Given:

. Both static and dynamic (fatigue) failure criteria will be used.
. A minimum factor of safety =2 will be adhered to.
. For fatigue analysis the ASME elliptic model with Von Mises equivalent stress will be
used
Assumptions:
. Chamber pressure = 500 psi
. Maximum chamber pressure fluctuations = 25% of mean chamber pressure [1]
. Thermal effects will initially be neglected because of short burn times and insulative
properties of fuel grain (Temperature factor = 1)
. Loading is purely axial. (Size factor =1)
Find:
1) Pressure vessel analysis: (See Figure 1.0)
. Combustion chamber material is 6061 T6 aluminum OD = 2.35" Length = 8.00” THK=
0.140"
. Only use thin wall assumption if radius to thickness ratio = 20:1 [2]
. For static analysis find maximum tensile and shear stressed in plane and out of plane.
*Calculate safety factor using given material properties
. For dynamic analysis use Von Mises equivalent stress with ASME elliptic
. Sigma alternating = 25% sigma mean [1]
. Find corrected endurance limit using correction coefficients as applicable to [2].

2) Forward bolted connection analysis: (See Figure 1.0)

. Material #1 = SS 316L annealed plate (0.205 inches thick)

. Material #2 = 6061 T6 aluminum (0.1875 inches thick)

. Assume reusable connection (75% of proof load)

. Use static and dynamic situations

. Use both bolt yielding and joint separation failure criteria

. Fatigue analysis — Von Mises equivalent stress, ASME elliptic, S.F. =2
. Assume bolts extend from nuts 2 threads

. No shanks on bolts

3) Aft bolted connection analysis: (See Figure 1.0)

. Material #2 = 6061 T6 aluminum (0.1875 inches thick)

. Material #2 = 6061 T6 aluminum (0.1875 inches thick)

. Assume reusable connection (75% of proof load)

. Use static and dynamic situations

. Use both bolt yielding and joint separation failure criteria

. Fatigue analysis — Von Mises equivalent stress, ASME elliptic, S.F. =2
. Assume bolts extend from nuts 2 threads

. No shanks on bolts

4) Flange to chamber weld analysis: (See Figure 1.0)
. Coming soon! Practicing TIG welding and learning more about weld quality.

References:
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[2] “Mechanical Engineering Design”, Shigley & Meschke 5th ed.



Analysis of Forward Bolted Connection:
Section 1: Material Properties.
The forward bolted connection of the test motor is comprised of an annealed stainless steel plate

connected to an aluminum plate by 6 M6 x 10 class 12.9 bolts and two threaded connecting rods
that will be assumed to share similar properties to the bolts. The values for the bolts are taken from

Shigley and shown below.

Proof Strength:
Ultimate Strength:

Yield Strength:

Endurance Limit:

Threaded Area:
Length of Bolt:
Diameter of Bolt:

Modulus of Elasticity:

The nut and washer specs are given as:

Thickness of Nut:
Thickness of Washers:
Diameter of Washer:

Washer Modulus of Elasticity:

Spp = 140 x 10° psi

S, = 177010° psi [2] py. 343 Table 8-6

Syp = 160010° psi

yb =

27,5010 psi [2] pg. 353 Table 8-12

Seb .

2 [2] pg.327 Table 8-1

Ay = 312010 %in
Ly, := 0.63n (16 mm)
dy, := 0.236in (6mm)

E, := 300107 psi

Hp = 0.20 in (5.2 mm) [2] pg.767 Table A-28
W; := 0.02 in (0.5mm)
Wy =05 in

E, = 28010 psi

The Material properties for the annealed stainless steel plate are taken from Matweb.com the
specific link is http://www.matweb.com/search/SpecificMaterial.asp?bassnum=0Q316A

Thickness of Plate:

Modulus of Elastisity:

SS;:= 0.205 in

.
Egq:= 28010 psi



The material properties for the aluminum plate are also taken from Matweb.com.
http://www.matweb.com/search/SpecificMaterial.asp?bassnum=MA6016

Thickness of Plate: Al; == 0.107 in
Modulus of Elasticity: Eal = 10[[06psi

Section 2: Static Analysis of Bolts.

For a mean pressure of 500 psi and a maximum possible alternating stress of 125% of the mean, a
maximum value of 625 psi. For analysis it will be assumed that this maximum pressure acts over
the entire cross sectional area of the pressure cylinder.

Figure FB1

The applied force is thus:
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Frnax -= (625p5|)EE . [ih j (1)

_ 3
Frmax = 2-103 x 10° Ibf

Section 2.1: Stiffness of the Bolt

To examine how the bolted connection will react when an external load is applied the stiffness of
the bolt, washer, and two plates must be examined.

