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V. INTRODUCTION

A circular plate fastened to the top of a cireular
cylinder of the same diameter was placed in the
six-foot test section of the Stability Wind Tunnel
at Virginia Polytechnic Institute. The wind velocity
of the free stream was maintained at 163 feet per
second and direct pressure was read over the exposed
surface of the plate with a system of manometer tubes,
The direct pressure readings, which have the units
of inches of water, were then converted to dimensionless
pressure coefficients. Reynold's Number for the flow,
in terms of the two-foot diameter dimension was
1.8 x 106.

Using polar coordinates, the pressure coefficients
were approximated by four terms of a Fourier cosine
series with variable coefficients. Another PFourier
cosine series with unknown coefficients was then
picked to represent the deflection. Both Fourier
gseries were then substituted into the governing
differential equation for circular plates, A serles
of equidimensional differential equations, which could

be solved for the unknown coefficients, were then



obtained. Each solution for the unknown coefficients
contained four arbitrary constants, which could be
evaluated by imposing boundary conditions on the plate.

Clamped edge and simply supported boundary
conditions were considered., Deflections and moments
were found in series form and these series were

evaluated for several points on the plate.



VI. THE INVESTIGATION

Section 1. Preliminaries

The model, which is shown in Figure 1, was placed
on the floor of the test section of the wind tunnel.
Measurements of the velocity profile up to six and
one~-half inches from the floor were taken. These
readings wers taken at 16, 32, and 48 inches up stream
from the leading edge of the model. The velocity
profile results, shown in Figure 2, indicate that the
plate on top of the cylinder is located out of the
boundary layer and in the region of uniform flow,

The plate was instrumented with a series of
pressure taps located at each end and every two
inches along a diameter.

The model was then oriented with the line of
pressure taps parallel to the direction of wind
velocity. The pressurs was read from each of the
13 pressure taps using a manometer board. The model
was then rotated and readings were taken every
15 degrees. Thirteen sets of data were taken at
locations from O to 180 degrees. The data were then

converted to pressure coefficlents as follows:
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Figure 1. The Model
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P"Po-Pst'

C =
P q
where P is the direct pressure reading, Po is the
reading at zero velocity, P, is the static pressure
of the wind during the test, q is the dynamic pressure

of the uniform flow region, and C_ is the pressure

coefficient. The pressure eoeffizionta calculated
are given in Table 1 and a plet of the pressure
coefficients over the plate is shown in Figure 3.

A plot of the pressure coefficients over the c¢ylinder
is shown in Figure 4,

It may be noted that the C, values at tap 7
should be the same for all angles. 3Since the flat
plate was actually made of sanded plywood, some small
error might be anticipated as the model was turned.

A better idea of the order of accuracy of the
experiment might be gained by comparing the 0° and
180® readings in reverse order, or by checking the

symmetry of readings at 90°.



Pressure tap number
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Table 1. Pressure Coefficients on the Model*

o=0° =15 @=30° o=L5° 0=560° =75° 8=90°
«1.0655 | -1.0805 | -1.0992 | =1.0805 | -.9270 | =-.6273 | -.5393
«1.1798 | =1.1798 | «1.1774 | ~1.0524 | =-.7903 | -.A925| =-.3520
=1.,1030 | «1.,0730 | = 9607 | ~ 7378 | =.5131 | =.3090 | =.2341
- 7360 | = 7041 |~ 5786 | - 4382 | -.3071 | -.2116 | -.1779
- 3745 | - 3614 | - 3034 |- 2472 | -.2097 | -.1367 | -.1218
- 21966 | - .1891 |~ 1779 | - .1648 | -.1610 | ~.1105| =-.1067
- J1498 | = L1479 |« 1423 | - 2423 | -.1442 | ~,2067 | ~.1067
- 21330 | - .1311 |- ,1311 |- .1367 | -.1386 | -.0936 | ~.1049
- 1273 | - 1273 | - 1273 |- .1386 | -.14k2 | -.1105 | -.1255
- 1105 | - 1180 | = 1273 |~ J146) | =.1629 | «.1423 | -.1648
- 1311 [~ .1386 | - .1479 |- .1835 | -.2022 | -.1910 | -.2303
- 1255 | = 1498 | - ,1629 | = ,2322 | «.2670 | ~-.2554 | -~.3177
= Jd46L | = 2154 | = 2210 | =~ 4476 | -.5693 | ~.5281 | -.5300
* FPor calculation purposes the values in this table are given

to a greater degree of accuracy than actually obtained by
measurement.

