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ABSTRACT

ii

This thesis studies in detail: formation, development

and instability of the vortex ring; associated surface
pressure distribution; and drag for a family of spheres in
the Reynolds number range of 30 - 2000 and the blockage
ratio of 3 - 30%. In the beginning, a glycerol-wéter
solution tunnel used in the experimental program is briefly
described followed by an explanation of the model'suﬁport
system, pressure measuring instrumentation, drag balance
and test procedures.‘_ An appfoach to the data reduction,
so critical at low Reynolds number, is discussed and a new
definition of the pressure coefficient which promises to be
less dependent on test facilities and pressure gradients
is evolved. Finally, the test data are analyzed as
functions of the confinement condition and Reynolds number.
The results suggest that the ratio of the model
to vertical stem.support should be at least 10 to make stem
effects negligible. Influence Qf'ReynOlds number on
the surface pressure distribution is primarily confinea to’
the range Rn < 1000. However, for the model with the
highest blockage ratio df 30.6%, the pressure continues
to show Reynolds number dependency for R as high as

2300 (limit of the tunnel capability for a glycerol-water



iii

concentration used). In general, the effect of Reynoids
number is to increase the minimum as weil as the Wake
-pressure. On the other hand, the effect of an increase
in the blockage ratio is just the opposite. The wall confinef
ment tendé to.increése fhe drag coefficient, however, the
classical dependence of skin friction on the Reynolds
number, Cd’fngi/2,is maintained. The results vividly
showed inadequacy of Maskell's correction procedure
‘particularly af higher blockége (s/C > 5%).

An extensive flow visualization study using dye
injection in cOnjunction.with high speed photography

complements the test program.
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1. INTRODUCTION

1.1 Preliminary Remarks

Geometrical symmetry has held special fascination for
the human mind since millehnia. ‘Pyramids, the colossal monu-
ments of pharaohs, depict symmetry at its best through straight
lines. However, curvilinear symmetry in the form of 'sun-
discﬂvhas always keen given special position in the ancient
pantheon. Sphere is merely a symmetrical extension of circle
in space.

Thére are numerous situations of practical importance
where bodies of revolution in general and spherical objects
in particular operate in fluid fields with relatively low
Reynolds number. Towed sonars or stationary hydrophoneé used
in submarine detection systems, oceanographic platforms
employed in hydrographic surveys, proposed configurations of
underwater habitats, oil-storage tanks,meteorological studies
of rain drops and_balloons( spray drying in the chemical
industry, etc. Dbelong to this class of problems. For
laboratory simulation, model of a given system is usually
tested in wind or water funnels where confined condition is
created either uhinténtionally or through choice for geometric

similarity.



In the present case, however, attention on the
spherical geometry was focussed due fo the interest in under-
standing and improving hydrodynamic performance of the
prosthetic aortic heart valve. The Starr-Edwards prosthesis,
when implanted in an aorta, has been observed to work under
a highly confined condition with the blockage ratio in the
range of 15-50% depending on the size of the aorta and model
of the prosthesis used. The aortic flow, even in ebsence
of blockage, is extremely complicated, being nen—Newtonian
and pulsatile with complex swirling component of velocity
superposed; The aortic wall confiﬁement would further
complicate the problem. Unfortunately, surprising as it
may seem, blockage effects for even a uniform flow past a
sphere at low Reynolds number remains virtually unexplored
to date. This thesis represents a medest step towards better

understanding of this difficult problem.

1.2 Survey of Literature

Interest in the behaviour of a sphere moving threugh
a fluid goes back to the days of Newton who.is credited with
the first recorded.ﬁeasurements on sphere drag. Following
this but prior to 1930, numerous experiments on the drag Qf
falling spheres were conducted and a body of information

1 6

generated for Reynolds numbers in the range 10 ~ - 10 These



data, in general, show a significant degree of scatter énd
hence are approximated by the familiar "standard" draé

curve. It apparently applies only to smooth spheres in

steady motion in a.non-turbulent, isothermal, incompressible
continuum fluid of effectively infinite extent. Ever since,
theoretical.and practical intérest in the subject has

resulted in a large volume of literature, and the contributiéns
up to 1960 have been cited by Torobin and Gauvin; in their
comprehensive review of the field.

The drag coefficient apﬁears to depend primarily
on the magnitude of the relative turbulence intensity and
Reynolds number. Increasing turbulence intensities cause. a
systematic regression of the transition region of the drag
coefficient curve towards lower Reynolds number together
with a moderate increase of the drag coefficient in both
subcritical and supercritical regions. In 1963, Heinrich
et al.2 carried out sphere drag measurements in a wind
tunnel for 2x10° <R_<2x10 and 0.078 <M <0.39. Their
data, however, are significantly higher than the standard
values.-'The discrepancy was attributed to the free stream
turbulence. Sivier3 has measured the drag of magnetically
supported spheres in a wind tunnel with a free stream
turbulence intensity up to 8%, ahd reported a definite
increase in CD for R, > 200, the increase growing with in-

creasing Rn' However, for R.n <200, he observed little or



nolchange in CD coﬁpared to résults at lower turbulence

level (= l%).‘ His>results are also considerably higher than
the standard drag values. Zarin4 refined the magneﬁic
balance system uéed by Sivier and varied the free stream
turbulence intensity level. Even at a turbulence level.less
than 1%, he found, for Rﬁf>103, drag thbé markedly greater
thah the standard values. However; for Rn_<103, the results
were in‘good agreement with the standard values. From'this
study Zafin concluded that in the'higher Reynolds.number

range (Rh'>103), a small degree of free stream turbulence

results in highér'drég values. o

Ross énd WillmarthS conducted drag measurements for
spheres moving rectilinearly through the glycerine-water
mixturélfor'S <R, <105. Their results agree fairly well
with the standard data for Rn <2 xlO3 but are somewhat greater
for the Reynolds number exceeding this value. The study
revealed that the drag on a sphere is not significantly
affected by the vortex shedding (5% variation). On the
other hand, Baily ahd Hiatt6 carried out sphere drag measure-
ments in the ballistic range for 0.1 <M <6 and 20 < R, <10°.
There is a reasonable agreement between their low speed data
and the classical standard drag curve. Goin and Lawrence7

studied subsonic drag on spheres in the Reynolds number

range of 200-10,000 using a test range with controlled



environmental condition. The result showed compressibility
effect on drag to be evident for the Mach number as.small

- as 0.2. |

.0f some interest are the resulfs of Vlajinac and

4 _2.6%10°. They

Cover_t8 in the laminar range of 2 x10
‘found that the classical wind tunnel corrections_asAdiscussed
by Pankhurst and Holder do not completely accoﬁnt for model
size and wall interference. Although the authors do not
speéify actual test blockage values, their data show con-
siderable variation from results by other investigators.

In the highef Reynolds number range of
.5 xlO4 < Rh_§6‘x106, Achenbach's_9 contribution is signifif
cant. Based on the measured total drag, local static
pressure and ékin friction distribution he estimated pbsitions
of boundary layer transition and separation. Furthermore,
the results substantiated a dependence of the friction force
on the Reynolds nﬁmber. |

In another studylp,.Achenbach has investigated the
effect of surface roughness and tunnel blockage for the flow
past sphereé in the above range of Reynolds number. It was
observed that an increase in roughness parameter leads to
a decrease in the critical Reynolds number, however, the .
transcritical drag coefficient showed a definite rise. The

blockage effect, in the range of 25-80%, was to cause an

increase in both the drag coefficient and the critical



Reynolds number. Preliminary experiments showed the turbu-
lence to initiate a premature transition from laminar to

turbulent flow. These results, in general, substantiate

the conclusions of an earlier'investigation by Maxworthyll

in a slightly different range of the Reynolds number

4 5

(6 xlO - 2‘xlO ), and the blockage variation over 5-25%.

It would be of interest to review here rather
limited and conflicting information available on the frequency
of separating shear layer} although Mb'llerl2 initiated éuch
a study as early as in 1938. Avlittle later, in 1957, |

Commetta13 extended MSller's study OF the Strouhal number

variation with the Reynolds number to Rn=ﬁ 5 xlOS, but

could detect periodic separation of vortices only up to

R.n <4 x104. More recently, Majumdar and Douglas14 as well

15

as Calvert have reported vortex shedding from spheres in

3

the Reynolds number ranges of 5.6 x10 <Rn <1.16'x104 and

2x104 <R, <6.x104, respectively. Calvert's results éhowedr
the base pressure coefficient to be substantially dependent
on R with the variation of -0.270 to -0.356 over
Rn=;lf5)<104-56}g104. The effect of trip wire was to shift
the origin of the wake, leaving the'scale'unchanged. One
must point out occasiénal discrepancies in results as
reported by the différent auﬁhors. For example, Moller

measured, at Rn==lO4, a Strouhal number of 2 while Majumdar



and Douglas reported the value an order of magnitude lower
(S==fD/U==0;2), which is the value typical of circular
cylinders in cross-flow. It was also suggested that in a
‘turbulent flow there is no regular vortex shedding. On

the other hand, Commetta detected coexistence of vortex
shedding in two modes: the lower mode at S=0.2 and the
higher mode, associated with transition of the vortex sheet
from laminar to turbulent, at S=0.8-1.4. Recent studies

by_Achenbachl6’l7

, in the Reynolds number range of
400-—5.x106 confirms Mdller's results at lower Reynolds
number, however, the lower critical Reynolds number was
found to be 6 x10°.  In the range 6 x10% < R_ < 3x10°
strong periodic fluctuations in the wake flow were observed.
Beyond the'upper critical Reynolds numbef of 3.7 xlO5 no
periodic vortex shedding was detected.

| Experimental investigation involving flow visualiz-
ation and photographing of the wake behind a sphere in the
low Reynolds number range of 5 <Rn::300 was carried out by
Taneda18 using a water tank. The results showed that the
critical Rn at which the permanent "vortex-ring" begins
to form in the rear of a sphere is about 24, size of the
ring is nearly proportional to the logarithm of the Rn’ and

the wake behind the ring begins to oscillate for Rn::l30.

Magarvey and Bishop19 studied the transition fanges for



three dimensional wakes produced by the mction of a drop‘of
an immiscible liquid in the Reynolds number range 0<Rn < 2500.
They distinguished the observed wakes as steady or periodic
with several subclassifications in each of the categories, and
concluded (as can be anticipated) that the wake pattern
depends entirely on the Reyﬁolds number regardless of the
liquid-liquid system employed. Furthermore, it was observed
that the general values of the transition Reynolds numbers
cannot be obtained as they depend on the drop deformation.
However, for'all the cases considered the transition in the
wake patterns were limited to Reynolds number spread of less
than 20. A qualitative interpretation of heat and mass
transfer mechanisms in the wake region of a sphere in low
speed flows (R.n <410) is presented by Lee and Barrow20 who
employ measurements of the velocity:field in the wake

through flow visualization by dye injection. The observed
flow patterns generally confirmed Taneda's results. An
important characteristic of the near-wake is the reversed
flow, at a velocity much smaller than the free stream vel-
ocity, along the axis of the sphere towards the rear
stagnation point. The wake transition and Strouhal number
for the incompressible wake of various bodies was studied

by Goidburg and Florsheim2l. Based on the experimental
results; it was suggested that the transition could be

approximately correlated for a range of spheres and cones



by the Reynolds number based on total wake momentum thick-
ness. Furthermore; it was found that for regular vortex
shedding the data for spheres and cones could be correlated
with Rayleigh-Strouhal formula based on the same criterion.
Before moving td'the review of analytical approaches,
it would be appropriate to mention.here a recent and rather
significant.contribution by Modi and Aminzadehzz. It is
particﬁlarlyrrelevant as the present projeét represents an
extension of their investigation. Using a glycerol-water
solution tunnel and-by appropriately controlling concentra-
tion of the working fluid, the authors were able to correlate
the progress of formation, elongation, asymmetry and
instability of the vortex ring with the surface pressure
distribution in the Reynolds number range of 70-6000. Of
particular interest is a spectacular rise in the minimum
pressure in the range Rn==240-—275, which was found‘to be
associated with the onset of instability of the ring vorfex
leading to its periodic shedding. In general, Reynolds
number effects were confined to the region near and down-
stream of the minimum pressure point. An extensive flow
visualization program complemented their test data.
Theoretical investigation of even a steady viscous
incompressible flow past a sphere is. very complex.’ It was
first considered by Stokes (1851)23, and has been diécussed

by many authors since then. A large portion of these studies
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have been concerned with the solutions for vanishingly
small Rn'

Stokes solved the pfoblem by neglecting the inertia
of the fluid. Latér, Whitehead24 tried to improve upon
this solution by intfoducing higher approximations to the
flow when the Reynolds number is not negligible. But as
is now well knowh, his solution is not valid in problems of
uniform streamingzs. Oseen26 solved Whitehead's paradox
_by assuming that the sphere caused a small perturbation in
the uniform parallel flow and neglected second order
perturbation veiocities, thus taking the inertia terms into
account to a. limited extent. Oseen's solution for linearized

equationshas been improved by Goldstein27, Tomotika et al.28,

and Pearcey et ai.29 However, as can be anticipated,
linearization renders . these analyses inadequaté for Rn:>2.

