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PREFACE 

For many years investigations have been made of the perform

ance of the Bourdon Tube in the measurement of pressure. To date 

no satisfactory theory has been evolved to predict the action of 

the Bourdon Tube within reasonabl e design limits. The object of 

this investigation is to establish an empirical equation relating 

the change in radius,b.R, of a Bourdon Tube to the applied pres

sure and other tube parameters. 

The author is indebted to the RC:MPE Conunittee of the Ameri

can Society of Mechanical Engineers for sponsoring this investi

gation financially, and for furnishing the materials for experi

mental measurements, 

The author's gratitude is also directed toward: Dr~ John W. 

Hamblen of the Department of Mathematics, Oklahoma State Univer

sity, for his helpful advice and suggestions, also for program

ming the IBM 650 computer to solve the many equations used in 

this study; Preston G. Wilson of the R. A. D. Laboratory for his 

capable ~ssistance in the measurements of the tubes; Professor 

W. H. Easton of the School of Mechanical Engineering for his 

guidance in the preparation of this manuscript; and Mr-s.Mildred 

Avery for typing this thesis, 
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CHAPTER I 

INTRODUCTION 

The Bourdon Tube is one of the most widely used elements in 

the measurement of pressure. It was invented in 1849 by Schinz and 

marketed by E. Bourdon in 1850. Although many attempts have been 

made to analyze and predict its performance, to date no satisfactory 

theory has been determined that will predict the action within reason-

able design limits. 

Wuest (l)*, Wolf (2), Clark, Gilroy, and Reissner (3)have all 

made important contributions in Bourdon Tube research. Wuest based 

his theory on the bulging deflection of the Bourdon Tube. His anal-

ysis is approximate and is particularly suited to tubes whose cross-

sections have a greater width than height. The pointed-arc shape 

and the idealized section in Figure 1 are best fitted to his theory. 

The idealized section as used by Wuest was based on a tube with ends 

which "are infinitely rigid to all stress except unbending-to which 

they are perfectly flexible. This means that all bulging occurs in 

the horizontal walls_ ... (l) 

•superior numbers in parentheses r ef er to numbers in the 
'Bibliography. 
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Jennings ,(4) in discussing Wuest' s work states: 

Comparison shows that the pointed-arc has much greater sensitivity 
than the idealized section and also that it has much lower stiff
ness. These results are highly significant because they demon
strate tHe critical influence of section shape on tube performance. 
This is one reason why it is not easy to get consistent experimental 
data on these pressure detectors. 

3 

Wolf h?,ses his theory of 'Bourdon Tube deflection on the assump

tion of an approximately correct bulging formation of the flat-oval 

section. Sihce Wolf has used a bulging function similar to that of 

pressure in a straight tube, his results are not expected to be accu-

rate for highly curved tub~s. 

Using the Fourier series and asymptotic approximation methods, 

ciark, Gilroy, and Reissner have analyzed Bourdon Tubes with ellip-
'· , 

tical cross-sections. Jennings in comparing the differ~nt Bourdon 

Tube theories says: 

The curves for elliptical tube stress and stiffness ratio check 
approximately with Wuest's and Wolf's curves for large values of 
the tube parameter. ·· For highly curved Bourdon Tubes, this theory 
indicates the stress to be higher and the stiffness lower for ellip- . 
tical tubes than for straight-sided tubes. However, study of both 
the sensitivity and stress curves shows that the elliptical section 
should give a greater deflection per unit stress than the straight
sided tube. 

Both Wuest and Jennings in independent analyses found that by 

applying the idealized section theory to flat-oval tubes, it was 

possible to eliminate height to width ratio as an independent variable. 

For the practical use of Bourdon Tubes the interest has been in 

the distance the tip travels, the angle through which it turns, and 

the effect of external forces acting on the tip. It was the purpose 

of this study to establish .a method, resulting in equations, which will 

predict the tip travel of a Bourdon Tube in . terms of the applied 



pressure and the measurable tube dimensions, of sufficient accuracy 

that they may be used in the design of new tubes. 
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CHAPTER II 

STATEMENT OF THE PROBLE;M 

The objective of this investigation was to establish an 

empirical equation relating the change in radius, 6. R, of a Bour-
r 

don Tube to the applied pressure and other tube parameters. The 

value 6. R is necessary in order to predict the tip travel of a 

Bourdon .Tube as will be shown in this report. 

Due to the complex shape of a Bourdon Tube, it is difficult 

to form analytically, a differentia~ equation that will describe 

the deflection of the tube , and it is much more difficult to inte-

grate the equation once it has been formed. In t his study, careful 

measurements of applied pressures and deflections of various sizes 

of tupes were made, and the changes in radii were computed. When 

a Bourdon Tube expands with applied pressure within the tube , t he 

radius increases, and at the same time the angle subtended by the 

end points decreases. A relationship between these two values must 

be established in order that the 'tip travel' of the tube may be 

calculated. The 'tip travel' within very close limits may be con-

sidered as a function of the change in radius and the initial angle 

of the tube alone. 

5 



CHAPTER III 

PROCEDURE 

Twenty-five Bourdon Tubes selected at random and furnished 

by manufacturers of Bourdon Tubes were measured for this study. 

The measuring technique used in this study, {i.e., using a milling 

machine, microscope, and gage blocks to very accurately es~ablish 

a circle of reference through three points that coincide with the 

centroids of the cross-section at these points), made it possible 

to measure the deflections of the tubes without the effects of the 

end fastenings and closures. A list of equipment used to obtain 

these measurements and a list of symbols and abbreviations are in-

eluded in the appendix. This technique also provides a direct 

comparison of the value'S ~ R and ·-~ 4.1 {ratios of: change in 
Ro 'ti- o 

radius to radius at zero pressure, and change in tube angle to tube 

angle at zero pressure), two values necessary for the completion 

of this study. 

All measurements of coordinate points, XiYi, on the side of 

the tube that coincided with the central axis are correct within 

t · o. 0001 of an inch. All pressure measurements were made with a 

·dead weight tester that was calibrated by tbe U. s. Bureau of 

Standards just prior to its use in this project. All pressures as 

reported are correct within 0.01 psi. No material samples were 

6 



available to establish Young's ~dulus (E) for the tube materials • 

. The values used for E are values reported by H. L. Mason. (.5) 

The tubes used in this study were not true geometric shapes, 

i.e., the arcs of the tubes were not true circular arcs, and the 

cross-sections were not true flat-ovals. These deviations from 

true forms affected the accuracy of the derived expressions for ~ R. 

The material thicknesses used in the computations were the values 

reported by the tube manufacturers rather than true average values 

of thicknesses. 

Each tube was examined to establish a uniform section re-

7 

moved from the transition shapes near mountings and end connections. 

After the uniform section was established, careful measurements were 

made of wand t (the major and minor axes of the tube cross-sections) 

and an average value of these quantities was noted. Three reference 

points were next established on the side of the tube, great care 

being taken, that these reference points, approximately evenly spaced, 

coincided with the major diameters, w. These reference points are 

in the nature of 60° cones indented on the side of the tube. The 

base diameters of t hese conical points are approximately 0.001 inch. 

An assumption was made at this time that the cross-sections of the 

tubes are true flat-ovals. The reference points are located within 

an accuracy of i o.ooo.5 inch of lying on the edge of the cylindrical 

surface that contains all the major axes and the central axis of the 

tube. These three reference points are used to determine the circle 

of the central axis of the tube. 



For the second operation, the tube was rigidly mounted on 

the platen of a milling machine, in a vertical plane parallel to 

the platen of the mill. The tube was next exercised 25 times by 

applying and completely removing a pressure lOfo greater than the 

rated pressure of the tube. 