-'[‘t‘



Pressure tap number
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Table 1 (continued)

9=105° | @=120° | ©=135°| ©=150° | o=165°| o=130°
- 5637 | - 45580 | = 3146 | - .1816 | - 1648 | - .1498
- .3165| ~ .2809 | - .2060 [ - .1648 | ~ 1404 | - .1330
- .2322 | - 2022 |- JA742 | - 442 |~ 1386 | - .1316
- 1910 | = .1760 | - .1610 | - 1442 | = 140k | - 1386
- 1573 | = ,1554 |- .1536 | - 1461 | - .1386 | - .1367
= 1423 | = 1404 |- 1423 | - L1404 | ~ 1386 | - .140k
- J146L | - J146Y |- 2461 | - L1479 | - L1479 | - L1498
-~ JA479 | - .1592 |- 1648 | - ,1779 | - 1854 | - .1985
- 1760 | - 2041 |- 2416 | - ,2978 | ~ 3464 - .3708
- 2397 | = 3090 |~ 4283 | ~ .5861| -~ 7004 | - ,7285
- kb | -~ 4869 |~ JTh16 | - 9663 | -1.0730 | -1.0936
- 5150 | - .7622 | -1.0k49 | -1.1742 | -1.1816 | -1.1685
- 6704 | - .9382 |~1.1011 | -1.1105| -1.0880 | -1.0805
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All values given are to be
multiplied by (-1071)

Figure 3. Pressure Coefficient Contours

on the Plate
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Section 2. E nsion o n Se

It was desired to express the loading in series
form to aid in the solution for deflections, A double
Fourier series would have been the easiest to develop
but was found unsatisfactory because the final
solution for deflections would not satisfy any of
the boundary conditions usually considered. It was
decided to use a Fourier cosine series in € with
third order polynomials in r as the coefficients,

Third order polynomials were chosen for the
coefficients because they gave the required accuracy
and wers not overly complicated, To develop this
series the pressure coefficlents calculated from the
data were expanded in third order polynomials relating
Cp and r along radii located every 15° from 0° to 180°.
This was accomplished utilizing a 1620 digital computer
and a computer program written by R. C. Heterieck of the
Civil Engineering Departaent at Virginia Polytechnic
Institute, The following results were obtained:

For O'
Cp = - 15838 + ,07523r - .04503r% + ,00270r"



Cp =
For 105¢
cp -

For 120°¢

015878 +

n1668‘b +

. 16626 +

15809 +

+12670 +

010309 -

01176h -

«1349% -

13891 -

16

.08392r -

+100427 =

.08219r -

.03780r -

Y 01002!‘ -

.00621r +

«01856r +

«02795> +

01366 +

JO4574r2 + ,002697°
042082 + 0024377
.03146r2 + ,00150r°
013721 + ,00042r°
.00L 5hr®

.00132r% - .00031”
.005843% - ,000602°
.00911r? - ,00081r3

.004702% - .000431°
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For 150°

Cp = =.1bklh + .0027hr + .00017r% - .00007r3

Por 165°
Cp = =+ 14614 + .00278r + .000580% - ,00009r3

For 180°
cp " - 013631

In the above equations insignificant terms are

dropped.
The Fourier cosine series for the loading has the

following form:

Gp(r,O) = ¢(r) + ”Zdn(r)col n@

. |
e(r) = —%-.J'.cp(r,a)do
0

1
. 2
dp(r) = ?‘/‘ cp(r)cos nede
0

where

and
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The pressure coefficient distribution was considered
to be only a function of r in the 15° sectors which
surround the radii along which the original readings
were taken and e¢(r) was obtained in the following form:

1 7.5 22,5°¢
e(r) = = C,.(r,0%)de + C.(r,15%)de
T p p
0 7.5¢

37.5°
+ cp(r,BO‘)dO + osoee
22,5°
172.5°*
+* cp(r,165')de
157.5¢
180°
. Cp(r,].BO')dO
172.5°

