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Introduction 

The present clamps used on the chamber-to-chamber Marman flanges in the 
AGS were designed and fabricated during the 1970 conversion €or use with 
indium coated metal "C" rings. In 1981 aluminum diamond seals were introduced .. 
into the AGS which required a much higher sealing force. 
permanent deformation of some of the clamps when they were over torqued'in an 
effort to attain a vacuumltight seal. Various design improvements were 
considered and a finite element-stress program was used topfind the weakness 
in the old clamp and to help in the design of a new Marman clamp. 

This resulted in the 

The Problem 

The present clamp (fig. 1) was designed as a quick disconnect device for 
the Marman flanges which were install during the AGS conversion. 
intende'd for use with indium coated metal."C" rings which required clamping 
forces of only 200 to 250 lbs/in to properly seal. 
force required per linear inch of seal. 
Marman flange wouldarequire a total force of 5340 to 6675,lbs' applied to the 
flange to seal). 
would.leak whenever there was localized beam heating at a flange. In 1981 
aluminum diamond seals were adapted from a CERN design for use in the AGS. 
While they are less susceptible to beam heating and cost about the same price, 
they require, a much higher clamping force for leak tight.operation. Estimates 
for proper force run as high as 600 to 700 lbs/in. which is beyond the design 
of the present clamp. 

They were. 

(lbsjin refers tovthe 
The 8 1/2 inch O.D. sea1,used on the . 

Unfortunately the indium coating has a 1owfmelting.point and 



Clamps are routinely tightened until proper a seal is attained. This has 
resulted in clamps which are permanently deformed and are not reuseable. 
damage occurs in two areas: the openingzof the clamping arms and where the 
tightening bolt. fits into the slot (fig 2)., 
clamping point on the flange farther to the outside which makes a proper seal, 
even more difficult to attain. Eventually, the clamp opens to the point where 
the outside diameter of the flange contacts the inside diameter of the clamp 
and further torqueing of I the, bolt does not provide additional sealing force. 
Further torqueing only results in deformation of the slot where the tightening 
nut pulls on ethe. clamp. 

The 

The wider opening moves the, 

During the.summer 1986 shutdown,$ measurements were made on diamond seals 
which had,been in service in the ring and seals which were installed but lealr- 
ed. The thickness of the seal was measured to determine the extent to which 
the diamond had been’crushed. The greater the crush the better the chance for 
a good seal since the sealing surface area would increase. The measurements 
were taken at the top, bottom and the both sides of the seal. The top 
coincides with the.bolt location on the clamp, the bottom with the pin loca- 
tion and.,the sides with the’midpoint of the clamp segments (fig. 3). The 
results are given below: 
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The original purpose of the measurements was to determine the difference a 
in clamping force from the pinned 'or hinged bottom side' to the bolted top side 
of the clamp. 
crush and therefore clamping force occurred at the-midpoints of the segments. 
On six of the seals the crush at the sides was almost non-existent. Not 
surprisingly, 2 of those seals had residual spray sealant and another two 
leaked and were removed. 
machined flat to .005" are distorting under load because of insufficient sup- 
port at the midpoints of the clamps. Fortunately there has been no indication 
of permanent deformation of the stainless steel flanges. 

While some differences were found, the largest difference in 

These results indicate that the flanges which are 

Design Considerations 

The major design requirements for a new Marman clamp are: 

1. It'must have adequate strength to crush the diamond seal. 

2. The overall dimensions of the new clamp should be as close as possible 
to the present clamp to avoid interferences and to allow installation 
If the RC network used between the vacuum chambers. 

3. Continued use of aluminum for the clamp material is desirable.because 
of its ease of fabrication, light weight, and low residual radiation. 

The first major change considered was from the present.single bolted 
design to a double bolted design (fig. 4 )  which is a common feature on com- 
mercial high strength clamps. By evenly,.torqueing both bolts on the new 
design, the clamping force should be applied more evenly at the top and . 
bottom. With the old design the bottom pivot.was located at the theoretical 
fully tightened position. A s  the bolt was tightened the clamping force was 
applied to the bottom of the flange before the top. Over or under tightening 
of the bolt would.result in an uneven-clamping force and distortion of the 
flange and the seal. Only three of the seals measured in the list above had 
an even crushbon the top and the bottom. 

