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PREFACE

This research presents the design, construction, and 

evaluation of a nembrane apparatus for the torsion analysis 

of prismatic bars. Torsional stresses and deflections in a 

non-circular sectional bar are difficult to determine analyti­

cally. The experimental results in this thesis were ob­

tained from an experiment performed on the membrane analogy 

apparatus. Thin polyethlene sheet material and rubber were 

used instead of soap film in the experiment. The results 

were gratifying.

The researcher wishes to express his appreciation for 

the valuable advice and assistance given by members of the 

thesis committee, especially Prof. L. J. Castellanos of the 

Mechanical Engineering Department, who gave him all possi­

ble assistance and guidance in completing this research.

A. V. II. R.
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A3ST PACT

Tliis research presents tlie design, construction, and eval 

nation of a menhrane analogy apparatus for the torsion analysi 

of non-circular sections (prismatic bars). The purpose of ti.i 

project was to construct and demonstrate the use of the 

apparatus. The degree of error obtained by the apparatus was 

determined by performing experiments with the following three 

sect ions :

1. Square (3" x 3")

2. Equilateral Triangle (4" side)

3. Rectangle (2" x 3")

The order of error was 1 to 5 percent.

Thin Plastic (Polyethylene) material (0.0015" thickness) 

and a rubber membrane (0.009" thickness) were used to carry 

out the membrane analogy experiment. Contours and graphs are 

presented for each section mentioned above.

The apparatus is easy to construct and is inexpensive. 

Experiments can be performed with the apparatus without much 

difficulty. The percentage error due to the apparatus can be 

reduced to a great extent by a few alterations in the design. 

A large amount of error in results is due to the membrane 

material which is not an ideal membrane.
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SY?!B()LS USED IM THIS THESIS

^Modulus of elasticity of material

=Modulus of rigidity of material

=Twist of bar in radians per unit length

= Shear stress in Ibs./sq. inch

=Torque applied to bar

=Pressure difference causing displacement (air pressure)

=Elevation of the membrane

=Surface tension of soap film

= Area of cross section of bar

=Length of perimeter of cross section

= f'!aximum angle ■ at the edge of film covering the circu­

lar hole

=Radius of the circle

=Angle at the edge of the film covering the opening 

representing the section

=Maximum angle at the edge of film covering the test 

hole

^Maximum shearing stress in the circular hole

=Uaximum shearing stress in any section under study

=Thickness of the membrane



CiiAI-Ti:*' I.

The object of the project was to eesirn, construct, 

and evaluate a rictibranc aiuilogy apparatus for the pur­

pose of denonstratini; its use in cxpcrircnta.1 i'c;.Sc.re- 

i.icnts. This apparatus is useful uainly for deterr.inln^, 

tb.e stresses and toniuc in a twisted bar or sb.r.ft of 

any non-circular cross section, which arc difficult to 

get analytically.

The Merbrane -Xnalogy was first proposed T»y Prandtl(l)* 

in 1903. It was not until 1917 that A. A. Griffith and 

G. I. Taylor (2) formulated a practical expcrire;:tal 

approach with the use of a soap film, for the clastic 

membrane as proposed by Prandtl. They used Autocollimator 

and Splieroncter to obtain their experimental results. 

In the \utocolli run tor, a col lira ted bundle of light rays 

from a snail source arc directed on the surface of the 

film. The collimation axis is rotated al>out a hori­

zontal axis until tlie reflected ray coincides witli the 

incident ray. The angle between the collimation axis 

and tb.e vertical measures the slope of the filn. The

*?<’o. refer to references in bibliography 



apparatus is carried on a pair of right-angle guides to 

locate the point at which the slope is neasured. The 

chief error arrived from the fact that the film has a 

tendency to spread over the plate at the boundary. The 

error obtained is about 2 to 4 per cent. Spherometer 

consisted of a thin plate which contains a cut out of 

the desired cross section to be analyzed and a circular 

hole to be used as a standard. The plate is placed in 

a pressure applying fixture and soap film is stretched 

across the openings. Contours of the film surface arc 

plotted by moving the micrometer on the glass plate, 

which is placed over the extended film. The volume of 

the film is computed with a contour map. Their error 

varied from 2 to 4 per cent, which was not quite as 

good as previous investigations, however, their experi­

mental procedure had been greatly improved. Their 

method was lengthy and since soap film is subject to 

evaporation, time proved to be an important factor.

Other investigators (3) in the 1930's introduced 

their own techniques (Photogrammetric method. Quest 

Collimator, etc.) in determining the slopes on soap film 

but their techniques were complicated and consequently 

less accurate. In 1934 E. Kopf and E. Weber (4) used a 



thin rubber mcnbrane instead of the soap film. The 

rubber r.enbrane was stretched over holes in an alur^inum 

plate which was the top of a jar containing a r.ixture 

of paraffin. Their experincntal procedure differed 

from previous investigators in that they used water to 

load the rubber membrane and made permanent wax impress­

ions of the distended nen’brane, ’Measurements of slope 

and volume were obtained by slicing the wax impression 

and photographs were taken of the resulting section at 

every cut. Their techniques were time consuming with, 

little or no improvement on accuracy.

The apparatus used for the present project was base 

on the Taylor-Griffith*s Spherometer principle. In thei 

apparatus the soap film was enclosed in a box and the 

micrometer was moved all around on the glass plate to 

obtain the contours of the extended soap film.

Rubber membrane and plastic material were used in­

stead of the soap film to perform the experiment on the 

designed apparatus. The depth gauge was moved over the 

extended membrane and the contours were obtained. The 

membrane was not enclosed in any box because there was 

no evaporation problem like the soap film.

The designed apparatus was evaluated on the basis 



of the results obtained from it for simple non-circular 

cross sections by using rubber membrane and polyethy­

lene plastic material. These results were compared 

with the known theoretical values of the sections.

Non-circular cross sections like triangular, rectangular 

and square with their respective standard circular 

sections were used for experimentation because their 

accurate torque ratio and shear stress ratio are known. 

The contours of the extended membrane over the non­

circular section considered and the standard circular 

section are obtained on a drawing sheet with the help of 

the dcptli gauge. The volume under the extended mem­

brane over the section and the circle is determined by 

graphical method. The ratio of the volumes give the 

torque ratio of the section considered and the circular 

section. This ratio is compared with the known theore­

tical ratio and the error in the apparatus in deter­

mining the torque ratio is obtained. The experimental 

error in results obtained by the designed apparatus is 

about 2 per cent. The maximum gradient of the extended 

membrane on the non-circular section and the circular 

section is obtained from the contour map by taking the 

ratio of the vertical spacing and the horizontal spacing 



of two contours at the edge. The naximum gradient ratio

will give the maximum shearing stress ratio between the 

two sections. And this ratio is compared to the known 

theoretical ratio and the error of the apparatus in deter­

mining the maximum stress ratio is obtained. The ex­

perimental error in results obtained by the designee 

apparatus is about 4 per cent. Experiments were per­

formed on the designed apparatus without difficulty. The 

apparatus is simple in construction and can be used for 

many different membrane materials. (except fluid membranes)



CilAPTHR II
APPARATUS DUS I GN CRITERIA AND DESCRIPTION

In the design and the construction of the apparatus 

the following requirements were taken into account:

1. Suitability for using non-£luid membranes.

2. ’'leans for finding the contours of the extended membrane. 

