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ABSTRACT

These investigations include some experimental and theoretical
studies uponiblockage effects in a two-dimensional wind tunnel., The
shape chosen to represent a body in the tunnel is that of a circular
cylinder since such é body will eliminate cireculation as a variable
and will produce large blockage effects,

In experimental studies, three cylinders of different size are
tested in a two-dimensional tuunel., It is found that interference
effects are of sﬁch a magnitude that it is impossible to obtain two=-
dimensional flow with the basic models, Two-dimensional flow is ob=-
tained through the use of separation devices, but a quantitative
blockage study is not attained.

The theoretical work attempts to show the blockage effects of
a two~dimensional tunnel upon‘a cirecular cylinder of arbitrary size
with and without a wake. The potential flow theory is used through-

oub, and some correlstions with the experimental data are indicated.
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TABLE, 1

A. NOMENCLATURE

Definition of Tests

Pl = Static pressure measurements made on cylinder using cylinder

orifices. Meassuremenis were recorded photographically.

Pl(Vis.) = Visual observation and recording of Pl pressure
messurenents,

P2 = Static pressure measurements made at floor and ceiling of
test section using flush mounted orifices which were
coincident with vertical plane through tunnel centerline.
Measurements were indicated on a multimsnometer and recorded
photographically.

§
P2 = Py static pressure messuremenis made visually using a Zahm
type precision micromsncmeter.

P3 = Stetic and total head measurements of the wake made using
the survey rake. Messurements were indicated on a multi-
manometer and recorded photographically.

Pé(Vis,) = Visual observation and recording of P3 Pregsure
messurements.,

P4 = Visual observation and recording of static pressures on
cylinder endplate support as indicated on a multimenometer.

Definition of Angular and Linear Messurewents

a_ = Angle of atteck of reference cylinder diameter with zero
defined by rotating the cylinder in the windstream until
orifice number 1 indicated that it wes measuring the forward
stagnation pressure. Positive angular displacement occurs
when the nose is raised or trailing edge is lowered
(as s tunnel observer would see it).

© = Anguler measurement of point
on cylinder relative to
reférence diameter (when model
is at a = 0°), See sketch _U |
to right. 0

BF
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TABLE 1 (Continued)

x = Distance from trunniocn axis measured in direction parallel
to tunnel centerline. Positive value corresponds to
downstream direction.

¥y = Distance from trunnion axis measured in vertieal direction.
Pogitive value corresponds to measurement above trumnion
axis,

z = Distance from tunnel centerline messured parallel to
trunnion axis (i.e. horizontal), Positive value corresponds
to measurement to' left (North) of tunnel centerline (cbserver
looking upstream).

d = Diameter of cylinder.

Definition of Ceefficients

C_ = Total or static pressure coefficient. Figures on which the
scales are labeled Cy have the curves marked so as to
identify the pressure coefficient presented.

P -F _ H =P
X re

cC = £, op = ref,
P q, 9,
R = Reynolds number = EEEQ

7

Where the foregoing coefficients are associsted with the following
quantities:

q, = Dynamic pressure in clear tunnel test section' as indicated
when using calibrated tummel piezometer rings.
(1/2 pUg2 in 1b/£t.2)

g = wa- Py = True dynamic presstre measured in tunnel when model
i8 present (1/2 @2 in 1b/ft.2)

¥

Hx = Total head as indicated by measurements made using the rake.

P = Static pressure measurements made at "x" where subscripts
used are:



TABLE 1 gcontinuﬂd)

x = denotes location of static pressure orifice as indi-
cated on figures. (i.e. Rake, model, or endplate
static orifices)

w = denoctes static pressure measurement made on the wall
(floor and ceiling) when model is present in tunnel,

P fﬂ = Reference static pressure measurement where subscript
T&Le  npep,m may be:

20 ~ denotes static pressure measurements made at the
20 £t. piezometer ring

3-1/2 ~ denotes static pressure measurements made at the
3-1/2 ft. piezometer ring

o ~ denotes static pressure measurements made at the
intersection of the tunnel centerline with the
trunnion axis when no model is present

¢ ~ denotes static pressure measuremenis made when
no model is present at points on the tunnel
centerline other than at intersection with the
trunnion axis

w, denotes static pressure messurements made on the
wall (floor and ceiling) when no model is present

Uo = Freestream velocity when no model is present.
u = Local velocity when model is present..

p = Mass density of air (note: A correction is applied in
the tunnel alrspeed calibration so that in the above
formulae p is to be taken as the free air density
unaffected by compressibility).

4

4 = Absolute viscosity of air (for T = 15° C., h = 760 m.) =

' =7 1b = ugt x sec

In addition to the preceding definitions, new definitions are given
in the text when they occur in conjunction with derivations, ete.



TABLE 1 (Continued)

B. NOTATIONS USED TO DESCRIBE CONFIGURATIONS TESTED

= Steel cylinder machined and ground to a high polish.
Length is 36.0 inches and diameter is 6.598 inches. It
is equipped with 20 static pressure orifices made by :
installing 3/32" 0.D. copper tubing flush to the surfaces.
Orifices are spaced evenly apart with number 1 orifice
being on the leading edge. The orifices were mounted on
tunnel centerline in an unstaggered (axially) position,

Gy

C, = Cl with static pressure orifices filled in with brass
rod. Slight surface irregularities still existed.

C, = Steel cylinder similar to Gy but of 12.613 inch diameter.
It is equipped with 36 static pressure orifices mounted
in a vertical plane ccincident with the tunnel centerline,

C, = Steel cylinder similar to C, but of 17.838 inch diameter.

R, = Standard 80 tube GAILCIT traversing total head rake installed
so as to make a vertical total head survey 20-1/2 inches

aft of the trunnion axis and 6 inches South of tunnel center-
line. BRake alsc equipped with static pressure tubes.

R, = Rake mounted 32-1/2 inches aft of the trumnion axis and 6
inches South of tunnel centerline.

R, = Rake mounted 44~1/2 inches aft of the trunnion axis and 6
inches South of tummel centerline.

R, = Rake in same axial position as Ry but mounted 12 inches
South of tunnel centerline. '

R, = Rake in same axial position as Rl but mounted on tunnel
centerline,

R, = Rake in same axial position as Rl but mounted 6 inches
North of tunnel centerline.

Ry, = Rake in same axial position as R, but mounted 12 inches
North of tumnel centerline.



TABLE 1 (Continued)

R8 = Rake mounted 20-1/2 inches aft of trunnion axis. Differs

from previcus rake notation in that this location allows

a complete horizontal traverse in addition to the vertical
traverse. Actual position of rake in traverse plane is
noted on pressure data.

Rake Rg with total head tube mounted on outside of static
pressure tube mount so as to permit total head measurements
to be taken close to the South tunnel wall., (Total head
tube was mounted on South side of rake),

Rake Rg with total head tube mounted to flanges on North
side of rake so as to permit total head survey close to the
North wall.

Rake mounted 38-1/2 inches aft of trunnion axis, Similar to
Rg in that notation is used ito denote rake being used for
complete traverse with actual rake position noted on pressure
data.,.

K
Rake with total head tube mounted as in Rg sc as to permit.
total head survey nesr South wall. a '

0.041-inch diameter (pianc wire) separation strips taped
spenvise on model at © = X 659, Used in conjunction with
eylinder Gl'

0.018-inch diameter (piano wire) separation strips taped
spenvise on cylinder G, at 6 = T 659,
Separation strips similar to T, except taped et 6 = I 850,

T+ T,

0.039~inch diameter (piano wire) separation strips taped
spanwise on cylinder C3 at © = £ 650,

0.0675~inch diameter (welding rod) separation strips taped
spanvise on cylinder C3 at © = } 550,

T, = Separation strips similar to T, except taped at 8 = + 850,
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TABLE 1 (Continued)

= Ope-inch wide chordwise separation strips (sandpaper)

mownted on each end of cylinder. Extended around leading
edge from 8 = + 100° to 8 = - 1009,

0.0675~inch diamster (welding rod) séparation strips tapsd
spanwise on cylinder C, at 8 = * 650,

= Separation strips similar to Tg but modified sSuch that they
only extended to within 2 inchés of each wall.