Of considerable interest are two independent
solutions: one by Kawaguti30 who satisfied an integrated form
of the Navier-Stokes equation for first and second-order terms
when expanded by Legendre Polynomials and the other by

25 who linearized the Navier-Stokes

Prqudman and ﬁearson
equation by two approximations, one vélid at a distance from
the sphere, and the other valid near the surface of the sphere.
Kawaguti31 has also developed an alternative procedure to

solve the Navier-Stokes equation using the finite difference

method. Unfortunately, the technique, valid for flow around
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spheres up to Rn:=20, proves to be extremely labourious.

32,33 34

Fox. et al. and Allen et al. have partially alleviated

this difficulty by transferring the technique into a relaxa-

35 applied the

tion procedure. On the other hand, Jénson
reiaxation method directly £o the governing equations for
vbrticity and stream function in.modified spherical coordin-
ates to . obtain SOluﬁions for flow around spheres at Rn =5,

36-38 . ve also used a similar

107 20, 40. Hamielec et al.
method, but with finer grid size to obtain numerical solutions
of the Navier-Stokes equations for slow viscous flow around‘
spheres. Fourier expansions for the flow variables were

used to solve the problem over a wide range of the Reynolds

39. 40 derived

number by Dennis énd Walker Rimoﬁ and Cheng
steady state solutions for 1 <Rn <1000 by impul$ively start-
ing a sphere from rest with uniform velocity and used a time
dependent integration to carry the solution to the‘steady
state. More recently, Dennis and'Walker41 have presénted

a series truncation method,»first proposed by Van Dyke42,
employing a family of Legendre functions to solve the Navier-
Stokes equations for flow around spheres in the Reynolds

number range of 1-40.
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1.3 Sphere Flow Field

From the brief literature reviewAgiven above, impor—
tant characteristics of the flow field associated with a
sphere become clear. At a very'low Reynolds number, Rn <0;l,
the flow near the sphere is dominated by viscous forces
~resulting in the fore-aft symmetry. In the range O.l%<Rn_§24,
inertial effeets increaee with increasing Reynolds number
and the streamline'pattern no longer conforms to the above
meﬁtioned symmetry. The first evidence of flow separation
near the rear stagnation point appears at a Reynolds number
slightly greater than’20(Rn = 24), although there is some
disagreement as to the precise value of R, corresponding to
its onset. The separation region grows with Reynolds number,
- as suggested by the.growth of the vortex ring, accompanied
by a reduction in its stability. In the range Rn==130 - 210,
oscillation of the bubble ensues and becomes gradually
‘stronger.

For.2lO<Rn <270, an asymmetrical separation bubble
is observed, followed by discrete.vortex loops shedding
periodically from opposire side of the separation bubble in
the range extending up to 700. The value of R at which the
vortex shedding begins, often referred to as lower critical
Reynolds number, signifies the appearance of a wake in which
the flow around the sphere is no longer closed. The zig-

zag or helical path of the free'falling spheres at Rn > 210
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is airectly attributed to this character of the wake. It
is 6f inferest to note here that the angle between the rear
stagnation point and the separation éircle,stéadily increases
from é value of zero at Rn==24 to 72° at Rn==450. The Strouhal
number for sphere has been found to be around 0.2 for
5.6 x10% <R_ <11.6 x10°.

| Beyond the Value of the lower critical Reyhdlds
number, nature of.the flow remains essentially the éaﬁe until
the Reynolds number (often referred to as the upper critical
~Reynolds number) of 3.7}(105'is_reached. Now the boundary
'layér upstream of thé separation point changes from laminar
to turbulent. The result is a fearward shift of the
separation point, causing a decreése in the éize of the
separated region and characteristic sharp drop in the drag.
No well definedvvortex shedding frequency has been recorded
beyond the upper critical Reynolds number.

The flow description so far relates to the "standafd
condition" devoid of turbulence, surfacé roughhess, compres-—
sibility, rarefaction, and heat transfer effects. The last
three parameters are notvsignificant in the present study.

In general, increase in turbulence intensity results in a
systematic regression of‘the transition region towards lower
Reynolds nuﬁbers, together with a moderate increase of the
drag coefficient for both the subcritical ana superéritical

Reynolds numbers. At higher Reynolds numbers, surface
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roughness affects the flow in the similar manner: it causes
early transition to a turbulent boundary layer fesulting in
.a range of Reynolds number over which the drag coefficient
diminishes (compared to the standard drag curve values).
However, it may increase the drag at low Reynblds numbers.
 Figure 1-1 briefly'summarizes the scope of important contri-
butions since a comprehensive review of the field by Torobin

and Gauvinl

1.4 The Plan of Study

As pointed out before, an'investigation aimed at
studying the fluid mechanics of prosthetic heért_valves has
been in progress in this department since 1969. . Primarily,
the attention is focussed on the Starr-Edwards configuration,

which essentially consists of:

(1) a metal cage of highly polished uncoated
casting of Stellite 21, a cobalt alloy noted
fof high strength and corrosion resistancé;

(ii) a spherical ball of silicone rubber with
diameter ranging from 1.2 - 2.2 cm;
‘(iii) a metal seat normally called orifice;

(iv) a sewing margin of knitted Teflon cloth.

' The main objective has been to'idéntify factors causing:
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Figure 1-1

A summary of literature indicating the scope

of recent important contributions in the
field of flow past a sphere.




Figure 1-2 Starr-Edwards prosthesis and its exploded view:
(a) cage; (b) ball or poppet; (c) seat;
(d) suture ring
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(a) 'deStructiQn of red blood cells;
(b) dissociation of the blood constituents and
their deposition on the cage resulting in

the_valve failure.

Suitable modifications in the valve geometry that would

alleviate or at least minimize these problems and lead to

anvimprovement ih the wvalve performance’were also of interest.
"The fluid dynamics of bluff bodies in pulsatile

flows at low Reynolds number represents a challenging task.

Hence one is forced to approach the problem in stages of

increésing difficulty. - Although studies'by‘Aminzadeh and

i22’43_47'ha9e provided considerable useful information,

Mod
_there.are a number of aspects to thé probiem_which remain
unexplored. One of them pertains to the effect of blockége
as imposed by the poppet of the Starr-Edwards valve occupying .
aortic position (Figufe.lf3).

Depending upon fhe size‘of the aorta and pfosthesis,
the blockage offered by the poppet may be substantial47
leading to a large change iﬁ the flow character.  With this
as background, it was decided to explore wall effects on
such a heart valve prosthesis in the pulsatile flow repre-

'senting a cardiac cYcle. However, a detailed literature
review revealed that the corresponding information for a

sphere by itself even in a uniform flow in the Reynolds

number range of interest remains unrecorded.



Figure 1-3

A schematic diagram showing the Starr-Edwards
prosthesis occupying aortic position and
presenting a large blockage

18
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This thesis, therefore, studies:

(i) formation, development and instability of
vortex ring; | |
(ii) associated pressure distribution;
(iii) drag; and

(iv) near wake geometry

for a family ef spheres representing blockage ratio‘of.3-30%
in the Reyﬁolds number range of 30 - 2000.

In the beginning, the effect of stem used in support—
ing the sphefes is systematically invéstigated, which provides
a criterion for their selection. This is followed by a
detailed study of the surface pressure distributien and drag.
An epproach to data reduction, so critical at low Reynolds
number, is discussed and its merit assessed compared.
to the conventional procedure. Finally, the test resulﬁs
are analyzed as fﬁnetions of Ehe confinement condition and
Reynolds number. An extensive flow visualization study in
conjunction with still and high speed moQie photography
complements the test program. Figure 1-4 summarizes the

plan of study.
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Figure 1-4 The plan of study
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2. EXPERIMENTAL APPARATUS AND TEST PROCEDURES

This chapter introduces the test facilities used in
the experimental program. Some of the instrumentation em-
ployed constitutes the standard equipment in any well equipped
fluid mechanics laboratory and hence needs no elaboration.

On the other hand, design and constructidnal details involved
in the development of specific. equipments are often numerous
and hence, though important and relevant, cannot be covered
in their entirety. The attention is, therefore, focussed

on more salient features.

The test procedures employed are conceptually well
known but their implementation often attain complexity of a
higher order, mainly because of the character of the working
fluid (glycerol-water solution). Often peculiarities of
specific experiments make certain measurements quite diffi-
cult. Throughout, the emphasis is on practical considerations
involved in executing the experimental programme. At times
the factors involved are,seemingly, soO trivial that one
w0uld_seldom give them a second look. However, a common
experieﬁce of most experimentefs is that resolution of
apparently simple problems occasionally takes days, 1if not
weeks or months. This is particularly true in the case
where liquid is the working fluid.
| | The glycerol-water solution tunnel representing a

fundamental facility for the entire test program and its



22

calibration using the hot—film anemometry are described
first. This is followed by an introduction of the models
and their support system. Next, the highly sensitive |
pressure transducing system capable of determiﬁing surface
pressure distribution is discussed leading to the arrange-
ment used in drag measurements. Finally, details of the
flow visualization procedure, which proved extremely useful
in obtaining physical appreciation as to the character of
the flow, are presented. Wherever appropriate, calibration
procedures employed are explained and corresponding charts

included.

2.1 Glycerol Tunnel

The teéts were conducted in a glycerol—water‘solution
tunnél designed to produce Reynolds number in the range
30 - 6000 (based on sphere diameter and representative average
Velocity in the test-section). The choice of concentration
of the working fluid providéd a degree of flexibility, but
only to a certain extent, as governed by the characteristics
of the power unit. Primarily the tunnel consists of three.
subassemblies: the test section; the fluid return system;
and the power unit consisting of a pump and a drive motor.
The test-section is built of four plekiglas walls’
2.441n(8 ft) long, 1.9 cm (0.75 in) thick and wide enough to

‘produce an inside cross-section of 20.32cmx 20.32cm (8 inx 8 in).
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Deflection annular vanes togéther‘with several sections of
honeycombs, brass screens and nylon.wool gave éxceptionally
flat velocity profiles. There'are three accesses to £he
inside of the test-section, through each end and via a
.port-hole at the-top. The porthole, 12.7 cm (5 in) in'diam—
eter, is judiciously located 0.84m (33 in) from the entrance
to admit arm to reach, position and adjust models; In
addition,. several smaller portholes,which could také l.6cm
(5/8 in N=C) plugs were drilled and tapped in the top wall
of the test-section. Theée'openings were used to mount
models, take out pressure conductingflines and to support a
hot-film probe iﬁvthe test-section. Two glass plates,
63.5x14x1.27cm (25x5 1/2x1/2 in), recess-mounted in the
sides of the test-section provided optically flat,'homogen—
eous and thermally stable walls for inspection and photography.
Located between:the end of the plexiglas test- |
section and the power drive system is the return section
essentially comprising of heat exchanger, Polyvinyl Cloride
(PVC) pipes and elbows with connecting flanges and radiator
hose. A copper pipe, 3mx 7.62cm (10 ftx 3 in), in conjﬁnction
.with é 2.4ﬁ1x15.24cm (8 ft x 6 in) PVC piastic pipe formed
an annular single pass heat exchanger. With the coolant
supplied by a water main, it was possibie to maintaiﬁ
temperature of the working fluid within * 0.2°C. PVC elbows

and sections of the radiator hose provided relatively easy,
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anti-corrosion and vibration free connection between the
test—sectioﬁ'and heat exchénger.