The third operation was one of measuring deflection versus 

8 

pressure. F.a.ch tube was measured at ofo, 25'%,, 5o't,, 7 5fo, and lOOfo 

of rated pressure, or pressures near to those just mentioned. Any 

deviations of pressure from those mentioned above were to facilitate 

the use of the large weights of the dead weight tester. These-

quence of measurements, Figure 2, was as follows: at O psi, points 

x2y2, x3y3, and x4y4were established; ~gain at 251a psi, points x2y2, 

X3Y3~ and x4Y4 were established and etc. The odd subscripts on the 

locat ion points were necessary because originally five location 

points were to be used and three circles were to be measured on each 

tube, at each pressure, using points 1, 2, 3; 2, 3, 4; and 3, 4, 5. 

Circles established by points 1, 2, 3 and 3, 4, 5 were discarded be-

cause they would be highly influenced by the end conditions of each 

individual tube. In this study, the effects of end conditions were 

to be eliminated. 

The results of the above measurements were used in Figure 2, 

F,quations 2 and 3 to calculate the locations of all the centers of 

all the circles (ax, by)• These results were then used to calculate 

the radii of all the circles (Fig. 2, F,q. 1) and to establish the 

values of ~ R for each increment of pressure. 



The results of Fq_ua tions 1, 2, and 3 of Figure 2 were used 

in Figure 3 to establish Fqua tions 4, 5, and 6, and values of 

~R and . ~'*' for purposes of comparison. The information 
Ro · v ·o . . 

from equations 5 and 6 was used to develop the equation for 'tip 

travel' in Figure 4, FqU?,tion 7. 

The symbols and values for the major and minor axes of the 

tubes are different from values and symbal.s used by previous in-

vestig~tors. The symbois w and t were substituted for b,k_and a/2 , 

major and minor semi-axes. The values w and t. are overall measure- , 

ments th~t can be measured 'With a micrometer. All equations de-

veloped and used in this paper are reported in .algebraic form. All 

solutions involving thes~ equations were progrannned and solved using 

the IBM 650 computer located on the campus of the Oklahoma State 

University. 
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TUBE AXIS 

Fig. 2.. Measuring Circ e -of the Central Axis 

2 2. , 2 
(x-a) -1-(Y-b) = r- General E::J.uatio:n: (1) 

Eq. for three points 
2 2 '2. b2 r-2 

X2. - 2a X2 + q +- Yz -2 b Y2. + = 

' X3 -2Cl X':, 

2. X4 - ZCI X'4 

Rearrange terms 

'L ,_ .,_ 2.ba '><2. - 2Gi ><a +-Y2- -2 b "2 = r -Ot - : constant for any 

><i - 2a X3 + 'd' - 2 by; = C 

x!- 2ax-"' +~2 -2bY-4 =c 

one circle 

Solve above for a & bin terms of measured x's & y's. 



'll 

Q (X4 -X2) + b(Y4 -Y2.):: ~ 2 • Yi,2 f ><; - ><t 
2 2 

(2) 

y.;2 y;2 xJ -x: 
a ( x'.) - ><i.) + b(Y3 - Y2.) = , ~ 2 + --E:."----

(3) 



y 

Fig. 3. Angle of Arc of Central Axis 

T -, ><'z. - a e = an 
I Y'Z.- b 

S,, -.:: lf!i Ro ; SL = lf, R,:, 

· From calcuJ.a ted results, Table II. 

E =Si:-So~O 

.6 4' = "Po - 4-'i 
Lt'o !..po 

AR :: R. - Ra 
~ Ro 

12 
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4.R 

Fig. 4. Bourdon '.J:'ube Geometry 

>( = - Rs IN lfJ ; '{ = R - R cos lj) -= R( J - cos yJ); TT< 'f'< f TT 

dx = - 1~ cos YJd If - s, N <p cl R 
dY= Rs1Nlpd'f + (1-cos4-1)JR 

For small differences, different,ial equations may be written as 
difference equations. 
b.X ::.-(~coslf~lf - s1NI./JL:i.R. 

L>. y = R 51 N '-f .6 tf + ( I - C.()S If) ,6 F( 

From computed values - Table II. 

- (f's 1N rad1on..s 



6R and measurable initial values were of interest -
making the. substitutions --

b. >< :: -( Ru +LlR) W 1~ Co S: ( lfo - 'fa 4/f')-~ R SIIV ( (/Jo - If; i:) 
b.Y = ( Ro+L::. R)(f. '71: SIN(</t.; -1/),; ~

0
R +A.R[I-Cos('fo- ~f(J 

From trigonometry 

S I 1'1 ( A - 13) -: $;IN I~ 'OS 13 - CO s Pr S' II\/ 13 

cos(A-B):: COSACOSl3+S1N1~.SINB 

making the substitutions 

6 X ::- - ( Ro + b. R) (Ii ~ [CO .S f./d C Os ~ + S" IN C/J, SIN ~ ~1-
-Ll R [SIN </Jo cos~ ~~~ .- C. 0 5 '/-6 S /ty f/6 'lt] 

4 Y = (Ru -ttjf()'fo 1>~[ SIN~ COS (JI,~ -COS 'fa SIN~ ~J 
+~ R -~R[cos % COSI.H,4.is + SIN(./)0 .SINl/6 if1 R0 oJ 

SIN~ t::i,t~ ~ 'fo ~: ; COS~ '7t ~ J 

making the ,substitutions 

14 

bx = -(R0 + ~ R) (X 1{ [cos~ + £Po ~SIN~ J-.6~[s1Ny{- ~ifcos9i) 
.6 Y -= ( Ito -{ 4 R) W '7t [s-0,1 ~ - 41, ~ C. os ttJa] +4R -4 R[c.os~ ~ 4Je. ~~.S/N(/1~ 

Expand both equations - collect terms - neglect all terms 
nigher than terms of the first order. 

A~ -::-6 R ( 'f" C.OS 1/)0 + SIW tJI~ J 
,6. Y : A R ( I + (J}0 SIN t./)o -C. OS CJ}, ) 

..L 

6 L -= [~><2. +AY J 2 

.1 
A L -: f::. R [ 9{ + C.. -1- 2. l Ylu S IN l/)0 - COS Y1, J Z (7) 



CHAPTER I'll 

SELECTION OF THE· MJDEL EQUATION 
( 

A deflection equation that "Will predict the 'tip travel' of 

a Bourdon Tube is of the form6 L.: f ( lt' 0 ,6. R) in Figure 4. In 

order to devise a numerical analysis solution for Bourdon Tube 

deflection, deflection equations for other geometric shapes were 

examined for form., 

A deflection equation for a simple beam is of the form 

CJ= C EP!t3 ~ where deflection is a function of load~ stiffness~ 

and the geometry of the member. At the beginning of this study 

it was the opinion of the author of this paper that the deflection 

of a Bourdon Tube could be described in terms of load~ stiffness 

of the material, and the geometry of the tube. Since the cross-

sectional shape of the tube changes in a manner difficult to de-

cribe, an attempt to analyze the deflection in terms of a curved 

beam theory was abandoned. 

For simple forms of deflection equations, the terms are all 

in the forms of products and powers, so a model equation of proda, 
( 

ucts and powers was devis.ed and tried., This model equation recog-

nized 6-. R as a function of P, E~ R,0 , w, t, and h. 