= 0.0675-inch diameter (welding rod) separation strips taped

spenwise on cylinder G, at © = I 659,

= 0,0675-inch diameter (welding rod) separation strips taped

spanwise on cylinder C, at € = t 650 and * 859,

1/2—inch wide cellulose tape strips mounted parallel to chord
plane of cylinder Gl and spaced 3 inches apart across the
span.

= Wax fillet installed at intersection of front side of cylinder

Gl and North turnel wall.

Clear Tunnel = Test section of wind tunnel devoid of models so

as to permit preliminary calibrations of air flow,
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TABLE 1 QContinued )

C. NOTATION USED FOR THE THEORETICAL ANALYSIS

¢
x = r cog © = coordinate in direction of (x4)
undisturbed flow 4
y =r sin @ = coordinate perpendicular U . e
to undisturbed flow
2.2 RS 0

r =\x + ¥y = polar coordinate
e = tan™1 § = polar argument
z =x + iy = rel® = complex coordinate .
d = diameter of cirecular cylinder
b = radius of circular cylinder
a = height of channel
c = polar distance of wake source from origin Y.
1) = angular location of wake source from origin y
i = undisturbed velocity i A,

N u )
u = veloeity in x direction —_— “«

%7
v = " "oy " 6 b
X
w, = radial velocity
u, = tangential velocity
wiz) =u'=-iv = (vr' -3 ue)e ~le . complex velocity
F(z) = § + i¥ = complex potential
J = velocity potential, ¥ = stream function

a L
"% YT
A 1,2 = strengths of doublets for the cylinder without wake in the channel



it

shtrength of
= o= O9

strength of

strength of

-]

TABLE 1 (Continued)

doublet which corrects wake disturbance atb

doublet for the cylinder with wake in the channel

sources which simulate wake



TABLE 2

IMPORTANT PHYSICAL DATA

Cylinder d d b Span
(inches) a a d
Cq 6.598 . 06/4-68 . 0323/4- 5.46
c, 12.613 12366 .06183 2.85
C4 17.838. 17488 | 08744 | 2.02
APPROXIMATE REYNOLDS NUMEERS, R x 10~5
1b/8t? & 2 "
2 2.1
5 3.8 5.4,
10 3.1 5.7
12.5 . 3.5
15 3.7 7.0 10.3
17.5 hel -
20 bl 8.1 114
24 ]
30 5¢4 9.9 1he5
40 6.2
60 7.6
80
 APPROXIVATE MACH NUMBERS
a (1b/£t?) M
10 .082
24, .128
80 235
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I _INTRODUCTION

| The following is a swmary of some experimental and thsoretical
studies of flow about right circular cylinders in a two-dimensional
wind tunnel., The attempt is made to draw some conclusions concerning
the effects of tumnel walls upon the flow, In the absence of any
circulation about the body in the tunnel, all such effects are gener—
ally’grouped together under the term "blockage effects™, and the effects
will be so designated hereafter in this report.

The reason for interest in blockage effects is simply that in all
wind=-tunnel tests the data obtained in the tunnel must be applied to
cases in free air, Consequently, such data must be corrected for the
effects of the tunnel if they are to be used with assurance. Correc-
tions, associated with circulation, are based on a well developed theory
which has been checked by experiment with some success; while corrections
for blockage effects are not so well developed or so thoroughly substan-
tiated by experiment.

It has always been customary to keep all corrections as small as
possible by keeping the sizes of the models small in comparison to the
tunnel dimensions, but if the corrections were well understood large
models would be desirable for many reasons. As Mach numbers increase,
this consideration becomes even more critical, since all corrections
increase markedly with M.

The present investigation was undertaken with these things in mind.
It was decided to use a large two-dimensional wind tunnel and to use as
medels three right circular cylinders of different diameters, each span=

ning the tunnel working section. All models were to be tested at the



=20
same Reynolds number and at low Mach mmbers. The cylinder shape was
chosen to eliminate circulation as a variable, and the two-dimensional
flow was used because of the comparative simplicity and because most of
the detailed theory is for this case. Comparatively large cylinder
diameters were chosen to assure large wakes and large blockage effects.
Comprehensive pressure surveys were taken in the flow about each model,
and it was believed that the differences in data between ﬁodels would be
solely due to blockage effects, Therefore, these data could be used to
check the theorebtical treatments. Wake sizes were to be varied by the
use of devices to induce separation.

As it turned’out, the experimental work was complicated by some
unforeseen circumstances. It was found that the flow about the models
was far from two-dimensional, with the interference between the boundary
layers on the tunnel walls and the cylinder surface having a profound
effect on the wake pattern. Since the ratio between cylinder diameter
and span was different for each model, this interference varied greatly
between models and made direct two-dimensional flow correlation impossible
In addition, some static pressure tubes set flush in the model surfaces
induced early separation, and an& surface irregularities such as small
spots of corrosion, which were almost imperceptable, had similar effects.
As a consequence of these troubles, a good deal of the testing time was
spent in studying and eliminating thelr effects,

It was found that reasonably good two-dimensional flows could be
obtained by moving the general location of the separation forward. This
was done by laying wires spanwise along the model surface upstream of

the maximum thickness point, and several of these configurations were
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tested. Sets of data for all models with wires located in similar
positions are available and can be compared for blockage effects. How-
ever, the data from the clean models cannot be compared at all in this
5ense.

Some attempts were made to eliminate the wall interference by
fillets and similar devices, bub it is quite clear that the only effec-
tive method would be to remove the wall boundary layer just shead of the
cylinder through a porous surface or a slot.

In addition to these experimental surveys a theoretical study was
made of the potential flow about a circular cylinder in a tumnel with
and without singularities downstream to simulate wake effects.

The experimental data which were obtained and a summary of the
theoretiéal treatment are presented here, along with a general discussion
of results,

A complete outline of the tests is presented in the Index of Rums,
and the definitions of model configurations and test nomenclature are
found in Table I. The experimental setup and instrumentation are de-
scribed in Section II, and the methods of data reduction and presenta=-

tion are outlined in Section III.
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" II  PHYSICAL AND CALIBRATTON DATA

A&, Physical Data

The facility used for the experimental studies is the GALCIT 10-
Foobt Wind Tunnel with the two~dimensionsl working section installed.

A complete description of this installation is given in References (1)
and (2). The working section is three feet wide, eight feet high and
ten feet long, and models are mounted horizontally between two end plates
vhich are set flush to the walls. The contraction ratio is about 12-1/2
to 1, and five turbulence sereens are provided in the settling section
between the last turn and the contraction section. A very smooth flow
ie achieved with’a turbulence level (ratio of the roct mean square of
velocity fluctuations to mean velocity) of 0,08% parallel to and 0.12%
perpendicular to the/flcw direction.

The models consisted of three 36.0 inch lengths of steel tubing
ground to an accurate circular shape on a centerless grinder, and
finished to a high polish. Their diameters were 6.598, 12,613, and
17.838 inches, and they were mounted between the standard end plates.
Each model was equipped with a chordwise row of static pressure orifices
located at the cenber of the span and extending around the entire cir-
cunference., B

Wake surveys were made with the standard survey rake for the two-
dimensional tunnel. This rake consists of 80 total head tubes mounted
0.1 inches apart and of 5 static pressure tubes mounted on the side of
the rake frame. The rake mount incorporates horizontal and vertical
leadscrews to facilitabe surveys, while fore and aft movemeni; of the
rake must be accomplished by unclamping the rake support strut from the

mount and moving it manually.
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Static pressure surveys on the working section floor and ceiling
were made using 38 orifices set flush in the walls on lines defined by
the intersection of the fore and aft vertical plane of symmetry with the
floor and ceiling,

The north end plate was equipped with 27 static pressure orifices,
from which data were taken during several runs of the test.

All pressure tubes were comnected by rubber tubing to back-lighted
multi-manometer banks, and most of the data were recorded photographic-
ally from these banks., In several instances, where interest centered on
only a few readings, deta were teken visually. The floor and eeiling
pressures were recorded both from the multi-meanometers and from a pre-
cision micro-manometer, since it was found that pressure differences
were often too small to record accurately from the former.

