cn col an rop ECCE&T Ic TR
2 ’ *1TANGULAR PRISMS AT .0.BEGREF./) &
L v T AT RORMAT(IH147//7//932X+6OHTARLE enT. co. CDl CDJ FOR ‘ECCE TRIC' TR +
e T TANGULAR PRISMS AT."A0 DEGRFE«/Y . -
LR anwAT(1H1./////7,3ax.q7Hr~ﬂLE e CDI AND- cnj*roa ECCENTPIC*CI‘
' " YRCULAR CYLINDERSWZ) o . '
§ S1 ‘FOPMAT (10XFS, 1eFbe PeF5i2s F6.2pFR.3sFRL29ET, 2.r7 392F7 2¢F6. ?.3F7
& . " 142418) . , "
T © 55 FOPMAT (32X “ , . % [ rs, 1.Fa 29F9. 2eF 7. 3§?F7 240F6a294FT -
° o " legeTRY. . : : :
: T ST F%pnArwi?x:'”tj‘*T“**“'“"“T“““*Fe 1;?3.?159 ?977:1r2F1“23F5 ?~1FT~
CeT e he2eTR) R . b , : o
Yoy 30 REAn 1.SHAPE . - S . LT Lo s
‘ IF (SHAPE.E0.OQ.) GO T0 20 T e
L. » IF(SHAPELEQ.20.) GO TO 1Y} . .~ g0 /,' Y ‘
7 IR (SHAPELED . 300V R0 T0T 12T T T T R RS
© T IF (SHAPE.EN.40.) GO TO 13 oL Y
. : IFC@HAPE EQ. 60..0R SHAPF . En 70.y GO TO 14 . - N
- T .60 TO 10 T e [ e A
' © 11 PRINT 16 . - ";\ﬁ P TP P
o . .PRINT S - . oo . e c T
Y c s B 10 I R et o e
. A2 PRINT 17 - T T - e - DR ;
B . TPRINT S PR o o I
Cg GO 10 10 L ‘ Coe con L.
A {3 PRINT 1A -, °© R Coo - S
: " —PRIMT 7 - °, L e Lo
R 60 *O‘I““‘”'““‘f“,””*T”“f“‘ D A A H
. 14 PRINT & ' W o S I
' " 10 READ 1eDsLoFyPATMeH. voLT.pr.pR R e s
VL P=PATM® (4R9- PT¢.0350/ ' LT e ‘ Y : o
o ©. .7 GAMMA=.0050R*®P . e “qu' T e S .
~ ) . V=1R, ZQQSORT}H/GAMMAi S S IR
- TRE=S30. 4vey BT BRI e LT N
. a - . DRAGEVOLT/.1145 S RS
. L APEA D*L/1a63 ATy ] o u-.i\ O R _
e - - "~\\ '_" ] \ SR ‘\ T A ’,Q\. h :\\ \ : \ .
o at e R ;L R SRS AL SUNE e S ‘ AR '
SN T, e --4“-*-?. I O N NP R I
\ L "; E ; "k:{x:"ﬁ n ’ o R R "';‘
QIR f“‘" ~ e b Y HA\] AT BN e S R Ij_ Coac e
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&.“"}'ﬁﬁ R o/ AL ; hd Loaw ¥ o WP e I3.¢ e e ke e caem e caata o sa T tadlSme e _‘-'.'a..u.p.“\.
T RHD=GAMMA/92.2 Lo c S
- -, - Ch= ?.*DDAG/(RHnuv*VaARFA\ : ‘ ‘ o

\ B-‘D/I". »' ‘ P - . ’ 4 . .- .

- - Cnl= CDG(I.-R)*(I. =Ry o e T
~ . T TTECE=E/D T TR - —.
oo b GAP (7T.-E=D/2.)/D.- | .., . e e : T

o‘ o Lt 17¢(pg -pT) : 5 L. ;% Co "C ' o
. K SnQT(] 0?¢*F/(PH0¢v*V)) ’ N - X
B CPR=1. K"K = - cees s L e L K

-

c CNI=CN/ (K#KY - - ' N
“C .~ COMPUTF THE THEORETTCAL DRAG Bv USING MOM nAL PFLATIO
' .. CDTE(K-1,)®(K=1.)/B ~ y
. o+ IF(SHAPEJEQ.20..0R.SHAPE,EN. 30..0R qHAPE.Eo 50 v G0 To sar
N L 1F (SHAPF EQ.60.7 GO TO Sa& ° o S
\ . . B TF (SHAPELEN'40 . s OR.SHAPE LEN.70,) R GO’ TO qo ‘
° . : QPQTNT ST HoV‘RFmVOLT~0QAG0PPBOKQCD$CDIQCDJQN st
s Seo T0 67 5 L ‘ (
T -53 PRINT 4vaRoECC»GAPoH9V-QE VQLT,DPAGQCPRQKQCDTQPDOCD]!CDJQN - . |
C Lo VT—g60 10 52 S
-y e 5& ﬁNTvﬁggH,VoRFoVOLTvDRAGoPDRvKvaV CD%CDI-CD’.N _ %.
L \,;b- Gn T0- P - e N
' 50 pprMT~sl.D.R~Frc.GAmoH.v.nr.v0|T.DRAG~CPB.K.cn.ﬁ01.an.N - "