~ model equation may be one of many forms. It may be linear, 

15 



cubic, y = a0 .J six ./I a 2:x2 # a3x3; or it may be an exponential, 

logarithmic, or some other mathematical form •. The form of a 

model equation may be selected in many different ways. Experience 

may dictate the form of a model equation, or plotting some values 

from experimental results may indicate a trend which will.help 

select a model. No ·exa6t method is known for selecting the cor= 

16 

rect model of an equation on the first attempt. The only criterion 

for an acceptable model equation is the result obtained by testing 

it. 

.Since no parameter of one tube was equal to a corresponding 

parameter of another tube, that is, the major axis, minor axis, 

radius, and wall thickness varied from tube to tube, it was neces

sary to devise a curve fitting program that would yield an equation 

that would best fit. the measured parameters of the tubes and the 

experimental results. ~ R was taken as the dependent variable and 

the values P, E, R0 , w, t, and h were used as independent variables. 

The large number of independent variables in this study limits 

the possible variety of model equations that may be tried because 

of the lengthy computations involved in testing the various models. 

The first model tested was a simple product and power typei 

~ R ::: pal Ea2 :Ra3 "ll4 ta; ha6., This model was abandoned due to the 

lack of dimensional homogeneity. 

The second model tested was of the ,same type as the first with 

one exception, a constant was added and the model took the formg 

b. R ::: KPE""'1 Ral wa2 ta3 ha4. This med.el was discarded because the 



values B.:J., a2, a3, etc. obtained in the solution appeared to be 

improbable values, i.e., values such as 11.6, 21.2, etc. The work 

at this stage was very difficult to compute, using slide rule 

accuracy. It will be noted here that an attempt was being made to 

. Js:eep the equations in a form similar to a simple beam eq_ua tion. 

The Buckingham 11 theorem was tried and discarded at the beginning 

of the stu~. This was necessary because dimensionless groupings 

could not be formed. 

The third model tested was of the forms 

D. R : 98b pal _j,a2 R0 a3 wa4 ta; h~6.. This form appeared promising 

so an attempt -~s made to refine the equation. 

17 

Th9 manner in which the above equations were tested was simple, 

but involved numerous lengthy computations. All values except the 
' 

a's were known from experimental work. Data were taken from as 

many tubes as there are unknowns in the modeL equation. As an ex

ample, there are six a's in the model eq~tion above; therefore, 

six tubes were selected from the entire group of tubes. For each 

tube a ~R and its corresponding pressure were selected, in this 

case the maximum. pressure and .6.. R were chosen. The natural loga-
~~ 

rithm was taken of both sides of the equation, and the equation 

took the following forms 

Six sin).ultaneous equations were set up and carefully solved 

for the a' s and the a} s were found to have values that appeared 

to be reasonable, indicating that this might be an acceptable model 



equati.ono The' values of the a' s were substituted back into the 

model equation and the equation was tested solving for the same 

f::::. R's that .were used while solving for the a 0 s. (L'he model equa-

tion W'6uld predict these I::::. RO s within 15 to 20 percent of their 
I 

measured valu~~. 

The next step in the solution was a curve fitting program to 
' 

obtain the best possible values for the a 9 s. The IBM 650 computer 

18 

located on the campus was designed to calculate automatically the 

constant·s and coefficients for a wide range of polynomial regression 

equations. It will also indicate to the program user how good, in 

a statistical sense, is the equation which was selected to represent 

the data. 

If it can be assumed that experimental errors are normally. 

distributed, it, can be shown that the ~,best fit is that one which 

minimizes the sum of squares of deviation of the observations from 

the function. For example 

alge1:raicallyg E{y0 - y0 ) 2 = minimum 

where y0 ::J: olDserved value 

and Ye= calculated value. 

If, for example, it is assumed that the functional relat~on-

ship between! and .x1 , x2~ x3 can be expressed as a linear function, 

y = a0 .j.: a1 x1 ,1.··· a 2 x2 ./, a3 x3 ll the best fit. in the sense of least 

squares requiresg 

1: (yo -= y~)2 ~ r_~o - (ao ,l al Xi_ ./, a2 Xz .j. aj x33 2::; minimum 

where the summation is over the set of observations. It should be 

pointed out that the x 9 s need not be independent of each other. Thus, 
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the x's can themselves be functionally related. For example one 

could have: 

- 2 - .!. x2 - x1 · , x3 - x1 2, etc. 

As mentioned above, the criterion of least squares requires 

a set of a'.s which minimizes 

~ ~ ~- (ao ,' "1. "J. ,' a2 ~2 ,' a3 "3B 2, 

From the calculus, this minimum may be found by equating to zero 

each of the partial derivatives with respect to _the a•s. This 

leads to a system of linear algebraic equations which may be solved 

for the a's. 

Using the example with three independent variables, one obtainsg 

~ ao ./, e.i [ ,xl / a2 L X2 i a3 r X3 :: 'i2. y (l) 
' .. · 2 
a0 L ~ ./, 81 !. ~ ,/ a2 r_ :i,,_ x2 ./, a3 L Xi x3 : Ly ~ ( 2) 

a0 L X2 f _'S.l [. ~ X2 ,#' a2 2.. x/ .* a3 L. X2 X3 ::: L y x2 (3) 

a.0 I:" x3 ./, a.1 i.. ~ x3 ./, a 2 r.. x2 x3 •l e.3 t x32 :: t. y x3 (4) 

where n-= number of observations 

a0 , a1 , a2, a3, : coefficients to be determined 

~, x2, x3 ::; :independent variables 

'y' : dependent.va:i;-ia:ble 
. . 

The solution of these so-called normal equations yields the desired 

coefficients. 
( 6) 

,· 

Two expressions relating b. R to the tube parameters and pressures 

were developed for this paper. They a.reg 

b,. R;; (A) 



and 

AR= 

A comparison of both calculated and measured A R1;3 using 

F,quations A and B above appears in Tt3,ble 2 of the calculated 

results. 

These equations were both established using the same model. 

Equation A was established by allowing the IBM 650 computer to 

predict all the exponents for a rna:x:lmum accuracy curve-fit using 
~~ 

the least squares or RAP program. Equation B was developed by 

(B) 

arbitrarily fixing the exponents on P and E and then allowing the 

IBM 650 computer to predict the remaining exponents. Table 2 com-

pares the results of the two equatio~s within slide rule accuracy. 

20 



CHAPTER i 1 
,' 

OBSEF?.VED AND CALCULATED DATA 

The observed data of this investigation are presented in 

Table 1. The caJ.culated data appear in Table 2. In nearly all 

cases, 6 -~ was almost a linear function of ~, as the 6 R values 

that were caJ.culated from the measured data show. 

The.6. R values. that were calculated by the two expressions 

developed in this study do not appear linear w.i. tb P. 

The model equation that assumed l:::.. R linear with P yielded 

cal~ulated values that differed from experimental values in a 

range from 4.,S'{o to 4050%. This lack of correlation between exper-

iment·a1. va1iies and values computed from the empirical. expression 

(P linear) indicated that the particular model equation was a poor 

model and that it yielded a poor fit to the true deflection c'J.ll"Ve. 

TJ;le model equation that as.sumed fj,, R .not linear with P yielded 

calculJted values of 6 R that differed from experimental values of' 
·... ' . . 

f ·-
6, R in a range from o'{o to 83'{o. Sixty per eent of the calculated, 

' 

values agreed w.i. th the experim9?-ta1 ··,values w.i. thin 2,'{o. In cases 

where the per cent errors between experimental values and calcu-

lated values of~ R wer..e all larger than 25~ for all·the6 R's on 

a particular tube, the tube was re-examined for cross-sectional 

shape. In every ease where the errors between experim~ntal and 

21 
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calculated values were large for all the .6. -R'. s on a p~rticular tube, 

the tube deviated from a flat-oval cross-sectional shape (Fig. 1). 