The wake rake was in general too short to cover the large wakes
encountered, and so surveys were tasken in two or three steps with the
rake moved about two thirds of its length scross the wake for each step.
Several pictures were taken during each reading so that the continually
fluctuating weke pattern could be satisfactorily averaged. The wake
patterns all fluctuated agout 5 or 10% about their mean values, and were
in no cases unstable or subject to violent variations ﬁith time, so that
this survey procedure was considered adequate.

A drawing of the working section is presented in Figure 1 which
shows the model support system, the wake rake mount, and the locations
of the floor and ceiling orifices. Figure 2 shows the cylinders and
Figure 3 the location of the end plate orifices.

B. Tunnel Calibrations
- The results of the clear tunnel flow calibrations are shown in

Figures 4 through 9.
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The tunnel flow parameter to which all data are referred 1is the
free stream dynamic pressure q,, which is completely defined in Table I.
This dynemic pressure was set during the testing by measuring the static
pressure difference between two sets of pressure orifices in the settling
and conbraction sections of the tunnel. The calibration between this
pressure difference and q, was obtained by taking simultansous measure-
ments of the two, using a standard pitot-static tube located at the
reference point to measure q,. A compressibility correction was applied,
so that the true q, was known at all times. The calibration is shown
in plotted form in Figure Z.
Figures 5 through 8 illustrate the clear tunnel variations in
static pressure along the reference axis in the working section and
along the floor and ceiling. It should be noted that at the farthest
aft rake position (44_1/2 inches aft of trumnion axis) q had varied
only 1% from q,. Since this was so, q, was used as the reference
value in the denominators of all pressure coefficients. In general,
static pressure references were taken from the calibration plots at
the place in the working section where the measurements were taken.
Figure 9 illustrates the calibration of the static pressure tubes

3

on the wake rake. No calibration was made for the total head tubes.



II1__DATA PRESENTATION

All experimental data presented in this report were obtained from
pressure messurements. They are all reduced to the form of pressure
coefficients by subtracting the value of a suitable reference pressure
and dividing the difference by the dynamic pressure, q.,, which was used
when the data were taken., Definitions of the coefficlents used are,
found in Table I. All space coordinates are made dimensionless by
dividing them by the diameter, d, of the cylinder to which they refer.

The ecordinate system used is shown at right and is defined completely

in Table I,
%) (02
All data are shown in plotted form, ‘Aﬁ£%gZCAL
’ 5
with the type of plot depending on the <
R . . . TN -7
kind of data in question., Essentially Lowe Tuomac \\\\.////<i&\7”ﬁﬁﬁ?%”
four kinds of data were recorded as /V////////T\\\\\\\\\
|
follows: : | %
7 | (+ Doy
(+ NORTHY) STREAN)

a) Wake surveys behind the models. g
b) Static pressure surveys around
the models at thelr midspans.
e) Static preésure surveys on the tumnel wall near the tunnel-
model intersection. ‘
d) Static pressure surveys along the floor and ceiling covering
the length of the working section.
The data in each of these categories are presented together and
the presentation of each group will be described separately in the
following discussion.

a) Wake Surveys: Wake data are presented in Figures 10 to 32.

- In general, surveys were taken verticslly through the wake. 14 series
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of such surveys taken at a given distance downstresm (x/d) and at
several spanwise stations (z/d) are considered a complete picture
of the wake at that value of (x/d). These groups are presented to-
gether, each under one Figure number. In some cases, only one span=
wise station was studied and in these instances the plots usuvally
appear individuvally. Each vertical survey is plotted on a separate

sheet., Plotted are

H=-P20, P~ Po0and P¢ = P20 ve.(y/d)
% do %o

Also, indicated is the value of Py = Pag existing at the floor and

9
ceiling at that value of (x/d). The points without symbols represent

experimentel values of H = P20 and the circled points values of P = Pop,
Qo ~ q

In scme cases where the amount of data is insufficient, no fairing has

been shown for the static pressure curves.,

Hy = Pog _

9%
.006/, or about 1/2 mm. on these plots, so that the coefficients are

It is to be noted that, for this tunnel contraction ratio,

nominally referenced to Ho‘ The difference between the staltic pressure
and total head curves is essentially q/q,.

In several cases, groups of surveys are cross-plotted to show
contours of constant total head values at a given value of (x/d) (a few
cross plots of static pressure also appear). These cross-plots illus-
trate the three dimensional cheracter of the wake when transition wires
are not used, and the two dimensional qualities when they are. In the
case of cylinder C1 two detailed total head surveys were made near the

model-wall intersection and these are included on the appropriate cross-
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plots (Figures 10 and 14).

b) Static Pressure Surveys on Models: These data are presented
~ in Figures 33 to 47, and were obtained from static pressure orifices
located around the cylinders at their midspan. Flotted is P2 vs, 8,
q
0
In cases where no differences existed between corresponding orifices on
the top and bottom of the model only one point is plotted. When differ-
ences did exist, the data for the lower surface are given itagged symbols.
The dotted line on each plot represents the static pressure distribution
on a cylinder in potential flow (no walls).
It may be noted here for reference later that the pressure drag
coefficient can be computed from these data using the relation
2
c. =11 [P2Po | cos@®@a8 0o~ e-a-- (1)
Dy 2 q
s}
o

¢) Surveys on the End Plates: Here several complete surveys were

taken, and results are plotted as lines of constant static pressure in
Figures 49 and 50. It was found that differences between cylinders Gl
and 62 were slight in this case and so data taken in these cases are

plotted together in Figure 49. No data appear for C, since this model

3.
covered most of the orifices. Figure 48 presents the potential flow
solution corresponding to these plots.

The points shown on these Figures are not experimental values but

are obtained from cross-plotting the data and picking even values of
P-p
Fo

%

@

d) Floor and Ceiling Surveys: Data from these studies are plotted
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on Figures 51, 52 and 53. They are presented as l——a~EHQ vs. x%ﬁ;for
a series of model configurations. Fach curve is an aierage of f£loor
and ceiling pressures, with values of the reference pressure, PW@’
being taken from Figure 7.

The curves are a combination of data taken on both the multi=
menomeber and a micro-menometer. The latter was used to accurately
establish the level of the readings, since in some cases the differ-

ences were quite small and hard to read from the manometer film.

The velocities at the wall can be computed from the relation

1 o Pw T By |
N qu' ----- (2)
A 1 . B~ Po
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IV _DISCUSSION OF EXPERIMENTAL RESULTS

The experimental data will be discussed quelitatively here,
and some of the diffieculties encountered will be pointed out in
detail. Wake surveys, model pressures, and floor and ceiling data
will be discussed separately, and then some general results con-
cerning drag and blockage will be indicated.

a) Wake Surveys: The data on configurations without separation
strips may be considered first. These are presented in Figures 10-14,
22, 23 and 28. The first thing to notice is the interference due to
the wall-model intersection (see the eross plots of constant total
head decrements). For all three cylinders, an area of large total
head loss exists adjacent to the wall, and outside this area a region
of almost negligible total head loss exists. The center of the latter
area is at about one dismeter from the wall in every case, and the
7 amount of loss depends only on the distanée x/d dounstream of the
model.s The ratio of cylinder diameter to span is never small enough
for effects of this interference to be wery well defined farther
than one diameter from the wall, but presumably, if the cylinders
were longer the effects would die ocut and a predominately two-
dimensional wake would be established at two or three diameters dis-
tance. Some probing at the intersection indicated that a double‘
vortex is formed off the top and bottom of the model, and evidently
this forces high energy air down into the wake at about one diameter

out causing the low loss observed at that point.
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The data alsc show that the static pressure orifices caused
some weke distortion by moving the point of separation at the center
of the spen somewhat forward. This effect is not nearly as well
defined as the wall intersection interference, since it is a weaker
disturbance and occurs close to or within the area in which the wall
effect predominates. Figures 11-13 illustrate attempté to eliminate
orifice interference by waxing, taping, and plugging the orifices as
smoothly as possible. It is seen that the waxing (Figure llc) and
plugging (Figure 13f) were effective, but that the taping (Figure 12e¢)
was not. In the first two cases, there is still an area of larger total
head loss at the center, but this must be mainly caused by the attempt
of the weke to form in a two-dimensional mamner since the wall effect
is comparatively small at center of the span for this case.

