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o UNITED STATESg.

,f g NUCLEAR REGULATORY COMMISSION I
t ) WASHINGTON, D. C. 20565

\ /
***** March 19,1984

,

Mr. R. Clyde Herrick
Franklin Research Center
20th and Race Streets
Philadelphia, Pennsylvania 19103

Dear Mr. Herrick:

SUBJECT: COMMENTS ON " EVALUATION OF DIESEL GENERATOR FAILURE AT
SHOREHAM UNIT 1, INTERIM REPORT ON PHASE 2, FAILURE
CAUSE EVALUATION" (NRC CONTRACT-NRC-03-81-130)

.

Enclosed are the staff's comments on the subject report which were
discussed with you by phone on March 14, 1984. In general we found the
technical information contained in the report to be satisfactory. We
note, however, that the conclusions were not specific as to the
acceptability or unacceptability of the new cr:6nkshaft. In addition,

in accordance with the contract, this repor+ should incorporate the
Phase I Report submitted on November 18,15 ;.

As discussed, I plan to meet with you on March 26, 1984, to discuss how
the comments should be incorporated into the report, to review the
conclusions and write-up on the material obtained at Shoreham on
March 8,1984, and to review the final report prior to issuance.

Sincerely,

f
? Q

'

/ _
,,

V h,

Eobert J. Giardina
Mechanical Engineer
Power Systems Branch
Division of Systems Integration

Enclosure:
As stated

cc: C. Berlinger R. Wright
g M. Srinivasan
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E. Murphy M. Carrington
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COMMENTS ON FRANKLIN RESEARCH CENTER REPORT
;- PHASE 2 - CRANKSHAFT FAILURE CAUSE EVALUATION

''

.

I. SPECIFIC COMMENTS

PAGE COMMENT,

i

V Line 5 "This report constitutes the Phase II Report
should be modified to "This report covers the
Phase II evaluation of the crankshaft and constitutes

; . the final report.- The last sentence "A final report...
of Phase III." should be deleted.

.

1 Second paragraph, line 5, add DG 101 and DG 103,
after word generators

1 Fourth paragraph line 4 "FRC submitted a Phase I
raport..." statement should be modified. This
report should incorporate the Phase I Report as3

specified in the contract.

2
_ First rentence in Section 2 various industry standards>

should be specified. Also standards that are applicable,

but were 'not used or specified should be specified but
discussed inthe body of the text.

3 First sentence "the documentation available" should be
specified.

3 First paragraph last sentence "Hence, the fundamental
documentation...is not apparent to the reviewer."
" Apparent" is not appropriate. The qJality level is
either defined or not defined.

3 Second paragraph - Document where TDI specifies-

'
ABS 3 steel for shaft should be referenced.

5 Line 5 sentence beginning "Thus, inquiries about
interruptions.. ." inquires should be specified -
who, when, etc. or' sentence modified show that
ABS would grant waivers and justified.

5 Line 19 sentence beginning " Noting that FaAA's
chemical analysis..." Conclusion should be drawn4

on effect of 0.3% chromium content in steel if any,

e-
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PAGE CO MENT

9 Direct quote from FaAA report at top of page. The
main bearing numbers are wrong. Statement should

,

be made in text to this effect so that we do not
carry on the mistake. Our conclusion should not'

change

10 Last sentence in Section 3.1.2.2 is in the wrong
place. It should fall between the sentence
beginning with "The analysis also provided..." and
the sentence beginning with "This means that..."

12 The first sentence in Section 3.1.2.5 should read
as follows: "This reviewer has evaluated the FaAA;.

material on hardness measurements and concurs with
the following summary of hardness measurements made
and repcrted by FaAA [9]:"

; 13 First paragraph, starting at the sentence beginning
with " Reference to Table 3-9 of Reference 9..."
The discussions with FaAA last week should have
given you enough information to be more specific
in your conjectures as well as drawn conclusion.

13 Second paragraph, last two sentences: "However,
without the knowledge..." A conclusion should be4

drawn from your statements on the effect the
stresses have on the crankshaft.

13 Last paragraph - You should state your conclusion
on FaAA's conclusion. If FaAA's conclusion is
more conservative so state it.

14 Section 3.1.2.7 first sentence should state the
reference from which the quote was taken. The last
sentence in the section should be changed to wording
similar to the comment on page 12.

16 Line 21 the word " anticipated" should be changed
-to "specified" such that the sentence reads
" ... stress limits for the materials specified."

17 Section 3.2.1.2 needs to be expanded to include more
descriptive information on ABS and Lloyds Standards.

,
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PAGE COMMENT

19 Second paragraph, line 14, the word appears is not
,

appropriate. FaAA either did or did not use this |method. What prevents the reviewer from saying this.

25 Second paragraph, second sentence "Tn valves for
diesel engine..." should be modified. We cannot
assume TDI included them in their analysis unless
they have stated it. Sentence should be modified to
state that "The Tn valves for the TDI analysis
cannot be discerned from the data provided and TDI-

has not verified as of this date whether all -

contributions were considered."
.

29 Paragraph dealing with ABS paragraph 34.17.'i. You
discuss the old crankshaft material as easily
qualifying as ABS 4, and provide data showing
crankpin diameter for ABS 4 shaft. Original crank-
shaft ordered as ABS 3 as specified in Section 3.1.1.
Discussion on ABS 4 for original crankshaft should be
deleted since it is not germain to subject or adequate
discussion should be provided to justify its
inclusion and its affects on the analysis.

i 29 Footnote indicated by * references an informal
communication. More specifics are required, such as,

i the name of all parties, their respective organizations,
whether the communications was a telephone call, a
meeting or written correspondence and on what date.

30 Line 7, sentence in parenthesis is not appropriate.
First the data should be made available. Secondly,

'

the comment with regard to page 29 (phone conversations)
'

applies.

30 Section 3.2.4 first bullet item, second sentence is
a recommendation that should be in the recommendation
section. Not here.

30 Section 3.2.4 second bullet item is a recommendation
and as such should be in the recommendation section

' not the summary section of the crankshaft design
review.

31 First line, the word appears should be replaced by the
reviewer's opinions and the bases for the opinion. If

: an opinion cannot be. reached than say so.

;

#
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PAGE COMMENT

32 Lines 7 and 9 the word "have" should be changed
to "has."

32 Section 3.3.1 second paragraph, line 4, the word
"do" should be changed to "does.

34 First line, sentence beginning with " Experience
has shown that..." A conclusion should be drawn
as to effects, if any, between the exper.ience
stated in the sentence and the discussion in the
preceding sentences.

34 Line 9, the statement "The reviewer believes that..."*

should be more definitive. Why does the reviewer
believe this? His justifications and his evaluation
of its effect.

35 For Sections 3.3.2.3 there is no conclusion. Is it
acceptable, is it not acceptable and the bases.

36 Line 7 the sentence beginning with "This single
-amplitude ratio.. ." The industry standards and

their amplitude ratios ~ should be specified, and
a conclusion drawn.

37 For Sections 3.4.1 line 2 the comment on phone
conversations for page 29 applies.

39 Last paragraph of Section 3.4.2.1 should relate the
significance of the information sought. The
implication is that the reviewer would be satisfied
if the learning reactions had been considered and
found negligible. What is the documentation and
justification suppose to address.

39 First paragraph of Sections 3.4.2.3 should relate
what the reviewer expects to see in the model loading
method cad the significance of not having this information.

| 39 First paragraph of Sections 3.4.2.3 refers to Sogd
; agreement. The agreement is between what and a

definition of good needs to be provided, i.e.,
, within 10% or 100% or what.
I

i

|

|
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PAGE COMMENT

41 Last paragraph, it is stated that ABS rules may or
may not be satisfied. This should be expanded to
include or to reference the specific ABS rules and
how it satisfies and does:not satisfy those rules.
You only cover how it could satisfy the ABS rules on
page 42.

42 Second paragraph, end of line 1, the comment on phone
conversations for page 29 applies.

,

42 Last paragraph of Sections 3.5.2.2 should indicate why
the method of loading is critical and what the

, reviewer wants from the discussion by FaAA.

43 Section 3.5.4, the information with regard to material
properties and shot peening has been or will be
provided. Therefore, this section should be revised.

44 Section 4 conclusions should include a definitive
statement on the replacement crankshaft's acceptability
or unacceptability for its intended use. The bases
should be given for any conclusion reached.

44 Third bullet under original crankshaft conclusions,1

! states that lack of specified design standards
contributed to failure. Good conclusion, but it
should go further if there was a lack of specified
standards then than'what standards should have been
used, and the bases for the use of those standards,

should be part of the conclusion. In other words
what would you use if you were designing the shaft.

~

44 First bullet under replacement crankshaft conclusion -
the word " serve" in line 2 should be " serves." The'

"possibly within allowable values of the ABS rules"'

should be clarified and modified to refer back to the
applicable section in.the report which discusses.

i ABS applicability.

! 44 Section 4 second bullet under replacement crankshaft.
Nowhere in the report is the effect of increasing
the crankpin fillet radius discussed. A ctnclusion
is drawn based on no information. Either o discussion
should be provided or conclusion deleted.

,

O
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PAGE COMMENT

45 From the materials engineering standpoint, the
'first bullet item of Section 5 is also endorsed.
The effect of the shot peening should indeed be
evaluated.

45 Although, as is pointed out in various places in
the report, there cannot be a code for all diesel
types. It is apparent that there can and should
be a better definition of nuclear EDG requirements.
Such definition should define material specification,
design rules, and qualification testing for nuclear
EDG. Therefore, the endorsement of the first bullet,

. item for longer range action of Section 5
Recommendations is to be encouraged. However, the
long range recommendations do not belong in this
report since they go beyond the objective of the
assigned task.

II. OTHER COMMENTS

1. What are the DEMA specified mechanical properties for crankshaft
materials? When one specifies a design limit, one also specifies
the material, thus is DEMA an acceptable.. standard in this regard.

2. What is the impact on the stress analysis if 3900 kw is used as
the full load in the FaAA model instead of 3500 kw?

'

3. Does the crankshaft new design also reduce the high ratio of
cyclic torque to steady torque? What is the interpretation,

of the high ratio number?

|

i
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FOREWORD

This Technical Evaluation Report was prepared by Franklin Research Center

under a contract with the U.S. Nuclear Regulatory Cosmaission (Office of

Nuclear Reactor Regulation, Division of Operating Reactors) for technical

assistance in support of NRC operating reactor licensing actions. This report

constitutes the final report of the two-phase effort.
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1. INTRODUCTION

In August 1983, a crankshaft of one of three e'nergency diesel generators
' ~

(DG 101,102, and 103), manufactured by Transamerica Delaval, Inc. (TDI) , and

installed at the Shoreham Nuclear Power Station, owned by the Long Island

Lighting Company (LILCO), fractured during plant preoperational diesel
,

i generator tests. Inspection revealed severe cracking in the crankshafts of

the other two diesel generators.

'
During the failure investigation that followed, Failure Analysis

|
Associates (FaAA) and Stone and Webster Engineering Corporation (SWEC) were

engaged to carry out intensive analytical and experimental investigations.

Early inspection and evaluation indicated that of the two remaining diesel

generators (DG 101 and DG 103), sufficient crankshaf t operational life would,

be available from diesel generator DG 101 for an instrumented operational test

program if the cracks in the crankshaft were ground out. An operational test

program was planned, and operational tests were completed on September 28,
1983. In the meantime, the two diesel generators that could not be operated'

were disassembled for detailed inspection and rebuilding. Sectionc of the

j fractured crankshaft from diesel generator DG 102 were taken to FaAA

| laboratories for metallurgical examination of the fracture.

The Nuclear Regulatory Commission (NBC) requested that Franklin Research
.

Center (FRC) provide an independent technical review of the failure investiga-

tion performed by the Licensee and thereby provide a technical basis for the '

NRC's licensing actions regarding these failures.

Phase I included the followings

a. attend an onsite inspection and review of the Shoreham diesel
'

[ crankshaft failure, and review operation and maintenance history
provided by the Licensee

b. analyze the data and information obtained in the onsite visit and
prepare an interim report providing initial findings and conclusions
regarding the events leading to crankshaft failures

c. Provide in the above any conclusions about other mechanical problems
the Licensee has had with these diesel generators.

a

i

'

-1-
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Phase II included:

a. review and evaluate submittals and data provided by the Licensee on
the causes of these failures

!
b. provide technical assistance to the NRC lead engineer in evaluation

of applicable data on diesel generators provided by the staff.

Accordingly, FRC participated in the onsite ir.spection, reviewed test

procedures and diesel generator operating history, reviewed the crankshaft

design analysis methods employed by the engine manufacturer, and participated
as an active observer in the operational testing program prior to submitting
an interim report [1]* covering Phase I. Subsequently, FRC reviewed the

metallurgical examinations, diesel engine standards, specifications and design
rules, and crankshaft design and analysis methods available to the industry,
as well as performed a review of the testing methods, data output, and failure
analysis conclusions of the operational testing program. In addition, the

design and analysis of the replacement was reviewed.

This report include's the salient features of the interim report (Phase I)
and also reports on the subsequent events. In addition, it includes, as

Appendix E, the commentary submitted by Mr. H. W. Hanners regarding selected
problems experienced by the diesel engines manufactured by TDI. Mr. Hanners,

an independent diesel engine consultant who was co-author of NUREG/CR-0660,

" Enhancement of On-Site Emergency Diesel Generator Availability," participated
with FRC in the initial onsite inspection. -

* Numbers in brackets refer to references found in Section 7.

nk!!n Research Center
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2. ACCEPTANCE CRITERIA.

Diesel generators are manufactured and purchased in accordance with i

various industry standards. These standards include " Standard Practices for

Low and Med'ium Speed Stationary Diesel and Gas Engines" by the Diesel Engine.

Manufacturers Association (DEMA) [2], " Rules for Building and Classing Steel

Vessels" by the American Bureau of Shipping [3], and " Rules and Regulations i

for the Classification of Ships" [4), which includes " Guidance Notes on ,

Torsional Vibration Characteristics of Main and Auxiliary Oil Engines" [5] by

Lloyds Register of Shipping. Other rules and standards are available from

European diesel manufacturer associations. In the absence of an ordered set

of acceptance criteria for this review and evaluation, commentary regarding
'

the applicable specifications and standards is included with the discussion

rules, standards, and methodology in Section 4.2.1 of this report.
4
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3. PP.ELIMINARY INSPECTION AND REVIEW

3.1 ONSITE INSPECTION

3.1.1 Preliminary Briefing

On September 1,1983, a preliminary briefing about the current state of

events and plan of action (6] at the Shoreham plant was held in the NRC

Resident Inspector's office; a brief overview of the cerformance history of
the three diesel generators was included. The briefing was conducted by the
NRC Senior Resident Inspector and supplemented by the Director of LILCO's
Office of Nuclear Power.

3.1.2 Inspection Tour of Diesel Generators

A visual inspection was made of the three diesel generators. Although
the observations are described in Appendix A, a brief summary follows:

.

Diesel generator 101 was located in its operational room and was being- o
prepared for a limited test program. LILCO reported that this unit
had performed the initial qualification testing program for nuclear
plant service and had been subjected to dynamic torsional testing as a
part of that program. However, cracks were observed in the crank pin
fillets of cranks 5 and 7.

o Diesel generator 102 was the unit with the fractured crankshaft. The
' diesel engine and generator had already been moved to the rain turbine

deck where space and crane facilities were available to disassemb's -

the unit, make a thorough inspection, and rebuild it with the 13 12
crankshaft now recommended by TDI. Considereb?.e attention was p..d to
the crankshaf t fracture in this inspection because of the imminence,

and magnitude of the failure. The entire engine was also studied to
'

gain a perspective necessary for an adequate review of the many types
of failures experienced previously by the Shoreham diesels in order to
determine if there may be a root cause not evidenced by the July 1983
study (7].

Diesel generator 103, reported to have crankshaft cracks developed too
an extent that precludes further engine opetation, was observed in its
operational room. It was being prepared for movement to the main,

| turbine deck for disassembly, inspection, and reassembly with the 13 x
[ 12 crankshaft.
|
[

.

nklin Research Center
A Opmeson of The Frereen heesume '

.. . . . . . . , , . . . . -. y , . . , . , .-.,.--...,7..,.wa.,,...,gw=* _ _ , _ y-



_ _ . - _ _ _ . . __ _______ . _ _ . _ . . _ _ _ _ .

'
-. cux .., _ = .:n . ~ s .- - as-ww ww.

- o ..

.- .

t

i TER-C5506-426

3.1.3 Preoaration of Requests for Information

4

A meeting with the NRC representatives was attended at the Shoreham plant

on September 1,1983, during which the immediate and past problems experienced
by the diesels at the Shoreham plant and their implication for similar dieselsi

at other plants were discussed. Questions were prepared concerning the i,

aspects of the diesels and their performance records that would be required

for an adequate independent evaluation. These questions were submitted to

i LILCO by the NRC during the public meeting held at the Shoreham plant on

{
September 2, 1983.

3.1.4 Public Meetine
!

! Onsite activities included attendance at the public meeting held at the

Shoreham plant on September 2, 1983 for discussion of the diesel engine;

{ probisms. Representatives of the follosing organizations were in attendances
!
! Nuclear Regulatory Commission,

Long Island Lighting Company
Hunton and Williams, LILCO legal counsel
Stone and Websteri

I Failure Analysis Associates

| Counsel and Technical Consultant for Suffolk County
i Newsday

f Franklin Research Center.
;

; During the meeting, the following points were established: .
,

i
i o There is no nuclear fuel at the Shoreham plant and consequently there ;

| is no demand on the safety systems. '

!

|. o There is concern for similar diesels in other nuclear power plants.
+ .

|
~ o The problems with the Shorehne diesels are broader than the present

crankshaft problem.
,

*
' o The tests on the Shoreham dieseis are significant for the whole,A nuclear power industry.

'

o The failure analysis team consists of LILCO, FaAA, and Stone and
'

webster Corporation.

'

- o TDI is cooperating with the failure analysis team to provide
disassembly, inspection, alternate crankshafts and rework as
necessary, and reassembly of the engines.

g 5-- -
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TDI management is committed to the failure analysis and engineo
rebuilding program and will submit its own assessment and recommended '

i actions; for objectivity, however, the program is under the direction
of an independent investigator, FaAA.

I

Concern of the community is high as represented by counsel for suffolko
County and a technical consultant.,

I A comprehensive failure analysis effort will be carried out to fullyo
: understand the failures so that the corrective action will be most'

effective.

!

| 3.2 PRELIMINARY TECHNICAL REVIEN AND EVALUATION
i

3.2.1 Review of LILCO'S Master Plan
!

| A copy of LILCO's master plan (6] for the failure analysis and reco<ery
j of the diesel engines was received and reviewed. Comments [8] were submitted
| to the NRC, indicating where the reviewer's direct participation as an
i

observer would be advisable. The plan was found to be acceptable.
<

|

3.2.2 Review of Test Procedures
|

| An early copy of LIICO's test procedure [9] for operational testing of
DG 101 was also received. The procedure was reviewed and a copy was forwarded1

4

! to Mr. 5. W. Banners, an independent diesel engine consultant. Commentary andi
i

recommendations of this review were combined with those of Mr. Hanners and
.

reported to the NRC in early September 1983 before the start of operational|

l

| tests. In the course of operational testing of DG 101, the original procedure
;

j and three revisions (10, 11, 12] were reviewed.
I

. Recommendations for modifications and additions to the last revision [12]
I

|
to the procedure were made on September 24, 1983, by a meno (13] submitted via

|

the NRC Resident Inspector at the shoreham plant for expediency. Although the
. technical aspects of these considerations are discussed at greater length in

| Appendix D of this report, the recommendations provided means to assure that
(1) all voltage phase references would be available and known, (2) transients
associated with attachment of the generator to the electrical grid and to

*4
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major electrical loads would be recorded, and (3) testing at a significant ;

j synchronous loading would be recorded for power factors ranging from 0.8 to
1.0. These' considerations were included in the tests carried out on September

28.
.

3.2.3 Preliminary Review of Diesel Dynamics

Because the crankshaft failure and many of che earlier problems of the

three diesels showed evidence of being associated with the dynamic response of*

the diesel engines, the torsional dynamics analysis summary prepared by TDI as
,

a part of the original design effort was reviewed. These analyses, which were
stated in the September 1 and 2 conferences at the Shoreham plant to be
verified as sufficiently accurate by FaAA defined the equivalent mass-elastic'

!

; torsional dynamic model of the mechanical system, including the flywheel and
generator rotor. They included the calculated natural frequencies and
critical speeds. This information was needed to form a basis of understanding
by which the reviewers could evaluate the test data and recognize the response

| of the various vibratory modes to the engine excitation orders in the course
t
'

of the test runs.

!

| 3.2.3.1 Review of the TDI Mass-Elastic Model

The mass-elastic model (14] employed oy TDI to represent the dynamici

"

natural frequencies and mode shapes of the engine is made up of 11 inertias

| and 10 torsional springs. The inertias, identified in their order of position
u

! from the gear case end of the diesel to the generator, are
i

i o gear case and water pump inertia
i

o eight equivalent inerties representing the piston, connecting rod, and
rotating portion of the crankshaft for each cylinder assembly

4

f a flywheel

o generator rotor.'

Torsional springs equivalent to that portion of the crankshaft or generator;

rotor shaft were calculated by TDI for application between the inertias in the
! model.

! -
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:

TDI's analysis summary [14] indicated that the inertia for each crank,

| assembly,was the equivalent average inertia. This was an average of the real
inertia comprised of a rotating crank, linear motion piston, and a connecting
rod that combines both motions, all of which combine to form an inertia that
varies with crank angle. Various methods are available to average these crank '

angle-dependent inertias to equivalent average inertias for use in the mass-
elastic model yielding the natural frequencies. The detailed methods by whichj .

