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FACTORS AFFECTING THE DESIGN

OF
MARINE REDUCTION GEARING.

The study of loading on the teeth of large marine
reduction gears has been greatly retardéd over a long
periéd by inability to produce units in which an
adequate analysis of performance was not rendered
impossible by the consequences of inaccuracies of
manufacture.

Serious failures with early double reduction
gears in the years following the first World War set
the seal on a coaservative attitude to design without
widely inspiring an urge for more accurate manufacture
and as a consequence the limited advances made in
Kaval design met only with mixed success and the
position in the early days of the last war was
revealed as unsatisfactory.

The writer has taken some part in developments
" which followed and progressive stages are represented
by papers he prepared on the subject, copies of which
accompany this thesis as additional papers and which

may be briefly described as foliows :-

No.l. PFairfield Shipbuilding & Engineering Company's
report "Loading on Gear Teeth" 1941,
circulated to the marine industiry in this
country and referred to by Joughin in his
1951 paper to the Institution of Mechanical
Engineers "Naval Gearing -~ War experience
and Present Development". Thig was an early
atltempt to assess the amplification of tooth
loading due to inaccuracies of manufacture
and to distortion, and to provide a yardstick
for the seemingly fortuitous incidence of
"scuffing" of tooth surfaces.

No.2/
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"Report on visgit to U.S.A. to investigate
problems associated with Design, Production
and Maintenance of Main Gearing" 1944.

This was prepared for the Admiralty and the
marine engineering industry in this country
and showed that the redevelopment of the
double reduction gear in America, which so
greatly bvenefited their naval performance,
was supported by gearcutting practice much
in advance of general British practice at
that time, although there was no evidence
that their appreciation of gear tooth design
was superior to contemporary knowledge here.

"Corrections and Measurements carried out on
Pinion Hobbing Machine Alll at Fairfield"
1945. This is not a published report but is
a record of work carried out under the
author's instigation, guidance and instructions
and represents the kernel of developments
based on some novel methods of fine measure-
ment which established a world wide
reputation for the quality of gears cut on
this and adjacent machines that had
subsequently been treated in the same manner.

"Current practice in Marine Gear Cutting" 1945,
published in the transactions of the
Institution of Engineers and Shipbuilders in
Scotland, vol. 88, provided a more general
resume of American practice and gave details
of developments in this country that were
rapidly closing the gap in technique.

"Trends in the development of Marine Reduction
Gearing" was the title of a paper given to
the Institute of larine Eangineers in 1949,
published in volume 61 of their traasactions.
Its purpose was to trace the development of
marine gearing, to show how the best
practice in this country had by that time
overtaken American wartime techanique, and to
forecast the lines which developments might
take. In this latter respect the writer was
on delicate ground and subsequent experience
showed that progress in the employment of
higher duty through hardened steels was to be
fraught with more complications than were
envisaged.

The Twenty-eighth Thomas Lowe Gray Lecture
"Marine Reduction Gearing" given in 1956 to
the Institution of Mechanical Engineers and
reproduced by International Shipbuilding
Progress. After giving particulars of some
of the most significant features in the
pregent day production of hobbed and shaved
marine gears, the lecture proceeded to a
detailed examination of gear tooth design,
making hitherto unestablished distinctions
pertaining to modes of failure and
providing a logical basis for design in
relation to the materials used.
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It is this latter section of the last mentioned
lecture which forms the bagis of this thesis, and in
fact the following text with its associated
Appendices 1-12 are abstracted substantially from
the final printed record of the lecture. Appendices
13-16 are added providing explanation or supporting
evidence for material given in the text and in
Appendices 2, 3 and 4, which it was not appropriate
to include in the lecture. Where additional symbols
~are used in any of these latter appendices their
significance is given in that same appendix. A
tabular list of all other symbols is given by
Appendix 1.

Appendix No.,l7 comprises notes on approximations
made in certain of the Appendices 5 to 12 and the
Appendix, No.1l8, illustrates the types of gears to
which the subject applies. Appendix 19 presents a
bibliography of works to which refereace is made in
the present text. |

In general outline the text commences with a
consideration of the amplifying effects on tooth
loading of pinion distortion and malalignment as
modified by tooth deflexion, and the slew of pinion
jouranals in their oil films. It then proceeds to a
new presentation of tooth loading criteria cast so as
t0 provide clear guidance in the choice of tooth
form for any particular duty,and having particular
reference to the effects of employing different
qualities of steels.

When the additional paper No.l was written in
1941, the general errors of gearcutting were so

gerious /
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gerious gs to justify inclusion of their effects

in the calculation of tooth locading; +the degree of
compensation by tooth deflexion could only be roughly
estimated in the absence of knowledge of the relevant
characteristics of the teeth of broad helical gears.
' Additional paper No.3 illustrates the trans-
formation which the gear hobbing process und erwent,
commencing seriously in this country in 1944
(actually with the machine exemplified), and which
together with the advent of the post hobbing process
known as "Selective Shaving", resulted in the
production of gears of an entirely different quality.
Shaving is an American process by which a cutter in
the form of a narrow faced, serrated toothed wheel
is run in so0lid mesh and crossed axes with the gear
to be treated, the face of which is sglowly traversed
by a feeding mechanism. The process is not suited
to the improvement of badly hobbed gears but corrects
minor irregularities of tooth surface and also of
tooth profile. Tooth spacing is entirely a function
.0f hobbing, but minor errors of helical angle can

be corrected by shaving selectively in a manner
devised by the author whereby the cutting pressure
is varied as the process continues. This ensures
uniformity of undeformed contact along the meshing
teeth and provides a method for helix correction

to which subsequent reference is made. The
advantages of shaving are amplified when applied

to gears hobbed on machines fitted with a creep
mechanism to the master wheel driving the table and
the merits of such a drive have been critically
examined by Tuplin (1948 and 1951).

Therefore when the additional paper No.6
came to be prepared in 1955, the general

]

character /
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character of marine gears hud so improved that it
was no longer necessary to consider the effects of
gear cutting errors on tooth loading, other than
errors of malalignment over which the manufacturer
might have little control. The vitul effects of
tooth deflexion were by this time the subject of
research by the author and the conclusions reached
in this matter uare embraced in the text and
amplified by Appendices 2, 13, 14 and 15.

The conclusions reached in the text
regarding the merits of tooth form (d) reflect the
uniform sucess achieved with this forum of tooth
during 10 years experience. The design was originally
submitted to the Admiralty in 1944 by the author, the
form being as adopted except for the preference for
a flank angle of 17° rather than 16°.

CONSIDERATIONS ARISING FROM PINION DISTORTION
AND MALALTGNMENT NMODIFI=D BY TOOTH DEFLEXION.

It hug been customary to design gears
allowing for a maximum circumferential tooth separation
.of 0.00075 inch due to combined bending and torsion
of the pinion on the assumption of a uniformly
distributed load along the teeth. In fuzct the
teetli deflect differentially ulong their length
in sympathy with an altered distribution of load
brought about by the distortion. The problem is
capable of elaborate treatment but by the approach
described in Appendix 3 it is sl.own that
approximately the maxi:;uwa as compared with the
average tooth load for double~helical, pinions is
given by :

‘ 2
= |+ sec.Yn (WrbsG-6s
P e S, x10° \ D +(2m-Ys

S

e




$)
or in the case of a double-helical pinion engaging a

pair of divided train gears at 180 deg. spacing
63_14_ | ( W-Gs'y
- 125 Srx10® \D+(2m~1)S
Values of &, the tooth flexibility factor (in terms

of inches tangential deflexion in a circumferential
plane per 1lb. of tangential load per axial inch of
gear face), have been determined from repeated
full-gsize deflexion tests on equipment illustrated
by Fig. 1 and by the method described in Appendix 2,
the results of which are graphed in terms of
51\5\0"/@ on Fig.2 where Q = %/1.25% .

Fig.l. Equipment for Measuring Tooth Flexibility.
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Fig.2. Tooth Flexibility Chart

The values bear additive gquantities representing
Hertzian compression derived from calculations by
Niemann (1949).