The remgining Figures in the group illustrate the effects of
- the separation wires, and it is apparent that all these configurations
have wekes which are predominately two dimensional. Separation‘wires
at 850'have the least effect; those at 65o are intermediate; and those
at both 65° and 85° develop the largest wekes. It was found that the
gize of wi:e was relatively unimportant.

Rote that in all cases the spanwise variations in static pressure
are comparatively minor, but that through the wake vertically, large
gradients are exhibited which are of the same order of magnitude as

those in total head pressure.

b) Static Pressure Surveys on Models: The data under this
category are shown in Figures 33=47. Reynolds number comparisons

are pregented in Figures 33, 39 and 43 for the cylinders without
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separation strips, and a table of R is included in Table 2. It is
apparent that a marked change in pressure distribution occurs at a
value of R of about 3.7 x 105, and this is to be expected as a
menifestation of the transition from laminar to turbulent geparation
which oceurs in the flow over any smooth body. Most of the data in
this thesis were taken at a Reynolds number of about 8.6 x 105 so as
to be well above this critical range.

Since none of these data were taken with separation strips, the
pressures shown are only good at the center of the model spans. It

5

is seen that the region of separation below R = 3.7 x 10° is at about

6 = 90°, while after transition separation occurs at about 6 = 115°.
This leads to the possibility that the wakes below R = 3.7 x l()5
might be much more two dimensional than those which were observed for
the casesr without separation strips, but since no wake surveys were
 actuslly made at the low Reynolds numbers this cannot be proved.

Sueh tests would be interesting if any further experimental surveys
are undertaken on the cylinders, as wakes of a somewhat different
nature would eertainly be produced.

The remaining Figures illustrate pressure distributions with the
separation strips in use, and it may be reasonsbly assumed that these
surveys apply across the model spans. Note that as the cylinder size
inereases for a given separation strip locetion (cf. Figures 36, 41
and 45) the point of separation remains reasonably constant while
the peak negative pressure (point of highest velocity) inereases
somewhat. Such behavior cen be considered as a bonafide effect of

blockage.
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One other fact is worthy of note here., Figure 43 shows data on
eylinder Gg,and it will be remembered (cf. Figure 28) that these dats
are taken in the region of minimum total head loss mentioned previously
as being associated with the wall interference. Figure 43 shows that
the separation point is moved back to about € = 140° for this case and
that the peak negative pressure is very large. This can only occur if
high energy air is being forced over the back side of the cylinder to
delay the separation, since the blockage itself does not move the sepa-
ration point appreciably., Presumably then, the delayed separation is
due to the formation of the double vortex which was observed in the
visual studies. However, the whole interference patiern is surprising
and still somewhat obscure.

¢) Surveys on The End Plates: These data are shown on Figures 49

and 50 and may be compared with the potential distribution (in free air)

shown on Figure 48. As they are made on the wall surface, they represent
the static pressure distribution as observed through the boundary layer
and wall interference effect. Therefore, they are of qualitative inter-
est only. The effect of the separation strip is seen to be very large
(Figure 50) in that the static pressure behind the model is comsiderably
reduced.

d) Floor and Ceiling Surveys: Floor and ceiling pressure distri-

butions are shown in Figures 51, 52 and 53 for the three models with and
without separation strips. The sepsration strips increase the distur-
bance at the wall as expected due to the increased wake sizes. At about
four diameters upstream of the cylinders the disturbance is about -.02

in all cases. The peak change occurs slightly aft of the cylinders,



.

moving forward and incressing markedly as the ratio d/e increases,
Downstresm, the curves sll tend to some final negative value which
indicates a higher velocity then that in the free stream, and this

may be considered as an indication of the wake blockage., However in
no case was the final valve of static pressure established, so that it
is clear that the working section was somewhat short for these investi-
gations.

e) Other Observations: Figures 54~61 summarize the data on the

wekes which were considered to be two-dimensiomsl. Averages of the
wake surveys are shoﬁn, and plots of maximum wake losses as functions
of x/d are presented. Figures 54, 58 and 61 show the latter.

It is seen here that at gbout six diameters downstream when the
wake is perhaps three diameters wide, the velocity recovery in the
center of the wake is almost complete, so that the losses apparently
- appear almost immediately as decreases in static pressure and not as
velocity gradients as is usually the case. This is an unexpected result,
and must mean that the wake is diffusing into the tumnel free stream flow
in a manner quite different from that of the usual wakes observed in
two-dimensional work.

In Figure 61 no fairing was attempted since it is clear thai the
reke was too close to the model to allow the total head tubes to fumetion
properly. This highlights enother difficulty encountered which may be
mentioned here. Ideally the wake surveys should have been taken at the
same values of x%/d for all cylinders, but this was impossible because of
the relatively short working section length. From the experience here it

would seem that values of about 4, 6 and 8 for %x/d would be about right.
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Because such s procedure could not be adopted with the model sizes used,
exact wake correlations are impossible.

Figures 62 and 63 show results of some drag coefficient computations
made from the experimental data. The first figure is a plot of CD1 vs. R
for cylinder Gl’ computed from equation (1). The data are taken from
Figures 33-38. This again illustrates the critical Reynolds number
effect at about R = 3.8 x 105a‘WhiCh is typical for such cases. For Cl

without the separation strips the values of CD are of qualitative
1
interest only, because of the interference effects. .The effect of the

separation strips on ch is clearly indicated here.

Figure 63 is a tabulation of pressure and wake drag coefficients
computed for the cases with two-dimensional wekes. Here CDl was again
computed from equation (1) using Figures 35-47. These values indicate
that CDl generslly increases as cylinder size inecreases for a given

separation strip, but there is too much scatter for any exact correlations
considering the number of values available.

The values of CD are computed from the averaged wske plots, Figures
55«60, using a relatigﬁ derived in reference 3), page 128, from the
momentum equation. This relation was chosen because it restricts the
computations to the region of the wake, snd 1s presumably quite general.

In the nomenclature used here, the equation can be written as

H - H
[ TR
. W= °
vhere qwr, qwj
¥y
Wf w a;}“a"

( )W refers to data in the wake



The values, thus computed, do not correlate very well with corre-

sponding values of CD s nor do values for the same cylinder at different

1
values of x/d correspond. In general, the values of CD are slightly
W
less than those of CD and decrease somewhat as x/d increases. This
1

probebly meesns that equation (1a) cannot be accurately applied so close
to the body and/or that the data are not aceurate because of instrument
errors close to the body. No values of CD were computed for 03 since
the wake surveys were made at very small :alues of x/d for this model.
In summary then, it is plain that the drag data are not adequate
for any quantitative blockage study, elthough the general trends are
in the correct direction. This is due in part to the lack of complete
similarity between the cylinders, and also due to the mammer in which
wake date were taken.

f) Comment on the Tegts: As a result of the experience gained from

these investigations,'several rules concerning experimental techniques

may be laid down which should aid in any future studies of this nature.
First, geometric similarity must be maintained to a higher degree

than was possible here. Ideally, of course,the only gecmetric para-

meter to be varied should be d/a, with the ratio of span to diameter

and the values of x/d at the weke rake stations held constant. If this

could be done, good quantitative results could almost certainly be

obtained, but several working seetions of different dimensions would

be required, and this would introduce many new difficulties. The alter-

_natives are either to eliminate the wall interference effect so that the

Sban to diameter ratio would lose its significance or to make the ratio
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quite large (at least 10) to reduce the importance of the wall inter=-
ference. Either approach should give essentially two-dimensional wakes.
The wall effects could be presumsbly eliminated by boundary layer re-
moval on the wall just upstream of the model either through a slot or
a porous surface.

Second, the practice of using a complete ring of orifices to
measure pressures on the model is not too sound, and a much better
approach might be to use one orifice and rotate the model. However,
the latter approach would require much more testing time for equiva-
lent results, so a probable compromise might be to locate a row of
orifices on a helical line around the model. The orifice size should
also be reduced to as small a diameter as possible (the model orifices
used here had dismeters of about 3/64") and the orifice holes should
be drilled direcetly into the surface of the model and connected to

pressure tubing on the inside.

