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I. INTRODUCTION

The purpbse of this document is to report on the results of design
analyses and to depict the status of the attained design maturity of the structural
elements of the nozzle jacket and varjous aspects of the coolant péssages;

I contrast with the work previously accomplished (whereby the design fea-
sibility using very conservative design allowables of ARMCO_22-13-5 has been
established), these design analyses related to the nozzle shell were based on
more realistic design allowables as supported by cursory values obtained from
ARMCO 22-13-5 nozzle forgings. .

In regards to the CRES 347 coolant passages the major aspects under
consideration were:

1. Low cycle thermal fatigue:
Ability to operate at 4500°R gas temperature

Tube buckling

L~ w ~N
L] . L]

Susceptibility to erosion

‘The’design maturity attained of these, and other more conventional failure
mechanisms, is displayed in the following section via ReTiabi]ity Summary Table.

The scope of analyses contained in this document is limited to processes
leading to reliability assessments of failure mechanisms wfthin Failure Modes
Analyses Section VII (Containment and Delivery of tﬁe Coolant Flow) and Section

VIII (Containment of the Hot Gas).
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II. SUMMARY AND CONCLUSIONS

A. SUMMARY

1. Structural and Reliability Analyses of the Nozzle Jacket

and the Nozzle/Pressure Vessel Joint

The basis used for both the strqctura] and re]iabi]fty ana]ysgs-
were ARMCOﬂéz;i3-5 materié] properties shown in Figure 1. Assuming that the
statistically arrived at design values will support the reflected cursdry data,
~with one exception all elements of the nozzle reinforcing jacket, nozzle to
pressure vessel mating flange and all manifolds made from ARMCO 22-13-5 will meet -
or exceed the reliability reguirements. )

The one exception noted is the barrel portion of thé core
support where it would appear that a thickhess greater than 0.6 in. may be required.

By the same token, it appears that the very high reliability
in the nozzle flangé (1ands between bolt holes and.shear 1ip) permits a.reduction,
of the f]ange‘thickness.

[t is expected that some vernier design adjustment will be
required upon availability of statistical data. However, the generally very |
satisfactory design status, as reflected in Table I, does not warrant a deSign
modification at this time.

| | The more realistic design values used in the analyses result
in.300 1b. weight reduction of the nozzle. Such reduction permits the construction

within the allocated weight of 1650 1bs.
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TABLE I
RELIABILITY SUMMARY
FINAL 75K NERVA NOZZLE RELIABILITY CALCULATIONS
ARMCO 22-13-5, 2.0 INCH FLANGE: CRES 347 TUBES
MARGIN OF CALCULATED RELIABILITY FAILURE
FMA VII COOLANT PASSAGES SAFETY RELIABILITY ALLOCATION CATEGORY
A, Inlet Manifold .186 '91647 .9]088 v
B. Inlet Elbow 2.97 ’91888 .91088 v
c. Elbow Weld .82 +9,589 -97488 v
D. Tube Erosion .26 .9957 .9689 IIt
E. Tube Rupture .26 .9]]58 .9]088 v
F. Tube Buckling 16 9,8 .9¢89 111
G. Tube Fatigue .988 .9689 I
H. Coolant Manifold 9.2 .923 .91088 v
I. End Cap 3.0 .9]79 .91088 v
J. End Cap Braze (to tube) .9y088* -97088 v
K. End Cap Weld (to jacket) 9 97088 v
L. Bolt Seal Leak Calculations not complete
M. Jacket Rupture (Aft End) 1.46 .9;,8 .98 v
N. Tube Braze Joints 9ygBe** .9]088 v
0. Inlet Manifold Weld .80 2957 .9,088 v
P. Nozzle/P.V. Seal Leak Calculations not complete
Q. Bolt Coolant Manifold Weld 3.08 93 51083 v
NOZZLE FORMS AFT CLOSURE FOR
FMA VIII P.V. AND SUPPORTS CORE

A. Land; between Bolt Holes .80 '.920 .9108 IV
8. ‘Shear Lip .58 97 %0 v
C. Nozzle P.V. Bolts***

Leakage (Flange Separation) - 29,6 . -9 11

Structural .01 995 .9]08 v
D. Jacket Membrane (Hoop Stress) .36 9145 9,08 v

(Meridional) .56 -9,8% 2908 v

E. Core Support .37 .9863 .9]08 Iv

*Assumes 30% engagement.
**Assumes 20% engagement.

***Nozzle P/PV bolt calculations cover one bolt only. Effect of boTt coolant channel blockage, kiinsert

failure, and the effect of 2 adjacent bolts or kiinserts failin

publication of this document.

g was not calculated at the time of
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2. Structural and Ré]iabi]ity Analyses of the Coolant Passage

The degree of completeness of analytical work accomplished is
reflected in Table 1. The Table reveals that at the time of termination of the
NERVA Engine begram only the performance with respect to leakage of the "K" seal
under the bolt heads and the "Omega" seal outsidé of the bolt circle remain
unanalyzed. A1l other aspects of the coolant passage were analyzed and with -
respect to all other failure mechanisms the entire coolant passage syStem was
found to have mét or exceeded the reliability requirements.

a. Coolant Channel Attachment to the Nozzle Shell

Although Table I, Item VII N shows that the allocated
reliability of braze joint between the coolant channe]s'and the jackef can be met
with as 1ittle as 20% engagement---this assumes that a suitable positive inspection
methodlof channels' insertion into jacket grooves would be imp]emenie&. To eli-
minate the dependency on the validity and thoroughness of inépection, an élternate
means of coolant channel insertion and attachment has been conceived. The
necessity of spot welding and monitoring the depth of channels' ihsertion has been
eliminated and mechanical lock is proposed instead.

The new method is described in detail in the "Discussion"
‘Section III. | |

b. Coolant Channel Low Cycle Thermal Fatigue

Within the constraints of available data, the'previous
assumption that under "Hold Conditions" 30% degradation in "No-Hold" cycling life
can be expected was overly pessimistic---though acceptable from reliability poiht

of view.
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Data indicates that no degradation will be experienéed
- with CRES 347 Coolant Channels and that the required reliability for this
mechanism of '969 can easily be met. Although 25% increase in strain‘wf]l take
place at wall température of 1600°F as the result of 4500°R gas temperature,
no change 1h cycling life with respect to a lower strain with 1400°F wa11 tem-
perature at 4250°R p]enum'temperatUre is expected.
'c. Coolant Channel Erosion

A high reiiabi]ity, considerably in excess of allocated

requirement, for this failure mechanism was obtained. |
| Consideration was given to absence of oxidiz%ng or car-
burizing atmosphere. Incipient (Iower_]imitf erosioh was postulated to take
place at 1950°F with 2025°F temperéture representing a mean. Within this assump-
tion, operation at 4500°R and resulting coolant channel wall temperature at
maxfmum heét flux point erosion is considered as not credible mechanism of failure.
The target reliability can be met even if the mean and incipient erosion temper-
atures were 2000°F and 1850°F respectively.
d. Coolant Channel Buckling

Using NAR experimental data and assuming 300°R uncertainty
in the reactor exit gas temperatures of 4250°R and 4500°R respectively, the
allocated reliability,can'be met. |

The items referred to above were called to the reader's
attention because they were subject to more complex cons1derat1ons and in the past

certain difficulties were encountered in meeting the re11ab111ty goals.
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Improvements fn methodology or elimination of certain
unduly conservative assumptions from analytical processes resulted in meeting
“the reliability targets. For detailed analyses related to these and other
more conventional failure mechanisms listed in Table I, the reader is referred
to appropriate appendices.
B. CONCLUSIONS |

1. Using the design values of ARMCO 22—13;5 as shown in Figure 1,
the nozz]e.she1] can be constructed Within the allocated weight of 1650 Tbs,
and the allocated reliability can be met.

2. Re]iabi]ity targets for all failure mechanisms of the coolant
passages can be met. |

3. Oberating the nozzle at 4500;R gas temperature at 75,000 1b
thrust level (442 psia PC) does ndt induce Timitations with respect to cycling
life, duration or susceptibility to erosion and buckling.

4. It has been demonstrated aha]ytica]]y that within the analyses
performed no credible failure modes and méchanisms exist and therefore with no
structural failures, no external or internal loss of propellant, the nozzle per- |

formance requirement with respect to thrust and specific impulse will also be met. |

IIT. TECHNICAL DISCUSSION

A.  BACKGROUND
1. ARMCO 22-13-5 Nozzle Shell

The analytical work (thermal, stress and reliabjlity analyses)
conducted heretofore was of preliminary nature with a primary objective to demon-
strate the design feasibility. Such work was based on very conservative assumptions

regarding the design allowables. " In addition, in order to satisfy the Margin of
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Safety as defined in SNSO-C-1, it was imperative to perform all related thermal
and stress analyses based on specification exfreme values of design and opera-
tional parameters. While this approach is consistent with SNSG-C-1, with respect
to the Margins of Safety, it is not consistent with procedures governing the
determination of reliability where the mean values of strength/stress relation-
ship and their variances are involved. Nevertheless, in order to assess the
magnitude of various design problems, with thermal and stress analyses for mean
operating conditions not available at the time, reliability calculations were
based on specification extreme values. Thus not surprizingly, while it was
demonstrated that the desired reliability level was attainable in most cases,
the exceséive conservatism reflected in the assumed material allowables and in
the procedures used resulted in an excess weight penalty of approximately 350 1bs.
| The subsequent sections of this report address themselves to
design refinements based on the.latest material properties available and a more
realistic design approach.

2. CRES 347 Coolant Channels

In the past design inadequacies or analytical deficiencies in several
failure mechanisms of the coolant channels were found to exist. Some of the
deficiencies reflected the lack of data while others required only some refine-
ments in analytical processes. These items_which required refinements or updating

of “the design maturity are identified below.



L. A. Shurley .
May 1972 | Page 9

a. Coolant Channel Attachment to the Nozzle Shell
A need for an improved and more positive means of
attachmenf of the CRES 347 "U" shaped coolant channels in the grooves of the
ARMCO shell became apparent during the brazeability study of the two materials.
A proposed alternate method is given further in the fext.
| b. Coolant Channel Low Thermal Fatigue
Previous analyses based on purely cycling but "ng-hold"
data, necessitated certain assumptions related to hold effect. Cursory data
under 10 minutes hold conditions at few selected points of interest eliminates
such previous assumptions. An updated status on the fatigue phenomenon of the
CRES 347 material is enclosed.
c. Coolant Channel Erosion
An erroneous approach to assessment of susceptibility
to erosion of the coolant channels under NERVA opérating conditions led to a
disturbingly low reliability of .7 .. A new rational with a revised calculated
reliability is provided.
d. Coolant Channel Buckling
The possibility of coolant channel buckling in cy]indrica]
section of the nozzle has been previously recognized. |
. A solution designed to preclude such possibility, backed
up -by experimental data generated for this purpose, has been disclosed on previous
occasions and is reflected in various drawings within this repbrt. The aspectsA
of reliability herein recorded has not been documented before.
The contents of the subsequent sections provide information on how the

reliability requirements as listed in the Summary (Table I) have been attained.
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B. DESIGN DESCRIPTION
ANSC nozzle master layout 1138000D depicts nozzle design subject

to all analyses contained in this document.

No changes were made in the basic concept consisting of a flat
face nozzle to pressure vessel joint, ARMCO 22-13-5 nozzle jacket material, CRES
347 coolant channels brazed to the nozzle jacket after preplacing and attaching
the "U"-shaped channels by the splot welding technique. However, there were
refinements made to the structural members of the assembly as described below.

1. Nozzle Jacket and Pressure Vessel Mating Flange

a. Cylindrical (Barre]) Section of the Nozzle
No changes were made to.the bakre] section. 0.6 inch
thickness was retained. It is conceivable that statistical material properties
will justify retention of this thickness. Should this not be the case, a minor
adjustment probably not exceeding 0.050 inch addition or reduction of the thick-
ness may bevrequired. The design shown represents an optimum within + 10%.
The reader will find additional dissertion on this sUbject
in the Reliability Section.
b.  Pressure Vessel Mating Flange
A flat face-——surfacé plane interfacing with the pressure
vessel ndrma] to the nozzie axis---has been retained because it constitutes the
only arrahgemeht which provides accessibility through the bolt holes for mechani-

cal attachment to the nuclear subsystem.
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The ARMCO 22-13-5 material properties as shown in
~Section I, Figure 1, permitted reduction of the flange thickness from 2.4 in.,
thought to be required dufing feasibility analyses phase, to 2.0 inches.

Although the reliability assessment shown in Section I,
Table I, Item VIII A and B indicates that further reduction of thiqkness should
be considered, such refinement can best be accdmp]ished upon availability of
statistically generated design values.

The drawing showing the method of flange and bolt cooling
reflects two tiers of coolant passages through the f]angé. Two-tieré were found
to be required in order to benefit from the significant increase in-the ARMCO
22-13-5 strength resulting from lowering the flange témperature achieQed by the
increase in cooling effectiveness. |

Detail "L" of the layout drawing.reveals that a groové
inward of each bolt hole has been introduced. The purpose of this modification
was to eliminate the possibility of flow stagnation in the annulus around the
bolt in the vicinity of the pressure vessel interface.

The system as discussed above was ana1yied by the thermal,
stress and re]iabi]ify disciplines, and as the Reliability Summary Table shows,
the results dbtained aréAfu]]y satisfactory.

c. Nozzle Jacket

(1) Pressure Vessel Mating Flange Vicinity

The thickness of the jacket, at its maximum cross-section
at the point of tangency with the curvature of the flange segment was reduced from
0.88 inches to 0.66 inches and linearly reduced further to 0.312 inches at the .
nozzle throat. This reduction was achieved through use of the more realistic ARMCO

properties and by taking advantage of lower jacket temperature governed by the

relationships
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showing the dependénce of the jacket wall temperature on its thickness where:

T2 = External Surface Temperature

T1 = Coolant Side Wall Temperature -

TB = Coolant Bulk Temperature

q"I = Internal Heat Generation Rates, BTU/In3-sec

QA =  Heat Flux, BTU/in%-sec

hz = Coolant Side Heat Transfer Coefficient, BTU/in -sec-°R f(T B ] Q)
t = Jacket Thickness (inches)

K = Thermal Conductivity, BTU/in/in’-sec-°F

Here again, reliability in excess of the allocated value was achieved. A reduction
of jacket thickness should be considered in light of statistical values of material
allowables when available.

It can be concluded that the design geﬁerated for the ARMCO.

22-13-5 structural member of the nozzle constitutes a near optimum configuration.
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d. Cbnvergent Section
The balance of the convergent section, inclusive of the
throat area is not nearly as highly stressed as the location discussed in the
preceding paragraph. The chamber pressure through conversion into kinetic energy
decays at the throat to 230 psia (static) level. Thus, it is immediately obvious
%? » is negligible compared with the
location of maximum preséure and maximum radius. The adequacy of 0.312 in.

that the hoop stress in the throat area, o =

jacket thickness tentatively selected for the throat area should be examined
in the future in light of dynamic stability of the flight vehicle apd ground
test assembly dynamie studies when such analyses become available. Any corrective
steps that may be necessary are very easily accomplished by adding to or eubtracting'
from the jacket exterior without disturbing any other aspects of the nozzle design.
Thus eubject tovverification in the future, the design in the vicinity of the
nozzle throat is considerably satisfacfory.
e. Divergent Section

The design of the divergent section of the jacket was
generated by’considering this segment primarily as part of the coolant passage
design. The gas pressure in the nozzle interior at the interface with the nozzle
extension (area ratio 24:1) decays to 2.3 psia and any thickness would adequately
contain the flow. However, the jacket also forms a back side closure to the
U¥éhaped ceolant channels containing flow at 1375 psia (max). It has been
established that a thickness 0.075 inches, as shown in the Detail "C", would
more than satisfy the reliability requirements (.9]7 was obtained as‘shdwn in

the Reliability Summary Table I, Item VII M ). While it would appear that there
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is considerable room for weight reduction, aside from locking the statﬁsticaT
vva]ues of material properties, consideration of fabricability and reproduci-
bility of tolerable variances from unit to unit generates a reluctance to
recommend a thinner shell. The transition of the jacket thickness from 0.312
inches at the throat to the geometry ét the aft end is depicted in Details "B",
“C", "D" and "E".. |
f. Nozzle Aft Flange

The.désign shown on the attached drawing should be considered
as conceptual. Although, thermal analyses have been performed, any-work expended
in this area, in terms of maturity can only be classified as pre1iminéry., Finali-
zation depends tota11y on the selection Qf the design of the mating nozzle exten-
sion flange which itself is  subject to exfensive analyses and development---yet
to be performed. The aft flange itself is not subjected to loads of concern to the
designer. - The problem is to minimize the influence of the flange on the mating
component of the nozzle extension. Thus, the design status (although satisfactory
for gfound or development flight testing without the nozzle extension) must be

considered as preliminary.
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2. Coolant Channels

a. Description

Geometries of the coolant channel at various axial
locations, along with the dimensional definitions and computed flow areas,are
given in attached Drawing 1138000D.

In order to avoid bifurcating (2 for 1 splice) shown
in Figure 2, Option A and yet maintain structurally adequate desigh, a variable
coolant channel thickness was adopted. At the coolant inlet at nozzle Ae/At
= 24:1, the primary consideration in selecting the wall thickness was tube
rupture caﬁsed by 1375 psi (maximum) differential pressure across the wall. It
was established that at this location, a wall thickness of 0.028 inch is requiréd._
At the nozzle throat region where the probability of rupture in hoop is small
. compared with the coolant'entrance region, the governing failure mechanisms
were low cycle fatigue and tube crown temperature. Among the two, it was the
heat transfer aspect that was found to dictate that a wall thickness of 0.013 +
0.005 fnch should be incorporated. In the cylindrical portion of the nozzle,
the consideration of buckling led to the selection of 0.022 in. wall thickness.
Between thé three key Tocations, the wall thickness was varied linearly.

The désired wall temperature profile is governed by heét
_transfer coefficients, both coolant and hot gas side. However, ohce the optimum
performance nozzle contour has been selected, the designer cannot exercise any

control of the hot gas side heat transfer coeff1c1ent
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The coolant side heat transfer coefficient on the other
hand can be controlled within limitations of the available pressure drop and
provided that a coo]ént Mach No. of 0.3 has not been exceeded. While the
physical and transport properties cannot be engineered, the coolant velocity
can. The control over the coolant ve]ocify in the NERVA noéz]e is reflected
by making the legs of the U shaped channel a variable design parameter selected
to suit the need. Accordingly, the terminals (entrance and exit}1ocations)
have zero lég height (ex;ept 0.100 in. provided for insertion into the jacket
groove) and a maximum Teg height caﬁ be found in throat region.

b. Method of Coo]ant Channel Attachment to the Nozzle Jacket

(1) Current Method

The process of coolant channel installation used to
arrive at.the nozzle assembly shown in brawing No. 1138000D entails making 212
grooves in the inferior side of the nozzle jacket. These grooves aré 0.090-0.100
inch deep and 0.071-0.073 inch wide over the entire Iength.. The'coolaﬁt channels
conforming to the nozzle éontour are installed one at a time in grooves as illus-
trated in Figure 2, Option B. Only one leg of each tube is attached to the side
of the groove by spot welding technique. The last tube installed (until the first
brazing cycle) is held in place by friction'produced by a shim driven fnto the
space between each two adjacent legs. Gold alloy foil preplaced prior to coolant

channel insertion provides the necessary brazing material.
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Although the fabrication history of the NERVA
Technology nozzles has proven thé process to be fully satisfactory, a tube
to shell braze joint failure, experienced during the ARMCO 22-13-5 to CRES 347
brazing compatibility studies, raised some questions regardjng the reproducibility
and reliability of the practices used. One of the test assemblies made failed
at the joint at 3400 psi pressure. Sectioning of the specimen for post-failure
analysis has shown that:
1. One leg of one tube of the assembly had only
0.020 inch of-engagement-with the jacket.
2. Improper insertion is possible and not readily
detectéb]e.
3. Spot welding technique may.be less reliable
" than heretofore bé1ieved.
There is no quality assurance evidence that either
Item 1 or 2 were the cause of failure. The most plausible failure mechanism was
bowing of the channel between two spot weldments during the first brazing cycle.
The relatively low mass of the coolant channel compared with the 48 inch long,
6 inch wide and 0.6 inch thick flat plate results in the plate temperature lagging
the channel temperature. The attendent higher rate of the coolant channel expansion
has 1ikely been the cause of the tube leg to rise in the groove.
| The 1ikelihood of such occurrence in the nozzle during_
brazing is less, because of the bell shape configuration. The differential expan-
sion of the two members probably would produce a strain in the channel rather than
separation. In the cylindrical and convergent sections of the nozzle smaller in-
tervals between spot weldment are desired. Nevertheless the possibility of the

separation phenomenon cannot be ignored. - Consequences of failure along with

minimum success criteria are given below.
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Reliability calculations included in this report
have shown that in order to satisfy the reliability requirement, a minimum
nozzle to jacket brazed engagement of 0.020 in. must be assured.