For ease of comparison, values of STvt Yol
for the tooth forms in more common use are given
by Table 1. It may be noted that a deep form of
tooth does not show up as more flexible than a

" Table 1. 8:X% 106 and Y Values for Particular Tooth Forms -

|
Tooth form [ 87 X 106 ‘ Bending
. N | stress
¥ns deg. } s/p | Helical angle, deg. ! factor,
1 |0110‘2o|3o|40!
a| 1 2 |o'25 0-30 |0:375 048 10:64 | 079
b 20 2fm | 0:185/0-225 0-275/ 0:315 038 | 0915
c| 22% |2 022°10265{0-33 | 035 |0-38 | 1-0
d| 16 2/mx 12 |0-2450-295/0-36 | 0-445 0-565/ 1-0
e | 144 ’ 2/mx 1-44 | 0215 0-255 032 1 0-415[0:55 | 1-0
‘ {

! }

shallower tooth of the same flank angle, because
actual load per unit length along the teeth is
reduced on account of the longer zone of contact by
the same factor as the flexibility is increased, so0
that no further advantage accrues to a deep tooth
80 far as flexibility is concerned.

In Appendix 3 it is also shown, as a derivation
from the above equations, that with a double-helical
pinion 18 / |
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in single engagement having a central gap of about
3 inches, the optimum ratio of face width to pinion
diameter to give the least localized tooth load us

based on this theory is given by

't 9 &\OG ‘/2'5
Wz . z-e[l+(2""“)%] (?:'ZTP—J)

and for double engagement at 180 deg. spacing
wi-2 S &\Y2
Appropriate to these particular ratios Pp/P has

the values 1.67 and 2.0 respectively.
In considering the theoretical value of WI/D it
is importaht to recognize that:

(i) the conditions determining this
turning point of low loading are
extremely sensitive to changes in tooth
allgnment that might be brought about
(a) deliberately by relief of the tooth
flanks or (b) accidentally by errors of
beurings, gear-case distortion, or
helical angle;

(1i) the characteristic is not sharply
defined and some deviation from whatever

may be the theoreticul velue is not
important; and

(1ii) whatever theory is employed, the

nature of the problem demands resort

to approximations, the accuracy of which

can only be verified by a co-ordinated

examination of failures.

The reflection of this last poin{ is seen in
that the results of the theory presented pass the
test that they indicate W’/D values substantially
in accordance with what is believed to be the best
current practice and which has in effect evolved over
years through trial and error.

The difficulty of obtaining precision must not
be allowed to obscure tie importance of having a
sound theoretical basis for W//D as a nucleus about
which certain vital influences may be crystallized,
influences which have sometimes evaded proper attention

with dire consequences.

First/
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First, however, the effect of gross alignment
errors requires consideration and repeated reference
follows to Fig. 3, which il;ustrates some genexral
principles with particular examples. With a centre
distance between e ffective bearing supports of 40 inches,
a journal alignment error of about 0<007 inch in the
direction of the load line at the untorqued end of a
double-helical pinion in single engagement will, with
tooth flexibility 6.« \C® of 0.4, give Pp/P 4. If
the pinion having diameter 17 inches is designed in
accordance with the above theory to have a minimum
Pn/P when in true alignment, it will have face width
of 32 inches and the variation of Pp/P with alignment
is shown by the curve marked A, being 1:67 in true

alignment.

If the tooth flanks of this same pinion are now

relieved 000025 inch at the torqued end, in Appendix 3

it is shown that %? - 1 is reduced by the factor

P cosqd. 5-,*!0"“

reduced to 1:48, the condition being illustrated by

, and if P = 1,000, Pp/P is

curve C on the same diagram. This would enable the

gear to carry 14 per cent greater load without

increasing the maximum loading in true =lignment.

But a journal alignment error of 0:007 inch would

still give approximately the same Pp/P as the

unrelieved pinion A, -and under these abnormal but

not infrequently possible conditions gear C is not

suitable for carrying any heavier load than gear A.
From Appendix 3 it will be seen that the optimum

face width when such relief is carried out increases in

the /
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JOURNAL ALIGNMENT ERROR ON LOAD LINE

|
0

A - Uncorrected gear.
W = 32 inches (theoretical optimum).

Relative horsepower = 100 as basis of comparison.

B - Gear with helix end relieved 0.00025 inch.
W = 40 inches (theoretical optimum).
Relative horsepower = 126 for same maximum load under
any similar condition of alignment.
C - Gear with helix end relieved 0.00025 inch.
W retained at 32 inches.
Relative horsepower = 114 for same maximum load only
when in alignment.
D - Corrected gear.

If W = 32 inches, relative h.p. = 167 ) for same maximum
If W =

W = 40 inches, relative h.p. = 210 ) }gaglggigargen

2L = effective length between pinion bearing centres.

Fig.3. Tooth Load Concentration.
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the ratio | Y7+ % (A to about 40 inches
PosT. 5,*|0

in this example, the P, /P at true alignment
reverting to 1+.67. Such a gear, referred to as B,
would carry 26 per cent more load than A for the same
maximum tooth pressure, and as its characteristic with
increasing malalignment is almost identical to gear A,
the curves representing the two gears are virtually
coincident. The bearing-supporting centres would now
increase to 50 inches and it would take a proportionately
greater journal displacement of about 0-0085 inch to
make Pp/P equal to about 4. Thus under all conditions
gear'B ig suitable to carry 26 per cent greater load
than gear A. Gears bearing the particular combined
characteristic as described here for gear B are now
being referred to as “"broad relieved". The relief
should be approximately in the proportion to P shown
above and clearly becomes too small for practical
consideration when P is much less than 1,000. 4 relief
of 000025 inch has the merit of corresponding to a
definite witness when checking gear marking in the
beat practice.

This comparison justifies careful reflection.
" Part of its import is seen with greater effect in
referring to the "eorrected" gear (Joughin 1951),0f
which gear D on Fig. 3 is an example, that is a gear of
the type which has been considered advantageous to
meet severe conditions of loading, and in which the
helical angle of the pinion has been adjusted along the
face width so as to conform with the reflected
deflexion of the pinion under full load when evenly
loaded along its length so that Pm/P = 1. Under
true alignmenf gear D, with face width 32 inches,
would carry 67 per cent more load than gear A,

but with 0-:007 inch journal alignment error

Pn/P / A
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Pn/P again approximates to 4 and the gear is not
suitable for any greater load than A. Thus the con-
ception of a "corrected" gear fails in that such a
gear is extremely sensitive to alignment errors.
‘From the viewpoint of gear-load assessment
the significant finding of this investigation is
that a gear having Pp/P less than the optimum value
(1.67 on basis presented) is not suitable for
advantage to be taken of the fact by increasing load.
One conclusion t¢ be drawn from this would be that
the existing practice of ignoring Pn/P in defining
geér loading is fully supported. But this does have

the serious disadvantages that:

(a) There is no recognised method of
asgessing the effect of gear loading
when Pp/P is more than the optimum value.
Perhaps a lack of information regarding
permissible limits of Hertzian stress and
root stress has obscured the significance
of the omission. But more is known of
the incidence of scuffing, and a subseguent
gection illustrates the vital use of the
Pm/P factor.

(b) There is no recognizable warning
sign to prevent serious mistakes being
made in taking seemingly innocent

advantage of low Pp/P values to overload
malaligned gears.

The view is submitted that Pp/P should be
incorporated as a factor in all formulae for the assess-
ment of gear loading but that by the method of
calcula tion shown here, it should never be less than
1:67 even although by calculation the figuring shows a
lesser value. To simplify procedure the distortion
coefficient cg should be employed in lieu of Pm/P
and should equal f.‘—é-(' %"— or %P—F’; . Thus cg
could never be entered as less than 1-0 and
for the bulk of well-designed gears cq would be
1.0, If for any reason a slender gear were

required /
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required, due regard would automatically be given
to its shortcomings in determining permissible
loading.

In a divided train gear, however, as the
optimum face-width ratio occurs when Pp/P ='2.0 cg
must never be less than 1l.2.

None of the particulars given above is applicable
without modification to the older type pinions with
centre beurings.

