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BOUNDARY EFFECT ON FLOW PAST BLUFF BODIES

ABSTRACT

The effects of boundary interference on the drag
force and vortex shedding frequency for equilateral prisms
and cylinders are reported. Test bodies were of single and
multiple-body (single row) configurations. For the former,
the models were mounted in the test section with and with-
out eccentricity. For each case, the empirical constant
k (=us/u) was determined to get an estimate of the separa-
tion velocity ug - The latter is nearly equal to the contract-
ed jet velocity uj. Using uj as the reference velocity, it
was possible to obtain the drag coefficient CDj which was
independent of blockage for all the bluff shapes tested. For
centrally mounted cylinders (subcritical) and prisms at 60°
the drag coefficient CD1 based upon the gap velocity u; was
almost constant. Since both CDj and C are constant, it

D,
can be deduced that the contraction coefficient CC must

remain invariant for these shapes over the ranges of

blockage tested.

The forebody pressure distributions for bluff shapes
indicate that the earlier concept of interpreting blockage
as an increase in stream velocity is not valid in spite of
the fact that the values of CDj are nearly constant for all
the shapes tested, when they are centrally mounted.

For multiple-body configurations, the Strouhal number
S and .Sj were determined using u; and uj as the reference

vi



velocities. S; was found to be nearly constant for prisms

at 60° and cylinders (subcritical) up to a blockage of 0.5.
For prisms at OO, Sj was constant up to 0.3. Interference
effects on the drag force and vortex shedding frequency
caused by the side walls of a single-body configuration were
similar to interference effects caused by neighbouring bodies

on other members of a multiple-body (single row) configura-

tion.
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NOTATIONS

b Width of triangular prisms, (Fig. 1)

B Width of test section, or distance between
center lines of adjacent bodies for multiple
bodies, (Fig. 1)

b/B Blockage or constraint (two-dimensional
d/B flows)

Cc Contraction coefficient

CD Drag coefficient normalized by u,

(=Steady Drag/(ipu®bL))

CD Drag coefficient normalized by u;,
! (=Steady Drag/(ipu®bL))
Chs Drag coefficient normalized by u.,
J (=Steady Drag/(%pujsz)) J
~CDa Drag coefficient of aftbody
CDf Drag coefficient of forebody
CDt Theoretical drag coefficient
Cp Pressure coefficient based upon u
pb Back pressure coefficient
S Pressure coefficient at the separation
P point
D Drag force acting on unit height of test
body
d Diameter of circular cylinders, (Fig. 1)
e Distance between the center line of the
test body and that of the wind tunnel,
(Fig. 1)

e/b,d/d Eccentricity
£ Vortex shedding frequency

G Distance between the test body and the side
wall of the wind tunnel (narrow side), (Fig. 1lc)
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G/b,G/d

Gap width

k An empirical constant (=us/u)

L Span of the body

Py, Base pressure

Pg Pressure at the separation point

P, Wake pressure

P Pressure of the undisturbed flow

R Reynolds number based upon b or 4,
(=ub/v, or ud/v)

S Strouhal number normalized by u,
(=fb/u, or f£d/u)

S\ Strouhal number normalized by u,,
(=fb/u,, or f£d/u;)

S. Strouhal number normalized by u.,

J (=fb/uj, or fd/uj) ]

S Separation point, (Fig. 1)

u Mean undisturbed velocity, (Fig. 1)

u; Mean gap velocity, (Fig. 1)

uj Contracted jet wvelocity, (Fig. 1)

ug Vglocity along the separation streamline,
(Fig. 1)

p Density of fluid

v Kinematic viscosity of fluid

0 Angle of orientation of prism, (Fig. 2)

INTERRELATIONS

1 - Cps Cc = 1/(1-b/B)k uj =u, = ku

u/(1-b/B) Cp, = (u/u,)? Ccy cDj = cc2 Cp,

(u/u,)s Sj = 8/k Sj = CCS1



CHAPTER 1

INTRODUCTION

Earlier building codes provided guide-lines for selecting
wind loads on buildings, as though they were single structures.
Only recently, these codes have been revised to include the
interference effects of neighbouring structures, while evalua-
ting wind loads. Interference effects may lead to major
modifications of the load pattern on an existing building due
to the erection of a neighbouring building. Leuthesser [1]
has conducted model studies for flow past a building complex to
show that very large negative pressures could develop due to
the interference effects. This type of loading would be
detrimental to the large glass panels of the prototype struc-
ture. McLaren [2] considered interference effects of twin
rectangular structures. His test data determined the critical
spacing between the structures to avoid interference wind loading
over a range of turbulence intensities. Klenhofer [3]
observes that the suction loading experienced by the roof tops
of buildings caused by interference effects is a function of
both the spacing and relative heights of the buildings.
Recently, considerable interest has also been given to the
pattern of air flow around buildings. This forms a signifi-
cant design factor for the architect concerned with architec-

tural aerodynamics.



Interference effects are also important from a
different viewpoint. Although laboratory models are exposed
to air flow which is subject to lateral constraint, proto-
type structures are acted upon by wind which has no such con-
straint. One of the immediate effects of this interference
due to the tunnel walls of a test facility is to increase the
velocity of the flow past a model (Fig. 1). This effect may
become very severe if over-sized models are used during tests.
Often, one adopts an over-sized model to incorporate details
of the field structure. Under such circumstances the nature
of interference loading associated with the test program

should be known.

It is not uncommon to find a relatively large object
such as a pillar of a building passing through an air duct
system in a large building complex. In such cases, power
requirements for maintaining the air flow in the duct can be
computed if the total drag experienced by the obstacle in-

cluding interference effects is known.



CHAPTER 2

REVIEW OF PREVIOUS INVESTIGATIONS

2.1 DRAG CORRECTION FOR WEAKLY CONSTRAINED
FLOW

In the ensuing discussion, blockage or constraint
causing boundary effects for flow past bluff bodies is defin-
ed as the ratio of model area to the area of the test section
(Fig. la). When multiple body configurations (two-dimension-
al) are considered, the area of the test section is replaced
by the area between the centre lines of adjacent bodies

(Fig. 1b).

To account for the interference effects due to the
side walls of the test facility, Glauert [4] proposed a
constant increment to the flow velocity. This increment is
supposed to take care of the increase in the velocity past
the model. He provided a good appraisal of the nature of
interference effects associated with constrained flows and
used the method of image to arrive at the induced inter-
ference velocities on wing sections. Lock [5] also
adopted the method of images to study the interference effects
on symmetric objects. According to him, the increment in
the velocity to account for the interference effects is pro-

portional to the square of the blockage.

Besides increasing the velocity in the vicinity of

the body, the side walls increase the velocity of the flow



just outside the wake. This reduces the wake pressure and
hence the body experiences a higher drag force. Lastly, the
existence of the side walls in a test facility is associated
with a longitudinal pressure gradient, when the side walls
are parallel. Glauert [4] observes that this is of little
consequence in evaluating bluff body drag. Maskell [6]
used the experimental results of Fail et al [7] to advance
a formula for the drag coefficient CD which included inter-
ference effects. He assumed that the flows in constrained
and unconstrained situations were dynamically similar and
that the wake pressure Py, was close to the base pressure
P, In general, this is not true [8,9]. 1In arriving at
the above formula, Maskell used the momentum relations.
Modified versions of his formula have been used successfully
by different authors [10,11,12]. The data used by Maskell
to substantiate his theory was associated with very limited
blockage [7] . Denoting the velocity at the separation point
as ug (Fig. la) the velocity of the undisturbed stream as
u and the ratio us/u as k, Maskell showed that the
value of CD/k2 was constant for a given shape over a low
range of blockages. This is a necessary condition for
dyhamic similarity. Nevertheless, the invariance of CD/k2
does not ensure dynamic similarity as implied in his theory.
In fact, pressure measurements taken during the course of
the present investigation and also those presented by

Shaw [13] demonstrate this fact for flow past bluff shapes

subject to interference effects.



2.2 DRAG CORRECTION FOR STRONGLY CONSTRAINED
FLOW

Shaw [13] has provided a detailed analysis of the
flow past a normal plate subject to side wall constraint.
Further, his test results [13,14] cover a broad range of
blockage and provide supporting evidence to the method pro-
posed by him to include interference effects. According to
him, the velocity uj at the contracted jet section is close
to the separation velocity ug - As such, in the case of flow
past bluff objects subject to interference effects, the
contraction coefficient Ce is a significant parameter. In
fact, in a related study [15], it was possible to success-
fully adopt Shaw's theoretical values of Cc to provide the
proper reference velocity to normalize the drag coefficients
of bluff objects. 1In a slightly different context,

Sarpakya [1l6] obtained the expressions for the contraction
coefficients of flow past inclined plates which denoted

butterfly valves.

Modi [10] obtained a better correlation to his
data related to flow past a circular cylinder subject to a
relatively strong lateral constraint by including higher order
terms in Maskell's analysis. Interference effects as applied

to axisymmetric bodies have been reported by Lin [17,18].



2.3 BLUFF BODY ATTACHED TO WALL

In the limit, an eccentrically mounted model becomes
a model attached to one of the walls (Fig. lc). Field
applications of such configurations include pipelines cross-
ing the beds of waterways and pillars crossing air ducts.
The flow past a bluff body attached to a wall is characteriz-
ed by flow separation upstream of the body and the absence
of free oscillations of the wake in the rear of the body.
Arie [19] observed that the floor boundary layer upstream
of the body was a secondary factor to contend with, in
analyzing the characteristics. However, Good [20] has
shown that the characteristics of the upstream boundary
layer flow is a primary factor that determines the nature of
flow past a wall-mounted normal plate. Although its impor-
tance was recognized, no attempt was made during the present
test program to simulate the upstream boundary layer. The
models attached to the side wall were viewed as the extreme
case of mounting the bodies eccentrically in the test sec-
tion. The boundary layer at the test section was very thin
relative to the model size for the clear tunnel case.