This indicates that not only a proper insertioh
has to be assured, but also that a positive means of inspection for unbrazed
condition must be developed. Ultrasonic inspection was found both meaningful
and useful except in the region of transition from cylindrical to convergent
portion of the nozzle where the presence of the pressure vessel mating flange
produces no results.

Assuming that a better means of inspection could
be provided to ensure 0.020 inch minimum brazed engagement, other aspects would still
render this condition unacceptab]e. A coolant channel only partially inserted
would resﬁ]t in an increase in coolant flow area, thus reducing the coolant side
heat transfer coefficient. The attendent,protrusfon into the hot stream would
increase the hot gas side heat transfer coefficient. The respective changes
individually even more so collectively would cause an increase in the coolant
channel wall temperature voiding all reliability analyses related to this parameter.

From a heat transfer point of view insertion into 80%
of the groove depth with more frequent than the 6 inch spot welding (heretofore
used) interva]s is required. -

Thus either a moré positive method of coolant channel
jnstallation inspection (probably attainable) is necessary, or a better installa-

tion method needs to be devised. Any such new method must satisfy three objectives:
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1. Reduce or eliminate the dependency on inspection
of proper coolant channel leg insertion.

2. Reduce or eliminate the dependency on inspection
coolant channel to groove wall brazed area or
presence of braze alloy.

3. Reduce or eliminate the possibility thét a coolant

| channel with one leg shorter by more than 0.020
inch than the other will be used.

A new method of coolant channel installation is

described below.

(2) New Coolant Channel Installation Method
| The processes that would satisfy the three requirements
above, are depicted in Figure 3 throqgh 6.

Figure 3 shows installation of the first channel. The

manufacturing steps up to this point are as follows:

1. Machine the jacket conventionally producing
constant width and constant depth grooves.

2. Use the cutter tool shown to produce the tapered
shape. The narrow smooth shank of the cutter is
piloted between parallel portions of the groove
already made to prevent lateral drift.

3. Preplace braze foil and wire---if desired. }It
is believed that this brazing material is superflous

and it can be eliminated.
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4. Install channel by pushing downward. The
chamfer at the top of the groove guides the
tube legs. Use enough force to snap the
channel into place.

5. Use Step 4 to install the adjacent channel.

6. Insert shim with foil around it (this braze
foil is essential and cannot be eliminated)
to fill the gap and force the legs against

the groove wall as shown in Figure 4.

During installation the channel can be removed---if
required---by prying the tube out and starting at either endf The tapered shape
will facilitate removal.

3 Figure 5 and 6 depict essentially the same concept
and process sequence. It is envisioned, however, that preforming the braze foil
and installing it would be more difficult and more costly. Channel removal for
replacement would be quite difficult.

In either model a danger_exists that during tube
installation the preplaced foil would be damaged. If is recommended to delete
it from the process.

Advantages gained: If the channel legs are not fully
ihéerted the shim will not go in. But once installed and shimmed, the channels
are mechanically Tocked and separation of the two members is not possible in
handling or'brazjng. If preplaced braze foil is used it will be of no consequence

how much braze area was effectively achieved.
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The method requires no special inspection techniques
other than standard dimensional inspection. The only criteria is the ability
to drive the shim in. |

Elimination of the preplaced foil and wire may
offset the cost'pf additional machining.

C. ANALYSES
The results of analyses performed by each of the supporting

discip]ines are given in each of the respective Appendices and will not be repeated
here. Only highlights and some clarifying aspects will be brought to the reader's
attention in order to provide a better understanding of the degree of the complete-
ness of analytical and design maturities attained.

1. Material Properties

Until cursory data on forged ARMCO 22-13-5 strength become
available, it was assumed that such properties would be‘significantly below the
material strength obtained from rolled plate. Accordingly, the minimum design
allowables were aesumed to be no higher than those of Hastelloy X.

 Either assumption turned out to be overly pessimistic. Test
specimens obtained from ARMCO close die forgings (3 units) showed no reduction in
either ultimate or yield strength with respect to rp]]ed plate rooh temperature
data.

It was thus assumed that the mdre exteneive rolled plate average
values data is representative over the temperature range shown in the Summary,
Figure 1. 20% of the average values was discounted to establish the minimum

design limit.
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2. .Nuclear Heating and Thermal Analyses

The effect of internal heat generation in the coolant channel
walls were.not calculated. Such effects, however, are known to be low enough
to be ignored. The nozzle jacket was analyzed using both the maximum (spec
extréme) and nominal values. The results of thermal analyses based on the two
sets of values a}e shown in Figure 7 and 8 respectiveTy. It can be seen that in
 most areas the isotherms are about 100°R lower for nominal gamma heating values,
except jusf underneath the f]ange where a difference of as much as 400°R is observed.
| Thermal analyses to the coolant channels reflect no more than
~steady state condftions at normal, malfunction, throttling modes atfthe start and
end of life. Norma] mode at the end of 1ife was found to produce maximum severity.

In addition, study of variance influence and sensitivity was
initiated.
| Table II represents the first attempt to provide a statistical
ana1ysis of-temperature data for use in analysis of coolant passage reliability
(FMA VII). The data was not used in the re]iabi]ity calculations reportéd in
Appendix because it was not available at the time the reliability ca]cu]ations
were cdnducted.

The tempefature values used fpr the analysis were based on
_specification'éxtreme conditions, however, the difference is relatively minor.
The tube wall temperature (ng) at the max flux point is 1471°F for specification
extreme conditions and 1452°F for nominal conditions. The corresponding temper-
atures in tﬁe‘barre1 section are 1060°F and ]041°F.' A reduction in temperature
of 20° would have very little effect on material strength, however, it is recom;
mended that future calculations use the sensitivity analysis method to provide

increased confidence in the reliability calculations. The additional computer
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, - TABLE 11 »
4P AND ATg SENSITIVITY - PRELIMINARY

USING 25104 NOZZLE HEAT TRANSFER PROGRAM
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0] ©) ® ® ® ® O 66 ® O O @
| THG(°R) ot TWG(°R)
TWG(°R) MAX - 24P - B BARREL
© RUN NUMBER . PARAMETER No (No)x(aPARA) ¢ = 24/1  FLUX PT.  _oP 5 PARA B 3 PARA -4, COMMENTS
$-001 HOM NOM - - 616 1912 1617 - 138.2 - 1501 -
5-002 PC + 1 SIGMA  PC 4] ' 2.1496 616 1912 161.7 0 1382 0 1501 NOM = 450
$-003 PC +2.326 SI6  PC +2,326 5.0 616 1912 161.7 0 138.2 0 1501 NOM = 450
5-004 TC +2.326 SI6  TC '42.326  45.0 627 1932 163.8  +2.1  140.2  +2.0 1520 NOM = 4252
5-005 TC +1 SIG T +1 20.0 624 1921 162.6  +0.9  139.0 +0.8 1509 NOM = 4252
5-006 PIN +2.326 SIG  PIN. +2.326  53.0 606 1909 157.2  -4.5  139.3  +1.1 1499 NOM = 1375
5-007 PIN +1 SIG PIN +1 23.0 612 1911 159.6  -2.1  138.6 +0.4 1500 NOM = 1375
5-008 TIN +2.326 SIG  TIN +2.326  2.20 612 1908 164.4  +2.7  138.1 0.1 1499 NOM = 60.7
5-009 TIN +1 SIG TIN n 0.95 614 1910 163.0  +1.3  138.2 0 1500 NOM = 60.7
5-010 TM +2.326 SIG  TM +2.326  .001 621 1953 160.8  -0.9 . 137.1 -1.1 1519 INSIGNIFICANT
S-011 WC +2.326 SIG  WC +2.326 1.7 608 1908 165.6  +3.9  135.2 -3.0 1295 NOM = 77.8
5-012 WC +1 SIG WC +1 73 498 1910 163.9  +2.2 1371 -1.1 1498 NOM = 77.8
5-013 R +2.326 SIG R +2.326  .010 616 1909 161.7 0 - 1382 0 1501
5-014 AF +5.0% AF +2.326  +590 638 1934 142.8  -18.9  136.6 -1.6 1532
S-015 AF +2.15% AF +1 +2.15% 626 1922 153.3  -8.4  131.5 -.7 1514
$-016 CL +15% oL 42,326 +15% 724 2000 155.4 6.3  131.4 -6.8 1613
5-017 CL +6.45% oL + 6.45% 649 1949 158.0  -3.7  134.8 -3.4 1547
5-018 (G +20% €6 +2.326  +20% 501 1733 145.1  -16.6  120.5 -17.7 1336
5-019 CG +8.6% C6 +1 +8.6% 567 1837 154.9 6.8  130.9 -7.3 1433
5-020 K1 +10% Kl =1.10 . +2.326  10% 616 1912 161.8  +0.1  138.2 0 1501 NOM = 1.00
5-021 K1 +4.3% KI = 1.043  +] 4.3% 616 1912 161.3  +0.1  138.2 0 1501 NOM = 1.00
5-022 K3 + 10% K3=1.54  +2.326  10% 616 1912 165.8  +4.1  138.2 0 1501 NOM = 1.40
5-023 K3 + 4.3% K3=1.46 4 4.3 616 1912 163.5  +1.8  138.2 0 1501 NOM = 1.40
5-024 PFM +10% PFM =1.922  +2.326  10% 616 1912 169.5  +7.8  138.1 -0.1 1502 NOM = 1.747
5-025 PFM +4.3% PFM = 1.822 4 4.3% 616 1912 165.0  +3.3  138.2 0 1501 NOM = 1,747
5-026 ¢ =+10% e = .935 +2.326 103 616 1900 175.1  +13.4  152.3  +14.1 1490 NOM = ,850
$-027 ¢ = +4.3% e = .887 S 4.3% 616 1907 167.7  +6.0  144.4  +46.2 1496 NOM = .850
5-028 K = +10% K - 10% 634 1894 157.7  -4.0  138.5 +0.3 1506 K OF TUBE
5-029 K +5% K - 5% 638 1912 1570 4.6 137.9 0.3 1519 K OF TUBE
- ALL INPUT NOMINAL T - TUBE WALL THICKNESS CG - CONSTANT GAS SIDE H.T. EQN.
- CUAMBER PRESSURE NC - COOLANT FLOW RATE Ky»Ky = CONSTANT USED TO PREDICT PRESSURE DROP
- R - CHAMBER RADIUS
~ COOLANT INLET PRESSURE AF - COOLANT FLOW AREA SFM - 5§§$§gR§R22L;iS#égR
COOLANT INLET TEMPERATURE CL - CONSTANT LIQUID SIDE H.T. EQN. THERMAL CONDUCTIVITY TUBE METAL

f1¢



L. A. Shurley :
May 1972 : Page 35

time required is negligible, and it provides an accurate estimate of temperature
variation due to the independent design/operations variables.

The E25104 program was revised by J. J. Williams prior to
contract termination, and renamed E25107. The new program corrected some minor
problems, and was to be used for calculation of the temperafure mean and varia-
tion for use in the reliability analysis of the coolart passage.

The following is a description of the meaning of each column

heading.
Column

1. Computer run number.

2. The independent parameter being varied,

3. No is the number of standard deviations the parameter listed
in Column 2 was increased.

4, (No) x (a Pérameter) is the actual value by which the parameter
in Column 2 was increased.

5. ng is the calculated gas side tube wall temperature at the
area ratio of 24:1 using nominal values for all the independent
parameters except the one listed in Column 2.

6. Twé (max flux). Same as above except this value of ng is cal-.
culated at the point of maximum thermal flux (located just
above the throat).

| 7. AP s fhe change in coolant pressure between the nozzle inlet
) and outlet. These values of AP are calculated using nominal
values for all the independent parameters extept the one listed
in Column 2.
8. %AEEFE' is the change in the AP across the nozzle produced by

varying the independent parameter shown in Column 2 while holding
all others constant. '
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9. ‘AfBlié change in cod]ant bulk temperature between nozzle
inlet and pressure vessel plenum.
10. BATB is the increase or decrease in coolant bulk temperature
2 para

caused by the variation in the parameter listed in Column 2,
with all other independent parameters held constant.

11. - ng is gas side tube wall temperature in the Qozz]e barrel
section at area ratio of -14.12:1.

12. This column lists the nominal value of the parameter shown in
Column 2.

A comment is in order relative to the»therma] analyses included
in Appendix C. Reader will note that the analyses performed'to determine the
temperature gradient from the coolant channel crown to the cylindrical portion
of the nozzle jacket minimum internal heat generation rates were used. This was
done deliberately (not as a result of analyst's error) to generate minimum tem-
perature in the tube crown (300°R were added) so as to generate a maximum gradient
which constitutes a more severe environment. Such information was desired and
was used for computing variances from mean values in the Reliability calculations,

Appendix F, of the coolant channels with respect to buckling failure mechanism.
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- 3.  Stress Analysis

. Analyses related to the nozzle jackét reflect primarily refine-

| ments and calculations related to new ARMCO 22-13-5 material properties. The cool-
ant channel analyses contain only new aspects, predominantly determination of
strain and Tow cycle fatigue under hold conditions, inclusive of opekation at

wall temperature of 1600°F (throat region) resulting from 4500°R gas temperature.

- Conventional failure mechanisms such as tube rupture were analyzed and certified as
not credible in the prior contract year. The most significant contribution to
this document manifests itself in documented methodology deve]obed and used.

4, Relijability Analyses

The basis for the analyses included in Appendices E and F were
all thermal and stress calculations completed to date and inclusive of information
provided in Appendices A through D. Not all failure modes and the mechanism con-

tained therein were analyzed. From the contents of the FMA document given below
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I. Physical Description

II. Functions' Description

II1. Functional Failure Cause and Effect Summafy
IV. Failure to Produce the Required Thrust and IS

V. . Failure to Generate the Required Temperature Rise through the
Nozzle

VI, Failure to Generate the Specified Pressure Drop through the Nozzle
VII. Failure to Transport Propellant Through the Nozzle Coolant Circuit

VIII. Failure to Close the Aft End of the Pressure Vessel or Support
the NSS (Contain the Hot Gas)

IX. Failure to Provide for Diagnostic and Engine Control Instrumentation

only Items VII and VIII were here documented.

Relative to Item IV, the attained reliability with respect to
hot gas -and coolant channel containment (Sections.VII and VIII) and previously
reported 97.7% theoretical performance,meeting the requirement of specified thrust
and specific impulse is virtually assured.

Relative to Items V and VI, the parameter sensitivity analyses
have been just initiated (Table II). The influence of variances has not been
treated probabi]istica]]y; but these are not nearly as important (category of
Failure i or II at the most) as Items VII and VIII where category levels of III
and IV are involved. | |

Item IX, although important does not lend itself readily to
analytical treatment. Conformance tb the requirements will belassured by inspection

with reTative]y little left to the control of the designer.
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Thus the analyses contained in the Appendices are limited to
the reliability assessments with respect to failure modes and mechanisms identi-
fied in FMA Sections VII and VIII respectively.

A good many of these calculations are quite‘conventionaT,
étraight forward and self explanatory. However, there are few mechanisms of
special interest which are worthy of discussion provided below.

a. Coolant Channel Low Cycle Thermal Fatigue

Data related to this failure mechanism was obtained in
two phases. Phase I (less expensive), produced extensive . information under
compression-compression cycling, but no hold conditions over temperature range
of 1000°F to 1600°F. Phase I1 (more expansive) provided few points under com-
pressionélo minutes hold cycling conditions at 1400°F and 1600°F. These two
temperatures were selected, because they represent maximum coo]ani channel
temperature resulting from 4250§R and 4500°R hot gas temperature respectivély,

For clarity, only these two temperature regimes are
shown in Figure 9. The two lines of negative slopes relate mean cycling life
to induced strain. The solid horizontal lines at three different strain levels
indicate the spread of data under no-hold conditions. Few identified data
points under 10 minute hold time fof the same strains were superimposed for 1400°F
and 1600°F temperatures. It can be seen that no degradation in cycling life is.
evident. If anything a slight increase is indicated. Due to the fact that
they do not appear to cause an increase in variance, all data was pooled and
statistically (.99/.95) presented in Figure 10. Track has been kept however

of the small (not detrimental) differences between no-hold and hold conditions.
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For clarity,data from Figure 10 at selected strains of interest has been

cross plotted to produce Figure 11. This plot (statistical values) of

cycling 1ife as function of temperature at strain levels determined to exist at
various engine operation modes was used to conduct the reliability calculation.
Appendix D, Table I, Page 7 provides calculated strains at fhe nozzle throat
region and the barrel sections at gas temperature of 4250°R and 4500°R. The

gas side wall temperatures in the barrel section as shown include 300°R uncer-
tainty in the gas temperature. Examinaiion of the corresponding étrain levels
and relating these to Figure 11 indicates that the coolant channels in the barrel
section possess (.99/.95) life approaching 400 cycles. In excess of 300 cycles,
life is exhibited by the channels at the throat at 4250°R gas temperature. The
strain calculations conducted and shown in Appendix D, page 7 indicate that a
maximum strain.takes place not at the tube crown, but at the side, 55° away from
the crown.

At 4500°R the tube crown (1000°F and 0.021 strain) exhibits
approximateiy 340 cycles life. The side of the tube at maximum strain location
(1150°F and 0.0245 strain) exhibijts about 200 cycles 1ife. The calculated
reliability of °9764 indicates that operation at 4500°R is permissib]e with
respect to cycling life.

b. Coolant Channel Erosion

Maximum heat flux of 21 Btu/1n2-sec computed for the nozzle throat
region is well be]ow burnout heat flux of approximately 30 Btu/1n2-sec for hydrogen
cooled passages. Likewsie the design wall temperature of 1470°F constitutes a
comfortable margin with respect to 2100°F at which signs of incipient erosion have
been observed in the past. There are no strict scientific data on rocket nozzle

firings directly applicable to NERVA engine operations.
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Chemical propulsion system intrisically produce either oxidizing
or carburizing atmospheres either of which produces deleterious effects on CRES
347 at 1500°-1600°F range. Neither of these phenomena takes place in the NERVA
ndzz]e where only hot hydrogen is present. _

Ignoring this difference in the past and examination of

several rocket systems history led to an assessment of reliability with respect

- to erosion of 0.7.

Obviously this was not a realistic approach. A better
approach is to examine information available from NERVA Technology experience.
The difficulty here was that the program had no failures, except those few deli-
berately induced for the sake of science. To establish some analytical tools certain
- assumptions as listed below had to be made.

(1) An‘average temperature for incipient erosion Qas
postualted to be 2025°F compared with 2100°F calculated from induced failure.

(2) A Tower limit reflecting assumed data scatter and
ana]yt{cal uncertainty was assumed to be 1950°F as supported by evidence that
with braze alloys with melting températufe of 1800°F gone, CRES 347 coolant
channels remained unaffected until 43% of coolant flow reduction was made.

Under the above assumptions a reliability of .9967 was
obtained»compared with '9689 allocated for Category III failure.

The required reliability can be met even if:

(1) Coolant channel gas side wall temperature of 1600°F
was induced by 4500°R gas temperature.

(2) The lower 1imit and meah erosion temperature were 1850°F
~ and 2000°F respectively. | |

Within the abové rational and assumptions the coolant channel

- erosion does not appear.as.a credible failure mechanism.
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c. Coolant Channel Buckling

A report on the subject, based on experimentation was
published by North American Rockwell (Columbus, Ohio) which was used to guide
the design.

The buckling phenomenon is postulated to be restricted
to the cylindrical portion of the nozzle where the coolant channel radius to the
wall thickness ratio (R/t) and the temperature difference between the coolant
T ) make such occurrence more 1likely

wall = 'jacket
than in other locations of the assembly.

channel wall and the jacket (T

In order that success probability be not overestimated,
and td ensure that this failure mechanisms will not occur during the reactor
development phase, it was postulated that:

(1) Temperature stratification will produce some zones
where the reactor exit gas will take place.