Because of this, the apparatus consisted of a depth gauge 

with its designed accessories and a recording board for 

contour measurements. The required results for torque 

ratio and shear stress ratio are obtained with the help

of the contour mapping by graphical methods. The mem­

brane used, being a non-fluid type, was not enclosed in 

any box like a soap film.

The photograph (Fig. 1) shows the designed appa­

ratus. The layout assembly drawing of the designed 

apparatus with pertinent dimensions is shown in’ Fig. 2.

The apparatus consists of a square steel box,A, 

12" x 12" x 2-7/8". The box is made out of 1/8" thick 

steel plate and is supported on four leveling screws. 

The circular test hole and the experimental hole are cut 

in two flat plates of any suitable metal (eg. steel) of 

thickness 1/8". The membrane material is placed between 

these two plates so that the membrane is held at the edges
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A Figure 1

Membrane Analogy Apparatus



Figure 2
Apparatus with Pertinent Dimensions
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of uiic holes. The plates are held in horizontal position 

during the experinent by leveling screws. These coupled 

plates are bolted to the franc of the square box. The 

joint is made air tight by ncans of a gasket. One side 

of the box has a 1/4" Copper tube connected to it with 

a pressure gauge (0-30 p. s. i. ) and a stop valve in it 

The measuring device consists of a depth gauge ,3 , 

(with the attachments), which slides freely on the upper 

face of the rectangular steel bar,C. The rectangular 

steel bar is 18" x 1 1/2" x 3/8". The upper face of the 

bar (3/8" wide) has a 16 microinch finish for easy sli­

ding of the depth gauge. The rectangular steel bar moves 

freely back and forth on two round steel bars ,D ,of 3/4" 

diameter, which are at either end of the rectangular oar. 

These bars, each 20" long, are 18" apart and arc suppor­

ted by means of four brackets,E. The brackets are 

fixed to the L plates (Angle iron) for stability of the 

measuring device. The lower end of the depth gauge 

(an attaclimcnt) is a hard steel point,!7, tapering 

about 1 in 8 at tlie end. Fixed on top of the depth 

gauge and in its center line (an attachment) is the steel 

recording point,G. The record of the point of contact 

of the depth paufie on the membrane is made on a sheet of 



graph paper fixed to the recording board,’1,14" x 10 1/8" 

x 1/2", which can swing about a horizontal axis. The 

board is fixed to a brass rod and supported by vertical 

bars which are fixed to the angle irons. The vertical 

bars arc 11 1/2" x 5/8" x 5/8". To mark any position 

of depth gauge point,F, it is merely necessary to 

prick a point on the paper by bringing the board 

down on the recording point,G. (The point of contact 

of the depth gauge point on the membrane is transferred 

to the graph paper). The depth gauge can be moved in 

x-y directions to touch the extended membrane at any 

desired point.



CHAPTliP, III
1: X P I: R1 M !■ N T A L PR 0 C E 1) IJ R I-

The object of tiie exporinent on the apparatus is to 

dctcrninc the contour lines of the extended r.cnbranc. 

The slopes of the tangent line at the edge of the 

sections and the volume enclosed between the extended 

membrane and tiie plane of the plate are obtained by 

graphical method. 

Method of Using Apparatus

The membrane is stretched by hand and placed be­

tween two clean steel plates so that it is held at the 

edges of the holes and has uniform tension in it. The 

two steel plates are bolted together. These coupled 

steel plates, in turn, are bolted to the frame of the 

test box. The joint between the coupled test plates 

and the box must be air tight. The membrane across the 

holes is now tested with the depth gauge; if it is not 

parallel to the plane of motion of the depth gauge, the 

test box is leveled by leveling screws. The extension 

of the membrane is done by allowing air into the test 

box at a very low pressure (about 1 p.s.i.g)through the 

copper tube. The pressure is kept with minimum varia­

tion by a stop valve. A graph sheet is fixed to the re­



12

cording board, I!, ( Fig. 1) . Measurements may now be 

made as desired.

The outline of the experimental hole and circular 

hole is marked on the graph paper by means of the re­

cording point, G, of the depth gauge. The depth gauge is 

set and screwed down until the gauge point F touches 

the membrane and its height is noted. A magnifying 

glass is used to sec whether the gauge point, F, touches 

the membrane or not and the recording board, it, is lowered 

to touch the recording point,G, to make a marking point. 

The deptli gauge is moved to a neighboring point on the 

same contour and again a mark is made on the paper 

attached to the recording board. This is continued 

until the contour is completely napped. Similarly, selec 

another contour and note its height, and completely 

map it on the recording board. Select contours from 

very near the edge of the section to the top of the ex­

tended membrane with a contour interval from 0.U10 to 

0.075 . Tl'.c above procedure is done for the test section 

and for the standard circular hole. The mapped contours 

of the test section and circular section on the graph 

sheet are sufficient to proceed for further calculations
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Results From ^Isasurerp.cnts

The volume is determined by graphical method after 

complete mapping of all the contours of the extended mem­

brane of the test section and circular section. The 

area enclosed by each contour line is measured by a 

planimeter, and these areas are plotted against tlie 

corresponding, elevation. The areas arc plotted as or­

dinates and the heights as abscissa (, Fig. 4). A 

smooth curve is drawn, enclosing an area that represents 

the volume under the extended nerabrane. This area is 

determined by a planimeter and this gives the volume. 

The volumes enclosed by the membranes over the test sec­

tion and the standard circular section is determined by 

the above method. The ratio of the volumes of the test 

section and the circle gives the ratio of torque of the 

two above sections, under the condition that they have 

the same angle of twist per unit length and the sane 

shearing modulus. This experimental ratio is compared 

with the existing theoretical ratio and the percentage 

error is determined.