It would be unfitting to close tihiis section
where suéh urgent reference has been made to mal-
alignment, without a word on the correcting influence
of slew of the journals in the bearings due to
differential louding of the oil film. It has often
been hopefully imagined that such & process would
occur to a useful degree in compensating for short-
comings in alignment, but doubts as to the useful
proportion of the slew to the error are confirmed
from recent measurements reported by Newman (1956)
on the attitude of journals in bearings, and from
wiich it can be estimafed, as shown in aAppendix 4,

that, when the beuring load is maldistributed 2 50 per

N. Dy - d

10,0900 Py
thousandths of an inch; from this it can be

cent, the totul slew correction is

calculated that slew will not usually correct more
than 10 per cent of the malalignment. To take the
effect into account on the basis of the assumptions
made in appendix 4, CD is substituted for cg in
all the above remarks, the relationship being

approximately C o = |+ EES%
. W Ve

for gears in single
engagement.
No slew can occur for geurs in double engagement.
It will be seen that the correction is quite small and

for most practical purposes with well-designed gears
Cn = Cdo
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One trend which might not be altogether
of advantage to the performance of gear teeth is the
tendency to reduce diametral clearance. This has
resulted from suspected vibration due to whirl of
the bearing o0il film under light loads (Shawki 1955),
but reference to Appendix 4 shows that the
ability of a journal to correct maldistribution
of loading by slew is in proportion to the
bearing clearance. A gear should be so designed
as to meke correction unnecessary and indeed it
has been shown that wi th a properly designed
gear the slew correction is very small, but in
the event of a disturbance to the bearings
cauging malalignment, the effect can be quite
substantial in minimizing load concentration,
Reduction in pinion-bearing clearance should
therefore only be carried out after the most
careful consideration of all the circumstances

of the service.

TOOTH LOADING CRITERIA AND CHOICE QF TQOTH FORM,

In its approach to gear design, B.S.436 takes
the reader immediately into an empirical
treatment based on long experience in general
operation, focusing on wear and fatigue life.
But the marine gear must be provided with such
a margin of safety to meet exceptional
conditions of storm, that these factors
have no primary application, and the best treatment

for /
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for design is therefore by recourse to more
fundamental principles rather than general
conventional formulae.

Appendices 5 to 9 inclusive show the
development of three criterion coefficients

c C

ar and Cg relating respectively to

P!
tooth failure by pitting, root stress, and
gcuffing. The numerical coefficients have been
chosen so that when the undernoted conditions
apply, a thoroughly sound merchant gear degign is,
in the author's view, achieved when none of the
criterion numbers excegeds 100. This ie
conditional upon the use of what have been for
many years regarded as standard materials
(Dorey 1942), viz. 0-3 per cent carbon steel
31/35 tons ultimate tensile strength (U.T.S.) for
the rims and 3.0 per cent nickel steel, o0il
quenched to 40-45 tons U.T.S, for the pinions,
lubricated with a standard undoped oil and
having normal high accuracy tooth finish by,
say, shaving, aligned according to proper shop
and fitting-out practice and submitted to
conditions of transmission which do not involve
exceptional cyclic irregularity.

With the numerical coefficients chosen
it is believed that under normal conditions of
service at sea there is a factor of safety
of about 1.5 on tooth loading against pitting
fatigue, and 2*5 against bending fatigue, /




fatigue, although as records are based on gears of

older construction the safety margin is probably now
greater. Against scuffing the factor of safety is
about 1.25 under full-power trial conditions with

proper tooth profiles, but this rapidly and indefinitely
increases with improvement of surface and profile and by
work hardening under running conditions. The reasons
for the variation in the respective factors of safety
are obvious, but it is to be observed that a gear

which scuffs on trial and is subsequently "“dressed up",
or a gear which has excessive tip relief in an effort

to avoid such trouble, carries a lesser margin of safety
against subsequent pitting fatigue by reason cf the

lesser useful tooth surface that remains.

Ce
where K = P/De conventionally and Ke, K. and kﬁ are
respectively given by expressions in Appendices 7, 8,

and 9.

the analysis of existing designs, and they also form
the basis upon which to examine the character of
patterns produced by altering variables with the object
of defining the most suitable proportions of teeth in
terms of variables that are relevant, for which

reference should be made to Appendix 10.

are:

16

The expressions for the criterion numbers are

=Kk ; Co=Kkeg: ond Cg=K kg

General use may be made of these expressions for

The cardinal points emerging from this analysis

(1) Referring to Fig. 4, tooth forms, e, d, and ¢
form a serieg meeting all requirements, having
certain consistent characteristics. From
the point of view of the master expression
representing surface pressure, the forms are
to be preferred in the above order.

(2) Form e should not be used for a pitch less

than _L h.
a 16 inc

(3) /




li-f"

(3) The liability to acuffing with these
tooth forms is in the reverse order to that
preferred for surface pressure and this
entalls an overriding restriction which
will follow as an outcome of this analysis.

(4) Existing practice is confirmed in that
tooth forms e and d should be associated with
a helical angle of 30 deg. Reference to Table
3 will show why, for a flank angle of 224 deg.
the helical angle for minimum root stress
should be 40 deg., and why, for the sake of
consistency in the present examination it is
temporarily assumed to be associated with a
20 deg. helical angle.

( The proportion of pinion addendum to
acgzve depth shouwld only be increased above
0:5 if a slight increase enables a tooth of
smaller pitch to be used. The particular case
of an all-addendum tooth is referred to in
Appendix 10.

Before this information can be channelled to lead

to any broad conclusion it is necessary to establish'a

a . . — 14k o6

20 0636

2) 06k

16 0-760

|4% 0:915

Fig.4. Tooth Forms
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suitable expression for loading, and this will be in

the form of a C factor which will be developed from
the basic relationship

C=°0C L—-—— or-..- of IOD] whichever is greatest

= K.k [\—(3- or ‘% o¢ \-00] whichever is greatest
P

In this regard CP, is in the nature of a master
while CR and Cs are, in a manner, slaves; it will
be seen subsequently that CR/CP has a major influence
on tooth pitch and Cs/tpon depth/pitch ratio.additionally.
It is shown in Appendix 11 how, on this basis of
presentation, the information derived from Appendix 10
may be crystallized about a consistent series of teeth
approximating closely to the forms represented by e, d,
and ¢ in Fig. 4 , flank angle being subjugated to depth/
pitch ratio, involving an error of up to no more than
1% deg. in any of the forms. The method adopted enables
the C factor introduced above to be recast in a way to
show quite clearly the effect of the vital wvariables,
unclouded by other variables legitimately subjugated
and surviving only as factors in numerical coefficients
or as indices of the vital variables. In its amended

general form the C factor is

Co P\ ® (_E\ DOS% I
C K (PYSB(\FDQY‘\? (p‘) 22(/%030‘\25 or 10D

whichever is greatest
where the theoretically correct pitch, as distinct from
Pf the pitch fitted, is s 0T/ by \OR0

- 55 (%) (755'63
P/bf in preliminary design being 1-0.

In the expression s/b » D represents the pitch
actually fitted and this is not to be confused with the
distinction between p and ps in another term. The
possibility of confusion on this point is unavoidable

whatever /
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whatever system of symbols is employed in the derivation,

and particular reference to the point is warranted.

The quantities within the sguare bracket only
contribute to the product if the conditions they
represent, respectively root stress and propensity to
scuffing, are vital in indicating the limitation of
permissible loading. The full significance of the s/p
ratio on scuffing is clearly shown.

