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DESIGN STUDY OF A FLEXIBLE DIAPHRAGM 

M. E. Whatley 
and 

J .  G. Morgan 

AB ST RACT 

A design study was made to meet the requirements for a diaphragm for ;I rotary seal 
at the dischaige end of the Consolidated Fuel Reprocessing Program’s prototypic voloxi- 
direr. Using a computer program called NEPSAP, the study exanilried thickness, outer 
radius, corrugation wavelength atid corrugation amplitude as variables, aiid established the 
general effect of each on stiffness and stresses. The result comprises a basis for the selection 
of diaphragms for similar applications. Limited experimental Ineasureriients of stress 
validate the stress values calculated by NEPSAP. 

I. INTRODUCTION 

A proposed step in a fuel reprocessing plant is voloxidation, which converts U 0 2  t o  
U,OX and releases tritium for isolation from the rest of the proccss. The rotary calciner 
voloxidizer dcsign features a mechanical rotating sed  on each end of the calciner to isolate 
tlie contents froin the cell atmosphere. This seal consists of 3 monolithic graphite ring 
bearing against the rotating calciner flange and is supported by a thin metal corrugated 
diaphragm. The outer diameter of the diaphragm is fixed to the stationary breeching housing. 
There must bz no  horizontal surfaces to collect fuel inventory, aiid thc assembly inust 
accommodate misalignment and horizontal thermal expansion of the dnim. The diaphragm 
can be so positioned that its inner diameter will be required to  move a maximum distance of 
1 .S in. during heat u p .  This report describes a detailed design study undertaken to determine 
the optimum configuration for such a diaphragm. Although this work was directed primarily 
toward meeting the need for a voloxidizer seal, the concept could be applied to  the general 
design problem of a gas seal for large rotating equipment. 

2 .  CALCULATIONS 

2.1 Problem Definition 

Analysis was undertaken after a diaphragm designed from intuitive principles failed. 
F ~ o m  the initial effort, we established a general form for the design of acccptablc diaphragm 
which limited tlie range of designs considered. We had also seen a failure, which told us in 
measure, what to  look for  in analysis. J’hc diaphragm would be made from a single sheet 
of fairly ductile mctal as thin as consistcnt with welding, handling, arid fabrication con- 
siderations. It  would conform to axial symmetry with circunifercntial corrugations or 
wilves such that the circle at thc inner radius fell in the same plane as the circle at tlie outer 
radius. A section at any radius would show the samc sinusoid type pattern that might or 
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might not have flat regions at the inner a.nd/or outer radius, with all waves of the same 
amplitude above and below the referencc plane, and with the same nominal wavelength. 
Variations from these simple specifications were actually considered at different times in 
the study, but since no  significant advantage was established they were abandoned and 
will not be further discussed. 

I-he material used for the fabrication of all experimental diaphragms was 304L stainless 
steel. This material met ad1 requirements reasonably well, and a cursory search revealed no 
potentially superior material. The physical properties of 3041. stainless steel were used in 
all analyses. 

Early studies (examining diaphragms of 10, 18, and 30 mils) considered thickness as 
a parameter. It was found that the stiffness of the diaphragm (the force per unit displacement) 
increased alniost as the square of the thickness but that the stress in the diaphragm changed 
less drastically. The circumferential stresses were somewhat less for thinner diaphragms but 
the radial stresses were somewhat greater. Since practical considerations precluded diaphragms 
thinner than -1 8 mils, this thickness was used as a standard for all subsequent calculations. 

It was then necessary to describe mathematically the corrugation pattern of the dia- 
phragms. The original drawings from which the first diaphragms were fabricated showed the 
curves as arcs of circles. It was clear, however, from examining the diaphragms that the 
waveform only approximately followed the drawings. The springiness of the material while 
it is being worked into a form does not allow these waves of relatively low amplitude to  be 
made with precision sufficient to distinguish between circles, parabolas, o r  a sincwavc. An 
early analysis was done using circular arcs to describe the corrugations, but when it became 
desirable to  make parametric studies it was found that the amplitude could not be varied 
conveniently. 

Since the selection of the mathematical form to describe thc diaphragm in analysis 
vias considered of sufficient importance to consume considerable programmatic effort and 
was changed once between the early work and the later nonlinear analysis, a more quanti- 
tative comparison of the alternatives may be of interest to the reader. I t  was required that a 
transverse section along a radius would show the corrugations as a wave with equal amplitude 
above and below a reference plane. The wave would fa.11 jn the reference plane a t  thc inner 
and outer bounds where the slope would be zero. Hence, at the approach to  the bounds the 
pattern must be broken, but it was required that a curve of the form used in the pattern be 
used to fold the curve into the reference plane and that the curve be continuous and have 
continuous first derivatives at the juncture. This manipulation of the curve is shown iii 
Fig. 1 for the parabolic representation. 