(2) The stratification will produce some zones where
the gas temperature will exceed 4500°R by 300°R for T0 = 4800°R.

(3) That the 300°R éxcess will produce 300° increase in
the coolant channel wa11;

The last éssumption is a very conservative one in light of the fact that the ratio
.of éoo]ant side to gas side heat transfer coefficients in this region-produces a
chahge in wall temperature équal to about 1/3 of the chaﬁge in the gas temperature.
Thus an increase in wall temperature of only 100° should be attributed to gas

temperature stratification.
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Nevertheless, within the assumptions made the required
reliability requirement of '9689 for failure Categdry IIT has been met.

In conclusion, with the exception of possible
adoptation of the new method of coolant channels' attachment, the re]iabi]ity
calculation show that no deéign changes to the configuration here discussed

are necessary.
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STEADY STATE TEMPERATURES FOR THE NERVA
NOZZLE/PRESSURE VESSEL AND REFLECTOR
JOINT NUMBER 1138000-D USING SPECIFICATION
EXTREME VALUES FOR NUCLEAR HEATING RATES

I.. INTRODUCTION

Thermal analyses were performed to determine the two-dimensional, maximum
expected, steady state temperature distribution in the ARMCO 22-13-5 nozzle/
pressure vessel and reflector joint for normal flight operating conditions. This

assembly is shown in Reference (a) and has the designation 1138000-D.

The analysis was conducted in compliance with Reference (b) and as re-
quested, tolerances were applied to the parameters so that maximum temperatures
were predicted for steady state, normal flight operating conditions. Results

of a prior analysis on a similar configuration are reported in Reference (c).
This report details all aspects of the current analyses.
II. SUMMARY

The nozzle/pressure vessel joint number 1138000-D was analyzed to deter-
mine steady state temperatures for normal flight conditions using values for

all thermal parameters adjusted to yield maximum temperatures.

Computed temperatures are shown in isotherm plot form. ‘The maximum cal-
culated joint temperature is 478°F in the initial contraction section of the
nozzle. This is lower than the previously computed temperature of 722°F
(Reference (c)) for the nominél thickness configuration at the same location.
The principal reason for the deqrease in maximum temperature is believed to be
the reduction in wall thickness from a nominal value of 0,88 iﬁches to 0.65

inches,

III. TECHNICAL DISCUSSION

A. CONFIGURATION DESCRIPTION

The configuration analyzed is the pressure vessel/nozzle joint de-

scribed in Reference (a). The total bolt coolant flow was retained at 3 1b/sec
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for 108 bolts. As in Reference (c) there are 108 rectangular grooves (0.055'
inches on a side) through which a total of 1 1b/sec of hydrogen could flow
through the annular gap between the inside of the pressure vessel and the nozzle
at the bolt surface. The purpose of this flow is to provide additional cooling
in the gap area. The dimension of 0.055 inches was selected because it resulted
in a dynamic pressurerf 20 psi in the groove which is the approximate value

required to maintain an appropriate pressure drop through the flow passage.
" B. MATERIAL PROPERTIES

Thermal conductivity and surface emissivity are the two material
properties required for a steady state thermal analysis of the nozzle/pressure

vessel joint.

In order that maximum temperatures would be predicted, tolerances
were applied to the thermal conductivity of both the aluminum and ARMCO and
the resulting utilized lower values are shown in Tables 1 and 2 of Reference (c).
Conductivities of the 7075-T73 aluminum and ARMCO 22-13-5 are also shown in

References (d) and (e).

The ANSC Materials Group had previously estimated (Reference (c))
a value for the surface emissivity of ARMCO 22—13—5 to be 0.20 and for the un-
coated 7075-T73 aluminum it was estimated to be 0.10. These yélues were used
for the current analysis. However as previously noted in Reference (é), the

emissivity of either material has a negligible effect on computed temperatures.
C. . BOUNDARY CONDITIONS
1. Convection

The nominal convection boundary conductions used for this
analysis are shown in Figure 1. The heat transfer coefficient distribution and
coolant temperature distribution along the inside surface of the nozzle were
taken from the results of '"Normal End of Life'" analysis 09SPO15WLG. This re-
generatively cooled nozzle analysis is a revision of 09SP005 which was reported
in Reference (f). The heat transfer coefficients and fluid temperatures from

this analysis are shown in Figures 5 and 6 of Reference (c).
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Other convective heat transfer coefficients were calculated

from Equation (4) of Reference (g). This equation is:

-C

0.8 0.4 2
¢, (T,/T.) )

- h = 0.023 (k /D) (), O"° (N0,

where C1 = 1.0 and C2 = 0.765 for Tw/Tb < 1.8
Cl = 0,7 and C2 f 0.20 for Tw/Tb > 1.8
D = characteristic dimension

k = thermal conductivity

h = heat transfer coefficient
NRﬁ = Reynolds number

NPR = Prandtl numbe;

Tb = bulk fluid temperature (°R)
Tw = wall temperature (°R)

and the subscript b refers to properties evaluated at bulk fluid temperature.
A1l fluid thermal properties were obtained from Reference (h) and are shown in

Table 4 of Reference (c).

On the surface of the pressure vgssel near the threaded end of
the attachment bolts it was assumed that the entire plenum flow (approximately
76 1b/sec from the minimum flow rate listed in Enclosure (2) of Reference (i))
would be forced through a 3/4 inch wide gap to provide cooling. The resulting
heat transfer coefficient computed from Equation (1) was approximately 1000
Btu/hr/ft2/°F. Again this value was multiplied by 0.8 and the resulting boundary
-coefficient is shown in Figure 1. The heat transfer coefficient on the inside
pressure vessel wall at the face of the reflector inlet was assumed to be
210 Btu/hr/ft2/°F to be consistent with the entire plenum flow through a 3-1/%

inch wide gap. The variation between the two locations was assumed to be linear.

The heat transfer coefficient along the outside diameter of

the nozzle barrel section (300 Btu/hr/ft2/°F) corresponds to the entire nozzle
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flow through a 2-1/2 inch wide gap. The température of the fluid in the plenum

(-252°F) was obtained from Reference (i).

In the bolt coolant flow passages it was necessary to compute
"a@érage" two-dimensional temperatures that would account for the heat transfer
to the coolant. This was accomplished by computing the temperature that satis-
fied an energy balance in -each of the two-dimensional annular segments which
were elements that included flow passages. A typical coolant flow element might

appear as shown in the following sketch:

— Coolant Passage -Element Boundary

Coolant Passage

e (1 of 108)

/ / }{ A7 A A
% //////////j//,g/'!,;

— W7

.

The energy balance used to determine internal energy gain/loss in elements that
included coolant passages was:
(2)

ul - ot - - “x7
q 'V, - (T, - T)h_ A1 /V

e total

where: A = coolant passage surface area contained in an axi-
symmetric annular element

~h = heat transfer coefficient between element surface

and coolant (from Equation (1))

Tc = coolant temperature
Te = element temperature
qé‘ = effective internal heat generation rate per unit

volume of element
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t

nuclear heating rate per unit volume of solid material

<
[l

volume of solid material in each annular element

\' = total volume in each annular element
total :

The actual implementation of Equation (2) in the finite element
program that was used to solve for steady state temperatures was accomplished

in two steps. These were:

1. Specify a reduced nuclear heating rate because of the
channel volume :
[ .
q =q V.V

input total

2, Spehify,a modified heat transfer coefficient along
boundaries of elements through which coolant channels pass so that the
heat transfer coefficient-surface area product is equal to hcAc' With
the E12202 finite element code this is accomplished by using the fol-

Jowing relationship to compute the input heat transfer coefficients:

h along channel elements - h_ Ac/A

input element

where A is the surface area of a single element internally used
element .

by the computer code.

Use of an energy balance to define temperatures in regions that
contain coolingvpassages result in values that are directly usable in two dimen-—
sional stress analyses. It is not necessary to analyzé several cross sections
and estimate the actual "average'" temperatures appropriate for stress calcula-

tions. The procedure of analyzing several cross sections can result in the
prediction of unrealistic temperature discontinuities across cooling passages
whereas the current procedure permits energy transfer to occur. It is believed
that the only way to more accurately define the temperature field in these
regions is through the use of three-dimensional thermal analyses. However,

the current stress analyses are two-dimensional and the additional effort
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required to conduct a three-dimensional thermal analysis is not considered
justified until there is a more definite requirement for such detailed tempera-

tures.

2. Thermal Radiation

_ Thermal radiation was assumed to exist from all external
nozzle and pressure vessel surfaces to an environment temperature of -453°F.
As previously discussed, it was concluded from examination of temperature
profiles that no significant increase in computed temperatures would result from
neglecting thermal radiation because of the small amount of energy transfer by

this mode during steady state operation.

3. Other Boundary Conditions

Adiabatic surfaces were assumed to exist at the positions on
the thermal model éorresponding to the ends of the pressure vessel and nozzle,
This assumption is justified because the heat flow is essentially one~dimensicnal
at these locations and there is negligible heat flow across the adiabatic sur-
faces. Subsequent analysis (not shown) indicated that temperatures in this area
are extremely sensitive to the assumed boundary temperatures and these are not
clearly defined in Reference (j). Fortuitously, the influence of the holes
through which the coolant enters the plenum tends to thermally isolate this
area from the rest of the nozzle. For this reason; it was possible to make
the adiabatic surface éssumption and correct temperatures at the interface zone
based on the most current best estimate of actual structure/nozzle interface

conditions.
D. NUCLEAR HEATING

All nuclear heating rates correspond to graphite core, specification

. extreme conditions. They are tabulated in Table 5 of Reference (c).
E. RESULTS

All steady state, nominal condition temperatures were computed 5
using the finite element method described in Reference (k). Calculated tempera-
tures for each node point were punched on cards and transmitted to the Stress

Analysis Group.
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An isotherm plot of the computed temperatures is shown in Figure 7.

It can be seen from the tabulations of Table 1 and the plot of
Figure 10 that the maximum calculated joint temperature is 478°F in the initial
contraction section of the nozzle. This is lower than the previously computed
temperature of 722°F at the same location (Reference (c)). It will be seen
that the principal reason for the decrease in maximum temperature was the re-
duction in nominal wall thickness from 0.88 inches to 0.65 inches in the current

analysis.
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(g) Williamson, K. D., Bartlit, J. R. and Thurston, R. S., "Studies
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NERVA 75K NOZZLE/PRESSURE VESSEL JOINT !
'STRESS ANALYSIS DRAWING NO. 1138000-D

I. INTRODUCTION

This report presents the joint Eompatibility and stress analysis of the
nozzle/pressure vessel Concept 1138000-D. This concept differs froﬁ that used
in Report N8120R:71-005 as a result of replacing the two seal grooves at the
nozzle/pressure vessel interface with one seal groove (changing the radial
location of the shear lip and thus the pressure vessel configuration) and using
higher material allowables for ARMCO 22-13-5 based on a more realistic assess-
ment of the material data. A geometrical and material comparison between the
two nozzle configuration relates

Dwg. No. 1139587 Dwg. No. 1138000-D

= 24.,727" R = 24,350"

R'shear up shear lip
tflange = 2.4 tflange = 2.0
Ynozzle shell = -88 thozzle shell ~ +65

(tangent loc.)
ARMCO 22—13-5 (Ref. 1)

F = 40500 psi

(tangent loc.)
ARMCO 22-13-5 (Ref. 2)

FTY = 47000 psi

.TYRT RT

A thermal stress analysis was also performed using a pseudo steady state
operating condition. That is, tolérances were applied to thermal conductivities
and heat transfer coefficients so that maximum temperatures would be predicted
for steady state, normal flight operating condition. In addition, specification
extreme values were used for nuclear heating rates. As was sfated, the tempera-
tures developed are assumed to be a maximum. However, this approach does not
necessarily give the maximum thermal gradients which dictates the magnitude of the

thermal stresses. The thermal stresses were developed using the temperatures and
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are assumed to be a maximum condition, with consideration of the previous

statement.

II. _ SUMMARY/CONCLUSIONS

The results in the form of margin of safety values are listed in Table I.
All developed margins were positive ekcept for the pressure vessel hoop membrane
stress. This negative margin was a result of a change in the coolant coefficient
from that used in the thermal analysis in Report N8120R:71-005 which increased
the mean wall temperature in the cylindrical portion by approximately 100°.
Therefore, this negative margin is a thermal problem and can be corrected by

sizing the wall when the correct wall temperature is established.

The over-all compatibility and stresses developed indicate that the nozzle
configuration analyzed in this report can perform adequately under the steady
state operating condition imposed in this analysis. The buckling analysis of
the core support was not performed in this report because of the similarity of
the loading and geometry of the core support analyzed in Report N8120R:71-005

which indicated a good margin against buckling.

III. TECHNICAL DISCUSSION

The nozzle/pressure vessel'configuration analyzed in this report was per-
formed with the finite element program., The information used in this report was
taken from the Appendix A (Analysis No. AM-NA-0024) which is the detailed stress

analysis of the nozzle/pressure vessel joint.

~

The assumption madé in this analysis was that the rotation and radial
deflection of the core support at the reflector cylinder interface developed in
Report N8120R:71-005 can be used as boundary conditions for the configuration
used in this report. The results of this report indicate that this assumption

.was good and that a small error in stress magnitude, if any, was the result.



TABLE 1 - MARGIN OF SAFETY VALUES

Page
Analysis Part
#AM-NA-0024 (Location) Stress Type M.S.
NOZZLE FLANGE .
F.E.M. ' Peak
Printout Shear Up % 35000 ' Notch Effect High
6 Bolt Area op 30000  Primary + Tpp = 70°, +.67
. . T
_ Bending
24 ‘ Bolt Ooixial = 89610 Primary TRT f 70, +.5
24 Oaxial = 134000 Primary T_235, +.1?
NOZZLE SHELL
9. Max Stress ohoop = 29300 Primary T165°F’ +.22
Location :
9 Section A-A € = .0043 Peak Need
eff . )
(inside surface) Mat'l Data
(Low-cycle* Fatigue)
10 Max Stress Ymeridional =f28000 © Primary + - T450°F’ +0,.25
Location . Bending
PRESSURE VESSEL
11 ©  Max Stress ohoop's 41400 : Primary T70°, -.025
Location
12 Max Stress Operidional = 28000 ~ Primary + T_3geps 10.897
Location Bending

Condition

Hydro
Hydro
Hydro

S.S.
(Steady State)

S.S.

S.S.

S.S.

S.S.

S.S.
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TABLE I -~ MARGIN OF SAFETY VALUES (Cont.)

Page
Analysis Part
#AM-NA-0024 (Location) Stress Type M.S. Condition
CORE SUPPORT
13 Max Stress ohoop = 33500 Primary TSO°F’.+O'22 S.S.
Location }
14 Max Stress O eridional ~23000 Prim?ry + T70°F’ +1.174 S.S.
Location . _ Bending

7

1
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APPLIED MECHANICS SECTION ANALYSIS NO. AM- NA-0024
" N8120 R ‘ '
- DATE 10 March 1972
SUMMARY OF ANALYSIS
Project 141 System/Component Nozzle . Distribution:
. / L. A. Shurley
Part Nozzle/Pressure Vessel } Drawing No. 1138000-D J. L. Pickering
Subject Nozzle/Pressure Vessel Number 1138000-D ﬁ' gatgchumacher
Joint Stress Analysis — -
J. L. Watkins

Reference(s)

'~ J. G. Schumacher

' ‘/éigzii;<2/%2i/’/ *Summary Sheet Only
Engineer Ca A\ Jve M Approved Tt File: AM- 1200-300
. L. Pickering

OBJECTIVE: To determine margin-of-safety values for the selected design under the
operating steady state condition. :

ASSUMPTIONS: That the maximum loading condition (maximum pressures and deltas) when
used in the analysis will provide the minimum margins when compared to the allowables
at temperature based on the maximum heating rates and/or the extreme environmental

conditions.

REFERENCES (Analysis Methods):

See Enclosures

RESULTS AND CONCLUSIONS: The over-all compatibility and stresses developed indicate
that the nozzle configuration analyzed in this report can perform adequately under the
steady state operating condition imposed in this analysis.

-RECOMMENDATIONS AND COMMENTS: The reflector cylinder was not included in the
finite element model used in this report; instead, the rotation and radial deflection
of the core support in Report N8120R:71-005 was used as boundary condltlon, with

satisfactory results.

o
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APPENDIX C

NOZZLE TUBE THERMAL ANALYSIS
AT MAXIMUM FLUX POINT AND BARREL SECTION

/



AEROJET NUCLEAR SYSTEMS COMPANY
SACRAMENTO, CALIFORNIA

CLASSIFICATION CATEGURY
St

|
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8 April 1971

TO: J. L. Watkins JIW: jm:NL320:M1672
. - Project 1Ll

FROM: J. J. Williams Work Statement 9

SUBJECT: Steady State Temperature Distributions in the NERVA

Nozzle Coolant Channels

DISTRIBUTION: R. H. Coppo, O. J. Demuth, K. Sato, L. A. Shurley, E. A. Thomas,
' W. R. Thompson, P. P. Ventura (W/O Encl.), File

REFERENCES : (a) Request from R. H. Coppo dated 3-31-71, "Heat Transfer
' Analysis for Tube Buckling Investigation - Coolant
Channel Runs with Subseguent 2-D Thermal Runs"

(v) Memorandum N4320:M1671, E. A. Thomas to J. L. Watkins,
Subject: "NERVA 75K Ccolant Channel Steady State
Temperature Distributions for T = 4568°R and 4318OR
With Minimum Nuclear Heating Rafes"

(c) Memorandum NL340:6392M, J. C. Courtney to J. L. Watkins,
dtd. 18 January 1971, Subject: "Estimated Minimum Nczzle
Heating Rates"

ENCLOSURE : (1) Tabulated Computer Output from Two-Dimensional Heat
Transfer Analyses 2KFEOO8 Through 2KFEOQ13

~

INTRODUCTION AND SUMMARY

This memorandum transmits results of the six nozzle coolant channel
heat transfer analyses requested in Reference (a). Chamber temperature was
4318°R for three of the analyses and 4568°R for the other three. In ali cases
' coolant flow was reduced from previously used values (Reference (b)) by 5 per-
cent and minimum nuclear heating rates were used. For two of the analyses the
gas-side heat transfer coefficient was increased to cause a 300 degree increase
in previously calculated values (on a one-dimensional basis) -of coolant channel

wall temperature in the barrel zone. Complete tabulations of steady sta*e

[ g



J. L. Watkins N 2 N4320:M1672

temperature distributions are presented along with summary tables of computed

heat transfer coefficients and coolant tube crown temperature.

DISCUSSION

-

Steady sﬁate thermal énalyses had previously been made of the coolant
channels in the barrel and maximum flux zones of the nozzle to determine two-
dimensional temperature distributions for throttling and full power conditions
(Reference (b)). The purpose of the presenf analyses was to determine the effect
of a 5 percent reduction in coolant flow on the computed temperatures. In ad-
dition, two of the runs were made with the gas-side heat transfer coefficient
in the barrel zone increased to cause a 300 degree rise in tube crdwn tempera-
ture. These runs were also made with the 5 percent reduction in coolant flow.

In 81l cases the nuclear heating rates utilized were the values obtained by
considering both prompt and delayed gamma radiation from a composite core.
These rates are 0.249 Btu/sec/cu-in. in the barrel and 0.104 Btu/sec/cu-in. in
the maximum flux zone, and are somewhat higher than those shown in Reference
(c). The specific engine operating conditions for each analysis are shown in
Table 1.

Convective film coefficients and coolant bulk temperatures were ob-
tained from computer code E25104k using the land and groove configuration option
along with the other options previously utilized in Reference (b). The specific
run numbers are glso shown in Table 1.

The steady state»temperature distributions were computed using code
E12401, a computer code for calculating two-dimensional, steady state temperature
distributions by the finite element method. The gas-side heat transfer coef- |
ficients were-assumed to vary from the maximum value at the crown of the tube
in a cosine distfibution to the vicinity of the brazing shim and then were re-
tained at a constant value over the surface of the Eraze and shim. The angle
defining the distribution was that between the vertical, the center of the tube
- and the selected surface element. The maximum value of heat transfer coeffi-
cient was that obtained from computer code E25105, and included both‘conveétive
and thermal radiation effects. '

The liquid-side heat transfer coefficient was assumed constant: over
the inside periphery of the flow channel at each station analyzed. Values for

gas and liquid-side heat transfer coefficients, gas recovery temperature and
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liguid bulk temperature are shown in Table 2. In addition, the calculated
tube crown temperature is also shown for each case.