The power unit consists of a centrifugal pump:

Aurora type GAPB, 12.7 £/s (200 gal/min), 7.6 mhead, 1750 rpm.
It is driven by a three horsepower variablevspeed d.c. motor.
The pump impeller and housing are of cast brass to guard
against possible corrosion. The motor is energized by a three
phase grid, the voltage being adjusted through an autotrans-
former and rectified by selenium‘diodes.‘ No further smdothing
of the d.c. output was required.

It was important £o minimize dirt contamination of
the tunnel fluid; Thiévwas achieved by incorporating a
10 ¢ filter in a bypass circuit across the pump. The system
filters the entire volume at least once in twenty-four hours
of operatibn. © The tunnel is schematically shown in Figure
2-1.

Flow rate in the tunnel was monitored using a sharp
edge orifice plate mounted 0.61m (2 ft) upstream of the pump
inlet. The plate location was so selected aé to make its
reading relatively independentvof»the upstream and downstream
disturbances in the form of elbows, change in section at the
pump inlet, pump suction, etc. Before final assembly the
orifice plate ana.associated plumbing Qere calibrated, under
simulated test coﬁditions, by pumping water from_a large
sump into a weighing fank. The calibration plot thus obtained

is presented in Figure 2-2.
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2.2 Hot Film Anemometry and Velocity Profiles

As mentioned befofe)_an averagevvelocity in tﬁe test-
section was determined from the volume flow rafe given by
the orifice meter. - However, during the course of'the experi-
mental.work it was also required to measufe velocity.pro—
files and, in particular, the centerline 'Velocitiesfin_the
range of 2.5 -15cm/s. Measurements of fluid.velocities
at low values of Reynolds number has long beenbknown to be
exceptionally difficult.

" Apart from‘lasér~doppler anemometer,.which was still
in the early stagé of acceptance whegrcalibration of the
tunnel was undertaken (1973), a hot film probe appeared~to
meet the requirements of high resolution in time and space of
flow velocities quite adequately. Hence a quartz coated
wedge shaped platinum film probe (Thermo-Systems Inc., model
1239W) was used in conjunction with the standard constant
temperature anemometric equipment (DISA model 55A01). Despite
the existence of a comprehensive literature on méasurements in
‘gaSes, relatively few papers deal with the use of hot film
anemometry for ihvestigation of slow ligquid flow. It is
mainly because of several difficulties involved in adapting

_ the anemometer to use in water or other liquids:

(1) Electrolysis is by far the worst source of
trouble causing corrosion of the probe,

generation of gases and instability in the
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(1i

(iii)

electronic control circuitry. This particular
problem does nof arise in non-conducting liquids,
such aé distilled water or kerosene. Another

way of avoiding serious corrosion could be the
use of high frequency alternating current to heat
the probe, énd/or coating the probe to provide

electrical insulation from the liquid.

Often the formation of bubbles on the sensor

.causes incorrect and unstable operation of the

probe48._ Bubble'formation can be reduced by

cleaning the probe in a éolvent, e.g., methyl
alcohol, with the anemometer ih "stand-by"
condition, and/or by adding some surface reactants
to.reduce fluid's surface tension, thus prevent-
ing the formation of bubbles and their attachment

to the sensor. In the case of water a "wetting

agent" (Kodak Photo-Flo 200) can be used.

Contamination of the probe by dust particles or

28

other deposits reduces and modifies its sen_sitivity49

To eliminate dirt contamination the surface of the
liquid should be shielded. Continuous filtration
of a part of the circulating fluid should alsovheip
in minimizing the problem. Both these methods and
frequent cleanihg of the probe were found necessary

in the present set of experiments.
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There are many wéys to calibrate hot-film probesSO’Sl.

The chpice of method depends on the availability of a suitable
standard of comparison, the ease of meaSuremént, ahd the
- desired degree of accuracy. In most cases, the velocity
measured.by mechanical means at a specific point in the fluid
field is compared with the électrical.signal.of the anemometer.
The .degree of accuracy then depends mainly on the accuracy
with which the reference velocity is known.

In the present case the probe was heid stationary
in a rotating dish, 30;5<un diaﬁeter and 25;4 cm high, mounted
horizontally on a turntable with infinitely variable speed
drive (Figure 2-3). This arrangement was found satisfactory
over the velocity range of interest. Sufficient time had to
be allowed for a quasi—steady state of motion to be set-up52.
The motion obtained was very closely solid bddy rotation
when the probe was not too far from the cylindrical or bottom
‘walls of the dish. "The circular dish had to be sufficiently
large to allow for the dissipation of.vOrticity.generated
by thé'probe between successiQe passes; obviously the time
constant of.this effect is of the order \)/_r2 (r = distance

53. Absolute

from the probe to the axis of rotation)
cleanliness was found to be essential in these tests. The
complete rig was kept in a glass enclosure which greatly

reduced the frequency of probe éleaning required to produce

repeatable results,



Figure 2-3

A photograph showing the rotating dish arrangement used in calibration of
the hot-film probe: C, constant temperature anemometer; D, drive wheel;
M, drive motor, P, probe; R, rotating dish, V, d.c. digital voltmeter

o€
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Calibration tests were carried out in the .glycerol-
'watef solution of.concentfation 55.7% by weight (Figure 2-4).
As anticipated, the experimental points clustered around a

straight line down to quite low values of the true velocity.
The indicated straight line is a least mean squere fit
fhrough the measured data. The maximum deviation from

‘the fit is 2.3% for the overheat ratio of 0.097. The scatter
in the experimental results is of the order that can be

- expected from.the ancillary equipment alone.

Since the hot-film temperature Tm is kept constent
by virtge of the overheat ratio, a change of Rc (probe's
cold resistence) during the measurements would imply a
change of T _. It is, therefore, useful to investigate
drift in the overheat ratio induced by variations in'RC.
This would give some appreciation as to the changes in the
ambient temperature that can be tolerated during a given
test.

To this end; dependence of probe cold resistance on
~fluid temperature was measured using a constant temperature
bath. Figure 2-5 shows these results for various cencen—
trations of glycerol solution. All the curves have almost
tﬁe same slope suggesting the constant coefficient of
resistivity. In the worst case, the maximum deviation was
observed to be about 1.2%.

The first etep in the test programme was to

calibrate the tunnel, i.e., to obtain information about the
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water solution of different concentration
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~ boundary layer growth as reflected in the velocity pro-
files along the test section. To this end, the tunnel was
filled with the working liquid of a fixed concentration.

All air pockets and bubbles were removed from the tunnel

by circuléting the test fluid; with the wetting agent, fér
at least eighf hours at around 30°C. Velocity profile at

a given station was then obtained using the calibrated hot
film probe in conjunction with a traversing gear, which can
position the probe with an accuracy of around *0.25 mm. It
should be pointed out that tﬁe probe movement is confined
to the vertical direction in the central plane of the
tunnel. Step siée for the probe movement was regulated
according to the velocity'gradient so as to provide an
accurate profile near the wall. Figure 2-6 shows instrumen-
tation layout used during.the velocity profile measurements.

Velocity profiles were measured at a station

'83cxn down stream of the entrance to the test section
(yp==83<nn) in the Reynolds number range of 960 - 3900 based
- on the hydraulic diameter of the tgst section and the average
velocity as deduced from the flowmetér data. Two distinct
cases were considered: tunnel without a model and with
models of different blockage ratios located at ym==100 cm.
Typical plots are presented in Figures 2-7 and 2-8. It

is apparent that the velocity profile is essentially flat

at least over the central 15 cm of the tunnel height. The
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presence of the model does affect to some extent its
uniform character, however, the maximum deviation from
the average value was found to be less than 8%. As we
will see later, any vafiations in the velocity profile can
be accounted for by a modified definition of the pressure
coefficient. _For'the purpose of comparison of the
experimental results with available information in the
literature, it was also necessary to have details of
centerline velocity ovef the operating rangevof the mean
flow. This is shown in Figure 2-9. It is interesting
to ﬂote that at a very low value of the average velocity
(based on flowmeter data, U<i3cm/s)f the centerliné'
velocity (Uc) is essentially thesame as U. However, with
an increase in the flow rate;, the ratio U/Uc gradually

drops and'tends to attain a uniform value of around 0.74.

2.3 Models and Support System

A family of seven spheres ranging in diameter from
3.8-12.7 cm were carefully machined from plexiglas with a
tolerance of 0.0025 mm. Any deviation from sphericity

was checked using two procedures:

(i) micrometer;
(ii) projecting a photograph of the model

on a screen.
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Maximum deviation from the mean diameter was found to be
_less than 0.18%.  The accuracy was considered'quite
adequate.fOr the test nrogram. Figure 2-10 shows the models,
their dimensions and the fesnlting blonkage ratios.

As against construction of the models, whiqh turned
out.to be relatively simple, the design of ﬁheir snpport
system presented several interesting problems from fluid
dynamins cOnsiderations. Ideally one would like to hqld
a model in pOsition without introducing any supporting
structure in the fluid field. Although such 'non-contact'
magnetic support systems are available commercially, they
tend to be prohibitively costly. One is; therefore, forced
to turn to conventional stem type of‘support. This poses

two questions:

(1) What is the desirable orientation of the stem
relative to the fluid field?

(ii) "what is the effect of a stem on the fluid field?
To put it differently, what is the criterion
for selection of ﬁhe stem size so that its effect

on the fluid field becomes negligible?

A horizontal stem lying in the wake of the model
appears attractive, however, it suffers from two disadvan-
tages. Here, to cover the spherical surface, pressure

taps would be required on the horizontal meridional section,
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Figure 2-10 A photograph showing spherical models used in the experimental program
covering the blockage ratio range of 2.7 - 30.6%
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thé number Qf pressure taps being governed by the desired
accuracy of ﬁhe pressure plot. The stem may be used to
convey .the pressure tubings, hence its size would be a
direct function of the number of pressure taps used.
Preliminary ekperiments with tubes of different diameters
suggested that the inside diameter should be at least
1.3 mm to have reasonable time constant (< 5minutes).
Considering a minimum number of pressure taps to be fifteen
(this is grossly inadequate tb precisely describe local
‘variations; as will be séen later, actual experimental
program recordedvpressure-at thirty Jlocations to provide a
well-defined profile); leads to inside diameter of the stem
to be at least 2 cm, i.e., the outside diameter of around
2.4 cm! ‘Obviously this is unacceptable when the smallest
sphere has a diameter of 3.8 cm. Furthermore, the stem
would interfere with the near-wake, one of the items of
interest in the présent.study.

| On the other hand, a vertical stem support presents
an attractive'altérnative. A single pressure tap, through
a systematic rotation about the vertical axis, can covef
the éhtire horizontal plane and hence, through‘symmetry,
the entire surface of the sphere if located on'thé horizon-
tal mérididnal‘section. Furthermore, the stem, if connected
to the tap, can serve as a conduit for transferring the
- pressure signal to an externally located transducer.:  How-

ever, we still need to answer the question concerning an
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appropriate size of the stem that would not disturb the
vpressure field.

To.arrive at a criterion for stem size, an extensive
test program with four stems of equal inside. diameter
(di=;l.321mm but varying‘outside diameter (d0==l.58, 4.76,
6.35, and 12.70 mm) was undertaken using two spherical models
of diameters 5.08 and 6.35 cm. The results are presented
in Figures 2-11 to 2-13. The effect of outside stem diameter
on pressure profiles at a given Reynolds‘numbeg as plotted
in Figure 2-11 clearly shows that a stem diameter < 4.76 mm
does not affect the data Subetantially. Furthermore, the
stem effect seems to be essentially independent'bf the |
Reynolds number in the range investigated (Figure 2-12).

" The results on minimum pressure and the base pfessure
when plotted against the outeide stem diameter to sphere
diameter ratio (dé/D) clearly establish its critical value
as shown in Figure 2-13. Note that for do/D < 0.1 the
stem effect iS'virtﬁally negligible. In the present test-
program, depending on the size of the sphere, dO/D varied

in the range 0.0125 - 0.083.