The equations used t o  forin the pattcrns are: 

for a parabola, 

for a trigonometric wave, 
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Fig. 1. Parabolic representation of a diaphragm. 

and for a circle, 

where 

y = distance above the rcferencc plane, 
a = the maxiniurn y (the amplitude), 

S = distance from an extrcma, 
X = half wavelength, or distance between nodes. 

Thesc equations are ac ttrally correct only for the positive extrema. The negativc extrema, 
in the case of a parabola or a circle, must be generated by the appropriate changes in signs. 



4 

Note that the nornialized quantity y / u  is independent of a for the parabola and the trigono- 
metric wave, but when the wave i s  formed from circular segments, thc group 2a/h is prominent, 
Table 1 shows the values of y / a  vs 3 X / X  for the parabola. the trigonometric form, and the 

Table 1. Comparison of corrugation geometry 

Ala ......... ..... 7x -- - ......... 
Circle (2a/h) Trigo- __ Parabola nometric h 

0.5 0.1 0.02 

0.1 0.235 0.192 0.190 0.190 
0.2 0.421 0.362 0.360 0.360 
0.3 0.57 1 0.53 I 0.510 0.510 
0.4 0.693 0.642 0.640 0.640 
0.5 0.791 0.752 0.750 0.750 
0.6 0.869 0.841 0.840 0.840 
0.7 0.927 0.91 1 0.910 0.910 
0.8 0.968 0.960 0.960 0.960 
0.9 0.991- 0.990 0.990 0.990 
1 .o 1 .ooo 1.000 1 .ooo 1.000 

.- .- l _ _ _ _ _ l ~  

0.156 
0.309 
0.454 
0.588 
0.707 
0.809 
0.89 1 
0.95 1 
0.988 
1.000 

circle for tliiee values of 2 a / h  For the larger values of 2 u l h  the circle is seen to  deviate from the 
other two, but as 2a/X gets small (for interesting diaphragmsit is <O 3) the circle approaches 
the parabola. Furthcr note that In a typical case with a 0.2-in. amplitude, the thickness of 
the diaphragms (0.018 in.) gives a Ay/a of 0.09, which is generally greater than the dif- 
ference between model4 

A difference between models is also seen in the radial distance before the first extrema 
where curvdture of the diaphragm must start (Fig. 1). For the parabola, the stalling point 
is 0.707X and for thc trigonometric form it is 0.666X, but foi the circular wave it is a 
function of 2a /X .  For a circular wave, the distance before first extrema is 

At %/A = 0.5 the distance is O.’75X, and as 2a/h decreases, the distance approaches that 
for a parabola. 

Comparable cases were rim in the lincar mode using a parabolic and a circular repre- 
sentation of the diaphragm and n o  significant difference was noted. A11 work icported here 
used the parabolic form. Analysis of the corrugation waveform as a trigonometric fiitiction 
resulted in a diaphragm that was 80% as stiff as a parabolic function. Examination of the 
stress patterns showed subtle changes between the two functions but there were no major 
differences, which indicates that small manufacturing variations will somewhat influence 
diaphragin characteristics. It also indicates that analysis based on a parabolic wavefoirri has 
not confined itself to a uniquely prcfcrable form but  is, in a sense, conservative. 



2.2 Computer Codes 

For the calculation of stresses in candidatc diaphragms, we solicited the assistancc 
of personnel in the C'ornputer Sciences Division and the U('C'-ND Engineering Division who 
pursue stress analysis as their major occupation. We discovered quickly that ours was not 
a trivial problem Cor which solutior~s existed and that to deploy existing computer program 
to  obtain solutions would require some development. The initial work was done by S. K. 
Iskander using the ADINA' program in a linear mode. When it  became clear that our 
problem was highly nonlinear,2 this program was abandoned in favor of the NEPSAP 
program, introduced to  us by John Maylriall who developed the form for the computer input 
and setup and executed several of the early cases. NEPSAY is a three-climensional finite 
element program for the nonlinear thermo-elastic-plastic and creep arialysis of arbitrary 
stnictures undergoing large Our diaphragni problem was axisymmetric, and 
hence, only two dimensional, was isothermal, and (exccpt for one special case) was run in 
the elastic range of tlie material. Because NEPSAP IS a very general program, the input is 
rather involved, but since our problem used only a fraction of the program's capability. it 
was possible to establish a standard input in which particular numbers were changed to  define 
the different cases. 