TDI calculated the equivalent inertia and torsional spring constant for each
crank assembly were not evident from the analysis summary [9]. Information to

I identify the methods used was requested from TDI through NBC. Methods

developed by the industry over many years have been known to yield generally
reliable results for most engine designs. This is not to imply that TDI did

'

not use these methods correctly, only that its detailed methods were not
i

evident in the analysis summary.

| For the interim report [1], it was assumed that the calculated inertias
and springs, resulting natural frequencies, and critical speeds were suffi- ~

i ciently accurate. This premise was based upon the facts that qualification
| testing was reported to verify these frequencies and that FaAA rsported in

briefings during the Shoreham inspection visit that it had obtained virtually
the same values using more comprehensive computer methods.

Using its model for the resonant frequencies, TDI calculated the
participation of the various orders of known engine excitation' and plotted the

.

amplification factors of the more dominant excitation orders as shown in
Figure 1, which is a reproduction of the TDI chart from Reference 14. Note

that the I-4 (4th order) curve of amplification factor remains the single
|

, I
largest participant, providing more than double the' amplitude of the 4 1/2th
order during operation at 450 rpm. The excitation frequency of the 4th order
is that of 4 times per revolution. This is the firing rate of the cylinders
which generates a sharp and dominant excitation. In short, using its

-

analysis, TDI expected to experience a large component of oscillatory torque
at 30 Hz (engine firing rate) in the crankshaft. However, a large cyclic
torque at 30 Hs is not necessarily bad, provided the associated stress levels

'
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! Figure 1. TDI Torsional Stress and Critical Speeds
| [from Reference 14]
:
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in combination with stresses from other sources in the crankshaft are
adequately within the endurance limit of the material.

3.2.3.2 Investigation of Additional Constraints in the Torsional Mass-Elastic
Model

i The influence of rotor-stator electrical coupling upon the purely
mechanical torsional model employed by TDI was investigated in this review.

| Rotor-stator coupling of a synchronous generator may be approximated as an
equivalent spring rate between the generator rotor and the inertia of the,

electrical load. When the generator is connected to the electrical power
grid, this equivalent inertia can be very large. In such cases, it is validr

to approximate the effect by calculating the equivalent spring rate of the

j rotor-stator system and inserting it into the torsional mass-elastic model

between the generator rotor inertia and a new fixed rigid member (infinite,

inertia).i

!

.

Review of TDI's mass-elastic system revealed that:~
:

| o The generator inertia was exceptionally large.

o The flywheel inertia was only between one-third and one-half that of
the generator rotor.

o All other inertias representing crank assemblies, water pump, etc.,
i were very small by comparison.

.

Thus, although the introduction of the rotor-stator equivalent spring had
an exceedingly small effect upon the natural frequencies of the rotor and

j their dynamic response under the engine excitation, it did define a new mode

of vibration not heretofore available from TDI's torsional model. This was
essentially a rigid-rotor oscillation of the combined crankshaft, flywheel,
and generator rotor system with the rotor-stator spring connecting the
rigid-rotor system to the nearly infinite electrical load inertia mentioned
previously. The natural frequency (resonance) of this vibratory mode was
independently calculated to be approximately 3.0 Hz. This vibration mode

,

contributed to the cyclic variation of power previously observed from the
| .

control room to be at 3.75 Hz, which is the frequency at which one complete
'

1
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j set of eight cylinders fires, or the rate at which any one cylinder fires.
Fortunately, the natural frequency of just under 3.0 Hs was sufficiently far

- from the 3.75 Hs excitation to prevent large amplitude vibration with
resulting large swings in power. Also, the amortisseur windings of
synchronous generators provide damping under oscillatory motions to limit
amplitude buildup.

For diesel generators that may be coupled to the electrical power grid,
| TDI should have addressed this electrical-mechanical, rotor-stator coupling.

1

; 3.2.3.3 Investigation of other Mechanical-Electrical Dynamic Coupling '

.

When received, the torsional analysis report [14) indicated that the
j 30-Es firing rate of the engine (4th order) would be sufficiently close to the

first mode natural frequency, 35.5 Hz, to build moderately high amplitudes of
: oscillation at 30 Hz, which is one-half the electrical generation frequency.

Accordingly, recossendations were made [13] to ensure that any possible
i electrical-mechanical interaction would not be missed by the recording of

data. These recommendations are included in Appendix C.

3.2.4 Review of Torsional Dynamics Testing

3.2.4.1 Initial Tests

| The torsional dynamics testing program, with operation of instrumented "

DG 101, was conducted to establish correlation with a detailed computer;

dynamic model of the diesel formulated by FaAA, as well as to investigate the
dynamic interaction of the diesel with various loadings and operational

'

conditions. The torsional tasting program was primarily concerned with the
|

|' catastrophic failure of the crankshaft in DG 102 and near failure crack
,

I
: propagations in DGs 101 and 103. The testing was observed as a part of this>-

review.

( Listings of measured parameters, sensors and transducers, and data
| recording equipment are provided in the test procedures (9,10,11,12].

' ' These include most engine operational temperature and pressure data, i.e.,

,

t

'g )
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lubrication temperature and pressure, combustion air pressure, each cylinder's
exhaust pressure, etc.

Instrumentation for the measurement and recording of vital dynamic data
included the following:

4

o Cranks 5 and 7 were instrumented such that crankpin fillet and web
'

dynamic strain were measured by three element strain rosettes bonded
to the fillet and by a single gage on the crank web. .

'

o Dynamic torque in the crankshaft adjacent to the flywheel was measured
by a strain gage torque bridge.

,

o Cylinder firing pressure of cylinders 5 and 7 was measured with high-<

pressure piezoelectric transducers.
!

'

o Shaft dynamic displacement was measured by a torsional displacement
transducer mounted on the gear case end of the diesel crankshait.;

!

! o Linear acceleration of the engine base was measured by accelerometers
mounted on the base at cylinders 5 and 7.

|
o Vertical, horizontal, and axial acceleration (vibration) were measured,

j for the bearing housing next t'o the flywheel.

Crankshaft position and revolution tachometer were referenced to topo'

| dead center of cylinder 7 provided by an optical sensor mounted on the
generator shaft.

4

| o Generator output voltages were recorded to measure the voltage
difference between phases, (VA ~ V ) and (Vg - V ) *B C

-
!

| o Generator output current was measured for individual recording of each
4 phase.
i

, Instrumentation on the rotating crankshaft was battery powered with
I

j signals transmitted by FM telemetry.

The initial tests were started on September 19, 1983, using the test
j procedure [11] dated September 15, 1943. Strain gage problems continued with

gages dropping from service until five of the eight strain gages in the fillets
,

,

and webs of the crankshaf t were not operational. Testing was suspended at

j that point to repair the strain gage instrumentation. Bowever, the test

| program had progressed through the initial checkouts, through the variable
.

.

~
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speed torsiograph tests, and included the 1750-kW synchronous load test with
the generator connected to the electric power grid. The full load tests, 3/4

load tests, and the TDI torsiograph tests remained to be accomplished.

|
3.2.4.2 Completion of Torsional Tests

a

i Following repair and improvement of the strain gage instrumentation in the

crank fillets and on the crank web, testing resumed at 2:44 an on September 28,
;

!
1983. These tests included the test program in the test procedure dated

September 23, 1983 (12]. The test program, with instrumentation performing

i satisfactorily, continued to completion at approximately 7:30 as that same
r

j morning.

Testing began with Section 7.1 of the procedure [12], which involved
measurements for verification of the analytic model at FaAA in Palo Alto, CA.

i.
This was a correlation procedure in which the initial dynamic measurements

: were telephoned to the FaAA offices and checked against the analytic
!

; (computer) model both to verify the model and to permit the model to predict
the available run time on the engine before crack propagation would preclude,

,

; further testing.
i

| Testing continued through the balance of the test procedure, including

measurements recommended prior to the test and in the course of this review,

and concluded with tests requested by TDI using its own torsiograph and .

| associated instrumentation.
!

Observations of data during the acquisition and recording of data on

j magnetic tape were somewhat limited, but these observations disclosed no

instabilities with the electrical system or adverse transients in these tests

| upon connecting the diesel generator to various loads. As expected, the
,

'
crankshaf t torque signal and the cran!: fillet strain gages showed a signifi-

'

cant 30-Es component keyed to the pressure rise of each cylinder. .

I

j With the test data recorded on magnetic tape, the review plan at the

completion of testing was to permit LILCO and its contractors to review and

verify calibration and zero settings of the various data channels in their

home facilities before conducting an independent review of the test data.

t
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3.2.5 Preliminary Review of Diesel Status Prior to Crankshaft Failure

3.2.5.1 Review of Diesel Generator Test History

Documentation of the test program at TDI prior to delivery of the diesel
generators to the Shoreham plant was requested but was not received for

review; however, statements by LILCO and TDI at the September 1-2 briefing
indicated that a number of manufacturer's operational tests were performed on
the engines in addition to the nuclear qualification program performed using
DG 101. It was also stated that the test data confirmed "to within It" the
critical speeds calculated during design. No statements were made concerning
whether these tests confirmed the amplification factors of each significant
order of vibration.

Reference 15 is a summary of Shoreham's test program for the emergency
diesel generators received for review in advance of complete documentation.

This summary indicated that the test program was responsive to Regulatory
Guides 1.108 and 1.9 and IEEE Std 387, in accordance with LILCO's commitments
in the Shoreham FSAR.

The test program was described as being of the " building block type"; it
started with checkout and initial operation tests for individual components,
and the components were then combined into subsystems and tested again. The

checkout and initial operation were stated to consist of 138 test packages in
addition to 12 flush procedures, followed by 15 functional test procedures *

[15].

After the above tests, the diesel generators were operated for the first
.

time as follows (151:

DG 102 in October 1982
DG 103 in March 1982
DG 101 in April 1982.

i

'

Testing of each diesel continued according to procedure', and the final
test was performed to demonstrate the capability of the diesel generators to

, complete successfully a total of 69 consecutive starts. According to
Reference 15, "By June 24, 1983, the emergency diesel generator preoperational

.
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test program, including all mechanical, electrical and qualification tests,

was completed for all three diesel generators."

In August 1983, all three diesels underwent a cylinder head stud

replacement program, and one diesel generator completed the high load retest

[15]. LILCO's summary continues, stating that "one remaining demonstration of

i diesel capability was scheduled prior to fuel load; the integrated emergency

core cooling system and emergency diesel generator operational demonstration."
i

,

LILCD reported [15] that as of the August 12, 1983 crankshaft fracture,

the diesel generators had accumulated 2182 hours of operation as follows:

DG 101 - 646 hours.,

DG 102 - 718 hours,

DG 103 -- 818 hours.

| In response to a request for information by the NBC regarding the total

| number of operating hours on each diesel generator and the total number of

hours at 3900 kW or greater, LILCO responded [16] as follows:

i

Total Operating Hours
for Each DG Unit at 2-hour

overload Rating (> 3850 kW)
Total Operating Hours (These hours included in total

on Each DG Unit operating hours)
DG At At At At
Unit TDI Shoreham Total TDI Shoreham Total

.

101 128 518 646 3 16 19

! 102 30 688 718 3 19 22
:

103 40 778 818 3 20 23

!

3.2.5.2 Review of Conditions at the Time of Crankshaft Failure
;

f In response to a request for information by the NRC about the test
'

proceduces in use at the time of the crankshaf t failure, LII40 responded with

the following description of the test [17]:

I

-

o
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" Cylinder heads on DG 102 were replaced under R/RR R43-1001 with new
design stress relieved heads. With all eight cylinders equipped with the

|
new heads, the 102 DG was run for 12 hours to allow hot torquing of the

' exhaust header bolts and air start valve nuts. Following this run, a,

retest of the engine was begun under 8.7-R43-042. 'the specific scope of
i

the retest under this 8.7 Form was to

1. Verify proper diesel generator start to synchronous speed and rated-

voltage in less than 10 seconds.
,

2. Verify proper DG operation for four hours at the continous load,

'

rating.
1

1 3. Verify proper DG operation for 2 hours at the two hour overload
! rating.

Refer to the response to NBC Request for Information II.2, pages 10.5
through 10.17, for a copy of the retest procedure 8.7-R43-042, as
completed up until the time of the failure of DG 102."

J
on page 10.1 of Reference 18, LILCO provided the following detailed

description of the events just prior to the failures

| "The diesel generator prior to the performance of 8.7-R43/42 was in its
>

normal standby condition. An interim operating instruction was performed
j to ensure proper breaker positions, proper valve lineup and correct
; initial conditions. The diesel engine was started from its remote
i location, the main control room. Proper starting, acceleration to'

synchronous speed and rated voltage within 10 seconds was verified by the
: test engineer and the OQA inspector. Plant Operator synchronised the
I diesel generator to BUS 102 by closing ACB 102-8 and then proceeded to

increase the diesel generator load to 3500KW in less than 60 seconds.
Once at the 3500KW/300Kvar load the operator was instructed to maintain

.

. this load for four hours. He was instructed that any deviations, caused
! by the LILCO grid, away from 3500RW/300Kvars should be corrected.
| Another plant operator was stationed in the engine room with verbal j

i communications established between operators via headsets. During the
; course of the four hour full load run, a LILCO technician was also
j stationed in the diesel engine room with the task of recording all

pertinent test information every 30 minutes. No abnormal readings were
observed by either operator nor was the data written down by the,

;
i technician found to be out of its normal operating range as specified by
! the engine manufacturer for this size load. :

! )
'

Since this test was handled similar to a Station Surveillance Procedure
no special test equipment was utilised for data recording. All data
written down was taken off of normal plant gauges either in the main

i

control room or in the diesel engine room. The two emceptions were the
generators bearing temperature and the generator stator temperature, both

3 , .
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of which were read off M&TE calibrated instruments. As stated in the 8.7
*

form high speed recorders were not used to record data on chart paper as
a permanent record. Once, during the full load run the individual'

cylinder firing presseres were recorded and found balanced within
manufacturer specifir.d tolerances.',

At the conclusion of the four hours the control roce operator slowly
| increased the 102 generator load up to 3900KW/300 Kvars. This load was
I to be maintained at this level for the remaining duration of the test and
'

the operator was allowed to correct for any load deviations. During the
increase in load, the lube oil low level alarm came in. The dipstick was

,

checked and found to be below the shutdown level mark by 7-8". (This
level is normal for high load operation of the DG units, and the alarm
has been an occasional occurrence on all three engines) . Lube oil'

pressure and turbocharger pressure were normal and the test was allowed
to continue. Data readings were taken every 15 minutes. No abnormal,

j noises were heard by the technician nor the local operator. Vibrations
! did not appear anything out of the ordinary; in fact the diesel engine

seemed to be running fairly well.

i

The overload portion of the test was some one hour and 45 minutes into
the two hour run when the diesel generator vibration was felt in the
control room. The local operator reported no abnormal vibration.

'

| Generator load swings of 2.0 MW were observed in the control room meters,
'

the operator reduced load to 1.0 MW and the oscillations, subceeded. It
was at this point that the generator load shot up to 4.0 MW where the;

operator tripped the output breaker ACB 102-8 and manually depressed the'

'stop' pushbutton. It was later observed that the engine overspeed trip
. had been activated and its alarm had been initiated. Other detailed
| descripcions of this failure are attached, as well as a copy of the data

sheets. Again no traces are available for analysis. Inspection of
i- diesel crankcase internals showed the crankshaft web in the area of No. 7
' connection rod was cracked." -

On page 10.3 of Reference 18, LILCO provided the following sequence of
events when fracture is believed to have occurred:

.

*(Times are approximate and are intended to illustrate sequence rather
than exact time of occurrence)

!' Background: EDG at 3.9 set for 1 hour and 45 minutes,15 minutes from
completion of scheduled 2 hour run.

NASO - S. Livingston on headset at EDG 102 panel in Main
Control Room, E. O. - M. O'Brien on headset in EDG 102 room.

5:15:00 Noticeable increase in vibration in Main Control Room - W.
Uhl, W. Massaro, W. Gunther approached Main Control room
panel. Slight, but normal, fluctuation in load around 3.9

4 -17-
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, m - no other indication of problem. Communication to EDG
room for observation of any problem - only response was
technician was in area taking readings.

5:15:45 vibration continued and suddenly load swing of 1.5 to 2.0 m,

commenced between 2 m and 4 .'9f. Communication from CR to
field 'are you doing anything'. Within 15 seconds, load
was reduced by CR operator to 1 m. Vibration ceased. This
load was carried for about 15 seconds.,

5:16:15 Ioad increased without cause to 4.0 m. Vibration increased
again. Again communication between CR and EDG room
regarding what was going on. W. Nazzaro, instructed
Livingston to decrease load. Load would not come down.

5:1G:30 W. Nazzaro.ihatructed Livingston to trip the machine who
inusediately opened the output breaker. Speed was noted to
emach 600 R'rE before coasting down to rest.

Elapsed Time - 1 1/:| minutes"

,

3.2.5.3 Review of Previous Vibration Survey

There was ample evidence of concern over the vibratory amplitudes of the
! ! diesels. Review of the partial listing [19] of selected previous problems

with the diesel generators also provided evidence of high dynamic forces that
.

had the potential of being associated, on preliminary evaluation, with large
'

amplitude torsional vibration. Should subsequent thorough evaluation prove
this to be true, then many of the various component failures would no longer

,

be isolated independent events as previously reported but linked to a common,

cause.

*

Until more information is available, the following evidence of repeated
I failures in components directly connected to the crankshaf t remains circum-'

stantials, . .
I * $ . ,t

[r q Date Failure Description
+ :,

| 3/30/83 Holddown capscrews, rocker arm assembly (EDG-103),

b 9/17/82 Jacket water pump shaft (EDG-102 and 103)-<

'

10/05/81 Piston crown separated from skirt

t

? ..

'
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Date Failure Description

10/05/81 Failure of attachment stud bolts

10/05/81 Grooving of crankshaft bearing and crank pin
discolored

10/05/81 Wrist pin grooved and pitted, wrist pin
discolored.

Concern over vibration was sufficient to initiate a vibration testing

program in the late spring and early summer of 1983 [7]. The conclusion of

this st'udy states:

"On the basis of comparisons of vibration data taken, the Shoreham
diesels have only the expected and normal vibration and are not subjected
to any excessive vibration and this normal, expected vibration does not
prevent the diesels from reliably performing their functions."

It is noted that the study was based entirely on linear vibration

measurements without any measurement of torsional vibration. It is true that

rotating machinery can suffer from high torsional vibration with little

evidence of linear vibration. However, the crank mechanisms of diesel engines
provide coupling between the torsional and linear vibratory systems so that
there is usually evidence of linear vibration associated with torsional

-

vibration.

1
-

|
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+ 4. TECHNICAL REVIEW AND EVALUATION

4.1 REVIEW OF CRANKSHAFT METALLURGICAL EXAMINATION

4.1.1 Material Specifications and Certifications

All documentation submitted by LILCO to the NRC regarding the crankshaft
indicated that the only material specification for the diesel generators was
that provided in the diesel generator purchase specifications [20, 21]. Pages

9 [20] and 1-10 [21] of the purchase specifications cite " Standard Practices
for Iow and Medium Speed Stationary Diesel and Gas Engines" [2], published by
the Diesel Engine Manufacturer's Association (DEMA), under the heading of
applicable documents. No other document defining diesel engine material
specifications was noted. 'However, " Standard Practices for Iow and Medium
Speed Stationary Diesel and Gas Engines" [2] does not cover crankshaf t
materials other than to limit the cyclic stress level under torsional
vibration. Although DEMA's recommended practices are discussed at greater
length in Section 4.2.1, it may be stated here that no documentation defining
a required minimum quality level of the crankshaft, or other engine component,
was found.

References 22, 23, and 24 indicate that American Bureau of Shipping (ABS)
Grade 3 steel was specified by the engine manufacturer, TDI, for the two
crankshafts purchased from Ellwood City Forge, Ellwood City, PA. Reference 25 -

indicates that the third crankshaft was purchased from Mitsubishi Steel
Manufacturing Company, Ltd. in Japan. However, Reference 25 does not include

an indication of the grade of steel specified by TDI, but does show that the
material conforms to ASTM A273, Gr. AISI C1042. Although the ABS rules
covering steel machinery forgings are currrently written to be "in substantial
agreement" with classes of ASTM A668 steel, the ABS rules did reference ASTM

I

A235 in the years of engine manufacture, 1973-1975. Study of ASTM A235
indicated that ASTM A273' could be specified where the forging mill desired to
use semi-finished steel for the forgings. Thus, ASTM A273 is a specification
for carbon steel blooms, billets, and slabs for forging rather than a specifi-
cation for carbon steel forgings (A235) . The conformance to ASTM A235 afters

.
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using ASTM A273 forging natorial would have depended upon the subsequent
.

forging processes. These processes were not indicated.
.

The ABS " Rules for Building and Classing Steel vessels" (ships) [3]
specifies steel forging material properties primarily by minimum material

.

properties, by certain limitations in steel processing, and by " substantial
agreement" with designated ASTM specifications. The minimum properties of ABS-

Grade 3 steel, shown in Table 1, were taken from the 1973 and 1980 editions of

the ABS's rules. The 1973 edition indicates that ABS Grade 3 steel is to be
in substantial agreement with ASTM A235-67 Class E and that the steel forgings '

are to be annealed, normalized, or normalized and tempered. No restrictions
on steel chemistry are noted in the 1973 edition, but the 1980 edition of the

rules specifies that the chemical composition is to be reported and the carbon
content is not to exceed 0.35% unless specially approved. Although this

; carbon content stipulation was introduced after 1973 and before 1980, the
: interpretations of this rule appear to be such that if the steel meets the

i other chemistry and processing requirements, meets or exceeds the requirements
4 of Table 1, and is in substantial agreement with the respective ASTM.

specification, the steel will usually meet with the approval of the ABS eveni

| though it may contain a greater carbon content. Thus, concerning the actual
,

crankshaft steel, with properties as reported by the forging mills [26, 27]
and shown in Table 2, approval to qualify as an ABS grade can only be granted
by the American Bureau of Shipping following its submittal to them for review.