2.4 Pressure Measurements

The mean preSsure component, being extremely small
(of the order of 0.6898 N/mz)demanded a highly sensitive

instrumentation for its measurement. This was accomplished
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Figure 2-11 Effect of the stem diameter on measured surface
pressure distribution over a sphere:
(a) Sphere diameter = 5.08 cm
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using a "Barocel Modular Preséure Transducing System"
developed by DatametricsInc. of Watertown, Maésachusetts.
The type 550-5 Barocel sensor is désigned.to operate with
fluids over the pressure range of 0 - 10 psia (68.98 kN/mz).
The unit is a high precision, stable capacitive voltage
divider, the variable element of which is a thin prestressed
steel'diaphragm positioned between fiked capacitor plates.
The diaphragm defleqts proportionally to the magniﬁude of
 the applied pressure. Tb isolate the external pressure
medium from the sensor diaphragm—capacitahce system, the
unit uses highly sensitive metaliic‘bellows. The volume
between the belloWs, isolator and sensor diaphragm is filled
with degassed silicone oil whiéh serves both as pressure
transmitting fluid and as a dielectric.. The'pressureA
'signalbfrom the external liquid medium is transmitted by
_the'beliows to the silicone o0il which in turn deflects the
diaphragm to produce the required change in capacitance.

An a;c.‘carriér voltage at 10 Hz is applied to the
stationary capacitor plates, énd a bridge circuit deter-
mines an outpuf voltage dependent on the ratib of the
capacitance of the diaphragm to each of the stationary
bplates. The carrier voltage is therefore modulated accord-
ing to the input pressure. The unit sensitivity is 10_5
psi (0.07 N)mz) provided the pressure sensor is fully iso-
- lated from external sources of vibration and noise. It

was imperative to ensure removal of all traces of air



51

pockets from -the pressure ducting for satisfactory operation.
.Barocel is accurately calibrated for steady pressures. |
Figure 2-14 presents a schematic diagram of the pressure
transdueer..

It was important to minimize the effect of ambient
temperature excursions on the Barocel's performance. This
was achieved'by mounting the transducer on a heat'sink, a
large aluminum block with‘working fluid circulating inside.
The arrangement virtually eliminated the influence of
temperature.trensients.

After a complete removal of air bubbles from the
flﬁid, a model was positioned in the test section with its
center 46 cm downstream of the last screen. Nekt, the
pressure ducting was filled with the test fluid and was
connected to a Berocelvpressure‘transducer via a set of
polyethylene and Mylar tubings afte; removal of ai; pockets
from the 1line. The pressure seneing unit was balanced to
read zero output in. the no-flow condition. With the pump
operating at a preselected speed to give a desired Reynolds
number and the test fluid held at a constant temperature,
the mean pressure distribution around the horizontal
meridional cross-section was measured. For each run the
velocity profile upsﬁream of. the sphere was also recorded.
The.hot—film probe, mounted on a traversing gear; was
' positioned 25 cm upstream of the sphere. The procedure

.was repeated. over a range of mean flow rates.
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Figure 2-14 A schematic diagram of the Barocel pressure

transducer
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A point concerning an appropriate,choice of the
sizé of the pressure tubings must be emphasized here... A
systematic study with tubes of different size and associaﬁed
time to reach‘steady state pressure showed the tubes with
internal diameter less than 1.6 mm to haVe an excessively
large time constant (>20min) . Of course, aé suggested by
several-theqrétical and experimental studies on the dynamic
response of fluid linés54_56, the time constant would
depend on a number of parameters including the diameter
and length of the tubings,-viscosity of the fluid, inline
volume including the transducer's cavity, character of
pressure signals, etc. For the mean pressure measure-
ments under consideration, it was con?enient to use fluid
lines of 4.6 - 6.4 mm resulting in the time constant (1) of
around 3 - 5 minutes. |

To insure accuracy as well as repeatability of
the measured data, it was of utmost importance to minimize
and compensate for any'drift of the preSsure transducer
and associated electronic circuitry. _ Minute character of
the pressure signals (10_4psi) together with the relatively
long time involvéd in reaching the steady state made this
ali the more necessary. Chart recordings of the drift over
?eriods of 24 - 48 hours éhowed them to be quite significant,
at times as large as 50% of the actual signal, but of no
well defined patterﬁ. The drift compensation procedure

involved three successive measurementsat equal intervalsof
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time corresponding to the time cohstant of the system.
This is explained in detail below.

Let the objective be to measure a differential
pressure Pa-—Pr,'where Pa represents pressure on the surface
of the sphére at point 'a' and Pr corresponds to the pres-
sure at a reference point. Let the arbitrary zero drift
of thé electronic.system be as indicated in Figure 2-15.
The diagram also shows the corresponding drift of the
differential pressures APa and APr, where APa==Pa'—Pw and
APr==Pr~—Pw. Here Pw represents pressure at a suilitable
location, taken to be on the tunnel wall in the preSent

case. Thus, the desired P_ -P_ =AP_ - AP
a r a r

~ Now, from Figure 2-15,

(APr)l = APr + 61 ,
(APr)3 = AP_ + 61 + 62 + 63 ,
(A3a)2 = AP _ + 61 + 62 :
. (AP )l+(APr)3 _ (APr-+61)-+(APr-+61-+62-+63)
2 2
S, + 8
= AP +<sl+2 3
2

Hence,
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Assuming that the electronic zero setting drifts
linearly during the interval marked by the préssufe measure-

ments (APr)l, (APr)2 then

62 - 63 = 0 ,
i.e.,
(AP_), + (AP )
(AP_). - rl r3 - p -p e e (1)
a’.2 5 a r )

Thus determination of the differential pressure in-
volved the measurement of (APr)l, (APa)2 and (APr)3 in that
order. The procedure gave data that can be reproduced within

an accuracy of #2%. Note, the evaluation of the differen-
tial pressure Pb-—Prvat some different location on the sphere

would follow the same procedure. Thus

(APr)3-+(APr)

_ _ 5
Pp = Py = (APy)y 5 -
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A guestion may arise: why not measure the differen-
tial pressure Pa-Pr'directly. As shown in Apbendix I,
although this can be done, it involves necessarily more
‘measurements. Furthermore, tﬁe resulting formula is more
involved and lacks recursion character leading.to a sub-
stantial increase in time and effort.

Furthermore, any fluctuation-in the line voltage
would be reflected on the pump speed and hence on the pressure
signals from the model. ‘The speed fluctuations were moni-
tored fhrough variations in-the orifice meter.date. The
output voltage from_the pressure transducer was damped using
a DISA type 550 digitel d.c. voltmeter equipped with a r-c
damping circuit to provide an adjustable time censtant of up
~to 100 secends. A schematic diegram of the instrumentatien
layout is shown in Figure 2-16.

The tests were conducted on a family of spheres,
.‘ranging in diamefer from 3.8 ~12.7 cm, in the Reynolds number
range of 280-—2200. In all the cases, the model was supported
by a vertical stem; a stainless steel tubing, which also
served as a pressure condﬁcting line. Its outside diameter
was dictated by the relative size of the sphere and the stem
infiuehce on the pressure field. On the other hand, the
inside diameter was governed by the timevconstant to reach
the steady state pressure as discussed before. The stem

~adopted for the experiments had an inside diameter of 1.32mm
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Figure 2-16 = A line drawing of the instrumentation set-up
used for pressure measurements
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and an outside diameter of 1.83mm resulting inD/dé in
the range of 22.8 -66.6.

The pressure measurements were confined to the horizon-
tal meridional section of the model. A 1/16 in. pressure tap
connected the stem through a groove (1/16 in.dia) drilled
in the body of the sphere (Figure 2-17). The entire horizon-
tal.plane was covered by a controlled. rotation of the stem
in a step size that varied between 4° to 10° depending upon
the gradient of the pressure profile. The measurements in
general were confined to only one side of the sphere, except

for occasional checks to confirm flow symmetry.

2.5 Drag Measurements

The balance used for drag measurements essentially

consists of three components:

(i) removable stem supporting the spherical model}
(ii) central suspension block supported by a pair
of needle bearings;
(iii) intefchangeable cantilever type sensing unit

with strain gages affixed near its root.

The stem supporting the model is attached to the
central block by a thread and nut arrangement, which proved
" to be quite convenient in changing the models without affect-

ing the rest of the balance. Interchangeable character of
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Figure 2-17 A schematic diagram showing the_spherical model
and its support system during pressure
measurements
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the sensing.element was purposely introduced to achieve a
desired degree of accuracy in a given range of drag.
Several beams of varying flexural rigidity and length were
constructed for measurement of drag in the range of 0.1 -15
grams with the sensitivity of J,O_3 gram. Further improve-
ment in sensitivity can also be attained by adjusting the
gain of a bridge amplifier'meter. Two Strain gages, one
on each side of the beam, were used for temperature compen-
sation. The tip of the beam rested against a fixed wedge
shaped support. Alignment of the stem with the local
vertical being critical for elimination ef any contribution
of the model weight to the drag, the wedge eupport was
mounted on a micrometer with positional accuracy of
0.0251mn(0.601 in).

Sensitive character of the beam demanded'that cali-
bration of the balance be carried out under actual test
arrangement with a spherical model located in the tunnel.
This is'perticularly important to effectively compensate
for any contribution from the weight of the sphere due to
deviation of the supporting stem from vertical. This can
arise inspite of the initial alignment assured by the wedge
because of the flexibility of the stem, no matter how small
it may be.. The arrahgement is schematically shown in
Figure 2-18 while Figure 2-19 shows the actual assembled

unit.
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Figure 2-19

(a) Drag balance assembly with bridge
amplifier meter



Figure 2-19 (b) Close-up view of the drag balance




65

2.6 Flow Visualization

To better appreciate the physical character of the
flgid field associated with.spherical models under'confinéd
condition, flow visualization was undertaken. The dyed
glycerol-water solution.of the same concentration aé that
of the test flﬁid was injected approximately 10 cm upstream
of the model. The dye employed was an imitation cochineal
food colour. Appropriaté volumes of the dye and pure
glycerin were mixed to produce a glycerol-water solution of
the same density as that of the tesﬁ_fluid. ‘A dye inject-
ing probe consisting of seven #23 syringe needles (0.38 mm)
“placed 0f5-1.0<nn apart on a streamlined support, was con-
étructed (Figure 2f20).. "Intramedic" tubings (0.6 mm inside
diameter) were used to connect the needles to a manifold.
The rate of injection was controlled with brass needle valves.
To ensure adequate flow through each needle, i.e., té provide
sufficient head, the supply bottle was suspended from the
ceiling 4 m above the injection level. A schematic diagram
"of the complete set-up is shown in Figure 2-21.

At times, particulérly while studying the near wake
geometry, it was éonvénient to inject dye directly thréugh'
the pressure tap located on fhe surface of a sphere via the
supporting stem. It wés now possible to introduce dye at
any desired location on the sphere. The procedure proved
quite effective in identifying separation position of the

ring vortex.



Figure 2-20 Dye injecting probe used during flow visualization
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It would be appropriate to point out here the type:

of lighting system uéed as it played a critical role in the

photographing process. A conmbination of three variable

intensity photo floods (maximum'SOO watts, 3400°K) back-
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illuminated the subject through the tunnel glass window. To

eliminate hot spots, the light beam was evenly diffused by

masking the test section wall with a tracing paper. A set

of trial runs helped arrive at the appropriate.aperture

setting and eXposﬁre time for the type of film used (Kodak

high speed Ektachrome type EHB-135(still) or EF-7242(movie),

tungsten, 3200°K, ASA 125, filter 81A) .
During the course of visualization study, it was

discovered that in spite of the large volume of the test

fluid (40 U.s. gallons),'a-relatively small amount of dye

(8 fluid oz) was sufficient to pollute the working fluid to

the point that no clear photographs could be taken. This

presented a rather serious problem>in terms of time, effort

and cost involved in replenishing the working fluid.
Clearly, it was neceséary to find an égent that would
neutralize the dye without attacking the tunnel material
or its cifculating system and which does ﬁdt alter the
physical propertieé of the test fluid. Unfofﬁunately,
no such agent has been reported in the literature. A
considerable amount of patient testing with numerous
oxidizing'agents led to sodium hypochlorite which has all

‘the desirable attributes. Only 300 cc of the agent was
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sufficient to completely neutralize the dye. To keep the
concentration of the test fluid constant, sufficient amount
of glycerin was periodically added thus offsetting the

diluting effect of the dye removing agent.
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3. RESULTS AND DISCUSSION

With some appreciation of backgroﬁnd to the problemn,
instrumentation used and the experimental procedures
adopted, we. are ready to-look into the test fesults and
their interpretation;' The amount of experimental data
obtained is rather enormous, thus3dictating a compromise in
presentation between conciseness and comprehensibility.