The most difficult part of preparing the input to  NbPSAP was the generation o f  
the x,y coordinates for each of about a thousand nodes necessary to  define the diaphragm 
surfaces and the elements required for the calculation. The nodcs were numbercd from the 
inner radius to  the outer, alternating from the bottom surface to the top such that all odd 
nuinbered nodcs were on the bottom. To do this expediously, a short computer program 
was. writtcn to  be executed on the PDP-IO. This program (listed in Appendix A) accepts 
as input the number of extrema, the inner radius, tlie radius to  the first extrema, the outer 
radius, thc half wavelength, the amplitude of the waves, the diaphragm thickness, the ratio 
of element length to  diaphragm thickness, and a case numbcr. I t  gcneratcs thc forin o f  the 
diapliragm arid lays out nodes arid elements such that the elements art: a l l  the same length 
along the curve. Its output is stored in a retrievable file in a format compatible with NEPSAP 
input. The first part of' a typical output is shown in Appendix H. This particular diaphragm 
required 1 168 nodes. For each radius location on the surface there is a corresponding point 
on thz vertical axis. These values arc positive as thc corrugation bends upward above the 
original inside radius (IR) position. An increment size of twice the thickness was used 
throughout the study. We tried a c o m e r  matrix in one casc (12) with a length of four 
times the thickness. There was no  detectable loss o f  accuracy. 

NhPSAP input also allows specifications of each incremental load. It was necessary in 
some calculations to experiment with nonuniforni application of the load to accommodate 
acutely sensitive regions of stiffness. 

'The output from NEPSAP is voluminous. For  each load increnien t (typically 2O), the 
oil tput listed for each nodal point: its displaced coordinates, strain in three directions, 
normal stress and shear strcsses in three directions, tlencky Von hlises stresses, and other 
information relating to  thc progress of the calculation. This output was stored on microfiche. 
NFPSAP also presented all of  this information in a n  un fo rmted  niode to  an output which 
could be recorded on magfietic tape. 'Iechnicjues t o  use this output were developed about 
halfway through our effort and about half of our calculations were (and are) available for 
postprocessing. 



In order t o  compare diaphragm in our study, the load curve of force vs displacement 
and the surface stresses at  1.5-in. displacement were considered. A computer program was 
developed to extract information from the NEPSAP output tape, printing top and bottom 
radial and circumferential stresses at  the first load increment (essentially the linear case) and 
interpolating between load increments to give a displacement of 1.5 in. The program also 
generated a plot o f  these stresses vs diaphragm radius and Lissajoiis plots of stress vs corru- 
gation wave. 

3. THE DIAPMRtaCM STIJDY 

The inner radii of all diaphragms studied were fixed (dictated by the voloxidizer dmm 
dianietcr) at  14.5 in. As dkcussed in Sect. 2.1, the 18-mil thickness was chosen in all cases 
except the 3/4 (0.75)-scale model, case 14. The four different diaphragm configurations 
used in the study are shown schematically in Fig. 2. Figure 2(a) is an existing diaphragm, 
case 13, with four extrcma having flats at the inside radius (IR) and outside radius (OK). All 

j - \ m  OR =35.3in. 

A =2.0 
(C) 

Fig. 2. Diaphragm I I I O ~ E ~ S .  
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other cases considered continuous corrugations across the diaphragm ; therefore, the distance 
to the first extrema was fixed by tlie geometry. Figure 2(b) is a series of cases (1,  2, 4, 5 ,  6, 
and 1 1) with a half wavelength of 2 in. and six extrema resulting in an OR approximately 
the same as the OK for case 13; tlic amplitude was varied from 0.05 in. to 0.75 in. A larger 
OR with ten extrema is shown in Fig. 2(c). Results were obtained for three different ampli- 
tudes, cases 12, 16, and 17. Figure 2(d) is similar to Fig. 2(c) except six extrema were 
considercd and the amplitude varied from 0 (flat plate) t o  0.35 in., cases 50 through 56. 
Thc effect of half wavelzngth can then be determined by  comparing case> in Figs. 2(c) and 
(d) having the same amplitude (i.e., cases 17 and SI) .  'Ihe effect of scaling using case 14, 
which is a 0.75-scale of case 12, and the effcct of reversing the direction of displacement in 
cases 12  and 13 were also considered. All case diinensioris are given in Table 2. 

3.1 Existing Diaphragm 

A diaphragm, already on hand, was used in thc proof testing of the seal concept. '[he 
cliaphragin (Fig. 3) operated satisfactorily under conditions of tilt a n d  ecce~i t r ic i ty ,~ but 
under repeated flexure i t  developcd indentations and eventually failed; therefore, it became 
a refcrence unacceptablc case. Figure 3 is a photograph of this diaphragm. Note the inner 
and outer metal weld rings. The graphite ring, at  the inner diameter, acts as a gas seal against 
a rotating flange on  the voloxidizer drum. An analysis was made to deterniine the stresses 
and thc force requircd to  displace tlic diaphragni longitudinally. Design limita tioris on the 
thrusl bearings that align the inlet drive mechanism limit this force to 400 lb. 