The next step provides in itself an indication of
the significance of the equations to all marine gear
design. It is convenient temporarily to adopt the
general relationship of diameter to revolutions per
minute referred to in Appendix 7, enabling a chart to
be drawn showing, for normal materials, p, pf, and
Cs/Cpon a base of pinion diameter, taking Dg = 0-875D.
This is shown by Fig. 5, a study of which will reveal
the restriction which considerations of scutrfing place
upon the use o1 the deep tooth form e supporting the

view that its satisfactory employment is of ten to be

associated either with limitation of loading or excessive

tip relief.
The qs/bp and K values relating to the tooth form d
on the diagram (s/p = 6-76) show respectively tlmt, for
standard materials, there is a good margin for the
avoidance of scuffing and that this tooth igs suitable
for carrying a greater load than the deeper tooth when
proper festriction is placed on the latter against

gscuffing.
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o GEARS RECATIVELY
SUITASLE FOR
"7 K FACTOR OF n
o _ FWHICH =
102} WOULD BE )
s/p = 0-9S r
RELATING TO vl T ot soyriG T
o7 FORM (¢).
Pf !’a' / 0-75:
=
oe 1
P | SCUFFANG Pl n
factons | Pr
o8 [c,/Cp THUS g

L

&4 —
[ 7” I:,) - 076
/ ELATING TO

(2] o oM (d)

(2] *
4 ¢ ’ (L] 1 14 ] [ 20 n

D —INCHES

‘Standard’ materials. D,2 (N/1,000) = 250, D, = 0-875D.
Helical angle, 30 deg. m = 0-5,

Fig.5 Typical Load Criteria
with Different Tooth
Forms.

The fact that, bput for this restriction, the deeper
tooth would carry a greater load and also that the
shallower tooth embraces such a substantial margin
against scuffing, leads to an examination of the load-
carrying capacity of a tooth form intermediate between
them having 8/p equal to, say, D.84¢. Such a form would,
on the average conditions portrayed by the diagram, run
up to the safe scuffing limit and carry a load
represented by K values midway between those given for
form 4 and those in brackets for form e which would hold
good but for scuffing. This represents, for a 20-inch
pitch circle diameter (P.C.D.) pinion, an increased load
capacity of 4 per cent over form 4 and 10 per cent over
form e, the sharp characteristic indicating the
intermediate form being brought about by the inter-
section of converging allowable load curves rather than
the turning point of a single curve.

Attractive though this may be, the author would not
recommend the establishment of such an additional
standard, at least at this stage, on acoount of the

following /
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following considerations. It is believed that with
modern gear-cutting and alignment standards, the
factors of safety against ultimate fatigue by both
pitting and root failure are in fact greater than
have been suggested, although the margin against
scuffing on a new gear is fairly well established.
The form d, by reason of its generous margin against
scuffing, would probably permit an increase of nominal
loading of at least 20 per cent over the limits that
are suggested here und as such an increase would not
be possible with the intermediate form, the justifi-
cation for its establishment disappears. Conversely,
form 4 probably provides a more uniform additional
margin of safety with the limits proposed. Further-
more, the adoption of higher tensile materials may,
by reason of scuffing characteristics, to which
subsequent reference is made, favour a reduction
rather than an increase in depth ratio.

For these reasons, and having regard to the
suitability of form d through the full range of gear
gsizes, it is appropriate to regard this existing tooth
form as a standard upon which to base a specialized

statemnent of the C factor, namely,

. oS
c= Kk 3Ce i Oair D P/ or |-00
N o7 Py 5-6‘5(—':'— )0-&2‘3
\ooc) looo
whichever is greatest
De [N 02
where P — 5:5‘:1- 1o00

With this form of tooth, when normal materials are
used, the slave factors within the square brackets are
unlikely ever to Be significant, that is, to exceed
1.00, particularly as, normally, the pitch chosen would

be the standard pitch next above the calculated figure.
These calculated pitches are slightly smaller than

conventionally/
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conventionally adopted, reflecting the author's view
that pitch is frequently made excessive.

Table 2 shows criterion numbers and the C factor
for a number of naval and merchant gears. The naval
gears show the hizh CP values which fast-running all-
addendum teeth seem able to sustain and to which
reference is made in App.l0. Gear $ represents slow-
running all-addendwr gears whic h fail by pitting, the
gizes being chosen for direct comparison with gear T,
and to which the designs U and V also relate.

The use of material constants is introduced in

Appendix 12, whereby
!

J

d CQ p== K kR/C-N‘R’.

an .
C‘5 = <. kﬁ/C_MS
c ,C , and C are unity for the materials
me M Mg
currently regarded as standard. To avoid complication
these constants have been excluded from the equations
leading to the C factor which is now repeated in its
specialized form to show the characteristic of their
!

employment and termed C .

De®. P e

C .
! - a3
Cle K 13 Zme (P_ o 2 P e )
N_o\o7 APy, 565 (N/iocc> 25 Coas . Coame o
{00 whichever is greatest

and De N o\oe Cme \!'25
P‘: 234 \10DD Cmp

The latter equation, taken in conjunction with the

expressions for CM and qﬁﬁ>in'terms of U agssumed in

s
Appendix 12, shows that for an established s/p ratio,
desirable pitch varies as :\‘/D/A—S .

It the material constants are applied to the previous
and more general statement of the C factor, which
approximately covers the e, d, ¢ tooth series, it is
seen that the scufiing orflepth/bitch glave factor

embraces /
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embraces the multiple

g B4 ; c 2:25 s >4 y E_)\-As
('ﬁ) '%'cm:z 2 7P %' 45) [/ Cms

MR
L \as

Thus, if (4-:_‘5) Ceme 7\'0)9.3 is quite likely in the
enployment of advanced materials to which reference is
made later, immunity from s cuffing is reduced and when
the safety limit is reached, K ceases to benefit
further in proportion to Cm? and unless Cms is
artificially raised by the use of an E.P. lubricant
either s/p must be reduced, possibly rendering
desirable a new tooth form intermediate between d and
¢, or pf must be reduced. Within the scuffing zone,
reference to the same statement of the C factor will
show that reduction in s/p will permit further load
increase inversely proportional to the ratio of
reduction raised to the power (3-4 - 0-83) or about 2%.
On. the other hand, unless pp is larger than necessary
(in which case K may be increased inversely pro-
portional to a reduction in pg) the allowable gain in
K due to reduction in pr is negligible since the root
stress slave factor suffers to almost the extent that
the scuffing slave factor benefits.

These considerations are essential to research on
gears with advanced masterials to ensure that

comparison is being made between optimum conditions.
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While the desirable values of the foregoing
criterion numbers have been assesSed from practical
experience of gears on trial and in service, based
on a good quality of tootnh finish, certain
refinements may justify the raising of some limits
and the question of the best tip relief to be
provided for the teeth is silhouetted against any
such consideration.

Before referring in detail to the extent of tip
relief required it is essential to refer to two
features that have been responsible for confusion.

First, tip relief on a spur gear (kerritt 1954)
is necessary to provide "sweetness" of engagement in
compensating for the deflexion of the load-carrying
teeth. The comparable feature in a helical gear is
the relief that must be provided at the ends of the
pinion teeth; no such consideration arises affecting
tooth profile. Secondly, because gears have sometimes
been designed in & manner thut has made them
susceptible to scuffing, an erroneous impression has
arisen that heavy tip relief is a basic necessity of
nornmal engagenent of helical gear teeth, in disregard
of the palliative nature of the measure.

In extreme cases the tip relief has been progresgs-
ively increased to amputate tooth surface and wken the
measure i1as not been carried sufficiently far to over-
come scuffing it has been described as inudequate with
reference to the thickness reduction rather than the
radial dimension of mutilation. With a geuar tooth
properly designed to meet tlhe requirements of the
transmission, the factors dictating the need for tip
relief are entirely different.

Attention/
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Attention is now directed to the measurements
described in Appendix 2 in which the values of factors
a, b, ¢, 4, e, and £ represent the variation in loading
intensity along the line of contact. Typical values of
the factors are plotted in Fig. 6 as applying to a pair of
teeth of f% inch pitch having ) = 16 deg. and s/p =
0+76 with a iength of contact corresponding t? a helical

W63 PER CENT

=3
3

AVERAGE .

- 20 PER CENT- 1
|

i
TIP OF PINION AND
ROOT OF WHEEL-———P-‘

RELATIVE LOAD

LENGTH OF CONTACT LINE

>~

OU e oo o e e e

Pig.6. Typical Load Variation on Contact Line

¢
angle of 30 deg. The nature of the variation correspond
to a forecast envisaged by Walker (1946) but appears to
be of lesser total variation than he anticipated, being
for this form of tooth plus 60 per cent and minus 20 pe
cent of the average load, totalling 80 per cent.
Corresponding variations and percentages measured for e
tooth of the same pitch having q&q: 224 deg. and
s/p = 0+636, total 95 per cent. For the f% inch piteh
deep tooth with ([l = 14% deg. and s/p = 0-915, the tot
variation in load is 40 per cent.