Table 2 contains a colunm for values oft/~· This colunm was 

used to determine whether a eorrelation existed between t/w and per 

cent e~ror. No correlation was discovered. 

Empirical F.quation A. appeared to be the preferred expression, 

more nearly fitting the true deflection curveo 



TABLE I 

OBSERVED DATA 

Tube No. p E w t h _x2 Y2 X3 Y3 X4 Y4 and 
;cated P :esi :esi ini in. in. in. in'1 in! in. in1 . in1 

0 2a.sx1.06 0.921 o.157 0.022 2.6840 4.5963 1.2091 4.0881 o.8435 2.5486 · 
20 2.6707 4.611:!. 1.1994 4.0900 o.8418 2.5481. 

I 40 2.6,;81 4.6265 l.1911 4.0916 o.8403 2.5474 
loo psi 60 2.6452 4.6417 l.1824 4.0934 0.8396 2.5469 

Bo 2.6318 4.6569 1.1738 4.0949 0.8376 2.5463 
100 

2M.jiie,6 
2.6182 4167 2g__,J, 11656 410263 0.8371 215460 

~ 0.714 0.184 0.025 3..4194 4.2063 l.7330 4.4825 o.7408 2.8525 
II so 3.4129 4.2312 · 1.7216 4.4886 0.7389 2.85J.9 

200 psi 100 3.405J. , 4.2566 1.7106 4.4949 0.7376 2.85J.4 
150 3.3974 4.2815 1.6989 4.5oo8 0.7349 2.8500 
200 

2s.sx1.06 
313886 413066 :t16876 4,5062 017333 2.8425 

0 0.116 0.110 0.030 3.4532 4.2399 1.3863 4.2556 0.8977 2.4165 
110 3.4427 4.2774 l.3724 4.2597 0.8967 2.4155 

III 210 3.4300 4.3116 1.359·5 4.263.5' o.896.5' 2.414.5' 
300 psi 310 3.4181 4.34.5'6 1.3468 4.2670' o.895J. 2.413.5' 

~.g 
2a.sx1.06 3•~2ff 413p6 :!.13332 4.2707 018244 214:!.25 

'O 0.100 o._214 0.030 3.4 2 4.2 94 l.34;1 4.2417 o.8513 2.496.5' 
IV 110 3.4.5'31 4. 2995' l,3324 4.2446 o.8So6 2.49.5'7 

400. psi 210 J.4448 4.3268 1.3231 4.2473 0.8498 2.4948 
310 J.43S7 4.J.5'35' 1.3134 4.2497 o.8496 2,4941-
~o 

2B,Sxlo6 o.1a7 
J.!2'LO i.3808 l13Q48 412526 Q.8486 2.~231 

0 0.710 0.035 3,4016 4.2.5'83 l.2S47 4.1167 o.asos 2,;104 
110 3.3941 4,2802 1.2477 4.1182 o.B5o4 2.;097 

V 210 3.3,883 4.3000 l.2410 4.1197 o.8Sat 2,So89 
Soo psi 310 3.3811 4.3196 l·.2349 4,1211 o.8497 2.So84 

410 3.37.44 4.3399 1.2286 4.122.7 o.8492 2.S079 
.21.0 

28.Sxlo6 
. 3.3672 413593 1.2221 4.1242 ...Q.&485 215075 

0 1.111 o.1ss 0.009.5' 3.1797 4.4496 1.7240 4.;104 o.7546 3.3707 
VI 10 3.1;20 4.S.L03 1,6940 4..5'278 o.7443 3.3695 

1.5' psi 20 3,1260 4.572.5' 1.6629 4..5'44.5' 0.7343 3 .3676 
30 3.0934 4.634.5' 1.6313 4 .• S614 0.7241 3.3661 
40 

2a.sx1.06 
310583 416277 1.2286 415780 o,7132 313642 

0 0.907 0.172 0.016 2.8900 4.6024 l.4304 4.J8.5'o 0.760.5' 3.1967 
VII 30 2.86;1 4.6414 l.4077 4,3928 0.7531 3.1947 
60 psi 60 2.8366 4.6808 1.3837 4.4002 0,74.5'6 3.192.5' 

90 2.8067 . 4.7217 l.3.5'99 4.4072 0.7380 3,1901 
120 

0 2a.sx106 0.687 0.20,· 0.040 
2,7765 
3.39o8 

417606 1.3358 
4.271.5' 1~3287 

4.4143 
4.2082 

0,7305__.3118'.li..... 
0.9606 2.1912 

VIII 210 3.3811 4.2975 1.3204 4.2108 0.9609 2.1903 
600 psi 410 3.3746 · 4.3217 1.3119 4.2129 0.9617 2.1896 

610 3.3643 4.3460 1,3035 4.2154 o. 9619 2.1890 
810 

2a.sx106 <r.684. 
31i242 413701 112243 412172 0.2626 21188,2. 

0 0.219 0.04.5' 3. 221 4,12.5'3 1.5513 4,3436 o,8866 2.4519 
IX 210 3.6201 4.1443 l • .5'462 4.3463 0,8867 2,451.5' 

800 psi 410 3,616.5' 4.162.5' 1.5410 4.3490 0.8877 2,4508 
610 3. 6140 4.1810 1.5352 4.3518 0,8877 2.4502 
810 

·20.5x106 
-3.a.2Q2..L.1a.1224 l,5282 4.354,2 0.8883 · 2.~ 

0 0,681 0.211 0.049 3.7566 4.0711 1.7979 4.4256 1.0000 2.;150 
X 250 3.7543 4,0881 1,7932 4,4287 1.00.06 2.5146 

·1000 psi 500 3.7532 4.1054. 1.7892 4.4318 l. 0012 2.5142 
750 3.7502 4.1220 1.7835 4.4348 1.0023 2.5138 

1000 3,7472 4,1388 1,7786 4,41'19 l,...oQ22 · 2t5},l0,. 

1 



"TSE"! "{CONTINUED) 

Tube No. p E w t h and X2 Y2 x3' Y3 X4 Y4 
tated P :ea :esi in1 in:1 in. in1 in1 in. in •. in1 in 1 

0 1s.sx106 0.83.5' 0~248 0.018 S.6128 4.3026 2.219, S.441.5' 1.2373 l.84S6 
10 S.6140 4.34.5'7 2.20;1 S.4491 1.2378 l.8460 

XI 20 S.6146 4.3898 2.1920 S.4S66 1.2378 l.8460 
so psi 30 S.6148 4.4342 2.1766 S.4639 1.2378 l.84.5'7 

40 S.6133 4.48ll 2.1618 S.471.5' l.2372 1,.84.5'4 
5.0 

1s.sx1.06 o.BS4 0.296 
~.6126 4,2248 2,1444 214723 1.2368' i.~ 

0 0.02 s. 711.5' 3.6926 2.,897 S.S489 0.8139 2.3631 
XII 30 . s.1200 3.7429 2..5'716 S.S6l3 0.8129 2.3627 

:l.2.5' psi 60 s.1280 3.7932 2.SSS7 S.S739 o.8ll9 2.3621 
90 S.73So. 3.8443 2.5370 S.S862 · 0.810, 2.3612 

130 
1s.sx106 .. o.aso 0.281 

2'.,7438 3.~12 2,.i!,40 2,6023 0,802.]. 2.3604 
0 0.02, S.4975 4.0161 2.ll74 S.SOS4 0.1210 2.2298 