Third, the use of separation wires to vary the wake size is well
established by these tests, and the locations for maximum effectiveness
are pretty well fixed as between 6 = 65° and 850. If similar strips
are to be used on several cylinders as was done for this report, some
care should be taken to see that all strips are fastened in the same
manner with as much geometric similarity between models as possible.
The variations in wire size which were investigated (ef. Table 1B)

did not seem to be very important as far as wake size was concerned,

but it would probably be wise to use geométrically similar diameters.
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Fourth, the surface condition of the cylinders is of extreme im-
portance, and any practice leading to the possibility of corrosion
should be avoided. It might be well to use some kind of a lacquer
to insure complete uniformity of the surface over a reasonable period
of time. |

Fifth; it might be very interesting to study the wall-cylinder
interference effect in some detail, so that it can be defined and
unders.'bood completely. The two primary varisbles if compressibility
is neglected should be R, the Reynolds number of the cylinder and
Bw the Reynolds number along the wall (BW would define the character
of the wall boundary layer in the vicinity of the wall-cylinder
intersection if the cylinder were not present). If the effect is
completely defined as a function of R and Ry , it should be easy
to eliminate it or at least exercise some measure of control.

If the above points are considered, it is reasonably certain
that good quantitative data on the basic itwo-dimensional blockage
effects can be obtained with circular cylinders. These points
must therefore be considered as the main results of the experimental
part of the thesis, as they indicate the way to the final solution
of the problem as originally outlined. It is now pertinent to pre-
sent the theoretical considerations which may also act as a guide in

any future experimental work.
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v. Theoretical Considerations on Two Dimensional Blocking

in g Channel Due to the Pregence of a Circular Cylinder

The two dimensional flow around cylinders has been treated ex~
tensively both for the cases with and without chamnel walls. Some
elaboration will be given here with special emphasis on circular
cylinders of comparatively large dimensions. The two dimensional
potential theory is employed throughout, and correlation with the
experimental data is discussed wherever necessary. The analysis
is presented in four parts for reasons of clarity. These are:

1). Flow sbout a circular cylinder without a wske in free

air (rectilinear flow).

2). Flow about a eircular cylinder without z wake in a

channel.

3). Flow sbout a eireular cylinder with a wake in free air

(rectilinear flow).

4). Flow about a eireular cylinder with a weke in a channel.

The presence of the wake is simulated by a suitable arrangement
of sources.

The two primary purposes of the analysis are first to simulate
the wake by a potential flow, and second to preserve the shape of the
body in the channel as completely as possible.

1). Cylinder without wake in a simple rectilinear flow.--This
case is derived by combining & doublet with rectilinear flow and is
well known. The results will simply be listed here without derivation
for a circular cylinder at the origin of the coordinate system (the

Cylinder will be maintained at this location throughout).
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The complex potential is

]

F(z) = Uz +—

and if we let the doublet have the strength

=84 2
¢c = T = Ub
then
b2
F(z) =0 z + o - - (3)
The potential is _
2
Jay) =tx 1+ 5| - (3a)
X +y 1
and the gtresm function is
b2 |
Vxy) =y l=35—3 =  ==-=--- (3v)
x° + 5"

The gtreamline ¥ = O lies along the x axis and on a circle of radius be

The velocities are

2=1_b%§- 2) zg-mﬁ
H
’ @+y22 U )

--=-(4)
Ur _ ) ? |, , U b) ?| ..
. —[1-(1,) ilc-os@ PG —--[l*-(;) gin ©
On the cylinder r = b and

=0 3 = =2 gin ©

<

2
U

The pressure coefficient is obtained from the incompressible
Bernoulli equation as

2 4 2 20,2 _ 2\ .4 A ; 2
Cp=1a--25tvs 267(x-37)b"_ /b (2 20 - qin?
P ‘ 2 o2+ 3202 (r) + 2(r) (cos™@ - sin”@)

and on the cylinder

6p=l—l..sin20



=/, 0=

2). Cylinder without weke in a channel of leight a.--This case
is obtained spproximately by placing an infinite row of doublets on
the y axis and combining the Tesultant flow with rectilinear flow (5).
If the doublets are spaced a distance, &, apart, the wall boundary con-
| dition st y = 2 % is satisfied, but a slightly distorted circular
eylinder is created.

Here the complex potential is

a1
F(z) Uz+,-7:r—z-é—-—-—

ﬂ:’i&o - ina
=Wz + 4L co’c.hﬂza'.g ----- (5)
The potential is
4 sinh %’-’5
f=1tx 4+ —————Buo- .- (5a)
Pl 27
cosh 5 cos )
and the stream function is
¥ 4 oin B (5b)
= Uy - - am oom oem am em 5b
cosh 5@ ~ COS 27,_:1

When y = 0; ¥ = 0 and when y = £ &, ¥=2 52 satisfying the wall boundary

condition.
The velocities may be written as

[1 - cosh Za‘ﬂ cos &] sinh &z sin -217&

%=1+27La a_z. Y _ -7 a a z-(6)
&Ll =" 3 Lt —
Ua [cosh 2—?—‘ - COS 2_:_2] v Ua [cosh -QZSS - COS 2{1]

We now wish to evaluate 4 which determines the size of the
cylinder in relation to the channel., Probably the most critical
dimension when comparing this case with case 1 is the thickness or

- Neximum y coordinate, so we would like to maintain this at a constant
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value, be To do this, use equation (5b) letting ¥ = 0, x = 0 and

¥ = b and solve for u. Then rigorously

(—ZE/-“):L = 2T1§tan (@) _____ (7)

Ta a

gives the result desired (the form for the doublet strength parameter
used here is written because of its convenience later). If this ex-

pression is expanded and only the first term written, the strength is
)
Ua

which is the value used in reference (5). If (7a) is used the y semi-

, 2772 ( g)z ————— (7a)

diameter veries with ( E) and this variation can be expressed by the

relation

2
a a a

In any case the x semi-dismeter is given by the relation

B od(E) e [HE - a] e ©
g0 |

Equations (7), (7a), and (8) are plotted in Figures 64,65 and hers the
doublet strength required and the distortion of the cylinder as a function
of( 1:-) are clearly shown.

To further study the shape of the cylinder expand (5b) for ¥ = O.

X _ 2y | |2k | a. 2y
Here cosh Y cos = + [Ua J2ﬂy sin a

and if this expression is expanded and rewrititen, we get
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If the size of the cylinder is such that anywhere on it %}ﬁ <1
(2 maximmm value for this report is 0.01) then %4 is of the same order,
from equation (7), and the following can be said. On the right-hand
side of the above expression the 48 order terms are the only ones of
any importance, and they have a maximum value of sbout 3% of the terms

on the left. On the left, therefore, sinee [zér_;a]« 1,is the equation

of a figure very near to a cirele of radius b = \/77%. This gives &

physical interpretation to the value for # given in (7a) i.e.,

2
. 7pU
/‘-—'——-—a

The velocities % and % are not so easy to interpret in relation
to those of case (1), but if they are expanded in power series, the
second order terms give expressions identical to those of case (1)
with 43-11 order terms providing the first corrections.

2a). A comparison between velocities in cases (1) and (2).--Velocities
on the lines x = O and y = O can be profitably compared here as an indi-
cation of the blockage. The doublet strength [2—7&] will be used here

Ua i
for complete generality, and in fact will be used exclusively hereafter.

u) _/u u o - v
Iet A( I-J') = ( U) o -(Ulree &i;ueffect of channel walls
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A3) - 22 Ta | oz
v X=0 a EL - COS 2—721_—' y/a
Yo === (9)
Y T O s S e
Ufo (x/a)2 a Ezosh 2’/;’3: _ J] )

where we are interested in the regions 0 <y/a =< 1/2, 0 < x/a <o,

0= b/a <1/2. Since these quantities obviously approach O as (b/a)2—> 0,

g more significant form can be written as

[, 70|
2y _ [R7ten T 1 1
(%) A(%L , L b/a % 1 - cos z_fa;x T (y/a)2 |
PP ] - - - - (%)
=nd (%) A(%)q;oz T b/a a_ 1 - cosh %.)2 * (xiw

In addition when considering small values of x/a and y/a it is

convenient to expand (9b)_ in power series with the result that

™l .
2 tan TF 2 [tan — 2o
2 n) | e 1 | =& ; 2n
DO R S P
a a 7=/
and - (%)
ay2 /) ._|"0 5 1,72 |ty > 2n
(5) A(ﬁ;:o" “1Tm T 1 &R * 5 r Z Koy (x/2)™
a a =

vhere C, and X, sare constants of the expansions.