In Appendix 2 reference was also made to the
corollary to be drawn from the deflexion calculations
by assuming a, b, c, 4, e, and f to be equal, giving
differiﬁg local deflexions that might be regarded as the
mirror reflectionof an initial profile correction to
give uniform loading. But the total correction to give

the /
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the required effect is only 0.00005 inch. % The
importance of this finding is that the whole conception
of correcting the involute to compensate for the not
inconsiderable variation in loading that nominally
occurs by reason of tooth deflexion due to bending and
shear, is, with a helical gear, purely theoretical and
incapable of practical interpretation. It neverthelesa
emphasizes the value of plasticity in the running-in of
a new gear.

 The sole legitimate reason for profile correction is
to provide for the generation'of a hydrodynamic oil film
at the regions of initial and final contact and this is
effected by a tip relief of, say, 0+00025 inch plus an
allowance to compensate for Hertzian depression (which,
unlike bending and shear deflexion, tends to absorb tip
relief effect). The_total relief to be provided varies
then from, say, 0-0003 inch for a O:4-inch pitch to
0-0005 inch for 0.8-inch pitch.

The problem of producing these small corrections
naturally reqguirespatient attention. 1In shaving, the
requirement is met by a swelling on the root of the
cutter profile of about twice the desired relief, the
ratio having been estadblished by comparing the routine
measurement of a snaving cutter profile with the profile
o0f a tooth finished with the same tool, and obtained

laboriously in the interest of research.

Finishing /

* See Appendix 14.
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Finishin,; by hobbing does not provide assurance
that ti.e correction will be properly acnieved. Two
fundamental difficulties obtrude. First, there is
the difficulty of a slightly eccentrically-running
hob producing errors even under most careful control
greater than the required correction. Secondly,

-the generating process is such that the position
of the swelling on the hob tooth te give proper
tip relief varies with the diameter of the gear
to be cut, and unless a much greater relief is
to be accepted for lurge diumeters with loss of
effective tooth surface, a considerable stock of

only slightly differing hobs must be carried.

2D RELIEF *

End relief, to be greater than the total tooth
deflexion and depression, should be, say, 0.0008 inch
for O.4—in§h pitéh to 0.0015 inch for 0.3-inch pitch,
normal to the teeth on both flanks. hile relief is
largely to ease the rate of deflexion on eﬁgagement,
it also eases an end peuk of surface pressure on the
teeth. Root strength is adequately safeguarded by
the conventional chamfer and the fact that the
enhanced flexibility of the tooth end does not permit
that part to carry greater root stress than the
adjacent body of the tooth, similar-deflexions being
reflected by éimilar root stresses as experiment has
shown. The provision of this slight relief which
should wash away in about 4 inch, cun form part of
the selective shaving process. Excessive end relief

is detrimental in just the/

* See Appendix 15.
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the same way as exceggive tip relief. The author

does not consider that there is any useful purpose

to be served in attempting to make this small relief
taper off in line wi th the line of contact in a manner
which has been suggested, and which entails costly
work on every wheel tooth.

(W - 63) is employed rather than W in the
calculations for tooth loading, not because the teeth
are relieved for 1.5s inches at each end, but because
this allowance represents the reduction in load.

carried by the ends of the teeth regardless of relief.

MATERIALS FOR GEAR-WHEEL RIMS AND PINIONS

Development in the production of highly-finished
teeth led naturelly to the desire to adopt higher tooth
loadings by taking advantage of higher tensile steels
with greater surface hardness and root strength, it
being considered that loss of plasticity for the
accommodation of irregularities of tooth contour
would axiomatically be compensated by the higher finish.
(Such development'is represented by Fig. T reproduced
from Paper No. 5.)

Factually this is an oversimplifioation of the
problem, and the relative merits of retaining certain
qualities of materials to the sacrifice of other
qualities wili emerge only as the results of further
research materialize. The next ten years are likely
to see a concentration on this problem matched by the
intensity of the quest for greater accuracy of tooth

production in the previous ten years.




30

As Shaoved
BEaR  |wige ——
TooTH

LINDULATIONS| pivionN M __,..——-—-——"‘*‘—‘-—\\ 32

SCALES IN]
"

o

UMU

WHEEL, “u:\w W

PiTeH &
ERRmORS. |pyyon

ComBINED
AxiaL PiTen
ERror OF
WheeLx PinIoN]

_CONTACT ERROR

FIG.7 -~ Comparative error characteristics of gears

of twenty-five years ago and modern
shaved gears.

Basically, a higher-duty material 1s required in
order to obtain a greater fatigue resistance to
pitting, and the material conditions which supply
this quality also provide for a greater resistance
to fatigue in relation to root stress. Toughnesas,
that is, the ability to deform without inter-
crystalline cracking, is provided in greater measure
by an alloy steel than by a high-carbon steel and
this consideration has led to the demonstration of
one viewpoint that higher duty can best be obtained
by making both pinions and rims of alloy steel having
suitable U.T.S. differing by, say, 15 tons per sq. in.
to minimize mutual weldability.

Unfortunately, such a difference in U.T.S. between
the mating elements is not effective in providing an
increase in resistance to scuffing ( as represented

by the/
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the CMs factor) proportionaf.to the increase in fatigue
resistance (as represented by the Cpip @0d C"“?factors).
Indeed, there is some pactical evidence, both from
gervice resulvs and disk testing, to show that the
Cwﬁ>factor is reduced with a combination of alloy steels
as compzred with standard materials as the following
examples demonstrate:

Secondary gears having teeth of f% inch pitch deep
form (s/p = 0-915, Y, = 144 deg.) scuffed when running
with a K value of aboutl62 and at 95 r.p.m. The
severity of the scuffing was such that C; was asgessed
at 130 on the temporary assumption that normal steels
were involved, this corresponding with a Cms value of
0. 78.

In the second example a similar set of machinery
incorporating secondary gears having a pitch of f% inch
with s/p = 0:76 and Y = 16 deg. scuffed in very mild
form at the same power condition. C; was assegged at
120, giving a CMs value of 0-64.

Both these wessels have primary gears of the same
combination of alloy steels, and operate completely
gsatisfactorily with a K velue of 91 and 5,000 r.p.m.
Assessing Cﬁﬁ)at the worse determined value of 0°64,
this gives Cé for the primary gears as only 84, thus
demonstrating why they have been free from scuffing.

The reason for the scuffing of the alloy steel
combination may not be completely determinable, and
the agssgsesgsment of different combinations must be the
subject of research.

One factor that might aggravate the condition is
that the difference between the two alloy steels is
largely in their heat treatment which locally becomes

»

purely historical when én aréa, however small, has

reached /
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reached welding temperature. On a subsequent contact
there may be a local molecular affinity between wheel
and pinion which is not foreshadowed by study of the
respective U.T.S. values of the test-pieces.

More definitely it can be added that as an alloy
steel has a relatively high yield point with poor work-
hardening qualities the tooth asperities which are so
small as to be of no consequence when a carbon gear
is employed, do actually assume a gignificance that
cannot be ignored. The difficulty can be satisfactorily
overcome by employing one of the new E.P. lubricants
suitable for turbine machinery; the function of the
additive material in these 0ils is to form a sulphide
or an oxide locally on the tooth surface where the
temperature is raised by metallic coatact, thereby
not only preventing molecular cohesion but corroding
the local high spot and affecting a so-called
chemical polishing. After running for a few hours
with such an 0il the gears are seen t0 have achieved

a particularly fine polish. Fig. 8 shows Talysurf

b
Fig.8. Talysurf Records

a. Before running with an E.P. lubricant.
b. After running with an E.P. lubricant.

records of tooth pinion surface before and after such a
run with E.P. lubricant. It is to be noted that the
Talysurf undulations before running, being on a highly
magnified scale, correspond with Tomlinson undulation
records in the "as shaved" condition shown in Fig. 7.
Subsequent trial-and-service records on two vessels

show that such a combination of alloy steels when

running /
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3
running with an E.P. lubricant have a C,  value of

at least 1.15, there being no evidence of scuffing
under any conditions to indicate what the actual top
limit may be,.although disk testing might suggest
the value to be between 1.40 and 1.90.