Substituting into the third order polynomials

relating C_. and r along certain radii, ¢ was found as

P
follows:

c(r) = ~ 141 + ,0243r ~ .01170:-2 + 0004973,
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The d,(r) were found using the same technique.
Considering only terms up to n=3, the following results
were obtained:

41 (r) = = .013 + .0513r - .02415r% + ,001385r3
dp(r) = - .017 + .0285r - .01380r% + 0009561
dy(r) = + .005 - .0095r + .00008r% + ,000047r

The first four terms of the Fourler cosine series
for the pressure coefficient distribution were then
obtaineds

Cplr,9) =
= = J141 + .0243r - .01170F% + 000497
+ [~ 013 + ,O513r ~ 024157 + ,001385r°] cos®
+ [~ 017 + .0285r - .01380r% + ,000956r3] 0820
+ [+ 4005 = ,0095r + .00008r° + ,000047r3] cos3®

The above equation would apply to plates of radius (r,)
equal to 12 inches. Changing cp(r,o) to the fom
Cp(<=~ , @) and denoting X by, the follewing equatien
P Po r'e

which would apply to a plate of any radius results:



w2Qe

CplFs®) =
= = 141 + .292p - 1.6850° + 8597
+ [= 4013 + 6150 = 3.4780% + 2.3930°] cose
+ [ «OL7 + 3120 = 1,9880% + 1.65273] cos20
¢ [+ 005 = 1155 + ,011p% + .0817%] coa30

Figures 5 and 6 compare the pressure coefficients
from the data to the pressure coefficients from the

series representation.
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Section 3. ZEyaluation of Dgflectionsg

The governing differential equation for small
deflections of a thin homogeneous isotropic plate is:
V%-M
D

where w i3 the deflection of the plate and p(r,Q) is
the loading on the plate., The quantity D is defined by

D.m

12(1-J%)

where E is the modulus of elasticity, U 1is Poisson's
ratio, and h is the thickness of the plate.
The governing differential equation can be written

in the fom:

v - 22
144D
where q is the dynamic pressure of the uniform flow
region in units of pounds per square foot.
Using polar coordinates with the origin located at
the center of the plate, the governing equation becomes
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2¢ 1 194, ¢y q
by o @1 1% @, Y, 13 4
v (arz rOr rzaoz dr2 rdr rzéoz 144D

Introducing a Fourier cosine seriss for the deflection

w(r,0) = a(r) + an(r) cosnd

and substituting this series into the governing equation,
the following results are obtained.

d"a(r) 2 d3n(r) 1 da(r) 1 da(r)

i I R el S ——

+

TR 4R r dr

{ ,,(r) 2 d3b n(r) 20241 % (¥)  20%e1 dby(r)

I.. @
b (r} cosn® = Cp 9 - fc(r) *Z d,(r) conno}
rh 144D 1“091 =1

Equating the coefficients term by tem

da(r) .2 ada(r) 1 dza(r) 1 da(r) _ el{r)q

ah r a2 a2 93 ar 1w

dvo (r) 2 adpy(r)  2n%1 db (r) 2041 dby(r)
> - - +»

darb  r ard r2 4 r dr

aboyn? (r)q
$  e——— n(r) » :‘L—.

rh 144D
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which can be rewritten as

- r

, dhalr) ‘23 da(r) EX: %a(r) platr) 4 elrle

P aph a3 a4 d,o 144D
db, (r) d3bp(r) d?p(r)
+ 2,3 - (2n2+1) /02
/0’0 d/o /0 F3 d ?
dby (1) 4 dalr)q

+ (2n2+1)10 —-;;-— +n “‘bﬂzbn(r) - !’
144D

Substituting the values obtained for e(r) and
d,(r), into the above equation, the following solutions
were obtained:

’okq 2 2 b
a(r) = Taio Ajlnp + By + Coflnp + Dop” = ,000281°

+ .0032050% - .0066250% + .oozon,%

’bkq -1 3
bl(r) - m Alpln/’ + Blf + Cllo + Dllo - .000281#

+ .0003205P5 - .006625,36 + .002078p%}

&
ba(r) = ::a: 4;2/"2 + BaS2 + ap + Dp® - .000363541mp

+ .0032570% - ,0051777° .00171.8,07}
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robq

b -
37 T

{A3p3 + B3P-3 + 03/:5 + D3,o.1 - .0001310:‘"

Where the Ay, By, C4, and Dy are constants which can
be evaluated using the boundary conditions.