XIII 30 S.S034 4.083S 2.094.5' S.s.L84 0.12,8 2.2292 
100 psi 60 s.so18 4.lSoS 2.06S6 S.S3lO 0.7246 2.2284 

90 s.s.i.19 4.2161 2,0481 S.S43S 0.7232 2.2287 
;!,2Q 

1s.sx106 o.849 
5.,.i!:4~861 2,0~ i· 2261 o,7g;J,2 2,2268 

0 0.272 0.023 · s.221 4.1s.i.2 2.017 :.,490 O.S2S3 2.2;89 
XIV 20 s.2248 4.2069 l,9976 S.S6lO 0.,238 2.2,80 
7.5' psi 40 5,2271 4.2628 . 1.9787 5,S73l o..;229 2,.2.5'74 

60 ;.2289 4.3188 l.9581 S.5847 o.;219 2.2571 
8Q 

is.sx106 -o.erro.310 0.038 
....i.l225. 413736 J.,2382 2, 2262 0,5.208 2.2564 

0 S.3014 3,9874 2,ll30 ;.;oB4 o.S642 2.2482 
xv 60 , ;.3032 4,0363 2.0952 S.S.1.93 o.;630 2.2474 

22; psi 120 5,3068 4.o844 2.0786 ;,5300 o • .5'621 2. 2470 
180 s.3100 4.1344 2,0604 ;~;406 o.S6ll 2.2464 
240 

1s.sx106 0.296 
5.,3123 4,1832 210438 5.,5514 0.,2602 2!2458 

0 0.863 0.030 . S.6558 3 .8272 2.153; S.4773 o,7592 2.3l52 
m 40 S.6668 3.8898 2.1335 5.4886 o.7576 2.3148 

140 psi Bo S.6743 3.9495 2,113.5' S.4992 o.7S41 2.3136 
120 5.6819 4.009.5' 2,094.5' 5,4999 0.7547 2.3126 
160 2.6877 4.0~~42 5..,2202 0.75.37 2.Jll2 

0 is.sx106 o.877 0.299 0,035 s.nas 4.0229 1. 068 S.5349 0.34.5'7 2.2809 
mI so .5'.1234 4,0714 1.7904 S.5447 0.3448 2.280.5' 
2.00 psi 100 5.1218 4.1202 l.7743 S.5547 0.3440 2.2799 

lSO S.131.5' 4.168,5' l.7S76 S.5642 0.3427 2.2793 
200 

is.s:a-io6 
2~1342 4,2174 Ll.412 2•2732 0,3412 2.2788 

0 o.867 0.304 0.032 5.3047 3.9942 2.0827 S.S36S o.S462 2.191.5' 
mu 40 s.3090 4.0424 2.0642 S.5470 o.S4SS 2,1912 
1So psi Bo s.3136 4.09n 2.0492' S.SS19 o.S447 2.1908 

120 5.3173 4.1400 2.0308 S.S682 o.S438 2.1903 
160 

1s.sx106 
' 2.3206 4.1820 2.01,26 5.,2zaa 0.,2431 2.1a22 

0 o.~ o.26S 0.016 s.2913 4.010.5' 1.9758 S.S26S o.5482 2.25.51 
XIX 10 s.2953 4.17.5'5 1.9441 5.5437 o.5461 2.2,42 
30 psi 20 S.3011 4.2346 · l.9242 S.5556 o.S4S4 2.2,36 

30 5.3024 4.2937 1.9031 S.5669 o.5442 2.2,31 
40 

1s.sx106 
21.1040 4.35.34 1.8826 2,2184 0.,2431 .k12ll_ 

0 0.83.5' 0.212 0.020 S.3107 3.9701 l.96o8 5.48,5'8 o • .5156 2.2774 
xx 20 S.j202 4.0,26 1.9336 S.5022 0,.5146 2.2768 

60 psi 40 5.3274 4.1376 1.9069 5.s.L89 o.5135 2.2161 
60 5.3332 4.2230 1.8777 S.5354 o.s.i.19 2.27.5'3 
Bo 2•.3322 4.Jll,2 1.8488 . 5.,5517 · O,fil7 2.2771 



25 

TABLE I (CONTINUED) 

Tube No. p. E w t . h. X2 Y2 x3 Y3 X4 Y4 and 
rated P I?Si I?!:!i in. in1 in1 in1 in1 in1 in. in 1 in. 

0 28x106 o.634 ci. 290 0.038 4.1113 5.8671 0.8999 4.6357 1.8239 1.56cn. 
,m 200 4.0938 5.8901 0.8902 4.6356 1.8234 1.5600 
600 psi 400 4.0754 5.9122 0,8802 4,6336 1.8229 :t.5593 

600 · 4,0576 5.9337 o.8694 4,6313 1.8228 1.,588 
800 

28x106 
4.0382 2.122.67 0.8,287 4,6241 1.8224 l.,2,572 

0 0.637 0.296 0.055 4,4202 5,7533 1.0233 4,8058 1.8676 1.4925 
XXII 250 4.4146 5.7618 1.cn.96 4.8051 1.8675 1.4922 
2000 psi 500 4.4o85 5,7704 l.OJ.50 4.8043 1.8674 1.4919 

750 4.4023 5.7790 1.cn.10 4.8036 1.8674 1.4917 
1000 

28x106 
4.3262 217875. 1.0067 4.8031 1.8672 1.4214 

0 0,647 0.279 0.048 4,3528 5,7895 0,9578 4.Bcn.9 1.9289 1,4337 
mII 250 4.3414 5,8051 0,9496 4,8004 1.9288 l.4334 
1000 psi soo 4.3302 5.8206 0,9403 4,7992 1,9286 l,4330 

750 4,3129 5,8354 0.9338 4,7979 1.9283 1.4325 
J,QOO 

2ax1os 
413071 218512 oi.2,g63 4,7264 J:1~284 1.4323 

0 o,848 0,295 0,033 4.0934 1 5.8949 0.9183 4.6169 1. 511 1,5449 
mv so 4.0773 5.9137 0.907; 4,6144 1.8,08 1,5440 
200 psi 100 4,0617 5,9323 0.8992 4,6126 1.8506 l.5433 

150 4,0457 5,9507 0,8897 . 4.61o8 1.8,03 l,.5'429 
200 

28x1oli 
41022~ 212682 0.8810 4. 608L.l..s.85cn. 112421 

0. o.845 0,277 0,024 3.826 5.9213 0,8042 4,6006 1,8416 1,4336 
XV! 20 3.8095 ;.9397 0.7942 4.5986 l.8411 1,4325 

60 ps:I. 40 · 3.7915 ;.9586 0.7841 4,5965 l.84o8 l.4321 
60 3.7150 5.9775 0.7738 4.5945 1.8411 1.4315 
Bo 3.7565 2..2260 o.7642 412220 1,8406 1,4311 



TABLE II 

DATA COMPUTED 

AR ~R ~~ 
Tube P a b R Exp A R _ I.Jl Aij) ~-.> E Cale~ Error Cale. Error t/ 

No, psi in. in. in·. in. ~ rad. rad. 'f<e in. in. ;( in. ;( I w 

I o 2.413 2.989 1.630 2.012 O o.17 
20 2.415 2.996 1.636 0.006 0.003 2.005 0.007 0.003 0.000 0.006 0 0.017 180 
40 2.420 3.000 1.643 0.013 o.ooB 1.996 0.016 o.ooB 0.000 0.012 7.7 0.034 161 
60 2.424 3.007 1.650 0.020 0.012 1.988 0.024 0.012 0.000 0.018 10.0 0.0.51 155 
Bo 2.429 3.012 1.658 0.028 0.011 1.978 0.033 0.011 0.000 0.023 17.8 0.069 146 