The slopes of the membrane are calculated fro;, 

the contour spacings (i.e., both the vertical and hori­

zontal spacings). The vertical spacing is obtained 
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fron the depth gauge readings. The horizontal spacing 

of the contour is measured by a scale from the contour 

mapping on the graph sheet (which was attached to the 

recording board II). To determine the stress at any 

point (x,y) in the test section, the maximum slope at 

that point in the section is obtained and the maximum 

slope at the boundary in the standard circular section 

are taken into consideration. The ratio of these maxii'ium 

slopes )'J.ves the shear stress ratio of the test section 

at the point (x,y) and tiie circular section at the 

boundary. Since the stress in the circle at the boun­

dary is known, the stress in the section at the point 

(x,y) is determined. The maximum stress in a section is 

usually the only measurement of practical importance. 

Visualization of the shape of the extended membrane cov­

ering the section and circular hole shows that the maxi­

mum slope occurs at the edge of the sections. For 

estimating the slope of the extended membrane the hori­

zontal spacings of the contours are plotted on x-axis 

and the vertical spacings of the contours are plotted 

on y-axis. The points are fitted with a smooth curve 

and the slope at any point is obtained by the graphical 

method. For maximum slope at the edge of the extended 
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menbrane, a tangent is drawn to the smooth curve through 

the origin ( Pig. 5).

The maximum slope at the edge of the test section 

and the circular section is determined by drawing an 

accurate tangent to the curves through the origin. The 

ratio of these maximum slopes gives the maximum stress 

ratio between the two sections. This ratio is compared 

with the existing theoretical stress ratio and percent­

age error is determined.

Percentage error for the stress and torque ratios 

is calculated from the simple relation given below. 

(Experimental ratio) - (Theoretical ratio) ?x 10 0 
Theoretical ratio J
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WORK .. T

The procedure to calcul - the stress and torque 

ratios for a square (3" x 3',. and a circle (3" diameter) 

is given below (refer to Fig. 3 and 4). The radius of 

the circular hole is made approximately equal to the 

value of 2 A/P where A is the area and P is the peri­

meter of the test hole, then Sin g=mean value of SinV 

(reference 2), where ¥ is edge angle at any point.

The area of each contour of the test section and 

circular section is given in Table I. Corresponding 

heights are also given in the Table I. The volumes of 

the test section and circular section are obtained from 

Fig. 4.

= Volume of the test section = 1.495 Cu. inches

Vo = Volume of the circular section = 1.151 Cu. inches 

^1 = Volume ratio = 1.495 = 1.299

2 1.151

Theoretical torque ratio of the two sections 

(Reference 5) = 1.432

% error V /Vo = 1.299 - 1.432 x 100 = - 9.2 
1 " 1.432

The vertical spacings and horizontal spacings of 

the contours are plotted on Y-axis and X-axis (Fig. 5)
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TABLE I
BATA TO DETERMINE THE VOLUMES OE SOUARE AND CIRCULAP. SECTIOL'S 

(RUBBER HE?)BRANE)

1 2 3 4 5 6 7 8 9
AREA OF 
CONTOUR OF 
THE SECTION 
(S q . i n c a )

VOLUME
HEIGHT V
(Inches) (Cu.inch)

AREA OF 
CONTOUR OF 
THE CIRCLE 
(S q . i n c h )

HEIGHT 
(Indies )

VOLUME
V2 

(Cu .inch.) vl/v2
TRUE
VALUE

-b ERROR
V 1 / V 2

9 . 34 0 7.07 . 34 0
7.25 .400 5 . 73 .4 00
5.87 .450 4 . 80 .450
4.56 .500

1.4 95
3.76 . 5 0 0

1.15 1 1.300 1.432 - 9.2

3.37 .55 0 2.74 . 5 5 0
2.03 . 600 1.58 . 600

1 . 35 .625 .95 .6 25

. 39 .6 75 .56 . 65 0

0 .685 . 13 .6 75
0 .685

- ■ -*
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and the maximuFi slope of the . .es is determined by 

graphical method.

Maximum slope of test section = .06 = 0.549
U . 1 0!) 3

Maximum slope of circular section = 0.06 = 0.4454 
071347-

Ratio of slopes = 0.549 = 1.232
0.4454

Theoretical Shear Stress ratio = 1.350*

% error in determining stress

ratio = 1.232 - 1.350 x 100 = -8.7
1.350

Follow the procedure to determine the stress at any 

point in a section. Consider a point A in the rectangu­

lar section (refer to Fig. 6 and Table II).

Maximum Slope at A of test Section = 8z = .065
Sx .1562

Maximum Slope at the boundary of the circular section

-—— Ratio of Slopes = . 109 x . 065 = 0.9 1 
.109 .05 .1562

Theoretical Shear Stress ratio = 0.942 (Reference 5)

Error in determining Stress ratio = . 91 - . 94 2 x 100 
.94 2

= -3.4%
ta = -91
T c)m a x

T. = . 9 1 t xA c)max
where ta is the stress at A in the considered section

Sec Appendix (page 71)
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LTembrane Contour Lines of the Rectangle and Circular 
Sections^Obtained from Polyethylene Material
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TABLE II

DATA TO DETERMINE THE VOLUMES OE RECTANGLE AND CIRCULAR SECTIONS
(POLYETHYLENE MATERIAL)

1 2 3 4 5 6 7 8 9
AREA OE AREA OF
CONTOUR OF VOLUME CONTOUR OF VOLUME
THE SECTION HEIGHT Vl THE CIRCLE HEIGHT V2 TRUE % ERROR
(S q . i n c h) (Inches) (Cu.in ch) (S q . i n c h) (Inches) (Cu.in ch) Vl/V2 VALUE V /V lz 2

6
4.76

. 385

. 450
4.52
3. 85

. 39 0 **"

.440
3.52 .500 2.94 .480

0.804 0.530 1.516 1.443 +5.0
2.63 .535 2.20 .510

1.76 .570 1.46 .540
0.98 .600 0. 72 .5 70

0.32 .625 0.20 .590

0 .635 0 .5 95



CHzXPTER IV
EVALUATION, RESULTS AND DISCUSSION

The results obtained fron the experiments performed 

on the apparatus are given in Table I to Table XVII.

The values set down in Table III(page 28) indicate 

results of an equilateral triangular section (4" side). 

Fig. 8 is obtained directly from the experiment perform­

ed wit'n rubber membrane on the apparatus. The contour 

lines of the section represent the lines of shearing stress. 