2.4 INTERFERENCE DRAG FOR GROUP
CONFIGURATIONS

Besides studies on building groups [2], the inter-
ference effects on the drag force experienced by an individ-

ual member of a group of bodies has application in the area



of pile groups [21] and pier rows [22]. A brief discuss-
ion related to interference drag for flow past single rows of
circular cylinders and streamlined struts is provided by
Biermann [23].

2.5 VORTEX SHEDDING FREQUENCY CORRECTION
FOR CONSTRAINED FLOW

Abernathy [24] extended Roshko's notched hodograph
theory [25] to include flow past inclined plates subject to
side wall interference and provided experimental data to
support his theoretical model. Like Roshko [26], he too,
proposed a universal Strouhal number based on the velocity
along the separation streamline, the distance between the
free streamlines and the frequency of vortex shedding. This
Strouhal number was found to be nearly constant for a wide
range of blockage and plate inclinations. Chen [27]
conducted tests on a 90° wedge which was subject to varying
degrees of blockage. According to him, Roshko's proposition
related to the universal Strouhal number [26] was only
applicable in a very narrow range of blockage for the 90°
wedge. Tozkas [28] conducted tests on circular cylinders
and normal plates set in a narrow channel and found that the
so-called universal Strouhal number concept was not appli-

cable when blockage effects are present.

Toebes [29] has reported the values of Strouhal

number for flow past circular cylinders and triangular prisms



subject to a maximum blockage of 0.445. 1In particular, for

the prisms at 6 = 60°

(Fig. 2) and circular cylinders (sub-
critical flow), he used the gap velocity u; (=uj CC) to
normalize the vortex shedding frequency. The choice of u;

in place of uj as the.reference velocity is appropriate

(see Notations-Interrelations), if Cc does not vary with
blockage. For both the prism at 60° and the circular cylinder,
the results of Von Mises [30] and Toch [31] provided indirect
evidence that Ceo does not vary with blockage. The

data compiled in the present investigation provides evidence
to support this fact. However, for the triangular prism at

6 = OO, Toebes used the contracted jet velocity uj as the
scaling factor to obtain the Strouhal Number Sj' To compute
uj, the values of C., were obtained on the basis of Shaw's
analysis [13] related to constrained flow past a normal
plate. For this prism, Sj remained constant for low block-
ages (b/B < 0.3) and increased gradually for higher blockages.
These results have been further confirmed in a recent inves-
tigation [15]. Toebes [9] also investigated the near wake
characteristics of the triangular prism (6 = 0°) and conclud-

ed that the actual wake bubble geometry was quite different

from the theoretical quasi-steady wake bubble [6].

Shaw [32] has studied the vortex shedding frequency
of bluff bodies placed in eccentric locations between two
side walls. For this purpose, he towed two-dimensional bluff
shapes iq a water tank and obtained the vortex shedding fre-

quencies from visual observations.



2.6 VORTEX SHEDDING FREQUENCY OF GROUP
CONFIGURATIONS

Vibration of tube banks is a serious problem in the
design of heat exchangers and a number of investigators [33,
34,35] have studied the vortex shedding frequency of multiple
body configurations. In this context, some current research
trends are reviewed by Mair [36]. Recently, Borges [37]
provided useful data related to the vortex shedding fre-
quency of single and multiple rows of circular tubes. He
observed that the flow downstream of a single row of cylinders
becomes unstable when the spacing between adjacent cylinders
was reduced to twice the diameters of the cylinders. Accord-
ing to him, up to a blockage of 0.5, the mean velocity u;
in the gap between the cylinders was the controlling velocity
for forming the Strouhal number S; which was found to be

nearly constant.

The vortex shedding frequency of twin rigid cylinders
spaced at various spacing ratios were determined by Spivak [38].
He found that the cylinders ceased to shed individual vortices
when the gap between the cylinders was less than their dia-
meters. For such a situation, the vortices were shed by the
composite body formed by the two cylinders. Livesey [39]
investigated the flow induced forces on a pair of cylinders
which were free to vibrate. When the gap between the cylinders
was of the order of their diameters or more, they vibrated

independently confirming Spivak's observation that individual
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vortices are shed from the twin cylinders at these spacings.
For smaller gaps Livesy's data indicated "in phase vibration"
of the cylinder pair which further confirms the "composite
body" effect observed by Spivak for comparable gaps between

the twin cylinders.

2.7 SCOPE OF THE PRESENT INVESTIGATION

The present investigation was undertaken to study
the boundary effects on the drag force experienced by circular
and equilateral triangular bodies (Fig. 2). Aerodynamically,
they provide a sharp contrast from the point of view of flow
separation. Drag forces obtained either by direct measure-
ment with the aid of a force gage or by integrating the
pressures taken around a body. To study the interference
effects, the models were mounted both in the central and
eccentric locations. For the central case, single and multiple
body configurations were included. The modification in the
vortex shedding frequency of these shapes subject to inter-
ference effects is also reported. For the eccentric case,
only single body configuration was studied. To predict the
drag coefficient, a theoretical formula has been derived

based upon the momentum balance.
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CHAPTER 3

EXPERIMENTAL SET-UP AND PROCEDURES

3.1 FORCE GAGE MODELS

Tests were conducted in a wind tunnel whose test
section was 14 %gu x 10". The Styrofoam models were 10"
long and the model surfaces were sanded to a smooth finish.
Circular cylinders and equilateral prisms formed the basic
shapes (Fig. 2). The models were attached to a force gauge
in which a displacement transducer was housed (Fig. 3).

For the design of the force gage, see Appendix 3.

The steady forces on the models were obtained from
direct static calibration results. The vortex shedding
frequency was determined from the record on a paper chart or
through spectral analysis. For the latter, a B & K analyser
(Fig. 4) was used. At higher vortex shedding frequencies,
the model was held rigid and the vortex shedding frequency
was obtained from hot wire surveys in the wake of the bluff

body.

3.2 PRESSURE TAP MODELS

For surface pressure measurements, machined metal
models were used. They were rigidly fixed at the ends in
the test section. The surface pressures on the models were

measured with the help of an inclined manometer. Integration
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of pressure gave the steady forces acting on the models. Hot
wire wake surveys yielded the information about the vortex
shedding frequency for the models. The pressure coefficient
Cps at the separation points for all the shapes was deter-
mined experimentally for a large range of blockages and gaps
(Fig. 1). This enabled the estimation of k's which were

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

However, the tests dealing with the drag force of
multiple configurations (Fig. 1lb) could not be extended to
the lower range of blockages, as the small size of the
cylinders did not allow sufficient numbers of holes to be
drilled around their peripheries. A wide range of blockage
was covered for determining the vortex shedding frequency

of multiple bodies.

3.3 OTHER EXPERIMENTAL PROCEDURES

The velocity at the entrance to the test section
was obtained with the help of a pitot tube-micro manometer
combination. This, in turn, was correlated to the mean un-
disturbed velocity u at the test section. The intensity
of turbulence in the test section was estimated to be of
the order of 1%. For the calibration of the wind tunnel,
see Appendix 2. In conducting the tests on the bluff body
attached to the wall, the side walls of the test section

were replaced with two adjustable plates.
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CHAPTER 4

ANALYSIS OF RESULTS

4,1 THE EFFECTIVE VELOCITY

In the foregoing discussions, the contracted jet
velocity uj (Fig. 1) is considered to be the proper refer-
ence velocity to normalize the drag force and the vortex
shedding frequency of bluff bodies subject to boundary inter-
ference. In the free streamline model the velocity is
assumed to be invariant along the free streamline (sw in
Fig. 1). This implies that the separation velocity U is
equal to the contracted jet velocity uj. For flow past
a normal plate set in a narrow channel, uj is close to ug
and is uniform all across the contracted section for flows
which are at least moderately constricted [13]. The
estimation of u, can be obtained either through the deter-
mination of the pressure coefficient CpS near the separa-

tion point or from the estimates of the contraction co-

efficient Cc.

By applying the energy relation along the free

streamline, it can be shown that
k> =1 - (4.1)

where
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k = u_/u (4.2)
C o= (Pg=P)/3p u?) (4.3)

When blockage is increased for flow past a bluff body, the
contribution of the downstream suction becomes disproportion-
ately large compared to the upstream thrust and when the
blockage is high, the pressure distribution in the rear of
the bluff body is generally uniform. Under these circum-
stances, the drag coefficient CD and the pressure co-
efficient Cps have a strong correlation. The empirical
coefficient k is directly connected to Cps' Consequently,
the ratio CD/k2 remains almost constant especially when

the blockage is high.

4.2 THE EMPIRICAL CONSTANT, k

The theoretical relationship between k and the
blockage b/B for the normal plate [13] is sketched in
Fig. 5. The present experimental values of k for the

prism at 6 = 0°

are also plotted in the same figure. These
esfimates were obtained through the determination of the
pressure coefficient CpS near the separation point. The
values of k for the prism at 6 = 0° deviate a little bit
from the corresponding theoretical values of k for the

normal plate when the blockage is small. Part of this

discrepancy can be traced to the arbitrariness associated
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with the estimation of the undisturbed pressure p while

determining C However, the discrepancy becomes negli-

ps’
gible when the blockage increases as errors in the estimate
of p become less significant. The estimate of k and
cpS are not influenced significantly by the after body of
this prism (central mounting).

In Fig. 5, the experimental values of k for

prisms set at 6 = 600, circular cylinders, and 90° wedges [27]
are included. The fact that the 90° wedge and the prism set
at 60° seem to have a common curve for the variation of k
with blockage is again traced to the minor errors that are
built into the definition of the reference pressure p. 1In
the present tests, it was determined by estimating the static
pressure at a section 15 inches ahead of the model center.

The value of k for b/B » 0 denotes the case where boundary

interference is absent.

