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~ STATIC STRENGTH TESTS OF DIESEL ENGINE CRANKCASES
GMC 16-184 and EMC 16-184-A FOR 110-FOOT PATROL BOATS

ABSTRACT

Static strength tests were made on two diesel engine crankcases, General
Motors Type 16-184, designed for a unit of 16 cylinders in 4 vertical banks of 4 cyl-
inders each. The crankcases were of welded steel construction, and were built up of
forged cylinder deck plates and steel-plate walls and transverse bulkheads.

The tests were carried out for three different conditions of static loading,
i.e., in tension, to simulate loads imposed on the cylinder head by eylinder gas pres-
sure; in compression, to simulate loading the main-bearing carriers as beams; and in
torsion, to simulate torque loads imposed by the propeller shaft and by piston side
thrust. Stresscoat strain-indicating lacquer was used to indicate points of stress
concentration on the crankcases.

The static tests indicated that the crankcases had adequate strength for
all service requirements. The dynamic and the endurance strength of the crankcases
were not investigated in these tests.

INTRODUCTION

This report describes static strength tests of two full-scale crankcases
for the Type 16-184, 1200-HP diesel engine used for the propulsion of 110-foot patrol
boats of the United States Navy. The tests were carried out at the David Taylor Model
Basin at the request (1)* of the Bureau of Ships.

These crankcases embodied the results of experimental development conducted
by the General Motors Corporation of Detroit, Michigan, which produced the GMC 16-184
case, and by the Electro-Motive Corporation of La Grange, Illinois, which built the
EMC 16-184-A case. The EMC crankcase is a production model of a later type than the
GMC crankcase and embodies several changes. It was fabricated by a new technique
developed by the Electro-Motive Corporation.

These crankcases are truly remarkable pieces of engineering, and they will
well repay careful study by anyone whose work involves mechanical design, welding de-
sign, welding technique and weight saving. In addition to the diagrams in the body
of the report, a series of large scale views of various parts of this unusual piece
of machinery are included as Appendix 1.

This engine is unusual in that the crankshaft axis is vertical, and the
cylinders are'arranged around it in four X-shaped tiers of four cylinders each, as
shown in Figure 1. For ship installations the engine rests on the top of a case
containing bevel gears which change the motion 90 degrees to the propeller shaft.

* Numbers in parentheses indicate references on page 18 of this report.
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Figure 1 - Isometric Sketch of Crankcase with Two Cylinders
sectioned to show Construction of Inner Walls

The static tests at the Taylor Model Basin were carried out to determine
points of high stress concentration in the crankcases, and to investigate the ability
of the crankcase structures to withstand the working loads of the engine.

) Preliminary to these tests a stress -analysis was made by the Bureau of
Ships (2) for the EMC crankcase to determine the magnitude and direction of the forces

transmitted to the crankcase through the head and the main bearings; a synopsis of

this report is given in Appendix 2. As a result of this preliminary analysis, the

Bureau of Ships recommended:
1. A static tensile test of each section of the crankcase at a load of 34,000

pounds (2) (4). ‘
2. A compressive test (2), with a 10,000-pound load applied at an angle of 45

degrees to the serrated edge of the bearing carriers.
3. A torsional loading test (3) (4), with no load limits specified.
An analysis of bearing loads was made by the Research Laboratories of the

General Motors Corporation (5) which substantiated the recommendations of the Bureau

of Ships in Reference (2). A synopsis of the General Motors report is given in

Appendix 3.
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Figure 3 - Section through Crankcase EMC 16-184-A
set up for Compression Test
This section shows in detail the loading fixtures and their application to the crankcase in loading
the assembly in compression. The force is transmitted downward from the testing machine through
the compression block, rod and eye to the dummy shaft, then through the bearing carriers and the
crankcase to the compression pedestal and the bedplate of the testing machine.

The loading in this test simulates the loads transmitted by the shaft to the crankcase, which cause
the bearing carriers to be loaded in both bending and compression. The load was applied at an an-
gle of 45 degrees to the serrated joint between the two halves of the carriers because the moment
of inertia of the bearing support was least in that section.