The spacing of contour lines tends to widen as they proceed 

towards the center of the section. Consequently, the 

slope at the middle point of the edge of the triangular 

section is maximum slope in the entire section. Since 

stress is proportional to slope, the maximum stress occurs 

at the middle point of the edge of the section. In order 

to eliminate the constant of proportionality a standard 

circular section of radius = 1,154 in. is taken into 

consideration. The ratio of maximum slopes obtained is 

1.580. This gives the maximum stress ratio. The max­

imum stress for a circular section can be calculated so 

t’ae maximum stress for the section is evaluated from the. 

ratio of maximum stresses. The true maximum stress ratio 

is 1.500.* The maximum slope in the triangular section

*$ee Appendix (page 79)



26

Stress IDi_buTTion Of "Tie "Two Sections .  i ' i
Ec^uUrd.erc<.lTrxanyle. 4"Side 1 ; :
Circle SOOS'Diarre^r (

Mcttcrio'l-.- ' ■" ■ - -
. __ . j : • r

Rubber M ern o-rctnc.; lhtckne.1.^ =.O. O 0 . ~:*-
Movin'urr. Z'.ecle At Tne edoe j-.34-44<>__ ___ _________ ______ ■ I’
Stre.'^-.e Pctt-.o ; =1.500
C Tr>erve:'J Rcttio =1-468
E?tyov । —- 2-is V.

1 . . ■ ■....!. 1I ■ 'I . 1 ' ■ 1
•""In zhe cornerpointgjmdvkeJ x^/yvoy

the pcir'"'* iiXLYkpct A dY'clhobt’ oA hicoViiwiST^tY^A.R.'

■ i. ■ H • • ! \ .

_____ j_____ . _ Figure 8 . ___2_  ___ ___ i.  
Membrane Contour Lines of the Equilateral Triangle and Circular 

Sections Obtained from Rubber Membrane ' '
' ; ____' i.___



_ Volume _GYttt71?A_. for. A ca.wLl ojtc.ro I Trio rr 'e_ k'cd 
. I A Circtc , 1

Mo.Le.ria.1 : Rubber Membrane; Tn.tc.br> = 00^5" ■

— 27J

—-f>

■ =,_JL,05 6-__ 
0-500

t Y-Aras =Area
.Volume .Of.The 5c^.uiJ.oCterc.l
Volume Of ffic CiTC!e
Volutr.e Roctto =t2.172

"Tb'royj.p- Rcu.’o tsI.9 85

I . . I . . t

Rc^ixilatcraL Triangle

। :■
j .
1 . :.

--  .. : :

1T.7
. ■ :: : r.: 1 ;■ . ■ . . • :

-.bi'.: r / n.. . .!;■ :j ’
1 ■' ■ i ■." . ..■ " -

..R.pTiiTR.^.i- : ..: i b 
---J_._„ . ........... 1 ... ■ . .! .

* * •1—t •
; ./..J.: :_.L.

1 .

, 1 1 ■
1

.! : 1 r

.200 I : .•■ .080' - . . ..40C ■ : : .580 • . .660 . .ToO . : -■ ?VSeO., ■
I-.- ■ • j Height—<7 ■: Figure 9 • • 1

-- Volume Graphs for the Equilateral Triangle and the Circle
20 S«piar<*s to th** Jr'^h



TABLE III

DATA TO DETERMINE THE VOLUMES OE EQUI LATERAL TRIANGLE AND CIRCULAR SE.CTIONS 
(RUBBER MEMBRANE)

1 2 3 4 5 6 7 8 9
AREA OF 
CONTOUR OF 
THE SECTION 
(Sq,inch)

HEIGHT 
(Inches)

VOLUME
Vl 

(C u . i n c h)

AREA OF 
CONTOUR OF 
THE CIRCLE 
(Sq . inch)

HEIGHT 
(Inches)

VOLUME
v2

( C u . inch.) Vl/V2
TRUE
VALUE

% ER ROB
Vl/V2

6.928 . 280 4.17 . 280 ■*"
5.01 . 355 3. 32 . 330
4.02 . 405 2.48 . 380
3.02 .455 1.61 . 4 30
2. 14 .505 1. 14 . 455

1.0 86 0.500 2.172 1.9 85 9.5
1.30 . 5 5 5 0. 78 .480

0. 82 .580 0. 38 . 505
0.4 1 .605 0.16 .520

0. 13 . 6 25 0 . 5 30
0 .630
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can be easily calculated fron the contour mapping obtain­

ed from the apparatus. The experimental error in deter­

mining the maximum stress ratio by using a rubber membran 

for a triangular and circular section is +5.3 per cent. 

The volume enclosed 'by the triangular and circular 

sections is obtained form Table III (page 28) by graphi­

cal construction ( Fig. 9). The Volume ratio of the 

two above sections give the torque ratio of the said 

sections. The experimental volume ratio is 2.172. The 

true torque ratio is 1.985.* The experimental error 

in determining the volume ratio by using rubber membrane 

is + 9.5 per cent.

The error in the experimental results is due to the 

membrane material and a few drawbacks of the apparatus. 

Membrane material contributes a greater percentage of 

error than the apparatus drawbacks. The membrane used 

in the apparatus is not an ideal membrane. Rubber 

membrane and Polyethylene Material* used in the experi­

ment have a certain amount of rigidity. Assuming the 

membrane to be a plate and finding the maximum deflection 

by plate theory equation for large deflection for a cir-

*See appendix (page 78)
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cular plate with clamped edges an approximate amount of 

error involved in the experimental results due to shear 

is determined. Using the properties (E,P,p) of the 

rubber membrane in the plate equation , the maximum 

deflection obtained is . 306". Experimental value for the 

maximum deflection or elevation (Z ) is . 333*' (Table X) 

and the maximum elevation by membrane theory (Spherical 

segment) with the same maximum angle at the edge as the 

experimental membrane is .3349" Similarly, using the pro­

perties of polyethlene material (.0015" thick) by

plate theory equation is .3985"and by experimental 

analysis . 405" (Table XI) and by membrane theory is 

.4614" (see page 42 ). The above numerical values for 

(plate theory) clearly show that about -13.6 per cent error 

and -8.6 per cent error is involved using the polyethylene 

sheet and rubber membrane as a plate and comparing with the 

membrane theory (Spherical Segment) results. And comparing 

with experimental values the per cent error was -1.62 and -8.1. 

Tiie experimental error in the results by using rubber 

membrane and polyethylene sheet, is -.56 per cent and 12.2 

per cent in determining Zmax (when compared with membrane 

t lieory results) .

To determine the amount of error involved in slope
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calculation due to shear in the material, a deflection 

curve is .drawn by using the plate theory equation. The 

configuration of the experimental elevated membrane and 

the spherical segment (ideal membrane) is drawn along 

with the above plate deflection curve (Refer to Fig. 26 

and 27). Maximum slope at the same point (x,y) on all 

three curves is taken and compared. The results are 

given below:

Polyethylene (.0015") Rubber Men,
From plate theory 
the maximum slope

curve 
at (x,y) .3185 . 2362

From experimental 
the maximum slope

curve 
at (x,y) . 3181 . 26 0

From membrane theory 
curve the maximum slope 
at (x , y). 375 0. 2637

If rubber membrane behaved like a plate then the per

cent of error involved in slope measurement is

. 2362 - . 2637 x 100 = - 10.49<i
. 2637

Experimental error = . 2600 - . 2367 x 100 = - 1.4T.