The guiding principle has been to include only those results
which have immediate relevance to the study in hand, and
help in establishing definite trends. In general, the
sequence in which the results ére presented also denote
the chronblogical 6rdér of the tests. To begin with, an
approach to data reduction, so critical at low Reynolds
number, is discussed. This is followed by presentation of
the surface pressure distribution results as affected

by Reynolds number and blockage. Next, measured sphere
drag values are analyzed as functions of system parameters
and compared with integrated preésure drag to establish
skin frictidn contribution. Finally, near-wake stfucture
is studied.using flow visualization.in_conjunction with
still and 16 mm movié pﬁotography.‘ Available results
from literature are included when appropriate for
éomparison and to assist in emphasizing the influence

of blockage.
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3.1 Choice of Reference Velocity and Pressure

Before proceeding with presentation and analysis
of the test results, one must address to several fundamen-
tal questions which are parﬁicularly significant in the
low Reynolds number flow studies. Clearly, with a model
immersed in an unbounded uniform stream there is no
ambiguity concerning :eference or characteristic velocity
and pressure: It is the constant velocity and pressure
of the stream far awaybfrom the model. For low Reynolds
number flow in a tunnel, however, the fluid velocity
and pressure vary significantly along the axis of the
test section, even'in absence of the model due to boundary
layer growth along the walls. Presence of the model
and associated wake would only accentuate the problem.
Obviously some chpromise is indicated in selection of
these parameters.

Grove et al.57’_58

have suggested use of the
pressure directly below the centerline of their model
as the reference static pressure and the centerline
velocity, with the model absent but at the same setting
v of the pump, as the characteristic velocity. For mbdels
with a small blockage this choice of reference pressure

may prove to be adequate but with a larger blockage, due to

accélerétion of the flow at the model location, the
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reference pressure is indeed affected and becomes a
function of wall confinément (besides oﬁher parameters) .
To put it differently,.the choice of reference pressure
as suggested above has a degree.of optimism implicit

in it. It assumes that effects of the upstream adverse
pressure gradient created by presence of the model
exactly cancels the influence of acceleration in gaps at
the model location thus giving the desired P_.

One possible improvement in the choice of P
would be to take it as the preésure at the model location
(but without the model) with operating condition of the
tunnel kept the same as that used with the model in
position. However,‘this still cannot account for the
changes in velocity préfile from section to section in
'a given tunnel, and between tunnels used by different
investigators.

Usefulness of the ceﬁterline velocity as a
characteristic velocity also poses several questions. Ih
general, the velocity profiles are substantiélly affected
by location, boundary layer growth, Screen's mesh size,
blockage, puﬁp speed and the total circuit resistance.

. Hence the characteristic velocity Uc proposed by Grove
et al. can hardly be considered a suitable reference.

Another possible compromise would be to take
uniform portion of the veloéity profile far upstream and

use it as a characteristic velocity. However, the



distance involved to account for boundary layer effects
would, in general, depend upon the tunnel used, model
and its location. |

| A rather significant point to keep in mind in
presenting data is to ensure its repeatability by other
investigators, using different test facilities, to permit
comparison. With this in mind and after careful consider-
ation of the alternati?e methods discussed above a com-
promise characteristic velocity, average veloéity in the
test section based on the mean flow rate (U), was adopted.
This approach has several obvious advantages. It elimin-
ateé most of thé problems mentioned above.

Obviously, tesfs conducted with and without
model (but at the same meter setting as with the model)
‘would leave the average velocity in the test-section
unchanged. Thus, not only does it eliminate the guestion
of model location, type of tunnel, flow straighteners
used and size of the test section but also overcomes
problems of pressure gradient and blockage. The choice
would facilitate duplication of Rn’ reference velocity
being more-pfecisely defined. . Furthermore, its measure-
ment is quite simple and involves only cbnventional.
instrumentation. However, it must be emphasizéd that
this does not correct for changes in velocity profile
with distance and hence the‘resulting pressure effects due

to location of the model.
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This brings us to that elusive task of select-

ing P_. As discussed earlier, the P advocated by
Grove et al. has little meaning here in view of the large
blockage presented by the model. From the point of
view of fepeatability and comparison of data, the use of
pressUré at a specified tap on the surface of the model
as reference appears quite attractive. Although this
caﬁnot.account for local variations»due to blockage
effects (from point to point at the surface of thé model),
it could effeétively compensate fér it in an average
fashion.

| Thus one way to present pressure data in co-
efficient form would be as ép = (Pe-Pr)/(pUz/Z) where
Pr corresponds to the pressure at a Specifiéd tap on the
surface of the poppet and U as calculated from the
average flow rate (averaée flow rate/test—section area
of 20.32cmx 20.32cm). However, this definition is
still susceptible to efrors introduced by non—uniformity
of the velocity érofile (at a pressure tap and the
reference location) particularly because the denominator
remains unaffected by this change. One way to virtually
eliﬁinate'this shortéoming is to express pressﬁre coéffic—

ient as explained below (Figure 3-1).
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Figure 3-1 An illustration showing possible errors
introduced by non-uniformity of the
velocity profile

Let errors in pressure dﬁe to non;uniformity
of the velocity profile be €9 at PO, ée at Pe and €. at

P_. Expressing pressure coeffiqient as the ratio of

the differential pressures, between that at a tap in

question and fhe stagnation point with respect to the
reference pressure, gives

(Pe + e.) - (P_+ ¢_)

6 A o r
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where Pe, Pr’ Povcorrespond to pressures with uniform

velocity profile. Thus

. _ (Pe-Pr) { 1+ (ee-—er)/(Pe-Pr) }
. P Py-F — ¢ -
0 r } + (eo er)/(P0 Pr)
Note that €g " €L and €o ~ €, are likely to be very small.
On the other hand, Pe--Pr and PO--Pr represent'relatively

large quantities compared'to the respective error

differentials. Therefore,
g, —€ ' 4 €. =€
o 9 r _ 0 r
€or T P_-D ~and €or T P.-DP
0 r . 0 r
are likely to be vanishingly small. Consequently, the
term
1l+¢ ' P.-P
_ or = ] and Cp = PG-_Pr .
l+eor 0

Both numerator and denominator being sensitive, the
propbsed definition of the pressure coefficient promises
to provide adequéte compensation for errors introduced
by non-uniformity of the velocity profile.

| | The refefence location was taken to bé at 6=60°

The choice was prompted by the test data which showed Cp

76
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to reach zero in the general vicinity of 6 =60°,

i.e., PGOOVz p_  (Figure 3-2). Of course, in general,
location of the reference pressure is entirely arbitrary.
The pressure data presented in this chapter use the

definition of pressure coefficient as

It is easy to recognize the term PO--P600 as an approximation
of (l/2)pUi. However, now we are likely to account for
the errors introduced by non—uniformity of the velocity
brofile. Thus) in summary, this coefficient has several
advantages: it tends to compensate for the pfessure gradient,
blockage -effects, irregularity of the velocity profile
and possible errors in pressure measurements caused by
electrical drifts of the pressure sensing system (the
electrieal drift was discussed in Chapter 2). Furthermore,
in eonjunction with the Reynolds humber»(basedeon average
flow velocity and sphe?e'diameter), it promises to assist
in comparison with similar data by other investigators
using different test facilities.

A question may arise as to the possible diffi-

culty this new definition may cause in comparing test
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Figure 3-2 Typical pressure profiles for a sphere using the
conventional definition of pressure coefficient,
gE_= (Pe-Pw)/(l/Z)pUg . Note the pressure co-

efficient is zero in the vicinity of 6 =60°
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data with other published information. Fortunately, this
does not present'any prOblem. As shown in Appendix I ,
conventional pressure coefficient E; can be written in

terms of measured information as

with an erfor of <3% in the Reynolds numberirange investi-
gated here. h

Representative surface pressure data as preéented
in Figures 3-3 £o 3-5 dramatically emphasize effectiveness
of this new definition of the_pressure coefficient.

. The effect of differences in velocity profilés,
as encountered by a model iocated at different stations in
the test-section is shown in Figure 3-3. The conventional
pressure coefficient E; shoﬁs large variations almost
over the entire surface except for a small region in the
viqinity»of the stagnation (Figure 3-3a). Although ép
fairs better in the regibn & > 60°, the plots are
considerably distorted inlthe upstream direction (Figure

3-3b). Surprisingly, the new pressure coefficient Cp

remains quite insensitive to the velocity changes over
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Figure 3-3
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the entire surface even with the enlarged scale used
in plotting the data (Figure 3-3c).

’Figure 3-4 summarizes.effect of the Reynolds
number on the surface pressure for three different A
definitions of the pressnre coefficient. Note that both
the conventional definition E; as well as its
modification Cp as given by the use of centerline velocity
are quite susoeptible to the influence of Reynolds number
(Figure 3-4a,b). On the other nand, the proposed
definition Cp (Figure 3-4c) shows only slight eensitivity
in and near the wake region. Note thar the soale used
in Figure 3-4c magnifies deviations by a factor of 2.5.
Thus the new definition performs exceptionally well
and makes the pressure distribution virtually independent
of the Reynolds number in thelrange inQestigated. The
relative independence of the wall confinement effects
for the blockage ratio as large as 30.6% as shown in
Figure 3-5 makes the proposed definition extremely
attractive.

As pointed out before, the choicevof:reference
pressure»is quite aroitrary. However, effective com-
pensation of errors introduced through various sources
mentioned earlier will indeed depend on a given Pr for

a specific pressure gradient, velocity profile, blockage,
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Figure 3-4

Effect of Reynolds number on surface pressure
distribution in terms of:

(C) Cp = (Pe 600 /(PO 600)
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geometry of test model, etc. Hehée, although the proposed
definition is likely to be less dependent on fluid
dynamical parameters compared to the conventional E;,_the
degree of variation may indeed depend upon the chosen
reference pressure. Data reducediﬁsing 6 =30°, 60°, and
90° as references substantiate this observation. Thus

a question concerning the optimum choice of the reference
pressure arises. In general, it would'be impossible -

to identify‘qn optimum reference for all cases. However,
recognizing the fact that for most bluff bodies the
differehce between the minimum and base pressures remains
relatively constant, reference 6 in the range of around
50°-120°'is likely to lead to good results. Figure 3-6
shows the effect of velocity profile, Reynolds number

"and blockage on the pressure coefficient defined using
P900 as reference. Note that-plots remain essentially
unaffected except for é‘smali fegion in the vicinity

of the stagnation. | : .

3.2 Effect of Reynolds Number.

Figures 3-7 through 3-9 summarize a rather com-
prehensive set of data on the surface pressure distri-
bution for a sphere as affected by the Reynolds number

for a given blockage in the range 4.9 - 30.6%. Results

89
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by other investigators are also included for comparison
when available. In most cases, the information is pre-
sented using the new definition of the pressure coefficient
discussed before, hOwever,'typical results in terms of
E; are also included to illustrate identical trends
predicted by both approaches (Figures 3-7b and 3-84d).

At the ouﬁset one can say that the effect of
Reynolds number is essentially confined to the region
downstream of the zero pressure point and even here it
is limited,to Rn <lQOO, except for”the very high blockage
ratio of 30.6%. In general, the effect of Reynolds
number is to increase the minimum as well as the wake
pressures.' Furthermore, location of the minimum pressure
point together.with the approximate location of tHe
separation point (as indicated by the beginning of the
uniform pressure.region of the wake) tend to shift a little
upstream. It ié of some interest to note that in the
region bounded by the front stagnation and the zero
pressure point, the effect of Reyholds number appears
to be just the opposite, i.e., the pressure decreases
with an increase in the Réynolds number.

Figure 3-7(c) compares the present data.with
the higher Reynolds number resulfs as obtained by
Aminéadeh47 and Maxworthyll. Aminzadeh's pressure

data at Rn== 5848 tend td substantiate earlier observation:
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Figure 3-7

Surface pressure distribution as affected by
Reynolds number at a small blockage ratio
of 4.9%:
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Figure 3-7
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Surface pressure distribution as affected by

Reynolds number at a small blockage ratio of
4.9%: (c) comparison with recent data by other
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concerning independence of the pressure for Rn >1000.
However, note the change in the pressure profile as one
approaches the‘critical RéYands number (Maxworthyll,
Rn==l37 x103). There is a sudden increase in the
minimum pressure value and an upstream shif£ in the
separation point. This is associated with the familiar
slight increase in the drag in this region (Rn==6 x103-2><105).
prever, at the gritical Reynolds number (Rn,critical% 2)(105)

" there is a sudden rise in the base pressure and the down-
stream movement of'the sepération point resulting in the

11 R_ =198 x10°).

classical reduction in drag (Maxworthy
At higher blockage ratios of 11 -19.6% (Figure
3~-8) essentially the saﬁe trend is méintained. However,
for any further_increase in the wall confinement the base:
pressure begins to be a little sensitive to the Reynolds
number (Figure 3-9). It_is interesting to note here that

Modi and»Sherbiny59 also observed the same trend in their

study-with a circular cylinder of 35.5% blockage.