S - e e e e e R

: :’u '-?P N=Nel T - . - . AR CEE
7o f ~ .0 . N ’ oo v .
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i P | - ot 0 . AP 13 r'd . -
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. L S .- APPENDIX 2 .°

A .. ., WIND. TUNNEL CALIBRATION g
r . - ) . {‘ . B [ , b
O'pen-circu’it tunnels are by 'far, the most*common,

v

type amcmg wind tunnels used for research in unlversntles

-

. restricted to the velocity calibration-of éubsoniqic wind ’

p - tunnels equipped with, flow ve.nt'm;is. ’

v . -

‘ ¥
L . Ihe ve1001ty callbratlon used in the exper:n.mental

program

. - P

- . tics in the test section. (Flg. 1) ‘

e , M -
v .

N v . . . . * . LN /o

& and 1ndustry In some des:.gns, flow measurement 1s done
by the built-in flow meters, such as venturl, tubes, nozzles, LT
o . . or .orifices. 'In this chapter, the discussion will, be f

alls for the determ;natlon of two ma:Ln characterls- Z

. * : » . - .
. 3
. ) .
. ) g ’
“a . M “ . .
v N M -
le . o .
- . *

. o

. . (1) Thé méan flow velocity in terms of the ' .
) ' ' \ pr'eSS'u.re difference across the venturi, and .- &
8 ' c ' . ' ‘ E , ) ° a'g,
(ii) ' The level of free turbulence. ] ) °
NI o | ' < '
. - From a' technical point of view, detenqining the ‘
) - turbulence level is a stanard procedqre [1 2,3,4] 'and ~ ’ . ‘
) ’ w1_11 not be dlscussed here. vInstead, a detan.led procedure*“ S
L R . o
. ,' v is outllned for determln\ing th® mean flow veloclty in the .
o . t:esit sectio;x of- a:subsonic wind tunnel with built-# v;onturi - ‘
i tub~es. The working formﬁlas, ~c:oxﬂn’pui:.ing.'algor:i\t msS and | [

: programs are also included to aSSJ.St the user of this test

- O

- , fac:.J.lty N . L o
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\ - L .- > S : |
‘ ] 93 o ,
] L , ) _//
<\ , . /o
"k P " . oo < // 3}
- . T B .. -/ -
. CALIBRATION PROCEDURE \ S :
) : 2 ‘ ‘ . /
- ‘ ‘ A

. : - /
‘ The following will describe a procedure for detep- '

!’ )

mining the mean flow velocity in the teSt*se%fionoin terms

‘ <L . . . . /
. of the pressure diﬁference across the ventu#i.- With slight
. . . * . . . : /' . = . .
+ , modifications, the same procedure may be applied to other
. . . . / N ‘. , . ]
. "types of flow meter.: The particular windﬂtunhel referredlso'
“is shown schematically, in Fig.) 1. 1Its major dimensions aie.
listed below: -~ . . .
Test Section:. L ., ' '
‘a \:I\- } ’ N ’ o ¢ ;‘ , . 14
. 14'in. wide x -10 in. high x 20 in. long: -
T . ‘ ' ' - R
Venturi Tubes: S , . L ‘
. ' - . - \,/ ./ ' . .
(The shape of the ventuyri tubes follows the _ e
. standard spec¢ification. [5]) . . o
. . . .
C e i . o
. oo l" : . B . /’/ , )
. N " . S : T &
' Venturis | Pipe Dia.D | Throat Dia, | B- = 5
\ ! ’ ‘u . * ﬁ- R
, i . 4
. S Large 4 .16 fn. | _i0.in. .625 )
) . Small . \ 12 in.’ .8 in. .667 o
: - ‘ \ ’ . »
- . »
. : . . ]
; . . , . %
N STEpP I : >

Check leakage;leveling, vibration and. motor overhdat-. ' -




L] &

'inz; ete. Emphasis .is made here, that 1n checklng leakage,

:o should pay partlcular attentlon to the connectlons of'

the duct work downstream of the venturis, ail the way to

the exit of the diffuser. One should also check carefully,

L4 . . «
.