4.3 SIMILARITY OF PRESSURE DISTRIBUTION

Although it is reported that the pressure distribution
in the rear of the flat plate is uniform [13], the pressure
distribution in the rear of the prism (6 = Oo) is non-uniform
(Fig. 6). This may be due, in part, to the presence of the
prism's after body. Compare Fig. 7, Cp for prism, 06 = 60°.
However, as stated earlier, the value of Cps for the prism

(6 = 0°) yielded k values which approached the theoretical

value of k for the flat plate. The non-dimensional form of
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the pressure distribution Cp/CDs in the rear of the prism
(6 = 00) set at several blockages resulted in a single dis-

tribution, (Fig. 8). Since Cpb/ = (pb-p)/(ps—p), the

Cps
pattern of pressure differential (pb—p) at any point in the
rear of the prism is determined by the pressure differential
PP at the separation point. In other words, there is a
similarity in the distribution of the pressure differential
in the rear of the prism when these differences are normaliz-
ed by the pressure differential at the separation point.

Not even this type of similarity is present in the wetted
portion of the prism (forebody), because the stagnation
pressure coefficient is always unity (point 7, Fig. 6) for
all blockages (central case) while Cps in the vicinity of
the separation point (points 1 and 13 in Fig. 6) attain
different (lower) values at higher blockages. This indicates
that in general, it is not possible to represent the pressure
distribution around the bluff body by choosing a scaling
factor. Published pressure distributions for flow past a
normal plate set in a narrow channel [13] also defy any
attempt to group the upstream pressure distribution for
different blockages. Briefly stated, Maskell's [6] "Inter-
pretation of constraint as an effective increase in the stream
velocity" is not appropriate, especially when the constraint

is severe.
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4.4 DRAG COEFFICIENTS OF BLUFF MODELS IN
CENTRAL LOCATION

The drag force on the three shapes (Fig. 2) have

been normalized by the velocities u, u;, and u.. The mean
gap velocity wu:; (Fig. 1) is readily obtained from the
continuity equation. In each case, Cps was determined.
This, in turn, yielded an estimate of k (Fig. 5). These

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

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

CDj(=CD/k2) was obtained by adopting uj as the reference

velocity. The nearly constant values of CDj shown in

Fig.9 (see also Appendix 1) confirms earlier predictions [15]
related to the invariance of CDj for this prism. However,
it should be noted that in the previous investigation, the
values of k were obtained from reference [33]. 1In the

same graph, (Fig. 9), the points denoting b/B = 0.371 and
0.486 belong to the multiple body configurations (single row)
and these points seem to fit well with the general trend for

C C and CDj for single body configurations.

D’ D,

. The drag coefficients CD, CD1 and CDj for the
prism (6 = 600) and the circular cylinder (subcritical) are

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

values of CD1 remains constant for the prism (6 = 60°) . Since

(c.)c 2

C.. and CD1 are both constant (Fig. 10) and CDj D, Cc

D3]

(see Notations,Interrelations), the value of the contraction
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coefficient CC should also be nearly constant for this prism
in the range of blockages considered. A similar conclusion
can be drawn for circular cylinders (subcritical) by observ-
ing the nearly constant values of CD1 and CDj in Figs. 11
and 12. Indeed, the assumption that Cc is constant for the
prism (6 = 600) and the circular cylinder (subcritical) was
taken for granted in the analysis of data in some of the
earlier investigations [15,20]. 1In Fig. 10, the point
denoting b/B = .647 belongs to the multiple body configura-
tions (single row) and this point seems to fit well with the

general trend for C C and CDj for single body configura-

D’ 7D,

tions.

The drag force data for circular cylinders has been
plotted in Figs. 11 and 12 (See also Table 2). The single
cylinder's drag data can be grouped together to yield a
constant value for CD1° In so doing, only the data corres-
ponding to the subcritical Reynolds numbers were chosen.

This was done by restricting the selection of data to a

range where CD did not vary appreciably with Reynolds

number (Fig. 11). The cylinder drag force was again normaliz-
ed using uj to yield CDj' Fig. 12 indicates that CD1

and CDj are both nearly constant for the single circular
cylinder (subcritical), when the blockage is at least moderate.
As mentioned in an earlier section, this leads to the

conclusion that Cc is constant for flow past single cylinders

in the range of blockages tested.
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In Fig. 11, the data for the multiple cylinders is also

presented. Although the value of C for the multiple cylinder

D,
(critical flow) falls short of the mean CD1 for the single
cylinder (subcritical flow), the values of CDj for both the
single and multiple configuration are nearly the same. For
the multiple body configuration, the pressure distribution
(Fig. 13) around the cylinder surface indicates that the flow
is approaching the critical range, especially for the three
larger values of the Reynolds numbers. At these Reynolds
numbers, the point of separation appears to have moved down-
stream (Fig. 13). This lowers the value of Cps and hence k.
The value of CD also decreases with the increase of the
Reynolds number. (See Table 2, Runno 28-32). Hence, CDj has

nearly the same value for multiple cylinders over the range

of Reynolds numbers considered.

Fig. 14 indicates the drag contribution of the
pressure acting on the upstream and downstream portions of
the central prisms. For the prism (6 = 0°), the accelera-
tion of the flow in the forebody leads to suction pressures
which amount to a large forward thrust, when blockage is
severe. However, even larger suction pressures develop in
the rear of the prism (Fig. 6) and the final result is an

increase in the net drag force.
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4.5 DRAG COEFFICIENTS OF BLUFF MODELS IN
ECCENTRIC LOCATIONS

The experimental drag force on all the three shapes
for the case of eccentric mounting has been normalized,
using u, ui; and uj as the reference velocities. For the
r C and C are plotted in Figs. 15 and 16
D D, Dj
(See also Table 3). The interference effect of the side wall

two prisms, C

appears to be negligible when the gap G/b is more than one.
This seems to be the case for all blockages tested. The
values of CDj seem to be constant for both the prisms for-

a large range of blockages and gap widths. However, the

value of CDl displayed a much wider spread at low gaps G/b.

The pressure distribution around eccentrically mount-
ed cylindrical models indicate that the value of Cp at the
stagnation point is much lower than unity (Fig. 17). Further,
the stagnation point on the cylinder surface gets shifted
towards the narrow gap side by a small angle. Comparison of
the pressure data for the cylinder mounted with and without
eccentricity indicates that the flow meets the cylinder at
an oblique angle when the mounting is eccentric. 1In fact,
by giving a constant angular increment to all the pressure
tap locations, the symmetry of the pressure coefficient
graph (Fig. 17) can be improved. Some visual observations
were made in a smoke tunnel to establish the fact that the
flow approaches the circular cylinder at an oblique angle

when it is eccentrically mounted (Fig. le).
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Fig. 18 depicts CD’ C and CDj for different gaps,

D,
G/d, over a range of Reynolds number from 2 x 10* to

3 x 10°. (See also Table 2 and 3). Fig. 19 was produced by
choosing from the above figure the data in the subcritical
region. From Fig. 19; it can be seen that CDl and CDj remain
nearly constant. However, CD shows some erratic trends as

the gap G/d is reduced. This is traced in part, to the
deflection of the oncoming flow induced by the eccentrically
mounted cylinders. This deflection of the flow Jgenerally
resulted in a downstream shift of the separation point on
the narrow gap side (Fig. 17). The location of the separa-
tion point on the wide gap side did not display any clear
trend. It is felt that its specific location was dependent on
the distribution of the deflected flow in the two gaps.
Biermann [23] who conducted drag tests on twin cylinders in
a very wide wind tunnel observed that the flow characteris-
tics change rapidly when the spacing is nearly 1.75 diameters.
These changes are rapid and can result in a positive or
negative increment to the drag forces at this critical spac-

ing ratio. He also comments on the possibility of flow changes

even when the spacing is held constant.

The forebody pressure distribution around the
eccentrically mounted prism set at 60° displayed a peculiar
form (Fig. 20). The flow separates on the wide gap side and
re-attaches to the model surface at a downstream location.

For a fixed eccentricity (e = 3.5" in Fig. 20) the re-attach-
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ment point seemed to move downstream with increased blockage.
Fig. 1d shows the smoke tunnel photograph of the instantan-
eous streamlines for the deflected flow past an eccentrically

mounted prism set at 60°.

When the prism (6 = OO) was mounted in the test
section with a large eccentricity, the values of the pressure
coefficient Cps at the two separation points were not always
equal, Fig.21. At lower blockages, the values of Cps
differed slightly. However, this difference became almost
negligible when the blockage increases. Further, the pressure
distribution, in the rear of the body was nearly uniform at
higher blockages. On the other hand, for eccentrically

© the

mounted circular cylinders and prisms set at 8 = 60
values of Cps at the two separation points did not differ from
each other for all the blockages tested (Figs. 17 and 20).

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

body beyond the points of separation in these two shapes is

either too short or non-existent.

4.6 GEOMETRICALLY SIMILAR MODEL

4.6.1 Contracted Coefficients for Eccentrically
Located Prisms (6 = 0°)

As mentioned in the previous section, for eccentric
prisms (6 = OO), the values of Cps (and hence k) at the two
separation points are almost equal, especially when the

blockage is high. Thus, for either branch of the divided
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flow, the blockage must be nearly equal, since blockage
uniquely determines k, (Fig. 5). Consequently, Cc for
either side must be nearly equal. With reference to the
sketch (p.25 ), it can be seen that b,;/B: = b,/B, or

b:/b2 = B1/B2. Hence, the stagnation streamline pq

which divides the flow between the two branches will assume
such a position as to yield almost equal contraction co-
efficients. However, Fig. 21 indicates that the location
of the stagnation point was closer to the wide gap than that
indicated by this model. Part of this situation can be
traced to the fact that the streamlines in the actual flow
get deflected toward the wide gap. (Fig. 22a).