3.3 Wall Confinement Effects

Figures 3-10 and 3-11 summarize results on the
influence of blockage offered by the SPhericai models.
It must be recognized that the minimum and maximum

attainable speeds in any liquid tunnel are fixed by
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Figure 3-8
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design considerations. For the present-facility they
were 0.5 cm/s and 15 cm/s, respeetively. Hence, for a
.given blockage, it wasn't always possible to‘cover the
desired range of Reynolds number (300 - 2000). Thie has
led to unavoidable gaps in the results presented here,
'hewever, the trends are reasonably well established for
R >600. From Figure 3—;0 it is apparent thet for up
to around li%, the confinement effects are essentially
negligible but beyond that the blockage has definite
tendency to reduce the minimum and base pressufes
(Figure 3-11). The minimum pressure point shows a
distinct reafwatd shift. Similar downstream movement
of the separation point can.also be discerned although
it is not quite distinct. A flow visualization study
described later (Section 3.6) confirmed this trend. As
can be expected from the previous discussioh, the blockage
effect remains essehtiallyAthe same for Rn >1000.
Corresponding results in terms of conventional pressﬁre
coefficient were presented earlier (Figure 3-44d).
Figure 3-12 shows variation of the average base
pressure and the minimum pressure with blockage. Up
to S/C of around 12 - 15% the base pressure as well as
the minimum pressure remeins essehtially constant,

however, beyond that there is a distinct reduction in
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the pressures with blockage. Thus there appears to be
a critical value of the blockage ratio abdve‘which the
effect of wall confinement:tends to become significant.
This represents infqrmation of considerable précfical
significance.

Interestingly the difference C, ~-C_ , which is

P

a.ﬁeasure of the pressure rise sustainedbby tﬁe boundary
layer prior to separation, remains virtuaily ihdepéndent
of the blockage throughout. The near . independence of
this quantity from the confinement effects suggests
relative insensivity of'the boundary- layer to the local

changes in the free stream velocity resulting from

blockage. However, at lower Reynolds number, due to

dominance of viscous forces, one would expect this trend

to change. Measurements conducted at Rn==600 confirmed

this (Figure 3-13). Although the base pressure continues

to remain relatively insensitive to blockage, there is
a definite drop in the minimum pressure resulting in a
clear increase of Cpb - Cpm .

Useful condensation of Reynolds number and
blockage effecﬁs on base pressure is presented in
Figure 3-14. The results suggest that Reynolds number
effécts are confined to the range R, <1000 for all

blockage ratios and Rn >1600 for the higher blockage

(S/C of 30.6% in the present case).
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3.4 Drag Coefficient

Pressure distributioﬁ on the surfacé of a spﬁere'
having been established, the next logical step was to obtain
the preésure intégratéd value of drag and assess its
dependence on blockage. This, Qf course, cannot account
for the skin friction contribution. On the other hand, thev
direct measurement of skin frictibn‘is confined to the
high Reynolds number range of 5x104 - 6 x106, by
Achenbachg. - The corresponding information at lower
Reynolds number (Rn <5 2104) is totally miésing. With
this as background, it was decided to undertake-measure—
ment of the total drag using a strain-gage balance
described in Section 2.5. The information proved use-
ful in cheéking available results by other investigators
(in absence of blockage). It also helped establish the
influence of wall confinement on the total as well as
the skin friction drag components and their comparison
with several empirical relations found in literature.

One would expeét'the drag coefficient to be
‘primarily governed by magnitude and location of the
minimum pressure point, the pressure distribution
downstream of it, as well as the skin friction con-
tribution. Since the pressure profiles do not change

beyond Rn==1000, the pressure drag coefficient for a



given blockage is expected to remain essentially constant

(Figure 3-15a). However, the_tbtal drag would show a
vdrop'with an increase in Reynolds number. This 1is
precisely the trend shown in Figure 3-15(b). As can be

expected, the effect of blockage is to increase the drag
coefficient because of local increase in the free stream
velocity; Note, a change in blockage by approximately
30%'¢hangés the drag coefficient by more than 100%. It
would be useful to point out that both the drag
coefficient and Reynolds number are baséd here on the
average velocity in the test sectiona:

For comparison with available results, plots
in Figure 3-16 are ideal being based on measured &alues
of the totai drag and reduced using the centerline
veldcity. bThis is because most of the resﬁlts recorded
in iitefature are obtained using spheres eithervtowed
or in ffee fall condition. The'figure shows present
experimental data together with the standard drag curve
results by Sivier3, Zarin4, Ross and Willmarths, and
the empirical relation suggested by white60. It was
‘heaftening to note a rather excellent correlation of the
present results at smaller blockage thus substantiating

their accuracy.
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With.pressure and total drag information at hand
it was convenient to plot variation of skin friction
with Reynolds number and blockage. Corresponding results
by Acheﬁbachg(uncbnfined flow) néar critical end of the
Reynolds number range and empirical relations as suggested

by Rosenhead6l and White60

are also included for
comparison (Figure 3-17). The results tend to confirm
the classical dependence of skin friction on the Reynolds

172 , however, the information is not

number, ¢d7f o Rn
extensive enough to establish any well defined trend
for the blockage effect. Achenbach's results near the
critical Reynolds number and the present data in a

relatively lower Reynolds number range can be fitted

guite well along the line

which corresponds to C =2.432/(Rn0'5¥-6.08) and C 0.4.

d,f d,p
On the other hand, White and Rosenhead's predictions show
considerable discrepanéy which tends to increase with an

increase in the Reynolds number.
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3.5 Blockage Correction Using Maskell's Theory

Maskell developed a theory for'blockage correction
based on momentum balance between the undisturbed flow
upstream of the body and that downstream where effective
wake feaches its'maximum width, B. For a square plate
normal to the‘flow,_and assuming pressure ih the wake to
be uniform and equal to the base pressure, Pb’ the drag
coefficient is given by |
1

C. = m [K2-(l—mS/C)—

4 ]

- where m = B/S. '~ Here K represents ratio of the velocity
on separating streamline to the free stream velocity. By
hypothesis, he derived an expression for the effect of

blockage on the wake width as

- - €a - Cdc ' (i)
mg (k* - 1) &2 -1)\c
where the subscript c stands for corrected values. This

gives the correction formula as

!
+
@)
Qv

where the terms of order (S/C)2 were considered negligibly

small. With this the correction for drag and pressure
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coefficients are directly given by

7% % _ kL%
. (o 2 - T ¢
1—cpc d, K q

It should be mentioned here that the theory'considefs
invariance of thé separation point under constraint,
hence Maskell doubted its applicability to well-rounded
bodies. However, the correction procedure has been
guite popular with industrial aerodynamicists, who-have
applied it to situations 'totally unrelated with that
considered in thé theory. It was decided to assess
vaiidity of Maskell's correction'procedure in the
present case.

Figure 3-18 shows variation of pressure inte-
gréted as well as totéi measured drag as functions of
blockage at Rn = 1000. The corrected values ﬁsing
Maskell;s.approach are also presented. It is apparent
that this correction procedure is quite inadequate
particularly at higher biockage ratios. . The error was
found to vary from 8% to 84% over the blockage ratio |
range of 7.6-430.69.‘

Correction relations fbr total and pressure drag
coefficients are summarized in Figure 3-19. .For the
convenience.of application, the relations are specified

in terms of average as well as centerline velocities.
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3.6 Flow Visualization and Near-Wake Analysis

To provide better appreciation a§ well aé sub-
stantiation of the certain behaviour exhibited by the
measured data, it was decided to undertake extensive flow
visualization program. A éet of spherés ranging in_
diameter from 0.95-12.7 cm were used in thé glycerol-
watér solution of 54% concentration by weiéht. The main
objective was to observe the formation, development
and instability of the vortex ring and the associated
influence on the measured pressure data. It.was also
hoped that this would pfovide some indication concerning
location of the separation position and its movement.
The use of dye injection proceduré, explained'in detail
earlier, proved to_be quite effectiﬁe in achieving
these objectives. It showed fbrmation of the vortex
fing in a rather spectacular fashion'as presented in
Figure 3-20. Numerous photographs were taken at sysﬁem—
atic increments of the Réyndlds number. Only a few of
the typical pictures illustratingAforﬁation, symmetric
elohgation, onéetbof asymmetry and instability followed
by turbulent sheddiné aré presented in Figure 3-21.

The existence of an axistmetric, stable

vortex ring for low Reynolds number in a stream,
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Figure 3-20 A typical photograph illustrating formation of a vortex ring
behind a sphere




Figure 3-21

¢ d

A flow visualization study showing development and instability of vortex
ring with Reynolds number: (a) Rn=30; (b) Rn=65; () Rn=115; (d) Rn=l65
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Figure 3-21

A flow visualiza
ring with Reynol

tion study showing development and instability of vortex
ds number: (e) Rn=221; (£) Rn=265; (g) Rn=280; (h) Rn=280
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essentially free of macroscopic turbulencé is shown in
Figures 3—21(a) to 3-21(e). For the Reynolds number
above a critical wvalue (dbrresponding to the first
formation of a stable ring, Rn ~ 24), the streamlines
separate from the surface and form a closed region
immediateiy behind thé sphere. | A single stream emerées
from the vertex of the closed‘regiou extending to a long
distance behind the sphere. Thé sire of the ring is
such as to maintain an equilibrium between the rate
at which vorticity is generated and diésipared into the
main stream. As the Reynoids number is increased the
vortex ring becomes elongated in the flow direction to
maintain this equilibrium, and the separation points
move upstream towards;the frqnt stagnation point
V(Figurer3—2l). ' This forward movemeut of the separation
points was also suggested by the pressure plots presented
earlier (Figure 3-7).
For Reynolds number between 170 - 230 an asymmetry
‘in the circulatory motion.within the vortex sheet produces
a gorresponding asymmetry in the Circulatory motion in
fhe ring itself and a resultant shift from the centerline.
The state of unsymmetrical but steady wake is
disturbéd by further increase in the Reynolds number. The

rate at which vorticity is diffused from the sheet into
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the main body of the fluid remains practically constant,
‘but the increased rate at which it is transferred to the
vortex ring creates unstable condition within the vortex
sheet. Basically, the process is one of build-up and
release, but no sizeable portion of the ring escapes.
.through an opening in the end of the vortex sheet during
the cYcle. This in turn causes‘the oscillation of the
'asymmetrical wake about the axis of symmetry. When the
vortex strength of the ring reaches a critical valué, a -
sudden motion of the ring disturbs the sheet, which in
"turn is résponsible for a release of vorticity and a
consequent retgrn of the ring to its original position
and shape; Thisvphenomenon appears to occur in the
Reynolds number range of about 250 - 300 (Figures 3-21f-h).
With further increase in the Reynolds number,
the oscillatory motion of the vortex ring assumes higher
‘frequency and the circulation within the sheet ceases to
lbe symmetrical. In the cycle of build-up and release,
~the Vorticity generated in the boundary layer becomes
concentrated on diametrically opposite sides of the flow
axis within the Vortex sheet. The sections in which
the vortex strength is the greatest are alternately
discharged into the main body of the fluid. With each

ejection a portion of. the sheet is carried away. The



vortex element discharged into the stream interacts with
the dispersed liquid to form a regular wake pattern.
Figures 3-22 shows a typical cycle of initiation) develop-

ment and shedding of the ring vortex.