An alternative to the use of a combination of
alloy steels for high duty is the adoption of an alloy
gteel of high U.T.S. for the pinions running with a
carbon-steel rim having a relatively high carbon
content. Opinions have been divided on the point but
it does appear that witﬁ guitable heat treatment an
increase from 0-3 to 0+4 per cent carbon results in a
gteel having higher fatigue resistance proportional
to the increase in U.T.S.

The adoption of case hardened gears is slow in
the marine industry due to the present uneconomical
character of its application to large units and the
mathematical treatment which has been described

applies specifically to carbon steel gears or through

hardened alloy steel gears running with through hardened

alloy steel pinions.

Nevertheless the system of design ériteria
propounded will have equivalent application to case
hardened gears with the use of material constants

determinable from current researches on such gears.
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APPENDIX 2

FLEXIBILITY OF GEAR TEETH

Full-size samples of long, single teeth have been
machined integral with supporting flanges and subjected
to loading with short, blunt knife-edges as shown by
Fig. la and b, deflexions being measured with a see-sav
toe registering on a clock gauge with Tﬁ%@ﬁ -inch
calibrations.

The line of contact of typical helical gears was
drawn on the tooth and equally loaded successively at
gix equidistant stations into which it was divided,
the deflexion being recorded at each of the stations
for every load, giving thirty-six readings for each
tegt. Corresponding readings were taken for replica
rack and involuted pinion teeth and for every two
such sets of thirty-six readings the following process
of evaluation was adopted. The constant load was
imagined to be multiplied by respective factors a, b,
¢, d, e, or £ depending upon its statvion, the reverse
sequence being adopted for rack and pinion teetk when
counting from the tip of the teeth in each instance.
The deflexions were multiplied by the same appropriate
fsctors so that at each station the summation of gix
deflexions became an algebraic expression involving
the gix letters. Such expressions for stations of the
game letter on rack and pinion teeth were then added
to give six further expressions of a similar
character, and these represented the combined deflexi
of rack and pinion teeth at each of the six stations,
and these of course must be equal and were represent
by a single constant.

Solution /
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Solution of the six simultaneous equations gave the
combined deflexion of the teeth for the chogen line of
contact so far as bending and shear were concerned. Any
irregulﬁrities due to the inability of locating the
recording toe at the point of load, which applied to a
gixth of the readings, were evened out by graphing each
of the seventy-two readings of a combination before
forming the equétions.

This method of loading the teeth gave a measure of
the distribution of load along the line of contact and
overcame the vital uncertainty of minute contact attend-
ing the use of a loading edge the full length of the
line of contact.

Furthermore, in the nature of a corollary to this
method of calculation, the gix unknown factors in the
final eguations can be equated so that each equation
gives a different total deflexion, the differences
being the mirror reflection of the correction required
“to involute form to secure uniform loading from tip to
root of the teeth for any chosen mégﬁitude of loading.

The satisfactory nature of the equipment having
been demonstrated there were the effects of many
variables to be examined, viz.:

Influence of involuting to represent
different pinion diameters.

Different rack tooth forms.

Influence of altered angles of line of contact
10 represent different helical angles.

Influence of length of tooth in giving greater
flexibility at ends of helices.

A very large number of readings would be required
to cover this investigation fully and this has not been
possgible; indeed it would be all too egsy to over-
elaborate the problem at this stage. The following

approximations have been evolved from the results of

gome twenty tests.
Involuting has the opposite effect oa flexibility

to that which might be imagined, because of the

intensgification /
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intensification of loading nearer the root of the

pinion teeth, thus offsetting the lesser beam strength.
Repeated readings showed pinion tooth forms, for £
average diameter relative to pitch, in mesh with a

rack tooth giving lesser flexibility in t he ratib
0-82/0082LPN as compared to rack tooth with rack tooth
“having the same diagonal length of line o1f contact

(albeit an imaginary condition).

It was not possible to define the varying effects
of tooth depth, flank angle, and helical angle by any
simple relationship, or indeed by any relationship at
all until another unexpected feature was recognized.

Ag the helical angle is reduced the ilncreased angularity
of the line of contact results in the deflexion normal
to the tooth (in terms of in. per 1b. per in. of true
load on the load line) increasing, but this effect is
reversed with further reduction of helical angle,
because of the relatively greater buttressing effect
of the adjacent unloaded portions of the tooth as the
contact line shortens further. The effect is modified
by the factor required to convert the deflexions to a
tangential direction to suit the calcuwlations for
pinion distortion given in ippendix 3.

The expression derived for the normal bending and
shear deflexion of the loaded portion of a long tooth,
except at the ends, expressed in inches x 106 per 1lb.

per in. of load along the load line, is:

(&oes+ &85> i ni‘Q
S L 0f. anPen Y Jtegu P
BsN [+ ISO tan™y,,

¥+ |

There is a noteworthy siganificance in the com-—
ponents of this expression. The first term in the num-
erator is due to parallel loading at zero helical angle

and wag readily assessed from measurements.on short

leagths /
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lengths of teeth. The second term in which
Y= 0’655/5“ P cos ¢ Tant (?gﬁg §¥°¥%€tigﬁﬁtiﬁiﬁﬁf
. to radial lengths of the
contact line)
represents the increase in deflexion relative to g more
radielly loaded tooth as the helical angle increases.
The exponential function in the denominator where
e = 2.T18 represents the stiffening effect of the long
unloaded portions of teeth.
The term QY= 4\;/1:

25 %p
flection of bending and shear effects, functions related

introduces for closer re-

to full depth and tcoth thickness as distinct from
active depth and pitch, with numerical constant arranged
80 that the term approximates to 1:-0. The expression
satisfies expefimental results within ¥ 10 per cent.
The factor required to convert this bending and
shear deflexion into a tangential direction per 1lb. per

in. of face width of gear is shown:

S = d 1y BSin P
BsT Bsw S cos®a
To obtain the total tooth deflexion, there must be
added to this an amount representing the Hertzian
depression and compression of the mating teeth. Sub-
stituting in equation (6) of Hiemann's D.S.I.R.

Sponsored Research Report No.3 (1949) the appropriate

expresgion in a direction normal to the teeth is given

by F>’fffﬂ£
Sin ¥

¢ = 00887 log,, 2550 ——= — 00166
auu*\O l S [E;fii:

The log term in SHﬂ is relatively insensitive and
hence it is reasonable to simplify the expression and
to eliminate p, D¢, and B, which is a function of P (see
Appendix 5), by taking p/Dg = 0-050 (normally varies
0:030- 0:075) and P/De = 70, whence and converting to
the /
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Sy éwv

the tangential direction again as above (——— e

M ‘SBSN
& wie® N ljeg [272<=251 4ia7
wr ! = Sin |, cos © - {0 Ju -
T co2
where = 0.09g85 B 5 Pu
H S ces?*c
This can, in fact, be substituted by the wholly
empirical expression
& e (\+P2fuf¢)5m%qk
nr *10 = 0258 S/

Finally, the total tangential deflexion of the
teeth in a circumferential plane in in. per 1lb. of

tangential load per in. of face width of gear is given

8_‘, = Q [SZ;T + SC;T]

The expression within the brackets from which

by

certain terms cancel is graphed in Fig.2.