.2367

The above numerical analysis clearly indicates that a 

small error in results is mainly due to membrane materi­

al .



X snail error in the results nay also be due to the 

apparatus. The inaccuracy of the apparatus lies in the 

improper arrangement of the recording board. The record­

ing board does not remain horizontal when the depth gauge 

readings at different heights are taken due to the fact 

that the pivot is fixed at one point permanently. The 

error in the linear measurement involved due to the record­

ing board not being horizontal is about 1 per cent. This 

produces an errorneous effect in the results of slope.

For an ideal performance of the experiment there 

should be uniform tension in the membrane covering the 

test section and the circular section. The membrane was 

stretched by hand resulting in non-uniform tension in the 

membrane.

The values set down in Table IX' and Table V indicate 

the degree of accuracy obtainable with the Membrane 

Xnalogy Apparatus in the determination of volume measure­

ments in sections by using rubber membrane and polyethylene 

material. The minimum error, using a rubber membrane, was 

.62 percent for square section, +2.98 percent for equilateral 

triangle section, and 12 percent for rectangle section.

The minimum error, using a polyethylene material (.0015" 

thick) was .35 percent for square section, +5.5 percent 

for equilateral triangle, and —.41 percent for rectangle 



section. The values set down in Table VI and Table VII 

indicate the degree o 1: accuracy obtainable with the 

Membrane \nalogy Xpparatus in the determination of the 

maximum stress ratio in sections by using rubber r.iembranu 

and Polyethylene material. The last column in Tan les 

VI and VII show the error percent due to taking the ratio 

of inclinations as giving stress ratio. Column 8 in 

Table VI and Table VII show the error percent due to 

taking the ratio of maximum slopes as giving the maximum 

stress ratio. The minimum inclination ratio error was 

1.1 percent for square section, -2.13 percent for equi­

lateral triangle section, and -6.7 percent for rectangle 

section in the case of polyethylene material. Table 

VIII and Table IX show the best results obtained from 

the apparatus with the rubber membrane and Polyethylene 

mate ria 1.

Table X to Table XVII are enclosed in the appendix, 

which are the experimental results obtained from the 

apparatus for square, rectangular, and triangular sections



TABU: IV

EXPHRIMF-MTAL l-UHOR J I)!;TEP.'ITNI?JG TOn.QUE RATIOS BY 'UAXS OP

RUBBER MF:'IBPA.UJ-

1 2 3 4 5 6 7

sectio:;

MAXIMUM
r: CLINATION 

a

VO LU? IE OF 
THE S1-:CTIO?( 
V (Cn.inch)

VOLUME OF
THE CIRCLE
Vo (Cu , inch)

EXPERIMENTAL
VALUE
VIV2

TRUE
VALUE
Vl/V2

% ];RPO

SQUARE 
3" x 3" 33.6 1.6S9 1.172 1.441 1.4 32 + 0.62

2 8.7 1. 4 95 1.15 1 1 . 300 1.432 - 9.2

EQUILATERAL
TRIANGLE 4 3.80 1.486 0.727 2.044 1.9 85 + 2.98
4" side 34.44- 1.0 8 (> 0.500 2.172 1.983 + 9.5

RECTANGLE 
2" x 3" 72.30 . 2.766 1 . 704 1,622 1.443 + 12

36.20° 0.834 0.470 1.773 1.44 3 + 22.8

4^



TABLE V

EXPERIMENTAL ERROR IN DETERMINING TORQUE RATIO BY MEANS OF
POLYETHYLENE MATERIAL

1

SECTION

2

MAXIMUM 
INCLINATION

3
VOLUME OF 
THE SECTION
Vj(Cu.inch)

4
VOLUME OF
THE CIRCLE
V^ (Cu.inch)

5 
EXPERIMENTAL 

VALUE 
V V12

6

TRUE VALUE
Vl/V2

7

o ERROR

SQUARE 44.56 2.230 1.551 1.437 1,432 + 0.35
3" x 3"

50.20 2.85 9 2.025 1.411 1.432 - 1.46

EQUILATERAL
TRIANGLE 27.4 0.879 0.470 1.870 1.985 — 5.7
4" side

40.3 1.155 0.562 2.055 1.985 + 3.5

RECTANGLE 
2" x 3" 33.78 0. 844 0.587 1.437 1.443 - 0.41

32.62 0 . 804 0.530 1,516 1.443 + 5.0



TAB LB VI

EXPERIMENTAL ERROR IN DETE.RMINING STRESS RATIO

BY MEANS OF R.UBBER ME?!BRANE

1 2 
RADIUS

3 4 5 6
SLOPE

7
TRUE

8
% ERROR

9
% ERROR

SECTION

OF
CIRCLE
(INCH) a 6 B

RATIO
TAN a
TAN B

VALUE
Ts nax 
T c in a x

IN
TAN a
TAN B

IN
a
B"

SQUARE
3" x 3" 1.5"

1.5" 28.57 24.00

1.413 1.35 0 +4.6"6

1 . 190 1. 223 1.350 -8.7% -11.9%

EQUILATERAL
TRIANGLE 1.15 4 43.80 35.15 1.248 1.362 1,500 -9.0% - 1 6.8 S
4" side

1.15 4 3 4.44 23.46 1.468 1.580 1.500 + 5 . 3% -2.13"

RECTANGLE
2" x 3" 1. 20 7 2.30 60 1.210 1.802 1.414 + 2 7% - 14 . 5

1.20 36. 2 0 19.8 1.825 2.032 1.414 + 4 3% 2 9 %



TABLE VII

EXPERIMENTAL ERROR IN Di'TERMINING STRESS

BY MEANS OF PULYETHY LENE !1ATER.IAL

1 2 3 4 5 6 7 8 9
RADIUS SLOPE TRUE % ERROR % ERROR

OF RATIO VALUE I.N IN

SECTION
CIRCLE 
(INCH) a 5

a 
?