As mentioned before, the flow visualization
results provide useful information cOneerning location of
the separating shear layer. To this end the photographs'
‘were analyzed systematically and the separation position
plotted as a function .of Rn as shown in Figure 3-23. Note
that the separation point moves forward by as much as 20°
for blockage ratio of 2.7%, over the Reynolds number
range of 100 - 600. For comparison, aQailable results by
other investigators are also included. Here the line
attributed to.Pruppacher e£ 51.38 represents an average
value based on his own data as well as those by Jensen35,

Hamielec et al.36 40.

and, Rimon and Cheng The figure also
shows effect of blockage on position of the.separating
vortex sheet. Typical phoﬁographs of the vortex ring
associated with spheres offering different bleckage

are presented in Figure 3-24. 1In general, for a given
Reynolds number, the wall confinement tends to meve the

separation position downstream. It must be emphasized

that the wvisual detefmination of separation point is,
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Figure 3-22 Typical cycle of initiation, development
and shedding of the ring vortex at
Reynolds number Rn.= 360 .
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Figure 3-24

Typical photographs showing downstream

movement of the separation position due
to blockage: (a) R_ = 170, S/C = 2.7%;

(b) R = 170, s/c & 30.6%



Figure 3-24

d

Typical photographs showing downstream

movement of the separation position due
to blockage: (c) R_ = 290, S/C = 2.1%;

(@) R_ = 290, S/C 3 30.6%
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at best, approximate. Considering this and the unstable
character of the process, scatter in the experimental

results is surprisingly small.
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3.7 Closing Comments

Itvcan be said with a measure of confidence that

‘the experimental programme achieved considerably more
than its‘initial 6bjectives. + To date the results have
been‘analyzed only with reference to the immediate goal ofv
~assessing the blockage effects. However; there}is a
considerable scope for further analysis and iﬁterpretation
of the data which would yield better appreéiation of a
variety of aspects associated with the fundamental fluid
mechanics at low Reynolds number. The total'experience
was indeed exciting and.satisfying because the project
provided an exposure td the éophisticated experimental
instrumentétion and procedures and, more importantly,
throughout\there.was a feeling of participation in a
search for knowledge. The awareness of broader perspec-
tives has left me humble for I realize that a scientific
inquiry is unending. This is merely a beginning.

. Before closing it would be appropriate to review
some of the more significant results and express a few
thoughts on possible avenues for future exploration

which are likely to be profitable.

3.7.1 Concluding remarks

Important conclusions based on the experimental

results may be summarized as follows:



(i) The‘use of average vélocity.in the test-section (based
- on the mean flow rate)ias a reference velocity together
with the pressure coefficient defined as

c = 8=

p Py - P,
promises to promote repeatability and compariéon_of data
by other investigators regardless of the test facilities
used. This'approach tends to compensate for blockage
effects, irregularity of the velocity profile and possible
errors in pressure measurements caused by electrical drift

of the pressure measuring system.

(ii) A vertical stem supporting the spherical model has
negligible influence on the pressure distribution if the

sphere to stem diameter ratio is greater than 10.

(iii) For pressure distribution on the surface of a sphere,

. the effect of Reynolds number is essentially confined to
the region downstream of zero pressure point and even here
it is limited to R < lOOd, except for the very high
blockage ratio of 30.6%. In general, the effect of
Reynolds number is to increase the minimum as well as the
wake pressure. Furthermore, locations of the minimum

pressure and separation tend to shift little upstream.
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(iv) For pressure distribution on the surface of a sphere,
the confinement effects are essentially negligible up to
around li% blockage. But beyoﬁd that it has a definite
tendency to reduce the minimum and base pressures. The
minimum pressure point shows a distinct rearward shift

with an increase in the blockage.

(v) Drég coefficient obtained by integrating pressure
distributidn data agrees rather well with Aminzadeh's
rééults47 and thus tends.to substantiate reliability of the
measuring instrumentation. Furthermore, the total drag
compares favourably with the results, at small blockage

by other investigators3_

thus reinforcing confidence in
the strain gage balance. In general, the drag coefficient
increases with blockage because of the local rise in the

free stream velocity. Results also show the classical

dependence of skin friction on the Reynolds number,

-1/2

C « R
n

d,f
(vi) Maskell's correction'procedure for drag data is
inadequate to compensate for higher confinement effects.
- (vii) Flow visualization provided better appreciation
as to the physical character of the flow in terms of
formation, elongation and instability of the vortex ring.

It showed the separation location to move downstream with

an increase in blockage.



3.7.2 Recommendation for future study

As pointéd out before, the present efforﬁs at
obtaining some appreciation as to the physics of the wall.
confinement effects at low Reynolds number represent only
a modest‘beginning. There are NUmMErous avenues along -
wﬁich the research program may progress in future. Some
of the more important aspects, reéommendéd for future

studies, are summarized below:

(i) In the present set of experiments, blockage effects
on the surface pressure distribution Tould not be’ studied
for the Reynolds number < 280, limitation being imposed

by the pressure measuring instrumentation. The surface

pressure-at lower Reynolds number was found to be so

Asmall.[O(lO~5)psi] that it presented a problem of measure-

141

ment with an acceptable degree of accuracy and repeatability.

" Therefore, it is suggested that pressure measurements at
lower Reynoldsvnumber (and higher blockage) should be under-
taken to provide a comprehensive picture of wall confine-.

ment effects. This can be accomplished using:

~(a) more sensitive and stable pressSure transducer -

(e.g., Digiquartz pressure transducers);

(b) a modified drive and the pump system so that
higher concentration of glycerol-water solution

can be handled.
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(i1)  No effort has been made here to evaluate pressure
,dietribution,'turbulence character and shear stress in
the wake. In fact sheer stress on the surface of the
sphere, even in absence of blockage, in this range of
Reynolds number remains unrecorded. The information is
qgite important in comparing relafive performance of .
different prosthetic heart Valvee, as the parameter
directly affects deformation, destruction and coagulation

of the red blood cells.

(iii) The present study, due to limitation of time,

Was unable to focus attention on the frequency of the
helical vortex shedding. It would be useful to explore
this periodic phenomenon in depth, particularly, when

there seems to be some question about its variation with
the Reynolds number. Of course, the effect of blockage on

the Strouhal number has received no attention.

(iv) Tests should be carried out with spherical model
under diveree conditions of velocity profile, blockage,
turbulehce and pressure gradient to firmly establish

unlversal character of the pressure distribution using proposed ‘

'deflnltlon of the pressure coeff1c1ent

(v) Blockage corrections for bluff bodies such as circular
eylinder, flat plate, sphere, etc. in shear flow should

provide useful information.
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(vi)- An important area of interest, which is particularly
Significant in biclogical.fluid'mechanics, would be the
study of pulsatile flow past bluffnbodiés Aunder wall
confinement simulating a typical cardiac cycle. This may
also involve modeling of tnrbulencé character of the
biological fluid flow and elasticity of the aorta. - The
Vfield is reiatively new and remains virtually unexplored

to date.



144

BIBLIOGRAPHY

Torobin, L.B., and Gauvin, W.H., "Fundamental Aspects
of Solids-Gas Flow, Part I: Introductory Concepts

- and Idealized Sphere Motion in Viscous Regime," The

Canadian Journal of Chemical Engineering, Vol. 37,

- No. 4, August 1959, pp. 129-141; also "Part II: The

Sphere Wake in Steady Laminar Fluids," Vol. 37, No. 5,
October 1959, pp. 167-176; "Part III: Accelerated
Motion of a Partlcle in a Fluid," Vol. 37, No. 6,
December 1959, pp. 224-236; "Part IV: The Effects of
Particle Rotation, Roughness and Shape," Vol. 38,

No. 5, October 1960, pp. 142-153; "Part V: The Effects.
of Fluid Turbulence on the Partlcle Drag Coefficient,"
vVol. 38, No. 6, December 1960, pp. 189-200.

Heinrich, H.G., Niccum, R.J., and Haak, E.L., "The
Drag Coefficient of a Sphere Corresponding to a

'One Meter Robin Sphere' Descending from 260,000 ft
Altitude (Reynolds Nos. 789 to 23,448;Mach Nos. 0.056
to 0.90)," Research and Development of Robin Meteoro-
logical Rocket Balloon, Vol. II, Contract AF 19 (604)-
8034 AD480309, University of Minnesota, Minneapolis,
Minn., May 1963. :

Sivier, K.R., "Subsonic Sphere Drag Measurements at
Intermediate Reynolds Numbers," Ph.D. Thesis, 1967,
The University of Michigan, Ann Arbor, Mich.

Zarin, N.A., "Measurement of Non-Continuum and
Turbulence Effects on Subsonic Sphere Drag," Ph.D.
Thesis, 1969, The University of Michigan, Ann Arbor,
Mich. ' '

Ross, F.W., and Willmarth, W.W., "Experimental Results -
on Sphere and Disk Drag," AIAA Journal, Vol. 9, No. 2,
February l97l pp. 285~ 291




10.

11.

12.

13.

14.

"Bailey, A.B., and Hiatt, J., "Sphere Drag Coefficients

for a Broad Range of Mach and Reynolds Numbers," AIAA
Journal, Vol. 10, No. 11, November 1972, pp. 1436-1440.

Goin, K.L., and Lawrence, W.R., "Subsonic Drag of
Spheres at Reynolds Numbers from 200 to 10,000," AIAA .
Journal, Vol. 6, No. 5, May 1968, pp. 961-962.

Vlinajinac, M., and Covert, E.E., "Sting-free Measuré—
ments of Sphere Drag in Laminar Flow," J. Fluid
Mechanics,. vol. 54, Part 3, 1972, pp. 385-392.

Achenbach, E., "Experiments on the Flow Past Spheres
at Very High Reynolds Numbers," J. Fluid Mechanics,
vVol. 54, part 3, 1972, pp. 565-575..

Achenbach, E., "The Effects of Surface Roughness and
Tunnel Blockage on the Flow Past Spheres," J. Fluid
Mechanics, Vol. 65, Part 1, 1974, pp. 113-125.

Maxworthy, T., "Experiments on the Flow Around a Sphere
at High Reynolds Numbers," Transactions of the ASME

J. of Applied Mechanics, Vol. 36, No. 3, September 1969
Pp. 598-607. : _

Maller, W., "Experimentelle Untersuchung zur Hydro-
mechanik der Kugel," Phys. 2., Vol. 39, 1938, pp.
57-80.

Cometta, C.,. "An Investigation of the Unsteady Flow

Pattern in the Wake of Cylinders and Spheres Using a
Hot Wire Probe," Div. Engng, Brown University Tech.

Report, WT-21, 1957.

Mujumdar, A.S., and Douglas, W.J.M., "Eddy Shedding
from a Sphere in Turbulent Free Stream,"” Int. J.
Heat and Mass Transfer, Vol. 13, 1970, pp. 1627-
1629. '

145

[



15.

16.

17.

18.

19.

- 20.

21.

22.

23,

146

Calvert, J.R., "Some Experiments on the Flow Past
a Sphere," Aero. J. Roy. Aero. Soc., " Vol. 76, No. 4,
1972, pp. 248-250. ‘

Achenbach,E., "Frequency and Configuration of Vortices
Discharged from Sphere at High Reynolds Numbers,"
Proceedings of the International Symposium on Vibration
Problems in Industry, Keswick, U.K., April 1973,

Paper No. 111. :

Achenbach, E., “Vortex Shedding from Spheres,"” J. Fluid
Mechanics, Vol. 62, Part 2, 1974, pp. 209-221.

Taneda, S., "Experimental Investigation of the Wake
Behind a Sphere at Low Reynolds Numbers," Journal of
the Physical Society of Japan, Vol. 11, No. 10, October
1956, pp. 1104-1108.

Magarvey, R.H., and Bishop, R;L., "Transition Ranges
for Three-Dimensional Wakes," Canadian J. Physics,
Vol. 39, No. 10, October 1961, pp. 1418-1422.

Lee,K., and Barrow, H., "Some Observations on Transport

Processes in the Wake of Sphere in Low Speed Flow,"
International J. Heat and Mass Transfer, Vol. 8,

~ March 1965, pp. 403-4009.

Goldburg, A., and Florsheim, B.H., "Transition and
Strouhal Number for the Incompressible Wake of Various
Bodies," Physics of Fluids, Vol. 9, No. 1, January
1966, pp. 45-50.

Modi, V.J., and Aminzadeh, M., "Separated Flow Past
Spheres at Low Reynolds Number," AIAA 15th Aerospace
Sciences Meeting, Los Angeles, Calif., January 1977,
Paper No. 77-134. '

Stokes, G.G., "On the Theories of the Internal Friction
of Fluids in Motion, and of Equilibrium and Motion of
Elastic Solids," Trans. Camb. Phil. Soc., Vol. 9,

Pt. II, 1851, pp. 8-106.




24.

25.

26.

27. .

28.

29.

30.

31.

32.