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

(e}

For eccentric prisms (6 = 07), C. can be predicted

D

by using an equation which was primarily derived for a central
normal plate. When the prism is eccentrically mounted, the
stagnation streamline will divide it into two parts, each

of which can be considered as a gate protruding from the
by
5 -

Clearly, the position of the stagnation streamline will be

wall with approximately equal blockage. Define m =

completely determined once the value of m is found. It

can be seen that m is given by
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The following expression is adopted to obtain CD

for each portion of the body

_ 1 2 2 2,2 2 -1 ,A%-1
CD = -?:—Z-W [(A +l) (A"'l) - ;T—(A —l) tan (T)] +
A (—B")
+(A%-1) (4.4)

where, using notations of [13]

>
1]

kj B/' and

P
1

an empirical constant to relate the separation

and jet velocity.

Consequently, the total drag force acting on the body can be
computed. This, in turn, yields the drag coefficient CD

for the eccentric prism.

The results are shown in Table 4. From this, it can
be seen that for blockage greater than .30, the agreement
between the predicted and experimental values is reasonable
with the exception of those corresponding to low m values.
For blockages smaller than .30, referring to Egn.(4.4).the
values of kj have to be determined with some difficulty
[13](Fig. 11). Further, due to machining limitation, the
corner along the length edges of the body can hardly be
made as sharp as implied in the theoretical model. This
limitation is particularly true for bodies made of styro-

foam. As a result, at large eccentricities, i.e., small
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m's, the narrower divided portion of the body will make a small-
er contribution to the total C, than predicted by Eqgn. (4.4).
These may be the reasons for the discrepancy between the
theoretical and experimental values of CD for b/B < .30,

and at low m's for b/B > .30.

4.6.3 Momentum Balance Model

The drag force acting on a prism that is mounted
eccentrically, can also be predicted by using the momentum
balance. For this purpose, a control volume HGNM is taken,

as shown in the accompanying sketch.

H M
4
U, —o
|
By
P
v B Ys —Pw= Py
[}
b, b
[]
P b1 94
)
B,
4 Vi—
G N

SKETCH MOMENTUM BALANCE MODEL



26

With reference to Section 4.1, let Py, be equal to Py, - With

this assumption, one notes that the pressure is nearly uniform

all across the control surface MN. The momentum relation

yields

D = (p-p,)B - pujz(B—b)Cc + pu?B (4.5)

From continuity

= u - B
(B—b)CC = 0. B %
-]
and using Egqn. (4.1)
= - 1ou? = - 2.
Cos (py,-p) /3pu (k*-1)
Hence
D = % pu®B(k-1)2
and the theoretical drag coefficient
Cpp = —2— = = (k-1)? (4.6)
%Duzb (_B—)

The values of theoretical and experimental drag
coefficients are compared in Table 3. From this, it can
be seen that for blockage greater than .30, the agreement
is quite close. However, for b/B < .30, CDt is larger than

Cphe This may be explained as follows. When blockage is
low, the pressure is less uniformly distributed across the

contracted jet section (see Section 4.1) and there is a
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negative pressure gradient from the free streamline toward
the wall. Hence, the mean pressure is smaller than the
assumed pressure Py, Accordingly, the mean contracted jet

velocity is greater than uj. Rewrite Egn. (4.5) as

w)
1l

2 _ _ _ _ _ _ 2 -
pB + pu’B pb(B b)C, Py [B-(B b)cc] pu (B b)cC

pB + pu’B - (pb+%puj2)(B—b)CC - P, [B—(B—b)Cc]

- %pujz(B—b)CC (4.7)

In Egqn. (4.7), it can be readily seen that the third
term yields a fixed value for a certain flow condition, and
the fourth term provides a correct estimate. However, in
the last term, using uj in place of the mean contracted
jet velocity will result in an overestimation of the drag
force. Therefore, for blockage smaller than .30, the theoreti-

cal is greater than the experimental drag coefficients.

4.7 BLUFF BODY ATTACHED TO WALL

For a bluff body attached to the wall, the upstream
standing eddy makes the forebody pressure between the wall
and the stagnation point constant for all blockages
tested. (Fig. 23-25). The absence of a gap makes the after-
body pressure distribution essentially uniform (Fig. 23-
25) unlike its counterpart models for which the gap is finite.
For comparable blockages, a wall body has a lower drag than

a body with a finite gap. (See Tables 1 and 2). This charac-
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teristic of the wall bodies is linked to the deflection of
the oncoming flow. Visual observations in a smoke tunnel
confirmed this behaviour of the flow configuration (Fig. 22b)
and c).

4.8 VORTEX SHEDDING FREQUENCY FOR MULTIPLE BODIES
(SINGLE ROW)

The Strouhal numbers S, S; and Sj for the single rows
of cylinders and prisms shown in Figures 26 to 28, are based
respectively on the undisturbed mean velocity u, the gap
velocity u; and the contracted jet velocity uj. In all
cases, S increased with blockage. In the lower range of
blockage, S, is nearly constant for the single rows of prisms

at 60° and cylinders.

S1 for the single rows of prisms at 0° indicated a
marked increase with blockage. Sj was nearly constant up to
a blockage of 0.3 (Fig. 26). These trends are similar to the
characteristics displayed by single prisms subject to
comparable blockage. As blockage is increased to 0.5, vortex
shedding for single rows of cylinders and prisms occurs at
more than one frequency (Figs. 26, 28). For single cylinder
rows, Borges [37] too has reported the existence of multiple
vortex shedding frequencies at higher blockages. Even for
flow past twin cylinders of diameter d, the flow character-
istics have Ibeen observed to change distinctly, when the gap

between the cylinders is reduced to the order of d. In the
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present tests, the hot wire signals for single row bodies
consisted of a larger number of harmonics when the blockage

was increased beyond 0.5.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

The experimental values of the empirical constant
k, has been determined for the two prisms and the cylinder
over a range of blockage. The experimental values of k
for the prism at 0° agree closely with the theoretical
values of k for normal plates when the blockage is at

least moderate.

For flow past bluff shapes, solid boundary inter-
ference cannot be interpreted merely as an effective increase
in the stream velocity. In particular, the forebody pressure
distributions for all the shapes defied attempts to regroup
and form a single distribution. However, the drag force for
the two prisms and the cylinder yielded nearly constant values
for the drag coefficient CDj' The fact that CD1 and CDj
are both nearly constant over a range of blockage for the

prism at 60° and the cylinder (subcritical) indicates that Cc

does not vary much with blockage.

For eccentrically mounted prisms and cylinders, CD

was independent of the gap (G/b or G/d) when the latter was
more than unity. CD for the circular cylinder displayed some
erratic trend when the gap was reduced. For eccentrically

mounted bodies, the flow was deflected towards the wider gap,
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and CDj was nearly constant for any one shape.

The Strouhal number S; for multiple prisms
(single row) at 60° attains nearly a constant value for block-
age up to 0.5. 1In this range of blockage, S; for multiple
cylinders is also constant. For multiple prisms at OO, Sj

is nearly constant only up to a blockage of 0.3 and gradually

increases beyond this blockage.

From the point of view of the drag force and the
vortex shedding frequency, (b/B < 0.5), the interference effect
due to the side walls on a single body appears to be similar to
that due to neighbouring bodies on a member of a multiple body

configuration.

5.2 RECOMMENDATIONS FOR FURTHER STUDIES

The present study can be extended to cover the

following situations:

(1) The effect of wall interference on the unsteady

force coefficients for bluff shapes.

(2) The effect of wall interference including

hydroelastic effects, and

(3) Detailed wake study under constrained flow

condition.
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PROGRAM 1 CD CD1 AND CPJ FOR TRIANGULAR PRISMS RASED UPON PRES
___ . SUPE DISTRIRUTTON.

\

oo o0non
|
‘.
]
|
]
»
!
i
i
1

PROGRAM TRTAN(INPUT.OUTPUT)
DIMENSION P(1444)9D6G(4)
REAL K
1 FORMAT(S5F10.4915/(8F10,4))
T ) FORMAT(BX9FS5e3aF7e332F6.2eFBe3eF8ePeF9,24F6.25FT.2:3F6.,2+F6.35187
3 FORMAT(8XsSHWIDTHs7H RLOCW 46H ECC+6H GAPs8H DELTAHs8H
1Us 9H Ry6H DRAGs7H CPSs6H Ks6&H CD+6H CD1l,46H (
2DJsRH RUNNOs/ /)
4 FORMAT (/)

42 FORMAT(1HLe//////913X9B6HTARLE CD CD1 CDJ FOR TRIANGULAR PRISM¢
- 1 AT 0 DEGREE+BASED UPON PRFSSURE DISTRIBUTIONs/) ' o
43 FORMAT(1HLe/////7/913Xs8THTABLE CD CD1 CDJ FOR TRIANGULAR PRISMS
1 AT 60 DEGREEZRASED UPON PRESSURE DISTRIBUTIONs/)
M=1

11 READ T7+SHAPE
~ IF(SHAPE.EQ.100.) GO TO 22
- IF (SHAPE EQ.1..NR.SHAPELEN,?.) GO TO 6
IF(SHAPE.EQ.3+) GO TO 40
IF (SHAPE.EQ.4+) GO TO 41
GO TO 8
40 PRINT 42
CPRINT 3
GO TO 8
41 PRINT 43
PRINT 3
GO TO 8
6 PRINT 4
8 READ 1eDeHoEICPRoWINg ((P(T4J)9T=19N)oJ=1e3)
DO 17 J=1+3 B
S=0,
NN=N=1
DO 10 I=1sNN
A=P (1o J)+P(T+1,J)
. SESeA
10 CONTINUE
IF(D.EN.2+60) GO TO 12
IF(N.EN.3.40) GO TO 13
IF(D.EQ.4453) GO TO 70
IF(J.EQe3) GO TO 60
DG(J)=.0144%S
GO TO 17
60 DG(J)=.,0288#S
GO TO S0
70 IF(J.EQ.3) GO TO 14
DG(J)=.0336#S
- GO TO Y}7
14 DG())=,0672%S
GO TO 50
13 IF(J.EQ.3) GO TO 15




—_END

7

15 DG(J)=.05048S

12
17

16
.50

18
19

34

_ 35

22

K=SQRT(1.-CPRB)

FORMAT (F10.1)
DG(J)=,0252#S 65
GO TO 17

GO 7O 50

IF(J.EQ.3) GO TO 16

DG (J)=.0193%S

CONTINUE

DG (J)=.0386%S

IF(SHAPEQEO-LO .OROGHAPE',EOO3’4.Q8.,SHAEE7!.EQ.QQ) GO TO 18

DRAG=DG(2)+DG(1)Y=DG(3)
GO 10 19
DRAG=DG(3)=DG(2)=DG (1)
DYNHD=5,.194#H
IF(E.EN.Ne) GN TO 32
CD=14.,69%#DRAG/ (DYNHN#D)

GO T0 33

CD=15.93#DRAG/ (DYNHN#*D)
V=18,29#SQRT(H/,0753)
RE=520.%V*#D

BR=D/W

CD1=CD#(1e=RRI#(1e=RR) __ e

ECC=E/D

IF(WeEQelle38eNRWeFQRs10.3R,0R . WeEQ.9.6) GO TO 34
GAP=(W/2.-FE=D/24)/D

GO 70 35

GAP=0.