3 : \
~the fittings, connections, and tubings.of flow méasurement
instruments,such as ﬁénometer%, pitot tubes, 'etc. Ooverlook-

ing these "minor"™ points is often the causé of erroneous

- . -

- readings. . > "

- F— , . -

. STEP II - S : S
. .o ‘ / ' - i ’
/ : . e
Set up the 1nstruments, as shown in Flg. 2. It is

to'be noted that the manometers used ;n conjunctlon with

P +

the meaJurements of h‘ and h is preferably of the micro

pro;ectlon type - [6], [7], partlcularly at: low speed The.

[

”reasons for this 11 be clear after seelng Eqs (1)( and (2)..

vjpt“ls read by branchlng off the static of the pitot tube,

[}

as shown 1n Flg. 2, Two thermometers/éere usedsto record

t, 'and t_.. . : : .

t . v . * . t" " 'y
STEP III <o N T -,

o . ke readinge of _hv’pv'tv’ht'pt"‘and ter et N
locatjons, as shown in Fig. 2. S ~—

STEP IV = / . T

.Calculate the mean flow‘velocity in the tebt,sectien/ 5:'1

-




. ‘¢

. . . 7
Yoo R ' ° R T - ' 4

S Vt’ by. subst:.tutlng the above readlngs as takén ?n S'I‘EP III

. intd the fo;l.low:.ng fomulas- R T 1
. ' ( \ ' N ' . ’ T ‘ . , ' '

ol 4 . ‘ ' N ‘

, Fc?r large venturi operating 'alone R ,
A S o , v, = 11.1. Y (gps TR 6 _

' .( \ 1 M . < ° . ,' . . ‘ R L . . )
} o7 * For small yenturi operation alone . . B

9 -

. . .
: ‘ ’ . ‘ ra y /E . Yv ' .

. _ v, = 7.21 & Vv 'V fos , (2) ) .
. | o t Te . . PR . .
{ : ’ , i . L . l
\ vy - . - : [ ' 4 [

A =
' -, \ , . -

‘ \ where .y .= expansion fattor taken.from Fig.90 [5]. B l
. 1 - - * .

. . . . . o .

YgrY, = Specific weight of the flowing j;luid

: T . .. ‘ . ! ‘ . ) !
" in the test 'section and.wehturi’ pipe, - : |
" i‘ : . , L o v r‘ ) N . ' .l
respectivély. o : ' .
* ‘ ’ ~ . L H LI ‘," M ' ) N : B
"For derivation of these formulas, see the following sections.
.. MEAN FLOW VELOCITY IN THE TEST SECTION. -~ . - , . - 1 _ 7
¢ ,‘ . . ~ ' " ‘ N LN '-;" T . R - [ RN
2 * - ‘ ’ s s . et v - ) y R . °
From continuity, b e ’ A Co T
K e “ s . o . . . , . ‘ . . .
T, 5 . Lo W=yl ; S .
. .o - » - : s T S . '*.'

where -W_ and W, axe mass -ﬂowo _ra’c’es, 1bs/hr, through the’
. . test section and venturi reSpectively. - Fdllowi‘ng the | '

A t procedure in [5], one gets T s T

Wiy, 0 f

. PO B
o . Y

. t, = 3600 VtAth ,‘ 1bs/hr"



RS A
= A

\wc p2p2 . -
& gy Mes/hr:?
" a VBT Y YV

~
Q

-

o a being t}ie’ a{séharge éoéff:iéiént ‘of the \{enturi.‘

P a

Hence .-

: z
) 359y C&B

T

£

’ \ ' L A-‘
+ . Upon substituting the -values of ' A * and venturi

El

) . . . . { N
dimensions, the follgwing working formulas are ’obi;a'ined:_

»
L4

- follows, [5)

For large ven@x operatz.ng alone

{%\\\4?’ ' o -

‘ : M LN 'H Y
. = 111 ?, A
o a " Ye o

-

. -
: v 'v
Ve g P8

= 7.21 y,

e "‘J .0 ’
2 . - ° e ’
. To «calculate vy £ and Y, one proceeds

Lad

5, . v
.

. "— !'Y pv ‘ t
"YV = m— lbs/cu.f ..

,.m»a,

B
a

’ i&ﬁere Ya is the spécific weight of dry ‘aly” at 14 T paia -

and"a’t the actual air ‘bemperature, ahd pv in psia. u‘lge;e. _'

values Of 7& are taken from 'rable a4 [8] ,——«

LA
)

v
=l




—ET-——/ le.’/cuoft. . (7)

The value of 'Cd has been foupd to be .98.° - . ' ;
‘ o, .
’ N .