It was originally thought to be something of a
disadvantage that, by the method described, only the
bending and shear effects could be actually measured
and that resort had to be made to calculation for
the llertzian effect, but reference to the factor Xg,
which is introduced in Appendix 8, shows that there has
in fact been considerable advantage in obtaining such

a separation of the deflexions.
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APPENDIX 3

MALDISTRIBUTION OF TOOTH LOADING WITH PINION
DISTORTION UNDER COMBINED BENDING AND TORSION
T MNODIFIED BY TOOTH DEFLEXION

The helix of a double helical gear with the
slgnificant maldistribution of load is the one adjacent
to the driving end. A method of assessment is
introduced by Fig. 10, it being assumed that the

- /7 ) w/2 1
_11.
Ll
I__l’ 1"__4 -/ i

3 2 *5‘

— 7% G —
3%

A (oM
[

~ l-—z G 4
| 7
7

D = DIAMETER AT MID-ACTIVE DEPTH OF TEETH
/

W/1=8
INITIAL ASSUMPTION FOR WHICH
L SUBSEQUENT CORRECTION IS MADE
X

Al o

@ TANGENTIAL LOAD, LB. PER IN.

J a+bx?

w/2
Fx/(a+bxY)dx= aB+% bB?
0

Fig.10. Loading on Pinion Helix.

loading along the helix takes a parabolic form
represented by a + bxz, x being distance axially
along the helix from the inner edge of the helix,
a correction being made subsequently for the gap.

It can readily be shown that if I = transverse
moment of inertia and 7&_ = equivalent tangential
bending/
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/bending deflexion over the helix of a geur in single
engagement

ET cos’ (i Ya = bB (' = ﬁ;)+ B‘*( —2:’:,,}
Likewise the twist over the helix, expressed as a
tangential movement t& at the mid-active tooth depth
radius, is given by )

&S
e1t, - 2 oB(3) + 55 -B(8)

Taking ‘5T = tangential flexibility of teeth per unit
tangential load per in., from Appendix 2, the
differential tangential load between the two ends of
the helices sz produces a movenent sz.gf which must
equal (yA+{:A§ .  Substituting and transposing

2 !_55_(22 (.L_L_-__..l\ 2
LB 32\B) T2 B 24 ) 3¢ ¢;

o =_T£_(D_4 _{2s5(DY fiL_23\ 2
ca B B) 2 [@'{;_(a) *(c B teo)sec LPT]

: 2
the maximum load/inch Pm = o+ bB

the average load/inch P = % = 0+ % bB*

e - | + bB%/a
» | + §bB%

The cumbersome solution of the above equations

whence

may be graphed and an empirical relationship derived
to give an expression for Pm/P in terms of the
proportions of the gears and the tooth flexibility,

it being reasonable and in the interests of simplicity

to take .
L=-8+z0D

In so deriving the final expression, consideration
must be given to the effect, significant at the highly
loaded end only, of the greater flexibility of the ends
of the teeth due to absence of the full buttressing
" of continuous teeth. It is found from the experimental
results of tooth flexibility that quite a close

approximation/ \
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/approximation is given by tuhing a corrected width
of helix as (B - 3s). To tais must be added a
correction for tie unloaded gap between tue helices,
a good & proximation being half its axial width in
relation to the whole width of the two helices.

Zhe diareter of the pinion is confirmed by
experiment to be correctly taken as tne diameter at
mid-sctive depti: of tue teeth, namely, D + (2m = 1)s.
Tuking cos 4%==LNSqu¢the final expressior for the
distortion coeflicient for a double-heliccl pinion
in sin; le engagement witliout centre bearing is

P sec Y, [\ + j‘g@.-—ésy's

P B f(o(STﬁ\DG\D*-(zm—\)S
For a locked train pinion in double engagenient at

130 deg. spacing, there is no bending term and the gap
between the he;ices has no vearing on the distortion.
The quantity bB2/a is as above but witnout the bending
terms (identifiable by the factor Sec™ LFT ), and
the final sinilarly derived expression is
P _ | l ( W-Gs )2
])4—(2nm—l)f>

= ¥ 195 S;x10®

Important derivations from these values are
theoretical expressions for the ratio of face width
to pinion diameter to give the least intensity of-
local loading on the teeth.

Taking the case of a gear in single engagement and
letting (W + 2G - 68) = (W ~« 2), which conveniently
is the same reduction in width customarily used to

assess average tooth loading, it follows that




/it follows that

eF P
Pu=g2 ®
S
where A — Sec L\'J,-.a \ 25
16 St w10* D+('Zm—\\%
Differentiating

oA Pn _ 1S AlW-2 °'s] =
d(\’d 2) 2‘:{ Z\N—Zz* ( )

when (W - 2) is at its most advantageous value of,

say, (W' - 2), whence

W;3 = 2 G—:[l+ ZM‘QD}( s;::?N )‘/2-5

By a similar process for a pinion in double

engagement at 180 deg. spacing
! i
W;)?- = 44[\ +(2m.-13%}(81x10") 2

Broad Relief of Helix. The tooth surface towards

the loaded end of the helix at the driving end of
the gear can be shaved to reduce thickness about
0.00025 inch on theahead flank just without loss of
witness when marking the gears in mesh according to
the best practice, the effect being tapered off to
cover one-third of the helix width.

When such procedure is adopted

szCYT — yA + tA _ 0.00025

cos T
For single engagement in the expression for Pm/P

and W'/D, CST*H)Q’ then becomes replaced by (5 Klbe'-t-—z—ég—
T Pcaalr

the transposgition being subject to the condition that

as a first approximation to the optimum face width

ratio, Pp/P remains equal to 1.67. The inclusion of

a loading term illustrates the fact that a static

correction can only give effect as a function of the

load.
For/
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5 7>
For double engagement the substitution of + 1O
in the expression for Pm/P and W'/D is by

e ba*
o + -
((Sﬁnk s Pa U) this being based on a =3
appropriate to the optimum face width ratloat =20
From the description in text €T, = ’5 %“ but

Ty -7ﬁ 'O or 12  for single and double engagement

respectively.
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APPENDIX 4

MALDISTRIBUTION OF TOOTH LOADING AS FURTHER
MODIFIED BY SLEW OF JOURNALS IN BEARING OIL FILM.

It may be deduced very approximatél& from work
carried out by Pametrada on the attitude of journals
in bearings that with a constant viscosity of
lubricant corresponding to average pinion bearing
conditions, an inequality of bearing load on a
two-bearing pinion of ta per cent produces a combined
gslew of the journals in the plane of the load of

N.DZ d
0.5 vi0® B,

the diametral bearing clearance also being expressed

. ' 1]
in flooo

in these units.
For a doublu-helical pinion in single engagement,
taking account of the different loading characteristic
on .the helix adjacent to the untorqued end it can be
shown, taking moments, that the percentageF}nﬁ%?ality
m
)

of load on the two bearings is X 0-57 (—-5-

Slew is similar in its effect to broad relief
of the helix in reducing Pp/P, and hence.from the
reasoning given in Appendix 3, it follows that

(Eg--—\) is reduced to, say, [(%}l - l] b& the

factor

N. D: d x 057 (P"‘/p)‘.sk logo
05 x 18° P, . Pcesr. & x10¢

The effect of the correction is usually less than

| +

10 per cent and in this circumstance sgimplification
by approximation is desirable and accordingly the

following relationships are adopted:
d=D,=3D; R=11; R=lso; T3,
b S, x10°= 0-42.