CDJ=CD/ (K#*K)

PRIMT 29D9sRRIECCsGAPsHIVIRF¢sDRAGICPResKsCD9CD1oCDJI9M
M=M+1

GO TO 11

STOP
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PROGRAM 2  CD CD1 AND CDJ FOR CIRCULAR CYLINDERS BASED UPON PRES
__SURE _DISTRIBUTTON.

|

\

OO OOO

PROGRAM CIRDRA (INPUT+OUTPUT)
DIMENSION P(50)
REAL LIFTsK

1 FORMAT(S5F10,49T10/(RF10.4))

T 2 FORMAT(BX9FSe3aF7e3e2FRhePsFBe3.FBeP2sET.2sFhR.2oF7.293F6.29F6.3,18)
3 FORMAT(BX9SHWIDTHe7H RLOCK +6H ECCy6H GAP+8H DELTAHe8H
1U+9H Rs6H DRAGSTH CoSe6H Ke6H CDs6H CD1+6H C
2DJeRH RUNNOs//)
4 FORMAT (/)
5 FORMAT(1H1e//////917XsT6HTARLE CDh CD1 CDJ FOR CIRCULAR CYLINDER
1S BASED UPON PRESSURE DISTRIBUTTION, /) o
7 FORMAT(F10.1)
N=1
11 READ 7,SHAPE
IF (SHAPELEQ.100.) GO ToO 22
IF (SHAPE.EN.10.,) GO TO 6

IF (SHAPE.EQ.l1s) GO TO 40
GO TO 8
40 PRINT S5
PRINT 3
GO TO 8
6 PRINT 4
8 READ 1sDsHoFEsCPBoWs Jo (P(T)I=1,J)
M=J-1
DELTHE=6,283/M
S=0,
DO 10 I=1sM
_A=P(I)+P(1+1) R
B=A#COS((I=,5)#DELTHE)
S=S+B
10 CONTINUE
R::D/?o
DRAG==,178#NELTHE#R#S
SS=0.,
DO 20 I=1sM
A=P (1) +P(1+1)
C=A#SIN((I=-,5) #DELTHE)
SS=SS+C
20 CONTINUE
 LIFT==,178#NDELTHE#R#SS
DYNHD=5,194#H
IF(E.EQ.0.) GO TO 30
CN=164+49#DRAG/ (DYNHD#D)
CL=14.49%#LIFT/(DYNHD*D)
GO TO 31
.30 _CD=15.93#DRAG/ (DYNHN#*D)
CL=0.
31 V=18,29#SQRT(H/.0753)
RE=520.#V#®D




LR e ey e gy =T

;:,‘.g,
BR=D/W
CD1=CD# (1.-RBR)#(1.~RR)
ECC=E/D

. IF(W.EQ.7.) GO _T0 21
- IF(WeFNel1l.3B.0RMWeFQRe10.25) GN TO 26
GAP=(W/2.=E=-D/2.)/D
GO TO 23
26 GAP':OQ
GO TO 23
21 GAP=(3.5-E-D/2.)/D

- 23 K=SORT(1,.-CPB)
CDJ=CD/ (K#K)
PRINT 2¢DeBRIECCsGAPsHoVIRF¢DRAGICPReKsCDoCD1sCDJSN
N=N+1
GO 70 11

22 _STOP .

- END
-
\—\_
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cC 72
C PROGRAM 3 COT ¢D ¢cHD1 AND CDJ FOR FCCENTRIC TRIANGULAR PRISMS
C AND CYLTNDFRS,
¢ — S U —— _— -
C
PROGRAM FCCFN(INPUT.OQOUTPUTH
RPFAL LK
1 FORMAT(RF10,.,4)
4 FORMAT (10X eFS el aFAh P eF5,.20 FEePeFB R0FB8e2sFFePoFTe392F7.2eFh.2¢4F7
e St AR . ~ ) .
S FORMAT (10X 4eSHWINDTHeAH RLOCK4SH ECCs6H XAP¢8BH DELTAH,8H U
1+9H Re7H VOLT «7H DRAG TH CPS.6H KeTH CNTe7H
72 CNe7H CD147H CNJeaH RUNNOs/ /)
6 FORMAT (/)
7 FORMAT (10X+SHWIDTHeAH RLOCK4SH ECCe6H  XAPsBH DFLTAH.RH §)
-  1.9H "TReTH  VOLTWT7H PDRAGTH CPS46H KeTH CDe7TH 7
2 CDYe7H CDJe8H RUNNODL/ /)
16 FORMAT(IHYe//////7 932X eABHTARLE COT CD CD1 CDJ FOR ECCENTRIC TR
1TANGULAR PRISMS AT n DEGREF/)
17 FOPMAT(IHY 9 /// /77 932X eAGHTARLE CDT CD CD1 CDJ FOR ECCENTRIC TR
1TANGULAR PRISMS AT A0 DEGRFE /)
T YR FNRPMAT (YH e/ /7777 936X eSTHTARLE T ‘CD CDI AND CNJ FOR ECCENTRIC CI-

TRCUILLAR CYLINDERSW/)

51 FOPMAT (10X sFSa1aFbe2eF5,29 FOH.24FR,39FRe29F9a2eFTa392FT7,2+FA,293F7

IQ?OTQ)

55 FORMAT (32X, FBe3eFBe29F9e29FTa392FT7,2eFho204F7

IQ?QTR)

T T TR OFORMAT (32X T FB.3eFB.21E9e29FT.352F7,24FA2¢3FT

1.2+7R)
N=1

30 READ 1 <SHAPE

IF(SHAPE.EN,0.) GO TO 20
IF (SHAPE.EQ.20.) GO TO 11

T TTTTTIF(SHAPELEQ.30,Y GOTO12 o T e

IF (SHAPE.FNRe40.,) GO TO 13
IF (SHAPE.EQ.50..0R.SHAPF ,EN,70,) GO TO 14
GO 70 10

11 PRTIMT 16

PRINT 5
60 TO TN T

12 PRINT 17

PRINT &
GO TO 10

13 PPINMT 18

60 TO 100

PRIMT 7

14 PRIMT =4
10 RFAD leDeLeFsPATMeH«VOLTWPTLPR

P=PATM# ,480-PT#,0350
GAMMA=,0050R*P
V=1R,29#SQRT (H/GAMMA)
RE=520.,2#Vv#D 7
DRAG=VOLT/.1145
AREA=D#|_ /144,




e SN e e e L 13 @i e e e — - [P e

RHO=GAMMA /32,2
CN=7?  #NPAG/ (RHN#*V#V&ARF A)
B=N/14,
 CD1=CD#*().=R)%(],~RB)
- ‘ ECC=F/D o
GAP=(7,=E=D/2¢)/D
F=5.17#(PR=-PT)
K=GNRT (1 .+2.%F/ (RHO#V#V))
CPR=}] =K#K
 CDJU=CD/(K#K)Y
- C COMPUTFE THE THFEORETTICAL DRAG By USING MOM RAL RFLATION,
CDT=(K=-1.)#(K=1,)/B
IF (SHAPE .EQ .20+ eOR.SHAPF ,FN,30,.NR.SHAPE ,EQ,50,) GO T0O &3
IF (SHAPF .EQ.60.) GO TO 5S4
IF (SHAPE LEQ .40, NORSHAPE.FEN,70,) GO TO =0
_HPRI’\.‘T_ _':37QHGV'pF_oVOLTQQRAFMPPRQKQCDQCDI9CDJ9N
GO TO 57 ' -
53 PRIMT 4eNsReECCsGAPaHeVeRE (VOLTeNRAGICPRaK«CDT+CNsCD1sCNJSN
GO TO 57
S4 PRIMT S5 4HeVIRFeVOLTINRAGrPRek 4CNTCDeCND1«CDJoN
GO TO 52
50 PPTNTAL—)]!DOR‘ECCQGADQHQVQDrQVOI TeDRAG«CPReK4aCNaCD14CNJN
52 N=N+1 ' ‘ '
GO TO 30
20 STOP
END
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c
c 81

c PROGRAM 4 THEORETTCAL CD FOR FCCENTRIC PRISMS AT 0 DEGREE
C

c

PROGRAM ECCCD(INPUT,OUTPUT)
REAL MaN

1 FOPMAT (4F10.4)
2 FORMAT(2TX e4F6,2¢3F7,.344F7 24F7,0)
G FORMATI(/Y
5 FORPMAT(27XeAH WIDTHG6H BLOCKs6H  FCCe6H  GAP«7H My 7H =~ " CCl1
1e7H CC247H CDYVo7H CD2.7H CDTe7H CDs7TH DEV s /)
6 FORMAT (1H1s////// 938X eSTHTARLE THEORETICAL CD FOR FCCENTRIC PR