For the experlmental determlnatlon of Cd *see fhe

following sectlon. . o ‘d?
H R ; . .

e y ‘ é
EXPERIMENTAL DETERMINATION OF’ DISCHARGE ~

o COBPEICIENT, C;_ —. -

¥

ASME Research Commlttee on- Fluld Meters calibrated

¢

a great number of Herschel type venturl tubes ([S] Fig 18), '
for pipe sizes from 2 to 32.in. and diameter ratzos from .27
~to .75. It was establlshed that the mean dlscharge co-
efficient curve Lsﬂa functlon °f.§h¢ plpe-Reynp}ds numpef'
(see Fig. 88, [5]). However, in this ?raph, the range of-

. ',< variation off Cd for a given Reynolds number in the <Upper

gf . range of the’ latter was considered to be 1arge. As such, a
Pl :

‘dlrect callbratlon of the-spe01f1L ‘'venturi 1n question was -

Lo

contemplated to 1nclude effects local to the venturls of . .
the ﬁihd tunnel. The ‘following proceduns 1nd1cates the . v

detalls about the determlnatl

- of Cd. To do/this, Vt‘. L B
, l SE o e
“has ﬁﬁ be determined first (see E
. J . T

In Fig. 3, an imaglnary grid system is superimposed D
.T$f . . on the cross-sectional area of the test sectiOn ‘normal to the

oo L flow.\;The grld divides the xr'and y:axis into 8 and 6

SR LT B tte
<5 .

PIRE
F



o

- 7\\’
, 1\ , 98. ' > ) LY
. o R
) segments, respectively., The physical width and elght are .
shown correspdhdlng to 1 -a\d j = designations. Pitdt tube
s freadlngs are takgn at each mode (xi,ij,i = 2..:8 and. oo ,
o , j.= 2...6). Tﬁe local flo& velocity vy 3 at the walls must
» ’ . . ' ’ . * . a
. ' 1 =" = | ' =' = Y N
. be zero, i.e., Vi,l 0, Vi'7 o, Vl,j‘\ 0, and V9’j 0. ) .
The expresslon for the total volume flow rate.per - o ‘
v ) un1t height normal to the flow can be set as: |
i ; ..." :?& ° ’ ' . N f
o .$ . 8. ry . N ' -
QT R BV VLT kL, Xl 1) o bllE
o L ' i=1 i,j "i+1,§7'74i+1,3 i3 ' P
) : TN . ' . i l : ; .
, j remaining fixed o . o
: . Hence, the mean flow ﬁeiocity QB/; hor-zontal élané'located
. at y. is - ST C T g
- . yJ . - i i N L — . ’ " .
, _. . . y . L3 - " . 1 . | . .
/ . . ' Vj:‘ g( " o
) Similarly, the tbtal'fiow'acroés the test seétiqn is. wﬁ N
‘ : 6 . . ‘ .
. . Hence, the meari flow velocity of the test section is given .
by . ' ' . : ¢ o Te
) ' | V. o= o - ‘ -
“ 4 N t Ia X Iz e . 4 - “‘
G ' .Thus, .Cy in Eq. (5)-can.be determined. Thé\exyerimenfal | RIS \fwf
S .7 Values of ' C4y are shown in. ‘Fig. 4b Further, to facilitate- ¥
;7, 'S .. the calculation of -° V y a computer pngram is attached. .




[ - " ~ - ’ ‘ . i
'g ; i . . ) . 4 ) - . . u . . )
. . » . r's N . M . * . J , AN
T It is ko be noted that, in . the program, use was made - -
r " y . ) ' )*
of the formula ; . ‘ . . X
- « - - N v e ¢ b \\

/ B . N
.. ‘. . e ' . T
T . v, = 18.20 /2% o - Y
‘ w . . t e Yt s ‘ ; \
_ a\ : -

PR . . © - - " i

- e This eguation is based on Beérnoulli's equation. . - :

. ~ "It is also 1nterest1ng to note that the -central ;o
\\ e ’ v * .
' 9 velocity taken at the central point of the- test section bears
a fxxed ratlo to the mean velocity OVer the entire section. oL
Denote ‘ ' K ( ) .
1 . ‘
] i o \ ;.pi . - .
e o . ) ffg _Mean Velocity’ A o .o
C ; S Sy Central Velocity ' o ‘
’ . ~ N e e s :

| For both venturis, r = .95 (See Table 1). - ~ - -~ = ="