~

As part of the early analysis of the failed crankshaft, FaAA analyzed the
steel's composition and tested its mechanical properties (28]. The results of
these analyses and tests are shown in Tables'3 and 4 for comparison with
Tables 1 and 2. The mechanical properties exceed the minimum requirements of

f Table 1 by a fair margin. With respect to chemical analysis, FaAA reported
that "Except for the carbon and sulfur, which were determined by a combustion
gas analysis method, the chemical analyses were obtained by an inductively-
coupled plasma technique." FaAA concluded that the steel met the ASTM 235-67

| Class E requirements in accordance with the specification of ABS Grade 3
steel. FaAA's chemical analysis indicated a chromium content of 0.34.

,

'
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American Bureau of Shipping Tensile Property RequirementsTable 1.
.

for Carbon Steel Machinery Forgings
fj

il
,j

Longitudinal Transverse'

s

] Size Reduction Reduction
,

over Under Tensile Yield Elongation in Area Elongation in Area
p.f g
c- 8 Grade (in) (in) (psi) (psi) (t) (t) (t) (t)

i
.' 3 8 12 75,000 37,500 22 35 18- 28

3 12 20 75,000 37,000 20 32 18 28

(
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Table 2. Mill Certified Crankshaft Propertiesi i
!
f.Mechanical Properties

Crankshaft Material Chemical Analysis (%) Reduction l'

Engine Supplier Spec. C Mn Si P S Tensile Yield Elongation in Area f
I

'I
h DG 101 Mitsubishi ABS Gr. 3 0.42 0.64 0.21 0 .0 14 0.011 87,100 47,200 24.2 44.0 ;

e 74010-2604 Steel ASTM A273 87,600 47,700 24.2 42.0 ;'

AISI 1042- j
t
''

DG 102 Ellwood ABS Gr. 3 0.47 0.83 0.18 0.008 0.010 94,500 51,500 24.0 50.3
74011-2605 City Forge 97,750 52,000 25.0 51.7 j

DG 103 Ellwood ABS Gr. 3 0.47 0.83 0.18 0.008 0.010 96,000 53,500 24.0 51.4 [
'74012-2606 City Forge 98,000 55,000' 24.0 52.2 f
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Table 3. Chemical Analysis * of Shoreham Crankshaft

Ellwood City ASTM A235-Element 1st Piece 2nd Piece Mill Chemistry 67 Class E.

s - C 0.47 0.47 0.4-0.47
-

Mn 0.6 0.65 0.83 0.9 max
Si 0.12 0.12 0.18 --

S 0.014 0.010 0.05 max-
,

P 0.01 0.01 0.006 0.05 max
Cr 0.30 0.39 -- --

Ni 0.054 0.055 -- --

Mo 0.03 0.03 - -

V 0.04 0.04 -- --

Cu 0.04 0.04 - -
'

Al 0.004 0.004 - --

Ti 0.03- *- -- .

,

*All elements are reported in weight percent.

|

| ..

Table 4. Summary of Tensile Tests

Yield
, Stress Ultimate Reduction
! Specimen (ksi) ' Strength Elongation in Area
| Number h Lower (ksi) (t) (t)

R1 46.6 45.0 89.0 25.4 42.0
"

R2 45.3 44.9- 89.4 30.0 45.1
)

T1 47.1 45.9 87.6 37.1 49.1 I

T2 46.9 46.9 88.2 39.0 47.6 i
L1 47.3 45.9 89.5 25.1 35.3 |
L2 47.4 44.8 89.1 23.0 30.6
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,

; It is noted that neither ABS Grade 3 nor the ASTM A235-67 Class E specifi-
'

cation limits the chromium content so long as it is a residual amount. A

chromium content-of.0.3% for this steel is considered to be residual.

FaAA's conclusion that the crankshaf t steel, as analyzed, meets the

requirements of ABS Grade 3 specification designated by the engine manufac-
turer is generally acceptable. However, it should be noted, as discussed

above, that only the American Bureau of Shipping can approve a material as

conforming to an ABS grade if its chemical content is different than the range

specified by ABS.

4.1.2 Metallurgical Examination of Fractured Crankshaft
.

This section summarizes the metallurgical examination performed by FaAA
on the fractured crankshaft from DG 102 and reported by FaAA in Section 4.0 of
Reference 29.

Appendix 3-1 to FaAA's report contains the agreement reached by LILCO,
Stone and Webster, TDI, and FaAA regarding the extent and procedure for
cutting and sectioning the featured portion of the crankshaf t for metallur-

,

gical analysis. The beginning of this process was described by FaAA [29] as

follows:

"The failed crankshaft had fractured into two pieces at the crank pin
journal of cylinder No. 7. Fracture occurred mostly through the web
connecting the No. 7 crank pin journal to the adjacent No. 9 bearing

,

journal. The section examined was saw-cut from the crankshaft cuts were
made through the No. 8 and No. 9 main-bearing journals. .This two-piece
section containing the fracture was shipped to FaAA's laboratory in Palo !

'

Alto, California for laboratory examination.
-

|
Both pieces of the fractured section were examined visually;.then the

'

metallurgical failure analysis was performed on the piece nearest to the
No. 9 main bearing. The other piece, with the mating fracture surface,
has been preserved for any additional examination that may become
appropriate in the future."

1

I
The two pieces of the cutout fractured section of the crankshaf t are

j

( shown in Figures 3-1 and 3-2 of FaAA's report [29]. Figures 3-3, 3-4, 3-5, I

and 3-6'of that report show the methodology of sectioning the half of the

' fractured segment used for metallurgical examination.
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4.1.2.1 Visual Analysis
.

'

FaAA [29] reported the location, orientation, and characterization of.the
fracture surface as follows:

"The fracture surface exhibited an obvious, unmistakable fatigue crack
pattern. Concentric beach marks showed that the fatigue crack started at
the surface of the machined fillet radius where the crank pin journal
blends into the web. The orientation of the fracture plane at the origin
can be described using a visual analogy of a clock faces (1) the clock
position is viewed from the output end of the crankshaft, (2) the clock
face is centered at the crankpin axis, and (3) the 12 o' clock position is
at the point on the pin jou:nal furthest from the crankshaft rotation
axis. The location of the fracture initiation is 0.055 inch in the
radial direction from the journal surface and at a 4:30 clock position."

FaAA supplemented its discussion of visual analysis with photographs that
clearly show a classic development of a fatigue crack. FaAA's Figure 3-8

shows the initial crack development area in the fillet between the crankpin
~

and the web, wherein the early crack development is characterized by fine
beach marks indicative of slow progressive crack growth over a large number of
stress cycles.,,

'I

The FaAA report characterized the crack growth and its orientation as,

| being similar to that associated with pure torsion in a cylindrical member.
1

Because the developing crack plane deviated somewhat from the ideal torsional
case, FaAA's discussion correctly noted the modifying influence of the tran-
sition in geometry from the cylindrical crankpin journal to the crank web. ~

FaAA's basic findings of the visual analysis and their observation that
- the crack's surface propagation is essentially normal to the maximum tension

strees resulting from the combined cyclic and steady output torque in the
shaft were determined to be correct during this review.

4.1.2.2 Scanning Electron Microscopy

FaAA used scanning electron microscopy (SEM) to investigate and
characterize the point of origin. This analysis was reported in considerable
detail, and 32 SEM photographs were included in the report [29].
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In summary, the analysis confirmed that the fatigue crack began at one of
a number of score marks on the crankpin fillet that was somewhat deeper than
the adjacent machining marks and ether score marks. The analysis also proved
that the fatigue crack was not unduly influenced by the score mark or other
small material imperfections present. No matter how ideal a material may be,
small or even microscopic imperfections at which a crack will begin are always
present. This means that, although the fatigue crack did initiate at a,

particular score mark, it would have initiated in that region a number of
cycles later had the score mark not been present.'

!

4.1.2.3 Metallography

After completion of the SEM examination, FaAA reported [29] that the
sample containing the fracture origin was diamond saw-cut to expose a cross

j section through the point of origin. The cut surface was ground down in steps
to permit viewing at several levels relative to the point of fracture origin.

The FaAA report included photomicrographs of the various cross sections.
One optical photomicrograph showed the depth of the score mark to be 0.002
inch in that plane. FaAA's description and characterization of the metal
structure and the score mark follow:

"It is apparent, from the disturbed microstructure at the score mark,
that local plastic deformation occurred when this score or anomaly was
made on the machined surface; that is, the score mark was indented into ,

the surface, not gouged out. This indicates that the score mark was made
after machining. Local deformation resulting from the creation of the
score mark may have left highly localized residual stresses that made
this location more prone to be the point of origin of a fatigue crack
than the surrounding machined surface.

The microstructure was uniformily fine pearlite and ferrite. Figure 4-52
[9] shows this microstructure. The pattern of pearlite and ferrite
reveals that the austenite grain size varied from ASTM 4 to ASTM 8. This
duplex austenite grain size is consistent with the fact that the steel

was not aluminum killed, and, therefore, it is not inherently fine
grained. The microstructure is as to be expected for a steel of this
type when it has been given a normalizing annealing treatment at 1600*F.

The steel was clean and relatively free of nonetallic inclusions. The
l inclusions observed were generally fine and were distributed uniformlys

4 -27-
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throughout. Figure 3-53 [9] shows the largest cluster of inclusions seen
on the metallographic cross section at Plane B. No unusual inclusions
were found near the fatigue crack origin. It is concluded that the
microstructure was normal and proper for a forged steel crankshaft. The
failure did not originate at an inclusion in the material."

These findings were reviewed and found to be satisfactory.
.

;
.

4.1.2.4 Macroetch Analysis

FaAA reported [29] that slab sections were macroetched to reveal flow

lin( patterns, segregation, general inclusion distributions, and any forging
or ingot defects. Their report, supplemented with photographs of the etched
sections, indicated that the sections had smooth forging flow line patterns
with no metallurgical anomalies.

~

FaAA's report that the sacroetch results (as shown therein) indicate that
the crankshaft forging was metallurgically sound was reviewed and found to be
satisfactory.

.

4.1.2.5 Hardness Measurements

*

The following summary of hardness measurements made and reported by FaAA
[29] was reviewed and found to be acceptable:

"Two conclusions can be drawn from these hardness test results. First,
no systematic variation in bulk hardness values was observed. This

.supports the other metallurgical evidence that properties of the shaft
are homogeneous and that any forging-induced or as-cast heterogenities

4 have been effectively removed by subsequent heat treatments. Second, the
| hardness values are consistent with the mechanical properties measured on
'

samples removed from the failed crankshaft, and the measured hardness
values are appropriate for a properly heat-treated steel forging of this
type."

!
'

"'; 4.1.2.6 Residual Stress Measurements

Residual stresses measurements were made and reported [29]. These
* stresses were reported'to be made using a position-sensitive scintillation

detector wherein a single exposure technique determined the residual stresses
in a surface layer about 0.0005 inch thick. The report also indicated that

;
,

' 000 Franidn Research Center1

A Onemen af The Frereen insuMe

| , s

, . . , . _ . . . . .. .., .. , ,_ y ,. m.m m.y,.,, m __



^

1-~ ~- ala L- l- .n- -uu.a. a d O n ~ <_ . _ - ~-

' *

, .

TER-C5506-426

the area over which the stresses were averaged was 0.040 by 0.040 inch.
Reproducibility was reported to be poor due to errors in achieving sufficient
accuracy in reposition to a previously measured area.

Residual stresses were reported to be measured first using a specimen
(designated Section H) of the failed crankpin and web. These stresses were

reported to be low in value, and were judged to have been influenced both by
the relatively small sample size and by the fracture process and subsequent,

failure events: the engine did continue to operate briefly and to increase in

speed before being shut down following crankshaft fracture. The associated

battering of the fractured surfaces could have instituted a stress relaxing
process.

Residual stress values for a subsequent larger specimen cut from the
No. 5 crankpin, where the post-fracture environment was much less severe, were
reported to vary from approximately -20,000 to -55,000 psi and were reported
[29] to be representative of the actual residual stresses in the machined

'
fillet radius of the original crankshaft.

The residual stresses for the second, larger specimen could also be in
error because the possibility of residual hoop stresses in the crankpin and
fillet was not considered. In obtaining the second specimen, an axial cut was

made through the crankpin that included only a small arc of the crankpin and,

fillet in the sample. If residual hoop stresses were present in the original -

, crankshaft, they would have been largely relaxed by cutting out the material
specimen. If these original hoop stresses, when considered alone, produced

l
tensile stresses on the surface, then their relaxation-in conjunction with

'

other compressive residual stresses would have decreased the tensile component
and moved the state of surface stress farther into the compressive region.

i This would have been true for both the hoop and axial stresses, which are
i 1
| coupled through Poisson's ratio. Reference to Table 3-9 of Reference 29
1

appears to give some evidence of hoop stress relaxation, but not enough to
. substantiate'any conjecture that significant residual hoop stresses are being
relaxed. It is noted in Table 3-9 of Reference 29 that the axial stresses for. .

'

the edges of the specimen (points B & C and H & I) where relaxation would
,

0t
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be greater are higher in compressive stress than the points in the center.
(points E & F). The pattern appears to be symmetrical as expected in the

specimen. If this were true, it would indicate that the state of surface

stresses could have been much less into the compressive domain than that shown
by Table 3-9 of Reference 29.

'

1

In addition to the above discussion of residual fillet surface stress in I

t the original crankshaft, it is believed that the presentation of the residual

stresses in a 0.0005-inch-thick material layer at the fillet surface is
,

misleading without a discussion of their ramifications. It is true that a

state of compressive residual stress is desirable in machine members subjected
; to cyclic (fatigue) loading. However, without the knowledge of how these

stresses vary Nith depth, the stresses lose much of their meaning. They could

represent a very shallow distribution sometimes induced by machining methods

and may mask a subsurface state of stress conducive to earlier fatigue failure.

In summary, the conclusions in Reference 29 concerning residual stresses

refer to residual stresses induced by machining. .These residual stresses

induced by machining appear to be compressive, although possibly not to the
magnitude reported and, as such, would not contribute to a state of surface

stress conducive to crack formation.
.

1

4.1.2.7 Metallurgical Summary
.

FaAA's conclusions about the metallurgical examination follow [29) .

" Failure of the crankshaft in the DG102 emergency diesel generator
,

'

occurred by the formation of a fatigue crack. The fatigue crack started
in a surface score on the fillet surface where a crank pin journal blends
into a web section. The identification of the fatigue character of the
fracture is unequivocable. Unmistakable beach marks are clearly visible

! on the fracture surface.
\ . .

' - Microstructure, composition, and mechanical properties of the forged

; steel crankshaft are proper as required by ABS Grade 3 or the' equivalent
ASTM A-235-67 Grade E, the pertinent steel specifications. The

| crankshaft is metallurgically sound.

!

| The location and planar orientation of the fatigue crack indicate that
I the crack was caused by cyclic torsion stresses superimposed on the
l

constant torsion stress resulting from the engine output torque.

4 -30-
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Since the metallurgical characteristics of the steel are good, it must be
concluded that the fatigue failure occurred because of excessively high
cyclic stress as applied to the crankshaft during testing.

The fatigue crack was not caused by the score where it initiated, nor did
the surface imperfections on the. machined surface of the fillet near the

* crack origin influence the formation of a fatigue crack. Had the
machined surface finish been better, the fatigue life of the crankshaft

,

probably would have been longer. Such features are to be avoided in
fatigue-prone parts. Had the crankshaft not been subjected to

| excessively high service stresses, the fatigue crack would not have been
initiated even at the deeper score mark."i

f The present review is in agreement with these conclusions.
;

4.2 REVIEW OF CPANKSHAFT DESIGN,

4.2.1 Rules, Standards, and Methodology

Applicable rules and methodology of design vary widely, depending upon

; the application of the diesel engine. In general, design rules exhibit

greater conservatism of design for applications where engine reliability is
,

paramount. Rules governing the design of engines for ship propulsion are
usually conservative and reflect both the need for safety and the more limited
repair facilities at sea. The following sections discuss two sets of

standards made applicable by the purchase specification and by the engine
manufacturer's material specification. Crankshaft design methodology is also

discussed. ,

|
4.2.1.1 Diesel Engine Manufacturer's Association (DEMA)

DEMA's " Standard Practices for Low and Medium Speed Stationary Diesel and

Gas Engines" [2] was cited under the listing of applicable documents in the
,

, purchase specification (20, 21] of the diesel engines for the Shoreham Nuclear
1

Power Station. The 6th Edition is the latest edition, published in 1972

before the purchase of the diesel engines.

These DEMA standards constitute a set of nonmandatory guidelines for the

purchase of diesel engines. The scope of the standards are best expressed by
the foreword from the 6th Editions
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'

"This book has been published to serve as a reference for consulting
engineers, government agencies, users, suppliers, power plant
superintendents, and engine operators. It provides generally accepted
standards for nomenclature, installation, application, operation, and
maintenance of engines and accessory equipment in various types of
stationary engine installations.

; .

It is not the purpose of this book to attempt to set forth basic design
criteria for engines because such approach would be impossible within
this volume and yet do justice to the many types of engines on the
market, notwithstanding the fact that many technical texts are available

; to the student who may be undertaking the design criteria aspects of
engines in general.

The existence of, or the adoption of, a standard by DEMA does not in any
respect preclude any member or nonmember from manufacturing or selling
products that differ from these standards."

With respect to the crankshafts, materials are neither specified nor
'

recossmended. Ilowever, Chapter 7 is devoted to vibration, where design
objectives and criteria are discussed under the topic of torsional,

vibrations. Three aspects discussed in the section apply to the Shoreham,

:

| diesel engines. These are as follows:

I "In the case of the constant speed units, such as generator sets, theo
objective is to ensure that no harmful torsional vibratory stresses,

occur within five percent above and below rated speed."'

"For crankshafts, connecting shafts, flange or coupling components,; o
etc., made of conventional materials, torsional vibratory conditionsi

shall generally be considered safe when they induce a superimposed .

stress of less than 5,000 psi, created by a single order of vibration,
or a superimposed stress of less than 7,000 psi, created by the
susmation of the major orders of vibration which might come into phase
periodically."

o "For the case of shaft elements variously know as ' quill shafts,'
' tuning shaf ts,' or ' torsionally resilient torque shaf ts,' and other
elements which are specifically designed for the application, and
manufactured from material of adequate physical properties, with
careful. attention to design and machining of keyways, fillets, etc.,,

superimposed vibratory stresses at much higher levels may be
acceptable. The design of such elements is always correlated in the
torsional analysis."

With respect to the second item above, which recommends l'imits of 5000

and 7000 psi for crankshatts, it is generally conceded that these stress,

.

+e%'s
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limits apply to torsional stresses calculated for the crankpin diameter

without the application of stress concentration factors. In fact, stress
.

concentration in the fillets, or the oil hole, is compensated by recommending .

low cyclic stress limits for the crankshaf t. However, such practices are not
,

adequate if the stress concentrations are not limited by a parallel design

standard covering crankpin oil hole and/or fillet geometry where stress

concentrations can be high.

By contrast, the third item from the DEMA recommendations above permits
stresses higher than the 5000 and 7000 pai limit for quill shafts and other

| elements specifically designed for the application and manufactured from
material of adequate physical properties with careful attantion to

stress-concentrating geometries. The contrast is this: the crankshaft limits

include an historical perspective of experience for similar crankshaft

{ geometry, whereas this is not generally possible for special equipment;

; therefore, full engineering analysis and judgment are required if these values

| are to be exceeded.
,

!

4.2.1.2 American Bureau of Shipping (ABS)

The " Rules for Building and Classing Steel Vessels" [3] by ABS were not
invoked as standards for the design of the Shoreham diesel engines, other than

[ the engine manufacturer specified ABS Grade 3 steel in the procurement of the
.

However, the ABS rules are representative of the various rules
.

I crankshafts.
I

used to classify ships, of which probably the world's best known rules are
Rules and Regulations for the Classification of Ships [4] and Guidance Notes
on Torsional Vibration [5] by Lloyds Register of Shipping. Lloyds rules, as

| well as the ABS rules, are published each year to reflect constant updating.
i ,

Ship classification associations, such as the American Bureau of Shipping
and Lloyds Register of Shipping, represent possibly the oldest machinery
review and evaluation associations functioning today. Lloyds Register began

.

operations in 1760.and published its first set of rules in 1834. As ships and
ship propulsion systems became more sophisticated, the classification

,

associations served as design review agents to evaluate functional adequacy
and safety. Considerable experience in the review and evaluation of diesel

i ;
,
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engines was realized from the long-term use of diesel engines for propulsion
and for electric power generation in ships. The ship classification rules
probably represent the most extensive experience in large diesel engines
available.

4.2.2 Torsional Dynamic Response Analysis

4.2.2.1 Susmary of Analysis Methods

Reciprocating engines, especially diesel engines, have always constituted.

- a challenge for the dynamicist. The motions (kinematics) of the engine parts
are complex; diesels, in particular, are subjected to sharp cylinder pressure;

rises that serve to further excite vibratory natural frequencies in the
complete power system as well as in the engine.

The dynamic response analysis of an engine or complete power system to
internal or external excitation begins with some mathematical model of the
system's dynamic properties. The approach most used is based upon an appro-
priate consolidation of inertias (torsion vibration) and spring constants such;

as that shown in Figure 2. With the mathematical model established, the
i dynamicist has a choice of action:
!

solve the dynamic equations directly to yield both the transient andj o
! steady-state solutions '

modify the equations and procMure of direct solution to drop the ~o

.
transient response and retain the steady-state vibratory response

make an electric-analog model and simulate the mechanical vibrationo

j o resort to specialized nuntrical procedures that have been devised over,

; the years prior to the introduction of digital computers (e.g.,
*

, Holzer's methods).
\.. .