11SMS AT 0 DFGREE/)
11 FORMAT(//+52Xe?9HNOTF DEV=DERCFNTAGE DEVIATION/AOX422H=ABS(CDT=CD)
~_1/chT X004
16 FORMAT (39X e2F6,243F7.344F7.2+F7,0)
PRINT A
PRIMT &
10 READ Y oFoeWel)JoCNFE
IF(F.EQ.50.) GO TO 7
IF(F.FR.90.) GO TO R
B=W/14, ’ T
ECC=F/W
G1=7.-F=-W/2,
GP=T7 +F=W/2,
G=6G1/W
0=1,
P=oS5/((Te=W/2.)#%Q)
M= P#G]#+Q
CC1=COEF( WeMeG1)
CD1=CDCF (WeGleMeCClaU )
N=1,-M
CC2=COEF( WsNosG2)

CD?2=CDCF (WsG2sNsCC24l))
IF(F.EQ.0.) GO TO 17
CO=CN1#M+CD?*N
DEV=ABS(CD-CDE)Y®*100,./CD
GO T0O 1R

17 CND=1,1#(CD1#M+CD2#N)
DEV=ABS(CD-CDEY#®#100,/CD

1R IF(F.EQ.0.) GO TO 15
PRINT 16 ECCoeG 9sMeCCl14Cr?+CN1+CD2+CDsCDESDEV
GO T0 10

15 PRINT 29sWeRsECC9G 9sMoeCCleaCC2+4CN1sCD2+sCD9CDEWSDEV

60 TO 10

7 PRINT &
GO TO 10

R PPINT 11
sTOP

END




e .82
FUNCTION COFF(XsYsZ)
BD=1.,+X#Y/7

CC=.6

DO 10 J=1+100

- R=RN/CC-CC/RD
A=1,./(1.+R#ATAN(2./R)/3.1416)
IF(ARS(CC=A)«LE..008) 6O Tn 12
CC=CC+.005

10 CONTINUE
.12 CorF=CC

- RFTVIRN

END

FUNCTION CDCF (WeXeYoeZ9V)
PHI=3.1416

Nh=x#7

A=2? ,#DD/ (PHI®Y#W#V)

o B=Xe+YRWay
C=(PHI/ (4.#B*DDYIY* (R#B/(DD#ND) +1 ) # (B=DD) # (B=DN)
D=(RaR/(DD#NN)=1) # (B#R=DND=ND) /(2. #R*DN) #ATAN((R#B=-DD#NN) / (2 ,#B#*DD
1))
F=R#B/(DN®#DD) -1,

_____CDCF=As(C-DH+F _

) RETURN ' T - ol
END
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84

c
C
C PROGRAM 5 STROUHAl NUMRBRENDS Fnp MULTIPLE RODIES CONFIGURATTONS.
c
c

PROGRAM STROU(CINPUT +OUTPUTH
REAL NIJ
1 FORPMATI(A(F1I0.4)4F10,64F10.2)
? FOPMAT(F10.4)

L 3 FORPMAT(12Xs8H  WIDTHesAH R} NCK.ARH NDFLTAHs6H Foeb6H CCe8H
- 1 I1eQOH Pe7H S 7H  Sle7H SJsAH " TU148H o
2Ude8H RUNNO S/ /)
4 FOPMAT (12X aF B a3 eFbe3aFR,3eFAhe0eFHa3eFB,2¢F9,293FT.392FR,2e5%X413)
S FORHAT (/)
() FOPVAT(]?X9F8.10F6.?9F8.1176.OQF14.?9E902’?F7Q3QFIGO?913X9]3)
16 _FOPMAT(VH1e//////92AXshGHTARLE S S1 AND SJ FOR MULTIPLE TRIANG
- JULAR PRISMS AT 0 DEGREE«/) ‘ - - i
17 FOPMAT(YHY o/ /// /7 e2TXeA2ZHTARLE S AND S1 FOR MULTIPLF TRTANGULA
1R PRISMS AT 60 DEGRFF /)
18 FORMAT(IHY s /// /77 ¢32XsS0OHTARLE S AND S1 FOR MULTIPLF CIRCULAR
1CYL TNDERS s /)
o N
’ 10 RFAD 2.SHAPF S S S
IF(SHAPE ,EQ.0.) GO TOH 20
IF (SHAPE.FN.1,) GO TO 11
IF(SHAPE.EQ.2.) GO TN 12
IF(SHAPE.EN.3.) GO TO 13
TIF(SHAPF.EQ.4. «NR.SHAPE ,ENn.14,) GO TO 30
GO TO 19 S T ) Tt -
11 PRINT 1A
PRIMT 3
GO TO 19
127 PRIMT 17
- PPIMT 3
GO TO 19 ' .
13 PRIMT 1R
PRINT 3
10 RFEADN 14N ¢BRsHePT«PATMeGAMMAAGNIIGFRFO
IF(SHAPF cFN .l e eNDRSHAPF.FN,. 144 ,NRSHAPE.FEQ,16.) GO TO 21
—ee G000 )
21 READ 2?2 «CC a B I
GO TO 59
30 PRINMT S
GO TO 19
SO P=PATM# ,48R+PT#,0297
e GAMMA=(GAMMAARP) /14,7
IF(NeFNe?eb6e0RDFNGIeLNR , NEN.3.412.0R. N, EQ.4,28) GO TO S
V=20 ,3# (SQRT (H/GAMMA) )
GO TO &2
51 V=18,29%#(SOQRT (H/GAMMA))
52 Sz .NR7TA#FREN®D/V
- FTA=1.-RR __ -
Vi=V/ETA o -
S1=FTA#S
RE=(V*N) / (12.%NL))




{

8
IF(QHADF.EQ.I..OP.QHAPF.FQ.14?.0R.<HAPE.FQ.16o) GO TO 3?7
GO TO 34
32 vJ=vi/ce
SJ=S1#CC
PRINT 49DsRReHeFREQ«CCeVeRFaSeS)sSJeVIZVJeN" "~ 77777 N

GO Tn 10
34 PRINT 6¢4DsRRIHFREQ4VIRE¢S.S1sVV]1eN
N=N+1
GO T0O 10
——sgTerap T T T o . L e
ERD
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APPENDIX 2

WIND TUNNEL CALIBRATION

Open-circuit tunnels are by far, the most common
type among wind tunnels used for research in universities
and industry. In some designs, flow measurement is done
by the built-in flow meters, such as venturi tubes, nozzles,
or orifices. 1In this chapter, the discussion will be
restricted to the velocity calibration of subsonic wind

tunnels equipped with flow venturis.

The velocity calibration used in the experimental
program calls for the determination of two main characteris-

tics in the test section. (Fig. 1):

(i) The mean flow velocity in terms of the

pressure difference across the venturi, and

(ii) The level of free turbulence.

From a technical point of view, determining the
turbulence level is a standard procedure [1,2,3,4] and
will not be discussed here. Instead, a detailed procedure
is outlined for determining the mean flow velocity in the
test section of a subsonic wind tunnel with built-in venturi
tubes. The working formulas, computing algorithms and
programs are also included to assist the user of this test

facility.
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CALIBRATION PROCEDURE

The following will describe a procedure for deter-
mining the mean flow velocity in the test section in terms
of the pressure difference across the venturi. With slight
modifications, the same procedure may be applied to other
types of flow meter. The particular wind tunnel referred to
is shown schematically, in Fig. 1. Its major dimensions are

listed below:

Test Section:

14 in. wide x 10 in. high x 20 in. long

Venturi Tubes:

(The shape of the venturi tubes follows the

standard specification. [5])

Venturis Pipe Dia.D | Throat Dia. | B = %
Large 16 in. 10 in. .625
Small 12 in. 8 in. .667

STEP I

Check leakage,leveling, vibration and motor overheat-
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ing, etc. Emphasis is made here, that in checking leakage,
one should pay particular attention to the connections of
the duct work downstream of the venturis, all the way to

the exit of the diffuser. One should also check carefully,
the fittings, connections, and tubings of flow measurement
instruments,such as manometers, pitot tubes, etc. Overlook-
ing these "minor" points is often the cause of erroneous

readings.
STEP II

Set up the instruments, as shown in Fig. 2. It is
to be noted that the manometers used in conjunction with
the measurements of ht and hV is preferably of the micro
projection type [6],[7], particularly at low speed. The
reasons for this will be clear after seeing Egs.(l) and (2).
Py is read by branching off the static of the pitot tube,
as shown in Fig. 2. Two thermometers were used to record

tt and tv.

STEP III

Take readings of hv,pv,tv,h and t at

7Pt t’

locations, as shown in Fig. 2.

STEP IV

Calculate the mean flow velocity in the test section,
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Vt’ by substituting the above readings as taken in STEP III

into the following formulas:

For large venturi operating alone

Ya hv Yv
v, = 11.1 —m—

t Yt fps (1)

For small venturi operation alone
Ya hv Yy
t
where Yo = expansion factor taken from Fig.90 [5].
YerYy © specific weight of the flowing fluid
in the test section and venturi pipe,

respectively.
For derivation of these formulas, see the following sections.

MEAN FLOW VELOCITY IN THE TEST SECTION

From continuity

where W and W are mass flow rates, lbs/hr, through the
t v

test section and venturi,respectively. Following the

procedure in [5], one gets

W, = 3600 VtA lbs/hr (3)

t £Vt

At being the cross-sectional area of the test section and
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359C ,82D?
v a /1'_-_—8'4'—

Cyq being the discharge coefficient of the venturi.