.
. . . . . . .
. A
. )
' X
» ‘ N e Ad
. n » , . .
+ ‘ A
. N N . - .
N ’, © . ~o.
D . o,
. o B . .
v HE 1
o o .
| - Lo -
~ . - .
| - ,
| v
' 0, - -
x‘ «
* - -
! N . -
N S N . .
> N - ,
:1 e N . .
v S
* . . ] [IFEEN N o
i ® ¢ L N f
[ - NS . -
3 N 3
{1 N ’ » N PRI .
te » . o
oo . - R . ,
H v e . F . -,
' . . . N
LY « ' N Y
o + A
. N N v, f
4 ) - , . : .
1 “ . . G t . .
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‘ LR

o
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e e
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I K , 102 ‘ )
N .
1 . (/
t ! ~
/ . 4
| . o !
; . N r
\ &
; . e TO DIFFUSER
I t 2 -
L3 a
? ¢ - N ’ Lf . . N ot )
' B 2 N . ‘
) , .s‘ . . ‘ q . B L .
i ‘ o - * \_MANOME TER : ,
; . | Notations: Subscripts v and t denote venturi and test '
t “settion respectlvely. ' ]
p, static pressure upstream of throat,psig. {
hv‘ ressure difference across venturi,in.of L
wyter at 68F.° / o |
3 . tv telperature of flowing fluld upstream of
- . ' Lh Oat Fo . 9 ’
‘Pg Static pressure at test sectlon,p51g.
: ht pitot reading,in. of water at tt.
' t, temperature of flowing fluid at test
. section,F. )
. o FIG. 2 INSTRUMENT SET-UP FOR DETERMINING THE.MEAN 3
: . .FLOW VELOCITY, V., AND THE DISCHARGE €O- ~ v
, . B B { '~ EFFICIENT C; | - . e
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_ 418 LA - ¢ |/~
N .7( i - ‘
3 T123 4 5 °oTeY
. .5 | ] 5eteu § ——sto—— § —ote{Got | | |5 “
| 14— :
. FIG 3 GRID SYSTEM co
'O EXPERIMENT " MEAN_CURVE_[]
«Q9} ‘
Ca -98f | o'_ °° |
y 97} ~ L
ST MR I d . A bosmluceed l.'
’ - 5x10* 10° ~ ‘ 5 10
) R'VVD/V
FIG4  C4 vs R,VENTURI




' S - 104 , C St
, 0 ' |
1] : , s . - R , ‘ *
' . ° TABLE: } : : v
. - ' e ) . . : . P .
. . RATIO OF CENTRAL VELOCITY TO MEAN L
~ : ' VELOCITY S .
Large Venturi ’ Small Venturi . .
\ ' . : .‘ - - — - = ~ - s
| Mean Vel. ]| Central Vel. ] Ratio || Mean Vel. | Central Vel. Ratio] «
- fps fps ‘ fps fps
33.21 34.90 .951 30.52 |~ 32.40 |[.osa3|
126.29 132.20  +| .958 100.92 |  106.0 .940.
173.90 | 182.10 - | .946 120.72 127,50 | .948
199.67 210.0 .950 || 126.80 134\0 | .949 | - .
[ W ~ I .
—206-35—|-—21620 - ‘] .950 129,42 136.10 | .948
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PROGRAM MEAN FLOW VFLOFTTY EQR SMALL VEMTUPTL DPERATING ALONF .

-

.

©GNCT 6600 FTEH V3, 0=PPuf ODTEY [ 4/0K707
A

-

PROGRAM PROFILF (INPUTOUTPUT)
DIMENSTON H{997) e X(R)YsY(AR) JRHNI(T) «HRARMA(S) «NF| TAH(S)Y - .
DATA(X(I)oI=19R)I/eBel ol RebdafebeNeleBeleedS/
DATA(Y(I)eT=146)/e54)e542,7543,18R.1,5A34.5/

DATA(RHO(I) «I=1,5)/, 071°~.ﬂ7l7-.0717~.0714-.071\/

~ o e . 1

V
{ \

.DATA(DFLTAH(I)QI 1.:;/1.17 137519, 3P0 BaT0 /T

DATA(GAMMA(T) s I=1e5)/. n719..o77o..n715..n71a..n711/ o ~
FORMAT {1H]) ’ o i :
FORMAT (/// 45X« THTEST MOQIH.?X.IOHTMPNT NATA/)

FORMAT (9FR.13) . . L

-

.FOPMAT (19X« T126%X49Fa,3) ,

_JFIK.EQL] JNR.K.FOL4) GO TA 13

s BT, MR LN

laH SeR e AH 748K a5 HH \
TFORMAT (/2SOXI6ARESULTe /) .~ . _/ .

FORMAT ( L 44X 4 1QHMEAN FLOw VElnPITY CF6, P PN AHFT/SER) ‘ )
FOPMAT(19X01HJ-1X-1HI.RH . 1+RH P e RH B T -1 oAl

DO 10 K= ].G ' { to,

13.
12

"PRINT 24K’

GO 10 12 . : o L .
PRINT 1 : . = ,—*ﬁi—
PRINT 6 h T ]
READ 34 ((H(Ts D) oI=1aM aJ=1.T7), .