A profile of thc diaphragm. shown in Fig. 2(a), shows four extrema and a flat region 
at  {-he inner and outer radij. The force required to displace the inner diameter of tlie diaphragm 
1.5 i n .  was calculated to be 375 lb. Figure 4 (casc 13, existing diaphragm) is a composite 
plot of the surface stresses at  1.5 in. in displacement, which are plotted as a function of 
radius with the profile of the diaphragm shown at the bottom of the plot. Thc direction of 
dellection is upward at  the 1R. Near the first extrema the calculated radial stress is close to 
60 000 psi. There is also a high stress a t  the inner m d  oirter radii where the diaphragm is 
clamped to the sharp edged weld rings. The plots of the radial stresses at tlie top and bottom 
surfaces are essentially mirror images, one in compression while the other is in tension at  il 
givcn radius. Circunifercntial stresses were lower than radial but still probably unacceptably 
high. 

The criteria for acceptable stress is still rather nebulus, but data' on fatigue of 304L 
stainless steel show that cyclic stresses over -35 000 psi eventually lead t o  failure and that 
a cyclic stress of 55 000 will cause failure in I O  000 cycles. Although our application 
requires survival over only a few hundred cycles, justifying high design stresses, there are 
uncertainties, such as how well the rnanufactured diaphragm will conform to the geometry 
of'the model. Our arbitrary targct was a inaxii~ium slress of - 3 0  000 psi. 

3.2 Six Ex treina Cases, Sinall Outside Radius 

We next considered cases of  ij diaphragm with corrugations extending over all of the 
available radial distance, Fig. 2(b). A half wavelength of 2.0 in. and six extrema resulted in 
an OK of 27.3 in., which is close to  that of the existing diaphragm (26.5 in.). Calculations 
were made on six c:ises in which the amplitude was varied from 0.05 in. to 0.75 in., and the 
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Variable description (in.) 
- 

Half First Number Outer 
radius wavelength extrema of extrema radius Amplitude Thickness Case Inner 

(1 1 
( X O  1 (A) (Xp 1 (N) (Z) 

(a) 

1 
2 
3 
-la 
5” 
6a 

7 
9 

1 l a  

12 
13h 
14‘ 
1 6d 

1 7d 
soe 
5 If 
5 2f 
5 4  
5 5f 
5 6f 

14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
10.88 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 

2 0.303 15.91 6 27.338 
2 0.75 15.91 6 27.338 
1 
2 
2 
2 
1 
3.75 
2 
2 
1.874 
1.5 
,l 
I 

2 
- 

0.151 
0.20 
0.1 
0.05 
0.1 
0.375 
0.15 
0.2 
0.262 
0.1 5 
0.15 
0.25 
- 

5.21 
5.915 
5.91 5 
5.915 
5.21 
7.170 
5.91 
5.91 
7.886 
1.936 
5.915 
5.91 5 
- 

12 
6 
6 
6 

12 
3 
6 

10 
4 

10 
I O  
10 

~ 

27.338 
27.338 
27.338 
27.338 
27.338 
27.338 
27 338 
35.338 
26.499 
26.50 
35.338 
35.338 
35.338 

3 248 0.25 16.800 6 35.338 
3.248 0.35 16.800 6 35.338 
3.248 0.18 16.800 6 35.338 
3.248 0.15 16.800 6 35.338 
3.248 0.13 16.800 6 35,338 

0.01 8 
0.018 
0.018 
0.018 
0.018 
0.01 8 
0.01 8 
0.01 8 
0.018 
0.018 
0.01 8 
0.014 
0.018 
0.01 8 
0.018 
0.018 
0.018 
0.01 8 
0.018 
0.018 

aVaryi~ig amplitude froill case 2. 
First diaphragni. 
I’hree-foiurths (0.75)-scale version of case 12. c .- 

dVarying amplitude from case 12. 
eFlat plate. 
k a r y i n g  amplitude from case 5 1 .  
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Fig. 3. Existing diaphragm. 

results are shown in Fig. 5 .  The largest amplitude case (0.75 in.) was prohibitively stiff 
(required a large force for a given displacement). In contrast, the smallest amplitude case 
(0.05 in.) gave a very low force requirement for the first 0.7-in. extension but then curved 
sharply upward exceeding 400 lb at  the 1-in. displacement. The best amplitude appears t o  
be 0.1 5 in. (case 11). The stresses for this case were calculated at  1.5-in. extension, and the 
results are shown in Fig. 6. The radial stress remained high at the IR but improved (50 000 vs 
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\ ’  

I I I . . .  I . . .  I - 
12.5 i 5.0 17.5 20.0 22.5 25.0 27.5 

DIAPHRAGM RADIUS (in.) 

Fig. 6 .  Case 11, bcst amplitude. 

60 000 p s i )  over thc existing diaphragm case. C‘irctrrnfcrential stresses show a similar 
decrease. These stress values are considered still too high for an effective design. 

Cascs 3 and 7 had twelve extrema and the same OR as the previous cases. Force require- 
inents for the 1.5-in. displacernent were 350 and 450 Ib reqxctively. Vase 3 ,  with a 0.151-in. 
amplitude, showed maximum effective stresses of 59 000 psi, while case 7, with a 0.1-in. 
amplitude, showed niaxirnum effective stresses of 9 1 000 p i .  lnc~reasing tlie number of 
extrriiia did riot give a diaphragni with bettei Lliaracteristics. 