The cylinder sleeves which are welded between the walls of the coolant chamber are not shown in the
section.






[+—Grip

<0
O
le —— Upper Tension Rod
\! N
N N
Ny "
N Exhaust Housing
7. O

Dummy Piston Bearing Carrier

\ in two parts;
see Figure 21I.
Camshaft

Coolant
Chamber
4 \i/
‘ >/——Oil Duct

o
g
o

S

i
g

/,..,
Camshaft _ » } Dummy Shaft

i Bank 4
Lower Tension Rod Eye \ A l

Lo ——Lower Tension Rod
>

. —Grip
ar — 111

Figure 5 - Section through Crankcase EMC 16-184-A
set up for Tension Test

The section shows in detail the method of loading the crankcase in tension. The pulling force exerted
on the upper grip and the upper tension rod is transmitted to the exhaust housing by the dummy piston,
which consists of a split ring which bears against the lower side of the housing, and which is held in
place on the tension rod by two capstan nuts. The split-ring construction facilitates easy insertion
and removal of the loading assembly in the restricted space of the cylinder airbox. The load is re-
ceived by the crankcase through the studs which secure the exhaust housing to the airbox deck plate.
The pulling force on the lower grip and the lower tension rod is transmitted to the. shaft by an eye
which encircles the shaft and is screwed to the end of the rod. The shaft transmits the load to the
main bearing carriers which in turn transmit the load to the crankcase. )
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STRESSCOAT INVESTIGATION
Before applying the undercoat lacquer the inside and outside surfaces of

the crankcases were thoroughly cleaned by removing all loose scale, grease and oil.
The undercoat of aluminum-pigmented lacquer was applied with a compressed-air spray-
er to the inside and the outside surfaces of the crankcase and exhaust housing. The
Stresscoat, a brittle strain-indicating lacquer, was applied after the undercoat had
dried.

The minimum stress in steel which can be indicated by the Stresscoat method
is about 18,000 pounds per square inch.

The gear described previously in this section was used for applying tension
and compression to the crankcases, and for developing cracks in the Stresscoat at
points of large strain.

TEST SCHEDULE AND RESULTS

After loading to a maximum compressive load of 30,000 pounds, the crankcase
GMC 16-184 was dismantled from the compression mount and set up in the testing ma-
chine for testing in tension, as shown in the photographs, Figures 7 and 8. The se-
quence of loading during the test is indicated in Table 1. The maximum load applied
in tension was 60,000 pounds, 75 per cent over the maximum load recommended by the
Bureau of Ships.

Crankcase GMC 16-184 was loaded to a torque of 160,000 pound-inches, the
capacity of the testing equipment. Crankcase GMC 16-184 was then dismantled and
Crankcase EMC 16-184-A was tested in a similar manner in tension and compression.

Representatives from the Bureau of Ships requested that the tests on Crank-
case EMC 16-184-A be carried to destruction. The compression test was carried to a
load of 300,000 pounds, at which point the pedestal fixture shown in Figure 2 failed.
The tension test was carried to a maximum load of 170,000 poﬂnds with Exhaust Housing
1, and to a maximum load of 157,000 pounds with Exhaust Housing 2; the housings failed
at the respective loads. The tests were then discontinued.

DISCUSSION OF RESULTS
Of the three tests, compression, tension, and torsion, conducted on each
crankcase, the tension test was the only one that produced Stresscoat crack patterns.

TENSION TEST

The strain patterns produced on Main Bearing Carrier 5 in the tension test
of Crankcase EMC 16-184-A are shown in Figure 10; this was the outside carrier on the
end nearest the tension rod. The strain patterns indicated tension and occurred on
the side of the carrier opposite to that shown in Figure 10. The occurrence of strain
cracks on one side of the carrier and not the other indicated the presence of bending
in the carrier. The bending tensile stress added to the membrane tensile stress re-
sulted in a combined stress sufficient to form strain patterns on the fillets of the
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TABLE 1