The. most'important change considered is a revised flange cross section 
which.would give the flange greater stiffness around its entire circumference 
and lower stresses to eliminate the permanent distortion of the clamp at high 
loads. Various cross section designs were considered and analyzed for the new 
clamp. 
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Analysis 

Using.the ANSYS stress analysis program, the forces on thegelamp and 
their resultant stresses were analyzed. The cross section of the clamp.was 
modeled as a solid axisymetrical parti.which was symetrical at its center line. 
Four different clamp cross sections were eventually considered and analyzed 
(fig. 5 ) :  I 

1. The,. present clamp design. 

2. The present design without.the scalloped sides. 

3.  The1 clamp proposed by Connectors Ltd. 

4. The$ Connectors Ltd. clamp with a narrower width to allow 
compatibility with the RC network connection. 

The elements for each clamp analysis and the associated node locations 
with applied pressure points and symmetry boundary conditions are shown in 
appendices 1,thru 4 respectively. Also given in the appendices are some .of 
the stress plots generated as results of the analysis. Pressures whichlare 
equivalent, to sealing forces of 3OOy1 450, 600, and 700 lbs./in. were applied 
in separate loadgsteps 1 through 4 respectively. The SIGE plots refer to 
equivalent stress and the SIGl plots refer to tensile stress plots. A 
summary listing of the maximum stresses and deflections for all of the load 
cases are given below: 

CLAMP CLAMP MAX TENSILE MAX. EQUIVALENT, MAX DEFLECTION 
DESIGN, FORCE(LBS/IN) STRESS (PSI) STRESS (PSI) (INCH) 

[STEP] SIGl SIGE 

1 [ l l  300 23 , 694 19 , 759 .0033 
1 [21 450 35 , 530 29 , 629 .0050 
1 [ 3 ]  600 47 , 388 39,518 .0066 
1 [ 4 ]  700 55 , 285 46 , 104 N/A 

2 [ I ]  300 22,847 19,273 .0030 
2 [ 2 ]  450 33,722 28 , 447 .0045 
2 [ 3 ]  600 44,564 37,593 .0059 
2 .  [41 700 51,986 43,854 .0069 



CLAMP ' CLAMP ' MAX TENSILE 
DESIGN. FORCE(LBS/IN) STRESS (PSI) 

[STEP]. SIGl 

3 [l] 300 9 , 706 
3 [2] 450 . 14,560 
3 [3] 600 19,412 
3 [ 4 ]  7001 22,646 r 

4 [l] 300,  . 10,313 
4 [2] 450 7 15,631 
4 [3 ]  GOOi . 20 , 657 
4 [4IL 700 24,091 

5 -  

MAX EQUIVALENT MAX DEFLECTION 
STRESS (PSI). (INCH) 

' SIGE 

' 7,896 
11,846 
15,793 
18,424 

-0011 
-0017 
0023 
0027 

8 , 255 .0010 

N/A .002 1 
12,513 -0016 

19 , 289 .0024 

The present clamp design (Appendix 1) is highly stressed even at the 
lowest clamping force. The maximum tensile stress (from Mohrs circle) at 300 
in/lbs (sigl) was 23,694 psi along the inner radius of the clamp. The 6061-T6 
aluminum used to fabricate these flanges has a yield strength of only 40,000 
psi leaving a safety factor of less than 2 to 1. Even if the equivalent: 
stress is used as the governing stress for design considerations, the stress 
of 39,518 psi at 600 lbs/in load leaves no safety factor to prevent yielding 
and-permanent distortion of the clamp. As shown in the stress plots the,high- 
est stresses occurred at the radius bend where the clamp's arms extended to 
hold the flange. The arms are thinnest in that area and the radius may be 
acting as a stress raiser. 
flexibility in the clamp to allow even clamping of the C rings. Slots were 
added to the clamp which allowed even greater flexibility than this model 
would indicate. Unfortunately,this does not work for the diamond seals. It 
should be noted here that the deflection results are for only half of the 
clamp segment as measured at the flange contact point. The total deflection 
of theJclamp surfaces would be.twice the numbers given above. 