Casc 9 had only three cxtrerna. Thc ratio of wavelength to amplitudc was the samc as 
caw 7 .  ‘1 he calculation faded at 1.2-in. dctlection under a load of srourid 400 lb. This 
failurc: is an artifact of the method NEl’SAP USCS to load thc diaphragm. Mdny of the 
diaphragms studied cxhibitcd an intermodinte state where the force went through a local 
martiniurn such that larger displacenicnts required somewhat smdlei- fort-e5 until tlie force 
increased again when the available metal was strz tched nearly tlat. €leiice, displacerncnt 
vs force was not monotonic. Since NEPSAP could only add increments o f  force, these 
states represented an instability that caused the calculation to  fail. ‘1 his instdbility was 
erroneously called a “buckling” condition. It should be undcrstood, howcvcr, that it does 
not represent a failure of the diaphragm, but only a failirre of the calculation. The noted 
sharp increase in force requirement generally follows the cdlculated displacernent ~ o r ~ e s -  
pondiiig to a theoretically flattened diaphragm, shown as a function of corrugation amplitude 
in Fig. 7. The 12 series had ten extrema and the 50 series had six extrema. 
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0.9 0.2 0.3 0.4 0.5 
CORRUGATION AMPLITUDE (in.) 

Fig. 7. M Z ~ I I I M I ~ ~  displacement. 

3.3 Larger Radius Diaphragms 

In order to  reduce the stresscs to an acceptable level, it appeared necessary to increase 
the outside radius. Because the seal must be replaced remotely, i t  is dcsirable to keep the 
diaphragm radius from becoming excessive. A radius of 70.7 in. was used. 'I'hree cases ( 1  2, 
16, and 17)  were chosen with a half wavelength of 2 in. and ten extrema [Pig. 2(c)]. Force 
vs displacement was calculated, and the results are shown in Fig. 8. All three cases required 
<300 lb of force for a 1.5-in. extension. Case 12 had a n  amplitude of 0.2 in. and its stress 
plot is shown in Fig. 9 (full-scale prototype). The maximum stresses at 1.5411. extension 
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Fig. 9. Case 12, fuu-scale prototype. 
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have been reduced to 20 000 psi except at the ends. By chamfering the IR and OK diaphragm 
clamp rings, these end effects should be minimiLed. 

An interesting presentation of the stress data is seen by constructing Lissajous type 
curves as seen in Fig. 10. IIere the top and bottom surface stresses at 1.5-in. displacement are 
plotted as a function of the corrugation amplitude. The maximum tensile and compressive 

2 

1 

w 
k- 
v) 

E -1 

-2 

-3 

- 4  
- 0. 

ORNL-DWG. 92-15555 

-- -- " 

-/ 

28 -8.!5 -0.18 -0,05 0 8.05 0.10 0.15 0.28 
CONVOLUTION Y (in.) 

Fig. 10. Lissajous C I I W ~ S  of radial stresses, case 12, fuli-scale prototype. 

stresses are seen to  occur near the extrema. Figure 11  shows the Lissajous cuives of cir- 
cumferential surface stresses. Here the maximum stress is near each cxtrcinum with alternate 
extrema in tension. 
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Fig. 11. Lissajous curves of circumferential stresses, case 12, full-scale prototype. 

3.4 Alternate Design 

Our investigations have shown there arc very few fabricators of diaphragms of this 
sire. Although case 12 resulted in a satisfactory diaphragm, we studied an alternatc diaptiragm 
with six instead of ten extrema which might be easier to fabricate. IJsing the same IK and 
OF. as case 12 ,  we lengthened the lialf wavelength to 3.25 in. and calculiited force require- 
ments as a function of amplitude and displacement. Figure 12 shows the results of calculations 
for cases 50 througli 54 and 56.  The force required for 1.5-in. displacement, case 53, was 
150 lb compared to 200 Ib for :i ten extrema diaphragm with the same an1plitude. For 
all cases with amplitudes between 0 13 and 0.25 in. the calculations failed by buckling before 
thc 1 .%n. displacemcnt was reached. An interesting result is showtl for a flat diaphragm. 
Almost n o  force was required to displace the diaphragm the first 0.75 in., but ovei the next 
0.5 in.  this force increased very rapidly to 600 lb. 
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Stress plots at  1.5-in. displacement of cases 51 and 56 are shown in Fig. 13(a) and 
(b) for comparison. Case 5 1 ,  with an amplitude of 0.25 in., was in a nearly linear region of 
the force vs displacement curve and had many maxima of stresses across the diaphragm. 
Case 56, with an amplitude of 0.13 in., was in a region wliere the force was sharply increasing. 
l h e  number of stress maxima was less than case 5 1 with the top surface radial ctrcss maxima 
coinciding with the extrema. 