Test Loading Log

: Stresscoat Crack
Date Crankcase Type of Load Time Load | Loaded at Patterns at
Loading pounds | Was Held Cylinder Release of Load
1941
17 Dec | GMC 16-184 Compression | 20 000 | 30 seconds 2 none
17 Dec 20 000 | 3 1/2 hours
20 Dec 20 000 | 30 seconds
20 Dec 25 000 { 30 seconds
20 Dec 30 000 | 30 seconds
20 Dec 20 000 { 3 3/4hours
27 Dec | GMC 16-184 Tension 34 000 | 30 seconds 4 none
27 Dec 34 000 | 3 1/2 hours 4
29 Dec 34 000 | 30 seconds 1
30, Dec 34 000 | 3 1/2 hours 1
30 Dec 50 000 | 30 seconds 1
30 Dec 60 000 | 30 seconds 1
pound-
1942 inches
7 Jan | GMC 16-184 Torsion 60 000 | 30 seconds 1 none
7 Jan 75 000 | 5 hours
7 Jan 100 000 | over night
16 hours
8 Jan 0 4 hours
8 Jan 100 000 | 30 seconds
8 Jan 125 000 | 30 seconds
8 Jan 150 000 | 30 seconds
8 Jan 160 000 | 30 seconds
10 Feb | EMC 16-184-A Tension 34 000 | 30 seconds 1 none
10 Feb 50 000 | 30 seconds
11 Feb 50 000 | 3 1/2 hours
11 Feb 75 000 | 30 seconds
11 Feb 75 000 | 3 hours
12 Feb | EMC 16-184-A| Tension 34 000 | 30 seconds 4 none
12 Feb 50 000 | 30 seconds
13 Feb 50 000 | 3 3/4 hours
13 Feb 75 000 | 30 seconds
13 Feb 75 000 | 3 1/2 hours
17 Feb | EMC 16-184-A | Compression | 20 000 [ 30 seconds 3 none
17 Feb 30 000 | 30 seconds
18 Feb . 40 000 | 30 seconds
18 Feb 50 000 [ 30 seconds
18 Feb 60 000 | 30 seconds
18 Feb 70 000 | 30 seconds
18 Feb 70 000 | 3 1/2 hours
27 Feb 80 000 | 30 seconds
27 Feb 90 000 | 30 seconds
27 Feb 100 000 | 30 seconds
27 Y¥eb 110 000 | 30 seconds
27 Feb 120 000 | 30 seconds
27 Fedb 130 000 | 30 seconds
27 Feb 140 000 | 30 seconds
27 Feb 150 000 | 30 seconds
2 Mar 150 000 | 30 seconds
2 Mar 10 000~
pound
incre- each
ments | 30 seconds
0
300 000 none: compres-
sion pedestal
failed
4 Mar | EMC 16-184-A Tension 80 000 | 30 seconds 1 none -
4 Mar 10 000- c s
pound initial crack
incre- | 30 seconds patterns on
ments bearing carrier
to each at 90,000
170 000 pounds load
4 Mar 130 000 | 30 seconds half patterns
4 Mar 170 000 | 30 seconds full local pat-
terns - exhaust
housing cracked
23 Mar 157 000 | 30 seconds second exhaust
housing cracked
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Figure 11 - Section through Main Bearing Carriers 4 and §

The schematic drawing shows the sections of the bearing carriers, the adjoining crankcase bulkheads,
and the tension-rod eye in relation to each other during the testing. The points of load application
also are shown. Tension forces acting through the upper sides of the bulkheads and also in the tension-
rod caused bending of the dummy shaft, which in turn caused bending of the carriers. This bending ac-
tion was revealed by Stresscoat lacquer crack patterns only at the position indicated at A. Here the
bending stress was tensile, which added to the tensile membrane stress in the carrier, whereas in the
corresponding area on the lower part of the carrier the bending stress was compressive and added to the
compressive membrane stress. However, no Stresscoat patterns were formed here as the duration of the
load was too short for the Stresscoat to indicate compression.

bulkhead; where that of Bearing Carrier 4 is comparatively symmetrical with respect
to the section of the bulkhead. This lack of symmetry could well have accounted for
some of the bending action in Carrier 5.