Originally-the designers may have preferred 

The first alternative design considered (Appendix 2) had the same overall ' 

dimensions withouththe scalloped sides or the slots of the present clamp. 
This design would add naterial to the area where the present clamp had its 
highest stresses; but, the results of the analysis indicated little change in 
the maximum stresses. A review of the stress plots indicated the area of high 
stress moved, slightly around the. radius toward the top of the clamp. Here the 
thickness of the clamp between its O.D. and I.D. is now thinner than the arm 
where material was added. Material, would. have to be, added to the clamp's O.D. 
for improved performance which would change its overall dimensions. 
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Connectors Ltd. Inc. provides Marman clamps for CERN where diamond seals 
are used extensively without problem. They provided. a clamp design,proposal 
for the AGS which.was analyzed. Its cross section, shown in Appendix 3 ,  not 
only has thick arms .but ,also a thick section between the I.D. and the O.D. 
The results of the analysis quickly indicated the advantages of this design. 
The highest stresses still occurred along the inside radius but they were 
almost 60% less than the-stresses on the present design. The deflection of 
the <clamp was also only a third of the present design. This clamp has the 
strength characteristics we require but may be too wide for compatibility with 
the AGS. 

The last design considered (Appendix 4) was a modified version of the 
Connector's Ltd. design with a narrower cross section. This allows com- 
patibility with,,the new RC network design.and will fit in tight areas such as 
the rf cavities. The loss in arm thickness increased the maximum stress by 
onlyp6% and had no measurable affect on the deflection of the clamp. 
maximum tensile stress at the highest clamping force (24,091 psi), is close to 
the maximum we now have on the present clamp at the lowest clamping force. 
With the rule now in place of using a torque wrench to tighten the clamps 
there should not be any. chance of over torqueing and distorting these clamps. 

The 

Prototype Testing 

Two.prototypes were fabricated using design #2 as shown in figure 4 .  
Both clamps were tested with diamond seals and were leak tight each time test- 
ed. The results below give the sealing torque on the clamp bolts and the 
measurements on the seals after they were removed: 

DIAMOND SEAL THICKNESS MEASUREMENTS 

TORQUE ' .  TOP BOTTOM RIGHT SIDE LEFT SIDE 
(1N.LBS) 

200 1 .182 .184 .196 .196 
250 .180 .182 .187 .191 
350 .173 .182 .188 .189 

NOTES 

REUSED SEAL 



As indicated by the computer analysis this clamp design has stress and. 
deflection problems similar to the present clamp and the results above are 
very similar to those for the present clamp. The seals were well crushed at.., 
the top and bottom where the heavy lugs on the clamp reinforced the outside 
diameter. At the midpoints where the clamp cross sectionsmatched the analysis 
cross section, the< amount ,of crush was marginal even though vacuum tight .seals . 
were achieved each.time. Measurements were also taken of the width of the 
clamps while in place and fully torqued; At 200 in.lbs, the midpoints expand- 
ed almost .020" and the lug areas only expanded .010". (These measurements 
were takenfat the outside of the arms and not at the flange to clamp contact 
points as given in the analysis). It was also noted that these clamps sealed 
at lower torques thanl.the. present clamp which are torqued to 300rin.lbs. 
normally and higher when a seal is not achieved. The seal which was torqued 
up to 350 in.lbs. was only torqued that high for test and.measurement pur- 
poses. 

The prototype clamp had much heavier bolt lug areas and was a solid 
machined fabrication rather than,a weldment. At one point in the testing the 
clamp was torqued up to 600 in.lbs. 
area indicated that there was little distortion under load and no permanent. 
distortion after the load was removed. Permanent distortion of the clamping 
arms was found only at the midpoints. The arms ,were found to have moved out 
by about .006 of an inch. This again emphasizes the importance of the larger 
outside diameter in reducing the stresses on the clamp. These clamps are 
presently being used in the AGS ring as replacements for standard clamps which 
were distorted beyond use. 