Using (9b) and (9¢) the two functions have been computed over the
range of interest and are presented in plotted form in Figures 66 and67.
The limits shown there at %/a = y/a = 0 can be clearly seen in (%), since,

if we let b/a approach zero faster than y/a or x/a both limits are
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(4o (1), -5
=% 40 %=0,-0

but if b/a, y/as x/a all approach zero at the same rate then the limits

become
‘a\2, (u 2772 a2 , /u

The range of practical interest on the Figures lies in the areas

§
(=)

where y/a and x/a sre larger than b/a, since elsevhere the coordinates
are inside the body. The effects which are indicated. are generally
referred to as "solid blockage", when b/a = 0.

Although these expressions specifically represent results for a
circular cylinder, they may be used to illustrate the general effect
of finite body size,‘ and can be compared directly with results given
in Reference (4) which has considered ™solid blockage" for a general
body shape in the limiting case of very small size. For instance
Figures 66and 67 may be compared directly with Figures 6 and 7 of Ref-
erence (4). It is seen that the curves for b/a = O correspond directly
to the blockage increments (F2) indicated there, but that as soon as
finite size is considered marked differences occur. The most noteble
is in the velocity increment at the maximum thickness of the body,
vhich differs from the value st b/a =0 (the reference would show
' this) where b/a is finite. Such differences are of considerable ime
portanée when high subsonic Mach numbers are considered.

3). Oylinder with wake in a simple rectilinear flow.--The real flow
behind a cylinder cannot be represented by the potential theory since
the irrotationality condition is not maintained throughout. However, the
. effects of the wake upon the irrotationel part of the real flow can be
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approximated by the introduction of singularities near the body on

its downstream side. These create a "displacement thickness" behind
the body, which influences the rest of the flow in a manner similar

to the way the wake influences the rest of the real flow. However,

the pressures and velocities in the potential flow downstream of the
eylinder become meaningless in any region where the wake has been
dissipated into the real flow to an appreciable extent.

Considering circular cylinders, the addition of singularities
in the free stream (rectilinear flow) is easy, because a system of
sources and simks, says can be set up which have a circle as a stream-
line, and then this solution can be superimposed on that in part (1)
using a circle of the same radius. Because of the linearity the
circle streamline will be retained in the combined solution.

In the channel case however, the source sink solution will give
a body streamline slightly distorted from a circle and different
from that of part (2). Therefore, superposition of these solutions will
not necessarily yield results which can be compared directly with the
free air case. If the two shapes are not grossly different, the super-
position is plausible.

In this regard, the effect of one source behind the cylinder is
first investigated, and then a pair of sourées on the eylinder surface
are studied. It will be shown that the latter can be matched to the
experimental results much more closely. In this section the problem
will be studied in free air and in the following seetion, part (4),

the chammel case will be attacked.
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The flow about a circular cylinder due to a source of strength

Q@ at 2 = ¢ has the complex potential

Pe) =Qln (z-c) +QIn (s =2) mQlnz -=--- (10)

The potential is

g a2+2% a2+2%
Q=1n'(—;2—+§;%——=1n | - (10a)

end the stream function is

%gm"lg - = = = = (10b)

where '

2 2
= b - - - A /
o=x (x" +y" +b7) - (7 +¥7) (F—5 gl 4 9
\bz
¢

2 2
= cos O (r2 + b2) - r2(°-—-;;+b—)

2

p=y(x2+y -b2)=rsin9(r2-b2)

we
Ofet
i
=

Whenr =bor y = 0, x<¢

The velocities are

These solutions can be immediately added to those of part (1) to

give the result desired, as follows:
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F(z)aﬁ[z *ﬁ:l+an [(z"c) (z"%')]

z

i 2 Vo2 + p2

- b Yor + p=
/_ng_us-;z-——z*y]ﬂpql —p

ee! o
]
=3

- b2§x2 “:_1_).2 + 8 1 [a o aﬂ f - == (12)

the cylinder (r = b)

g g

=0 20_ _ _8 e
=0; U 2sin 0 EL Uczﬂ*bz-zbccosgl

The body downstream of the cylinder formed by the source is defined

by the streamline ¥ =7Q, and as x>0, the value of y for this stream-
line approaches ZI-]Q, so that the width of the so-called displacement
thickness becomes 2_877_’_2 far downstream from the body. This faet gives a method
of picking a value of Q/U to match experimental data, obtained by wake
surveys, from which a pseudo displacement thickness can be computed.
When Q/U has been picked in an attempt to simulate a real flow by
the above equations, the only remaining unknown is c¢. Therefore, one
more condition in the real flow can be matched in the potential flow,
and since ¢ is the loeation of the source, the logical thing to do is
to match some pressure on the cylinder surface. This pressure must be
upstream of the separatién point but should be close enough to it to be
influenced profoundly by the wake presence. A convenient point to use

is the maximm thickness point where @ = 77/2.
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For this case from equation (12) we can write

Ue - L
(3., E-w *"Lz] - Vi, (7

=)

which can be solved for c¢/b since ;.% and Gp( 7/2) are picked from

experimental data.
This method and several variations of it were used in attempting
to match the experimental data of this report (Figures 33-47) and a
sémple result is shown in Figure 68. It was soon apparent that to
match the pressure distributions on the cylinder using one source
is generally not feasible; the closest approach is to let ¢ = b as
was done in the example, but even here the matching cannot be complete.
This last statement can best be illustrated by a variation of
the gbove method. Here, match the following experimental quantities
€,(8) at © = 7/2 and C,(8) at © = 65

where 6, = angle at which separation eccurs.

Then from equation (12), it can be shown that

(c/b)=4+ VA% -1
‘ 1
2 - Ve eos oy

A )

M- 0B - st VI 500

Now obviously A must be greater or equal to one, and a few

where

computations Vill quickly show that for the data of this report at ‘
least, 64 in the above expression for A must always be smaller than
the observed Oy if A =1. Vhen A =1 the closest matching is obtained,
but it is still not very good. Therefore, the best possible position

for the single source is at ¢/b = 1.
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Since one source fails to match the wake influence properly, the
next step is to try two sources on the downstream surface of the
cylinder, symmetrically spaced about the x axis. They will be lo-
cated by the coordinates (b, ¢)5 and the velocity on the surface

can be obtained immediately by the simple 8 = ©' - @ (see diagram)
/

From equation (11) f ¢
(Pﬂ) - gin & 9’
QL. ‘b = b cos © 2]
=4
o ] \\ 28
go that o
%
(‘Ue”\ . —.sin (6 = ¢) !
Q 454 b =bcos (8 - @)

%=4
Dropping the prime on the new coordinate system and using two sources

and the rectilinear flow we get

() =-2smo+d [ sin (6 ~@) . _sin (6 + p) il

bU l~-cos (8=0) 1-cos (8+¢

= . 1
=-2sin® [J'" g% ( cos ¥ ~ cos Q{} ---=-(13)

In matching this new flow to a real case, two parsmeters are again
available; %% and @ Therefore, for example, the displacement thickness
and Cp ( 7/2) can be matched as was done previously (these seem to be
the most logieal quantities to use for this purpose, and so will be
employed exclusively hereafter). Since the displacement thickness is
to be used to find the source strength, it might be well to write down
in detail here the relations concerning the displacement thickness
which will be employed.