There was additional cause for stress concentration on the inside members
of Main Bearing Carrier 5, in that the loaded cylinder was at the end of the crankcase
and without adjacent structure, such as is found in service conditions,® to absorb

* In service conditions, the right end of the crankshaft, shown in Figure 11 as a dummy shaft, is con-
nected to a propeller shaft by bevel gears and operates with its axis normal tb the axis of the propel-
ler shaft. Therefore, in service, the reaction of the propeller shaft through the bevel gears and
crankshaft on Bearing Carrier 5, may well offer a more balanced condition of loading than did the test
loading. Hence, it would show less tendency to bend the carrier than did the test loading.
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some of the load. In the case of Bearing Carrier 4, adjacent to the loaded cylinder,
which had considerably less cross-sectional area than Bearing Carrier 5, the stress
concentrations were not sufficient to produce strain crack patterns. It is believed
that the distribution of load on Bearing Carrier 4 more nearly simulated service con-
ditions than did those on Bearing Carrier 5.

The strain patterns on the inner surfaces of the airbox walls, Figures 12a
and 12b, were to be expected as the area of the horizontal cross section at the lower
corners of the handholes was less than that of any other section between the points
of load application, with the possible exception of the bearing carriers. The full
strain patterns at the corners of the airbox walls at their junction with the bulk-
head and the deck plate at the end of the crankcase probably were due to the combina-
tion of welding stresses near the corner and the stresses set up by loading, end to
the absence of adjacent cylinder structure which would have absorbed some of the load.

It is apparent from Figures 13 and 14 that the failure of the exhaust hous-
ings in the webs above the stud bossings is to be expected as the stud connections
overhang and the housing is subjected to bending in this region. 1In addition, because
of greater spacing, the two end studs in the overhanging flange assume more load than
the others.

COMPRESSION TEST

In the compression test, as shown in Figures 3 and 4, pages 4 and 5, the
load was applied through the compression rod to the dummy shaft and to the main bear-
ing carriers of one of the inner cylinders. The load was then transmitted through the
two adjacent bulkheads, which have a heavy section, to the inner crankcase wall, which
has a heavier section than the outer and airbox walls. The compression pedestal took
the load from the inner wall at points close to the junction of the inner wall and
the heavy bulkhead.

The compression load requested by the Bureau of Ships was 10,000 pounds.

The compression pedestal was designed for a working load of double this amount, with
a reasonable factor of safety.

The crankcase was not stressed sufficiently in any part during the compres-
sion test, up to the designated load and to double that load, to form any strain pat-
terns. The load was increased progressively up to a maximum applied load of 300,000
pounds, thirty times the designated load, 2t which failure of the pedestal fixture
occurred. No strain patterns in the brittile lacquer appeared even at this extreme

load.

TORSION TESTS
The torsion test, illustrated in Figure 9, page 10, was carried to a maxi-
mum torque of 160,000 pound-inches. It was estimated that the approximate stress in

(Text continued on page 18)
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the outer members of the crankcase was 650 pounds per square inch at the highest load-
ing. This stress value was insufficient to produce strain patterns in the Stresscoat
lacquer.

Although the test equipment proved inadequate for the production of high
stresses during the torsion and the compression tests, these tests were taken to a
sufficiently high load to show that the crankcase possessed static strength consid-
erably in excess of load requirements.

CONCLUSIONS

- 1. The static strengths of the Electro-Motive Corporation diesel Crankcase
EMC 16-184-A and of the General Motors Crankcase GMC 16-18 are far in excess of the
working loads.

2. The present tests throw no light on the endurance strength of the crank-
cases under service loading.
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APPENDIX 2

This is a synopsis of the "Preliminary Report on Stress Analysis of Crank-
case for 16-184 Diesel Engine built by the Electro-Motive Corporation," dated 10 June
1941, Reference (2).

A preliminary stress analysis of the crankcase for the Type 16-184 diesel
engine was made by the Bureau of Ships to determine the magnitude and direction of the
forces transmitted through the head and the main bearings to the crankcase. This an-
alysis was made to furnish a guide for the static tests at the Taylor Model Basin.