100 2.4334~.018 1 ... J<62 0.035 0.021 1.969 o.042 · 0.021 0.000 0.028 20.0 o.o86 __ .146 
II O 2.354 - 2:987 1.619~-- ·-·- 2.373 0.258 

50 2.359 2.992 1.626 0.001 0.004 2.362 0.011 0.004 0.000 0.001 o 0.035 400 
100 2.364 2.998 1.663 0.014 o.ooB 2.352 0.021 o.ooB 0.000 o.014 · o 0.010 400 
150 2.369 3.003 1.641 0.022 0.013 2.341 0.031 O.<D.3 O.CXII. 0.021 4.5 O.l<D. 359 
200 2.373 3.008~1~M8 o.o~.018 2.331 o.042 o.ro.8 0.000 0.021 6.9 o.140 383 

-III o 2.410 L999 1.621 2.637 0.237 
110 2.418 3.006 1.632 0.011 0.001 2.619 0.018 0.001 o.CXII. 0.009 18.2 0.054 391 
210 2.424 3.014 1.641 0.020 0.013 2.604 0.033 0.013 0.000 O.Ol.6 20.0 0.103 415 
310 2.431 3.021 1.652 0.031 0.019 2.588 o.o5o o.ro.9 0.000 0.023 25.8 o.15o 384 
410 _ 2.437 3.029 1.662 0.041 0.025 2.573 0.065 0.025 0.000 0.031 24.4 0.200 388 

IV O 2.420 2.995 1.646 2.564 0.306 
110 2.426 3.003 1.655 0.008 0.005 2.552 0.012 0.005 0.002 o.ro.o 25.0 0.079 888 
210 2.432 3.008 1.663 0.011 0.010 2.539 0.025 o.ro.o 0.002 o.ro.8 5.9 0.150 782 
310 2.438 3.014 1.671 0.024 0.015 2.527 0.037 O.Ol.4 O.O<D. 0.026 8.3 0~220 817 
41Q __ 2.444 3.018 1.680 0.034 0.020 2.514 0.050 0.020 O.CXII. 0.033 2.9 0.290 752 

V O 2.408 2. 972 1. 625 2 • .517 0.264 
110 2.413 2.977 1.631 0.006 0.004 2.507 0.010 o.004 o.oro. 0.006 o 0.053 783 
210 2.418 2.981 1.637 0.012 o.ooB 2.498 o.ro.9 o.ooB o.oro. o.ro.2 o 0.100 733 
310 2.422 2.985 1.643 0.018 0.011 2.488 0.029 0.01l 0.0<11. O.<D.6 11.2 0.150 733 
410 2.427 2.989 1.650 0.025 0.015 2.478 0.039 O.Ol.5 O.CXII. 0.022 12.0 0.200 700 
.510 2.431 2.993 1.656 0.031 0.019 2.469 o.048 o.cn.9 o.oro. 0.026· 16.1 0.240 674 

VI o 2.388 2.963 1.684 1.8l5 o.140 
, lC 2.404 2.977 1.705 0.022 O.Cil.3 . 1.792 0.023 0.013 0.000 0.039 77.0 0.021 4.55 

20 2.425 2.989 1.732 0.048 0.029 1.767 o.048 0.027 o.004 o.074 54.o o.043 10.4 
30 2.442 3.004 1.756 0.012 o.043 1.743 0.012 o.04o 0.003 0.101 48.6 o.o64 11.1 
40 2.461 3.020 1.781 0.097 0.057 1.718 0.091 0.053 0.003 o.139 43.3 o.o85 12.4 

VII O 2.372 3.071 1.616 1.819 0.190 
30 2.381 3.o83 1.632 0.015 0.009 1.804 0.016 0.009 0.002 0.022 46.6 0.055 267 
60 2.389 3.097 1.646 0.030 0.018 1.788 0.031 O.Ol.7 0.003 0.040 33.3 0.110 267 
90 2.400 3.108 1.664 0.047 0.029 1.769 0.050 0.028 0.002 0.059 25.5 0.165 2.51 

120 2.408 3.122 1.679 0.063 0.039 1. 753 0.066 0.031 0.003 O.(ff6 20.6 0.220 249 1\) 
er-



Tube P -a b R 
AR 
F;xp 

TABIE ll (CONTINUED) 

_No. psi .. in. in. in. ~ ... 
AR 

RQ 
'fl 

rad. 
Alt' 
raq_.._ 

Alf' _ C 
~o in. 

A RA 
Cale. 
in. 

Error c!i~ Error y 
1' in. ~ ____ ~w: 

xv-

xv.I 

XVII 

XVIII 

Ill 

:xx 

XXI 

a 
60 

120 
180 
24.Q_ 

0 
40 
Bo 

120 
1_60 

0 
so 

100 
150 
200 

0 
40 
80 

120 
16..Q 

0 
10 
20 
30 
.40 

0 
20 
40 
60 
80_ 

0 
200 
400 
600 
800 

2.931 3.122 . 2.523 
2.938 3.130 2.533 
2.945 3.138 2.544 
2.953 3.146 2.556 
2.._2fil.____:___J_.~_____2_._56 
3.189 3.132 2.5b3 

o.cn.o 
0.021 
0.032 
0.044 

0.004 
o.ooB 
0.013 
o ... m.. 

3.145 
3.132 
3.118 
3.104 

0.004 0.002 0.012 
o.oo8 · 0.001 0.023 
o. 013 o. 002 . o. 033 
o. 017 o. 002 o. 04. 

20.0 
9.5 
3.1 
2.._ 

0.075 
o.15o 
0.225 
o.._30_0 

650 
615 
.510 
·2 

3.200 3.141. 2.,;78 o.cn.5 0.006 3.173 0.018 · 0.006 o.om · 0.015 o 0.059 293 
3.2o8 3.149 2.593 0.029 0.011 3.156 0.036 o.Cil.l o.om 0.027 6.9 0.119 316 
3.222 3.1.51 2.6o6 o.042 o.cn.7 3.133 o.o,;8 ·0.018 0.002 o.040 4.8 0.178 324 
3.228 3.169 2.619 · 0.056 0.022 3.124 0.067 0.021 0.001 0.053 5.4 0.238 325 
2.727 3.167 2.540 3.l.54 
2.735 3.174 2.552 O~Oll. 0.004 3.140 o.014 0.004 o.OCII. O.Cil.3 18.2 0.064 482 
,2.743 3.182 2.563 0.022 0.009 3.126 0.028 0.009 0.000 0.024 9.1 0.129 486 
2.7.51 3.189 2Sl4 0.034 o.013 3.ll.3 o.041 6.013 0.000 0.035 2.9 0.193 467 
2.759 · 3.197 · 2.586 0.045 0.018 3.099 0.055 0.011 0.000 0.045 o 0.259 475.. 
2.911 3.131 2 • .5'45 3.173 
2.919 3.139 2.555 0.011 o.004 3.160 · o.CIJ.3 0.004 . 0.000 0.013 18.2 0.058 427 
2.927 3.146 2.567 0.022 0.009 3.146 0.027 0.009 0.000 0.024 9.1 0.116 427 
2.935 3~154 2.578 0.034 o.CIJ.3 3.132 o.041 o.CIJ.3 o.om 0.035 2.9 o.174 412 
2,944 3.161. 2.590 o.045 0.018 J.118 0.055 0.017 0.000 0.045 o 0.232 415 
2.918 3~168 2.539 3.146 
2.934 3.181 2.562 0.022 0.009 3.113 
2.946 3.190 2.577 0.037 0.015 3.096 
2.955 3.200 2.590 0.0.51 0.020 3.o8o 
2...9M._ 3.210. 2.604 0.064 0.025 3.o6. 
2.912 3.128 2.543 3.145 