For the potential flows, the displacement thicknesses are clearly

defined by the following equations
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£ o1 [2 Tfng:l
b/ pree air 2b v

N

[_S,] _1 |emng || 2 _L |2mng %
2] b | U 1 +2§;ng 2b | U q,

where n = number of sources used to simulate the wake
Qo= dynamic pressure far zhead of the body
q,= dynamic pressure far behind the body
The second equation can be derived easily from relations appearing

later. n is of course 2 for the case under consideration. For the

regl flow in the wind tunnel it will now be assumed that

where here
9o
q;

free stream dynamic pressure without cylinder
dynamic pressure downstream of cylinder outside of wake

Wou

Further, it will be assumed that the ratios q@/élin the potentiel
and real flows are equivalent for the matching to be done. Therefore,

we can immediately write from the above relations
& 2 %
bU 2TTn(b/a) ap 1

r 208 .2 \l
F -ﬁgg “n [ ét - %}

which will be used to pick the wake source strength in the potential flow
from the measurements in the real flow. The value of qfge to be used in
en actual case must of course be picked with care, but no basic difficulty
should exist if‘the working section is reasonsbly long. If the wake

has entirely dissipated, the ratio must be 1 with the veloecity increment

being replaced by a static pressure loss, and here the simile bresks
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down. Probably the only thing to be done here is to replace ql/q o
Po = P11
q

by 1 + where p is the downstream value of static pressure.
To return tc the main discussion, Q/bU mey be picked from (14)
and then # may be chosen if Cu( T/2) in free air is known. This can be

computed from the expression

/b0 - (15)
@uL&qlncﬁT%@

which can easily be derived from (13). The only restriction here is

cos § =

that eos Z =1 so that as Gp( T/2) approaches-3, the theoretical value
for no wake, Q/bU must approach zero faster than the denominator in
(15). For the experimental data available, this condition is easily
net.

In Figures 69 and 70, two cases are presented in which experimental
and potential pressure distributions are compared using the method
just outlined. It is seen that the matching, up to the area of sep-
aration, is quite good, and that further consideration of the wake
simulation by this method is probably justified. Therefore, the
general velocity expressions will be worked oul, and the correspond-
ing case in the channel considered.

The complex potential for this source flow can be expressed as

r

' i(gy + 6, = 8)
. [ o o]

where Ty Tps 9ys 6, are related as follows (see diagram)

ri = rZ +‘b2 - 2rb cos (@ = B) 3 r/rl = :iﬁ (g:g)
r§=r2+b2a2r’ocos(9+¢) e

e

T/ = e s 7)
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The potential is o
g . rirz .
2 /Zn T

The stream function is ¥

¥ b 6,
2Q-gl+92-g A}

The velocities can be obtained

easily from the transformation of
8
equation (11) lettingr =r', c=b, 8 =6 = (. PFirst letc =b,

whereupon uy/Q and us/Q become

U _ r* = b . 2b sin © »
@ rr2+b2-2rbecose) ~ Q (?sz-zrbcose)

then apply the transformation and drop the prime to get

U _r?-b% Y% _2bgin (6=
Q 2 > Q 2
rrl 1'1

Adding this flow to its imege in the x-axis and adding the rectilinear flow

solution (4), we get the general velocity expressions -
2 . F 2 —
& T T
U _ (b)2 29 (b) -1 (b)+1-2bcosOcos¢
T = [1-lg |cose +iF "
r/b ~r
1%
1L < i
}(16)
2 | —(('I:) 2+ l) cos f - 2 £ cos _I
E=--1-1-(:°-) 35.1194»?2-g 2 sin © b b
v * by 2 22
2

which represent the velocities in free air of the flow proposed to
similate the real flow with wake. The next step is to investigate the

similar flow in the chamnmel, after which the two can be compared.
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L}e Cylinder with wake in a channel of height a.-=To determine
the flow in the channel, the procedure must be as follows. First,
set up a system of sources like that proposed in seetion 3) with
appropriate images. Then the complex potential will be

%lsi ;@a[(zm"bcosﬁ)v@i(“bsinﬁ*na)]

72="00

+ﬁn[(zmbcos¢)+i(‘bsin{bana)}
m/gnl:z-ina]

This will give a body in a channel of width a, due to the source
flow. Next, another system similar to that of section 2) must be added
to cancel out the flow at % = =oodue to the infinite row of sources, since
‘the disturbance at = oomust vanish to satisfy the boundary condition.
Finally, the solution in section 2) can be added to give the complete
solution. The main problem is to adjust the solutions sc that the
shape of the final body will be as close to the circular cylinder of
radius b as possible.

Now consider the complex potential given here. If we let

1]

Zy=z=bcos P ~1ibsing

%o =2 =bcos P +1ibsinf

we can write F(z) as

J—l-w(n sinh

1 tn mhm-fn sirh D& - __ .. (17)

and writing the real and imaginary parts we get

§%=%A%{coshgg(x=bcosﬂ)-cos-ﬂ' (37~bs5-n¢)}

a
*"ﬁll{coshm Xubcosy})ecosgg-(y+bsin¢)}-(l7a)

% /@l ) { cosh === zﬂx - GOS8 g—?}
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and
¥ -1 ‘ta:n Iy (y b sin 9) -1 | tem g (y+b sin ¢) -l
QQ”%’BH ‘tanh (x~bcos¢) * tan tanha".ﬁ.(:cabccsﬁ)‘l
1 tan _Téz_ - (170)
= tan | Eanh X
a

The velocities in the x and y directions can be written as
~

sty 20T
a smha(ancosfﬁ)

2

£
1

[cosh %—r{xéb cos @) = cos %—r (y=b sin ¢§]

sinh%(x-bcosm

cosh @(X,b cos §) ~ cos %H (y+b sin ﬂ

mhm

cosh 2-;—; = COS gﬂ]

&

) . ==~ (18)
sin%g(y-bsin )]

[cosh %‘E(me cos P) ~ cos %&T'T (y=b sin @)

i

3|
b4

s:m.:2 (Y*bsmm

eosh %—(x«-‘b cos @) - cos "g' (y+b sin @)
. S0
sin &=

E:osh 2’? = GOS mj

&

-

When y = 2@ 2\& = ¥ %5 and at ¥y = 0 and on the cylinder to the
3

Source singularities o =17s To get an equation which represents the
shape of the cylinder, we must let WQ 1T and combine terms in (17b).

When this is done, the following relation is obtained.



55
tanh® - (x=b cos @) + "tan,2 ™ gin 7)
2(1‘1' )__, a a
tan Py

1+ tanz(% sin ¢) ‘bar.nl:'t2 ;Ej- (x-b cos #)
- = = (19)

2 tanhT% tanh S(x-b cos #) [1 + tanz(%b’ sin ysi'

-

1+ ten*(22 sin @) tenk® L(x-b cos #)

This gives the relation between x and y on the body in terms of
b, @ and a. In the strict sense of the derivation it only applies
for x<b cos P but it can easily be shown that it actually applies
to the whole body. The intersections of the cylinder with the coordinate

axes can be cbbtained from the relations

E;an'? (T_fx.ﬂ _ 12452 ;’7"2
X=0 1 +7°8

2F (1473 2

LERap?
2E(1 +79)

[t o3 (ﬂ_ﬂ ,.[:_L__ﬁ?:zf _ 1.:.53] [ sk {12)
47 Y0~ — - (19a)

where },42 = tanh® fTb/a cos @) end 772 = tan® (b/a sin #)

Two things should be noted here. First, we now have a body sym-
metrical about the x-axis but notk gbout the y-axis, and second, the size
of the body relative to a cannot be adjusted by varying the source
strength, since Q does not appear in (19). Since Q is sssumed invariant
from the free air to the channel case anyway, it does not matter. The
Cylinder size can be adjusted in the next step, as will soon become

apparent. Equation (19a) is plotted on Figure 72to indicate the body

shape.
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Once the flow due to the source system is known, the rest of the
£low can be constructed. From equation (18) it is seen that, at very
large negative values of x, the velocity u approaches = g;__@‘ while v
approaches zero. So the first thing to do is to cancel out this velocity,
since the disturbance at x = —oomust be zero for the final flow. This
is done by superimposing a system similar to that of section 2) upon

the source system. The velocity of this system at x = =<owill be

H
%ﬁ and the doublet strength in it, u , will be undetermined. Therefore

its complex potential will be
F(z) = ‘Z—EQ 7+ ’//} coth Ua_? ----- (20)

The shape of the body produced by this potential in the channel
will be close to a circular cylinder, .but will be unlike the shape
from the source system. Therefore, the addition of the two systems
will produce a third bedy of still a different shape which will also
be slightly distorted from the circle. On this last cylinder, we
would like to have y = b when x = 0, and this can be done by picking
/u;' as follows. |