TAN a
TAN 8

ISJKiLX.
T c n a x

TAN a
TAN 8

Cl
T

SQUARE 
3" x 3" 1.5" 44,56 34.2 2 1.302 1.447 1.350 + 7.1 - 3.5%

1.5" 50. 20 4 2.95 1. 168 1.235 1.350 - 8.5 -13.4%

EQUILATERAL
TRIANGLE 1.154 27.4 2 4.5 1.120 1.139 1.500 -24ci -25.3%
4" side

1. 154 40.3 27.4 1.472 1.636 1.500 + 9% - 1.86%

RECTANGLE 
2" x 3" 1.20 33.78 25.61 1.319 1.396 1.414 -1.2% + 6.7%

1.20 32.62 24.60 1.326 1.396 1.414 + 1.2% + 6.2



TABLE VIII

A COMPARATIVE STUDY SHOV.'ING EXPERIMENTAL ERROR IX DETER'IIXING
STRESS RATIO BY MEANS OF RUBBER .MEMBRANE AND POLYETHYLENE MATERIAL

1

MATERIAL

2

SECTION

3

RADIUS 
OF

CI RCLE

4

TANa
TAN g

5

a
7

6
TRUE VALUE

T s n a x

7
% ERROR

ta??;

8
% ERROR

INa

T c m a x TANB

SQUARE 
5" x 3" 1.5 0 1.447 1.302 1.350 + 7.1 - 3.5

POLYETHYLENE
MATERIAL EQUILATERAL 

TRIANGLE 
4" side 1.15 1.6 36 1.472 1.500 + 9.0 - 1.86

RECTANGLE 
2" x 5" 1.20 1 . 396 1.326 1.414 - 1.2 6.2

■SQUARE
3" x 3" 1.50 1.413 1 . 3 35 1.350 + 4.6 - 1.1

RUBBER
MEMBP.ANE

EQUILATERAL
TRI AN"GEL: 
4" side

1.15 1.5 80 1.468 1.500 + 5.3 - 2.13

RECTANGLE 
2” x 3" 1,20 1.802 1.210 1.414 + 27.0 -14.5

04oo



TABLE IX

A COMPARATIVE STUDY SHOEING EXPERIMENTAL ERROR IN DETERMINING 
TORQUES BY MEANS OE RIIBR.ER MEMBRANE AND POLYETHYLENE .MATERIAL

1

MATERIAL

2

SECTION
MAXIMU’l OBSERVED
INCLINATION VOLUME RATIO

5
CALCULATED
TORQUE RATIO

6

-o ERROR

POLYETHYLENE
MATERIAL

SQUARE
3" x 3" 44,56

EQUILATERAL 
TRIANGLE 
4" side

4 0,3

33.7 8

1.437

2.055

1.437

1.432

1.9 85

1.443

+ 0.35

-0.4 1

RUBBER
MEMBRANE

SQUARE 
3" x 3”
EQUI LATERAL 
TRIANGLE 
4" side
RECTANGLE

33.6

4 3. 80

1.441

2.044

1.622

1.985

+ 0.62

+ 2.9 8

+ 12
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Determination Of Error Due To Fact That Menbrane Used 
Was Mot A Theoretical 'leinbrane (No Shear)

Consider a circular section of 3" diameter. Assum­

ing the maximum inclination at the boundary of the 

elevated ideal membrane be 3 = 25.18° (same as in rubber 

membrane). The maximum elevation of the elevated mem­

brane is given by R Tan 3

= 1.5 x .2233 = .33495

^max °^ta^ne^ by experiment is (.685 - .352) = .333 

Table X. The difference in the above two values of ^„ax 

for the same 3 = .333 - .33495 x 100 = - .56%
.33495

From the plate theory with large deflections Z is r J ° max
obtained from the equation (reference 6) 

7 s 7
P = 8 E . t (" n a x) * 6 4 D ( max)

3 1-p R R5 R3 ------ 5 

3
where D = E t „

12(1-/)
P = .85 p , s . i .
V = .5
E = 20,000 lb./sq. inch
R = 1.5"

 t = .0085 (Thickness of rubber membrane) 
max = 0.167

The value of obtained by plate theory equation

is very low because t of the unstretched rubber membrane 



was used in the equation. However, in the experiment the 

rubber membrane was stretched. The thickness of the stretched 

membrane should be used in the plate equation. /Assuming 

t of the stretched membrane = 1/2 t of the unstretched 

membrane. Modulus of elasticity in the rubber membrane is 

not constant so take average E = 6666.6 Ibs./sq. in. in 

the Z calculations. Substituting the above values in 

plate equation, Z obtained is .3060.

^max = .33495(From ideal membrane theory) 
“max = .333 (Experimental Value)

max = .3060 (From Plate Theory with large de- 
flections) 
Z

Experimental error in max (when compared to membrane 

theory results) = .333 - .3349 x 100 = - 0.56% 
. 3349 

Using Polyethylene Material (.OOIS" Thick) 

Consider a circular section of 3" diameter. The 

maximum elevation of an extended ideal membrane is given 

by R Tan Assuming (34.22°) the same for the ideal 
2 

membrane and for the polyethylene material. 
7 

max = R Tan 3. 
2 

= 1.5 x Tan 17.11 = .4614 
g 

max obtained from the experiment is (.810 - .405) =

,405(Tablc XI). The difference in the above two values 

of Z for the same = .405 - .4614 x 100 = - 12.1% max ---------- ---------------
From the plate theory with large deflections Z ax is 



obtained from the equation (reference 6)

P = 8 E . t + 64D (Zmax)  
3 1-p k k'6 I?" k

where D = EtZ  
12(l-u2)

P = 1.00 p . s . i .
t = 3 x .0015" =.0009 (Thickness of the Stretched 

5" Polyethylene Sheet)
R = 1.5
E = 20,000 Ibs./sq.in.
P = .4

^max = .3985 
7 
"max = .4614 (By ideal membrane theory) 
7 
“max = .405 (Experimental Value) 
2 max = .3985 (Plate theory for large deflections)

7
Experimental error in “max = .405 - .46 14 x 100 = - 12.2-u 

.4614

In order to determine the error in slope measure­

ment due to a slight shear in the membrane three de­

flection curves were drawn. The three curves are drawn 

from the data obtained from the experiment (Table X and 

Table XI), plate theory equation, and the ideal membrane 

theory. They give a relationship between deflection and 

horizontal axes. An arbitrary point A(x,y) was chosen on 

the three curves and maximum slope at that point was 

determined and the results were compared. The graph with 

results is given in Fig. 26 and Fig. 27.



CHAPTl;!'. V
CONCLUSION

The experimental apparatus is very simple and can 

be easily built. The results obtained from the appara­

tus have an error of about 4% average. And the ease of 

operation with it justifies its use in the membrane 

analogy .experiments.

The experimental results of this thesis indicate 

that there was a considerable degree of error due to the 

membrane material. The error in the results was also 

added to by drawbacks in the apparatus. The apparatus 

can be made more accurate by following the recommendations 

which are based on practical difficulties encountered in 

performing tlic experiment and getting the results.