Section 4. Evaluation of Constants from
Bo ndit

For a simply supported plate the boundary conditions

are

(W) pup = O () oy = O

2 18w . 1 &°w
wher --D[Q—-¢U(--—-+_..Q_.)].
ore ¥r 32  rdr 106

The boundary conditions for a clamped plate are

|
(w)"’o =0 g-; )r-ro "0

Using these boundary conditions and requiring that

the deflection at the center of the plate remain finite,
the following deflections are obtained:
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For the c¢lamped edge boundary conditions:

rykq10-3

we

{‘l’o 36"‘70‘[-8,02-2 . ZOF""I 030P5‘2093F6"‘ 070%3

+[=2.72p 41,343, 28 p%+3,21056.635+2,0807] cose
+[=1411p?+1,280%=,3630%1no+3 4260 5-5,180941.75,7] cos20

+[=37p3=.13p"+.3205-1.19p 5000 + 40650+ 1307 coaBO}

For the simply supported boundary conditionss

ve roq10~3 { 26.08-1..331/’ 29.,20+7.45v

P 2-2,200%1.30p5
144D eV 1+V

«2.93¢5+.70p7

o 20450+2.72 25.374he3kV 3 _ 5 6
o[ e 2, reranall 02817%+3,210%-6,63

02.0&P7] cos®

o[- 8.6';;1/.231,/,0; 9.5g:i.osv ,o"..36 p"lnp+3.26f’-5-18,°6

+1.75¢7] cos20

3.16-.37vp3, 2.79+.32V »5_ .. 4 6, ya,7
- - -y ‘1,1 o‘“ 01
[ — e 130 9°31ns+,060°+,1307]

co.,.}



Y.

- (1-p (222 _1aw
Mg = (1110 (222 - 505

the following equations for the moments are obtaineds
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For the clamped plate

r°210°3q 2 3 b 5
u‘. - - "'""i'r M.97-26.W0 ’25096P ‘87075P ’29'“'0

+(26.04p=3.37,2+64.10 5-198.75,%+87.28 ) cose
+(2.22012.84p2-4.36 %1096 5. 14 P-155.31 (%473 .420%) cos20
*(-2.zzp;1.6lpz¥h.7193-23.86P31hp+1.7bp“*5.33p5) cos3®
+V [14497-8.80,2+6,507-17. 58, +4.91
¢(8.6sp-1.20P2012.8hp3-33.15p‘+12.k895) cos®
+(2,22¢3.26,°=10,360%+5.25,5) cos20

+ ( 2022)0*065P2‘2o 57P3"“n 76P31np-0189b‘026P5) 0033. ]}



r,2q10™3
144D

u‘ S - {1},.9708.305)2"605003°17058p&*’009lpg

+(8,68,-1.20,%+12.845°-33.15,4+12.48 %) cose
+(2.224-3.26P3-10.36P"+5.25P5) 00820
+(2,22+465,2=2. 57,744,767 10p =. 18042, 2605) 00830
*V[1&.97—26.h0p2425-96p3¥87-75p‘+29oup’ |
2.4 10.3 s 5

+(26,0kp =343702+64410,>-198.754+87.28,,5) cose

2201280 2ot 36 31n0e68 103 5 5
¢(=2422412,84 P=ko360°10p+65. 1hp3-155.31 0*+73.420°) 0820

+(«2,22«1.612%=4.71p3+23.86 P1nge1. 78 %5.33 ) coaso%

%o

2:0*3 -l
.. Fo 107al1-M) {(s.esp-.sa.p’uz.eap’-sa.up"-lz.asp’) sine
14k

+ 2 ‘ =le22+43, 51{02°1012p21np"13 UOLp3-2509oP~*100 ”Ps) sin2@

¢ 3(=eThp+209p7=03903-4. 76,7100+ . 30, % . 78,5) .mo}
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For the simply supported plate:

2,103
T9©qlo 29.20+7.45./
- ~26.400%+25,9603-87,75
A { 1+ P ° ©
+29.4bp’
2 .
+(6 2: 3; ‘LBW -3. 370 +64., 1093-198.75p"+87.28p5) cosd
8.67-1,20, 9.53+2.050 2
+{ 2= 5o )+ 12 9, 2 -l, 08p -h.32p 1n 4»65..'20p3
-155.40%473,50,7) cosze
+ 6- 20 S ———— - -Ae - kK
( > p+ 20( 7+u )p7=5.955 161,; 23.800°1np