The complex potential for the combined flow is (17) + (20) or

Fla) T2 , & ooin U2 4 T L o 12
2Q-a+2Qcotha+,éqsinha + fo sinh —= = /b sinh "2 ~(21)
The stream function is
A A o s
5%*-&-‘(/-&) sin & s tan o (y = b sin §)
& Q cash%--ccs%rI tanhg(x-bcos %)
- (21a)
i LA
1 |ten £ (7 + b sin @) tan
+ tan™t 2 -'tan"l —

tarh I (x - b cos ) ~t-,anhT-g§
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and on the body when x<<b ecos @ , ¥/2Q =17

Now letting x = 0, ¥ = b, ¥/2Q =77, we ean rewrite (21a) as

P R R l}/}tm«-l E,O:]+tan-1 27/(-5) 1 +77)

2Q | tan T;—h 3 2 (1) )VZ +77

vhere =& = tanh (=~ 'l)- cos @), 7 2 . tanz(ﬂb sin @), V = tan(%)

Thus, the value of doublet strength which is desired can be writien as

§
/‘2—‘3 = tan’% T-farb- ctan r | EARAl ARl - (22)
gL o7y |

) 3
Some representative values of A(/2Q have been computed and are
. H
plotted on Figure 71. Note that for § # 9009 H/2Q has a finite limit

as b/a—=1/2. This limit can be expressed simply as

! ALY
[g@} s 2521’{"2 a T T .

Qa2
This means that we can construct a flow with s finite doublet

strength in which the eylinder actually touches the walls. This naturally
cannot be done when the veloeity U has been added to the system.

To get the x coordinate of this body for y = 0 and x < 0 we let
¥—-0 in the expression for the stream function. Then for very small

¥ the expression becomes

' ’
- 2T % AL -(x—b cos ) [l+tan2<ﬁb sin ¢E|
TT::"(E)"'Y T ty | & TN |
cosh ax -1 tanh” z(x-»b cos @) + tan (‘; sin @)
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vhich can also be written as

27 ,a
...-..;L—z.g_—._ = y(ﬂ){. y- —-:I[La-—-
coshg-gg-e-l a ‘banhT%

%I-T-tanh g (x=b cos ¢) !:1 + 'tanz(jg- sin Q@

-ay ——

tanh® g (x=b cos @) + ’banz(T_T_h gin @)
a

~TT =TT+ 27T

PFinally cenceling ocut the y's we obtain

/u' Q) 1 2 tanh g(x«-b cos @) [1 + tanz(? sin ﬁil
sinh (T_Ei) tanh g& tenh? g(x-b cos @) + ta.nz(% sin f)

s
which gives x/a in terms of b/a, g and A= °Q° The resulting value of x is

the coordinate of the leading edge of the body.

We now have produced the desired source flow in a channel about a
slightly distorted eircular cylinder, and must now add the free stream
velocity U. This is equivalent to adding in the solution from seetion 2)

and now the complete complex potential becomes

F(z) = [U + gam:l z +Eul -w':l °°th%
+ 2Q I:,[n sinthgl +/€n sinhT-fzg-[n sinhﬁf

and the stream funetion becomes

, in 2
i=1+m /‘1 ( )(21@) )
Ua Va i cosh ez cos <y
a a

i . Ty
a tanh g(xe-b cos @) tanh -g(x-b cos f)]

(24)

- tan-l{ic_anj%_ - - (24a)

Mx
tanh ’y



w50
and on the body when x< b cos s f}% = %%0‘5 .

The ordinates of this final body can be immediately defined.
(y)XSO = b by definition sinee the doublet strengths have been picked
with this as a criterion. Noting that (24a) is of exactly the same
form as (21la) we can write an equation like (23} by inspection which

defines (X)y,::g on the body when x= 0. This is

[Mm}: [ﬁ%&i.)(m)]..L - g | 1
ta Ua M) \ Ua si nh?" (T%) Ua £ anhT_%c

2 .
2 tanh g (x=b cos @) [1 + tan (%h sin ¢)]
tanh® g {x=b cos ) + ‘l:z‘ﬂ,rzz(lt*;Q sin #)

219

Y Va

--(25)

which gives x/a in térms of b/as @ and Q. No attempt is made to write
the explicit relation x/a (b/a, P, Q) but a typicel solution is presented
in Figure 73 compared with the solution of equation (8). This indicates
that while the body is slightly more distorted than for the case with no
wake simulation, the inerease is not significant.

The velocities for this final configuration may be most con-

veniently written as

20 aw _
%{Uz_nﬂ”ﬁ[fil +(/.g[f'..)(2zrg)] com B eos BE-1 o
Us Vo 21 Ua [coshz_g_x - cos %]
s DX s 2TY
%=-2T(Ef]l+(/§%-) (%EQ) Smh;( sin & —2 + I (. 18)
a q a [cosh-;—xvcos%zj

- - = - (26)
To check experimental data, O and Q must be picked as in the free

8ir case. Q may be computed from the equation

2?_'_@%.3.-.[\|‘.1_1;' J
Ua 2 de
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and @ must be found by solving [%] x=p Using an experimental value of
<b
_cp(TT/z). The doublet strengths for any case may be taken from Figures

6/, and 67 or computed from the equations. Once a solution is computed in
the channel, it should be compared with the free air case using the
same values of Q and ¢.

Time was not availsble to include sny ex@ensive computations of
this sort in this thesis, but they are quite important in testing the
validity of the method, and should be carried out to some extent at
least. Two short calculations were made and their results are indicated
in Figures 74, 75 and 76.

Figure 7/ illustrates a typical blocksge calculation at x = O with
wake. Note that the parameter (a/b)Aw/U is used rather thenm (a/b)%2 u/U
which was used for case 2. This is done because the latter parameter has a
singularity at b/a = 0 due to the wake terms. Notice that here there is
e double 1imit as y/a and b/a approach zero, which can be compared with

u) _ 21y
X=0

the double 1imit in Figure 66. At b/a = 0, (%Aﬁ = &3, and this

in conjunction with equation (14) gives the result that
Au 1 m-T

40

where u; is the velocity outside the wake downstream of the cylinder.

However, if g and § approach zero at the same rate (%A%> X=0 %’LQ

or twice the above value. More calculations of this nature should be

made to illustrate the general effects of wake size on the rest of the
flow.
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Figures 75 and 76 illustrate two comparisons between the measured
pressure distribution at the channel wall and the theoretical value
computed from equation (26). The correlation is reasonsbly good
although not perfect by any means. It was found in computing such
examples from the data that the quantity 941/%is often not well defined
numerically, and this fact contributes to the differences on the
Figures to a large degree. It would be well to make similar computa~
tions on the remainder of the data available to further check the

correlation.
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4 Check on the Importance of Cylinder Distortion

Since the circular eylinder is distorted slightly in the channel

by the analysis given here, the effect of distortion on velocity should
be checked. This may be done by considering the flow over an elliptie
cylinder.
Using elliptic coordinates, the potential flow about an elliptic
cylinder in a rectilinear flow can easily be derived. On the surface
Vo Vg

of the cylinder, the velocity can be expressed as I ¢
Y

e o =f(b+tec) siny
ij

Z. !
o eos”y + o sin® ] ( 5 Tb"*

X

vhere the semi major axis ¢

o
]

the semi minor axis

it

coordinate perpendicular to the eylinder surface

¥ 3 o
]

= ¢cos , ¥y =Dbsin
For our purpose it is sufficient to check the velocity at x =0, y = b,
7= T/2. Here, the velocity becomes
[_ ‘_f:zJ = bte
U ]
7E |
and to check the distortion effect, let ¢ = b (1 +7) wherez<< 1.
Under this condition the velocity becomes, with higher terms neglected
v,
[— TI{?] = (2 =7+29)
7
ars

and the pressure ecoefficient is

¢, (§) =-3+4r-52%



=53
Thus a 1% distortion in shape will create sbout 0.5% velocity
distortion on the surface and a 1.5% dp distortion. For our case a
1% shape distortion occurs when b/a = 0.2, and for such a size the
change in velocity due to the blockage is about 30%. Therefore, it

is clear that the amount of distortion introduced is quite negligible.
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