The bolts used have no shank and thus the siffness of the bolt is simply
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Section 2.2: Stiffness of the Members

To determine the stiffness of the washer and two plates the frustrum method outlined by Shigley will
be used. With this method the diamond shaped area shown in the figure below is considered.
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d Figure FB2

For the washers and each of the plates a separate stiffness value k is determined and the total
stiffenss is determined in the same manner as springs in series. The equation for the individual
frustrum is:

o - 0.577rEd
Mem = I (1.150 + D - d)(D + d) (3), [2] pg. 340 eq. 8-14
(1.15t + D + d)(D - d)

Where d is the nominal diameter of the bolt, D is the shortest width of the frustrum, t is the
thickness of the frustrum and E is Youngs Modulus for the material being evaluated.

The frustrum starts at D = 1.5d and grows at an angle of 30 degrees until it is at a maximum at a
thickness equal to 1/2 the total grip. The grip is the total thickness of the clamped material. In
this case the grip is equal to 0.55 inch (14mm).

By inspecting figure FB2 and following the geometry set out above the following values for the
variables in equation (3) can be determined for each of the materials. By inserting these values into
equation (3) the stiffness of each of the materials and thus the stiffness of the combined members
can be calculated.

1) Washer: d := 0.236in
. . = i Ibf
. L 0= 0354n Kyyagh = 868310 —
in

: : 1= 0.0197n

EW =2.8x 107 JSi



2) Steel Plate (1): D:=0.377 in

_ 7 Iof
t:= 0256 in ss1 = 102900 70
E..=28x10" psi
ss = & p
3) Steel Plate (2): D:=05in 7 Ibf
Kgsp = 4.11810" —
— t:= 0.149 in n
4) Aluminum Plate: D:=0.377 in
= b t:= 0.107 in k I:: 9625D.06ﬂ
a in

, 7 Ey=1x10" psi

To find the equivalent stiffness of the members the members are added like springs in series.
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1 + 1 + 1 +i+ ! :4.704><106
kWash kssl kssZ I(al kWash
_ ¢ Ibf
Kmem = 4.704010 F

Section 3: Static Strength and Joint Separation.

For static analysis and joint separation a constant C, called the Joint Constant must be defined.
It's value can be used to determine joint separation and stress on the bolt.

Ko

kb + I(mem

C=024



Tensile Stress in the Bolt:

The proof strength of a bolt is the limiting factor for the allowable stress of the bolt. A load factor
n, can be calculated that can tell whether the bolt stress is less than the proof strength. A value
of n > 1 indicates that the bolt stress is less than the proof stength.

Sy - Fj

n, = ——— [2] pg. 347 eq. 8-23
P CP

Here, P is the applied tensile load on one of the eight connections, and Fi is the preload of the bolt.
For a reusable connection Shigley suggests a preload equal to 75% of the proof load which is
defined as the product of the threaded area At, and the proof strength. Therefore,

Fi= 0.75Atb[$pb [2] pg. 349 eqs. 8-25,26
675
P:= — psi
3 p

This value of 75% preload gives us a very large safety factor for tensile failure and joint separation
(in the 50's) but only of safety factor of 1.5 for fatigue. Therefore we decided to adjust the preload to
50% of proof load. Doing this gave us the following acceptable results.

Fj= 0.50Atb[$pb [2] pg. 349 egs. 8-25,26

Putting the above values into equation a value for n may be determined.

_ SppBp
P cP
n, = 107.839

p

The bolts are loaded below their proof strengths. Even in the extreme case where the entire load is
taken by one bolt we get an n value greater than unity.

Joint Separation:

If the internal pressure of the motor is great enough to cause separation between the Aluminum and
Stainless steel plates within the connection the entire load would be place on the bolts. The
following equation returns a factor of safety against joint separation.

Fi

s P - ¢)

ng = 34.06



Again, we see that the connection is safe against joint separation and the external load will be
shared between the bolts and the connected members.

Section ___: Fatigue Analysis of Bolts.

For fatigue analysis of the forward bolted section we first must find the mean and alternating stress
in the bolt. To find this stress we use the equation:

_Ce | Fi [2] pg. 347 eq. 8-22b

Ol =
bAt At

The applied tensile load is to have a mean value of 500 psi and an alternating value of 125 psi.
Again, this load will be taken up evenly by all eight bolts,

500
Pni=—
m- g

125
P,=—
a g

Because all of the other variables in equation are independent of the applied load the value for the
mean and alternating stress in the bolts can be determined.

— CP, . Fi o i: . Fi
bm = - ba ‘= -
Aty At Aty At

_ 4 _ 4

Opm = 7.048 x 10 Opy = 7.012% 10

Using the ASME Elliptic criteria for fatigue safety the factor of safety for each of the bolts can be
determined.

ASME Elliptic is of the form:

2 2
nmrba n@bm
+ =1 [2] pg. 707 Table 18-1
Se Sy
sovling for n:
Syb[?°eb