DO 11 J=l»7. :

‘11

°

"CONT INUE ' - )
D=AVGH (HsXeY) - : o |
V=18,29. *SQRT!D/RHO(K\) ' . i
PRINT 7 _ ' - SR \
PRINT SV . ST ‘ L

PPINT 43Jy (H(TvJVaT1= 1.9» 7T - )

10

CONT INUE T . ; ‘
END . - h . . LN

“DIMENSTON A(9+7) <R (RA.¢C(A) vARVRITY :>. :

FUNCTION AVGH(ARC)"

DATA AAVG(])OAAVG(7)/0.00 / ‘

15

DO 10 J=2.6 e . .
SUM=0. ' : ' Co. .
DO 15 1=14R ,
AVG«(A(I-J)*A('*Iv}))/? 0 Co o~
FLOW=AVG#R (1) . .
SUM=SUMSFLOW - :

CONT INUE ) ) o L

N

Tk
“

GITEEE .
i

10

20 CONTINUE : L L
“AVGH=SUM/10,0 v S

CEND

M =
2. . >
PR R N

AAVG (J)Y=SUM/14,0 e . . :

CONT INUE . . : .
SUM=0. , , Lo . o ' »
DO 20 J=1+6 .
AVG~(AAVG(l)tAAVG(Jol))/?.n ‘
—_FLOW=AVG®C(J) S _

TUSUMSSUMeFLOW T - T R

o\
PR . B . . .o
B . (R
RET!RN oo CoL T !
: . . . ot s L. - N . T
. 8 . Ty e RTINS '
" B “ . ) e DA 1, e
. - ' . e o . . N Do
. . e -

et pi e 4 A




i 106
~ ; T
P X TEST.NO 1 _INPUT_DATA
J 1 1 ' 3 4 . TR & 7" 5 —5
! 0.000  0.000  0.000  0.000 0.600_ 0,000  0.000  -0.000 0,000
? 0.000 198 206 2194 . 2206 P04 204 2204 0,000
3 0000 «?16 216 7 PR 220 P24 P70 I L Y4 1, 1)
4 | 0.000 o210 W2MR LPP2 WPr4 0 L2Pf «P7% W21 n.0no
S 0000 . P04 2PP .. 277 J2PRTTTTUBRATT T LA SR T agnen
6 " 04000 160 214 [1RR .21 ‘206 o PNR L1040 a,000
7 0eN0OO 0.n00 0.000 0,000 0,00 0,000 . 0,000 Connd 0,000
. RE]NLT “
] T T T R RNTEL AT VET AR T IV IO RYT R T7CFRET -
4 C -
- . ¢ >
" TFST N0 3 TNPUT DATA
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' DESIGN FQRMULAS FOR FORCE GAGES

1
)

Flow-induced-ﬁibrations caused by flow past struc-
tural. members tend to be réndom. These signals“are to be

registered by force ga;es which should possess -the follow-

ing major characteristics:

‘ \ﬁ {i) Suff1C1ently high natural frequency to ’

encompass and at the same time render pini- . - -

mum distortion to the input signals, and . -7 ..

- . -

P
P .

(id) the required damping characteristic o .

- . M . B )

Sophisticated gages which meet these }equirements
are available commegcially. However, for. a compgrativelj

small progect, it i usually financial<wise proﬁibitive for
= ’ .Q. . o . «

the experimenter t 'seéklexpensive equipmept. Under these \

restriétions, one will exploré the possibilities of désigné'

,ihg some devices that will meet the above requirements. To "

»

_this end, thefForce Gage was proposed.'f’ !

The objective 0f this section is to present analytic
formulas for predicting the natural frequencies in terms of

dimensions and prOpefties of the gage materials. \ T

!
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ANALYSIS . . : o )

~
L3

. T8 .
- Three typical gages will be diséussed in this

-
'

chapﬁer, i.e. the Rectangular, (Fig. 3, p. 38), the Trape~

L]

Hzoidai and the composite]types# Phey are of similar con-

~

\-v

A

LYl

struction except that the side plates are of»redtangular,
-

trapezoidal contours and hollow rectangular cross-sections,

reépecti&ely.4 The two -side plates' are+«rigidly fastened

B8

.to a central piece whose gtiffness can be considered as
infinite in comparison with that of the plates. With this

and the built-in feature.at 'the upper fixed gnd, it can be
& © .

assumed that the two plates alwafé displace in parallel and

7’

oth ends. It is this paralleljmove-
L%

with zero slope étJb
ment feature that€nsures ‘that the test structural member

attached underneath the central .piece stéys in its original

-

orientation and further the gage élways fegisters the

4

correct responses regardless aof the positidh of application

of the resultant signal acting” on the .member. v

'
‘
© »

For the Rectangular type, each plate can be consider-

~

ed as a cantilever beamfofiunifofm width and héigpt, with

[

réctangularncross—segtion and with zero s%ope at both ends,
L PL® o :
gence L 6'= 36T ! )

| . ’ Vo




e . o - ) 3

i "The sp_rihg constant &f-the gage (g’pnsisting' of 2 pilates) is -
therefore CoL ‘ | S ’ ]

x N r

! - 24EI . ' :
" o K = —23EL X ) (1) .
. % ' . . o -1} ‘) 5, BTN ' ) .