+1.7bp"*5.3395 ) cos3@

29,2047.45L/ 2. 3 5
sV 2 - 8,80,246,50,°-17. 58 ¢4,
1ol o *050p7=17.58p"+h91

ol 2 zs.s;z::;zwp_ 1.205%+12.81, 710,36 0*+5.25,%) cose

- .36 p2+3.26p3~10.36 p"*5.25p5) cos28

. ( 24 8.67"'1.28V
S5¢L/

2,79+.32./3

6 3.16+.37L P -1,19p3+.65p2+h.76 p3lnp-.18pk

p-k

+(
T+ T+l

-.26p 5) cos830 ,'%



. _T%1073q |, 29.2047.451 . 8,80 246, 5003-17. 58, »
144 bidd

*hoglps

25037*503LP3

T2 0w 12057412084 £-10.36,"+5.25,%) cose

+(2¢(

8.67+1.28/, 2. 3 I 5
501/ )‘ 036p "3.26p 10036p +5.25P ) cosz0

+(2 (

+(6 (2-'—-317}1%() -4 (3-27-?-’/’/3——2-5)9’-1.19p3+.65p2+u.76931ap
+

T+

-.18,%.2605) cos3e

oV (2 BRERTAIY | 56,1002425.96,7-87.75, 429 o
1+ ‘
o (6 22300000 5 39,2064.10,-198,75,487.28,%) cose
s L34
8067"1020V 9053*2005V2 2 z 3
+ ( Rew ( 5‘*” , ¢ 12 5+U o] "1008‘) "‘032() 1‘94’65.20P
~155.40,°-73.50,%) cos20
3.16”’0371/ 2,79+.32/ 3 3 2 | 3

622070000 20 (22122002 3.5, 95%41.61,%-23.80,"1n

. 7+ P ( 7+ P e P P e

+1.74 0“05.33;) cos3@ ]}



r°210'3q(1-1))
14,

M--

{ (2 25-3'3’*‘[*;3’*%- 84 2+12.84 7-33.15,%-12.48,%) s1n0
L

o 8.67-12.81/, 5 9.53+42.05L/2 ¢ 2.1 4, 2 3
*2‘ 2 5-0-[/ + 3 5+[/ P 036P 1.1 P 1’1,0*1300"P

-25.905%+10.500%) sin20

3.16=.37L 2,79+.32. 3 2 3 3
2- L D7 wy =l -leq
+3( oy b N 390 =1.190" =ke 760710 o

+.30p"+ 78 %) . ainzo}



VII. R&SULTS

Tables 2, 3, and 4 present results for deflections
and moments at points of particular interest. Wherever

necessary Poisson's ratio is taken as 0.3,



9=0
O=45°
9=90°*
9=180°

&=0°
0=i5*
0=90°
8=180°

Table 2.

Deflections

Deflections of clamped plate

/0'000 /0'002 F‘oolb p'O.é /0-008 ,0-100
4.36 4.6 hel3 3.09 1,20 0
be36 bpo iy 3.72 2,48 .88 0
he36 4,02 3.02 1.75 58 0
&e36 3.56 2.47 l.41 36 0
Deflections of simply supported plate

P0.0 /0-0.2 /0-00‘0 /0.006 ,0-0.8 /0-1.0

21,05 | 21.45| 19.50| 15.34 8.27 0

21,05| 21.00| 18.64| 14.21 7.64 0

21,05| 20,07 16.95| 12.29 6.45 0

21.05| 18.87| 15.35| 10.80 5.43 0

ro"].O"’q

All values given are multiplied by—




8=90°
o=180°

o=0°
0=90°
o=180°

Table 3. Moments on Clamped Plate
n,r

/-"0.0 /0-0.2 /0-00‘0 /0-006 ,0.0.8 /0"1.0
17.9 2‘001 28.2 20.7 - Sow ’7601
21.0 1809 12.5 200 ‘1502 "37.3
1709 11.7 5.0 - 3.1 ’15029 -23.5
%