' The detailed temperature distributions calculated for each case are
shown in the computer output listings of Enclosure (l). Case identification
is shown as part of the printed output on each page and the indicated run
numbers correspond to those in Table 2.

The node numbering systems used for barrel and maximum flux station
analyses are depicted on Figure 1. In addition to the node points and tempera-
tures, the printed outputs also contain a tabular listing of the coordinates
of each node.

In this type of conduction analysis small irregularities in computed
temperatures can arise from the use of straight line segments to represent
circular arcs and from rounding off values of convective heat transfer specified
along the boundaries. Based on a review of the tabulated results, it is esti-
mated that irregularities from these sources are on the order of 5 degrees F or
less which is considered acceptable. No indication of abnormal temperature
distributions could be détected on isothérm plots that were generated as part

of this study.
In addition to the enclosed tabulated temperatures, punch cards con-

taining coordinate location, node number and computed temperature inflormation
are avallable for each run. These will be retained so they will be available

for possible use in subsequent stress analyses.

T/ J. Williams, Sr. Engr. Spec.
Thermophysics
Engineering Staff Department



RUN

2KSPO08
2KSP009
2KSPO10
2KSPO11
2KSPO12

2KSP013

~

RUN

OKFEO08
DKFEO09
SXFEOLO
CKFEOLL
PKFEOLR

2XFE013

STAGNATION CONDITIONS
TEMPERATURE PRESSURE

~ (DEG R)

4318..
4318.
4318.
4568.
4568.
4568.

NOZZLE
FIOW
(PSIA) (LB/SEC)
Lho, 89.1
285. 57.2
285. 57.2
Lo, 86.4
292. , 56.6
292. 56.6

TABLE 1 - ENGINE OPERATING CONDITIONS ASSUMED FOR ANALYSES

COOLANT
FLOW
(LB/SEC)
69.5
36.8
36.8
65.3
37.4
37.4

(DEG R)

56.6
k9.9
k9.9
57.9
s2.7
52.7

COOLANT INLET CONDITIONS
TEMPERATURE

PRESSURE
(ps1a)

1287.
Th.
THT.

1279.
780.
780.

COMMENTS

Maximum Flux Station (22)

Barrel Station (35)

Barrel Modified Cg's

Max Flux

Barrel

Barrel Modified Cg's

~ TABLE 2 - TWO DIMENSIONAL CONDUCTION BOUNDARY CONDITIONS AND COMPUTED MAXIMUM CROWN TEMPERATURES

REFERENCE RUN

2K5P008
2€SP009
2KsP010
2KSPO1l
2KSpCl2

2XSP0O13

GAS RECOVERY
TEMPERATURE

(DEG R)
hoTh.
Lok,
Lok,
hs502.
4522,
4522,

LIQUID BUIK
TEMPERATURE
(DEG R)
108.7
200.0
206.4
116.0
215.0

219.7

GAS SIDE HEAT
TRANSFER COEFFICIENT
(BIU/SEC/SQ~IN/DEG R)

0.00752
0.00159
0.00211
0.00757

0.00163
0.00217

LIQUID SIDE HEAT

TRANSFER COEFFICIENT
(BTU/SEC/5Q-IN/DEG R)

0.01981
0.00L452
0.00448
0.01960

0.00467
0.00461

" MAX TUBE CROWI
TEMPERATURE
(DEG R)

1959.
1571.
1832.
20T72.

1658.
19k0.

{1} A1l snalyses run with minumun nuclear heating rate(0.10L Btu/cu-in/sec at max flux station and 0.249 in barrel)
\v/ .
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TABULATED COMPUTER OUTPUT FROM TWO-
DIMENSIONAL HEAT TRANSFER ANALYSES
2KFEOO8 THROUGH 2KFEO13
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FTRAUY=ITATS TEMPTRATURES

ENCIOSURE 1 PAGE 1 OF 30 PAGES

TTE 201N N, 7 N
.
tafrte T, cor- x 7 T
1 - 1,542 1.000 1151.23
> n 1.5¢66 1.000 13462,67
: ) 1.568 1.000 1514,17
4 ) 1.571 1.000 1672,43
o c 1.573 1.G90 1620418
) ¢ 1e€7¢: teo6c 1757, 89
? 0 1.8¢2 1.C10 1134,06
' n 1,308 1.010 1125,a95
- o 1.657 1.011 1¢678,39
1- 2 1.57¢ 1.611 1hu7.68
11 0 1.777 1.012 1300, 20
) o 1.575 1.c12 1946,25
1 o 1,659 1.r20 1074.44 -
Ta ¢ 1.9+ 1.021 1271.45
1 o 1.464 1.002 1447.88
1 ) 1.€47 1.n00 1610.34
1y o 1.759 ,l.003 1752.53
1 0 1.972 1.0%4 1005.80
1 o 1.80F 1.020 1074411
! ) 1.6°0 1.¢30 1242,14
21 ¢ 1.6F 1 1.0 1441,69
s r J .S 1,013 1537.02
~3 o 1.%66 1.07%4 1732, 64
~a o 1.563 1.075 1330.82
~- o 1.5 1.07A 1022,.82
2e 2 1.983 1.029 1213.40
T ) 1.85¢ 1.001 1305,.461
2 0 1et88 1.0a2 1542,15
B a 1.561 1.044 1588,69 ‘
s 0 1.667 1,045 1826,.64
s I 1,949 . 1.066 GE5.69
13 < 1.°47 1.045 1142,C9
2o 0 1.€49 1.050 1301.95 .
“ 0 1,551 1.651 18447.55
o 0 1.8 1.753 1543,50
e 0 1.566 1.05% 1711.69 N
17 o 1.8y 1.023 291,07
2 0 1.840 1,054 1059413
e 0 1,542 14C57 1211.83
. 0 1,847 1.¢59 1351.78
a1 ¢ 1.455 1.06M1 1431,32
an 0 1.567 1,013 1602461
£ c 14639 1.059 793,59
p 0 1.521 1.061 943,13
" o 1.,£72 1.0°.3 100,44
as ) 1.£74 1.065 1223.37
av 0 1.534 1.663 1229.02
n o 1.577 1.070 1603,55
() ) 1.535 1.075 1514,57
) 0 1.52a 1.079 1577.14
" 0 1e%22 1.054 1674,.65
: 0 1ec?2 1. 006 1683.68
T n 1,872 1.037 16a46,32
P ) 1.612 1.648 1695,73
s 0 1.872 1,050 1£686.70
<, n 1.€38 1.014 2054,15
-7 _n - 1.83¢ 1.096 7001.99 - -
ca 0 1.229 1.047 1959,.42
‘. 0 1.£713 1.0R8 1052,44
3 0 1.528 1.0¢0 1947417
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STEADY-STATE TEMPFPATURES
TTERATION NO. 7
NePo ND, CONE X Y T
61 - a 10821 mwriiim 1,064 = - 657,57 o e —
£2 0 1.922 1.066 791.07
A3 0 1.523 1.069 914.79
"4 0 1.225 1.071 1030.76
LS e — - o - 1.526 +— —er 1aRTA = e 1141410 -- - - e S meea e
66 0 1,527 1.C76 1247.64
a7 0 1.527 1.079 - 1310430
£8 0 1.527 ©1.081 1366,16
- 63 —_0 - 10527 e e 1,084 - - 1803.91 PO ) P
70 0 1.527 1.086 1421.21
71 0 1.527 1.CR7 1433.06
72 0 1,627, 1.088 1639.90
—mm T3 e e——e O -~ 16827 s = —— 14000 v ——-1442,12 s - o m— - e e e e
74 o) 1.512 1.0=%8 514,63
75 0 1.513 1.070 607.76
76 o 1.513 1.073 6£S0.46
- 77 s 0 .- - 1eS14 — e 1 L0785 e TetL 4 e it - R aatiened
78 o 1.914 1.078 230.33
rQ (o] 1515 ’ 1.080C BOABLTH
<0 o 1.€15 &+ 1.081 904,32
- - L B e L ¢ IR 1.¢15 e e 1, 0AB e e—— - Q] 7 .46 e e ~ afiomans — i mteee e e
n2 0 1.515 - 1,074 929,44
a3 n 1.515 1.006 G40.92 .
Fa 0 1.815 1.087 940,24
- e merm AR e D e e e 14818 e 1 G 0RB - mmrme——s s QB 28 - e e e e we e
ae 0 1.515 1.060 955,67
R7 0 1.602 1.070 269.10
58 0 1.502 1.072 420.S7
— 79 . — 0 - - 16702 i—mrioo - 1,076 - 480.05-- - —— - e ———
c0 0 1.63 1.078 527.69
<1 [o) 1.5073 1.081 564,01
M [o] 1.503 1. 034 S22.006
- €3 i . 0. 10023 e 14 OAG o - 601012 oo o o - :
aa 0 1.503 1.087 607.55
cs (4 1.503 l1.082 611,40
56 0 1.693 1.090 €12.6a
——— ST —-0--- — 1 ¢45] —m——1.071 - - 232487 - -~
<A 0 1471 1.074 275. 44
o9 0 Jeacy 1.c76 209,91
100 0 1.451 1.679 337.59
--101 - — 0 e 140 1. 0R] - 35%4.25 - - —— -
1n2 0 14461 1.GR4 375,15
173 n 1.691 1.0R6 31,74
1Csa 0 1.491 1087 3R¢ .84
1053 ———— 0w = 0 ] 4 8G] e ——me—ee 1, 0AR —- 2R 9,25 - - -
10k 0 1.¢01 1.0%0 390.19
167 0 1.077% 1.C71% 166405
108 [a) 1,479 1.074 190.54
—_— 179 -0 ——— ] 4479 —- -1.076 —~- 21076 -
110 o 1a07% 1.079 227425
111 0 1.479 1.081 240431
112 [o] 1.479 1.094 249.90
113 o 0 e — e ] 4479 100R6 — - 253,88 - ~—— -
114 0 1.279 1.087 256471
115 0 1,479 1.068 258.41
116 0 1.475 1.050 258.98
117 — 0 - 14450 10071 ————m 116482 = - ——
118 0 1.459 1.074 126424
119 0 1.459  ° 1.076 136,27
120 0 1.459 | 1.079 130.93
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STFADY-STATS TEMPERATURES" :

{TEFRATICN N0, 7 .
NeP. NN, COCF X 4 T .
121 n 1.450 - ©t.081 146.21 - S s - = - -
122 n 1,459 1.084 150.12
123 0 1.459 1.086 151.7a
12a 0 1.459 1.087 152,00 :
19 e p eem - 1 v 4EQ . HY 155.60 O
126 n 1.459 1.090 153.83
12 ] 1.439 1,071 112,40
128 0 1.679 1.074 114,03
129 m———Q meem—m ] 4829 e ems s Q76 T 11864 oo e e e -
179 0 1.¢79 1.079 117,12
12 0 1.6479 1.0921 118.38
127 0 1.4329 1.044 119,35
- 113 R ¢ B ~- 1,019 - - 1085 === 110,77 et
174 o} 1.479 1.007 120.07
175 0 1,479 1,088 120.25
124 0 1.439 1.060 120,31
17 e T S S R X ) = 1e071 T 10B.92 s e ke il sty -
138 0 1.419 ’ 1.074 109.50
179 0 1.419 1.07A 110.17
120 ) 0 1.419 1.079 110.€8 .
181 0 mm——m Q- et 1,619 T s (R TS 111,020 T e mee - - -
1e” o] © 1.419 1.0R4 . 111.30
163 n 1.419 1,096 111.42
144 (o] 1.419 1.0¢7 111.50
145 - ——= 0 - 1,419 “1.098 111.54 e T TS Tmeas e - —
tar 0 1.419 1.090 111.5%6
147 0 1.400 1.072 109.13 .
148 0 1.400 1.075 109,24
e 163 - 0 1,800 -7 TR 1L AT Tm—— T 199,36 o em -
130 0 1.600 1.0°0 109,46 .
151 0 1.400° 1.002 109.55
152 o} 1.400 1,085 13G6.62
. 123 — == Q0 e 1,400 1.087 - " 106.65 e - - -
194 0 1.00 1.0°8 109.67
155 0 1.400 1.090 109.68
156 0 1.400 1.001 109.6R
- 17 _—— 0 S ], FRN R ~l.r72 T 172,73 T e T ST ST T e T e T e T
199 n 1.260 1.075 108 Eh
10 n 1,390 1,077 138,97
179 0 1.2€0 1.C40 10€.06
161 - .- 0 - 1.200 1.002 — - 102,17 - e -
1¢2 0 1.380 1,605 199.1°
16 0 1,220 1,067 109.20
1ra o . 1.3F0 1.088 109.22
1685 - e Q0 v e 1 L,IR0 - © 1,050 ™ 109.273 - T T mmmme T e
16 0 1.200 1.091 107,23
167 0 1.3€0 1.073 109.01
19 0 1.260 1.075 109.07
169 — =g o= 1.2€60 “1.078 - 179413 - e = T -
170 0 1.260 1,050 109,19
171 0 1.260 1.0P3 109.25
172 0 1.2€0 1.085 109.29
173 - Q e = 1 ,2€0 - = e CHT ——=mmr - 100, 31 . - SIS T T emTm SSTmmms e e o e
174 0 1.360 1.048 109.32
175 0 1.360 1.C20 109,33
175 0 1.7€0 1.091 109,33
177 - - == 0 - - 1.227 1.072 —= 108,482 o o ToNT o rmmmes T s e T o T T T
178 0 1.327 1.075 109,29
179 0 1.227 1.078 109.69
180 o 1,237 1.0€0 110.02
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STEADY-STATE TEMPERATURES

TYERATION NO. 7

NePe N0
—- 241l - -
2a?2
243
a4

coor

OO0 00

STEADY-STATE HEAT

1.100 -

1.100
1.000
1.000

4251-09~033 2KFEQO0S 5 ABR 74

, Y
s s 1 4 062 S v 17
1.093 17
1. 000 17
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TRANSFER ANALYSIS OF A Two-DiMENSIONAL PODY

— o 288 o S 14000 smeemereis 1,062 Tt 178,98 oo
246 1.000 T 1,003 8.92
!

ENCIOSURE 1

PAGE 5 OF 30 PAGES




T AERDJET=GENERAL CO ATION oo T o e
SACRAMENTO,CALI iTA

PROGRAM E12401 STEADY~ STATE HEAT TRANSFER ANALYSXS OF A TwO~- DIMENSIONAL BOOV

BARREL TUBE SECT. STA.35 SKETCH 4261-09-033  2KFE009 S APR 71 ENCIOSURE 1 PAGE 6 OF 30 PAGES
STEACY-STATE TEMPFRATURES
ITERATIAN NG, 6
NePe NO. conFE X Ty T .
1 0 ~ 1.885 - 1,000 ~= == 1216499 e e —
2 0 1.890 1.000 1293.52
3 0 1.89a 1.000 1366.82
a 0 1.£899 1.000 1437.13 ‘
s -0 ——1.903 —- 1.000 == 1504,82 e
6 0 1.508 1.000 1570.64
7 0 1.RR5 1.010 1219.39
8 n 1.880 1.010 1202,70
- 9 ——9 == 1.E96 ettt 1,010 T 1362.93 mmim e -
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12 0 1.507 1.011 - 1558440
- 13 o} 1.2084 ~—7vees o 1,023 7= 0 1213.51 AR T ST T T T e T
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15 0 1.893 1.0z4 1357.39
16 0 1.897 t.026 1425,05
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18 0 ' 1.506 , 1.025 153,44
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--- 21 - 0- 1.6802 = 1,035 —— 1355.96 4 RS et s s s
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- 25 ~— —— 0 —— 1.8p2 = 1.0648 — -=- 1214.62 S = -
26 0 1.885 1.045 1280,70
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28 0 1.695 1.046 1427.50
- 29 - (o] 1.G00 — e 1,047 1422.85 T T T T T T S e T e e
i) 0 1.008 1.048 1556, 30 )
21 0 1.890 1.054 1206433
32 0 1.884 1,025 1220.33
33~ =0 = 1.BRG - s 0 1,086 e 1391,22 - e s s - v e
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II. INTRODUCTION

This report contains the compressive strains developed in the nozzle
U-tubes as a result of jacket restraint when operating under two possible steady
state thermal conditions at two axial locations along the }engﬂh of the tube.

The temperature conditions incorporated into this analysis were calculated by
consideration of a i.680R tolerance factor on the normal end of 1life and notmal
throttling end of life conditions, which produced a maximum chamber temperature
of 4318°R (nominal, 42500R). For the growth operation condition the maximum
chamber temperature condition of 4568°R results from the same expected tolerance
of 1.680R for the nominal 4500°R. Since the time of this analysis new 'E' engine
NETAP conditions have been made available which used a more refined tolerance of
+ 45°R. However, the magnitude of this change of maximum chamber temperature

does not wafrént re-analysis at this time. In addition the developed temperatures
in the barrel section were adjusted to cause a 300 degree increase over the

developed temperature to reflect an uncertainty condition.

The tube temperature profiles were calculated and the strain analysis was
performed for both the max flux area (near the throat) and in the core support
section (barrel section). The nozzle U—ﬁube fabrication technique now allows
that the tube thickness is variable aiong the lepgth of the tube. The design
thickness used in this study was t = 0.013 in. for the max flux area ahd

t = 0.023 in. for the core support section.

According to the specifications (4)* the endurance of the nozzle tubes
operating under a steady state condition is 600 min.at rated temperature accumulated
in up to 60 cycles of varying duration up to 60 min.maximum per cycle. The margin
(failure being a crack through condition) with respect to this operating condition
will not be established in this report, However, the data presented in this report
will be used in establishing the margin of safety values as soon as the fatigue

brdperties are obtained for the material,

*Numbers in parenthesis refer to References
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Before a final assessment can be made with regafds to the reliability
- aspect of the design, consideration should be made of the possible transient
conditions which have not been investigated. The specification (4) defines

operational cycles as:

(a) ‘Sixty (60) cycles at or above engine throttle point conditionms.
Maximum duration per cycle not to exceed 1 hour. Up to 3 cycleé
of the 60 may be single TPA operations cycles, maximum duration

per cyclé not to exceed 1 hour.
(b) Forty-eight (48) idle mcde cycles.

(c) Sixty (60) cooldown cycles. Maximum duration per cycle not to

exceed 215 hours.