"

! -h. In theory, the first course of action is the simplest: write equations
e ,--

'

|., equating the summation of forces (torques) on each mass (inertia) to the
1

acceleration of that mass (inertia) . Direct solution of these equations will
provide the transient and steady-state solutions to yield a simulation of the !

-

.

engine system's dynamic response consistent with the accuracy and completeness |

3

.

i

of the model and equations employed. Prior to the introduction of computers,
'

t
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however, there was no feasible method of solving the equations. Even now,

with the use of digital computers, a direct solution of the equations tends to
consume more computer time than the modified direct solution methods discussed

j below.

The second course of action is a modification of the direct solution
method wherein the solution procedure is modified to inttoduce certain types
of expected steady-state harmonic response and the solution is made to

determine the amplitudes and phase relationships of the harmonic responses.
This often called the mode superposition method [30], because the normal modes
of vibration of the system are determined, each mode is subjected to the
excitation, and the resulting responses of the separate modes are superimposed
to yield an overall solution to the steady-state problem. In general, this is

a little less comprehensive but also less computer-intensive than the direct>

| solution. Damping (energy loss) during vibration is not handled well by this
, . method and approximate values for each vibratory mode must be substituted.

However, the method is highly recommended for application to diesel-generator-
torsional vibration away from an actual resonant point. FaAA used this method
for its analytical (computer) model of the Shoreham diesel torsional dynamic
response.

Electric-analog methods are powerful and effective but very time
consuming to set up and use. The method has largely been supplanted by the,

digital computer which offers greater versatility. ..

Since the turn of the century, various numerical tabulation techniques
! have been developed, of which Holzer's method remains probably the best known

today. These earlier methods are important because they form the foundation |
1

.

1 ; of most diesel engine torsional dynamics programs in use today for engine
~r

c
j design. Further discussion of Holzer's method is presented in the next
9 section.i

4.2.2.2 Historical Diesel Industry Analfsis Method
. ,

Tabular methods, such as Holzer's, have become the key analysis used by,,

3 the diesel engine industry to determine the amplitude of torsional vibrations
,
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_.

excited by engine operation parameters and load variations [31]. Although
,

_
tabular techniques are very limited compared to computerized direct solutions,

the industry had little else to use throughout most of the years of diesel

engine. development. During the 1930s and 1940s, the industry refined the

tabular methods for the estimation of limited ranges of dynamic response. The,

trend was so well established that, when introduced, the digital computer was

.

used to carry outs and to further develop, the familiar tabular techniques.

Perhaps this occuried because the computer was able to consolidate the basic
analysis with certain of the classification rules [5] into one computer

program. Although engine manufacturers developed their own computer programs,

i at least one program (TORVAP by Structural Dynsmics Research Corporation),

appearing to be based upon Lloyds Register rules [4], was available between

1973 and 1978 on widely used computer time-sharing facilities.

In conjunction with the tabular methods that were developed for dynamic

response analysis, Fourier series methods were developed to characterize the
i ,

cylinder firing excitation and to provide a means by which it could be input

meaningfully to the dynamic response analysis. To do this, a curve of;

cylinder pressure versus crank angle was employcd with analysis of the crank-

positions to develop a diagram of tangential effort as shown in Figure 3. The
,

tangential effort curve connects points of the instantaneous torque,

normalized with respect to (divided by) crank radius and piston area. The

effort curve is represented by the Fourier series as follows: -

T = 'Dn + Z (An sin ne + Bn cos ne)
or

I
~ T = 'Dn + Z Tn sin (ne + $n)

2

where 'On = constant mean tangential effort*

Tn = resultant coefficient of the nth order of torque excitation,.s

Tn = [An + Bn ]
9 = crank angle

n = order number, or the number of cycles of excitation of that
component per revolution of the engine.

*

,

'
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Figure 3. Tangential Effort Diagram and Harm nic Components
(from Reference 32]
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Table 5. Accepted values of Tn from Classical Sources

i

(Tn for mean effective pressure = 225 pair gas pressure only).

.

Lloyds
'

Porter [34] Nestorides [33] Ker Wilson (32] Register [4]
Order (1943) (1958) (1963) (1972)

0.5 73.5 76.0 77.0 30.0
1.0 79.8 90.0 79.0 88.0
1.5 69.5 79.0 75.0 83.0
2.0 59.5 66.0 66.0 69.0
2.5 46.0 55.0 55.0 57.5
3.0 42.0 44.0 43.0 47.5
3.5 35.3 33.0 32.0 38.5
4.0 28.7 25.0 25.0 30.5
4.5 22.8 20.0 19.0 23.6
5.0 18.5 15.3 15.0 18.0
5.5 15.1 12.0 11.0 13.8
6.0 12.2 9.5 8.9 10.5
6.5 9.4 7.3 7.3 8.5
7.0 7.3* 6.0 6.0 6.8

i

7.5 4.4 4.9 4.8 5.5
,

8.0 4.7 4.1 4.0 4.4
8.5 3.5 3.1 3.4 3.7
9.0 2.6 2.7 2.8 3.2-i

|
9.5 2.0

' 2.4 2.8-
,

10.0 1.6 2.1 2.5-
,

1 10.5 1.1 1.8 2.3--

11.0 0.7 1.6 2.0--

' 1. 4 1.811.5 0.36 --

' 12.0 0.25 1.2 1.6--

4

|

1
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Please refer to References 32 and 33 for full discussions of tangential
effort. Accepted values of Tn [4, 32, 33, 34, 351 are shown in Table 5. For

i

order numbers through 9.0, for which all values are shown, the values cover a
span of 29 years and many diesel designs, including turbccharging (all are;

< 4-stroke cycle). The values are very consistent.

It should be noted that the values of Tn in Table 5 represent cylinder
pressure only. A full solution must include the additions to Tn contributed

{ by the following effects [32]:

o inertia forces of reciprocating parts
! o dead weight of reciprocating parts

o inertia of the connecting rod.

In the analysis for the amplitude of dynamic response, the Fourier
| coefficients, Tn, are the root values of torque excitation magnitude at a

given frequency. Because of the amount of tabulation necessary, the analysis
may be carried out for only those orders that appear to yield higher response
amplitudes. In any event, superposition of events, including the full phase '

relationship between orders of excitation and vibratory modes, is noti

! generally attempted.

Where superposition is not attempted, the amplitude responses for each

j order are plotted as shown in Figure 1 (also see TDI critical speed analysis
in Appendix A) . Total amplitude of response at any particular operating speed

,

is taken as the sum of the individual responses at that speed. These values
are converted to shaft torque and to shaft stress by the usual procedures.

.

!

4.2.3 Review of TDI Torsional Critical Speed Analysis

The TDI torsional critical speed analysis included in this report as
, .

i

| Appendix A was reviewed and found to contain substantial deviations from the
magnitude of the dynamic excitation employed, when compared with consistent

,

accepted values, that is, the published values of Tn discussed above. This
! and other s'ignificant points are discussed in the following sections.

-40-
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4.2.3.1 TDI Mathematical Model

TDI formulated a mathematical model, similar to that shown in Figure 2,'

for the calculation of natural frequencies and modes of vibration. The
!'

calculated ratural frequencies were:

; First mode 2130 cpm
Second mode 5455 cpm
Third mode 6495 cpm

,

These frequencies, with respect to the 4th, 4.5th, and 5th orders, yielded
critical speeds of 532, 473, and 425 rpm, respectively, as those nearest to
the operating speed of 450 rpm.

The TDI mathematical model did not include the load inertia or its
coupling to the rest of the mathematical model through the rotor-stator
electrical interaction. Although this has been proven to be of minor

'

significance by the torsional testing of the engine, it prevented the
recognition of an approximate 3.0-Hz natural frequency when the generator was
connected to the electrical power grid as discussed in Section 3.2.3.2.

4.2.3.2 TDI Dynamic Response Analysis

The results of TDI's dynamic response analysis are shown in Appendix A by
the chart of response curves for each signficant order. TDI's response

analysis summary is included in Appendix A and was performed in accordance -

with the historic analysis method discussed in Section 4.2.2.2 of this report.

In the course of this review, TDI's use of the Tn values was studied with

considerable interest. First, TDI used a different set of Tn values for each

of the three mode shapes calculated (Appendix A), but, most significantly,
TDI's values are about half the magnitude of the values shown in Table 5 which

f

lists published Tn values. As a consequence, the stress in the crankshaft as

calculated by TDI was about half the value calculated from dynamic response
analyses employing the published Tn values.

The TDI values of Tn should not, however, be compared directly to those

of Table 5 because the values in Table 5 represent only cylinder pressure. Tn

f

|

!
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values for diesel engine dynamic response analysis should include all
contributions as discussed in Section 4.2.2.2. Because TDI neither described
its source for Tn values nor defined the contributors included, it is not
possible to discern TDI's technical content. The source and technical
justification of TDI's Tn values were requested but have not been provided as
of this report. A review of the contributions from sources other than
cylinder pressure indicates that the added value is small for the most part,
except for the lower orders. For example, piston reciprocating mass provides

. the largest added value to Tn, -2.845 for the 4th order, 0.0 for the 4.Sth
order, and +0.408 for the 5th order. These~ values, added to or subtracted
from the historic values, still provida about double the values used by TDI
for the critical orders.

' - TDI has recently made available its range of Tn values used for diesel
engine design over the past 10 years. These are shown in Table 6 for
comparison with TDI's design values for the Shoreham diesels and are taken
directly from TDI's report (35]. TDI, however, still did not disclose the

source or content of these values.

4.2.3.3 Comparison of TDI Crankshaft Stresses to the DEMA Rules

The discussion of the DEMA rules [2] in Section 4.2.1.1 of this report
shows that the stress criterion for a single order of torsional vibration is
5000 psi, with 7000 psi serving as the criterion for the summation of orders

.

that can coincide periodically.

In Table 7, the "old" stresses follow from TDI's original torsional

_

critical speed analysis (Appendix -A), whereas the "new" stresses reflect the
use of TDI's latest set of Tn values'in that same analysis (ll-inch

, , crankpin). These stresses were calculated following TDI's analysis (Appendix>

,

A) during this review.'

Comparing the "old" stresses to the DEMA rules, it is seen that the
largest stress for a single dynamic order is 2582 psi, well under the DEMA
single order limit of 5000 psi, and that the susmation of the most significant.

| orders remains well under 7000 psi.
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n b
A Demmen of The Franten bushde

I .

: _ _ _ . ?_"Y ~

?_ - ?. -- - N 5*-"~ I" '" " *
~ '



~ N ~3.,; w a , a n.s. 2,i x n: ~ 6 a m a$ m e u. ~ A m > A cw v~ w w " *-: ~ ~ '=d " a
. ..

. .

TER-C5506-426

Table 6. TDI Harmonic Coefficients
(from Reference 35)

Year 1974-1975 1975 1975-1977 1977-
-

Listing From LILCO CP&L MPEL Stride
Harmonic Group 1 Group 2 Group 3 Group 4

: 0.5 11.00 90.88 97.00 155.45
1 20.62 89.78 94.34 94.21
1.5 19.00 94.88 100.70 129.21
2 24.06 45.43 42.53 42.61
2.5 20.20 62.38 65.10 71.51
3 19.97 14.84 16.57 16.52
3.5 16.70 38.91 40.61 42.72
4 13.30 29.04 30.25 27.62
4.5 9.85 12.48 12.73 12.72
5 7.30 9.21 9.39 9.38
5.5 5.65 7.01 - 7.14 7.14
6 4.18 5.55 5.68 5.68
6.5 3.29 4.39 4.49 4.49
7 2.66 3.60 3.69 3.68
7.5 2.23 2.98 3.05 3.04
8 1.87 2.46 2.52 2.52
8.5 1.61 2.20 2.26 2.26 ~

i 9 1.42 1.92 1.97 1.97
9.5 1.25 1.50 1.53 1.52

10 1.11 1.25 1.27 1.27
10.5 1.00 1.13 1.14 1.14
11 0.91 1.01 1.02 1.01
11.5 0.82 0.88 0.89 0.89
12 0.74 0.78 0.79 0.79

!

ranklin Research Center
A||Damen af The Fraseen insumme

. . _ - . - - . ._ _- ~ _ _ . . . _ _ ,



. s .

|. .

I,

|
1

TER-C5506-426

!

|

|

Table 7. TDI Stresses for DEMA Rules (ll-inch Crankpin)

Old New
Dynamic Dynamic

Old Stress New Stress Selected
order Tn (psi) Tn (psi) Orders

1.5 19.00 320 129.2 2176 2176

2.5 20.20 425 71.5 1504

3.5 16.70 281 42.7 718

4.0 13.30 2582* 27.62 5362* 5362

4.5 9.85 790 12.72 1020

E 4398 I 10,780 7538

* Values used for comparison with single order reconumended limits. ~

r
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For "new" stresses, the 5362-psi stress for the 4.0th order is beyond the
single order criterion, and the summation of only two orders exceeds the
7000-psi criterion. Carrying the sunmaation further, Table 7 indicates that

for orders 1.5, 2.5, 3.5, 4.0, and 4.5, which can coincide periodically but at
a lower frequency, the sum of the stresses is double the DEMA criterion.-

A check of well-known literature would have indicated that the Tn values
should have been questioned. Also, the use of rules such as Lloyds Register
[4] would have brought about an automatic check of the Ta values.

4.2.3.4 Comparison of TDI's Crankshaft Decign to the ABS Rules

Selected paragraphs from the 1980 Kules for Building and Classing Steel
Vessels [3] by the ABS are provided in Appendix B. The TDI 13 x 11 crankshaft

is compared with applicable paragraphs, and commentary about the 1973 rules is,

provided where differences are apparent.

ABS Paragraph 34.3.4, Torsional Vibration Stresses

This ABS rule requires submittal of calculations including tables of

natural frequencies and vector summations for critical speeds of all orders up
to 120% of rated speed, and stress estimates for criticals whose severity
approaches or exceeds the limits in ABS paragraph 34.57 and ABS Table 34.3.
ABS Table 34.3 limits the stress for a single harmonic (order) to the -I

following values:

ABS Grade 2: 1 2134 psi
l ABS Grade 3: 1 2490 psi

ABS Grade 4: 1 2679 psi

ABS paragraph 34.57.1 establishes that, for designs differing from

previous installations, stresses at single harmonic critical speeds are not to
' exceed the above limiting stresses. ABS Paragraph 34.57.1 also indicates that

total vibratory stress in the interval of 904 to 105% of rated speed is not to

exceed 150% of the above stresses. During this review, it was assumed that

the method of totaling is not fixed and that stresses due to all significant

orders of vibration may be reasonably totaled according to appropriate vector
suas if the orders do not coincide periodically.
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Note that the ABS limits for cyclic stress are approximately half the:

DEMA [2] recommended values of 5000 pai and 7000 pai, respectively.
)
i

'

ABS Paracraph 34.17.1, Minimum Diameter of Crankpins and Journals

The formulas constituting the ABS analysis method shown in Appendix B>

were used with the substition of the following values from the diesel
generator design to calculate the minimum crankpin journal diameter.

D = 17.0 inches, diameter of cylinder bore
P* = 1774 pai, estimated maximum cylinder pressure at 3900 kW
L = 16.5 inches, span between main bearings
H = 3900 kW/0.746 kW per hp = 5228 hp
R = 450 rpm

C = 1.00, engine with more than 6 cylinders
F = 2140, Grade 3 forgings (a constant; see Appendix B)
M = 0.131 PD L = 1.108 x 10 (formula from Appendix B)
T = 63,000 H/R = 0.7319 x 106 (formula from Appendix B)
d = 11.12 inches, minimum crankpin or journal diameter

(see formula, Appendix B)

Note: DG 101, DG 102, and DG 103 had ll.00-in crankpins.
_

These calculations for minimum crankpin diameter under the ABS rules show
J

that, based on ABS Grade 3 (for which constant F = 2140), the required minimum
,

! j crankpin diameter is d = 11.12 in. For ABS Grade 3 material, the diasel

generator crankshafts with crankpin diameters of 11.00 inches would be
underdesigned. However, the actual crankshaft material has physical

*

properties more nearly equal to ABS Grade 4 and, except for one reduction of.

, area measurement reported by FaAA (Table 4), could qualify as an ABS Grade 4
material. Thus, using the material constant, F = 2310, for ABS Grade 4-

.c-

:-}
.

* Cylinder pressures were not available. However, an informal telephone
communication with Dr. Johnston, FaAA, on February 7, 1984 indicated that-

peak cylinder pressure was 1680 psi at the 3500-kW load. Therefore, a
maximum peak pressure of 1774 pai at 3900 kW was computed as the square root
of the ratio of the power levels.

|
.

[
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material in the above calculation yields a minimum allowable crankpin diameter

of d = 10.84 in. This is less than the ll.00-in actual crankpin diameter. In

summary, if full credit were taken for the actual crankshaft material

properties, the ll.00-in crankpin diameter of the diesel generators just meets

the minimum ABS crankpin requirements as shown by calculations performed as a

part of this review.

ABS Paragraph 34.17.4. Solid Crankshaft Web Dimensions

In order to provide adequate bending stiffness in the web, ABS requires
that the web dimensions satisfy the following inequality:

wt > 0.35 d

where w = 21.0 inches, width of web

t = 4.5 inches, web thickness

d = 11.00 inches, crankpin diameter.*

Thus,

(21) (4.5) > 0.35 (11.0)
425 > 42.4

and the inequality appears to be satisfied. (The values for w and t were
acquired infortaally by a telephone conversation with Dr. Wells, FaAA, on

February 9, 1984, and are assumed to be sufficiently accurate for this ,,

calculation.)'

i

Summary of ABS Rules Application

comparison of the TDI 13 x 11 crankshaft design with the ABS rules
!; - indicated that the crankshaf t geometrical proportions were within the ABS

rules, but the dynamic stresses in the crankpin were not. Thus, the ABS rules'
,

are significantly more conservative with respect to harmonically induced-

stress than the DDIA rules, or about half the DIMA recosamended limits. Again,
'

this reflects the conservative design believed to be required for safety at

} sea, and probably is derived from the culmination of long-term experience in
i

'I that industry.

'

| : -
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4.2.4 Summary of Crankshaft Design Review

The review of this section on crankshaft methodology and design may bet

summarized by "2e following statements:

o The DIMA rules [2] are not design specifications and standards.
Supplementary specifications and standards are required.

o It is advisable to employ the more comprehensive direct or modified
direct solution of the mathematical model equations for torsional

,

1 dynamics. With the present development of computer methods and
accessibility of computer systems, the direct solution methods are not
more labor intensive than the present computerized tabular methods and

'

do provide more comprehensive design assistance.

o TDI used Tn values for torsional excitation that are very low compared
to values recognized in the industry since at least 1942 [36].

j ,

dynamic stress when the revised TDI values of Tn are employed.
o The TDI crankshaft (11 x 13) does not meet the DEMA or ABS rules for

*.

4.3 REVIEW OF CRANKSHAFT DYNAMIC TESTING

Dynamic testing of the crankshaft is regarded in this review as the

essential element of the failure investigation because it is only through
carefully conducted measurements that the actual engine dynamics and local
component stresses are confirmed. Accordingly, great attention was paid to

,.
.

I each aspect of the test program.

:

Dynamic testing of DG 101 using an instrumented crankshaft was performed
.

on September 20 and 28, 1983 at the Shoreham Nuclear Power Station. Reviews

!' of preparations and procedures and an account of test observations were !
'

reported previously [1]. |

Instrumentation for the measurement and recording of vital dynamic data
~

included that are shown in Section 3.2.4.1
;

Since the completion of testing, the recorded data were reduced and

reported (37] by Stone and Webster, and the implications for the crankshaft

1
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failure investigation were reviewed and reported [29] by FaAA. This section

is primarily a review and evaluation of the reported test data (37] and the

failure investigation conclusions [29] that were reached.

4.3.1 Instrumentation, Signal' Conditioning, and Data Recording

Reference 37 provides a description and statement of applicability of

I transducers employed, including those for strain, torque, torsional shaft

displacement, cylinder pressure, generator voltage and current, linear,

vibration, and the combination of crankshaft position and rotational speed. A

table listing their pertinent characteristics and applicable ranges is also

shown. The instrumentation was evaluated and its installation observed by the

reviewer at the time of dynamic testing.

For the most part, data output from the transducers was good. Earlier

problems of strain gages and data transmitters on the rotating crankshaf t were

largely corrected before completion of testing on September 28, 1983, although

the reported data [37] do include noisy, but apparently functioning, strain

- gage signals, ' e.g. , on the No. 7 crankpin fillet. Also, the transducers for

cylinder pressure seemed to function satisfactorily but appeared to provide

; pressure data lower in value than the actual pressure. The application of

|
instrumentation in these environments is difficult and the experienced

!
experimental test engineer anticipates certain aberrations in these data

.

channels. Indeed, the essence of the test engineer's work is to plan and

conduct the test to maximize the good data extracted. Data from the strain

gages on the crankshaft were telemetered to nonrotating receivers and were

conditioned-and recorded along with the other data on a 14-channel, FM mode

tape recorder. With proper planning of signal channels prior to a test run,

this afforded an opportunity to record simultaneous events on parallel

- channels. The signal conditioning and recording equipment are described in

Reference 37.

The application of transducers, signal conditioning, and data recorders

was reviewed and found to be satisfactory.

.
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4.3.2 Calibration Procedures

Measured values are not necessarily more accurate than analytical,

:estimatest experimental measurements are only as accurate as the accuracy of
their calibration, and then only if the proper instrument was chosen for the

I
task.