,0-0.0 /0.002 P-oih /0.006 /6'008 F-loo
21,0 | 25.9| 26.3| 22.6 9.2 | =23.0
17.9 | 17.2| k1| 91| 0.6 -11.7
21.0 15.2 1‘}05 6.9 0 - 6.2

« r°210'3q

All values given are multiplied by .~

VT A




6=90°¢

«37=

Table 3 (continued)

Nyg
P=0.0 | p=0,2 | p=0.4 | p=0.6| p=0.8| ,=1.0
O 2.32 3031 2032 "0&6 "210083

All values given are multiplied by -

ro 10-3q(1-V)

144,




6=0°
0=90°
9=180°

e=0°
o=90°
Q=140°

Table 4. Moments on Simply Supported Plate
My
,0-0.0 L =02 /o-ooll- p'006 /0'008 /0‘100
59.5 71.0 80.0 774 50.3
65.3 63.2 56.7 6.3 30.7 0
59.5 49.9 38.3 2549 10.8 00
Ky
P=0,0 | L£=0,2 /o.oob /0"006 /0'008 /0-1.0
6l1.9 71.3 76.3 753 62.8 38.0
60.5 59.8 56.7 51.8 k3.9 29.1
61.9 58.2 50.6 42,5 33.4 2,,8
rb210'3q
All values given are multiplied by ~ ———eemee

iks




Table 4 (continued)

Mro -
/O'O.O /0-002 ﬁ-ool& F.oo6 /0.008 /0-100
9.90. 0 hooz 6.30 6.06 "’1.02 "13'30

All values given are multiplied by -

2 -
re 10 3q(l-u )

bk




VIII. DISCUSSION OF RESULTS

It should be noted that the results were left in
a form which can be made to apply to any sisze eircular
plate under the action of a tangential wind load with
the same flow regime., The results are also in a fom
which leaves them easily converted to principal stresses
at @ = 0°, 90°, and 180°.

The results given are easily adapted to the problem
of a plate acted on by a uniform load and a tangential
wind load. The solutions could be found for the uniform
load and then superimposed with the solutions found in
this problem. Such a condition might be eritical in a
situation where a similar structure has a significant
opening in the "front" such that an outward pressure is
developed inside the structure. Also, in wind conditions
near the center of a tornado, significant outward
resultant pressures develop in addition to the dynamie
pressure,

There do not exist any measured values with which
to check the results, However, the results from
do:lections should be, within the limitations of the

theory, as accurate as the loading expressed in four
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terms of a Fourier cosine series. Figures 5§ and 6
demonstrate the accuracy of the loading series. The
series given for moments does not converge as rapidly
as the deflection series and is therefore less accurate,
The inaccuracy, however, should not be large enough to
cause difficulties when the results are used in
engineering design. If greater accuracy is desired

the problem could be reworked using more terms in the
Fourier series.

The two types of boundary conditions considered,
clamped and simply supported, represent the extreme
cases. The solutions, therefore, represent the extreme
values which would be expected. The solutions for an
actual problem, where the supports would be elastic,
would fall between the extreme values developed in this
thesis.



IX. CONCLUSIONS

When wind loadings are considered in engineering
design they generally are taken to be uniform loads.

In this thesis an actual wind load is measured over the
exposed surfaces of a plate fastened onto a circular
cylinder. This wind load is expressed in series form
and a series for the deflection is developed from the
loading series. Deflections and moments are presented
in series form and in tabular form for points of
particular interest. The deflections and moments
developed should be accurate enough to use for purposes
of engineering design.

The results presented in this thesis have been
obtained assuming the plate to be isotropic and of
uniform thiekness, For other types of structures,
the loading series may, of course, be used in their

analysis.
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AN ANALYSIS OF A CIRCULAR PLATE UNDER
TANGENTIAL WIND LOADING

by
David Miles Purdy

ABSTRACT

A model consisting of a circular plate fastened
to the top of a circular cylinder was placed in a wind
tunnel and the pressures caused by a wind load were read
over the exposed surfaces. The pressures on the plate
were approximated by four terms of a Fourier cosine
series. By use of the governing equation for small
deflections of plates, Fourier cosine series of four
terms are developed for deflections of plates with
a fixed boundary and with a simple support condition,
Moments are developed from the deflections and results
for both are presented in equation and tabular form.
The results are left in a form that can be applied to
any size thin circular plate under the action of a
tangential wind load of the same flow regime as the

one considered,
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