The terminology used by the specification to define these different

-conditions are:

Engiﬁe Conditioning
.Tempefature Conditioning
Nuclear Startup
Boofstrap

Thrust Buildup

Stead§ State Operation
Shutdown & Cooldown
Throttling

Throttle Hold

Cooldown - Intermittent (Pulse) Propellant Flow
Post Operations

Idle Mode Operations

Malfunction‘Mode‘Impulse

Coast Operations
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This report is not neglecting the above possible operating conditions;
but due to the lack of design data making the assumption that the steady state
operating conditions is the most damaging and the other possible operating modes

contribute little to the failure of the tubes,

I1I. SUMMARY & CONCLUSIONS

Two temperature gradients are incorporated into the analysis in developing
the magnitude of strain at both the max flux location and in the core support

section., The temperature gradients are illustrated in Figure A,

AT\ TMEAN

NN

AT,

\! NN

(-4

Nozzie Jacket

Figure A. Thermal Gradients Considered
in the Strain Analysis

The magnitude- of these>gradients are listed below:

é&Tl Thru Tube Wall

Chamber Temp. Maximum Flux Area Core Support Area
T = 4250°R , 818 395
T = 4500°R ~ 840 420

The delta température between the mean wall temperature of the U-tubes
and the mean wall temperature of the nozzle jacket is (using Tmean P~ —300°F

for the nozzle jacket):
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AT, Between'Tmean of the Tube to

v Tmean of Nozzle Jacket
Chamber Temp. Maximum Flux Area Core Support Area
T, = 4250°R | | 1376 1475
T, = 4500°R | 1481 1571

As was mentioned, both temperature deltas were incorporated into the
analysis in developing the magnitude of strain at the two axial locations.. The
temperature distribution thru the tube wall at the crown location for both the
max flux area and the core support section are illustrated in Figure B. The

distribution is linear in both cases,

The summary of the results is listed in Table I and taken from Figure 3,
page 19; Figure 4, page 24; Figure 5, page 29; and Figure 6, page 33. The
referenced figures illustrate the distribution of strain (and the maximum strain
location) around the circumference of the tube crown, The pressure strains were
not included into this analysis because of the relatively small effect on the

thermal strains.

il
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SUMMARY OF RESULTS EFFECTIVE

TABLE I

N8120R;71-015
Page 7

STRAIN

1. 4250°R MAX FLUX LOCATION .
MID-CROWN (0°) MAX STRAIN (55°)
POSITION c T(°F) € T (°F)
R , -.0196 1484 -.021 940
outside .
-.0150 1075 -.0114 630
mean . .
, -.011 666 -.0105 _ 315
inner
2. 4500°R MAX FLUX LOCATION
MID-CROWN (0°) MAX STRAIN (55%)
POSITION € T(°F) € T (°F)
R . reide -.021 1600 -.0245 1150
R -.0164 1180 -.0145 . 810
mean :
.- -.012 760 -.0126 470
inner

3. 4250°R PLUS 300°

BARREL SECTION

MID-CROWN (0°)

STRAIN (50°)

POSITION € T (°F) € T(°F)
R itside -.0153 1370 ~.0133 1100°
R oon -.0143 1175 —70097 - 940
R or -.0132 . 977 —70097 : 780

4.,  4500°R PLUS 300°

BARREL SECTION

MID-CROWN (0°)

STRAIN (50°)

. POSITION € T (OF) € . T (OF)
Routside -.017 " 1480 -.0140 1200
R can ~-.0146 1271 -.0105 1025
-0.123 ~.0105 850

Rinner

1061
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LOF—XijG. COMD ITION] (A ZERO WAGCING COPDIMOMN WAS
MOT  CEIAICILT 1t ‘~:-.‘ﬁ"!*i€.‘t?‘ CAZSYE BUT WAS CLOSE emCOGHT
IO SIMOLATE  THE ACTUAL  PROBLIMY). o
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€2= T&E V@O ] G T O u)E( \-2\1)163 S HJG\RJ

M

€ty =0 = G =v (G- +0z)

%T ) G‘rz-—* (\+\J)E<\-2\J) I."\“:%E] Tr%

(0} = [0)(e]
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_ Ein = m
Vo™ g VvVt U )

@

WITAL €LASTIC MOCULUS

T T AaTIAL suAasTie Porssow's RATIO

Lustneotr 98- (4500°‘R) MAx Fuux Locamory

—, o
L=0 = \T%—%gé (z0) +3 (L) = 034
=) W= G5 (3a) 4L (1- 22
| =0\7e7  +.2402 = 04169
i=2 Ug = G792V AI6D) 4+ W (i-22)
= ONeq  +,360% = _D»”'S
=3 | Uy = 02687 (476%) 1+ Y2 (1~-.0387)
= . 01835 +.4804& = 0.499)
=4 Vs = .O3855(.4991) BaZy (\-.03855)
:ito\927-' . 4807 = 049997
l=5 V= (L02855) (149997 + Y2 (1~ 02355
= .0\92¢S9 + 4507 .= O.Fo
LT G VU5 T QAD9180.E) + VA (1 =-.02979)
= .0\489 t1.485) = 04999
=" Vg = 02972 €.49992) + 2 (\-.07972)
= L OVY86S +.4801 ~ O 45997
V=8 Vg T .02972(.49997) + Y2 (1-.02972)
= .0\4?#«} +,4 8L = 0.499%

Var 0.5
mw,/ ‘.
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SeirEmel Oy | B ] mxe| es3l Poguptenty
98 |\»a2 | -ldo72 | 037 20.5 -.0186 . 0182
99 \06B | - 003 . D549 2.4 - 0163 5 Nell=g
\oO | Y95 | - 25594 0762 22.8 -.0M7 0122
as \323 | 15100 .038 0.6 - 0193 R .0\81
%6 1051 | ~20544 0557 205 —.069 \5 .0\50
99 181 | -249572 073} 4.3 -.013) C|.ong
92 258 | -\ .04} 2.0 - 020 018 -
93 990 | ~1693 , 059 2.8 ~-.0\6 25° Lols
94 124 | - 22193 083 4.6 -. O\l ' .03,
83 wel | -2009%% 0443 2.6 -.021" I
90 903 | —2269]| 0647 3.5 | -.045 25°  |.0w4
9 43 | - 20180 0882 252 | -.009 L0
86 VO3 | =242 072 2.6 -.o0 .0183
&7 79 | -254932 L0732 24.2 -.0144 45° ,0128
a8 S57 | ~\4483 .0377 5,8 -, 0064 .ol
83 ®2 | 268374 | .0523 4.0 | —o0%28 0V
84 628 | -249L7 0339 734 - .0\ g5° .0l
A a9 -7592 NeEry! 6.8 - .003 LO\0%
\28 83 - Q94 4 . 0528 24,0 T -.07226 : .o\77?
126 615 | - 26212 0902 254 -.ond L g? .O\CE
129 398 | - L6232 094) 269 -.00% NuaTay
80 2R | -981s %9 | 250 -.o71 0139
81 A0S ! 231463 156 L5 -.0V03 6S° L00&¢
2] 248 - 3985 154 23.0 ~, 0029 . 00E3
m 403 | -24232 1237 | W9 -.0102 oter
78 18 . -z2210 1712 9.1 -.0049 725° .006)
9 32 | ~20L52 2103 9.5 -.0023 . 00S3
74 5‘ —%\80 /:.339 '13:?/ “.(DOSZ_ .O:l‘,
5 -43 ~24233 3259 20. O -.023% ago LO0EA
6 156 | -24508 4424 0.7 ~.002% -003

I nowE on (g A8
32!
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| e, = . 0024

SR -, 0047

- STRE 5SS g = —\002.
| Tu = 6.

G, = - \A0Tz

EEEECTIVE  STRESS |, STRAINY
' ‘ = . 0\%2
Ce = \ 57

Gp = 378

(-2 PLART)
PAYAS
= -loo?

‘Pawocious
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& |
STRAMNS! SHES 40\“4
Gy OV
e = ~.0047
SRESS! T, = 14542
G, = - 14353
Oy = -29946
| E&_TFE‘cmx/‘E Skzes |, STran
\ Ee= .0
Qe = 272549
Prnaiprs Srmes (r-2 piawe)
Crace” ~4938,
Goneeg® - 2906
S = —44\.7
TYPICAL STRESS- STRAWN  DISTR] BUTION

OF AN ELEWET

(MAX FLux )
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Resurs: BlEment Smeawns
' — G LecAaTion N
BLemeEn T Ty Es ‘ < - =T IOV ’
No |oe | Ov | ¥ qeeaee’ (&rmte; Fep T Cew
9  1\a59 | -1156) .097 9.4 -.0\S e 0\95
99 V78 | -\789¢ | -0481 AT -.0\VI3 N> .03
\00 396G | -24623 L0666 3.5 ~.0\37 . O\234
95 V444 | -\21i53 .0303 \9.8 -.020 7 .0195
% W6 -\18223 . 0437 VAN ~0O\73 \5°© 0\62
Q7 879 -e23830 -0686 3.4 —-.0\4B J’ O3\
92 VA8 | -\3659 .031) 20.0 - O . 0198
93 137 | ~\9004 L0495 1.8 -.0\7% 25 ° O\62
24 853 | -22232 Lo 2.7 - .02 0128
29 247 | -\S853 0331 0.4 -. 02235 O
90 1080 | - 20030 Q52 2.2 -.0\79 3 z5° oS3
9\ 23 | =\94a37 Q723 24.0 ~. 0N o 0\2T
2 \224 | -18570 | .0% AW -0243 - Q213
87 992, | —230L0. | L0567 Ty -, 0182 45 o152
a3 S0 | -1\39a) L0693 4.4 -. 0082 o134
82 \037 | 28836 10817 LS SIAN o7
84 Q10 | - 23748 eylen 22.4 -, Ol4] 55° gl
85 583 | 1624 01672 5.6 ~.0039 alvly)
25 |\027 | -%214 | 0414 2.5 -.0283 s 0203
Vs D0 | - 24147 0706 4.0 —onl3 585 0132
27 £33 | —7172 10766 E G -.0037 j ' o126,
8o 348 | -28372 | o568 | 3.9 | 0162
a1 603 | -2937) 097! 5.5 0\O
32 361 - 8208 L0972 27.) o\0
7 A9g | -32=23 | L1090 %. 2 5691
18 315 |- 37096 19432 LA 007
79 \3) -\9308 1626 3.7 006y
74 55 ! -32690 | 2332 29.3 L0047
5 -30 | =3\ 757 i 2051 9.9 007
16 -0 =362 L 392y 30.5 D037
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4250°R (4218°r)  ews 300° B‘:\?QE’L‘ Secnaon

Kesours:  Blemewut  Seawws

pEmaT LT €
BT o B Eact e (Rl Cer
S 1224 | -1332) 0448 20.6 -.o7 ) - 10152
4 1250 | -\8020 , S U ~.0\39 . 0144
3 N9 | -\1676 0594 2\.5 -.0\43 0° 0\33
2 VWOV | -\837% 0528 2.0 -. 0124 .0\27
1 YO0 | - 20953 Noui! 2.7 -. 0130 ) .OW9
\O \220 | -\3L97 AT 0.4 -, 0147 7 . oIy
S \248 | -\879% L0514 AR -.0144 .0\43
3 Wy | -1e502 0378 2.5 -.0123 259 |.ons
77 \097 | -1943D 0543 22.0 -.0137 j .O\2¢
G \0V7 | - 20432 0714 2.7 -. 0126 LN
- 40 289 | -14@30 0479 20.9 -.0147 ] 018
3 1217 ~1(42) 0548 203 -.0142 ' 014
28 1144 ~17627 0,02 2107 -.0W335 } 15° L0132
37 \og7 | -\19583 D6 22.4 ~.013) -4 .03
36 w4 | -20820 | .01 | 220 ~.on7 U ot
(o) ngy 1 -1833) O35 PR -.0\34 .03
9 W2y -18827 061G 2.0 ~.0139 Re)
638 \O5) | —\9665 033 22.5 -.0128 20° Reliid
67 979 -\9 NS . 0753 230 - .0\ O
66 go35 | -\912% .0823 23,0 -. 0099 : NelNY,
<0 W3l | -20082 | .0ss6 2.9 - O\S6 S B Sl
19 V09 | ~20026 OG5S 224 -. 0137 ‘ SAVG
8 067 | -21208 L0724 2.7 -.0129 z5° RO RS
17 A\ - 184894 Neolrioy] 23.1 <, Ol103 ,
76 972 | —\Ha .0844 23.6 -.003x A e
90 \078 | ~21972 <0621 .2 0159 .0OV3y
a9 CAO\S | -013¢ 0701 227 -0V7 .0\
23 951 |~24278 | .0790 23.0 coiz4 | {AY 01093
97 BBz | ~\7977 085S 22.5 . 009 ; .01i04
86 A4 ~\16592 0322 24.0 oog L0102
l
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Resowts @ Blemen T STRAIVS

DENaUT] TETP Es _ G e
No. | °F Sy T | B | ETE [T
95 o2 | ~221473 L0344 | 220G LO\S|
N 974 23974 44 232.0 Nelg|
92 on | =937 0823 23.4 olo 4=°
R 5 - 20363 » Q9056 23.3 0097
o) Te | ~\6275 L0924 24.3 Neoyl
105 923 223776 QI3 3.3 . 039

Vo4 ©53 | ~24113 | 028 | 237 .oN7 s
‘O3 9] | =228D3 L0 24.9 Q099 52
V072 707 | - 19265 068 | 2405 L0073

ol 66O | -14562 | -10O5] 5.0 . 005
1o {19 | -24335 .88 2%.7 el
\0% 182 | 9956 L0973 24,3 O\J

08 724 | -20882 | .\09S 4,4 L0078 o
107 . | bbS | =24150 | .\l6& T.0 0033

106 60! -\08346 - 1o ATy L0038

WS 0 | -27436 .08E4 43 0128

Ny M7 | 23755 A026 24,6 L00S4

N3 650 | -9 1245 25.2 L0353 40°
e - =33 ~-157832 1272 RET Neletl

M 523 | -\3725 1156 2% .6 LOUAS

\20 633 | -4n207 eyl 5.0 LO\5

1o 32 | 38540 | .\@ 5.3 .09

18 S67 | -22281 1R 7 0065 £5°
W7 514 | - 20864 378 2.\ -0088 ~
A 450 | ~4133 .\7228 26.5 o001z

¥ Tae EYFLCTIVUE STRESS

FOLLOWIN G

DIWLIVE® B THUE CURRLIYLT  VALLE

EXPEETAN (?l\)
Coe™ T V(@ -+ @G (207 ) 4 6%
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A500°R @seesr)

PLus BO0O°R

BArrrL Qecnon

Resuits: Blsment  StrAavs |
3 G \.ocew‘\r?gl_ ¥
W H o | B jewer eT IOV ek
s 424 | -\ SENS \9.8 ~0Vs9Y O6S
4 \356 | ~\1983 NeZ:bic' 0.4 -.Q\50 .0\S6
3 2115 | ~\573) 049 20.9 -.0134 O .0V4G
2 W92 | - \695¢ 0563 2.5 -.0\4 . OV37
\ WOoL | = 19993 0630 22.0 -.014) .0\28
\O \a2S | -\t 0368 9.9 -.0\58 : LOVed
P V343 | -\37)7 0423 05 -.0\57 . O\55
8 |\ | -de73 0435 21.0. -.0\4) } n5° | .0ug
7 nwee | -17es3 Q567 AT -.046 Nelkul
b VWO | -19023 0634 2.0 -.013% C-oRs
a0 39) | ~\2613 6395 | 720.1 -.0155 ] .06
39 12\ | - \43202 C435 20.6 -.0\33 .O\5]
28 \237 | -\5937 cT3 21.2 oy 13\8° 14y
EY) W57 | -\v792, 0392 AN -.0123 .0V33
36 o715 | -19423 0662 0.2 -.0132 ‘ .0\29
(e} 1283 | ~V6613 o469 20.7 -.0\1 . 0\572
L9 RSN ~\7147 0559 AR ~. 01432 O3
62 W7 | -\795%6 0624 22.0 -.013] 200 L2129
67 1063 | ~1\R203 0L73 2.4 -.012 ' .0\
o6 a84 | -\€3:- 074 2.8 -.00) _ ROARES
0 1224 | -\8o2 | 0S| 2\.3 =015 ) L0148
35 W358 | -18800 0580 | 2\.7 -.049 LCAZs
8 90 | -20169 OAY 2.2 -.0\4 b 25° .03
77 \OUWD =\V7 6\ Q708 2.1 -.01) 0N
e Q48 | =\VG332 0757 23.\ -.009 ) .05
G0 V166 -20283 0548 R\ 6 ~ovn N -O\43
89 \WOO | ~\3a322 0622 1 2.0 -.0135 . 013
83 02\ | -233a4l | .05 | 2.6 -,0\45 e} 517
o7 ALy | -\7102 o756 | 22,0 -.0097 o
86 888 | -\L0o6 .08 1 73,8 -.03585 O
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\02 197 | —\80o8 P4 24 -.003 009
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\19 685 | -37067 e 5.0 -.0|27 . .0083}
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VI. MATERIAL PROPERTIES
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Isothermal - Strain Controlled (Compression) -

Low Cycle Fatique Test of Type 347 Stainless
Steel and Hastelloy X at Elevated Temperatures

I. INTRODUCTION

The low-cycle fatigue testing program has been conducted in order to
select the best material for the NERVA regeneratively cooled nozzle tubes and
develop adequate data to establish design information for the selected material.
The test program was conducted in two phases. The first phase (Phase I -
Reference 1) utilized three heats of AISI 347 Stainless Steel and two heats of
Hastelloy X tested at 1000°F, 1400°F, and 1600°F at the strain range values of
1.5, 3.0 and 5.0 percent using a saw-tooth strain-wave-form (zero to compression
type). This phase was used to establish the fatigue response of these two
materials and to distinguish which material is the best performer under the tested
condition. '

The second phase (Phase II) was smaller.in scope and was performed to
determine hold time effects. The main portion of fhe_Phase IT test program used
one heat of AISI 347 tested at 1400°F and strain ranges of 1L5, 3.0 and 5.0
percent with a hold time of 10 minutes being introduced at the extreme strain
values (compression). Two specimens of Hastelloy X were included under the same
conditiqn for comparison purposes as well as other specimens that were tested
for general information. Th%s report will review the main points brought out
by the Phase I portion of the test program and will be used to introduce and
discuss the Phase II results.

IT. SUMMARY/CONCLUSIONS

The problem of having to quantify and predict the damage that occurs
in the coolant U-tubes of the NERVA nozzle as a result of the start-stop cycles
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in the normal steady state operating mode is indeed complex, because of the
various parameters that are involved, which are:

1) Temperature

A) Controls the magnitude of strain
B) Metallurgical changes

2) Strain Rate (cycle rate)
3) Hold Time
4) Hydrogen Effect, Irradiation Effects

5) Cumulative Effects

A) Different time combinations
B) Different temperature combinations

Phase I test program (Reference 1) haé been conducted to estimate the
effect of some of these parameters and their importénqe. It should be mentioned,
however, that it was not possible to model the U-tubes directly. In fact,
isothermal-mechanical strain cycling on cylindrical hour-glass shaped specimens
were used not necessarily to simulate the U-tubes but to determine.the effect
of these parameters on the particular material of the tubes. Therefore, a
factor to compensate for this specimen configuration approximation might be
necessary for prediction of a crack through condition in the U-tubes.

The Phase II test program can only be considered as a scoping test
because of the Timited number of specimens tested. However, a relatively high
confidence level may be placed on the data by consideration of the knowledge
gained in Phase I (heat to heat variation, temperature effect, variation using
no-hold strain-wave-forms, etc.).
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The application of these data is intended to be used as a portibn
of the design allowable information for use in calculating a useful life of
the NERVA regeneratively cooled nozzle tubes; that is, to establish the useful
life of the nozzle tubes without a possible crack through condition under thermal
cycling.

A summary of the fatigue tests results of Phase I are illustrated in
Figures 1 and 2. A comparison of the mean life response (Figure 1) makes it
difficult to discern which material would be the best performer. However, by
plotting the 99/95 lines (number of cycles which 99% of the specimens exposed
to a particular strain level could be expected to survive with a confidence
level of .95), Figure 2, a distinction can be made showing that AISI 347 would
have a longer 1ife in the strain range (1.0-2.0%) and temperature range
(1000°F-1400°F) of interest. From this comparison AISI 347 was chosen for
continued testing. '
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The test results of Phase I indicated that a minimum 1ife condition
(with respect to cycles to failure) occurs between 1200° and 1400°F. This
result of Phase I was used to structure a portion of the Phase II test program.
The remainder of the test matrix incorporated hold periods in the strain-wave-
form.

The results of the Phase I and Phase II test program indicated that
AISI 347 Stainless Steel had a higher fatigue resistance than Hastelloy X
in the operating range of interest and that the data developed utilizing the
10 minute hold-period (in compression) realized a longer life than those
incorporating the no-hold strain-wave-form. The design data (99/95 Tines)
representing the minimum 1ife condition at temperature for the AISI 347 material
are represented by the no-hold strain-wave-form tested in the GH2 environment
(Figure 10).