Measurements made at the lug and bolt 

Conclusions 

The new clamp for the AGS will be a double-bolted design with a cross 
section similar to* design # 4 .  
able at this time: 

Two clampsdesigns would be considered accept- 

1. A segmented clamp as provided by9Connectors Ltd. (figure 6 ) .  

2. The design usedLon the prototype,clamps with an O.D. of 10-1/2 
inches.. 
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The connector's design which uses a stainless steel banding and four 
separate segments should.be acceptable.based on the experience of CERN with 
the clamp. The stainless steel band is .080 thick by 1.250 wide, but in the 
area where the bands pass over the lugs the load carrying cross section is 
reduced.to .080 thick by 1 inch wide. Because of this, Connectors Ltd. 
recommends a maximum torque on the clamp bolts of 260 in. lbs. which they 
claim gives a sealing force of :840 lbs. per inch. According to our on calcu- 
lations (Appendix 5), this load willlresult in a stress of 44;OOO psi on the 
stainless steel strap giving a safety factor of better than 2:l. Also the 
greater elastic modulus of the stainless steel band serves as an extra backing 
for the ,aluminum clamping sections improving their stiffness. The alumuminum 
proposed for the clamp is a forging. of hillininum which is equivalent to 
2024-T4. Its yield stress (45,000 psi) and elongation (20%) is higher than 
the 6061-T6 aluminum (40,000 psi/ 12%) used in the present clamp. 

The present prototype design with a larger O.D. would.be an excellent 
alternative. 
adaptable to the present clamp supports than the connector's design. As.noted 
previously the only short coming of the first prototypes was distortion of thei 
arms under high loads, increasing the-O.D. should eliminate this problem. The 
final choice between.both,designs will be the manufacturing cost. 

It would have all the design qualities required and may be more 
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CLAMP, DEFURMATIUN, 

CDNTACT ON CLAMP I,D, 

I D E A L  CLAMPING "1. 
DEFORMED CLAMPING 6 

SLUT DEFORMATION * 

2 
e 

UNDEFORMED CLAMP.  

DEFORMED . 'CLAMP 

F I G U R E  2 
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. 9. ? f  CLAMP!. CROSS SECTIUI\IS 
I 

( D I M E N S I O N S  I N  I N C H E S )  

0 

PRESENT CLAMP- 

I .; 
7,938 DIA 

1,458- 

I 

CONNECTORS 
CLAMP. 

LTD, 

D 1.A 

7,868 D I A  

1,25 

08532 D I A  PRESENT DESIGN 
w/o SCA LOPED SIDES 

AND. A L A R G E R  U,D, j l l q  

7,938 . D I A :  
FIGURE 5 
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APPENDIX 

A.1 .1  Old Marman Node P lo t  
A.1 .2  Old Zkrman Load Step 1, Tensile .Stress 
A.1.3 Old Marman Load Step 1, Tensile Stress.Enlarged 
A.1 .4  Old Marman Load Step 4 ,  Tens i le  S t r e s s  Enlarged 

A . 2 . 1  New Marman Node..Plot 
A.2.2 New Marman Element P lo t  
A . 2 . 3  New Marman Load S tep  1, Tensile Stress 
A.2 .4  New Marman Load Step 1, Tensile Stress Enlarged 
A. 2 . 5 ,  New Marman Load 8 Step 4 ,  Tensile Stress Enlarged 

A . 3 . 1  Connectors Ltd. Marman Node .P lo t  
A.3 .2  Connectors Ltd. Marman$Element P lo t  
A . 3 . 3  Connectors Ltd. Marman Load-Step 1, Tensile Stress Enlarged 
8 . 3 . 4  Connectors Ltd. Marman Load Step 1, Equivalent Stress 
A.3.5 Connectors Ltd. Marman Load Step ‘ 4 ,  Tensile Stress 
A.3.6 Connectors Ltd.’Marman Load,Step 4 ,  Equivalent Stress 