3.5 Scaled Design 

To test the larger diameter diaplirag~ns in a test stand, i t  would be convenient t o  scale 
down the dimensions. Calculations wcrc made to design a 3/4 (0.75)-scale version of case 
12. The results, shown in Table 3, compare dimension and stress values for the scaled 
version, case 14, with case 12. Dimensions, including thickness and  amplitude, are 0.75 
times the values for case 12. To arrive at  the same strcss values for the scaled version, it is 
displaced 0.75 of the distance of the larger diaphragm. The force required is proportional t o  
the square of the scaling factor (0.7512. The stress value shown is the calculated maximum 
radial surface stress in compression. 

3.4 Reverse Displacement 

The standard stress and force calculations were made with inside radii moving in the 
upward direction in Fig 2. Force was applied in the opposite direction and displacement 
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Table 3. Scaled design 

Case number 12 14 
Scale factor 1 0.75 
Inside radius, in. 14.5 10.88 
Outside radiuq, i n .  35.338 26.50 
Amplitudc, in. 0.2 0.15 
'Thickness, in .  0.018 0.014 
Extrema 10 10 
Deflection, in .  1.5 1.125 
Force, lb 196 110.3 
Stress, psi - 3 3 . 2 ~  103 -33.2 x 103 

___.I 

values obtained for cases 12 and 13. The results are plotted in Fig. 14. Case 1 2  has full 
corrugations and gave a nearly syrninetric curve. With a force requirement of under 400 lb 
for a displacement of 3 in.. case 13 had flats at the 1K arid the OR. The force requiremcnt 
was much greater, and the diaphragm was markedly stiffer when displaccd in the negative 
direction. 

400 
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.................. T-- _I ..._ 

a CASE 13 

A CASE '12, TRIGONOMETRIC 
- o CASE 12, PARABOLIC 

... 

A 

O R N  L-DWG. 82-1 5559 
............ -. 

-4.5 - 3.0 -1.5 0 1.5 3.0 4.5 
DISPLACEMENT (in.) 

Fig. 14. Force vs displacement. 
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3.7 Measured Stresses 

Stresses were measured on the existing diaphragm at four radial locations to compare 
with the calculated values. A pair of $train gages placed at right angles to  each other at each 
position allowed measurement of both the radial a n d  circumferential strains. The radial 
positions are shown on the diaphragnl profile in Fig. 15. Four pairs of  strain gages were 

OHNL-DWG. 82-1101OR 

------ 
C'RC*-  CALCULATED STRESS 

* RAD' -MEASURED STRESS 

DISPLACEMENT 

14 16 18 20 22 24 26 
DIAPHRAGM RADIUS (in.)  

Pig. 15. Measured and calculated stresses. 

attacked at each radial position on the inner flat portion of the diaphragm. Each pair was 
spaced 90" apart. Two pairs of strain gages were attached 180" apart at a radius of 19.76 in., 
and a final pair on an  extrcma at a radius of 2 1.63 in. Readings were taken of strain as the 
inner diaphragm ring was displaced 0.5 in. 'Ihe inner bearing flange was rotated 180" and 
the test repeated to  average out any affect o f  nonalignment. The radial stresses were cal- 
culated from the strain values by  the expression: 
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where 

OR =radial stress, psi; 

E .= Young's modulus (29 X l o G  psi); 

CY = Poisson's- ratio (0.3); 
ER = radial strain, ,uiii./in.. 

EC = circumferential strain, pin /in. 

The circumferential stresses werc similarly calculated. These results are given in Table 4. The 
average measured values are shown on a plot of the calculated stresses in Fig. 15.  Good 
agreement between measured and calculated stresses are seen at the extrema locations. l'he 

Table 4. Comparison of calculated and measured stresses 

Radius 
(in.) 

14.68 
15.1 8 
19.76 
21.63 

Radial stress Circumferential stress 

.....-_ (io4 psi) 
_....I__ 

(io4 psi) 
_._.... 

Calculated Measured U a  Calculated Measured cJa 
_.._ ~. . . . . . .- 

2.779 1.346 0.624 0.868 0.47 1 0.417 
1.29 1 0.623 0.369 0.418 0.216 0.218 
0.28 -0,072 0.123 1.302 1.183 0.239 
0.306 0.44 -1.184 -1 2 3  

"(I = standard deviation. measured results 

measured values are lower than the calculated values on the flat region of the diaphragm 
near the inner radius. The model used for the calculations assumes no deformation of the 
inner clamp ring aiid a sharp 90" comer on the ring. One would expect these assumptions 
to give a higher calculated stress. 

4. CONCLUSIONS 

The work reported here supports the following concluTions: 

1.  The requirements for a diaphragm for a rotary seal at  the dicliarge end of the 
CFRP prototypic voloxidizer are satisfied by case 12 of this study. Specifically, 
the force required to  displace the inner radiur 1.5 in. in either direction is less than 
400 lb, and the stresses developed in the diaphragm are low enough to allow it t o  be 
flexed through hundreds of cycles without failure. 