ITI. TECHNICAL DISCUSSION

A. DISCUSSION OF RESULTS

The test results of Phase I indicated that a minimum 1ife condition
(with reépect to cycles to failure) occurs between 1200° and 1400°F. This can
best be illustrated with the use of Figure 3, where the mean of the fatigue
response is plotted for each tested condition as well as the spread around
the mean. . '
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Another notable feature about the Phase I test results concerns
the environmental effect on fatigue response. Baseline data was obtained
before running the Phase I test program which consisted of both AISI 347 and
Hastelloy X being tested in an air environment at 1400°F. This data was used
to determine the effect of a gaseous hydrogen environment on the fatigue response
of both materials. The relationship between the effect of the two environments
can best be observed by using a plastic strain range versus fatigue life (Nf)
plot (Figure 4). Both materials have a higher fatigue resistance when operating
in the GH2
to be dependent upon strain range while it is not for AISI 347. A reason for

environment, however, the environmental effect on Hastelloy X appears

this behavior could be postulated that both materials will show an increase in
fatigue resistance while operating in an inert atmosphere, however, Hastelloy X
might be more sensitive to a hydrogen embrittlement mechanism which is strain
range sensitive. More testing will be required for substantiation of the above
statement. '
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A portion of the Phase II test program introduced hold periods
of 10 minutes at the extreme strain range (compression) in the strain-wave-form.
The data from this test can be represented by a straight line as illustrated
in Figure 5. This data representation is in agreement with that of the no-hold
tests (Phase I). The majority of the samples of the Phase II test were
structured to establish this line. The test temperature of 1400°F was selected
because of the amount of data available for comparison purposes with the Phase I
test results. This comparison (Figure 6) brings out a result that is difficult
to explain. That is, although there is not enough data to actually establish
the Phase II hold time test line, a definite trend of an increased life is
apparent over that of the no-hold tests which were conducted in air and the GH2
environments. This increased life perhaps could be a result of some metallurgical
transformation, because normally a decrease in fatigue response occurs with
any type of hold introduced in the strain-wave-form.

The results of the Phase II test are shown in Tables II, III
and IV, pages 25, 26 and 27.



223

MADE IN U.S.A.

46 7

LOGARITHMIC
2 X 3 CYCLES

v

Koz

KEUFFEL & ESSER CO.

7 8 91

S i o o et i
=it I M ST it P s e

=B S o e gt wll
TR T kSl vl B o RN

ek i 14_[

i
IR

T,

A ek e ki

I
o

~--

6

STRAIN- WAVE - FORM

gail
TTROMIT

t

L 10mipg-HoWO

Tn

Vs
i
!
!

i
DR
|
|
i

I

|
| )
!
_

T 19N N

K~

\/

NIt

FATIGUE LIFE, N, cvaes



46 73223

MADE !l U.S.A. »

LOGARITHMIC
2 X 3 CYCLES

E

=

i

KEUFFEL & ESSER <O.

*

o e gun i =l =
I T It S o ol ot o
o e et R Z
T
==
e
0 ot It Sy oo S
T H\M_la.r'

RS
11

3
1
:
T
I
i
I

]

Il
3
1
|
T

=
T

1
T

n
1
+

RN WS

T
Il
I
T

]
]
T
t

R S

I
)

TrEr

yn

P

+

oty

}

o
|

veps borp

et g
-t t
1

1)}

-

¥
|

!
et

AREE|

8 9 10¢

[

i

s
\

-
i

s

T

I g

it §=4

T
11
T

i
el
=

M.
!
|
|

9 0~ [ta] o

T337 I9NYY T NIVHLS Ollevy

FATIGUE LIFE, N, ocss



J. L. Pickering N8120R:72-032
27 April 1972 Page 13

Figure 7 illustrates other specimens that were tested with a 10-
min-hold period being introduced at the extreme strain valve (compression).
Although, there were only three points tested for AISI 347 at 1600°F it appears
that hold time (10 min.) is not detrimental at this temperature level either.
Two specimens of Hastelloy X were tested at 1600°F and 1400°F using the same
10 min. hold period (Figure 7). It was reported (Reference 2) that severe
necking of the specimens occurred during the tests. The cause of this was not
explained in the test write-up and is rather difficult to understand, being
as the test eas performed using a controlled strain range testing procedure.
The results indicate that the effect of the hold period on the Hastelloy X
specimens was not much different than the no-hold test. A statement could not
be made as to whether or not there was an increase or decrease in fatigue
response due to the limited number of samples.
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Interpolation of the test data will be necessary in order to be
able to describe the fatigue response over the temperature range of interest.
This can best be performed on the type of plot used in Figure 3. Figures 8 and 9
illustrate the mean response (and the spread of the extreme data points) of two
strain ranges tested in the GH2 environment at the three elevated temperatures.
The curves used to represent the interpolated values indicate that a minimum
life condition occurs at about 1300°F for both strain ranges. The data points
developed in the Phase II program (Reference 2 and 4) substantiate the assumed
" interpolated curves at the 3.0 percent strain range, however, the curves appear
to be conservative at the 1.5 percent strain range. The three points generated
at 1200°F for the 1.5 percent strain range (Figure 8) show no degradation of
life from the 1000°F temperature level. The results at the 3.0 percent strain
range (Figure 9) indicate a marked reduction in fatigue response at the 1200°F
temperature level indicating that the fatigue response might be strain range
sensitive at this temperature level (1200°F) with respect to changing the mode
of fracture (transgranular to iﬁtergranu]ar).} There is not enough data to
confirm this observance, therefore, the interpolated curves will remain as
shown in Figure 8 (on the conservative side) illustrating a fracture mode
change at the Tower strain range. The 99/95 lines were also drawn by using
the same general shape of the interpolated curves between the points developed
at the specific strain ranges (Reference 1).



Page 16

T I HTIAE T i T T[T 1 T T 1 T1 TT —
BN _“_ L | :_ il [l h [
i I i I il : I
| i I ” “ _ i mENw
ol i ! N J i [NERN . . L
5 IR j ] T i Al - - ™
I A N HERERREN 1L R : !
i IR | ST 1} i [T]7 I
RN R | i IR ARER! 1 { ! NN :
T IR T | QTP | ! | ] b i
i i IR RN ! i T & [N T
RN ! i i RO ! G NN Pt
L] HERIN I IR i T AN n
M " = T I T | HEEEN N i
i { i = [H 7 IS [ RN !
LTI ey _ | i ; N ERNEREa <} SN i
AN i a0l o i RSNl Hw ' T e B j ,
K i sl T ; T milinnEs g T I
Qo RN R I T T T T _ :
HIRMRI o L e T NN R - N i _._U\.L 1T ..Fr. _ _
ey By T L e L ESRTREN celrali : — 4
% = ﬁ _ haiie R e T ! :
~ s _H e T ﬁj_ T roT: ' L i
i H,, Th _, \.l,wlv ; : 15_3_“"_ _AM A i V
i A.NL.\_. “ 1 ‘wﬂw,_a\. _“ ELN | _ v\t . M |
RN sl IR ERARE & i l oy :
ST T T i L L ~ ~
AT e m]N.w.J.b_ n., il T ™1 -
2 T AT PG (i o M [ i 10 i T3
[t o 1 t (o) + T t + > *
e e e S ]
Lt : H - ; 3 mSen i RS i 4N i
o e b geatan b oSl ERRNRESASIN _
O e Jr g lpn g — il _ it
- ! D ' e 1T - ! Tl it [ E LSy
EARHNH |z [T B al T T
IR S e 2@ S L e LA N TIHE
o Y-l T A el RN P S R R A e g
YRz &N CEe T RN U T AR KT
VNI _ I R Pl e P
£ o IR 7t iz .
Eapn R A L W TS Z | il e TN e |
AT P — % i LT AT |
T T [ i} _w\\«...llﬂ:w N i e O R T _
s i HAE-SERGl el H N e LRRERY _ ;
1 ol I 14 I in l.w i ‘T_“ PV i |
ERIBIL i il _ia , Nagiil AR ;
] M_MW _ A\Twﬂ 2 WL = fuull 1i_ T
) I Bl ! T—ZL- a _ _ —
T Bt e AP T
l S NER RN ST i S e i L [NEEE !
IRARMIT RN ‘ [T = el i RN il
- T _ Td T i [ T S HE JEIRERE Ly
T 4 o A, Or_Jﬂ MT | "J\ ! vl Ly
i [T JARENE/2) c/_,!«h“” e s i Ty I |
R m YA i [N Al . 1
MIIRSARAE Rl Ead N ; [XE it L i '
e i { - | 1 O BE | '
[T T Y 1 ) Ly R [ !
T _ ﬂ T T i
[ IR t ] i1 e |
T ! i P =it [ i
i B REE i ] [ I " NS !
! | L »3 Ui b foioe I
T ; ! [ X4 [EREEN AR
! i N 1 ! ! T 1 IR
IR | [ R ]
T ! ! ] AR
IINIRREE | | 1 [EREE
T 00 . i il
. i ' _m_
| | o]
] ! : [N N
N [l <
HONI ¥3d SNOISIAIG DL X §373A3 €
v 'S N NI 3aVI JIAHLINYIATI-1NIS
‘00 NIDZ1310 3N3ON3 -

H3dVd HodVE NISZLIIQ OLET-OPE "ON



Page 17

I | M U IR , i T REE
i ol m _ _ e
T i i ] R
HHINTI NN : [l . RN
R i il 1 i RSN
NN il [ ! T .
[RHH i i 3% P T
T ! t T o ﬁﬂ; N
i [ T Wy [ "
IR N Tt Ty [ i
Iy il ] MR il "w _
AR i Lt ! ]
227 1] R,u HE! i
= N ] o i
" SN SRR
. i | g i
QT ! mm; “ _
NI T ,L,,_ T i |
G 3 [T . N
& RENTY LT AT T “
R T T o
Wii.m [ e P21 ]
s - L ETTi ;
\ I 1 L]
gt _ LT It T
ﬂ l. — E “m_ ﬁM_r«,y 1 t
| \! Aﬁ»‘._? Y : R
2 Z K ¥ S T~ ; T
: 7ol | ] .NQHU; MR i T
L uw T i ol - T :
1 L il I AT Ly i m
¥ TU¥ I i Vi Yl . I 1
T2 b _DM | e I i
> ek K [0 EE0 983! I I
Z o1 i% Pl HIFa YL i v T
T J fk. | SRR 1
il | = ) ! mu_ b < N !
= R ! : ) s T
[ Y LY ! e RO . s AT
2, N Phnst RN o i * |
=Yl 7 A _m-l] i P + b T
a P T J HiNTL i eIl et AN RN !
ot L ' 7 o Wa (iR BN AR i
L}t [ / JAN! 1 i '_LLJ: [ |
3 2 ! T Al R i
T _m;, z ) iR 1 |
- Y NI
e _ 7 IR LR KRR A A
mdu_ m 4 NI
fo o i I i I
Ll Iy 22 I A , T
3O BERR - RN
W,mw‘“m v_in ﬂL, i TERRERE
1O _ R I T
I\o ) N Es Ty [ O
T om ) R T, L | T [
b L P RN : L
' ﬁllw 1l | (R R
I 1 i HANERERER
I il [ | BN i
! i [ BN [ i IR R RN
W R ! KRR ! s T EBEER
M_ f m s o r 1 NI RN _
RS- R L L 0 T _
T H ! 1 i | P! IR |
JrLFty ! B i I 13 RN ;
IS S 1 O LN i 7 ._“ EEE T
! i P! t) Cid i
i i m_ . i . “M f '
f ! [ _ , IHNEEIEN !
_ T T | | " NI EEN; T
© i ] o]

HONI ¥3d SNQISIAIQ Ot X S370A3 €
AR DIWHLINYEOT-I WIS
03 N39ZL13ia 3IN39N3 H3dvd HdVHE NIDZI3IQ QLE1-Cve "ON -



J. L. Pickering ‘ N8120R:72-032
27 April 1972 - Page 18

The curves (representing the 99/95 values) that are shown in
Figures 8 and 9 were used to obtain the fatique response at the temperature
levels between the tested conditions. These interpolated values are shown
in Figure 10 and are represented by straight Tines within the range of tested
values (1.5% - 3.0%). The extrapolation of these lines below 1.5% should be
done with care (what is shown should be conservative, however). These lines
represent the lower bound of the no-hold, strain-wave-form tested in the GH2
environment and should represent the minimum 1ife response for the NERVA nozzle tube
material (excluding those samples tested in an air environment; baseline data-
Figure 6).
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B. TEST PROGRAM

The material, material condition, test matrix, test results,
and conclusions for the low-cycle fatigue response of Type 347 .Stainless Steel
and Hastelloy X in air and gaseous hydrogen under the no-hold condition
(Phase 1) are listed in Reference 1. The follow-on test matrix (Phase II)
includes both hold and no-hold conditions and is Tisted in Table 1.
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TABLE 1 PHASE II TEST MATRIX

(Reference 2 and 4)

TOTAL
ZTR?;? STRAIN-WAVE thoLo NO. OF
TEMP (°F) A FORM (MIN) SPECIMENS
1100 3.0 € , : 0 3
\VAVAYA /e
1200 1.5 SRR o 0 3
7 '37/\<§7"\é?/ 1 -
3.0 " 0 4
~ €
S 1300 3.0 . . 0 3
« YAYAY, t
- \<67”\\//
<
€ )
1400 1.5 T = 10 3
3.0 " ’ 10 3
5.0 " 10 3
1600 3.0 = 10 ' 3
I e )
=< 1400 3.0 - 10 1
/, N
S
o
& 1600 3.0 € RTTTTT = 10 1
<Tt VY a/a

Total number of specimens 27
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C. TEST PROCEDURE AND EQUIPMENT

A1l of the tests were conducted on apparatus identical to that
described in Reference 1. The‘on1y modification was the addition of timers to
the programing equipment so that strain could be held constant for the required
hold times; Due to the 1imited number of specimens only one heat for each
material was used. The heat number for AISI 347 was heat X-11585 (A heat) and
that for Hastelloy X was heat 2610-0-4007 (D heat). A1l samples were tested
in a gaseous hydrogen environment as described in Reference 1. Figures 11 and
12 contain the nomenclature and wave forms developed in this type of testing.
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FIGURE 172, TERMS USED TO DERINE HYSTERESIS  LOOPS OF
COMPRESSION STRAIN HOLD- TIME TESTS
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TABLE II. PHASE II - FATIGUE TEST DATA FOR TYPE 347 STAINLESS STEEL, CONDUCTED
IN A PURIFIED HYDROGEN ENVIRONMENT AT 1400 F, WITH A_JO-MINUTE MAXIMUM
STRAIN HOLD, AND AT AN AXIAL STRAIN RATE OF 1073 SEC™! (REFERENCE 2)

Axial Strain Range at Nf/2,
percent

Fatigue Life, (a) ' St;isﬁ 5gnge,
cycles Elastic ksf >
Specimen Nf N5 N0 Total Plastic Aeei Aged
A43 136 124 114 4.85 4.63 0.21 0.32 73.5
A48 137 106 103 5.02 4.75 0.27 0.39 71.0
Ad4 156 150 122 5.04 4,82 0.22 0.34 63.2
A50 279 275 274 3.08 2.85 0.23 0.36 70.6
A51 322 317 311 3.01 2.76 0.25 0.36 68.2
nae®) a7 o . 3,08 2.87 0.21 0.32 66.4
A47 746 725 711 1.58 1.37 0.21 0.33 60.9
A45 842 805 789 1.58 1.36 0.22 0.32 _ 61.4
A49 939 845 837 1.55 1.33 0.22 .0.34 64.?
A42(C) 975 905 885 1.45 1.24 0.21 0.28 57.4

(a) For a symmetric hysteresis loop (no hold time) heg; = begy = be,.

(b) Values of N_and N. are nbt reported because the recorder malfunctioned
before these values could be determined. : -

(c) This test was duplicated begause %he specimen was cycled at 2 slightly
slower strain rate than 1072 sec™!'; i.e., £(A42) = 3.4 x 1077 sec-!
and was not included in the analysis.



TABLE III. PHASE II-FATIGUE TESTS FOR TYPE 347 STAINLESS STEEL AND
HASTELLOY X, CONDUCTED IN A PURIFIED HYDROGEN ENVIRON-
MENT AT AN AXIAL STRAIN RATE OF 10-3SEC-! (REFERENCE 2)

Hold Time at Axial Straigrigg%e, at Nf/2,
Maximum Strain 2 @) Stress Range Fatigue Life,
(Compression), Temperature, Elastic at N./2, cycles
Specimen min F Total Plastic IR ksf No N5 Nf
: ei €ed
A4QC 0 1300 3.01 2.63 0.38 78.0 177 177 178
A41 0 1300 3.06 2.62 0.44 85.7 --- --- 232(b)
A52 10 1600 3.06 2.88 0.18 0.19 35.3 -—- --- 456(b)
A53 10 1600 3.00 2.86 0.14 0.20 35.7 --- -—-- >814(C)
D48 10 1400 3.05 2.67 0.38 0.63 134.9 111 130 148
D49 10 1600 3.08 2.91 0.17 0.36 76.2 -— - >429(C)

(a) For a symmetric hysteresis loop (no hold time) Deg; = Begy = bey

(b) Values of NO and N5 are not reported because the load did not drop before failure occurred.

(c) These values are slightly less than the actual values of Nf (unknown); see explanations in the test.

9z abey



TABLE IV. PHASE II - FATIGUE TEST DATA FOR TYPE 347 STAINLESS STEEL CONDUCTED IN A PURIFIED
HYDROGEN ENVIRONMENT AND AT AN AXIAL STRAIN RATE OF 107~ SEC™' (REFERENCE 4)

Hold Time at

Maximum Strain Fatigue Life, Axial Strain Range at Nf/2, percent Stress Rance

(Compression), Temperature, cycles Flastic (a) at N./2 g
Speciman min F Nf N5 N Total Plastic Ae Ae [

ei ed ksi

A64 -- - 1100 327 317 308 3.04 2.62 0.42 100.5
A6l -- 1100 349 339 . 332 3.04 2.58 0.46 102.0
Ab62 -- 1100 400 383 367 3.02 2.59 0.43 101.0
A57(b) -- 1200 264 235 205 2.97 2.57 0.40 90.7
A56 -- 1200 274 -- -- (¢) 2.99 2.56 0.43 88.5
A55 -- 1200 281 257 244 2.98 2.59 0.39 88.0
A54 - 1200 381 363 346 2.99 2.58 0.41 93.7
A60 - 1200 1605 1603\ 1602 1.51 1.18 0.33 75,2
A59 -- 1200 1735 1704 1693 1.54 1.20 0.34 75.9
A58 - 1200 1745 1732 1701 1.52 1.21 0.31 72.8
A66(e) -- 1300 269 | 266 263 3.04 2.69 0.35 72.0
A63 10 1600 506 - ——(C) 2.98 2.88 0.10 0.18 32.1
(a) For a symmetric hysteresis Toop (no hold time) beyy = begy = beg.

(b) This test was duplicated (by Specimen A57) because the specimen was cycled at a strain rate slightly lower
than 1073 sec™'; i.e., & (A56) = 1.644 x 10°% sec™! for the first 170 cycles.

(c) Values of No and N5 are not reported because the load did not drop before failure occurred.

(e) The data obtained from Specimen A65 was highly irregular; therefore, the test was repeated with Specimen A66. .

12 abed
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I. INTRODUCTION

A preliminary analysis has been conducted on the 2.0 inch thick’nozzTe/
P.V. flange and related failure mechanisms. The nozzle configuration is shown in
drawing number 1138000D (Reference (a)). The botentia] failure mechanisms are
identified in the nozzle failure mode analysis which was transmitted to SNSO-C
by ANSC Memorandum 7750:M1084 dtd 30 April 1970. This FMA is divided into
6 sections. Each section contains a complete mode of failure. This report
will document the results of the analysis of failure mode VIII, called "Failure
to Close the Aft End of the Pressure Vessel or to Support the Nuclear Subsystem."”

A previous ana]yéis was conducted on this same mechanism in 1971, and
reported in N8500:R-005 titled "75K Nozzle/P.V. Joint Interim Design Report.
Since that report was uithin, the f]ange was reduced in thickness from 2.4
to 2 inches, the jacket wall was reduced from 0.88 inches to 0.66 inches, and
- more realistic material yield strength values are beinQ'asSumed.

II.  SUMMARY AND CONCLUSIONS

- Nozzle flange area preliminary structural reliability calculations have
been completed for the 2.0 inch Armco 22-13-5 flange with a 0.66 inch thick
jacket wall, and upgraded material properties. '

The method of calculation was similar to previous analysis where stress
variability was determined using the P.E.T.S. program to determine nominal
and maximum stress (Reference (e)). The mean stress was -obtained from a finite
element computer program (Reference (b)), and materials data was based on a
preliminary screening program for Armco 22-13-5 (Reference (d)). Material
variation was assumed to be 6.6% of the mean. Reliability was based 6n a sample
size of 20, and 90% confidence level.