. . ) “ . )
’ € ’ ! ! :'“ ' ) N . N .
For the Trapdzoidal type, each plate ‘can be . . N

> considered as‘a’c lever beam of uniform height but of

uniformly warying width, with réctangu_lar cross-section and .

. . , .
zero slope at both ends. The deflectidn at the free end

due to a concentrated load is given by [1,p.194] ™

12p x*dx
. o S5 = [ =p— ~ o(2)
\ ) 1.@ p’ > Eh3 BO ‘ e I R . B(
) "’E‘,‘ - N -
) C . ,

+ By using_the relation b = b; + % (b, -b1), one-obtains.> ' . '
B : ’ la _ l2pL L x?dx o N
S i RN "gnd o  Lbi1¥x(b b1} . .

. > . . . N . ‘

“ f . : oL

3 . . - |
‘ -t € Il R R LS € )
: P Eh’®b; (xr-1) : 5 J
where r =, width xratio T ‘ o .
\ .o
' . - . : - . - 24
- S b/ ix >l | -
To find the deflection at the free end'due to a bending T
-moment, one.may apply the area-moment methed and obtain o

,’.M' A3




- e < 1_ h e - . . .
(' '_ , ) - . . i . ‘ 6M OI 12MX§X . - . . ‘%&: 0_ i
' I Ebh* . - . STy .
.- o S 2 - . .
y = 2 1 - Lol (e
o N . Eh? b (r-1) . o }
. : ' %. . \
“ : \ - B Yo ﬂ{u N ) ‘ '
*‘Hence, the net resultant deflection“étf%he free end due to K
P -and M acting éimuitaneously is given by " S i ~
2 ) s R ) . *
b ] = P - .
$ GP SM, A
) W S
S A .
. , - 121 ppry - ril + (r}1)2 inr)
) o Eh¥p, (r-1) \ ' v
: ' - M [1 - <E I1ngl}
oo M[1 -5 intl} , (5)
" o : S

i > . .

To simplify (5),:use is made of one of boq?dq:y conditions, :

at the free end, i.e. - - _
;. . atxw=0,08=0 . L . |
The angular deflection at the free end due Eq a bending-moment Lo
. P s * . - N )
is . - . o , v T




~ : I3
* .

Similarly, that due to a concentrated load is o ) .
N . - .
.l, ‘-‘ _7 . ’ \ ) . -
+ b . A . ¢ v ‘. N - -
. * ‘ e - fL PXdX ' . M «
. . . P o° . EI . ‘ : ,
- - . ) “ . ‘0’
AN ’ ' . . 4
: . : . 2 . " e .
- - = A2PL L1 -Gy 1an) n
g, | . ,ER® | by (r-1) . L
! - Equating 6, and GP a relatjonship between M and P is attained,
' . "3 ‘ to T .
. o !
s e /
1 - - l‘ - l - . :
' aid ofs(8), (5) can ‘be reduced to . o
[y ! ’ ' ‘
oL 3 [ .
L ‘ ” = 12PL. { - ril + (rflyz Inr]
Eh’b; (xr-1)
., - .
’ o o ' : .
1 ‘3 . " , .. . - l ) [1 - lnrJZ} ] I('g) ;
| o, s . . Inr ‘ -1 ey - .
; ‘ ". ’ ' -
. & ' » . ' . . : ' ) ’ .
‘ From'(9) it can be seen that the spring constant for a N
, ',~Trépezoidal Type gage is’ - ' ' ‘ ‘
. . H .
: o . Lk B ’ | :
' Eh’b; (r-1) P
3 = LT . (10)

6AL3

I T»i&:i}
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The spring constant for a composite type gage can be readily

computed by replacing I in (1) with that of a composite

section. However, it is to be noted that from iffness

point of view,‘an actual composite (Built-up)-sectio differs
from its‘théoreéidal,counterpart. The lattefuzg"bonsidered
as an integral section (;uéh as ext;udeé hollow structural
Ysections); whereas, the former is generally built up using ‘
screws and rivets. Due to these assembly methods, considex-
able amount of slippage willlinev}tabli take place bgtwegn
component plates' joined together. Secondly, the weakening
effect of screw or rivét.hples also reduce the stiffness ;;
“ the composite section. Aitogéther,‘ihe combined eff?cts.of
' slippage and weakening by ‘the holes make the thepretic;l
model describe the built-up section dess accurately thanl
*

the previous two cases. We will perceive the differences in

the numerical example that® follows.