2. If a displacement of 1.5 in. is a requirement for a Provol application, a diaphragm 
>54.6-in. diam is required to obtain the necessary characteristics of stiffiiess and 
acceptable stresses. 
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3 .  This study has addressed a general problem of diaphragm design, examining tliickneqs, 
outer radius, corrugation wavelength and corrugation amplitude as variableb, arid has 
established tlie gcneral effect of cach on stiffriess and stresses, comprising a basis 
for tlie selection of diaphragms for similar applications. 

4. For a given diaphragm, varying only thc amplitude of the corrugations, it was found 
that the initial stiffness decreases with decreasing amplitude. However, at very small 
amplitudes the maximum displacement is lirni ted as the metal stretches flat. 

5. The NEPSAP cornputcr program has proved to be a very good tool for the evaluation 
of diapliragrn designs. Tlie program plus periplicral computer programs developed to  
generate input and process output comprise an available nrethoddogy for diaphragm 
development in the event that additional effort becomes desirable in the future. 

6. Limited experiiucntal measurements validate the stress values calculated by NEPSAP 
for incaningful locations on a diaphragm surface. 
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APPENDIX A 

PROGRAM FOR MATRIX GENERATION 

C ** T H I S  GENERATES A RATRIX OF POINTS O N  THE SURFACES OF A DIAPBRAK 
C ** POP IWPrJT TO WYSPSAP 
C ** FOR USE ZN STRESS CALCUATIOWS 
C ** V E R S I O N  UARCH 8 ,  1 9 8 2  
C 

D f H E N S I O g  CAS'? (3 )  ,fXX (5000)  , Y Y Y  ( 5 0 0 0 )  
D O  55 K A S E = 1 , 1 0 0  
R E A D ( 1 1 , 2 0 0 , E 1 0 D = 3 0 )  NCOU, R,P,ZZZ,ZEG, AF,THK8STP8C1SE 

200 FORRAT fT4,7E8.2,31 U )  
W R T T E ( l 2 , 1 2 1 )  CASE 

121 FORHAT(3X,3AQ,' *****) 
W ITE ( 1 2 . 1  20 ) NC OH8 B ? ,222, Z LG . P, T HK STP 

1 2 0  PORUAT(* DIKPRRAR I S  D E F I N E D  3 Y : v , / X 5 , *  COIVOLUTIONS*/  
1 * PADTUS O F  INNER SUPPORT =',P8.3/ 
2 R A D I U S  TO FIRST EXTREKA =*.F8.3/ 
3 PADTUS TO OUTER SUPPORT =*,P8.3/ 
4 9 HALF PAVE LENGTE =98F8,3r9 kND AYPLITllDE =*,P6.3/ 
5 9 D I A P t l R A H  THICKNESS = *  ,P7.4,51[.@ flESB INCRKHEWT IS'.PS.20 
6 9 TT9RS TRICKNESS') 

"02-T H f / 2. 
X STP=TBK*STP 
SQ2=.  5*SQRT (2.) *ZLG 
XO= P-S Q 2 
XI=P-- 5 * S Q 2  
XG=P+ (HCOB-1) * Z L G  + .5*SQ2 
XF=P+ (MCOB-l)*ZLC * S Q 2  
R B I T E ( l 2 . 1 3 0 )  X 0 , X P  

130 FORIIRT(' R L D I U S  TO FIRST CURVATURE =*,F8.3/ 
1 F A D Z U S  TO LasT CURVATURE =9,m. 3) 
IP(X0.LT.R .OR. X P . G T . 2 2 2 )  GOT0 31 
C W 4 .  *BF/ZLG/ZLG 
X -9 

C 
M) 20 N P T = 1 , 5 0 0 0 , 2  
I P ( X , G T . X O )  GOTO 1 

Y = O .  
D Y X 4 .  
GOTO 10 

C I N I T I A L  CURVING 

C FLAT PEGIOW BEFORE PfPST CURVING 

1 I F ( X . G T . X T )  GOTO 2 

Y = C P  (X-XO)* or-XO) 
DYX =2. *CY* (X-XD) 
GOTO 10 

2 I F ( X . G T . X G )  GOTO 3 
C WE ARE NOU OW CURVE ASSOCIATED WITH EXTREHA N 

ri= I .  s+ (x-e) /ZLG 
SGN= (- 1.) ** (N- 1) 
TT= T-P- (a- 1 )  *ZLG 

I= AQ-CP*TT*TT 
Y=SGIP*Y 

DPX=-2. *SGN*CF*TT 
GOTO 10 

3 TP(X.GT.!W) GOTO 4 

c Y rs THE C E ~ T E B  OF T B E  D I A P H P A ~  AT x 

C DYX I S  THE FIRST DERIVATTVE OF THY CURVE 

A- 1 



A-2 

C WE ARF 01 PKIbL CORVS 
Y=Smr*CP+ (X-xF) *  (X-XP) 
D Y X = S G N * 2 .  *CP*(X-XI?) 
GOT0 10 

4 PP~X.GT.Z'Z2)  COT0 22 
C THIS IS PfNAL FLAT 

Y - 0 .  
DYXZO e 

C WSE SLOPS TO GET POPSTXOI OF POINTS 01 DIRPHRbII 
C SOPFACE N O R I I A L  M CURVE liT X,P. 