The results of the analysis are summarized be]oﬁﬁ

FMA VIII Nozzle Forms Aft Closure Margin of Calculated Allocated

for P.V. & Supports Core Safety Reliability Reliability
A. Llands between bolt ho]e; .80 .920 .9]08

C. Nozzle P.V. Bolts

Leakage ’(F]angé'séﬁaration) ;- .96 9, |
Structural .01 . .9]]5 .9]08

'D. Jacket membrane (Hoop Stress) .36 .9]]4 : +9708
(Meridional)” 56 9 L 98

E. Core Support | .37 963 .98

It can be concluded that all failure mechanisms except the core
support exceed the reliability allocation. The core support is very close to
meeting the allocation and minor changes in stress or strength will make the
design acceptable. Therefore the nozzle flange design defined in drawing
1138000D is believed to be an acceptable design. It must be recognized however,
that much more remains to be done espec1a]1y in the area of mater1a]s testing
before the design can be released for fabrication.

III.  TECHNICAL DISCUSSION

A. CONFIGURATION DESCRIPTION

This analysis was conducted on the 2.0 inch flange shown in
F1gure 1 using the dimensions shown in the nozzle drawing 1138000D (Reference (a)).
This configuration utilizes 216 coolant tubes and 108 cooled pressure vessel/nozzle
bolts. Coolant holes through the flange supply coolant to the bolt, and reduce
the flange temperature. Only one nozzle/P.V. seal is used in this design while
previous designs used two seals, one on each side of the bolts.- - -+ -~



_ This analysis is restricted to five points in the nozzle flange
area which the finite element stress program have indicated to be points of
maximum stress. These points, as indicated in Figure 1, are the shear lip,
between the bolts, the core support, the bolts, and the jacket membrane.

B. ~ LOADING CONDITIONS

The maximum stress values were calculated based on the loads shown
below and in the August 1971 issue of Engine Specification CP090290C for normal
operation at end of life. The maximum loads shown below were used in the finite
element stress analysis to calculate maximum stress.; The maximum stress values
were then reduced by 3 sigma to establish a mean stress for reliability calculations.-
The load values shown below as PETS prdgram inputs were used to determine maximum
and nominal stress for the purpose of determining the sigma variation.

The maximum loads used for the finite element stress analys1s to
determine maximum stress, (Reference (b)) are as follows:

Core Load | ' 1,110,150 1b.
Chamber Pressure ‘ 455 PSI
Coolant Pressure at Nozzle Out]et 1245 PSI
Coolant Pressure at Extension - 1176 PSI

Shield Outlet

The corresponding values used in late 1970 in the PETS program
to calculate stress variation are as follows: (Reference (e))

Nominal Maximum
Core Load 857,588 1b. 982,665 1b
Chamber Pressure "~ 45] PSI - 459 PSI

. Coolant Pressure at Nozzle Outlet 1175 PSI 1215 PSI .

C.  MATERIAL PROPERTIES

Armco 22-13-5 stainless steel is uSed for all the calculations
“in this report.
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The yield strength values used in this analysis are based on an
assumed mean room temperature value of 48 ksi (Reference (d)). The curves are
extrapolated from the initial screening program conducted in 1970 and reported
in Memo N4350:MM70-448 dtd 22 Dec 1970. The material variation (D )} was
assumed to be 6.6% of the mean since insufficient actual test is ava11ab1e to
establish a variation.

Forgings of Armco 22-13-5 have been ordered- and fabricated for
the purpose of materials testing to establish Class A data. No actual testing was
accomplished, however, prior to contract cancellation.

D.  THERMAL ANALYSIS

A therma1 analysis was conducted to determine the specification
extreme temperature of the flange area (Reference (c)). The temperatures used
in this report however are based on a subsequent computer run (Run # JOE
428237,2,100). This computer run was a thermal sensitivity analysis in which
nominal values of thermal conductivity, nuclear heating, and heat transfer
coefficients were used, to determ1ne nom1na1 material temperatures. These
parameters were then varried one at a time to determine the effect on material
temperature. No report was written on this data because of personnel layoffs,
however the data was used, and the computer run will be included with this data
' package. ” |

_ The nominal temperatures were used to determine material yield
strength, and the temperature variability (DT) was used to help determine strength
variability. This method provides a more accurate assessment of reliability. The
previous method reduired use of the specification extreme temperature to determine
material strength, however the analyist had no way of knowfng how many standard
deviations the spec extreme was from the mean temperature. The new method treats
temperature ‘the same«as stress or material strength.
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E. METHODS OF CALCULATION

A finite element stress analysis (Reference (b)) was conducted
to determine maximum expected stress levels in the 2.0 inch Armco 22-13-5 nozzle -
flange, using maximum loading conditions. Stress var1ab111ty was taken from an
» ana]ys1s condurted 1n February 1971, (Reference (g)). uéf%ﬁ ééx1mum and nominal
p_stress was assumed to be 3 sigma, therefore, stress var1ab111ty D was 1/3 the
‘difference between maximum and nominal stress. The maximum stress was reduced
by 3 sigma to obtain a mear value for reliability calculation. This method can
only provide a preliminary estimate of reliability. More accurate methods have
been developed which use the finite element program and propagation of variance
techniques to assess the variability of each parameter that affects stress. The
techniques aré¢ described in Reports N8200 R72-006 and 007. These documents will
be included in the Reliability Department Data Package. No actual calculations

were made with the new technique due to contract cancellation.

A1l calculations in this ana]ysis used a sample size of 20 and
a confidence level of 90%. The sample size is an estimate based on prev1ous _
materials test data. The actual sample size for the Armco test data will be
‘between 15 and 24; depend1ng on how much data can be combined. A larger sample
size would produce higher reliability values. The confidence level of 90%
was used as specified in SNPO-C-1'Appendix V. Any reduction in confidence
level would also increase the calculated reliability.

. e

The thermal analysis used for this report was a sensitivity analysis
in which mean temperatures were used to establish the material yield strength.
The Standard deviation for temperature, calculated by the thermal anaTysis was
used to determine a variation in yield strength due to temperature variations.
This was then added to the yield strength variation due to testing by the equation

-/ 02

2
s (test) S‘(temp)



Iv. RECOMMENDATIONS

This analysis is based on materials data derived from a bre]iminary
screening test program of very limited scope. The Armco 22-13-5 forgings
have been fabricated for a complete test program. It is recommended that
this program be completed, and C]ass A data be-made available before any

design changes are.made.

_ It is a]so recommended that the stress be computed using the finite
- element program described in Report N8200:R72-007 dtd 20 April 1971. This

program will provide updated stress standard deviations (DS) at all locations.
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I. INTRODUCTION : o

The NERVA nozzle performs two primary functions in the nuclear engine
system. It must first contain and direct cool hydrogen from the inlet at the
aft end (Figure 1) through coolant channels to the pressure vessel plenum.
Secondly, it must contain and direct high temperature (4250°F) hydrogen expelled
from the reactor core. This high temperature gas is accelerated as it passes
through the nozzle throat until it reaches maximum velocity at the end of the
nozzle extension. It is this high velocity gas that provides engine thrust.

A preliminary analysis was conducted to evaluate the coolant channel
design as shown in the nozzle layout drawing P/N 1138000A, Reference (a). The
first step in the analysis was to write a failure mode aha]ysis which describes
each potential failure mechanism in the nozzle assembly. The FMA also shows what
independent variables affect the structural integrity of the failure mechanism.
This FMA was transmitted to the SNSO-C by memorandum 7750:M1084, dated 30 September
1970 (Reference (b)). -

The purpose of this report is to describe the results of the analysis
conducted on Section VII of the FMA, This section describes the cold hydrogen
containment section of the nozzle. A1l failure mechanisms combine to make one mode
of failure called "Failure to Deliver the Required Amount of Propellant to
Reflector Inlet." Seventeen failure mechanisms were described under this mode. Of
these, 15 were calculated prior to contract termination. The remaining two:
mechanisms described joint leakage, and were in progress but incomplete. These~two
mechanisms (FMA VII L and P) will not be included in this report.

The reliability values shown in this report represent the state of develop-
ment at time of the analysis was conducted, and should not be considered final.
Most of the work was done in 1971, and in some cases additional thermal analysis
was conducted at later dates and not included in the calculations. In addition,
techniques were developed Tater which allowed temperature to be included as an
independent variable. This was not done for the data included in this report,
however, E25107 (Coolant Channel Temperature and Pressure Analysis Program)
computer runs will be included in the data package backup.

. The nozzle configuration described in this report is P/N 1138000A. Later
modifications to this drawing changed the flange area but had no affect on the

C
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calculations in the repokt; Armco 22-13-5 (Reference (c)) material was used for
the jacket shell and manifolds. CRES 347 (Reference (d)) material was used for the
coolant channels. The Armco 22-13-5 materials data was based on a very limited
testvprogram intended to provide preliminary information on the material. The
materials data did not provide a statistical distribution; therefore, the standard
deviation of yield strength was assumed to be 6.6% of the mean value. The CRES 347
materials data used for the analysis was Category A or B data which had sufficient
test to provide statistical distributions.

The method of deterhining reliability is shown in NRP-411 (Reference (d)):
This document describes how to find the stress distribution using the independent
stress variables, and how to determine reliability once the stress and strength

means and distributions are known.

The methods of analysis used for these calculations are based primarily
on the propagation of various techniques and Monte Carlo techniques described in
NRP-411. These techniques are used to find the statistical distribution about the
mean stress value. The strength distribution is determined from materials test
data, and combined with the stress distribution to find the reliability value. For
this analysis, reliability is based on a material samp]e*size of 20, and a 90%

confidence level.

I1. SUMMARY AND CONCLUSIONS

The failure mode analysis which was written to identify the potential
failure points in the NERVA nozzle contains six failure modes. The failure mode
identified as "Failure to Deliver the Required Amount of Propellant to Reflector
Inlet" is discussed in the report. This mode was broken down into 17 mechanisms,
14 of which are discussed in this report. Two mechanisms which described Jjoint
leakage were not completed, |

The preliminary results of the analysis are summarized below, along with
the allocated reliability of each mechanism. The allocation was arrived at by
starting with the total nozzle reliability for each category of failure shown in
Nozzle Specification EC 90196C, Pg. 49, Table VIII. This allocation was then
broken into mechanism allocations for each category of failure using the formula:

* (1) CRES 347 material data reflect popu]ation sample ranging from 18 to 25. '

(2) ARMCO 22-13-5 test plan (hot executed due to term1nat1on) was structured
to produce poputation sample of 20. :



FAILURE MECHANISM ALLOCATION = 1 - (]N

- 3-

- Total Component Allocation per Category)
umber of Failure Mechanism per Category

This formula is shown in NRP-411, page

Preliminary results of the analysis are as follows:

Margin of Calculated Reliability Failure

FMA VII Coolant Passages Safety Reliability Allocation Category
A Inlet Manifold 186 9647 91088 IV
B Inlet ETbow 2.97 '91888 .9]088 | IV
c . Elbow Weld .82 A .9]589 .9]088 IV
D Tube Erosion 26 -9967 -9689° - II
E Tube Rupture A .26 .9]]58 .9]088 v -
F Tube Buckling ' .16 .978 '9689 IT1
G Tube Fatigue - .98 19,89 111
H Coolant Manifold | 9.2 .923 .9]088 IV
I End Cap 3.0 .9]79 .91088 Iv
J End Cap Braze (to Jacket) ' .9]088* .9]088 1V
K End Cap Weld (to Jacket) 911 -91088 IV
L Bolt Seal Leak calculations not complete 111
M Jacket Rupture ‘(Aft End) 1.46 :9178 +91088 IV
N Tube Braze Joints - 9,088 9,88 v
0 Inlet Manifold Weld .80 .9]571 .9]088 Iv
P Nozzle/P.V. Seal Leak : calcutations not complete IT1

Q Bolt Coolant Manifold Weld 3.08 9y 9,088 IV

~*Assumes 30% engagement.
**Assumes 20% engagement,
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| It can be concluded that the coolant passage design is reliable and wf]]
perform within the specified limits without structural failure. This conclusion
applies only to norma]*operating conditions with a gas temperaturg of 4250°R.
Calculations at other operating conditions have not been completed. The calcula-

tions use a 90% confidence level with an assumed sample size of 20 for stress and

materials combined.

These reliability values are the result of a preliminary evaluation
conducted to locate problem areas that may require redesign. To determine the
final absolute reliability value of the nozzle, additional analysis must be
conducted usihg stress and temperature values calculated by computer techniques.
Some failure mechanisms show extremely high re]iabi]ity, and a weight reductfon

may be possible.

These calculations are unchecked, therefore, the possibility of arithmetic

error exists.

| ITI. TECHNICAL DISCUSSION

Technical discussion will be written at a later date as time permits.

* Normal operating mode, End of Life, tends to induce more thermal severity as
compared with normal start, shutdown, throttling, or Start of Life modes.
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Iv. RECOMMENDATIONS

The joint leakage mechanisms which describe'leakage at.the’nozzle/P.V.
seal, and at the bolt head seal should be calculated. Initial effort on these
mechanisms used the theory of Paul Bower at IIT Research Institute. When this
effort is completed, an overall preliminary reliability value for this failure
mode can be calculated.

Additional analysis should be conducted using the finite element program
to determine stress mean values and stress distributions. Thermal analysis
should also be conducted to determine temperature means and distribution. The
results of this work should then be used to calculate an updated reliability
value for this mode.
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APPENDIX A

FAILURE MODE VII CALCULATIONS

e

FMA VII Coolant Passages

A Inlet Manifold

B Inlet Elbow

c Elbow Weld

Tube Erosion

E Tube Rupture

F Tube Buckling

G | Tube Fatigue

H Coolant Manifold

I 'End Cap

J End Cap Braze

K End Cap Weld

L Bolt Seal Leak

M Jacket Rupture
N Tube Braze Joints

0. Inlet Manifold Weld
P Nozz]e/P;V. Seal Leak

Q Bolt Coolant Manifo]d Weld

%
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FMA VII SECTION G NOZZLE TUBE LOW CYCLE THERMAL FATIGUE

SUMMARY AND CONCLUSIONS

A comprehensive thermal fatigue test program has been conducted on
CRES 347 material at NERVA operating conditions. Results of the program show
the low cycle fatigue reliability is .988, exceeding the allocation of .970.
The test program and subsequent statistical analysis also shows no degradation
in cyclic 1ife due to the effects of 10 minute engine operations on each cycle.
Results of the test program are shown in Figure 1, 2, and 3.

It is concluded that low cycle fatigue reliability is within the
specified 1imits, and no additional testing is required to prove the acceptability
of the tube design with respect to the fatigue failure mechanism,

TECHNICAL DISCUSSION

- The NERVA nozzle utilizes CRES 347 U tubes brazed into an ARMCO 22-13-5
outside shell or jacket. The U tubes conduct low temperature hydrogen from
the inlet at the lower end of the nozzle to the Upper end where it is diseharged
into the pressure vessel plenum. The hydrogen bulk temperature averageé ap-
proximately -360°F as it passes through the nozzle. As a result, the hozz]e
jacket operates at a low temperature while the tube crowns,. which are exposed
to 4250°R gas,'operate near 1500°F, Reference a. This thermal gradient develops
a strain on the tubes as they try to expand while being restricted by the jacket.
The amount of strain varies according to the test conditions, however the most
severe strain is 1.96% at the outside surface of the tubes crown under normal
operating conditions. (Max flux point with Tg = 4250°R). The corresponding tube
wall temperature at that point is 1484°F. The strain calculations are discussed
in Reference b, '



Secrionn @ Covrmwaed

It was recognized early in the program that thermal fatigue was a
problem that would require further evaluation. This was especially apparent
when the number of engine operating cycles was increased to 60.

A preliminary reliability calculation was conducted to determine extent
of the problem. The calculations were based on research work by S. S. Manson
of Lewis Research Center (Reference c). The method used was based on actual
test data but without the creep effect damage caused by hold time. To account
for the effect of 10 minute engine operation on each cycle, the cyclic 1ife was
reduced by 80% as recommended in Reference c. This produced a reliability value
of 0.76, while the allocated value is .97. " The low reliability value waS'caused_
primarily by the reduction in cyclic life to account for hold time.

- The problem of thermal fatigue appeared to be significant, and to
provide actual data on CRES 347 material, and to evaluate the effect of hold
time a test program was undertaken. The tests were conducted at Battelle Memorial
Institute in Columbus, Ohio, and are described in Reference d and Reference e.
A total of 172 tests were conducted at temperatures of 1000°F, 1400°F, and 1600°F
with no hold time, and at strain values of between 1.5 and 5%. An additional
14 specimens were tested at 1400°F and 1600°F with a 10 minute hold time at the
test temperature. The tests utilized CRES 347 bar stock that had been subjected
to simulated NERVA braze cycles. The specimens were then tested in a hydrogen
environment to simulate actual NERVA engine operating conditions. ‘

The data from the tests was reduced by a regression analysis to provide
mean values of cyclic Tife and standard deviations for a reliability analysis.

The statistical analysis results were used to conduct new reliability
calculations for thermal fatigue. The calculations indicated that the reliability
of the NERVA nozzle tubes for 60 cycles of operation is .988; this exceeds the
allocation of .970. In addition, statistical analysis of the test data indicates
there is no degradation in cyclic life due to the 10 minute hold time. Therefore
it can be assumed that the overall thermal fatigue reliability is '988 and thermal

fatigue thus becomes a very remote probability for 60 cycles of engine operation.

L
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CRES 347 CYCLES TO FAILURE VS TEMPERATURE
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F v aam e s e e s

USED «02 UNITS g Se
3 . ~DECTY
OLD ACKER i o I

READY ' o 57/

LIST

ACKER 14:47 L 03730771
FMA PROGRAM INPUT

_READY

OLD MONTE

FILE NOT SAVED
READY

OLD MONTE*
READY

RUN

MONTE*® bg:48 L 03730771

MONTE CARLD & SENSITIVITY ANALYSIS PROCRAM

IS TEIS 4 MONTE CARLD 0OR SENSITIVITY ANALYSIS?
(ANSYWER ‘MONTE’ OR ‘“SENS‘)?MONYE

DO YDU WWANT TO USE STORED DATA FROM YOUR DATA-FILE?
(ANSWER °*YES® JOil *NO7)?NO

NO+ OF MONTE CARLO TRIALS & STARTING ODD INTEGER250 2KT775

NO. OF INPUT VARIABLFS?S

NO.» NAME?, TYPE?, A2, 32, C?

12p 2 359 - 18 0
27R 2 <478 ~«0033 O
32V 2 +29 <010 O
427 2 -«100 +0006 O
5?STRGTE 2 52500 4000 O

NO. OF CUMULATIVE PROBABILITY TABLES? O
NJ. OF DUTPUT VARIABLES % NO. OF VALUES TDO BE RANKED?2 20

*#’ - ANS ‘YES® Oit °NO° :

#?2’ - ANS YWITH APPROPIATE VALUFE OR NAME

NJ.s» NAME?, rREL®*, EISTO¥, NO. INTERUALS?, LWRY¥, VALUE?, UZPR%,
1?7 STKS NDJ YES 7 N 0 NO 0
2?7 DIFF YES NO 7 NO 0 NO) 0

VALYJE?



‘DO YOU WISH TO STORE YDUR
PLEASE?

FILE NAME,

VAR. MEDIAN
STRS 7510.
DIFF 0. 4499E+05

DO YOU WANT MORE MONTE

INPUT DATA?

ACKER

RESULTS FOR
MEAN

7549.
0.4553E+05

RESULTS FOR

50 MONTE CARLO TRIALS

CARLD TRIALS?
HOW MANY ADDITIONAL TRIALS (RESULTS ARE CUMULATIVE)?

YES

SIGMA
182.5
4100.

YES

200 MONTE CARLO TRIALS

Secreow L

MAY VUaALUE

8007.

O0«5441E+05

150

MIN VALUE
- 7082.
0+3412E+05

VAR. MEDIAN MEAN S1G¥A MAX VALUE MIN VALUJE
STRS 7510. 7521. 181.8 8007 7061 .
DIFF 0.«4499E+05 0.4511E+0% 3818. O0.5441E+05 0«3412F+05

DO YOU WANT MORE MONTE CARLO TRIALS?NO

---------- RESULTS FOR VARIABLE STRS=-=--=-~---
TABULAR HISTOCRAM TEST #¥0R NORMaL
VALUZE S1GMA FREQ Cu™ CUM PRIB EXPECTED . DIFF.
7048 483¢ -2+60 0 0 O. 0.004647 D.004647
7171.0911 -1.93 7 7 0.0350C0 0.027014 O0.0079&6
7293.6985 -1.25 13 20 0.100000 0.105247 0.005247
7416.3059 -0.58 34 54 0.270000 0.281698 0.011698
7538.9134 0.10 51 105 0.525000 0.538477 0.013477
7661 5208 0.77 54 153 0.795%0003 0.779A47 0.015353
7784.1282 145 30 189 04945000 0.92582% 0.019172
: 7906+7357 2.12 - 6 195 0.975000 0+9829¢9 (0.0073&9
HICH END TAILS 5 200 )
=0.019172

MAX DIFF.