,

|

4.3.2.1 Strain Gage and Torque Bridge Calibration

Fillet strain gages and the torque bridge (employing strain gage) were

calibrated by the shunt resistance method, wherein a_ precision resistor of
,

known value is shunted in succession across the available arms of the bridge
circuit.,

:

Shunt resistance of the strain gages provides calibration not only of the

strain gages, but also of the conditioning circuitry and recording equipment.
'

However, it calibrates the gage only for measurement of surface strain in the-

; metal on which the gage is located. This is sufficient calibration for the

crankpin fillet gages which' were for the measurement of surface strain.!
-

i

' Calibration of the torque bridge, which used strain gages, required
additional procedures because the measured quantity was that of shaft torque
and not strain at a point. Consequently, the test engineers employed static
torque tests and test operation of the engine at zero electrical output to
confirm the calibration of the torque bridge.

~

.

The static torque test yielded measured torque plotted against applied
mechanical torque as shown in Figures A-10 and A-ll of Reference 37.
Considerable hysteresis is noted in these figures due to the friction in the

engine and possibly due, in part, to strain gages that are not fully exercised
* ', following their installation. Industry experience has shown that the. .

. relationship would be much more linear in actual operation, where the bearing
surfaces would be operating on developed oil films to greatly reduce,

hysteresis due to friction in the engine, and the strain gages would become

" exercised" for greater linearity.

The seco-output tests of the instrumented engine are discussed in Section
.

., , A.2.2 of Reference 37, which includes a table of values measured at four

.
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electrical loads. The normalized values of "kW/1000 lb-ft" showed a spread of

+44 and -64 about an arithmetic mean value. Using linear regression, the mean ,

'

ratio of the measured values of "kW/1000 lb-ft" was calculated by Stone and
,

I webster to be 1.21.: Although Reference 37 explains this to be the stress

concentration in the shaft on which the strain gages are mounted, evaluation

during this review indicated that the actual stress concentration is on the'

order of -1.16 and that the balance of the factor is due to the experimental

measurement spread of the "kW/1000 lb-ft" values previously discussed. |

!- Shifts in zero reference of the data ' recordings were investigated as a

part of the data analysis as discussed in Section A.3 of Reference 37. The

overall error due to static strain ranged from 1.0 to 4.24. Thus, the static

f offset does affect the calculation of principal stresses by a small percentage

! because these are based upon both the static and instantaneous cyclic stress.

It should be noted, however, that the strese range of the cyclic stresses is '

,

not affected by this offset.

|
|

4.3.2.2 Calibration of the Torsional Vibration Displacement Transducer

The torsional vibration transducer is the unit attached to the gear case

end of the crankshaft for the direct measurement of vibrational amplitude.

Sections 3.2.2, 4.3, 6.3, and A.4 of Reference 37 describe the application and

calibration of this unit, wherein calibration is performed easily by means of
-

fixed limits on displacement built into the unit.

- A problem that arose with the use of the transducer was corrected during

data reduction. As described in Reference 37, an internal filter selection

switch remained set to a 10-Hz cutoff frequency. This attenuated all signal

components above 10 Hs., Data reduction procedures were developed to amplify-<

the attenuated signal components in an effort to correct the error. The

procedure was reviewed, and the results of the error-correcting efforts shown

in Reference 37 were evaluated and found to be satisfactory.

i 4.3.2.3 Calibration of Accelerometers-

!

! Sections 3.2.5 and 4.5 of Reference 37 cover the application and calibra-

(' tion of accelerometers for linear vibration measurement. The accelerometers;

'
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i were calibrated with the use of a B&K Model 4291 calibrator, which could serve

as a transfer standard from the National Bureau of Standards.
!

This' review showed that any use of this transfer standard capability was,

not stated in Reference 37 and that the calibration source was not known. i

Although these data were not necessary in forming a conclusion regarding the {
cause of failure, calibration of the accelerometers and other instrumentation !

should nevertheless be traceable to the National Bureau of Standards.

!

4.3.2.4 Calibration of Cylinder Pressure Instrumentation

Sections 3.1..), 3.2.3, 4.4, and 7.3.5 of Reference 37 describe the

measurement of cylinder pressure and its calibration. Time history pressure,

! measurement was attempted by means of precalibrated piezoelectric transducers
'

installed in the compression test cocks of engine cylinders 5 and 7. Calibra-

tiors of the data signal circuitry between the transducer and the tape recorder
; was performed using the B&K Model 4291 calibrator mentioned previously.

The cylinder pressure measurements were unacceptably low. Efforts by
j Stone and Webster and FaAA following these tests concluded that the gas flow

path geometry (see Figure A.4, Reference 37) was responsible. Accurate

| cylinder pressure measurement was not necessary in this test for conclusions
j regarding the cause of failure.

.

.

4.3.3 Review of the Experimental Data

| Dynamic tests of engine operation were run at zero-output load (variable
speed tests) and at loads of 100 kW,1695 kW,1706 kW,1750 kW, 2250 kW,
2550 kW, and 3500 kW, with constant speed (450 rps) operation. Data for these

tests were reduced by Stone and Webster and are presented as charts in
References 29 and 37.

The test data as presented [24, 37] are dominated by presentations of
| torque and crankpin fillet strain. Torque, as presented in Figure 4-21 of

Reference 29, is characterized by a 30-H2 oscillation of varying amplitude
l superimposed upon a steady-state value. Torque oscillatory amplitudes for

4
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3500-kW operation reach a value of 1175,000 ft-lb (350,000 ft-lb, peak-to-peak,

, _ torque range) superimposed upon a steady torque of 57,000 ft-lb. Note that

this cyclic torque is a little over 3 times (6 times for peak-to-pedk range)
the steady torque required to produce an electrical output of 3500 kW from the

,

generator. This single amplitude ratio of 3 stands in contrast to the ABS

rules [3] where the single amplitude dynamic component is expected to be on
the order of the value of the steady-state component (power. transmitted).
This is explained as follows. Refer to Section 4.2.3.4 of this report and
note that the allowable crankpin single-order torsional stress, using the

example of ABS Grade 4 steel, is 12679 pai. For the 1004 load rating of the

diesel generators (3500-kN output) , the engine torque at the flywheel shaf t
(torque bridge location) is 57,040 ft-lb, which yields a crankpin torsional
shear stress of 2619 psi. This is very close to the limiting torsional stress

level allowed by the ABS rules. This example was calculated for the 1004 load
! rating of 3500 kW, the maximum load in the torsional dynamic tests performed.

For the intermittent 3900-kW diesel generator loads projected for actual
service, the steady state, and cyclic stresses would be proportionally higher.

| *

The engine firing rate is 30 Hz. This engine firing rate is sufficiently

close to the first mode torsional natural frequency of 35.5 Hz to produce the
large dynamic response in the absence of significant damping.

Measured fillet strains on Crank-No. 5 varied to a saximum peak-to-peak
,

~

range of 1800 microstrain (1800 x 10 inch / inch) as reported for stain gage
; 5-1 in Figure 4-21 of Reference 29. Table 6-2 of Reference 29 reports the -
|

major principal stress component of the measured strains to be 57,300 psi at,

Crank No. 5, corrseponding to a measured total peak positive torque of 230,000,

ft-lb (cyclic and steady-state) and negative torque of -153,000 f t-lb.

In the absence of direct access to the data and data reduction instrumen-
tation, observation of the diesel generator tests plus analytic investigations

,

of the data reported in References 29 and 37 performed during this review

provide basic arrangement with the range and r:haracteristics of torque and
1

crankpin fillet stress reported by References 29 and 37. Note that these are

measured values subjected to the measurement errors discussed previously.

| However, it does appear that these values are accurate to within 1104.

Qw -53-
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In addition to indicating high cyclic torques and stresses in the-
crankshaft, the test program yielded the following observations, with which
this review concurs:

o The rotor-stator electrical coupling within the generator which acted
' to couple the electrical load inertia to the engine dynamic model

produced varying generator output current at 3.75 Hz when connected to
the electric power grid, but did not contribute to the failure of the
crankshafts.-

Operation at 0.8, 0.9, and 1.0 power factors at the 2500-kW load rangeo
indicated that operation in this range of power factor did not
contribute to the crankshaft failure or dynamics of the system.

The 30-Rs major dynamic response of the engine is not compounded byo
any observed interaction with the electric loads, electric power grid,
or plant' loads.

-

o The sudden initiation of plant loads was observed to cause a,

smooth-orderly response of the engine and generator and was not seen: .

to cause cyclic fluctuations.

- .
Connection of the diesel generator to the electric power grid waso
observed to be smooth and without significant transients, although iti

'

is realized that considerable care was taken at the time to make a
proper connection. Connection of generators to the electric power

i grid without adequate synchronization can be damaging.
'

;

| 4.4 REVIEW OF FaAA DYNAMIC MODEL AND CRANKSHAFT STRESS ANALYSIS
!

.

j 4.4.1 Dynamic Response Model

In the course of the failure investigation, FaAA prepared and used a
digital computer dynamic response model. From a discussion,* it was learned

j that the model is generally of the mode-superposition type discussed in'

,

I Section 4.2.2.1 of this report. Reference 29 indicates that the model used
I

- the same basic lumped-parameter (inertias and spring constants) model as
b.N formulated by TDI (Appendix A) with the addition of the rotor-stator
'

equivalent spring constant and the electrical load inertia (see Figure 2 also) .,

1

e

r e,-f * Discussion with Dr. P. Johnston, FaAA, during test of DG 103 on January 7,2'
i 1984, at the Shoreham Nuclear Power Station.

. 4
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.

FaAA's computer model output, as indicated by Figures 5-3 through 5-6 of;

Reference 29, has a remarkable similarity in character and amplitude to the.

values measured by the engine test. FaAA did not initially provide, in itsj .

report [29], the list of Tn values employed in its mathematical model. When

it was suggested that-the "'n values would be valuable for comparison to TDI's.

!

design values and to these from other published sources, FaAA made them,

I available.* Table 8 includes FaAA's values with accepted values from Lloyds-
,

3- Register and Ker Wilson which were included here from Table 5 to facilitate

comparison. Comparison with values employed by TDI was made using the TDI

values of Table 6. In these comparisons, it was observed that the FaAA values

compared favorably with those of Lloyds Register and Ker Wilson. The FaAA

values were more than twice TDI's design values (TDI 1974-1975 list in.

)
'

Table 6) in the critical range of orders 4.0, 4.5, and 5.0, and even greater

} for other orders. Thus, the Tn values for FaAA's mathematical model for which

I FaAA reported [29] excellent agreement of computed dynamic response with that
experimentally measured further confirms the validity of published Tn values

ij over that employed by TDI for design.

i
'

: Even if FaAA's excitation had been prepared only to achieve the same

dynamic response amplitudes as measured in the engine tests, the model would,

have provided a highly useful interpolation function in portraying the dynamic

action at points not available for measurement.'

; -1

As discussed in Section 4.2.2.1, computer models following from the

! direct solution of the dynamic equations are very powerful in describing the

f full dynamics and interactions of a system. FaAA's computer model confirms

|
'

this. The first task for the model was the prediction of the available cyclic
,

life of DG 101 remaining throughout the course of diesel generator testing on,
,

|e September 20 and 28, 1983. Here, initial dynamic response data measured at
,

the beginning of each test session were introduced to the computer model for
comparison and prediction of the available life cycles remaining.'-

.

,

!
*

.,
,

,,

* Telephone call.from Dr. P. Johnston, FaAA, March 9, 1984.
! '

I .-
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.

Table 8. Comparison of FaAA's Tn Values with Those of Lloyds and Ker Wilson

- Vibration Lloyds
Order FaAA* Register ** Ker Wilson ***

0.5 74.5 80.0 77.0
1.0 86.0 88.0 79.0
1.5 75.1 83.0 75.0
2.0 75.6 69.0 66.0
2.5 54.0 57.5 55.0
3.0 12.3 47.5 43.0
3.5 37.7 38.5 32.0
4.0 28.7 30.5 25.0
4.5 24.7 23.6 19.0
5.0 20.7 18.0 15.0,,.

5.5 16.9 13.8 11.0~

6.0 13.8 10.5 8.9
6.5 11.2 8.5 7.3
7.0 9.4 6.8 6.0

!

|

* Calculated independently by FaAA. Includes effects of reciprocating *
,

| masses.
j ** From Table 5. Not known what effects, such as reciprocating masses, are
! included.-

| *** From Table 5. Values for cylinder pressure only.
'
.

|
|

!

,

.

:

|

,

.
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4.4.2 Crankshaft Stress Analysis

'

4.4.2.1 Finite-Element Model.

FaAA formulated a finite-element structural mathematical model using

three-dimensional, eight-node, isoparametric elements to represent one throw
"

of the crankshaft. With application of torques from the dynamic response

i analysis, the model had the capability to indicate the highly stressed points,

'
in the complex crankshait geometry. Unless extremely fine element grids are

| employed, finite-element models generally underestimate the stress concentra-

tion at local regions. Accordingly, FaAA used the same element distributions

in an axisymmetric model of the same diameter and fillet radius so that the

j lack of stress concentration definition could be assessed by comparison to

well-established values [38). The ratio of the established value and the j

[ finite-element stress concentration factor was used as a multiplier for the

| final stresses predicted in the fillet region by the crankshaf t throw finite- i
,

element model. This was reviewed and found acceptable. The alternativei

method of using many more elements in the fillet would have been much more

costly in both modeling and computer run time.

| FaAA did not include a description of its method of torsional load

application in its report [29]. However, when it was shown that the method of-

| torsional load application employed by FaAA in the finite-element model was
|

| needed to complete the review of FaAA's crankshaft analysis, Dr. Wells (FaAA) *

I provided a verbal description of the torsional loading method during a
!

document review at the Shoreham Nuclear Power Station on March 8, 1964. The

loading method was said to consist of a unit angular displacement applied to

the journal end of the crank-throw finite-element model, plus a lateral
,,

displacement constraint applied to the side of the journal to represent the,

j lateral constraint provided by the journal bearing. The axial location of the

lateral constraint representing the journal-bearing reaction was said to have,-

been varied to study its effect upon the computed stresses in the crankpin

fillet. This effect was said to be relatively small. During the review of
-

the crank-throw finite-element analysis and method of loading, it was noted,

that the unit angular displacement method of torsional load application along

| with the lateral displacement constraint to induce the journal-bearing
,

: -57-
i ll d Franklin Research Center

i- --- -. ? ??.? _ - - .-. -- - . -- . ---. . - - __ - -._ - -- .-



'
- . .

. -
\

TER-C5506-426

reaction is a generally accepted method, which was deemed acceptable by this
review.

4.4.2.2 Bending Stresses

On pages 6-8 and 6-11 of Reference 29, FaAA discussed an investigation of
bending stresses in the finite-element model due to an effective piston load

- at top-dead-center. When the associated bending stresses were indicated to be
on the order of 4500 psi, as compared to approximately_40,000 psi for the
torque load, the contribution of the connecting rod load in consideration of
the fillet stresses was considered to be negligible, especially when the
maximum fillet stresses occured when the crank was 130 degrees or so after,

top-dead-center.

Bending stresses, however, did appear to play a part in the stressing of
the fillet as indicated by Figure B-100 in Reference 29. This bending action
however, appeared to be local bending in the web and crankpin as part of the
gross torsional loading. Consequently, it became a part of the stress concen-

'

trating mechanism that caused the highly stressed region to develop at an angle
of approximately 130 degrees from the 12 o' clock position on the crankpin.

4.4.2.3 Crankshaft Stress Analysis Summary

The usefulness of a comprehensive stress model is readily apparent. The ~

stresses predicted by the finite-element model appear to be in good agreement
with experimentally measured values, even acknowledging the fact that the

experimentally measured values contain an inherent error band of up to about
'

+104.

Although the use of finite-element models for theoretical analysis, as
well as for extending experimental investigations to regions not measurable,

I

is to be strongly encouraged, the validity of the failure investigation was
considered during this review to be most relevant in the experimental
measurement of crankshaft fillet stresses in actual engine operation.
Analytic techniques, such as the dynamic model and the finite-element
crank-throw model, while quite powerful, were looked upon in this review as
supplemental and confirming investigations.

'
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4.5 REVIEW OF REPLACEMENT CRANKSHAFT DESIGN

Following failure of the crankshaft of the Shoreham diesel generators,

the engine manufacturer, TDI recommended the use of an improved crankshaft

design, designated the 13 x 12 crankshaft. Whereas both the failed crankshaft

f (13 x 11) and the recommended replacements had 13-inch main journal diameters,

the replacement crankshaft featured an increase in the crankpin diameter from

11 to 12 inches, as well as an increase in the crankpin fillet radius from

one-half to three-quarters of an inch. Analyses of the replacement crankshaf t

by FaAA [39] and TDI [40] are reviewed in this section of the report.4

4.5.1 Review of Analysis by Transamerica Delaval, Inc (TDI)

!

TDI used the same method of analysis as shown in Appendix A for the

. analysis of the original 13 x 11 crankshaf ts, with the exception that they

j substituted the Tn values shown in Group 4 of Table 6 of this report. Here

! the Tn value for the 4th order is 27.62 as compared to the previous value od

! 13.30.

In summary, although the critical 4th order Tn excitation value was

doubled, the following considerations produced a reduction in the calculated
,

stress for comparison to the DEMA-recommended values.
;

!

o The larger crankpin permitted a 224 reduction in crankpin nominal
| torsional stress. .

(
o The increased natural frequency from 35.5 to 38.7 Hs reduced the,

j dynamic magnifier for a 30-Hs excitation from 3.51'to 2.51. -

This yielded a 4th order stress of 2990 psi as calculated by TDI for

comparison to the DEMA recommendation of <$000 psi.

t

'

4.5.2 Review of FaAA Dynamic Response Analysis and Crankshaft Stress Analysis
.

4.5.2.1 Response Analysis

FaAA employed its computer dynamic model using mode superposition to *

analyse the dynamic response with all significant sodes considered. Inertia

and spring constant elements for the model are shown in Table 3-1 of Reference

39, and the resulting natural frequencies are shown in Table 3-4 of that same

' & -59-
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reference. The dynamic response was computed by FaAA for " full load". The

use of the term " full load" does not carry full definition since the design
rating of the diesel generator is 3500 kW, but it is expected to operate at

'
|

3900 kW for short periods. For this review, 3500-kW generator output is
| inferred to be " full load".

Comparison of TDI and FaAA dynamic stress values to the DDIA recommenda-,

) tions follows:

:
?

Average Torsional Average Torsional,

; Stress (psi) Due Stress (psi) Due to
Method of Analysis to 4th Order Summation of Orders

'

TDI Analysis 2990 -

,

i FaAA Modal Superposition 3300 5640
1

DEMA Recommendation <5000 <7000

I. .

| Comparison of these stresses to those updated stresses for the 13 x 11
crankshaft, as shown in Table 7 of this report, indicates reductions in stress

! by a factor of 1.79.

t

| Comparison of these stresses to the ABS rules, similar to that shown in

| Section 4.2.3.4 of this report, indicates that the ABS rules may or may not be
sai.Jsfied depending upon the interpretation that would be approved by the ABS *

| following its review.

; Assuming that an ABS Grade 4 steel was used for the crankahaf t, the ABS
allowable stress for a single harmonic is 2640 pai (see Section 4.2.3.4),

| whereas the calculated stress (TDI) is 2990 psi. Thus, TDI's stress of 2990
| poi and FaAA's stress of 3300 psi were both in excess of the ABS allowable
|

| stress for a single harmonic using a nominal ABS Grade 4 material.-

'

The actual mechanical properties of the replacement crankshaft material,
however, were shown by the quality control documents at the Shorehas plant to
be those provided in Table 9. Whereas Appendix 8 shows an ABS Grade 4 material
to have an ultimate tensile of 83,000 pai, the minimum ultimate tensile
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Table 9. Properties of Replacement 13 x 12 Crankshafts

Mechanical Properties

Yield Ultimate Production
Crankshaft Point Stress Elongation Area Brinnel Sample

'' umber M (Dei) (t) (t) Hardness Locati_o_n,n

693 (DG 103) 58,310 100,360 25.0 54.1 205 --

59,470 106,460 24.0 58.9 212 -

694 (DG 102) 57,290 101,820 25.0 50.9 210 --

58,310 106,460 25.0 48.7 215 -

695 (DG 101) 52,650 100,800 24.0 50.9 205 Top
48,590 100,800 23.0 49.8 210 Bottom

f

Chemical Analysis

Crankshaft C Si Mn P S Cr Al
Number Heat (t) (t) (t) (t) (t) (t) (t)

693 (DG 103) 821-487 0.50 0.05 0.70 0.006 0.010 0.63 0.003
.

694 (DG 102) 821-487 0.50 0.05 0.70 0.006 0.010 0.63 0.003

695 (DG-101) 811-167 0.46 0.12 0.65 0.010 0.008 0.69 --

!

3
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strength of the replacement crankshaft materials as shown in Table 9 is
,

100,360 psi. To take full advantage of this material, an allowable value of

3090 psi for a single harmonic could be presented to ABS for approval in
accordance with Note 4 of ABS Table 34.3 in Appendix B.

If full advantage of the material is to be taken, then it is also
,

appropriate to use the full calculated dynamic response due to a single,
,

harmonic exciting factor. TDI's stress of 2990 psi was calculated using only
the first mode response. Although TDI's analysis does show a small response,

I for the second and third modes of torsional vibration, the second and third

; modes are seen to add very little to the first mode stress of 2990 psi. Thus,
j should the interpretation of the ABS rules discussed above be accepted by ABS,

TDI's single harmonic stress would be within the ABS limits. However, FaAA's
calculated stres of 3300 psi for a single harmonic excitation, based upon a<

4 somewhat higher value of Tn and upon greater modal participation, would not.