EXPERIMENTAL RESULTS AND DISCUSSIONS . : . :

\

The rectaﬁguig; t&pe gdge tested has the followiﬂg ’

dimensions:
width of plates,  b’'= 3 in.
' " s N ,
. &
thickness of plate§ h*= 1/16 in. . o o
length of equivalent o ) ' .
L . éantilever beam, L =5 in. ( - o o

Except érews, LVDT, core-pin, and core-pin housing all

-~ .. . . . \
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"~

other components are made.of aluminum. The spring constant,

> K, is computed by . usngh\(Z). ( - ‘ . , -

2 Ebh® N

o . K =
. L3

P

117.1 1bs/in. - . « :

iy '

v , -«

To combute the frequency, £, it to be noted that a vibrat-

o4

ing plate (idealized as a caqtiiever beam) has an dnfinite

number of degrees of freedom. £, is to be found from. -

eq. w_ =n? YgEIi/w  [2,p. 275.]1 T

However, for the present case, it can be readily seen

'that much of the mass which vibrates w1th large amplitudes 1s

locatéd at the lower end of each plate. This is due to the
fact ‘that the vibration amplitgdes of the Qpper portion
(adjacent to the fixed end) of each plate are negligiblyuémall
as compared with that of the 1pwe:‘portiop. Reéall also, that
the ;ystem has a considerabiy large mass in the form of the

l
central ‘piece. : -

'Hence, the qantileéer'can be approximated by a mass-

B
.

ébfing system of one degree of freedom. Therefore, f can

be calculated from

.

£=4r/%  [2,(1.2-8),p.5]




As a close approximation, m can be taken as the sum of the
I 4 . * .

i \]
,follo&ing masses: co

AL .

(1) mass of the central piece

-

B

(2) one third 6f’the,masqﬁof~£he side plates [3,p.34]

- r . . .
. For the present-case, m = .017 slugs, hence
' . - » - » .

o L4

£ = 45,8 cps

. Experimental values are:

o
)

K = 116 lbs/in,
£ 45 cps

.
~ . A

°

For the Trapezoidal type gage; the theoretical and

-

experimeﬂtg;\falues for'K and f are compared as,foliowsr

2 '

Experimental | % Diff.

i 1
-

1146-'

w ¥

A131.5 =&

.

The;expe?imental value of £ is determined directly from the

Logrithmic Decrement Curve, as shown in Figure 1. It -can

be readily verified that the damping ratio, ¢, based on
mean logrithmic decrement, is almos€f equal to.0l. Hence,

the damping circular frequency Wy can be'taken as thé .

natural circular frequency, wn[2, p.44].




. L . ..\

« The cohposite_type gage has the ﬁoliowihg £ valugs

. ¥
Lo
) ) : : ) . [
.

.. . . o . . ]
7

Theoretical Experimental | % Diff

- ¢
l .

" £, cps T 247 260 - .5 . :

> . . . g ‘ M .
The Logrithmic Decrement Curve is shown in Figure 2. The
I .

probable causes of discrepancy ha&e already been explained

A 4

earlief in the text.

-
'

CONCLUSION - -

~

2 ‘A

1. . The proposed Force Gage can.be designed to possess-

the desired.nqtural frequency and damping characteristics.

“

2. The design formulas for the Rectangular, Trapezoidal -
® . ’

-— and composite Types, are given by (2), (11) and (2), teSpec-

tively.

-
.

"7 3. _ "'Except for the compbsite'type} the percentage ‘differ-

' ence between the theoretical and experimental values of f is

less than 2%.

“
23

-
) .
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Young's modulus, pé;,'g = 10'¥ 107 pai'for Ai
Width of plate, in — ' . ot
Natural f;equenpy,‘cps ) .

'lﬁ‘xiclyméss ‘of plate, in

Moment of »ine'rtia., in* : ‘ . B N
Spring coostant, lbs/in S ' .
Length of equlvalent cantilever beam, in

' Bending moment,\ 1bs/in

Y . . - [y +

Mass, slug .. ’ . "

Concentrated 1oad acting at the free end, 1lbs

[4

Width ratio : g B

Siope at ends ‘ R . -
Deflection at free end o T g
Natural c’ifcular frequency -
Damped circular frequency

Damping ratio . ' ' . co N

‘
e
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FIG. 1 LOGRITHMIC DECREMENT CURVE FOR THE TRAPE- ?
ZOIDAL GAGE. SCALES:

* Abgcissa, 1 cm = 20 m sec,
Ordinate, ‘1 cm .05 volts

.o
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EIG. 2 LOGRITHMIC DECREMENT CURVE FOR THE COMPOSITE
GAGE. SCALE . .

’Absd:,ssa, 1 cm =, J.O m sec.
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