RELIABILITY ESTIMATED FROMN SUCCESSES/POPULATION.««««+R=1.0000000000

RKELIABILITY ESTIMATED FRONX

FROX TFE 20
0.341218E+05
0.377692F+05
0.353368KE+05
0.392026E+05

0.3436%0F+05
Qe377752E+05
0.385770E+05
0.3981&4F+05

LEAST
VALUES NEAREST ZEROD»

BELOW
0«350948F+05
0.376038F+05"
0+.388562¥+05
0«39K¥GC3E+0S

0.360523E+05
0+«380302F+05
0.389352F+05
0-398977E+0S

SAUARES CURVE=-FITe e «e3=0.99599999&73 z;

0.372952F+05

0.3K255AF+05

0:390439F+05
0+.399&31E+05

CRITICAL DIFFFRENCES LEVEL OF SICGNIFICANCE
(N GHFATER THAN 50) ~ccccccrccra e mc e e r e e r e e e e e e e o
' 202 157 107 5% 12
0.0757 0.0863 0.0962 O-llﬁé

0.0r06

PROGRAM STAP AT 496 .



USED 477 UNITS

OLD F4& DELETED
OLD FMA

READY

LIST

F¥A 15:00 L

100 FUNCTION F(XsY)
110 REAL X(100)Y(25)

03730771

S}cho P

120 P=XC1)3R=X(2)3U=¥(3);T=XC4)3STRCTH =X(5)

130 YC1)=3%pP*(3.14159%K72)/2%(1/V+1)/(8%3.14189%C1/UI*T"2)

140 Y(2)=STRGTH-Y(1)
150 RETURN; END

READY

UNSAVE

READY

OLD ACKER

READY

LIST

ACKER 15:01 L
50 28775
1 2
2 e
3 2
4 2
5 2

I STRS NO - YES

2  DIFF YES NO

READY
UNSAVE
READY

BYE
0005.32 CRU 0000.39

OFF AT 15:03 L 03730771

03730771

5
1.3590000Ek+03
4. 7800000E~-01
2.90000C0E-01
1.0000000E~-01
5.2500000E+04

o 7 NO O.
7 NO 0.
TCH  0005.85

KC

0
1.8000000=%+01
3.3000000E-03
1 .J000000F-02

£.0000000F~-04 -

4.0000000E+03
NO
NO

7

2
0.
0.
0.
0.
Q.
O
O.

VA

20
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VAR. MEDIAN SIGMA
STRS 0.2198E+05 0.2202E+05S 2322.
DIFF 0.3802E+05 0.3766E+05 4897.

DO YOU WANT MORE MONTE CARLO TRIALS? NO

---------- RESULTS FJOR VARIABLE STRS------

" TABULAR KISTOGRAM
VALUE SIGMA FREQ CUM CUM PROB
16601+5596 -2.33 0 0 O.
19848.9941 -0.93 86 86 0.172000
93096.4285 0.46 2171 357 0.714000
26343 .8630 1.86 120 477 0954000
29591 .2976 3.26 21 498 0+996000
32838.7319 4.66 2 500 1.000000
HIGH END TAILS o} 500 .
MAX DIFF. =0.035369

RESULTS FOR

500 MONTE CARLO TRIALS

MEAN

E;;ch/ac) /<

MAX VALUE
0.3197E+405
0.5121E+05

MIN VALUE
0.1663E+05
0.2601E+05

TEST FOR NORMAL

EXPECTED DIFF.

0.009804 0.009804
0.174908 0.00290¢&
0.678631 0.035369
0.968747 0.014747
0.999446 0.003446
0.9939998 0.000002

RELIABILITY ESTIMATED FROM SUCCESSES/POPULATION«««.++R=1+0000000000

RELIABILITY ESTIMATED FROM

LEAST SQUARES CURVE-FITes+R=1.0000000000
BELOW

FROM THE 20 VALUES NEAREST ZERD.»
0.260108E+05 (0.263524E+05
0.267808E+05 0.268889E+05
0.274296E+05 0.274605E+05
0.280975E+05 0.290049E+05

0.264624E+08%
0.269133E+05
0.274830E+05
0.290408E+05

0.265360E+05
0.270909E+05
D+275579E+05
0.290462E+05

0+266372E+05
0.273082F+05
0.2783255+05
0.290578E+05

CRITICAL DIFFERENCES
(N GREATER THAN 50)

207%
0.0479
PROGRAM STOP AT 496
USED 9.70 UNITS
BYE
0010.02 CRU 0000.27 TCH

OFF AT 13:25 L 06729771

LEVEL OF SIGNIFICANCE
15% 10% 5% 12
0.0510 0.0546 0.0608 0.0729
0004.22 KC
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MONTE® 13:15 L 06729771 Se

sz@e - 9

MONTE CARLJ & SENSITIVITY ANALYSIS PROGRAM

IS THIS A MONTE CARLO OR SENSITIVITY ANALYSIS?
(ANSWER °‘MONTE® OR °“SENS“)?MONTE

DO YOU WANT TO USE STORED DATA ¥rOM YDUR DATA-FILE?
(ANSWER ‘YES® OR ‘NO‘)?NO

NO. OF MONTE CARLO TRIALS & STARTING ODD INTEGER? 100 1297

NO. OF INPUT VARIABLES? 6

NO.» TYPE?, A7, B?, C?

1?2 2 1384 18 0
2?2 2 .372 +0003 O
37 2 744 «+0006 O
4? 2 .1 01 0
57 2 1006 - «006 O
6? 2 0

6E4 4300
NJe OF CUMULATIVE PROBABILITY TABLES? O
NO. OF OUTPUT VARIABLES % NO. OF VALUES TO BE RANXED? 2 20

‘#¢ « ANS °‘YES’® OR °NO”’

“?’ - ANS WITH APPROPIATE VALUE OR NAME

NO.s» NAME?, REL®, KISTO®*, NO..INTERVALS?, LWR*, VALUE?, UPR%, VALUE?
1?2 STRS NO YES 5 -NO O NO O
2?7 DIFF YES NO 0 NO O NO O

DO YOU WISH TO STORE YOUR INPUT DATA? YES
FILE NAME, PLEASE? ACK

[ RESULTS FOR 100 MONTE CARLO TRIALS =-mememmen
VAR. MEDIAN . MEAN SIGMA . MAX VALUE MIN VALUE
STRS 0.2198E+05 0.2177E+0S 2276+  0+3131E+05 0.1663E+05
DIFF 0.3802E+05  0.3637E+05 4611« 0.5121E405 0.267KE+05

DO YOU WANT MORE MONTE CARLO TRIALS? YES
HOAW MANY ADNITIONAL TRIALS (AFSULTS ARKE CUMULATIVEY? 400



CNEW
ENTE
READ

100
10
120
130
140
. 150

SAVE
READ
CoMP

cap

WAR
EXE

USED
RENA
READ
REPL
READ

NEW
ENTE
READ
DSM
READ

X
READ
SAVE
READ
OLD
READ
LIST

ACK
oLD

READ
RUN

. s S jzgcrr/onj. y <

OR OLD-~NEW

R FILE NAME-CAP o '
Y Pate — 10

FUNCTION F(X»Y)

REAL X(100),Y(25)

P=X(1); R=X(2); B=X(3); T=X(4); H=X(5); STRGTH=X(6)
Y(1)=035%P/((3.14159%R™2%*B¥T)/2+(B"2%H®*T))
Y(2)=STRGTH=-Y(1)

RETURN; END

Y
1LW

13:13 L 067297171
NING: MAIN ROUTINE MISSING
CUTION FERMITTED
READY
.12 UNITS
MNE F
Y

ACE
Y

R FILE NAME-ACK
Y : . e

Y
DATA FILE

Y
Y

ACK
Y

13:15 L 067297171

DATA FILLE

MONTE#
Y
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MONTE CARLO % SENSITIVITY ANALYSIS PROGRAM

IS THIS A MONTE CARLO OR SENSITIVITY ANALYSIS?

(ANSWER °*MONTE® OR °SENS’)?SENS
DO YOU WANT TO USE STORED DATA FROM YOUR DATA FILE?
(ANSWER °YES® OR ‘NO‘)? NO
NO. OF INPUT VARIABLES? 6
NO., NAME?, NO. INCREMENTS?, NOMINAL?, LOW?, HIGH?
12 P 1 1384 18 0
2? R 1 372 0003 0
32 B 1 744 0006 0
4? T 1 -100 .01 0
5? H ! 106 _ .006 O
67 STRGTH 6E6.4 ~ 4300 O
NO. OF OUTPUT VARIABLES TO BE ANALYZED? 1
WHICH VARIABLES?3 NO+?, NAME?
71 Yl
DO YOU WISH TO STORE YOUR INPUT DATA? NO

TABLE OF RESULTS OF SENSITIVITY ANALYSES

CINPUT VARIABLE NO-.

1, *P ‘)

°X* e DY DY/DX
0+13300E+04 1 Y!  0.21121E+05 -
‘0+13480E+04 1 Yl  0.21407E+0S 0.28S84E+03 0.15880E+02
0.13660E+04 1 Yl  0.21692E+05 0.28584E+03 0.15880E+02
0.13840E+04 1 Yl  0.21978E+05 0.28584E+03 0.15880E+02
0.14020E404 1 Y1  0.22264E+05 0.28584E+03 O.15880E+02
0+14200E+04 | Yl  0.22550E+05 O0.28584F+03 0.158R0E+402
0.143B0F+04 1 Y1  0+.22836E+05 0.28584F+03 0.15B880F+02
OVERALL  eeeeeecome cmeemmeeaen
SENSITIVITY 1 YI 0.17151E+04

O0.158K0F+02

I

[(DY/DX)SX12

0.81707E+05.
0.81707E+05
0.81707E+05
0.&1 70 7TE+05
0.K&1707F+05
0.81707E+05

0.l 707E+05



Dx'
0.37110E+00

0.37140E+00
0+.37170E+400
0.37200E+00
0-37236E+00
0.37260E+00

0.37290E+00
OVERALL

SENSITIVITY

oxo
0.74220E+400

0. 74280E+00

0.74340E+00

0.74400E+00
0. 74460E+00
0.74520E+00
0.74580E+00

OVERALL
SENSITIVITY

OX'
0.70000E-01

0. 80000E-0O1
0.90000E-01
0.10000E+00
b-llOOOE+OO
0.12000E+00
0.13000E+00

OVERALL
SENSITIVITY

CINPUT VARIABLE NO.

i

1

(INPUT

1

Y1l

Yl

Y1

Y1
Y1
Y1
Yl

Yl

Yl
Yl
Y1
Yl
Yl
Yl

Yl

Yl

'Y'v
0.22056E+05

0.22030E+05
0.22004E+05
0.21978E+05
O-él952E+OS
0o21926E+Q5

0.21900E+05

VARIABLE NO.

.Y'
0.22046E+05

0.22023E+05

0.22001E+05

0.21978BE+05

0.21956E+05

0.21933E+05

0.21911E+05

CINPUT VARIABLE NO.

Yi
Y1
Yl
Yl
Yi
Yi
Yl

Yl

~
N

0-31§97E+05
0.27473E+05
0+24420E+05
0.21978E+05
0«19980E+05
0.18315E+405

0+.16906E+05

2, * R )

DY

-0.26113E+02
-0+260 73E+02
-0.26032E+02
~0.25991 E+02
-0-25951 E+02
-0.25910E+02

- on em e e s w e e

-0+15607E+03

3, *B ‘)

DY

-0.22539E+02
-0.22500E+02
-0.22462E+02
~0+22424E+02
-0 .22386E+02
-0.22348E+02

- wv e -

-0.13466E+03

DY

-0.39247E+04
-0.30525E+04
-0 .24420E+04

-0.199¢0E+04

Secrion (K
Prie )9—
DY/DX  C(DY/DX)SX32

-0.870Q4E+O$
~0.86909E+05
-0.86773E+05
~0.86638E+05
~0.86503E+05

~0.86367E+0S

B

~0+86706E+05

DY/DX

~0.37565E+05
-0.37501E+05
-0-37437E+Q5
~0«37373E+05
-0+37310E+05
'0-37246E+Q5

~0«37405E+05

l) e

DY/DX

-0.39247E+06

-0.30525E+06

-0«24420E4+06

-0.19980E+06

-0+16650E+04 -0+16650E+06

-0.14089E+04

L R e e e S

~0.14491 E+05

-0+« 14089F+06

e et wn e e - e em

-0.24152E+06

0.68190E+03
0«67979E+03
0.67766E+03
0.67556E+03
0.67345E+03
A0-67134Ef03

L

0.67661E+03

[ (DY/DX)SX]2

0.50800E+03
0.50627E+03
0.50455E+03
0.502&3E+03
‘0+50113E+03
0+49942E+0.3

0.50370E+03

((DY/DX)SX)J2

0.15403E+08
0+93179E+07
0.59635E+07
0.39921E+07
0.27723E+07
0.19849F+07

0.58331E+07



Secrdd K
Fage )3
°X ‘Y’ DY ~ DY/DX  [(DY/DX)SX)2
0.88000E-01 1 Yl  0.23019E+05S :

(INPUT VARIABLE NO. S, * H )

0.94000E-01 1 Y! 0-22661t+05~-0-35765E+03 -0.59608E+05 0.12791E+06
0.10000E+00 1 Y! 0.22314E+05 ~0+34671E+03 -0.57784E+05 0.12021E+06
0.10600E+00 1 YlA 0+2197BE+0S -0+33626E+03 ~0.56043E+40S5 O0.11307E+06
0.11200E+400 1 Y1 0;21652E+05 ~0¢32627E+03 -0+54379E+405 O0.1064SE+06
O.11800E+00 1 YI! | 0.21335E+05 ~0+31673E403 -0.52788E+05 0.10032E+06

0.12400E+00 1 YI! 0.21028E+0S =0.30759E+03 ~0.51266E+05 0.94615E+05
OVERALL T eecscrcence eeeme—mmcme= cemecmemea-

SENSITIVITY 1 YI -0.19912E+04 -0.55311E+05 O0.11014E+06
. ;I_,l.~'~4 .
CINPUT VARIABLE NO. 6, ° RGTH®)

°x ‘y* DY DY/DX  [(DY/DX)SX12
0.47100E+05 1 Yl- 0.2197BE+0S
0.S1400E+0S 1 Yl  0.21978E+05 O. 0. 0.
0.55700E+05 1 Yl  0.21978E+05 O 0. 0.
0.60000E+05 1 Y! 0.21978E+0S5 O 0. 0.
0+64300E+05 1 YI 0.21978E+05 O. 0. 0.
0.68600E+05 1 Y1l  0.21978E+0S5 0. ‘ 0. 0.
0.72900E+05 1 Yl  0.21978E+05 O 0. , 0.
OVERALL cememmmeaena mmmmmmeecie ceeenoes -
SENSITIVITY 1 YI. 0. 0. 0.

6 MOST SIGNIFICANT INDEPENDENT VARIABLES RANKFDIN
ORDER OF DECREASING MACGNITUDE OF [(DY/DX)SX1}®*®#2

RESULTS FOR DUTPUT VARIABLE YI

INDEPENDENT . DY DY/DX L(DY/DX)SX]J2
VAR NO., NAME ' '

wetd THILES 4 T. =0«14491E+05 -0.24152E+4+06 0+58331F+07
Aeg HengHT 5 H ~0.19912E+04 -0.55311E+05 0110145406

1 P O.17151E+04 OQO«1S880FE+02 0+81707E+05

2 R 0. 15607E+03 -0+.86706E+05 0+67661E+03

3 B =0+13466E+03 -0.37405E+0S 0.50370E+03

6 R

GTH O. O O.
PROGRAM STOP AT 720

USED 1.60 UNITS
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g et
_STRESS

BorT g o, 0500sxT | Faiiegin ™
Benwdrdd’ ~ #oop Fma &
---------- RESULTS FOR 500 MONTE CARLO TRIALS ========--

VAR. MEDIAN “MEAN S1GMA MAX VALUE MIN VALUE
BEND 0.1161E+05 O0.1165E+0S 359.6 0.1294E+05 0.1073E+05
HooP 1476 7502, 222.1 8309+ 6895
TOTL 0+.1908E+0S5 0.1915E+05S §79.2 0.2125E+05 0.1766E+05
DIFF 0.1059E+06 O0+.1058E+06 8153« 0+1294E+06 0.8442E+05

DO YOU WANT MORE MONTE CARLO TRIALS? NO

---------- RESULTS FOR VARIABLE BEND-=-=--==-=-

TABULAR HISTOGRAM TEST FOR NORMAL

VALUE SIGMA FREQ CUM CUM PROB EXPECTED DIFF.
106069784  -2.89 0 0 O. 0.001909 0.001909
11028.3884 =-1.72 13 13 0.026000 0.042649 0.016649
11449.7986 =055 133 146 0.292000 0.291596 0.000404
11871 .2086 0.62 229 375 0.750000 0.733452 0.016548
12292.6188 1.80 102 477 0.954000 0.963697 0.009697
12714.0288 2.97 21 498 0.996000 0.998498 0.002498

HIGH END TAILS 2 500
MAX DIFFs =0.016649
---------- RESULTS FOR VARIABLE HOOP-====e===o

TABULAR HISTOGRAM TEST FOR NORMAL

VAL UE SIGMA- FREQ CUM CUM PROB EXPECTED DIFF.
6865.1436 ~2.87 ) 0 O. 0.002076 0.002076
7298.4358 . -0.92 88 88 0.176000 0.179869 0.003869
7731 .7280 1.03 335 423 0.846000 0+.849575 0.003575
. 8165.0202 2.99 14 497 0+994000 0.998583 0.004583

KIGH END TAILS ' 3 500 _ :
MAX DIFFs =0.004583

E? '5:>.Sap

RELIABILITY ESTIMATED FROM SUCCESSES/POPULATIONs.«se«e«R=1.0000000000
RELIABILITY ESTIMATED FROM LEAST SQUARES CURVE-FITe..+«R=1.0000000000

FROM THE 20 VALUES NEAREST ZERD,
0.864824E+05
0.+ 885094E+05
0.900689E+05
0.915075E+0S

0+856337E+05
0.881372E+05 0.882794E+05
0.895963E+05 0.899903E+05
0.913679E+05 0.914765E+05

0.844240E+05

CRITICAL DIFFERENCES
(N GREATER THAN 50)

0.0479

PROGRAM STOP AT 496
\
10.29 UNITS

J

USED

BELOW

0.0510

b

0.86717
0.8867
0.9071

0.91 6445E+05

95E+05 0.868227E405
11E+0S 0.893282E+05
92E+05 O0+.911105E+405

. 0¢916672E+05

OF SIGNIFICANCE
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LIST

COooL 10348 L 06722771

100
110

BotT™ Cooennv™ [HRIFelp Auntyss i

Fma T @

FUNCTION F(X,Y)
REAL X(100),Y(25)

—

NO
NO
NO
NO

120 P=X(1);V=X(2)3R=X(3)3T=X(4); STRGTH=X(5)
130 Y(1)=(+908%P%(2-V)*R)/T
140 Y(2)=P*R/T
150 Y(3>=Y(1)+Y(2)
. 160 Y(4)=STRGTH-Y(3)
170 RETURN;END
READY
UNSAVE
READY
OLD ACK
READY
LIST
ACK 10:49 L 06/22/71
100 1297 5
1 2  1.2610000E+03  1.8000000E+01
2 2  2.9000000E-01  1.0000000E-02
3 2 . 8.3000000E-01  5.0000000E-03
4 2 1.4000000E-01  3.3000000E-03
5 2 1.2500000E+05  8.0000000E+03
1 BEND NO YES 5 NO 0.
2 HOOP NO YES - 3 NO 0.
3 TOTL NO NO 0 NO 0.
4 DIFF YES NO 0 NO 0.
READY /7

00
O.
0.
C.
Q.
0.
0.
O.
0.

20