ABS also requires that the total vibratory stress from all harmonic
;

'

j excitation not exceed 150% of the allowable stress for a single harmonic
'

| exciting factor. For a nominal ABS Grade 4 material, this allowable stress is
4020 psi.

.

For the interpretation of the ABS rules to use the full properties,
the allowable stress is 4640 psi. TDI's total stresses cannot be compared to

| these ABS allowables because their analysis methods do not facilitate such
sunsation of stresses. FaAA's calculated torsional stress for the summation .

of excitation orders is 5640 psi, which is well beyond even the interpreted
ABS allowable stresses.

4.5.2.2
.

Crankshaft Stress Analysis

FaAA used the finite-element method of analysis reviewed in Section 4.4.2
of this report to compute the stress magnitude and distribution for the
ceplacement erankshaft.

Stresses were reported to be reduced from the previous cyclic principal
stress range of 60,000 psi to a range of 37,000 psi. This constitutes a j

'

reduction by a factor of 1.78 to a cyclic range that is only 564 of the former |

cyclic range. The reduction was due to the larger crankpin and increased
1
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'

stiffness with resulting increased natural frequencies as previously discussed,
and was supplemented by the increase in the crankpin fillet radius from

|
one-half to three-quarters of an inch. The analysis was considered to be

acceptable.

i

4.5.3 Crankshaft Shotoeenine-

FaAA reported [39] that shotpoening was introduced to the crankshafti

; processing 'in an effort to asture a " consistent, high level of compressive
residual stress in the surface and to eliminate machining marks." The report -

,

continued by stating that the fillets "will be inspected by a high-resolution,
j eddy-current method after the break-in run."

!

Shotpoening has a long history of use in closing microscopic surface
cracks and establishing a surface layer of the material in compressive stress.
Although the basic idea is good, it was noted during the review that while
various levels of shotpoening are available, no description of the process was -

| provided.

i

; Accordingly, the NBC arranged for a document review at the Shoreham

| Nuclear Power Station on March 8,1984, during which quality control documents
pertaining to crankshaf t shotpoening were reviewed, and an informal discussion
was held with Dr. Wells of FaAA. It was learned from Dr. Wells that two of

the three replacement crankshaf ts, Nos. 693 (DG 103) and 694 (DG 102), arrived -

from TDI with the crankpin fillets already shotpoened.

The crankshafts were inspected and the results of the inspection are
described by Stone and Webster Engineering Corporation's Coordination Report
No. F-46109-G [41] as follows:.

" Problem Description: Delaval has identified ' holidays' or lack of peen
coverage in the fillet areas of new diesel crankshaf ts purchased in

,

accordance with E&DCR F-46109-C. These ' holidays' have been
dispositioned as functionally acceptable by TDI, however, recent analysis
performed by Failure Analysis Associates indicates that 1004 peening
coverage is beneficial."

i
I

|. In conjunction with the review of documents on March 8, 1984, photographs
|

of the original shotpeening supplied by TDI were reviewed. Although the
!

1-
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photographs did not provide the desired detail, the photographs gave an
impression of surface texture more like grit blasting than shotpoening, i.e.,

'

the surface appeared to have been gauged by sharp particles instead of dimpled
'

by round, smooth particles. Although the photographs provided only a limited
view of the fillet surfaces, this evaluation of the initial shotpoening,

concurs with the results of the inspection [41] by Stone and Webster
Engineering Corporation.

[- Stone and webster's coordination Report No. F-46109-G [41] provided a
!' recommended solution as follows:
;

" Problem Solution: Since the crankshafts are delivered to the site,
Metal Improvement Company, a local firm with expertise in shotpoening
will perform the rework. The fillet areas shall be repeoned in
accordance with the requirements of MIL-S-13165B to assure 1004 cove' rage
of the fillet areas. Peening shall be performed by Metal Improvement

'

Company on site and the crankshafts inspected by OQA for 100% peening at
i the fillet areas."

i Accordingly,LILCORepair/ReworkRequestRIRRR43-1632 specified
shotpoening to include the following parameters:

| o Shot size; MI-550
| o Intensity, 0.008-0.010, Almen "C" test strips
i o MIL-S-13165B, Amendment 2.

._
i

} Quality control documents were reviewed and indicated that the Almen test

) strips for the repeening provided readings within the specified intensity of -

0.008 to 0.010 inch (arc height) with the exception of one test strip which
was measured at 0.011 inch.

Photographs of the repeened surface were reviewed and show an improvement.

, in surface texture, indicating an improvement in the quality of shotpoening ofi

| the crankpin fillets.
'

,

| .:
l - - Crankshaf t No. 695 for DG 101 was received at the Shoreham plant direct

from the supplier, Krupp-stahl in Germany, without shotpoening. Crankshaft
No. 695 was shotpoened at the Shoreham plant to the same specifications as

those described for crankshaft No. 693 and No. 694 above. Records reviewed at.

the Shoreham plant showed that the Almen test strips for crankshaft No. 695

.
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shotpoening indicated that the intensities remained within the specified range

of 0.008 to 0.010 inch are height.

[ Shotpoening of this intensity is shown by Figure 4 to induce a

compressive stress to a depth of from 0.027 to 0.034 inch, with the induced

stress distributed as shown in Figure 5. Figures 4 and 5 are taken from

Reference 42.

The purpose of shotpoening is to induce a compressive stress in the

material at the surface of the crankpin fillets. Since the smooth surface is

being disturbed by the particle impacts, it is necessary, once shotpoening is

begun, to assure that the shotpoening coverage is uniform and of an intensity,'

I with the right size of smooth shot, to achieve a suitable depth of material in

compressive stress. Otherwise, improper shotpoening could serve as a source

j of added stress concentrations to make the crankshaf t more susceptible to

fatigue.

| The actual peened surface were not available for inspection in the course

! of this review; therefore, this evaluation was made using the specified

) parameters, recorded Almen test strip measurements, and photographs of the
4

peened surface. The shotpoening performed at the Shoreham plant is acceptable

I for the new crankshaft (No. 695) not subjected to shotpoening in advance and
;

will serve to increase the fatigue life of the crankpin fillets. Inspection
,

of crankshaf t Nos. 693 and 694 revealed inadequate initial shotpeening; for .

i

i these crankshafts, the rework shotpoening discussed above would be sufficient

i to counter the undesirable effects of the previous shotpoening, provided that

! the shotpeoned surfaces that were photographed and made available for this

review were representative of all crankpin fillet shotpoening. With this

! provision, the rework shotpoening is acceptable.
:

'. As an alternative to shotpoening, a surface layer under compressive

| stress can be induced into crankpin fillets by rolling techniques. This is
!

accomplished by pressing a rolling element against the fillet surface with
i

sufficient force to produce stresses in the fillet surface material that are+

just beyond the yield point. With the proper design of rolling element, the

distribution of induced compressive stresses can be controlled to an ideal
,

i

r
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Figure 4. Depth and Compressive Stress vs. Almen Intensity for Steel
(from Reference 42]
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Figure 5. Distribution of Stress in Shotpoened Beam with No External Ioad
(from Reference 421
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profile of magnitude and' depth in addition to providing a smooth fillet-

surface for optimum fatigue resistance. Fillet rolling provides many
advantagest however, there are fillet geometeries for which it is difficult to

,

design a roller, e.g., recessed fillets similar to those of the TDI

crankshafts. In addition, the technique requires the proper machinery to
hold, load, and rotate the crankshaft and roller. Where this technique is
possible, benefits follow. Lacking the means, shotpoening is recommended.

4.5.4 Sussearv of Replacement Crankshaft Desien
;

The increase in crankpin diameter from 11.00 to 12.00 inches provided a
.

i

significant crankpin stress reduction by reducing the direct torsional stress
4

; in the crankpin due to larger cross section and by stiffening the shaft to

| produce a higher natural frequency and thus reduce the dynamic multiplication
:

factor.

Stresses calculated by TDI and FaAA were within the DEMA [2] reconsenda-
tions for a single harmonic excitation. FaAA's summation of stresses for all<

i '
excitation orders was also within DEMA's recommended values. TDI's analysisi

! did not permit comparison of total stresses with those recommended by DDIA.
I

: TDI's crankpin stress for single harmonic excitation does not satisfy the

j ABS limiting values [3] for ABS Grade 4 steel, except through an interpreta-

| tion of the rules in which full advantage of the crankshaft material properties .

i is taken. Such interpretation would require study and approval by ABS. TDI's
|

|
analysis did not permit the comparison of total stress due to summation of

j orders with the ABS allowable values. Crankpin torsional stresses calculated
by FaAA for both single harmonic excitation and summation of orders were in
escess of A38 allowable values, including the higher allowable values

determined by an interpretation of the Ass rules that used the full material,

properties of the crankshaft material.

Crankpin fillet shotpoening of the replacement crankshafts was evaluated
through the review of documentation and photographs at the Shoreham plant.
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Crankshafts No. 693 (DG 103) and No. 694 (DG 102) were found to have been
previously shotpoened by TDI. When inspection at the Shoreham plant indicated
that the initial shotpeening was unsatisfactory, the crankpin fillets were
repeened at the Shoreham plant. Crankshaf t No. 695 (DG 101), received direct
from the supplier in Germany, was not initially shotpeoned by TDI and was
shotpeoned only at the Shoreham plant. The crankshafts could not be inspected
directly, and the shotpoening was evaluated only through the review of
dccumentation and inspection of photographs of local regions. The shotpoening
and rework shotpoening performed at the Shoreham plant were found to be
acceptable insofar as the photographs inspected are representative of all

.

shotpeoned surfaces.

It must be noted that all of the TDI and FaAA stresses reviewed herein>

pertain to the 3500-kW electrical output loading (100% design load) and not to
the short-term 3900-kW load required by the Shoreham plant.

.
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5. CONCLUSIONS
,

Based on the findings of the failure investigation reviewed herein, it is'

concluded that:
'

e o h e crankshaft of diesel generator 102 failed in high cycle fatigue.
,

] o Sufficient cause for the high cycle fatigue failure was crankshaft
'

j design based upon exceptionally low values of cyclic torque excitationi

j (Tn) coupled with a natural frequency fairly close to the dominant
| escitation frequency."

,

'

The specified design standards were not definitive and contributed too;
the failure by not providing design review material by which the:

] design would have been evaluated and found to be in question prior to
| the diesel generator's application as safe shutdown equipment.
,

! With respect to the replacement crankshaf t design, it is concluded thatt

o Se combined static and dynamic effects of a 1.00-inch increase in
crankpin diameter from 11.00 to 12.00 inches serve to reduce the
crankshaft stresses calculated by TDI and FaAA to within the DsMA

|
recommended values for single order excitation and for summation of

! order excitation.

!
o Although stresses from TDI's analysis for the replacement crankshaft !'

|
; do not satisfy the Ass rules for a single harmonic using a nominal
i Grade 4 material, they would just meet an interpretation of the Ass
| rules for a single harmonic wherein the actual properties of the

csankshaft material'are used. However, such interpretation of the ABS j

rules is subject to review and approval by ABS. '
.

I o TDI did not present an analysis by which their summation of stresses
from all orders can be compared to the Asa limiting value for that

condition. |

o FaAA's crankshaf t analysis predicts higher dynamic streeses due to (1)
i the use of slightly larger amplitudes of escitation (Tn values) than

those used by TDI and (2) the superposition of modes resulting from .

the direct solution of the equations of crankshait dynamics.: ,

| Vibratory stresses computed by FaAA do not satisfy the ABS
| requirements for a single vibratory order or for the summation of i

; orders, even considering an interpretation of the Ass rules to fully i
l' use the mechanical properties of the crankshaf t steel. :

! !

|

,
.
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o .All analysis of stresses performed by TDI and FaAA pertained to the
"3500-kW full load condition and not to the 3900-kW short-term overload

required by the Shoreham plant.

o Crankpin shotpoening of one crankshaf t and rework shotpoening of two
crankshalta performed at the Shoreham plant were found to be
acceptable only insofar as the evaluation from documents and
photographs of localized shotpeoned areas is representative of all
crankpin fillet areas.

From the broad evaluations performed in the course of this review, it is

summarily concluded that a set of standards more definitive than DEMA's.

" Standard Practices for Low and Medium Speed Stationary Diesel and Gas
Engines" is required for diesel engines essential for safe shutdown of the
Shoreham plants that " Rules for Building and Classing Steel Vessels" by the
American Bureau of Shipping is representative of definitive standards for-

safety at seas and that, with the possible exception of TDI's stress for a

single harmonic, the stresses evaluated in this review do not meet the

requirements of the ABS standard.
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6. RECOIOfENDATIONS

The following recommendations are offered:

o The application of a torsional vibration damper on the Shoreham diesel
generators to reduce the present high amplitude of torsional vibration
and the associated high amplitudes of cyclic crankshaf t stresas should
be investigated. The higher torsional amplitude of the crankshaf t is
the face, or gear case, end which is available for damper attachment.

,

o Specifications and standards employed by diesel engine manufacturing
groups and user groups in the United States and Europe should be
evaluated in order to for the purpose of compile an appropriate set of
standards and specifications for the procurement of diesel generators
for nuclear power stations so that these standards and specifications
can also serve as acceptance criteria for design and performance ;

review. Although this recommendation is made for the. review of the
crankshatts, the recommendation is also applicable to other engine
components.
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.
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moce I
omega scuarec in tracians/seconc)==2 = 0.04974543
natural f recuency in v.p.m. = 2129.54

no. inertia theta tom 2t sigma a snaft k ctnata

1 6.8 1.00000 0. 33 9 0.339 54.6 0.00620
2 50.8 0.993c0 2.511 2.850 71.2 0.04000
3 49.5 0.95330 2.348 5.198 71.2 0.07296
4 49.5 0.88084 2.169 7.367 71.2 0.10340
5 49.5 0.77743 1.914 9.2EI 71.2 0.13027
6 49.5 0.64716 1.593 10.875 71.2 0.152c4
7 49.5 0.49452 1.218 12.092 71.2 0.16973
6 49.5 0.324eo 0.800 12.892 71.2 0.18095
9 51.7 0.143S4 0.370 13.262 70.9 0.18711

10 1100.1 -0.04327 -2 3$9 10.895 276.8 0.03936
il 2650.4 -0.03263 -10.894 0.000

moce I
omega squarec 0.04974543
natural fracuency 229.64
sigma i=thetar-2 243I.6705
sigma i=tneta==2 2755.342
T lhi 10626.20 .

I dXT 2e37.24
stressea otameter of external shaf t 16. 00
ecullierium amelituce 0.00099626
f in 7487.33

-

f int 10.59
f ext 2.63
fe 1520200o.62 .

fa G. bft cr O.

J '&f cs 0.
fp 0. , v
orcer. rom en vec tstint tstext phi tsaxi tmara
0.5 4259 11.00 0.719 W3.7 22.4 0.223 2372. 633.
1.0 412V 20,62 0.14V 32.6 U.7 0.0d7 924 247
1.5 1419 19.00 1.432 285.2 76.9 0. lob 8162. 2179
2.0 IUc4 24.0c 0.Jo4 97.8' 26.1 0.261 2769 739

.

2.5 e51 20.20 1.432 306.4 61.8 0.516 8678, 2317. -

3. 0 709 19.97 0.I49 31.6 8.4 0.054 894 239.
3. 5 608 16.70 0.719 127.1 33.9 0.330 3301. 961
4.0 332 13.30 5.216 734.6 196.1 I.956 20607 5555.
4.6 473 9.65 0.719 75.0 20.0 0.2 00 2124, 567.
5.0 425 7.30 0.149 11.5 3.1 0.03I 327 87.
5.5 J87 5.65 1.432 85.7 22.9 0.228 2427. 648.
6.0 354 4.la 0.364 17.0 4.5 0.045 431. 128.
6.5- 327 3.29 I.432 49.9 13.3 0.133 1413. 377
7. 0 304 2.66 0.149 4.2 1. I 0.01 110 32.

* 81. 128.; 7.5 283 2.23 0.719 17.0 4.5 0.045 4
8.0 266 1.87 5.216 103.3 27.6 0.275 2026. 781.
8.5 250 1.61 0.719 12.3 3.3 0.033 347 93.
9.0 236 l.42 0.149 2.2 0.6 0. 006 64, 17
9.5 224 1.25 1.432 19.0 5.1 0.051 537 143.
10.0 212 1. 11 0.3c4 4.5 1.2 0.012 128. 34
10.5 202 1.00 1.432 15.2 4.0 0.040 429. 115.
13. 0 193 0.91 0.149 1.4 0.4 0.004 41. II.

11.5 les O.e2 0.719 6.2 I.7 0.017 177 47.
12.0 677 C.74 5.216 4C.9 10.9 0.109 1158. 300
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moce 2
omega scuarec in (reolans/seconc)==2 = 0.32037297

5452.41natural f recuency in v.c.m. =

no. inertia theta tom 2t sigma m shaft k cthata

I o.8 1.00030 2.221 2 .221 54.6 0.04070
'

2 50.8 0.95930 15.904 18.125 78.2 0.25440,

3 49.5 0.70400 11.387 29.512 71.2 0.41423
4 49.5 0.290o7 4.o90 34.208 71.2 0.48014
5 49.5 -0.16947 -3.06l 31.147 71.2 0.437th
o 49.5 -0.62665 -10.123 21.024 71.2 0.29509
7 49.5 -0.92174 -14.890 c.134 71.2 0.05609
8 49.5 -l.00783 -16.281 -10.147 7f.2 -0.f4242

9 51.7 -0.86541 -14.609 -24.75o 70.9 -0.34927
10 1800.1 -0.51084 - 8 85. 30e -210.064 276.8 -0.75208
11 2050.4 C.242S4 210.060 -0.004

.

mooe 2
omega scuarec 0.3263729)
natural frequency 2455.41
-sigma i=tnata-=2 2733.24e4
st;=a !=tneta==2 8207.5240
T lief 27414.38
T dxt 54704.17
stresses sta eter of external shaft 10.00
ecutilbrium emolituce 0.000J539S
f in 7487.3J

-

f int I.40
t ext 2.7V
f e ll211167u.00
f 3 0.
f cr O.
f es O'.
fo 0.
oroer rea tn vec tstint tstext chi toext tmaxe

0.5 1090 II.u0 I.Ja9 21.3 42.0 0.05d 8002. 3897
1.0 5455 22.51 0.43e 13.6 27.5 0.036 1034 2063.
1.5 3636 19. 00 3.731 99.1 197.7 0.271 7430. 14S39
2.0 2/27 7.81 1.236 12.5 27.0 0.037 1015. 2025.
2.5 2182 20.20 3.731 105.3 210.2 0.2es 7906. 15 77 c.
3.0 1o18 14.27 C.43b 8.7 17.4 0.024 655. 1309. -

3.5 1558 1o.70 1.339 32.4 64.7 0.029 2432. 4854
4.0 IJo3 13.30 1.65c 30.8 61.4 0.004 2311. do ll .

4.5 1212 9.85 1.389 19.I 38.8 0.052 1435. 2663.
5.0 lu91 7.30 0.43d 4.5 8.9 0.0 12 335. oco.
o.5 991 5.65 3.731 29.5 58.8 0.081 2211. 4412.
o.O 909 4.18 1.2J8 7.2 14.4 0.020 543. 1053.'

o.5 839 3.29 3.731 17.2 34.2 0.047 1288. 2569
7.0 779 2. 66 0.436 1.6 3.2 0.004 122. -2 44

7.5 727 ~2.23 1.389 4.3 8.6 0.012 325. 648.
b. 0 o81 1.87 1.o50 4.3 8.6 0.012 325. 648.
8.5 641 1.61 1.389 3.I 6.2 0.009 235. 468.
9.0 006 1.42 0.438 c.9 1.7 0. 002 65. 130.,

9.5 574 1.25 3.73I o.5 13.0 0.018 de9 976.
10.0 345 1. 11 1.23d 1.9 3.8 0.005 144, 288.
10.5 239 I.u0 3.731 5.2 10.4 J. 014 391. 780.
11. 0 495 C.91 0.43b 0.6 1.1 0.002 42. 83.

>

11 5 474 0.a2 1.3e9 I.o 3.2 0.004 119. 23*.
12.0 454 G.Vo I.c56 2.2 4.5 J.000 107, 234
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mese 3
cmeva scuarea in tracians/seconcl-=2 = 0.4c2o430e
natural trecuency in v.p.m. = e495.21

.

no. Inertia thet4 tom 2t sigma m. shaft t etneta
I o.S 1.00000 3.14e 3.148 54.6 0.05769,

2 30.8 0.94231 22.145 25.293 71.2 0.35501. - "
3 49.5 0.58729 13.449 38.742 71.2 0.54378

.

- 4 49.5 0.04352 0. 990 39.739 71.2 0.55777
5 49.5 -0.51425 -11.776 27.963 71.2 0.39248
o 49.5 -0.90$73 -20.764 i I.199 71.2 0.10 04

.