0.033 
0.050 
0.066 
o.oa 

o.Cil.l 
0.016 
0.021 
0 ... 026 

o •. 014 
0.012 
0.012 
0.012 

0.016 
0.031 
0.045 
o.o. -

27 .2 0.024 
16.2 0.049 
ll. 7 0.073 

~098 

18.2 
32.4 

43 

2.926 3.141 2.,;62 0.019 o.oo8 - 3.122 0.023 0.007 o.om o.CIJ.9. · o 0.025 
0.050 
0.075 
0.100 

31.6 
28.2 
27.1 
28.._2 

2.941 J.154 2.,;81 0.039 0.015 3.097 o.047 0.015 o.oar 0.037 5.1 
2'.955 3.168 2;601 0.059 0.023 3.014 o.on 0.023 0.001 0~053 10.2 
2.970 3.183 2.621 0.078 0.031, 3.049 · 0.096 · 0.030 0.005 0.069 11.5 
3.12~3.b29 2.445 . . . 2.993 
3.129 3.636· 2.452 0.007 0.003 2.984 0.009 
3.130 3.642 2.459 o.014 o.oo6 2.975 0.018 
3.131 3.649 2.466 0.021 o.ooa 2.968 0.025 
3.134 3.655 2.473 0.028 0.012 2.957 0.036 

0.003 
0.006 

. 0.008 
0.012 

0.000 
o.ocn. 
0.001 
0.._004 

o.ooa 14 .. 3 0.100 1330 
0.016 14.3 0.200 1330 
0.022 4.8 0.300 1330 
0.029 3.6 0.400 1330 

0.358 

0.343 

0.341 

0.350 

0.321 

0.326 

0.458 

I\) 
-..J 



Tube 

·No. 

VIII 

IX 

X 

XI 

m 

XIII 

XIV 

TABLE II (CONTINUED) 

P R ,AR AR ,AR ,AlL__ _ 
a: b Exp -- .Alp ~ E Ca1c~ Error Cal~!' Error t/ 

• . • • • R 'r ., . -. . . . /. 
JlSJ. in. in. in. J.n. o - rad. rad. 'f' o J.n. J.n. % 11'1. % w. 

o 2.399 2.971 1.636 2.'119 
210 2.405 2.976 1,.643 0.001. 0.005 2.105 o.m.4 0.005 0.002 0.009 ·28.6 0.099 
410 2.4ll 2.981 1.651 o.m.5 0.009 2.693 0.026 0.009 o.om. o.m.5 o 0.193 
610 2.416 2.986 1.658 0.022 o.m.4 2.681 0.038 o.m.4 0.003 0.022 o 0.286 
810 2.421 2.992 1.665 0.029 o.m.8 2.670 o.049 o.m.8 0.003 0.029 o o.381 

O 2.453 2.964 1.648 2.676 

1315 
U87 
1200 
121.4 

210 2.459 2.967 1.654 0.006 o.004 2.667 o.m.o 0.004 0.000 0.0(1{ 16.7 0.095 1485 
4lo 2.463 2.910 · 1.659 o.an o.0(1{ 2.659. o.m.8 0.001 0.000 o.m.2 9.1 0.187 1600 
610 2.468 2.973 l.665 o.m.6 o.m.o · 2.649 0.021 o.m.o o.ocn. o.m.1 6.2 0.218 1636 : 
810 2.472 2.977 1.669 0.022 o.m.3 2.641 0.034 o.013 0.000 0.022 o 0.369 1576 

0.298 

0.320 

O 2.549 2.990 1.6"21 2.709 
250 2.554 2.993 1.625 0.005 0.003 2.100 o.oo8 0.003 o.ocn. o.oo6 20.0 0.099 

0.31 
1880 -

500 2.559 2.995· 1.631 o.m.o o.oo6 2.691· o.m.7 0.-006 o.ocn. - o.m.i 10.0 0.199 1890 
750 2.563 2.998 1.634 o.014 0.009 2.685 0.024 0.009 0.002 o.m.6 14.3 0.299 2038 -

1000 2.568 3.ocn. 1.639 0.012 - 0.012 2.677 - 0.032 0.012 o.ocn. 0.021 10.5 o.399 
o 3.355 3.199 2.513· 3.256 

2000 
0.295 

10 3.362 3.207 2.523 o.m.o o.004 3.243 o.m.3 o.004 0.000 o.CD.3 33.3 o.m.9 90 
20 3.370 3.214 2.534 0.020 o.ooa 3.229 0.027 o.oo8 o.ocn. 0.024 20.0 0.039 9.5 · 
30 3.378 3.221 2 • .5'44 0.031 o.m.2 3.216 0.040 o.cn.2 o.ocn. 0.035 12.9 0.053 71 
40 3.386 3.228 2.555 o.042 o.cn.1 3.201 . o.655 0.011 0.002 o.045 7 .1 o.(1{7 83 
5o 3.393 3.237 2.566- 0.053 0.021 3.189 o.o67 0.020 0.002 0.055 3.8 0.927 83 
o 3.244 3.096 2.538 3.197 0.343 -

30 3.252 3.104 2.549· o.m.i o.004 3.184 o.m.4 0.004 0.000 o.cn.4 27.2 o.o48 336 
60 3.260 3.n2 2.560 ·_ 0.022 0.009 3.110 0.028 0.009 o;ocn. 0.027 22.8 0.096 336 
90 3.261 3.121 2.571 0.033 o.m.3 3.156 o.041 o.cn.3 o.ocn. 0.037 12.1 o.145 340 

130 3.278 ·3.131 2.586 o.o48 0.-cn.2 3.138 o.o6o 0.012 o.ocn. 0.051, 6.3 0.210 338 
o 3.100 - 3.155 2.547. 3.169 0.330 

30 3.lll 3.166 2.562 o.m.5 o.po6 3.150 o.m.9 o.oo6 0.000 0.017 - 13.3 o.049 227 
60 3.120 3.179 2.577 0.030 o.m.2 3.133 0.036 o.m.i 0.003 0.034 13.3 0.099 230 
90 3.132 3.188 2.593 o.046 o.m.8 3.ll3 0.056 o.cn.8 . 0.000 - o.047 2.2 0.148 222 

120 3.143 3.128 2.602 o.o62 0.024 3.093 o.076 0.024 o.ocn. o.o61 1.6 0.128 212 
O 2.1f87 3.171 - 2.532 3.ll3 0.320 

20 2.896 3.180 2.545 · o.cn.3 0.005 3.097 0.016 0.005 o.ocn. o.cn.4 7. 7 0.035 169 
40 2.905 3.189 2.558 0.026 o.cn.o 3.o81 0.032 o.cn.o 0.000 0.021 3.8 o.o69 166 
60 2.915 3.198 · 2.571 0~039 o.m.6 3.o65 o.047 0.015 o.ocn. 0~038 2.6 o.J:04- 167 
Bo 2.924 • 3.207 2.584 0.052 0.021. 3.o5o 0.063 0.020 o.ocn. o.o5o 3.8 o.139 167 

l\) 
0) 



TABLE II (COimNUED) 

. .o.R • AR ARg · 
Tube P a b R Exp ~ 'r Alf .o.:y E CaJ.c~ Error CaJ.c. Error t/ 