10 PCos=SQaT(l . / ( l .PaYX*DIX)  I) 
FS I N =  b Y X*FCOS 
X1 =X+ TO 2*PS IN 
X 2=X-T02 *QSI N 
Y l=P-TO 2*FCOS 
T2=YaTO 2SPCOS 
X X X  (EJPT 1 =X 1 
111 IYPT) =I 1 
X X I  (NPT+I') E X 2  
Y Y Y  (NPT+ 1) = Y 2  

C CRLC[ILATE RPPROXIRRTE LElsGTR FiLOlOG CURVE X 
C THIS BPPROXIRliTTOI EUBODIES b SECQgB 
C THAT DECREASES WTTH IHCREHEWT SIZE SI? 

DXS=TFK *STP+FC3S 
X=X tDXS 

20 CONTINUE 
22 RPT=APT-I 

VRlC TI? ( 12,122) FOPT 
122 PORtJRT THERE WERE ,T4,' NODES Gl3 

DO 23 H = l * N P T  
C THIS QWTPrJT IS I1 CORRECT PORH 

WRT TP 1 2,1111 II , X X X  (II) ,YY P (Rq 
23 COIIATINUE 

5 5  COFTTTNDE 
30 STOP 
3 1  TYPE '310 

STOP 
E N D  

1 1 1  POPHAT (P§,30X,2F18.5]  

3 1 0  P O R N A T  (* YOU A R V E  A B  I ~ P m s r m g  C R S E ~ )  
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APPENDIX B 

MATRIX PROGRAM OUTPUT 
KASE 54 **** 

DILPRBAH IS DEFINED BY: 

RADIUS OF I N N E R  SUPPORT f 14.500 
R A D I U S  T O  P I B S T  EXTREKA = 16.800 
R A D I U S  TO OUTER SUPPORT = 35.338 
HALF BAYE LENGTH = 3.248 AND AHPLITUDE = 0,180 

6 C O N V O L U T I O N S  

D I A P H R A P J  THICKNESS = 0.0180 ~ E S H  I U C R E L I E W ~  rs  2.00 T I ~ E S  THICKYESS 
RADIUS TO FIRST CURVATURE = 14,503 
R A D I U S  TO LAST C U R V A T I I R E  = 35.337 
THEBE UERE 1168 BODES GENERATED 

1 14.5OO00 
2 111-50 000 
3 14.53604 
Y 14.53596 
5 14,5720 8 
6 14.57 192 
7 14.60813 
8 14.60787 
9 14.64U17 

1 9  14.64 382 
11 14,68020 
12 14,67977 
13 14.71624 
14 14-71 572 
15 14.75227 
16 14-75 166 

1 4 , 78 829 17 
1 8  1 U.791759 
1 9  14.8243'1 
20 ? 4. 82352 
2 1  14.86032 

23 14.8963 2 
24 14.89536 
2 5  1 4 , 93 23 1 
26 1 4 - 9 3  126 
27 14,96829 
28 19.96715 
29 15,O 042 7 
30 15.0030U 
31 15.0 0023 
32 15,0389 1 
33 15.0761 7 
34 15,07077 
35 15 .13211  
36 15.1 1062 
37 15.1ul.803 
38 15,146QS 

4 0 15.18227 
4 1  1 5 - 2 1  982 
4 2  15-2  1807 
43  15.25 570 
4 4  15.25 386 
45 1 5.29 155 
46  1 5.2 8 96 3 
47 15.3273 9 
48  15.32538 
49 15.36321 
50 15,3611 1 
51 15.39900 

22 14.85944 

39 15,15393 

-0.00900 
O.OO900 

-0.00893 
0.00907 

-0 .00868 
0 .00  93 2 

-0.00825 
0,00975 

-0.00765 
0,01035 

-0 00687 
0-01 133 

-0 * 00591 
0.01 208 

-0,00478 
0-0 132 1 

-0. 00 346 
0.01452 

-0,00198 
0 0 160 ? 

-0 . O O Q 3 1  
0.0 1767 
0 . 0 0  153 
0,01950 
0.00354 
0.0215 1 
0.00574 
0.02370 
O * O O 8 1 1  
0.02606 
0.01065 
0.02860 
0 - 0 1  337 
0.03 132 
0 -  01 626 
0.03Y20 
0.01933 
0 .. 03726 
0.02258 
0, 040so 
0.02600 
0,0439 1 
0,02959 

0.03 335 
0,05125 
0.03729 
0,0551 8 
0.04 140 

0.04569 

a - 04749 

o .0592a 
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