' 7 49.5 -1.00777 -23.077 -15.878 71.2 -0.22281
8 49.5 -0.75490 -17.974 -33.852 71.2 -0.47515
9 51.7 -0.30976 -7.412 -41.265 70.9 -0.5821e

10 1100.1 0.27242 138.642 97.378 276.8 0.35163
-

Il 2050.4 -0.07V43 -97.377 0.000

moce 3
omega scuarec 0.40264306
naturci f recuency c493.21
s19ma 1*tneta==2 2421.4614
sigma i= tne ta == 2 Joe 3.3370
7 |NT 33069.d7

=JT 23355.89
stressea Jiameter cf external snaft 10.00
ecu111nrio= amplituce 0.0000dolJ
f in 74e7.33
f int 2.oS
f ext 2.03
f e 140.7 / 0 74v . 00
fa 0.
f er O.
f cs 0.
tc 0.
orcer rem tn vec tstint tstext eni tmax! tmsre
0.3 12990 11.00 0.ee: 25.1 19.2. 0.029 955. 732.
I.O 6493 32.e5 0.94e 82.5 63.2 0.095 313o. 2405.
1.5 4330 19.00 2.946 146.3 113.7 0.171 5640. 4325.
2.0 3247 82.42 2.620 615.9 472.3 0.70S ~23423. 170el. .-

2.5 23Vb 20.20 2.94o 157.7 120.9 0.181 5997. 4595.
3.0 230s 17.26 0.948 43.2 33.1 0.050 1643. 1230.
3.5 Ic55 16.70 0. Sol 38.8 29.2 0.044- 1449 li ll.
4.0 1623 13.30 1.950 o8.7 52.7 0.079 2614 2004
4.5 1443 9.e5 0.861 22.5 17.2 0.026 855. c55.
5.0 1299 7.30 0.94c 18.3 14.1 0.021 697 534 |

3.5 1180 5.65 2.94o 44.1 33.8 0.051 1677. 1286.
6.0 1082 4.13 2.820 31.2 24.0 0.03o |188. 911.
o.5 999 3.29 2.940 25.7 19.7 0.030 977. 749
7.0 V27 2.co 0.948 6.7 5.1 0 .008 254 195.
7.5 coo 2.23 0.861 Sol 3.9 0.000 194 148.
8.0 Bil 1.87 1.950 9.7 7.4 0 .0 11 368. 282.*

d.5 764 1.ol 0. col 3.7 2.8 0.004 140. 107.
9.0 12 1 1.42 0.946 3.o 2.7 0.004 136. 104*

Y.5 683 1.23 2.946 9.8 7.5 0.011 371. c85.
10.0 049 1. 11 2.820 8.3 6.4 0.010 315. 242. I
10.5 618 1.00 2.946 7.8 6.0 0.000 297. 227. I

11.0 690 0.91 0.94o 2.3 1. 8 0.003' BI. 67. 'l
- II.5 364 0.c2 0. col I.9 1.4 0. 002 78. 55.

12.0 541 0.74 4.939 3.5 2.V a.004 145. 112.
.
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lu:M 11833907 07/19/74

9.374900lE+0! *

1 eft reaction = -16858.
rignt reaction = -12694

celta cla weight inertia shear moment slope deft
3. O. O. O. I6858.1 0. 'O.000f27 0.
3.512 13.000 143.2 1402.0 16714.9 63990. 0.000:24 0.000400
1.250 13.000 47.0 1402.0 loco 5.0 84654 U.000 22 0.00003J
o.c87 14.0JU 247.8 1855.7 1c420.2 178941. .0.000105 0.001292
4.500. 24.0J0 570.1 102ho.0 15544.1 2: 1535. 0.000106 0.00177c
0. G. 6G35.0 16256.0 8900.1 221535. 0.000 06 0.00117e
4.000 24.000 576.1 1o22o.0 8323.0 200 330. 0.000104 v.00224G
4.000 1o.000 512.1 3217.0 7520.9 3c3022. 0.000073 0.003053
c.000 l e . 000 432.3 5153.0 73Se.6 405651. 0.000059 0.003450.2W 1 = . vJo 522.1 2153.0 c6ce.7 4o0327 0.00003S 0.003:03o.750 1o.o 70 534.0 3700.5 6332.7 $18074 -0.000000 0.003970a. O. 17150.0 3700.5 -10817.J 51E074 -0.00000J 0.CO3G707.250 Ic.5to 560.4 3647.2 -81377.I 415422. -0.000040 0.003776
1.000 lo.49d 60.5 3o3o.6 -18433.2 404014 -0.000044 0.003735U.000 lo.4ce 002.s 3610.2 -1204I.0 2ecola. -0.000G7c u.002:30
i.500 lo.4oe o93.2 3610.2 -12734.2 144 f co. -0. 00000, 0. 002115
1.250 c.000 100.0 201.1 -12d94.2 -0. -0.000233-0.00uoJL

lateral f recuency by raleigh's methoc = 3191

wha = STOP A a* 1*c3
.

SED 41 U.!T3
ti
;J00.75 CRU 0000.0's TCH 0002.21 AC

FF AT Il833 POT 07/10/74

!
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APPENDIX B

Selected Sections Pertaining to Crankshaft Design
Rules for Building and Classing Steels Vessels.

American Bureau of Shipping,1980

The following are selected paragraphs from ABS Section 34, Internal
Combustion Engines, and ABS Section 44, Materials for Machinery, Boilers,

.

Pressure Vessels, and Piping.

Although these selections are from the 1980 rules, the technical content

differs very little from the 1973,1974, and 1975 editions of the rules.

i
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34.1 Construction and Installation

34.1.1 Ceneral
Construction and installation of all internal-combustion engines and
reduction gears intended for propulsion in classed vessels and auxil-
lary engines and reduction gears of 135 horsepower (hp) and over are
to be carried out in accordance with the following requirements, to
the satisfaction of the Surveyor. Smaller auxiliaries are to be of
approved construction and are to be equipped in accordance with
good commercial practice, but need not be inspected at the plant of
the manufacturer, whose guarantee of the engine will be accepted
subject to satisfactory performance witnessed by the Surveyor after
installation. For engmes driving generators see also 35.31.

34.1.2 Co.-v+- F =rvey Notiacation
Before proceeding with the manufacture of materials subject to test
and inspection, the Bureau is to be noti 6ed in wnting that survey
is desired during construction such notice to contain all the neceuary
information for the identiacation of the machmery to be surveyed.

34.1.3 Certi8 cation on Basis.of an Approved Quality Control
Progma

Upon application, consideration will be given to the acceptance of
standardized, mass-produced engines and reduction gears without

_ test and inspection of individual units subject to appruval of the
manufacturer's quality control program.

31.3 Plans and Particulars to Be Submitted-

j 34.3.1 All Engines
The particulars to be submitted for all engines are to include the

i

type of engine, maximum continuous brake horsepower and revolu-
tions per minute, maximum Sring pressure, mean indicated presure,i

critical-speed data, and weights of reciprocating parts, weight and
diameter of flywheel or flywheel effect for the engine. Material,

speci6 cations are also to be submitted for approval.
.

!

| 34.3.2 Main Engines
In addition to the plans showing the general arrangement of machin-
ery in the vessel, shafting, stern-bearmg details, the sizes and types,

! of various auxiliaries and the sizes and purposes of suction and dis-
| charge connections of the pumps, as required in other sections of

the Rules to be submitted for approval, the following plans are to be
'

,

submitted in quadruplicate for approval:
,

, Sectional assembly, bedplate' or crankcase including details of,

! heenther arrangement, sump ventilation and explosion relief valves.
| cylinder including jacket and liner, cylinder head, piston and con-,

necting rods, shafting, couplings, clutches. vibration dampers, tie rods,

| if litted. pressure piping, air containers and details of the following
| when driven by the main engine: air compressors, scavenge pumps

or blowers, turbochargers or superchargers; for indirect dnve, plans
of the gears, clutches, couplings, generators and motors are to be
submitted in accordance with Sections 33 and 3S.

s

.

Mr B-2
00du Franidin Research Center,

A Dnemen of The Frennen insehae

|. - . . . . ~ . . . - , , .. .,-._.~.m... . . . _ , . . , . . , .., .
.f.

_. .pggggg..



s. - - ~.d h:& w u w:,ec.g u w.4 m.y a w_.w.h 1 -.. m x5e
,. .

.

5

,e

34.3.3 Auxiliary Engines
Plans for auxiliary engines are to include a sectional assembly and
crankshaft, piston rods, connecting rods, couplings, clutches. vibra. )
tion dampers, together with pressure piping and air containers and,
where fitted, supercharger or turbocharger in sufficient detail for l
design analysis. The plans are to show details of the breather arrange-
ment sump ventilation and explosion relief valves when they are
required.

34.3.4 Torsional Vibration Stresses
The design equations do not take into consideration the possibility
of dangerous torsional vibration stresses, and where propulsion criti-
cal-speed arrangements are such that dangerous torsional vibration

_
may occur within the operating range, calculations are to be nibmit-
ted including tables of natural frequencies, vector summatiens for<

critical speeds of all signiacant orders up to 120% of rated speed,
and stress estimates for criticals whose severity approaches or exceeds
the limits indicated in 34.57 and Table 34.3.

,

34.7 Material Tests and Inspection

34.7.1 Speciacations and Purchase Orders
Except as indicated in 34.1.3 and 34.7.3, the bliowihg material
intended for engines which are required to be constr6cted under
survey is to be tested and inspected in accordance withiTable 34.1.
The material tests so indicated are to be witnessed by the Surveyor
in accordance with the requirements of Section 44, aml copies in
duplicate of purchase orders and speci6 cations for material are to
be submitted to the Bureau for the information of the Surveyor. The
Surveyor wi!! inspect and test material manufactured to'other speci-
fications than those given in Section 44. provided that such specifica- ~

tions are approved in connection with the designs and that they are
clearly indicated on purchase orders which are forwarded for the
Surveyor's information. All other tests in Table 34.1 are to be carried
out by the manufacturer whose affidavit of tests may be accepted
by the Bureau.

34.7.2 Steel.ber Stock
Hot-rolled steel bars up to 229 mm (9 in.) in diameter nuay be used
when approved for use in place of any of the items.tadicateel in
Table 34.1. See Section 44.

.

34.7.3 Alternative Test Requirements
.,

Material for engines and reduction gear units of 500 hp or less,
including shafting, gears, pinious, couplings, and coupling bolts will
be accepted on the basis of the manufacturer's certified mill tes

|
reports and a satisfactory surface inspection and hardness check

,

''

|
witnenaed by the Surveyor.

|

.

U00 Franklin Research Center.
* A Onamen of The Fremen busene

. . - . , - --. _ _ . ,



- w . ,

. .

34.15 Cylinders and Covers, Uners, and Pistons

Parts such as cylinders, liners, cylinder covers, and pistons which ate
subject to high temperatures or pressures are to be made of material
suitable for the stresses and temperature to which they are exposed.
When the cylinder diameter is over 230 mm i9 in.), a telief valve, set
to relieve at not more than 40% in excess of the maximum Bring
pressure is to be Atted on each cylinder of reversible engines and
engines using air for starting. For auxiliary engines other effective
means for determining the maximum cylinder pressure, such as a
maximum-pressure indicator, will be specially considered.

4

.

34.17- Crar.kshafts

34.17.1 Diameter of Pins and Journals
The diameter of the crankshaft pins aml journals. in mm or in is
not to be less than d as determined by the following etguation.

31 + ISI + 4T=)";
d=cs

f

3 ferric l' nits Inchil'annd l' nits
3f = INiPD21, af = 0.1311'D:1.

T = 1.02 X 1091t/R T = 63.000ff/R

D = diameter of cylinder bore, in mm or in.
P = maximum Gring pressure. in kg/cm: or psi
L = span between bearings, measured over the web. in mm or in.

'

/ g . e g e j k_ fe e d r11 = hp at rated speed
,

R = rpm at rated speed
c = 1.16 for one-cylinder engines-

= 1.13 for two-cylinder engines- .

= 1.10 for three-cylinder engines
= 1.07 for four-cylinder engines
= 1.04 for Sve-cylinder engines
= 1.02 for six-cylinder ent:ines
= 1.00 for engines with more than six cylinders

f = 1.900 for Grade 2 forgings
= 2,140 for Grade 3 forgings
= 2.310 for Grade 4 forgings

Values of [ for other materials are subject to special consideration.

Nose The shove erpiation win iemally apply to enenes where a hearine adinins each
side of each crank and where sinele unpnises nesur at espial intervals. It mar -
app!y to other enenes if Af is mndiRed to redert the appenpriate hendme

i
nwwnents. Increened dimensums may he reepiired where critical. speed arran c.
rnents nr stress contentrations are not favnemhic. Where erankdiaft dinwmisen
are propnsed whwh are less than theme determined by the aivwe cepeatum.

j eneplete suppnetmg data, incheding detailed strew analpa, are to be sulame-
ted fur special owinnieration.'

i
*

|
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34.17.2 Maximum Firing Pressure and BIIP
The Surveyor is to verify the maximum firing pressure P and brake
horsepower during the full power trial of the engine. When the
engine Imilder has demonstrated to the Surveyor by means of tests
on a pilot engine that the design value of P is not exceeded within
established limits of production tolerances and settings which wotdd
affect it. verification of P will not be rerjuired for an engine Imilt
on a production line, provided the engine delivers its rated power
within the established limits.

34.17.3 Higher Ratings
Sul=rtuent adjustments for the purpose of obtaining higher powers
or higher maximum pressures will be subject to special consideration.

34.17.4 Solid Crankshaft Webs
The proportions of the crankahaft webs are to be such that the
effective resisting moment of the wel> in Sending is not less than
6tr% of the reshting moment of the minimum retiuired diameter of
pins and journals in bending: that is,

wt* 2 0.35d3
w = effective width of web in mm or in.
t = thickswss of web in nun or in. .

Where the proportions are such that pins and jounials overlap. t
may be taken to be the minimum diagonal distance through the web.

34.57 Torsional Critical-speed Arrangements and Stress Limits
.

34.57.1 Allowable Stresses
Where torsional entical-speed arrangements differ significantly from
previous imtallations, the torsional vibration stress in propeller shalts
and propulsion. engine crankshafts, due to a singlo harmonie exciting
factor at the resonant peak, is not to exceed the limit indicated in
Table 34.3. Total vibratory stress in the interval from 9IPL to 1115%
of rated speed due to resonant harmonits and the dynamicallv
,magmfied parts of sigmhcant nonresonant harmomes is not to escees!
ISr% of the allowai>le stress for a single harmonic exciting factor.

34.57.2 Barred Ranges,

When torsional vibratory stresses exceed the foregoing limits, at an
rpm withm the operating range but less than 90's of rated speed,
a barred range is to be provided. The tachometer h to be marked,
ami a warning notice fitted to the engine ami at the operating con-
trols, to the effect that continuous operation within the barred range
is to be avmded. The width of such barred range is to take into
comideration tlw breadth ami severity of the critical. Imt is to extend

anidin Research Center
, A Osnamen of The Frenen inseouse

__.



. ' , ,,

. .

at least 5% alwive and 5% below the speed at the resonant peak.
"

A barred range is not acceptable in the interval imm SE to 100".
nf rated speed.

34 5.3 Other Effects
Hecause torsional vibration has deleterious effects other than shafting
latique, the limits in Table 34.3 are not intended for direct appli-
cation as design factors and it is desirable that the service range
above !NM of rated speed he kept clear of torsinnal criticals insofar
as practicable.

34 5.4 Torsiograph Tests.

When the calculations indicate that criticals occur within the operat.
ing range whose severity approaches or esceeds the limits in Table
34.3, torsiograph tests may he required to venfy the calculations and
to assist in determining ranges of restricted coeration.

M R .5 Vibration Dampers
When torsional vibratory stresses esceed the limits in Tah!e 34.3 and
a barred range is not acceptable, the propulsion system is to be
redesigned, or vibration dampers are to be fitted to reduce the
stresses.

34 R.6 Cears
When the pmpeller is driven through reduction gears. or when
auxiliary equipment, such as a blower. is driven through gears a
barred range is to be provided at 'he critical speed if gear-tootht
chatter occurs during continuous operation at the critical.

4
.

e
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TABLE 34.1
Parts of Internal-combustion Engines for Which
Material and Nondestructive Tests are Required

. Nunde senw. ,

lenni .wsonal Tests ane Trses'.'

* ll allSolut forged cranbhaft>3 a

Cat. rolled or forged parts ol fully tnutt steel
* ll allcranluhafts' a

(' ass or turgest gurts of wuu.inuit steci
* ll allcranlahalt:4 a

Granluhaft couptmg flange (non integral) tur above 40t)uma
mani proimision (15.7 in.) Imre -

Coupling hult> for cranhbaft 'above *M) mm
(15.7 in.) laure -

('unnectmg nnla' all
* bove 3Nimm all4

- (11.8 in.) bore

* lmve $Niinm above 4tMiemoPistusa ruda' a

(!!.8 in.) bore (15.7 in.) bore

Crunhead 'above *Mi mm
(15.7 in. bore -

Cylmder liner. steel parts above 3mimm ,
(l1.8 in.) bore -

Cet steel cylinder eu ers* almve 3xlmm alnave 44Ni nun .

(11.8 in.) luste i15.7 in.s Imre

Tie nxis-stav Im>lts all alnive *Ninun
'almve 3xi mm i 15.7 m., insre
gi1.8 m.: bore

Pistos cruwsia-ste ci' alusve *Ninates alusve 4thimm

(15.7 in.) bore t 15.7 in. lore

* bove 3mi mm almve *Ma inmHolts ami samis for cylinder covers, cruu- 4

heads. nuin Iwurings. etunwetmg rod Iwar. (ll.M in.) Imre t 15.7 m.) Inire
me

i

{
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. TABLE 34.1 (continued)
.

Itnen*
. knotorme.

.w renerl Tasrs nre To sts"
"

We{ gs se whccis for camJiaft drives almve 4 tin mni above 4m mm
i 13.7 in.i Imre i13.7in.1Imre

%penharger, turbocharger shaft and rotor almve F/10 mm almve 4no mm
(l 1.3 in.1 Imre i 13.7 in.i Imre

'

Case sacri elements incindinig their welded
r .nnertmns. for bedplates te.g. main hearint:
h.nisme. i all all

'

!!cilplate of weldesi twmenictinn: plates and
tr.imverse lwannt:i girders made of forged
or cast steel all -

Frame and crankcase of welded constniction all -

"

Entablatures of welded constniction all
*

-

Thnist shafts. lineshafts. caiplings, coupling,

hnits, propeller shafts, also generator shafts
and motor and gear shafts for indirect drive * ll -a

nres
i Thn table dnes nni cover parts ed the encme meh as pipes and avve=sonei ed the startmg

mer svetem ami eWher prenstre systems.g
'

2 $launctic partitle. liepml penetrant nr er]tially cKetthe tests are tan Iw ~.stned emit w here
nnnsle=tructive testing is indicateil

1 l'ltr.twenc tesimg es anlilettnetally ferrurett.
4 l'Itratamec tc9 ting is adelitionally terpitrest where the Imre esceetis 400 mm 13 7 m.i. -

3 Nonelestructive testing may he rectiiered by the .% rveyor for cast. teel cenngsments. W
44.11. Man.

hl.tlertial f emit tn le witneued by the %ervevnr.

1

1

n

i

.- .

9

4
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TABLE 34.2
Test Pressures for
Parts of Internal-combustion Engines

P is the maxinnim working preuure in the part concerned

Itene Test Pmuure

7'kg/cm a100 pH
*

2Cylimler cover. cooling *[mce
Cylimler liner. over the whole length of 7 kg/cm 6100 pii

cooling space
Cylmder jacket, cooling space 4 kg/cm: (57 pi) but not leu than 1.5P

,

Exhaust valve. cicling space 4 kg/cm: t57 pn Imt sua len thani 1.5P
Piston crown. cooling space 7 kg/cm: tltal put

(alter annembly with pinton rmli.

Fuel-injection systen
Pump Immly, preuure side 1.5P or P + lini Lg/cm: i4270 pis

whichever is Icw
Valve 1.5P or P + 3MIkg/cm:(4270 pie

whichever is leu
Pipe 1.5P or P + 3xl kg/cm i4270 psil2

,

whichever is Icss
Scavenue.gmmp cylinder 4 kg/cm: IST pi)
Turhohlower, cooling space 4 kg/cm 157 pi) Imt not les than 1.5P2

Exhaust ppe. cinding space 4 kg/cm:(57 pil Ime emt leu than 1.5P
Engine-driven air compressor, cylimien.

covers, intercimiers ami aftercoolers
air side 1.5P
water side 4 Lg/cm: t57 pH Imt not Icw than 1.5P

Cuniers, each side 4 kgfcm 457 par Imt not few Ihan i SP
Enume-dnven punp toil, water, fuel. Inigel 4 kg/cm: s57 pis Imt ma ten than 1.5P

TABLE 34.3
Allowable Stress Values for Crankshafts and
Tail Shafts Due to a Single Harmonic
(Grade 2 Steel)

1.ncme sg,rert 0.3n ur less OAR o.MR-I.tu)n I.ma
..

Diameter afwi mm 24twi ke,/cm3 2250 kg/cm3 2150 kg/cm: =250 kg/cm:
i11.3 in.) or less (5.fim psil (3.556 pi) 12.134 pi) 13.556 pi

Diameter tt00 mm 23an kg/cm3 2200 kg/cm2 =120 kt:/em: =2tul kt:/cm:
123.0 in.l or more (4.531 psil (2.M45 psi) (l.707 pso i2.us po

.was
1 Mreas limits for speeds intermediate hetween thine ihnwn in Table 34.3. and fnr shafts,

beeween :Wie and roul == ill.M in. and 33.6 in.) in diaineter, may le cheamed tw meerpilatunt.

^ in the Taide. R in rpm at rated ipeal, which is the speed at masamum omtirweian ratmg
; for regular operat6on in wrvice. Stre=nes are nominal vahace haned sui diameter of crankpms,
,

or nn ahe mennen pmpelier haft diameter hetween the h6g end of the taper and the forwand
stern glaml.:abregardinat itsem. concentration factors.

'

*

2 Wheve the servu, is on4i that the venel wdl operate fne e sigtndleant pwtinn nf its wrvu,e
- life at speeds behrw iwi% ni rated apped, the stress hmits in the interval u.mH-l.tulR .4 Talile

_

,,

34.I are la he med in guch = peed ranges.
3 If entstemal entical. speed a;; . .. ..es are sanilar to prewwnn inntallatinns pmven iw servia,e.

espenens e. tumeulerstwei wdl lie given to higher geregic, ape wihmittal id full details
! 4 sore i limits.few reankdiafts made of (;raile 3 nr 4 or appnmd allow-steel forumg= mav tw

merenwd by twMhirth ad the percentage mervase in ultimate tensile strength .wer
242 bit enm tf51.tkVIpeak

.