No indicator diagrams for the engine were available, so that assumptions of
cylinder conditions had to be made and an indicator card constructed on these assump-
tions. A polar diagram of one cylinder was plotted from the indicator diagram. A gas
pressure-load diagram for the crankpin was developed by use of the polar diagram and
superpositions in the correct phase relations. The constant inertia and centrifugal
forces were added algebraically to the crankpin diagrams. The crankpin diagrams were
then combined in such a manner as to develop diagrams showing the magnitude and direc-
tion of the forces acting on each main bearing. The main bearing diagrams were then
simplified by plotting diagrams of maximum main bearing loads.

It was found to be impossible to duplicate the conditions shown on the final
bearing force diagrams. In view of this it was recommended that a static tensile test
of each section of the crankcase at 34,000 pounds load be made, using Stresscoat lac-
quer for locating stress concentrations, and employing strain gages in the section
under test and in the adjacent section to determine strains, as supplementary to the
Stresscoat observations. Particular care was recommended in the detection of stress
concentrations in the outer members of the crankcases.

To determine the behavior of the main bearing carriers when loaded as a
beam it was recommended that load be applied 45 degrees to the serrated joint bétween
the carrier forgings. A load limit of 10,000 pounds was specified for the test.

A torsional loading test was recommended and authorized by the Bureau of
Ships to determine the points of high stress concentration that would be set up by the
piston side thrust as well as by the torsional loading of the crankcase.
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APPENDIX 3

This is a synopsis of the report "Bearing Load Analysis of 16-184-A, 90° X
Engine," Report ME-6-68, Project 26, 18 July 1941, Research Laboratories Division,
General Motors Corporation, Detroit, Michigan; Reference (5).

A bearing load analysis of the 16-184-A diesel engine as built by the
Electro-Motive Corporation was made by the General Motors Research Laboratories. The
bearing load diagrams were developed from full-load indicator diagrams and the stress-
es in the trunnion bolts and slipper retaining rings were determined at calculated
loads. The bearing-load diagrams were developed for speeds of 1000 RPM, 1800 RPM, and
2250 RPM. The resultant main bearing loads were obtained by combining

(a) half the combined gas and inertia forces acting on adjacent crankthrows,

(b) centrifugal forces due to adjacent counterweights,

(¢) half the centrifugal force due to rotation of the adjacent crankthrow masses,
and in the case of Main Bearing 5 there is

(d) an additional load due to the bevel-gear drive.
The maximum bearing load was indicated by the resultant load curves to be 17,000
pounds.
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APPENDIX 4

This is a synopsis of the report "Life Test on a Section of the Welded Steel
Crankcase for the 16-184 Radial Diesel Engine," Report ME-3-9; Project 26, 18 November
1938, Research Laboratories Division, General Motors Corporation, Detroit, Michigan;
Reference (6).

In early development work a life test was made by the General Motors Re-
search Laboratories in 1938 at Detroit, Michigan, on a section of a welded steel
crankcase for the Type 16-184 radial diesel engine. The crankcase for this test was
similar to the crankcases of the present test with four banks of cylinders 90 degrees
apart but with only two cylinders in each bank.

The construction of this test model provided a means for developing a weld-
ing technique for the construction of the complete 16-cylinder crankcases used in the
present test. The strength of the welded structure, the bearing carriers, and the
carrier lugs was tested under main bearing loads similar to those developed in full-
load operation. The load was applied by two eccentric weights keyed to a straight
shaft which rotated in the main bearings. A constant rotating force of 30,000 pounds,
produced by the rotation of the eccentric weights, acted on the main bearings. The
eccentric weights produced higher mean loading on the crankcase than occur in service
but did not give the rapid rises of load.

After 204 hours of operation, which produced 20 million load cycles, there
was one crack in the outer rib of the top main bearing carrier. The crack was thought
to be a casting crack as it started at a small pit. Several welds of the air-box deck
plate to the outer bulkheads and several of the welds of the air-box deck plate to the
middle bulkhead were cracked.

As a result of this test the bearing carriers were re-designed and forgings
were specified for greater strength. The air-box top deck was re-designed as a forg-
ing, because it takes the bending load from the weld which secures the deck plate to
the air-box wall, placing the weld in tension. The welded sfeel crankcase construc-
tion was considered to be satisfactory as to rigidity and load-carrying capacity.