Whitehead, A.N., "Second Approximations to Viscous

'Fluid Motion," Quart. J. Math., - vol. 23, 1889, pp.

143-152.

Proudman, I., and Pearson, J.R.A., "Expansion at Small

Reynolds Number for the Flow Past a Sphere and Circular
Cylinder," J. Fluid Mechanics, Vol. 2, Pt. 3, May 1957,
pPp. 237-262.

Oseen, C.W.,‘"ﬁber Die Stokes'sche Formal und Uber
eine Verwandte Aufgube in der Hydrodynamik," Ark. for
Mat. Astr. O Frsik., Vol. 6, No. 29, September 1910.

Goldstein, S., "The Steady Flow of Viscous Fluid Past
a Fixed Spherical Obstacle at Small Reynolds Numbers,"
Proc. Roy. Soc., Series A, Vol. 123, No. 791, March

1929, pp. 225-235.

Toniotika, S., and Aoi, T., "The Steady Flow of Viscous
Fluid Past a Sphere and Circular Cylinder at Small
Reynolds Numbers," Quart. J. Mech. Appl Math., Vol. 3,

Pt. 2, 1950, pp. 140-161.

Pearcey, T., and McHugh, B., "Calculation of Viscous
Flow Around Spheres at Low Reynolds Numbers,"

- Philosophical Magazine, Ser. 7, Vol. 46, No. 378, July

1955, pp. 783-794.

Kawaguti, M., "An Approximate Solution for Viscous -
Flow at Low Speeds," Tokyo Institute of Science and
Technology Report, Vol. 2, May-June 1948, pp. 66-
71. . '

Kawaguti, M., "Numerical Solution for the Viscous Flow
Past a Sphere," Tokyo Institute of Science and
Technology Report, Vol. 4, May-June 1950, pp. 154-
158. ‘

Fox, L., "A Short Account of Relaxatién Methods,"
Quart. J. Mech. Appl. Math., Vol. 1, 1948, pp. 253-
280. . S

147



33.

34.

35.

36.

37.

38.

39.

40.

Fox, L., and Southwell, R.V., "Relaxation Methods
Applied to Engineering Problems," Phil. Trans.,
Series A, Vol. 239, No. 810, October 1945,

pp. 419-460. '

Allen, D.N., de G., and Dennis, S.C.R., "The Application
of Relaxation Methods to the Solution of Differential
Equations in Three Dimensions," Quart J. Mech. vVol.
Part: 2 1951, pp. 199-208.

Jenson, V.G., "Viscous Flow Round a Sphere at Low
Reynolds Numbers (<40)," Proc. Roy. Soc., Series A,
Vol. 249, No. 1257, January 1959, pp. 346-366.

Hamielec, A.E., Hoffman, T.W., and Ross, L.L., "Numer-
ical Solution of the Navier-Stokes Equation for Flow
Past Spheres, Part I -Viscous Flow Around Spheres with
and without Radial Mass Efflux," J. of The American
Institute of Chemical Engineers, Vol. 13, No. 2, March.

1967, pp. 212-210.

LeClair, B.P., Hamielec, A.E., and Pruppacher, H.R.,
"A Numerical Study of the Drag on a Sphere at Low

‘and Intermediate Reynolds Numbers,” J. Atmospheric

Sciences, Vol. 27, No. 2, March 1970, pp. 308-315.

‘Pruppacher, H.R., LeClair, B.P., and Hamielec, A.E.,

"Some Relations Between Drag and Flow Pattern of
Viscous Flow Past a Sphere and a Cylinder at Low and
Intermediate Reynolds Numbers," J. Fluid Mechanics,
Vol. 44, Pt. 4, 1970, pp. 781-790.

Dennis, S.C.R., and‘Walker; M.S., "The Steady Motion of
a Viscous Fluid Past a Sphere," Aero. Res. Council
Report, No. 26105, August 1964.

Rimon, Y., and Cheng, S.I., "Numerical Solution of a

Uniform Flow Over a Sphere at Intermediate Reynolds

Numbers," Physics of Fluids, Vol. 12, No. 5, May
1969, pp. 949-959.




41,

42.

43.

44.

45.

46.

47.

48.

49.

149

Dennis, S.C.R., and Walker, J.D.A., "Calculation
of the Steady Flow Past a Sphere at Low and Moderate

" Reynolds Numbers," J. Fluid Mechanics, Vol. 48,

Part 4, 1971, pp. 771-789.

vVan Niyke, M., Perturbation Methods in Fluid Meéhanics,'
Academic Press, New York and London, 1964.

Modi, V.J., and Aminzadeh, M., "Hydrodynamic Per-
formance of an Artificial Aortic Valve Implant,”
Proceedings of Fifth Canadian Congress of Applied
Mechanics, Fredericton, May 1975.

Aminzadeh, M., and Modi, V.J., "A Theoretical Approach
to the Wedge Shaped Hot Film Probe Performance,"

Aero. J. Roy. Aero. Soc., Vol.80, No. 791, November
1976, pp. 489-491. ' :

Modi, V.J., and Aminzadeh, M., "Fluid Mechanics of an
Aortic Heart Valve Implant," Proceedings of the 1977
Symposium on Biomechanics, ASME, New Haven, Conn.,
June 1977, Editor: Richard Skalak, pp. 137-140.

Modi, V.J., and Aminzadeh, M., "Fluid Mechanics of
Oscillating Spherical Poppet Used in Starr-Edwards
Heart Valve Prosthesis," Trans. ASME, Journal of
Biomechanics, in press. '

Aminzadeh, M., "Hydrodynamic Performance of an
Artificial Aortic Valve ‘Implant,”" Ph.D. Thesis, 1975,
The University of British Columbia, Vancouver, '
British Columbia.

Rasmussen, C.G., "The Air Bubble Problem in Water
Flow Hot-Film Anemometry," Disa Information, No. 5,
June 1967, pp. 21-26.

Morrow, T.G., "Effects of Dirt Accumulation on Hot-
Wire and Hot-Film Sensors," Fluid Dynamic Measurements
in the Industrial and Medical Environments, Proceed-
ing of the Disa Conference held at the University of
Leicester, Vol. 1, April 1972, pp. 122-124.




50.

51..

52.

53.

54.

55.

56.

57.

58.

59.

150

Pinchon, J., "Comparison of Some Methods of Calibra-
ting Hot-Film Probes in Water," Disa Information,
No. 10, October 1970, pp. 15-21.

Kalashnikov, V.N., and Kudin, A.M., "Calibration of
Hot-Film Probes in Water and in Polymer Solutions,"
Disa Information, No. 14, March 1973, pp. 15-18.

Batchelor, G.K., An Introduction to Fluid Dynamics,
Cambridge University Press, 1967, pp. 201-204.

Batchelor,'G.K., and Townsend, A.A., "Decay of Turbulence

-in the Final Period," Proc. Roy. Soc., Series A, Vol. 194,

No. 1039, November . 1948, pp. 527-543.

Taback, I., "The Response of Pressure Measuring
Systems to Oscillating Pressures," NACA TN 1819,
1949. ' ' . :

Iberall, A.S., "Attenuation of Oscillatory Pressure
in Instrument Lines," Journal of Research, National
Bureau of Standards, Vol. 45, July 1950, pp. 85-108.

D'Souza, A.F., and Oldenburger, R., "Dynamic Response

of Fluid Lines," Trans. ASME, Series D, Journal of Basic
Engineering, Vol. 86, No. 3, September 1964, pp. 589-
598. ( '

Grove, A.S., Shair, F.H., Petersen, F.E., and Acrivos,
A., "An Experimental Investigation of the Steady
Separated Flow Past a Circular Cylinder," J. Fluid
Mechanics, Vol. 19, Pt. 1, May 1964, pp. 60-80.

Acrivos, A., Leal, L.G., Snowden, D.D., and Pan, F.,
"Further Experiments on Steady Separated Flows Past
Bluff Objects," J. Fluid Mechanics, Vol. 34, Pt. 1,
1968, pp. 25-48.

Modi, V.J., and El4Sherbiny, S.E., "A Free=Streamline
Model for Bluff Bodies in Confined Flow," Trans. ASME,
Journal of Fluid Engineering, in press.




60.

6l.

White, F.M., Viscous Fluid Flow, McGraw-Hill, New
York, 1974, pp. 208~210.

Rosenhead, L., Laminar Boundary Layers, Oxford
University Press, 1963, pp. 102-109.

151



152

APPENDIX I

CONVENTIONAL PRESSURE COEFFICIENT Eb IN TERMS

OF MEASURED INFORMATION

. In a_low Reynolds number ekperiment using a liquid
tunnel, difficulties in establishing characteristic
reference velocity and'pressure, P_ and Um,:were aiscussed
before. However, for comparison and to establishvrelative
effectiveness of the new definition of pressure coefficient,
one can calculate the conventional pressure coefficient‘
C_= (P

p 6
pressure data measured during the experiment.

_pm)(l/2)pUi quite readily using differential

The x component of Navier-Stokes equation along the

stagnation streamline y =0 can be written as

2 2
ju _ _ 1 9P o u 97 u
Uax T T TV Izt -
ax Yy

Integrating from front stagnation point to minus infinity

upstream of the sphere yields,

0 0 0 2 2
J Jou o= - % J 22 ax + v J 22+ 2y ax
_ ox -0 ' —© 93X oy
2
u_ P0 P 0 82u 82u
- —2—— = - —p— + —B—' + v J [-——2— + 2] dx
o —© 9x 9y



153

2
P P u 0 2 2
0 o w f 9y 3%u
— = — + — +.V [——7 + —] dx
P P 2 - 3x° 3y
P.-P 0 2 2
0 o Vv { J o u o u '
= 1+ —— [ + 211 dax
1/2 pr; 1/2 u’ -5 ox° ay2

where § is the boundary-layer thickness. The ‘second integral
vanishes because of irrotationality of the outer flow while

in the first integral usual boundary layer approximation

82u 82u

2 77 T2
X ENE

can be introduced. Since
Ju  _ v _ _
% ay = 0 at x =0 '
’PO-P
v \Y ou : A .
- = 1 - ey = 1 + = 4+ eese

1/2 p u2 172 Uz X s R

where A is a constant and R is the Reynolds number.
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Here the numerical value of A follows directly from the
outer flow solution.
Using the potential flow analysis, Homann as well as
57

Grove et al. héve shown, independently, the value of A

to be 8. Thus,

O 002 = l+%+ o e o 0 i

l/2pUoo
l.e., -

P - P - (P, ~-P 0)-(1+§+ '---)l/ZpUz

‘o0 60° 0 60 R 4 o
Now

P.~(P ~-P,o =P —{(P‘ -P o)—(l+§+---~b)l/20U2}

] T el ] 0 60 R A w” !

. PgmPy Py Pgpe Py~ Pgpe 8
______2 = 2 —-— 2+ (l+_§+ -oo.)
1/2pU0 1/2p0_, 1/2p0U_

Recognizing that for a Reynolds number as low as 300 con-
tribution of 8/R term is less than 3%, the above expression
reduces to

Pg - Py (Pg-Pgp = (Py ~ Pgep)

= - + 1
1/2 p U2 1/2 o u_*
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APPENDIX II

A PROCEDURE FOR DRIFT CORRECTION USING DIRECT MEASUREMENT

OF THE DIFFERENTIAL PRESSURE

Let the objective be to measuré a differential
pressure, APe = Pe-fPr between the location of interest and
the pressure at a_reference point. Let the arbitrary zero
drift of the electronic system be as indicated in Figure
iI—l. The diagram also shows fhe_corresponding drift of

the differential pressuré APG' ‘From the figure it follows

that:

APez = APe + 61 + 62 :
AP93' = APe + 61 + §2 + 63
Therefore,
_APel + AP63 - AP62 = (APg + 61){r(APe + 6l-+62-f63)



156

Drift

A drift correction procedure using direct
measurement of the differential pressure

Figure II-1
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l.e., APe = APe + APe - APG - Gl - 63 . (I1.1)
1 3 2 :
Now
6 = AP - AP 1
2 62 61
(S = AP - AP ’
3 63 62-
o . § + § = AP, - AP + AP - AP
2 3 62 61 83 62
= AP, - AP
03 %y

Assuming the drift to be linear over a small time

interval,
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Thus determination of the differential pressure

APe involves the measurement of APe and APe .- In practice
1 3 '

it was found to be extremely difficult to accomplish these

measurements with an.acceptable accuracy.