-1
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44.19 Steel Alachinery Forgirgs

4 .We in inintential agreement with \mt desn:naem=w
Atw6 Chu R fie ARN Grale 2
Amt-ctm o few Ans Graie 3-

ANI4-Class E few ARS C'rade 4

44.19.1 Process of Afanufacture
a General The following respiirements cover cartmn-steel fne-

ines intended to be used in machinerv construction. This does not
preclude the use of alloy steels as penditted by 44.1.1. The ete.1 i< rn,

be fully kille<l mel is to be made by one or more of the followme

processes: open-hearth, beic-oxygen, electric-funuce, or such utlAr
process as may be approved. The cross-sectional area of the main

i body of the unmachined, finished forging is not to exceed one-third of
the area of the ingot; palms, flanges and similar enlarge nents on the.

] forging are not to exceed two-thirds of the area of the ingot. A
suGeient diw.ard is to be made from each ingot to secure freedom
from piping amt undue segregation.,

b Chemical Composition The chemical composition is to be
reported and the_curbon content is not to eseeed 03% iuiless me-
_cialIV 3Dorovett. Specially approved grades having more than 0.:M
carbon are to have 5 marked after the grade number.

44.19.2 5tarking and Retests
a Marking in addition to appropriate identification markinp of

the manufacturer, the Bureau markings, indicating satisfactorv etun-
pliance with the lhde resguirements, ami as furnished by the Surveyor,
is to be stamped on cil forgtugs in such h> cation a to tw discern-
ible after machining and installation. In addition Grade 2, Grade 3.

AB AB
aml Grade 4 forgings are to be stamped g , 3 , and AB;- respec-
tivelv.

b'Herssts if the readts of the physical tests for any forging orq
; any lot of forging do not confonn to the respiirements specified. ..

the manufacturer may re-treat the forgmp, but not inore than three
'

additional times. Retests of an additional 3pecimen or specimens are
'

to be made and are to confonn to the resguirements specified.

- 44.19.3 Heat Treatment
a General Unless a departure from the following procedurn i3

specifically approved, Grade 2 and 3 foranes are to be annealed.. ,

nonnalized or normalized and tempered. Grade 4 turgmp are to
be normalued and tempered or double normalized and temper d.
The furnace is to be of ample proportiom to bring the forging to.

a unifonn temperature.
b Cooling Prior to lleat Treatment After forging and before

_'"
reheating for heat treatment, the forging ure to be allowed to cool
in a manner to prevent injury and to accinnplish tramfunnation..

c Annealing The forgings are to be reheated to and held at the
proper austeni:izing temperature for a sufficient time to effect the,

-

desired transformAion and then be allowed to cool slowly and evenly
in the funua.e until the temperature ha fallen to about '455C ih30th

'

or lower.
d Normalidng The forgings are to be reheated to and held at-

the proper teinperature above the tramfunnatum range for a mili-
cient time to effect the desired transfonnation aml then withdrawn,

g' from the furnace and allowed to cool in air.
e Tempering The forging are to be reheated to and held at the

proper temperature, which will be below the trumfunnatum range.
and are then to be cooled mnler suitable conditimes.

:.

u
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44.19.4 /Ft4Isile Propert_ie.s
a CarFon steet forginp The carbon-steel forgings are to ennform,

to the requirements of Table 44.11 as to temile pmperties.
b Large Forginp in the case of a large forgmg re<[innnq two

tension tests, the range of tensile strength is not to exceed 7 kg; mm:
(10(X)0 psi).

e Application Subject to the appmval of the appmpriate mate-
rial for each design application. Grade 2 is approved for all purposes;
Crades .1 and 4 are approved for all purposes excepting pmpeller
shafts,

d Alloy or Special Carbon Steels When alloy steels or earlen
steels differing from the almve requirements are propmed for any
purpose, the purchaser's specification is to be sulunitted for approval
in connection with the appmval of the design including such appli-
cation. Specifications such as ASTAI A117 or A470 or other steels
suitable for the intended service will be considered.

,

44.19.5 Test Specimens
a Location ofSpecimens The physical properties are to be deter-

mined from test specimens taken from pmiongations having a sec-
tional area not less than the Indy of the forging. Specimens may
be taken in a direction parallel to the axis of the forgine in the
direction in which the metal is most drawn out or may be taken
transversely. The axis of longitudinal specimem is to he' located at
any point midway between the center and the surface of solid fort-
ings and at any point midway between the inner ami outer surfaces

'

of the wall of hollow forgine. The axis of transverse specimens may
be located close to the surface 'of the forginp.

h ifollmedrilled "- - In lieu of prolongations. the test
specimens may be taYen..;.c.afrom forgings submitted for each test lot:
cr if satisfactory to the Surveyor's test specimens. may be taken from
forgine with a hollow dnll.

c Small Forgine In the cases of small forgine weighing less than
114 kg #1'50 lb) each, where the foregoing pmcedures are impractisa-
hie. a special forging may be made for the purpose of obtaining test
specimem, provided the Surveyor is satisfied that these test specimens

,

are representative of the forgme submitted for test. In such cases
the special forgings should be subjected to appmmimately the same
amount of working and rednetion as the forgme represented and
should be heat treated with those forgine.

d Identifcation of Specimens The test specimens are not ta he
detached from the forgine imtil the final heat treatment of the
forgings has been completed nor until the test specimens have been
stamped by the Surveyor for identification.

44.19.6 Numhee of Tests
a Large Forginy In the case of large forgings with mugh me-

chined weights over 4080 kg (9000 lb) each, one tension test is to be
made imm each end of the forging.

b Smaller Forging In the cuse of forgings with rough machined
weights le s than 4060 kg (9000 lbi each, except as noted in the
following paragraph, one tension tot is to be made from each forg-
ing.

.

_
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e Senell Firging In the case of small forgings with rough ma-
chined weights less than 227 kg (500 lb) each, one temion test may be.

taken froin one forging as representative of a tot of 908 kg (2000 lbs
,

or less, provided the forgings in each such lot are of similar size. are

-
of one grade and kind only, we made from the same heat and are
heat-treated in the same furnace charge. For lots over 908 kg (2000
lb). only one temion test need be taken from one small forging as

;
representative of a lot provided 20% of the other forgings in each
such lot, not subjected to temile tests, are subjected to lirinell hud-

'

ness tests and meet the following rec (uirements.

liesncil llartinen Test '

.tlinanum
Grade 10 mm ImlL 3000 kg loud

2 120
3 150
4 lin

d SpecialSituations In the cue of a number of pieces cut from
a single heat-treated forging, individual tests need not necemarily
be made for each piece, but such forging may be tested in accord.mce
with whichever of the foregoing procedures is applicable to the
primuy heat-treated forging involved.

44.19.7 Impection
All forgings we to be impected by the Surveyur after final hea:
treatment and they ue to be found free from defects.-

TABLE 44.11
Tensile Property Requirements
for Carbon-steel Machinery Forgings

I temgitmliant Termeraver
N;n remens Sprrimen.s

Yleid . flung *r-
* - Tennfr Froinst tsm m Revlue. F.lumger. Merine.

si:r %trength. Yirld Mi mm tum ref tem m tkm <>{
men. Strengria 62 in.1 Artwr. .4D mne ArrrL

i Wer h e m er kg|mm3 kgt mma mm. mna. el in ' mus. .* Grrules mne sin t mm fin.n tpse) epsn perrent perrent gn, rent Inrrent

2 StWI 25 :14
(12)

. 42 2I 20 29
1tv) (firwwull (3twwun 24 36
(121

3 Otut 24 40
(8)

2fyl 1ru)^ mi e121 51 2ft.5 22 35"
~- - "(T.yuun #3 3(vu y 2A
.1n0 9ul

-

(121 ,,Qu 20 32
MI '"~ "

(201 19 10

4 58.5 30.5 2n 35 17 27
(M3fwwh (43fwWu

,

~

won Whevi tanstent hd stwunem are taken frnm wheels, rmic. rims. dim. rte, in wherh the mann
'

rmal hnt wnrkmit is se the tanitential directum, the tenule h t rmdes are to meet the
ruernrrments hw hmettinimal spreimem.

i.

A B-12
IJb Franidin Research Center*

A Ohemen of T1te Pressen inmense

. . . ~ ~ * , .3 <. . -
. ~ . . ._ 3 :e y ,-;9-*.e*-o- g y m yo<4* % ,m".~~ M m M

_

,
..



-i . ui | - w.s .n m - w,0.. A --+:-wwc$AvnaseYkia +<. am ue.mm tu,,-nurus.mmaan |aw w
. .

. .

1

AEPENDIX C 1
,

-
. . . - - _ _ _ _ _ _ _ _ _ . . _ . _ _ _ __

INSPECTION COMMENTS CONCERNING DIESEL GENERATORS
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APPENDIX C

The comments herein are based on an inspection made as part of an initial

visit to the Shoreham Nuclear Power Station on September 1, 1983.,

C.1 Diesel Generator 101

Diesel generator (DG) 101 was located in its operational room and was

being prepared for a limited test program. The crankshaft was exposed for

inspection, cracks in cranks 5 and 7 were being ground out to reduce the

associated stress concentration, and preparations were being made to install

instrumentation. Instrumentation specialists at DG 101 indicated that the

planned instrumentation included a strain gage torque bridge on the crankshaft

adjacent to the flywheel, strain gage rosettes in the crankpin fillets of

cranks 5 and 7, vibration transducers (accelerometers) on various bearing

journals, pressure transducers in two combustion cylinders, an angular

displacement transducer (torsiograph) on the free end of the crankshaf t

(opposite the flywheel and generator), and a sensor on the generator shaf t to
~

indicate shaft position relative to top dead center of crank 7. The

instrumentation was in various stages of preparation and installation.

The cracks on the crankshaf t appeared to have been nearly ground out in

accordance with the torsional test procedure.* Cracks in the crankshaf t of DG

101 were reported to have been approximately 1 inch deep prior to grinding.
Crack locations included cranks 5 and 7, and the cracks made an approximate .

angle of 45' relative to the crankshaft (or crankpin) longitudinal axis. The

crack on crank 7 was located in a 5 o' clock position relative to top deadi

center of crankpin 7 and on the fillet toward crank 8. The crack on crank 5

was located in a similar manner, but in a 7 o' clock position on the crank pin

fillet toward crank 6.

C.2 Diesel Generator 102

DG 102 was the unit with the fractured crankshaft. DG 102 had already

been moved to the main turbine deck where space and crane facilities were

* Revision, LILCO Procedure for Crankshaft Testing, Emergency Diesel Generator
No. 101, September 23, 1983.
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available to disassemble the unit, make a thorough inspection, and rebuild it
with the 13 x 12 crankshaft. Disassembly and inspection of the whole engine
was progressing part by part; although it had not progressed to the point of
removing the fractured crankshaft, the fracture was clearly visible and open

. to close inspection through the sides of the engine block where the cover
'

plates had been removed. Inspection of crank 7 revealed a fracture through
the crank web and partially through the crankpin, with the fracture passing
through the crankpin fillet at approximately the 5 o' clock and 7 o' clock
positions with respect to top dead center of that crank. The tip of the

,

V-shaped crack propagating out into the crankpin reached approximately to the
midpoint of the crankpin bearing surface.

Further inspection of the fractured crankshaf t (still assembled in

DG 102) revealed that one edge of the web at the fracture had a large

| discolored area characteristic of heating to a temperature range of.400*F to
600*F. This discoloration was attributed to the considerable energy dissipated
in sliding contact at the point of fracture and against the connecting rod
during the short time (approximately 1 1/2 minutes) that the diesel was
believed to be under power (see page 3 of Reference 18) following the fracture.

Inspection of the sump revealed considerable debris under crank 7 as

compared to other crank positions. Although accumulated dirt in the engine
sump was heaviest toward the flywheel and generator end of the sump, the
excessive accumulated debris of crank 7 proved to be mainly bearing material-

scraped out of the connecting rod bearing by the displaced fractured segment -

of the crankpin that acted as a sharp cutting tool during those moments of
I operation following crankshaft fracture.

.

Further inspection of the crankshaf t failure was not conducted because
;

the crankshaft was to be removed over the holiday (Labor Day) weekend and
'

transported to the facilities of Failure Analysis Associates, Inc., in Palo

Alto, CA, for immediate extensive examination.

f

C.3 Diesel Generator 103

| DG 103 was observed to be under disassembly in its operational room in
'

preparation for moving it to the turbine deck.

i~

.
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In the initial briefing, the crankshaft of DG 103 had been reported to
,

# contain cracks of sufficient depth and magnitude to preclude further

operation. Testing was to be performed using DG 101 only. The action plan
l

for DG 103 reportedly _ called for complete disassembly, inspe:: tion, rework as
!

necessary, and reassembly with a 13 x 12 crankshaft (13-in joarnal bearing
diameter and 12-in crankpin diameter) now reconumended and supplied by

? Transamerica Delaval, Inc. Analytical studies of the engine with this

crankshaft were to be carried out concurrently, with updates to the analysis

being made as test data on DG 101 became available.'

,
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APPENDIX D
i

RECOE4ENDATIONS FOR MECHANICAL AND ELECTRICAL COUPLING INVESTIGATION
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APPENDIX D

e

The following three recommendations were made* to ensure the recording of

possible electrical-mechanical dynamic interactions in the course of diesel

generator testing.

1. The generator output voltages for the three phases were not all
slated for recording - only the voltage difference between phases,
A - V ) ad (Vg - V ) . Hence, if electrical interactions(V B C

occurred during the tests, a positive voltage phase reference would
not be assured, but would be dependent upon the 3-phase generator
voltage output remaining balanced. That is, only two measurements
were being made, and that fact required the third voltage to be
calculated from the 3-phase electrical vector relationship. This is
possible only with the assumption that the voltage remains balanced

.

on all three phases. When it was reported that the third voltage for
recording could only be obtained with considerable difficulty, it was
recommended that the voltage on each of the three phases be read and
recorded separately (from the control room) so that each voltage
would be known, should it be required for vector calculations.

| Although it was believed that the electrical power grid would
certainly remain balanced during the recording of data during the
synchronous load tests, the reading of'the voltages would remove all
doubt. For loadings derived from plant equipment (core spray, etc. ,
versus the electrical power grid), the measurement of voltage was
more meaningful.

2. Even though the generator rotor inertia was large, it was believed
prudent to provide for the investigation of generator instabilities,
especially since there could be significant cyclic torque at 30 Hz.
Accordingly, it was recommended that all vibrational data be recorded

; at power factors between 0.8 and 1.0 in synchronous load tests under
as high a load as feasible. A load of 2550 kW was chosen from the

i test procedure to minimize engine run time at or near full load.
,

:

! The background of this reenamendation is that synchronous generators
tend to be more unstable with icw excitation (1.0 power factor) than
with higher excitation (0.8 power factor |. Also, page 1 of LILCO's,

response to the NRC Request for Information II.2 (September 20, 1983)

( - indicated that a significant amount of the testing on DG 102 was
yuformed at a power factor of 1.0 and that DG 102 was operating at

'

|

l' * R. C. Herrick, FRC
Memo to C. Petrone, NRC Resident Inspector, Shoreham Nuclear Plant
Subjects On-site for Torsional Test Monitoring

|. September 24, 1983
1
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power factor of 1.0 at the time of failure. Further, means were not
available inusediately prior to the test to determine if the 30-Hz

cyclic torque could aggravate generator instability. Hence, this
consideration appeared to be a prudent course of action for thorough
coverage of possible instabilities or mechanical-electrical interac-
tions.

3. It was also recommended that assurance be provided for the recording
of any transients, mechanical and/or electrical, associated with
synchronization and attachment of the diesel generator to the
electrical power grid, and to any of the isochronous loads.

i
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APPENDIX E l

!

COMENTS BY H. W. HANNERS ON THE SUMMARY OF SELECTED FAILURES AND
EVENT REPORTS OF TDI DIESEL GENERATORS

.
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APPENDIX E
,

Comments on the items as dated:

08/12/83
'

The broken crankshaft is believed to have been the result of excessive
stress due to torsional vibration.

i

03/30/83
:

These screws may have failed as the result of inertial forces from engine

operation at or near a torsionally critical speed as well as possible low

quality in material, design or manufacture.

03/08/83
.

j The cracked cylinder heads could have been the result of design, but the

new design apparently needs to be tested by actual use and acceptance tests.

1

03/03/83

The high pressure fuel line failures could surely be reduced by design

improvements of the shroud (usually called sleeve) . Again, sufficient proof

remains to be seen through in-service experience and acceptance tests.
.

12/13/82
.

Better quality obviously needed.

.

09/17/82

The omission or removal of the keyway in the water pump shafts could be

avoided by eliminating the " stress raiser" effect of the keyway in torsional

i- vibration. An impeller design change to reduce the rotary soment of inertia

could also help.

.

07/22/82

Probably fixed by the change of design.
3

i

!

'
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06/23/82

Change to neoprene is certainly an improvement over isoprene.

05/13/83

This probably should have been 05/13/82 from the " backtracking" review
scheme being used.

05/13/82

The shorter capscrews may be satisfactory, but were the original screws
actually too long or the threaded tapped holes too shallow?

03/19/82
,

Neither the problem nor the solution (or fix) are clearly explained. The
53-minute bleed down time is too long as a practical fix. Even 53 seconds is'

rather a long time to consider acceptable. Successive starts should certainly
be allowed more often than 53 minutes apart. Seismic qualification of the

I sensing line is recommended.

03/15/82

| This implies that the rear crankcase cover is a stress bearing part.
I Neither the strongest bolts nor the reasons for the basic failure give faith

in the TDI remedy or explanation of the failure. More proof and further
.

explanation are needed.
i

|

12/09/81
i

| The TDI remedy of a lower oil cooler mounting seems reasonable, but the
complete system should be reviewed.,

I

i 11/05/81-

The use of Belleville washers in the two-piece piston design may ce may
not be satisfactory, depending on whether the heat from the hot piston crown
anneals the Belleville washers. Heat barrier design may also be required for,

success.

, $. E-2
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The cylinder liner grooving and the bearing grooving may very well be <

caused ty " built in" dirt and chips in the original factory assembly. All

three enginas should certainly have the crankcases or bedplates thoroughly

cleaned and all bearings examined and replaced as needed. A tedious, careful,

and expensive job is indicated. This means not only the bearings, but also

the surface of the mating parts such as t?;a crankshaf t crankpin and main

journals and other parts would be damaged.i

07/14/83 (or 07/14/81)?

Another indication of possible excessive vibration and or lack of proper

clamping to prevent cracking of oil lines. Danger of fire from oil line

fracture should certainly be given more attention.

03/23/81 ,,

Motors should certainly be qualified and not merely be stated to be,

equivalent.

_

; 12/16/80

A redesign of the lube oil system is indicated as necessary so that the'

: turbocharger bearings get oil immediately after a start. This may mean a
,

change to an intermediate drain back sump in addition to the main oil sump of

the turbocharger. Acceptance of occasional " fast starts" is not sufficient as
,

+ ri this is tantamount to saying that dry bearings are tolerable. -

| 4
All of the remarks and critique of the iteiss regarding the TDI engines

are intended to be constructive and helpful. However, practically all of the
*

.p
,

suggestions are subject to testing in actual service and qualification under,
, ,

'

NBC regulations. I

- During the nuclear power plant survey and inspections done in 1978 and
a 1

1979, performed at the University of Dayton (Dayton, Ohio), a grand total of |

288 items were investigated. Most of these subject items were found in every
,,

[e power plant of this survey.
..
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\ uc ear In"ormation and Resource Service
1346 Connecticut Avenue NW. 4th Floor. Washington, D.C. 20036 (202) 296-7552

April 10, 1984

Director FREEDOM OF INFORMATION
Office of Adminstration ACT REQUEST
U.S. Nuclear Regulatory Commission QTAgggy
Washington, D.C. 20555

!FREEDOM OF INFORMATION ACT REOUEST

To whom it may concern:

Pursuant to the Freedom of Information Act, 5 U.S.C. 522, as
amended, the Nuclear Information and Resource Service
requests the following documents regarding Transamerica
Delaval Inc. (TDI) diesel generators installed at the
Shearon Harris nuclear plant. Please consider " documents"
to include reports, studies, test results, correspondence,
memoranda, meeting notes, meeting minutes, working papers,
graphs, charts, diagrams, notes and summaries of conversa-
tions and interviews, computer records, and any otner forms
of written communication, including internal NRC Staff memo-
randa. The documents are specifically requested from, but
not limited to, the Office of Inspection and Enforcement
(I&E); Office of the Executive Legal Director (OELD); Office
of Analysis and Evaluation of Operational Data (AEOD);
Office of Nuclear Regulatory Research (Research); Office of
Nuclear Reactor Regulation (NRR); and the Operating Reactors
Branches of the Division of Licensing. In your response,
please identify which documents correspond to which requests
below.

Pursuant to this request, please provide all documents pre-
pared or utilized by, in the possession of, or routed
through the NRC related to:

1. The TDI diesel generators at the Shearon Harris nuclear
plant; and

2. All lists of problems and defects which have occured with
TDI generators being used or tested, or which have not yet
been used, for nuclear facilities and in other applications
(e.g. marine).

In our opinion, it is appropriate in this case for you to
waive copying and search charges, pursuant to 5 U.S.C.
552(a)(4)(A) "because furnishing the information can be
considered as primarily benefiting the general public." The
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Nuclear Information and Resource Service is a non-profit
organization serving local organizations concerned about
nuclear power and providing information to the general,

public.

Sincerel ,

I w
.

Nina Bell
Nuclear Safety Analyst

cc: File
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