A.4.1.r Large O.D. New Marman Node P lo t  
A.4 .2  I Large O.D. New Marman Element %Plot 
A.4.3 Large O.D. New Marman Load Step 1, Tensile Stress Enlarged 
A.4 .4  Large O.D. New Marman Load Step 1, Equivalent Stress 
A.4.5 Large O.D. New Marman +Load S t e p  4 ,  Tensile S t r e s s  
A.4.6 Large O.D. New Marman ,Load S t e p  4 ,  Equivalent. S t r e s s  

A .  5 Connectors Marman Strap S t ress  Calculation 
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STRESSES ON THE CLAMP STRAP 

THE CLAMP ACTS AS A WEDGE, ON THE FLANGE TRANSFERING RADIAL: FORCE INTU,SEALING * 

FORCE ON THE FLANGE, A FORCE DIAGRAM FOR HALF OF THE SYSTEM IS SHUWN BELUW e WITH SYMMETRY BEING MAINTAINED ALONG THE CENTERLINE AS I N  THE COMPUTER MODEL 

F c ~ S I N ( 2 0 )  U 

Fc -- 

F*C 

Fc 
U 

cus(2m u 
Fv::- 

F r  (RADIAL FORCE) = Fc 'SIN(20) + Fc COS(20) lJ s t  

Fs (SEALING FURCE) Fc. GOS(20) - FC SIN(20) U 

F r  = Fs 

WHERE .U =.THE FRICTION FACTOR AT ,THE CONTACT POINT AND 20 DEG I S  THE CLAMP ANGLE 
I 

COMBINING THE, TWO EQUATIONS GIVES1 1 -  
TAN(20) I- U "  
1 - TAN(20) U 

THE TOTAL FORCE EXERTED BY THE CLAMP I S  THE SUM 'OF. BOTH HALVES (Frt = 2Fr). 
TAKING Us'= ,lo FOR THE'DRY LUBRICANT USED ON THE CLAMPS GIVES1 

F r t  = ,96 Fs 
TAKING THE STRAP AS A CYLINDRICAL ELEMENT WITH AN INTERNAL' PRESSURE EQUIVALENT TU- ' 
F r t  WITH UNITS OF FORCE PER UNIT LENGTH1 AT THE 'SEAL DIAMETER (Ds>. THE TENSILE 
FORCE ONia.THE STRAPj WHICH> EQUALS THE 
CLAMP BOLTING FORCQ CAN BE FOUNDI 3~ 

Fb = (Frt DsY2 

Fb = ,448 Ds Fs 

I N  THE EQUATION Fb HAS UNITS OF FORCE (LBS), 

THEREFURD 

FS UNITS. O F  FORCE PER UNIT LENGTH c<LBS/IN), 
AND Ds LENGTH (IN>. FOR OUR SEAL DS = 8.5 IN> 

Fb = 4,09 Fs Fb Fk 

A.5.1 
i 



I I 

+ 

_L 
t 

Fb 4, 

The bolting force is transferred to.the straps via cylindrical .trunnions on 
the top and bottom of the clamp. The,. trunnionlmoves freely in the’astrap which 
splits the force evenly between the top and bottom. Where the strap passes 
over the top of the trunnion, it is opened to allow movement of the bolt and I 

room for a socket wrench., This splits the force again between the strap seg- 
ments+ on either. side of the bolt. This results in a force equal to Fb/4 o n ~ a  
strap cross section of only .080 in. x 1/4. 
tensile,stress from the bolt force only, gives the stresses listed below: 

. 

Taking this area as being in. 

SEALING FORCE BOLT FORCE STRAP STRESS BOLT TORQUE* 
(LBS . /IN. ) (LBS.) (PSI)  (IN. LBS.) 

300 
450 
600 
700 
840, 

1230 15 , 400 
1840 23 , 000 
2455 30,700 
2865 35,800 
3435 . 44,000 

100 
150 
200 
220 
260 1 

*Torque found.through.T = KDF, where D = 10 mm for the Connectors Ltd: bolt, 
F = the bolt force and K = torque friction coefficient taken as .19 from 
Connectors Ltd. data. 

8.5.2 