• • • • • R . • . • / ' No. psi in. in. in. in. o rad. rad. '1' o in. in. :;! in. :;! w 

XXII 0 3.192 3.594 2.484 3 .097 0.465 
250 3.193 3.596 2.487 0.002 o.ocn. 3.093 0.003 0.001 0.000 . o. 001 50.0 o.o83 4050 
500 3.192. 3.599 2.489 0.005 0.002 3.091 o.oo6 0.002 0.000 0.002 60.0 0.166 3220 
750 3.193 3. 6CI1. 2.491 0.007 0.003 3.o88 0.009 0.003 0.000 0.003 57.0 o.249 3459 

1000 3.123 3.603 2.424 O. Cil.O 0.004 3.o82 0.012 o.004 0.000 0.004 60.0 0.3.32 3220 
XllII 0 3.146 3.609 2.492 3.137 0.430 

250 3.146 3.613 2.497 0.004 0.002 3.132 0.005 0.002 0.000 0.005 25.0 o.o88 2100 
500 3.145 3.618 2.5CI1. 0.009 0.003 3.127 0.009 0.003 . 0.003 0.010 · ll.l 0.176 1856 
750 3.144 3.621 2.504 O.Cil.l 0.005 3.120 0.01.6 0.005 0.006 0.015 36.2 0.264 2300 

1000. 3.146 3.626 2.202 0.017 o.oQZ ,3.ll6 O.OZI.. o.orn 0.001. 0.012 n.8 0.320 1320 
xnv 0 3.164 3.621 2.456 2.966 0.348 

50 3.163 3.627 2.462 0.006 0.002 2.960 o.oo6 0.002 0.002 O.Oll 83.3 . 0.038 533 
100 3.165 3.633 2.468 0.012 0.005 2.952 o.014 0.005 0.001. 0.021 '!5.o O.O'l'l :~§42 
150 3.165 3.639 2.4'/4 0.018 0.007 2.946 0.020 0.00'[ 0.002 0.031 72.2 o.n5 538 
200 3.166 3.644 2.480 0.024 0.010 2.238 0.028 O.QQ2 0.001 0.040 66.6 0.124 ,241 

XXV 0 3.049 3.582 2.465 2.95:L 0.328 
20 3.050 3.588 2.4'!1 0.006 0.003 2.943 o.oo8 0.003 0.000 0.005 16.7 0.020 233 
40 3.050 3.595 2.4'[8 0.013 0.005 2.936 o.OJS · 0.005 0.000 0.009 30.8 0.039 200 
60 3.osi 3.601 2.484 0.019 o.oo8 2.929 0.022 O.OO'l 0.003 0.013 31.6 0.059 210 
80 . ,Lfil"2 3.6oz 2.421 0.026 0.010 2.220 0.031 o.mo 0.001 0.017 34.6 o.rn8 200 

l\) 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 
·' 

It was found from this study that :the model equations 
' ' ' 

.A. R ~ pal Ea2 Ro'3 wa4 ta.5 ha.6 (a) 

and 

A R : K p rl Ro a 3 i we.4 t a5 h a6 (b) 

were unsatisfactory. Equation (b) did not produce the best possible 
I 

agreement with the experimental ii'alues, and Equation (a) was not 

dimensionally homogeneous. 

The model equation 

~ R ::: ,/·o pia.l 'lr.a.2 R a.3 ,/14 ta; ha6 
.., 0 

fomed by introduo:tng unknown expcnents for P. E, and the arbitrary 

constant produced calculated values 0£ AR that agree w:I. th: experimental 

values of' AR with errors of' less th.an 25%, £'or more than 60% o:f' the 
,·' 

values.tested. 

From the knowledge ga~ned in this investigation 9 it is recommended 

that: 

This investigation be made using care:f'ully selected Bourdon 
, 

iubes, i.e., tubes with cross-sections of the same shapes 
'\ 

wi t,hin close limi tso 
"• 

Five tube parameters~ Leo:, E, R0 , Wp t,, and h should not 

va:ry simultaneously from tube to tubeo 

JO 



In the event future researcp is c.onducted to discover an 

improved model equation, special tubes should be manufactured 

.. · for the study. These tubes should be manufactured in sets with 

only one parameter varying at a time. In this manner the' effect 

each parameter has on the change of radius may be investigated. 
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. APPENDIX .4 

+i~,ST OF ,ABBREV~ATIONS AND SYMOOLS 

The symbo,ls used in this report have the following signific:ances 

E 

R 
0 

R 

a,b, 

'w 

t 

h 

. ·~L 

RAP 

.P 

.. Modul u1;:1. of Elasticity, psi 
' ' 

Radius of the central curved axis of the tube in the 
'unpressurized condi.tion, ino 

~dius at anw, pressure, ·in. 

Change in,- radius· of .the tube, in • 

. Angle subtended by ·the end refer~nce ·points of the tube 
in the unpressurized condition~ radians 

.Angle suqtended by the end reference points of the tube 
at any pressure, radians · · 

Change in tube angle, radians 

.coordinates of location points measured from zero 
reference, in. ' ,, 

Co.ordinates of center· of tube circle measured from 
: i ~ 

zero reference, in. 

Width of the tube corresponding-to-the.major diametE!r 
of the flat...aval shape, in. 

Thickness of the tube · corresponding to the minor diam
eter of the nat-6val __ shape, in. 

Thickness of the tube ma. te:idal, in. 

Length of the chord of the arc of the 'tip travel', in • 

Regression .Analysis Program 

Internal tube press-pre,. psi 
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APPENDIX B 

LIST OF EQUIP.llfENT 
. ·. 

1. Gage- Blocks (l) 

Manufacturers Fonda -Gage Company Inc. 1 Stamford, C::onn!9Ctii:mt. 

Type g: 84 5 Unit Set 

2. ~lling Machine . (1) 

Ma.nufacturerg E;l.gin Tool Works 9 Chicago.,, Illinois 

Type g · -Bench, vertical· 

3. Dead Weight Gauge Tester (l) 

Manufacturer~ Mi:lnning, MaxwE?lll) and Moore Inc., Stratford, Conn. 

Type No. ·1300 

4. Vernier Height Gage (1) 

Manufacturer& .. Brown and Sharp Mfg. Co. y Providenc~, R. I. 

Types .12-inch 

5. " Micrometer (1) 

Manu.facturerg; L •. S. _ptarrett Co., Athol, Mass. 

Type& One-inch equipped with sperical contacts 

6. Micrometer (1) 

Manufacturers L. s ... Starrett Co., Athol, Mass. 

Typ·e g T1,ro-il:J.Ch 

.7. Surface Plate (1) 

Manufacturerg R. A. D. Laboratory, Stillwaterj) Oklahoma 

Types 12-in. X 14-i'n .. precision 
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APPENDIX B (Continued) 

8. · Angle Plate ·(1) 

Manuf'ac.turer: Ro ,A. D. Laboratory, Stillwater,, Oklahoma 

Type: Ninety degree 

9o Pial Indicator (2) 

.. 
Typeg 0-00025 in. Le~st reading= o.OOJ. in. 

l O, Dial Indicator (1) 

Manufacturer& L. S. Starrett Co.~ Athol, Mass. 

Typeg Last word' 

11. Surfaoe Gage (1) 

Manufacturer: Lufkin Co., Lansing, Michigan 

.Type 3 Twelve-inch 

12 •. Auxiliary Height Gage 

Manufacturerg Ford Motor Company, Detroit, Michigan 

Type~ To be used with Gage Blocks 



PIATE I 

The Measuring Setup w 
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PIATE II 

Measuring Devices for Setting Location Points \.,J 
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