Hence
359y_C.B%D?
a d
Vv, = vh_ Y
— v fps (5)
© 3600ay, vTB'T 7 P

Upon substituting the values of A, and venturi

dimensions, the following working formulas are obtained:

For large venturi operating alone

vh_ v
v, = 11.1 y. ——~  fps (1)
£ = Ya Ty
For small venturi operating alone
Yyh Y
v v
v, = 7.21y_ fps (2)

t Y

To calculate Yi and Yy, one proceeds as

follows, [5]

P
2 _V_ 1bs/cu.ft. (6)

where y_ is the specific weight of dry air at 14.7 psia
and at the actual air temperature, and P 1in psia. The

values of y_ are taken from Table A.4 [8].
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Ya pt

Yy = 145~ 1bs./cu.ft. (7)

The value of Cd has been found to be .98.

For the experimental determination of Cd see the

following section.

EXPERIMENTAL DETERMINATION OF DISCHARGE
COEFFICIENT, C,_

ASME Research Committee on Fluid Meters calibrated
a great number of Herschel-type venturi tubes ([5] Fig.18),
for pipe sizes from 2 to 32 in. and diameter ratios from .27
to .75. It was established that the mean discharge co-
efficient curve is a function of the pipe Reynolds number
(see Fig. 88, [5]). However, in this graph, the range of
variation of Cd for a given Reynolds number in the upper
range of the latter was considered to be large. As such, a
direct calibration of the specific venturi in question was
contemplated to include effects local to the venturis of
the wind tunnel. The following procedure indicates the
details about the determination of Cd‘ To do this, V

t
has to be determined first (see Eg. (5)).

In Fig. 3, an imaginary grid system is superimposed
on the cross-sectional area of the test section normal to the

flow. The grid divides the x- and y-axis into 8 and 6
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segments, respectively. The physical width and height are
shown corresponding to i and j designations. Pitot tube

readings are taken at each node (xi,yj,i = 2...8 and

j = 2...6). The local flow velocity v 3 at the walls must

14

be zero, i.e., Vi,l =0, Vi,7 = 0, Vl,j = 0, and V9,j = 0.

The expression for the total volume flow rate per

unit height normal to the flow can be set as:

(v, .+V

1 i, i+l,j)(

Xi41,57%4,5)

j remaining fixed

Hence, the mean flow velocity on a hor-zontal plane located

at . 1s
y]

- Q'
vy = 17

Similarly, the total flow across the test section is

6
- - 1
0 jgl l4(yj+l yj)[2(vj+1+vj)]

Hence, the mean flow velocity of the test section is given

by .

Thus Cq in Eq. (5) can be determined. The experimental

values of Cd are shown in Fig. 4. Further, to facilitate

the calculation of Vt’ a computer program is attached.
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It is to be noted that in the program, use was made

of the formula

v, = 18.29 / -t
Y

t t

This equation is based on Bernoulli's equation.

It is also interesting to note that the central
velocity taken at the central point of the test section bears
a fixed ratio to the mean velocity over the entire section.

Denote

Mean Velocity
Central Velocity

H

For both venturis, r = .95 (See Table 1).
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i I S
hy Py v
THROA —1 LJ
iV
. —— - -—1
l ' 44) b
Yt .s TO DIFFUSER
|
TEST SECTIO
h P
+ -t
=
\ MANOMETER
Notations: Subscripts v and t dencte venturi and test

section respectively.
static pressure upstream of throat,psig.

h pressure difference across venturi,in.of

water at 68F.

t temperature of flowing fluid upstream of

throat,F.

Py Static pressure at test section,psig.

ht pitot reading,in. of water at tt'

tt temperature of flowing fluid at test
section,F.

FIG. 2 INSTRUMENT SET-UP FOR DETERMIMNING THE MEAN
FLOV VELOCITY, V,, AND THE DISCHARGE CO -

EFFICIENT cé
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-99
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FIG3 GRID SYSTEM

lOl E'X'PIERlMENT ' /llME’A'N 'ClURVE )]
" o (@) o o -
i [ S W T T | 1 1 1 ) , 1 |
5x10% 10° 5 10°
R=Vv D/V
FIG 4 Cd vs R,VENTURLI
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TABLE 1

RATIO OF CENTRAL VELOCITY TO MEAN
VELOCITY

rLarge Venturi Small Venturi

Mean Vel. | Central Vel. | Ratio || Mean Vel. | Central Vel.| Ratio

fps fps fps fps

33.21 34.90 .951 30.52 32.40 .943
126.29 132.20 .958 100.92 106.0 .940
173.90 182.10 . 946 120.72 127.50 .948
199.67 210.0 .950 126.80 134.0 .949

206. 35 216.0 .950 129.42 136.10 .948




CNOC 600 F T V3 li=poaun Tz IRV VALY AN

prm——m

(
[ PROGRAM MEAN FLNAW VFLOATTY FOR SMALL VFMTUHDT NPFOATIMG AL (ONF
(

if
K//—PROGRAM PROFTLF (INPUT«OUTHUT)
DIMENSTON H(947) o X(R)eY(A)PHN(T) +GAMMA(S) +DF) TAH(R)
DATA(X(I)oT=1e8) /eS¢l el eRebeNettaNeleBeleles5/
DATA(Y (I) eT=14hR)/e541e502,75¢3,1R8Be1.5A30.5/
DATA(QHO(I)-I 1¢8)/. 0710-.07]7..07]7..07]A..0711/
TDATA(DFLTAH(I) «T=148)/1417013475410,422.9e24,N/ B
DATA(GAMMA(T) 91=1¢5)/e0719..07204.N7354¢N7350.N731/
1 FORMAT (1H1)
2 FORMAT (/// 45X e THTEST NNa T 42X 1 NHINPUT NATA/)
3 FORMAT (9F8,3)
4 FOPMAT (19X eTleaXa9FR )

~5 FORMAT ( 44X YOHMEAN FLLOW VEI NCTTYSaFA 242X ARFT /S0 7 7
6 FORMAT (19Xe1HJa3Xe1HT9eRH 1 e 8H 2.4 YO H 4.
18H S5+8H AeRH 7 ¢ 8H Qg R Q. /)

7 FORMAT (/«59X s6HRESL)I Te /)
DN 10 K=1+5
CIF(KeENLGl NR.K.FQOes) GO Tn 173
GO TO 1?7
13 PRINT )
12 PRINT 24K
PRINT 6
RFAD 3o ((H(ToeJ)eT=1e9) e J=1.7)
D011 J=1,7 ,
PRINT GeJs (H(TeJ)eT=149y
11 CONTTINUFE
D=AVGH (Hes XaY)
V=1R,29 #SORT(ND/RHN(KY)
PRINT 7
___PRINT _5sV__
10 CONTINUE
END

FUNCTION AVGH({ARC)
DIMENSION A(99¢7)«R(R)sC(A) JAAVA(T)
DATA AAVG(1) e AAVG(T7Y/Ne0./
DO 10 J=2+6
SUM=0 e
DO 15 I=1sR
AVG=(A(Te N +A(T+1e V)Y /2.0
FLOW=AVGH#RBR(T)
SUM=SIIM+FLOW
15 _CONTINUE . I
AAVG(J)=SUM/14,0 - o o
10 CONTINUF
SUM:O .
DO 20 J=1ls6h
AVG=(AAVG (NN +AAVG(J+1))Y /P
FLOW=AVGH#C ()
SUM=SUM+FLOwW ' o “ - . o
20 CONTINUF
AVGH=SUM/10,0
PETUIRN
END
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TFST NO 1 ITNPHT DATA
/r ’I “*_ ‘_T - o 2“ ) -; T '"“""‘"Z""”"" Ty T - B [} (&)
/
] 0.000 0.000 0.NNO 0.000 N.000 DeNOD Nt NN (i e NNN NeNON
> 0.000 .19R 204 .194 A P04 NG .onG NeN0N
3 0.000 0?16 Q?]6 .?]R o??n o??a c??!‘ e 2V R ”.nﬂn
L | o 0e.000 210 W18 222 274 .28 LPPR L2004 Nann0
3 0.000 .04 WPP? P27 LPPH T LPPA e L nennn -
6 0.000 . 160 214 L 1RA J21A RENTA SPNK RITA NJNo0
7 NeN00 0.000 NnNn0 0.000 N.000 NHen0a n,nnn £ onng TN 0D
RESIN T
— MEAN FILO VEINCTTY= 30,51 FT/eFr . T
TEST NN > IMPUT DATA
;rﬂ fﬁ 1 2 3 A 5 f T B
11 0,000 0.000 0.000 0.000 0,000  0.000  0.000  0.000 0,000
? N0.000 2320 2.180 2,200 ? <380 2.24N 2.7R0 7.0 N.000
3 0.000 2.350 2400 2.410 2.4720 2.45n0 2J0hRN Pl N.00N0
K __0.000 ?2.300 2ea?0 ﬁm?LQOOmMNZ,élﬂ 2.lln ?.48n0 ?.35N Nn,nNnn
5 N.N00 2.320 2.400 2.410 2.4PN T 2,640 P2 460 TP ,36N nN.n0n -
6 0.000 1.9590) 2370 2.040 2.310 ?2.26N0 20340 2,240 0.000
7 0.000 0.000 0.000 0.000 0.000 N.000 D000 n,nnn N NON
PESIILT
o MFAN FLOW VFI NCITY=100,87 FT/SFc 7
TFST NO 2 IHMPUT DATA
T T T TS Ty T T T T = P 2 s R
p——
1 0.000 0.000 0.0n00 0.000 N.000 0,000 000N Nennn Nen00
e 0.000 3.340 3.750 3.020 3.475 3,070 .320 2,410 0.000
3 0.000 3.400 3.445 3,450 3,475 3.515 3,520 2,508 NenNN0
& 0.000 3.335 3.446 3460 3,460 600 3.515 3,406 D.000
5 0.000 3.355 3,430 3,440 3,460 3.uT0 0 3,4A0 0 RS 0,000
f N.000 2.R30 3.410 2.980 3,290 3,245 2,308 2,080 0.000
7 0.000 0.000 Dennon 0.000 0.N00 N.0nn n.nnn Nennn nN.nono
RESIIT
\'— U SR - [P R N
MEAN FLOW VFINCTTY=120.65 FT/SFr T
\
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TFST NO 4 TMPHIT DATA
i ‘/J Iw-—' T 1‘ o - "? ’ ‘“"-; oo "A"A ""'“L;’ T TR -7 QT TG
B
{ 1 0.000 0.000 0.000 0.000 ND.000 0D.n0n Nn.,0nn NDe.nNN NenNNN
£ 7 0.000 3.640 3.350 3.790 3,691 3.300 3,570 3.470 N.000
H 3 0.000 3.730 3.82720 3.815 3.R20 3,450 .54 3840 N.nnn
b4 . 0.000  3.610  3.750 3,790  3,R15 3,850 3,450 3,710 0,000
Pots 0.000 3,670 3.770 3,798 3,790 3.,R35 ° 3,820 T R,400 n.nnn—
P b 0.000 3.270 3.760 3,270 3.A5N J.620 3,730 3.510 0.000N
X 7 0.000 0.000 0.0n0N0 0.000 p.nnn 0.n0n N.00n n.nnn (baDOD
PFESILT