The recording board should be maintained hori­

zontal whenever the readings arc taken. A slot of 

considerable length (about 1 in.} should be made in the 

vertical bars at the pivot, so that the recording board 

can be moved up and down; and can be fixed by means of 

a nut. By this arrangement the board can be maintained 

horizontal whenever the readings arc taken. The hori­

zontal position of the board is obtained by taking the 

support of the depth gauge and with the help of the 

spirit level.
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To develop an approximate magnitude of tension 

in the membrane see that a network of squares drawn on 

the unstressed rubber membrane should deform when 

stretched, into double the previous squares. Uniform 

tension may be produced to a small extent by placing 

the rubber membrane between two overlapping rings similar 

to wooden over rings employed for embroidery.

The purpose of this project was to construct and 

demonstrate the use of the apparatus. It was not until 

after tiie construction was finished that the short­

comings mentioned above were realized. The two materials 

used for membranes were arbitrarily selected. It is 

recommended that as part of any further development of 

this apparatus that an investigation be made to optonize 

the selection of a more appropiate membrane material.
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. Figure 11
Volume Graph for tlie Square and the Circle



TABLE X

DATA TO DETERMINE THE VOLUMES OF SQUARE AND CIRCULAR SECTIONS 
(RUBBER MEMBRANE)

1 2 3 4 5 6 7 8 9
AREA OF 
CONTOUR OF" 
THE SECTION HEIGHT

VOLUME
Vl

AREA OF 
CONTOUR OF
THE CIRCLE HEIGHT

VOLUME
V2 TRUE % ERROR

(Sq. in cli) (Inches) (Cu.inch) (Sq.inch) (Inches) (Cu.inch) V /V r 2 VALUE

9.00 .345 7.07 .352 —1—

7.59 .410 6.11 .402
6.87 .435 5.36 .427
5.68 . 485 4.32 .477
4 . 39 .535 3.14 .527
3. 24 .585

1.689
2. 15 .577

1.172 1.441 1.432 + 0.628

2.0 0 . 6 35 1.17 .627
1.40 . 660 . 73 .652

. 87 ,6 85 .28 .6 75

. 5 3 . 70 0 0 .6 85

. ] 7 . 7 1 5
(• . 722

Ul
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TABLE XI

DATA TO DETERMINE THE VOLUMES OF SQUARE AND CIRCULAR SECTIONS 
( POLYETHYLENE MATERIAL)

1 2 3 4 ■ 5 6 7 8 9
AREA OF AREA OF
CONTOUR OF VOLUME CONTOUR OF VOLUME
THE SECTION HEIGHT V1 THE CIRCLE HEIGHT V2 TRUE % ERROR
(Sq.inch) (Inches) (Cu.inch) (Sq.inch) (Inches) (Cu.in ch) Vl/V2 VALUE V /V lz 2

-
9 . 395 7.07 .405
7. 26 .4 95 5. 79 .505
6.31 . 54 0 4.89 .555
4.93 .620 3.96 . 605

2.230 1.551 1.437 1.432 + . 35
3.55 .695 2.55 .680
2.14 . 770 1.5 6 . 730
1.21 . 820 .63 .780
0.26 .870 . 24 . 800

0 .880 0 .810
■ -*

tn
a-
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TABLE XII

DATA TO DETERMINE THE VOLUMES OF SQUARE AND CIRCULAR SECTIONS 
(POLYETHYLENE MATERIAL)

1 2 3 4 5 6 7 8 9
AREA OF AREA OF
CONTOUR OF VOLUME CONTOUR OF VOLUME
THE SECTION HEIGHT V1 THE CIRCLE HEIGHT V 2 TRUE % ERROR
(Sq.inch) (Inches) (Cu. in cli) (Sq.inch) (Inches) (Cu.inch) VALUE V /V lz 2

9 0.395’4~ 7.07 0.405
7.07 0.545 5.55 0.555
5.59 0.645 4.52 0.6 30
4.12 0. 745 3.12 0.730
2.92 0.820

2.859

1.92 0 . 805
2.025 1.411 1.432 1.46

2.10 0.870 1,09 0.855

1.34 0.920 0.53 0.890
0.63 0.970 0.20 0.910

0 1 . ooo^_ 0 0.920

VI
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Figure 17
Volume Graphs for the Equilateral Triangle and the Circle



TABLE XIII
DATA TO DETEPOIIME THE VOLUMES OF EQUILATERAL TRIANGLE AND CIRCULAR SECTIONS 

(RUBBER ?!EMBRANE)

1 2 3 4 5 . 6 7 8 9
AREA OF AREA OF
CONTOUR OF VOLUME CONTOUR OF VOLUME
THE SECTION HEIGHT v. THE CIRCLE HEIGHT 2 TRUE % ERRO
(Sq.inch) (Inches) (Cu.inch) ( S q . i n c h) (Inches) ( C u 7 i n c h) Vl/V2 VALUE vl/v2

6.928
4.80
3.64

2.6S
1.55

0.330
0.450
0.525
0.600
0.675

1.486

4.17
3.55
2. 89
2.18
1.56

. 330

. 390

.440

.490

.540
0.727 2.044 1.985 + 2.98

0.81 0.727 0.9 3 .590
0.48 0.750 0.57 .625
0.15 0.775 0. 15 . 650

0 0. 780 0 . 660
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Figure 18
Membrane Contour Lines of

- . Sections Obtained
the Equilateral Triangle and Circular 
from Polyethylene Material
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TABLE XIV

DATA TO DETERMINE THE VOLUMES OP EQUILATERAL TRIANGLE AND CIRCULAR SECTIONS 

(P 0 L Y L T J J V T. p M A T E RI A L)

1
AREA OF 
CONTOUR OF 
THE SECTION 
(S q . i n c h)

2 3 4
ARE,\ OF
CONTOUR OF
THE CIRCLE
( Sq.inch)

r

HEIGHT
(Inche.

6 7

V^V'2

8

TRUE
VALUE

9

ERROR
vi/v2

HEIGHT 
(Inches^

VOLUME
V1 

(Cn.inch) ^)

VOLUME
V2 

(Cu.inch)

—1
6.928 . 355 4.17 . 375
5.14 .420 3.44 .425
4.22 .45 0 2.86 .450
3.10 .490 1.87 .500
2 . 22 . 5 20

. 8 79
1. 37 .5 25

.470 1.870 1.985 - 5.7
1.50 .550 0.77 .550

0.81 .575 0.39 .565
0.40 .595 0.20 .5 75

0.11 .6 05 0 .582
0 . 609
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TABLE XV
DATA TO iJETERMIXE THE VOLUMES OF EUUI LATERAL TRIANGLE AND CIRCULAR SECTIONS

(POLY E T11Y L E X E ?! AT E P. I A L )

1 2 3 4 5 6 7 8 9
AREA OF
CONTOUR OF
THE SECTION HEIGHT

VOLUME 
v.