- MEAN FLOJGTVEI nCTTY=12A,73 FT/SFC - -
7 TFST NO = IMPUT NDATA
E 5 1 1 5 3 A = - g I e 1 -y
! fl 0.000 0.000 0.000 n.noo NaNN0 0.000 n,onon Nennn N.N00
§ 2 0,000 3.830  3.635 3,460  3I,RRN 1,435 3, TAN 3,972 0,000
3 0.000 3.739 3.800 I.R90 3,976 3.680 ?.99n R.045 N.NNo
% 4 0.N00 3,730 34940 3,650 3.96A 4,n1n 4,015 .60 Nnennn

T5 ] T T0.000  3.830 3,005 3,940 773,070 73 ORNT TR, 87ATTIRARNT T 000

6 0000 3.750 3.R70 3.370 3.R20 RL.6ARN 3,515 L ATN 0.0N0
7 NeNOD 0.000 0.n00 0,000 0.000 0.000 N.00N fenpn NaNnon
RFSULT

F*‘ TTTTTTMEAN FUATTVEILNCTITYY=129,3%  FT/RFC T T
- |
g ~ . - B B
.
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FOR FORCE GAGES
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DESIGN FORMULAS FOR FORCE GAGES

Flow-induced vibrations caused by flow past struc-
tural members tend to be random. These signals are to be
registered by force gages which should possess the follow-

ing major characteristics:

(i) Sufficiently high natural frequency to
encompass and at the same time render mini-

mum distortion to the input signals, and

(ii) the required damping characteristic

Sophisticated gages which meet these requirements
are available commercially. However, for a comparatively
small project, it is usually financial-wise prohibitive for
the experimenter to seek expensive equipment. Under these
restrictions, one will explore the possibilities of design-
ing some devices that will meet the above requirements. To

this end, the Force Gage was proposed.

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

dimensions and properties of the gage materials.
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ANALYSIS

Three typical gages will be discussed in this
chapter, i.e. the Regtangular, (Fig. 3, p. 38), the Trape-
zoidal and the composite types. They are of similar con-
struction except that the side plates are of rectangular,
trapezoidal contours and hollow rectangular cross-sections,
respectively. The two side plates are rigidly fastened
to a central piece whose stiffness can be considered as
infinite in comparison with that of the plates. With this
and the built-in feature at the upper fixed end, it can be
assumed that the two plates always displace in parallel and
with zero slope at both ends. It is this parallel move-
ment feature that ensures that the test structural member
attached underneath the central piece stays in its original
orientation and further the gage always registers the
correct responses regardless of the position of application

of the resultant signal acting on the member.

For the Rectangular type, each plate can be consider-
ed as a cantilever beam of uniform width and height, with

rectangular cross-section and with zero slope at both ends.

Hence § =
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The spring constant of the gage (consisting of 2 plates) is
therefore

« = _24EI ()

L3
For the Trapezoidal type, each plate can be
considered as a cantilever beam of uniform height but of

uniformly varying width, with rectangular cross—-section and

zero slope at both ends. The deflection at the free end

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

L

2
5 = 12p s x“dx (2)
p Eh?® o b
By using the relation b = by + % (bo—bl), one obtains
s = 12PL fL x2dx
P Eh3 Lb1+X(bo—b1)
_ 12PL°® ST S 1nr] (3)
Eh’b, (r-1) f~1  (z=1)
where r = width ratio

= bO/bl , ¥ > 1.

To find the deflection at the free end due to a bending

moment, one may apply the area-moment method and obtain



111

L

Sy = o/ 1l2Mxdx
Ebh?®
_ 1l2Mmn? 1 1
= , [1 - =1 1nr] (4)

Eh?3 bi(r-1)

Hence, the net resultant deflection at the free end due to

P and M acting simultaneously is given by

§ = GP - GM
1212 1 1
= {PL[2 - + 2 1nr]
Eh’b, (r-1) 2 r-1 (r-1)
M 1 1}
- [1 - =T lnr |. (5)

To simplify (5), use is made of one of the boundary conditions

at the free end, i.e.

at x = 0, 6 = 0.

The angular deflection at the free end due to a bending moment

is
5 fL Mdx
M 0 EI
12ML 1nr

Eh3 b1 (r-1)
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Similarly, that due to a concentrated load is

6 = fL Pxdx
P 0 EI
© 12PL? 1

T TERY bl l)[l - g7 1nz] (7)
1 (X~ .

Equating 6 and GP a relationship between M and P is attained,

PL (8)

With the aid of (8), (5) can be reduced to

3
§ = —12PL {1 - rfl 4 (r}l)z 1nr]
Eh®b, (r-1)
-1 I 2
Ty 1 - = 1nrl®} (9)

From (9) it can be seen that the spring constant for a

Trapezoidal Type gage is

_2p
K= =
Eh’b; (r-1)
= 10
6AL°> (10)
where A= [3 - ril + (rEl)z lnr] - l&r (1 - E%T lnr]?
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The spring constant for a composite type gage can be readily
computed by replacing I in (1) with that of a composite
section. However, it is to be noted that from a stiffness
point of view, an actual composite (built-up) section differs
from its theoretical counterpart. The latter is considered
as an integral section (such as extruded hollow structural
sections); whereas, the former is generally built up using
screws and rivets. Due to these assembly methods, consider-
able amount of slippage will inevitably take place between
component plates joined together. Secondly, the weakening
effect of screw or rivet holes also reduce the stiffness of
the composite section. Altogether, the combined effects of
slippage and weakening by the holes make the theoretical
model describe the built-up section less accurately than

the previous two cases. We will perceive the differences in

the numerical example that follows.
EXPERIMENTAL RESULTS AND DISCUSSIONS

The rectangular type gage tested has the following

dimensions:
width of plates, b = 3 in.
thickness of plate, h = 1/16 in.
length of equivalent
cantilever beam, L = 5 in.

Except for screws, LVDT, core-pin, and core-pin housing all



114

other components are made of aluminum. The spring constant,

K, is computed by using (2),

_ 2 Ebh®
L3

117.1 1bs/in.

To compute the frequency, f, it is to be noted that a vibrat-
ing plate (idealized as a cantilever beam) has an infinite
number of degrees of freedom. f 1is to be found from

eq. w_ = n? VgEI/w [2,p. 275.]

However, for the present case, it can be readily seen
that much of the mass which vibrates with large amplitudes is
located at the lower end of each plate. This is due to the
fact that the vibration amplitudes of the upper portion
(adjacent to the fixed end) of each plate are negligibly small
as compared with that of the lower portion. Recall also, that
the system has a considerably large mass in the form of the

central piece.

Hence, the cantilever can be approximated by a mass-
spring system of one degree of freedom. Therefore, f can

be calculated from

£=3/% [2,(1.2-8),p.5] (11)
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As a close approximation, m can be taken as the sum of the
following masses:
(1) mass of the central piece
(2) one third of the mass of the side plates [3,p.34]
For the present case,' m = .017 slugs, hence
f = 45.8 cps -

Experimental values are:

L 4

=~
I

116 1lbs/in,

Hh
1l

45 cps

For the Trapezoidal type gage, the theoretical and

experimental values for K and f are compared as follows:

Theoretical Experimental % Diff
K, lbs/in 1144 1146 .2
f, cps 129 131.5 2

The experimental value of f is determined directly from the

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

be readily verified that the damping ratio, 7, based on

mean logrithmic decrement, is almost equal to.0l. Hence,

the damping circular frequency wy can be taken as the

natural circular frequency, wn[2, p.447.
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The composite type gage has the following f values

Theoretical Experimental % Diff
f, cps 247 260 5
The Logrithmic Decrement Curve is shown in Figure 2. The

probable causes of discrepancy have already been explained

earlier in the text.

CONCLUSIONS

1. The proposed Force Gage can be designed to possess

the desired natural frequency and damping characteristics.

2. The design formulas for the Rectangular, Trapezoidal

and composite Types, are given by (2), (1l1) and (2), respec-

tively.

3. Except for the composite type, the percentage differ-

ence between the theoretical and experimental values of f is

less than 2%.
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NOTATIONS

Young's modulus, psi, E = 10 x 107 psi for Al
Width of plate, in

Natural frequency, cps

Thickness of plate, in

Moment of inertia, in®*

Spring constant, lbs/in

Length of equivalent cantilever beam, in
Bending moment, lbs/in

Mass, slug

Concentrated load acting at the free end, 1lbs
Width ratio

Slope at ends

Deflection at free end

Natural circular frequency

Damped circular frequency

Damping ratio
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FIG. 1 LOGRITHMIC DECREMENT CURVE FOR THE TRAPE-
ZOIDAL GAGE. SCALES:

Abscissa, 1 cm = 20 m sec,
Ordinate, 1 cm .05 volts

FIG. 2 LOGRITHMIC DECREMENT CURVE FOR THE COMPOSITE
GAGE. SCALE:

Abscissa, 1 cm = 10 m sec.