ARE.A OF 
CONTOUR OF
THE CIRCLE HEIGHT

VOLU^H
V 2 TRUE % ERROR

(Sq.inch) (Inches) (Cu . inch) ( S q . inch) (In dies) (Cu.inch) ’ ^/V2 VALUE V1/V 2

6.928 . 355 ■*“ 4.17 . 375
5.46 .430 3.08 .450
4 . 29 .480 2. 36 .500

3. 27 .530 1.44 .550
1. 155 0.562 2.055 1.985 +3.5

2.21 . 580 1.00 .575

1. 29 .630 0.61 .600

0. 83 .655 0.32 . 6 15

0.35 .680 0 .633

0.17 .69 0
0 . 700 .S
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TABLE XVI
DATA TO DETERMINE THE VOLUMES OF RECTANGLE AND CIRCULAR SECTIONS 

(RUBBER MEMBRANE)

1 2 3 4 5 6 7 8 9
AREA OF AREA OF
CONTOUR OF VOLUME CONTOUR OF VOLUME
THE SECTION HEIGHT Vl THE CIRCLE HEIGHT V2 TRUE % ERROR
(Sq,in ch) (Inches) (Cu.inch) (S q . i n c h) (Inches) (Cu.inch) V /V 1Z 2 VALUE V /V lz 2

6.0 . 390 4.52 . 390
4. 38 .470 3.92 .420
3.27 .520 2 . 82 .470
2.11 .570

0.834
1.90 .5 10

0.470 1.773 1.443 + 22.8
1.55 .595 1.37 .535
1.00 .620 0.81 .560
0.45 .645 0. 24 .5 85

0.20 . 655 0 .5 95
0 .66 2
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TABLE XVII

DATA TO DETERMINE THE VOLUMES OF RECTANGLE AND CIRCULAR SECTIONS

( F 0 L Y E T H Y L E N E M A T E RIA L )

1
AREA 01-
CONTOUR OF
THE SECTION
(Sq.inch)

2

HEIGHT 
(Inches)

3

VOLUME
Vl

(C u,inch)

4
AREA OF
CONTOUR
THE CIRCLE
(Sq,in ch)

5

HEIGHT 
(In dies)

6

VOLUME 
v2

(Cu.in ch)

7

V /VV 2

8

TRUE
VALUE

9

% ERROR
v1/v2

6 . 330 4.52 . 320
4 . 88 . 390 3.63 .380
3.74 .440 2.72 .430
2.62 .490

0.844
1.76 .480

0.587 1.4378 1.443 - .41
1.45 .540 1.19 .505
0. 85 .565 0.66 .530
0.22 .590 0.15 .555

0 . 600 0 .560



A Comparative Study of Deflection Curves (By using P.ubber ilonb cane)

i ! ■
(1) Deflection Curve From Membrane "Theory C Spheric a.1 Sen me rit V/i th O. Zmtxx =.R Tan f1 ) 

a
(?) Deflection Curve From The Membrane Analogy Apparatus C Table X~) : ' .

; . I
(?) Deflection Curve From Plctte Theory (Assuming Rubb-er Membrane Acts cos cl. Plate)

r .
■ 1 , ' i

I

--------------------------- :-------------------- :-----------------------Radiu5=1.5"------------------------ !----- :---------------------------
. । _ ' . I _ ■ • . I . | _

Maximum Slope cct A on Curve (T) = 0.2637 I ; 1 I . f. " f
)=> 1 | , " l •: I ■ I ■

Maximum dope cct A on Curve (2) = 0.2600 I i i ' I 1 r
Maximum Slope ett A on Curvefs) = 0. 2362. I ; ■ , "F: , x-v . . 1 I - . 1 ' I ’ .

F i g uve 26

l/l



A Comparative Study of Ucflection Curves (I’.y usin;; Polyethylene d ecrial)

I ।Act.'* 0.8 a Plafe? .

Curve

(2) Deflecteon Curve From "The MeiYibirme Ancdcjy A pparaA'A C Table XT") I 
d) De-flectli'O n Curve From Plate TTieovcj (Assuming Rd^e-thy lene matericd

io 
O

V) 
tf)<0

ma.*. - RTTctn 2 )

. Maximum Slope cd. A on Curve (T) = 0 "^>75O

Maximum ‘Slope at A on

Maximum Slope at A.‘ on Curve 
! , 1 .

Radi u» 15

I71 p u r e 2 7
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Torouc Ratio \nd Stress Ratio Calculations

Xnalytical data for the stress and torque ratios of 

the three simple cross sections used in the experiment with 

their corresponding circles arc obtained from the relations 

given in (5). The procedure to calculate analytically tlic 

stress and torque ratio for a triangular section (4" side) 

and a circle (2.308) is given below.

The maximum stress and torque in a circle is obtained 

from the relation

Yc = ]c - GO
J
ILK

J
tc= G.e.j

where G is the angle of twist per unit length..

The maximum torsional stress and torque in the trian­

gular section is obtained from the empirical relation (5).

20 Ts
(5i.de?

Ts = G.9. (Side)4
46-2

Since the p/S value is the same for both sections because 

the same membrane is used, the corresponding 2G6, is also 

same for the both sections.

Torque ratio is given by

= G-6 .(Side") _ (S>'tde') -= x J.365
Tc 46.2 G.9. J 46-2 T 46.2>iTb<(2-30g)



1'3

Maximum stress ratio is given by

= 2OT = 2O.CSide)4G.9
\)tY1ax 46.2(6ide)3G.e.R

- go. Side = 20 x4
46.2 R 46-2 x 1-154

= 1.500

Given the torque applied to a triangular section, the 

angle of twist per unit lengtii, © , can be determined from 

the relation given below.
e=A- C^-dz - (Sl-ds

2.GA J 2.G.A J 8n
(7) where 83. is normal slope of the membrane around 

&n
the boundary. The constant^, is obtained from the relation 

given below.

Volume under the extended membrane of the section = Gx K
Maximum slope at the boundary of tiie section

where K = Torque applied
Maximum stress at the boundary of che section



The properties of the two materials are given bclow(S):

Polvethv lone Material - * - ' - -

Thickness = 0.0015" (Measured by mi croneter)

Specific gravity = 0.910

Modulus of Elasticity in tension = 20,000 to 25,000 p.s.

Tensile stress = 1,400 to 2,000 p.s.i.

E1 ongation ,?5 = 125-675

Shear stress, 1,400 to 1,700 p.s.i.

Poisson ratio = . 4

Rubber ’ienbrane

Thickness = .0085

Specific gravity = .93

Tensile stress = 2,500 - 3,500 p.s.i.

Modulus of Elasticity in tension = 20,000 p.s.i.

Elongation,?6 = 75 0 - 85 0

Poisson ratio = .5