It /
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It then follows that

P

&) -2

P \ + JS (pm/P\‘s
where \S ces ND?
S = P G
Ee < \O

Taking D:N as a constant (see Appendix 7),
givingDzN= 325 (as adopted for the general case
shown by Fig.5), and using CD for the distortion
coefficient in lieu of Cd corresponding to the effect

(
of (p'“/p> instead of F;""“/P, then
‘ Ca— |
2‘35/K'/5

Co= |~
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APPENDIX 5

HERTZIAN STRESS COEFFICIENT - C

P B cesa
Hertzian stress 5 K/;.') =

csta g (1-X)

52,:____ Pu _ E  cos@
H —DQ 2’g5 s‘\\'\‘-PT

= -E-\(H % 2.8 x \0®

De
. = k
Hertzian stress coefficient CH = -B‘ - K,
- e

. c2
= 3. /l?.% « 1c°

For the determination of k

- Cos® Py
Py P % Cos<. Cos Py

RS e rendity
an q).,

= OBiScesa

. Cyp

h\‘/@ . s“n L\)N
and Cos LPT = D:BBS ces I,
Y
whence | = Cp. M@ cos P
H

e
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APPENDIX 6
0IL FILM PRESSURE COEFFICIENT = CF

Martin (1916) has shown that between two loaded teeth:
'S |-S
Meximum oil film pressure Uy oC M. Va. & /;
Load carried per inch of tooth P, oC m.Ve. G&/}

In expanding Py in terms of ¥, the following

relationships are used @
pN (522- APPcﬂc\.& 53

Rc oc De. sin LPT/CosG

whence P;/3 o e Cp m  Ces Y K%)/C GJY3
D, S/p N2 o%

Neglecting the near unity term in the square bracket,

the o0il film pressure coefficient may now be expressed

as
C_=% k
F D P
2
c P,
Cn. Mm%, cos
where \KF = 2 P

3
>N
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APPENDIX 7
TOQTH SURFACE PRESSURE COEFFICIENT - Cp

The true maximum shear stress below the working
gurface of the tooth must be reflected by a combination
of C,, and C . An approximation to such a combination,
at least so far as the relationship between the
maximum stress and the applied load to the tooth is
concerned, is made feasible without recourse to
indefinite assumptions by the chance similarity of

CH and Ce , the latter containing the denominator
tern Nwhich the former lacks.

The simplest solution would be to take F4mhas
representing the combined condition, and indeed no
definite information is available to suggest any other
course. General practice, in so far asg it is ‘
presumed to reflect a consistent factor of safety, does,
however, lend support to making this convenient assunp-
tion, as the following will show.

For many years (Douglas 1940) it has proved
satisfactory to design for the widely differing
conditions of primary and secondary gears by taking
F?&BZZ = constant, and despite general recognition
of the theovetical value of P/De (Merritt 1954) as
reprcsenting the Hertzian stress, it will be found that,
comparing the successful highest loaded smell and
large gears, the -23- index represents practice.

If a large number of gears of all sizes are plotted
on logarithmic paper on co-ordinates of De and N, it
will be :"ound that, by and large, De varies inversely
as N"2,  There is nothing fundamentel in this fact,
any more than there would appear to be in the F3G323
rule/
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/rule, but taken together, when representing the

same group of successful gears, they reflect the

P N% ~
constancy of D¥  p.ve or /DO.NV"
. e [

It is proposed here to adopt this quantity as
the basis for representing tooth surface stress,
but the subject requires more investigation. Actually
it is difficult to see how this can be done other than
by a long=-term examination of the service performance
of gears designed on this basis, having good initial
tooth contours unblemished by initial scuffing or
any preventative measures taken in that connexion.

It does, however, seem possible that as, say,
D2.N  increases relative to the cube of the K
factor, reflecting an increase in the effectivelength
of oii film relative to the 'Hertzian flat', that the
0il-film pressure criterion will play a greater part
in the combined effect, and that the index of N in the
load formula will increase numerically. It is
under such circumstances that the advantages claimed
for the all-addendum tooth at high speeds, and known
not to apply at low speeds, could be rendered effective,
perhaps owing to a reduction in the peak of the oil
film pressure which in fact reaches its maximum where
it is being translated in its position relative to the
meshing centre by a change-over in the direction of
sliding.

Accordingly/
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Accordingly, surface pressure coefficient Cgp

s given by =N
. C — -k = K'kp

L Dtp

i

k s CJ).Vﬂ%b.COEﬂPN
1

P % (N/lccaoyb

The numerical coefficients for k,, and subsequently

here

or kR and ks have been chosen to meet the

equirements discussed in the text.
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APPENDIX 8

ROOT STRESS COEFFICIENT - CF\

Root bending stress at approximately mid-height of
root fillet of pinion teeth
S PN-QG‘.':‘.{)N.'&&. X@-Xa
14 i t 2
e 8
= £k xda5 180
D

<@
Root stress coefficient

Cp = -ge.kg = K.k,

For the determination of kq

P, (see Appendix 5)
= h-t(s+)

1S @ o - %
tg =(0-a3p+2h tan LPJ[‘“ 3(%) :a::;,f‘ D/?:: ] '

The expression in the square bracket and following

thereafter gives an approximation to reduction in

thickness from rack to involute form.

X@ = |+ 9—%5‘(0-4%p+ Zﬁstampn)is a stress raiser
for the rack tooth fillet as adopted by Timoshenko
and Baud (1926). The correction is not susceptible
t0 more elaborate treatment, the fillet curve varying
as it does with different diameters of gear cut by
the same hob.

XJ is a stress modifier having regard to a
helical tooth as distinct from a spur tooth to which
the stress would otherwise apply. Heasurenents have
been taken from a strain gauge recessed into the
supporting flange in way of the root fillet to obtain
relative values from one of the specimen teeth
described in Appendix 2 and it has been determined that,

as compared with a spur tooth, the root stress varies

very/
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/very closely as the measured normal deflexion of
the teeth (excluding Hertzian depression) as given
by 655.-.\
as the ratio of this deflexion at the required helical

It is therefore convenient to take )(5

angle to the deflexion. at zero helical angle. It
is a function of flank angle and helical angle and

is graphed in Fig. 11
143 _—

ok .

. //,Zj\;\ Il
Az \\‘\§
NN

09

|

! f— e

] N
L0

0 5 10 15 20 5 30 15 “ 45
»—DEG

Fig. 11. Relative Deflexion of Helicsl to Rack Teeth

0-8

the square root of the function being taken for
convenience in plotting. (The position of maximum
stress lies about one-sixth the length of the line
of contact from and within the normal section through
the outer end of the line.) '
Values of XJ /I‘G'] costq 8T given in Table 3,
from which it will be seen that for @ = 30 deg. both
tooth forms 4 and e have the value 1.0.

Table 3. Values of X167 cosz ¢
\

Flank angle, ' Xa[1-67 cos2 ¢
Yoy deg ! N
Helical angle, deg.
0 10 20 30 40
143 0-60 068 0-83 1:00 1-16
16 | 060 | 070 | 086 | 100 | 109
20 I 060 ' 076 095 096 090
224 | 060 ' 080 100 092 0-80

It is convenient to take a function of tooth form

2315 % he
\( _—QJNE X‘a Cost.,b’l ScanN/E)A%+ ‘tawq"_‘

Particular/
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Particular values of Y are given in Table 1,
from wihicn it is seen that ewcii of the tooth forms
¢, d, and e has value 1.0.

1t can row be stated tuat

k= D"‘/P Yees P Xs

R P RS [‘ (%y‘s Co‘iw_‘o‘fl—w\ }\.ﬁ }2 CD' st/‘; (67 CostlT

5@
2%5@;»

To”“ Yu ‘D/P
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APPENDIX 9

SCUFFInG CRITERION = Cg

In addition to %he proportionalities given in
Appendix 6 lartin (1916) has also shown that the

effective length of loaded oil film between two

teeth {j . ({ Rc)o-s

The author has previously suggested (Davis 1941)
that a criterion of failure of the o0il film at the
incidence of scuffing may be taken as an expression

of work done on the film at tlhe end of recess,viz.,
P}_lif_\la
f Ve
viscosity and coefficient of friction being constant
at the conditions pertaining to failure.

For convenience the sgquare root of this expression

is taken and transposed becomes
oS
C, = ___‘P,_..;__”__ (-\!5‘-) X o constant
(VR-Rcvo's Ve

In expanding the terms, the following additional

relationships are used:
5
V. . _@eTlwm.s. ces®qg

o

—\—[; o De (De/D)D‘S 'I'O.v\s/.3 LPN

* Ao .
S LPN oC 1-6.\(1 L\)N
cos? Wea )
There was an earlier impression that for an

equal addendum gear (m = 0.5) the conditions
appertaining to the beginning of approach were more
onerous and snould supplant consideration of those
for the end of recess, and this conception influenced
the adoption of m = 0.6 for many gears. Recent
obgservations have shown this to be misleading, and
also that conditions promoting scuffing in approach
and recess are approximately equal when m = 0.5,

This/
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This theoretical criterion for scuffing may then

f . Ca [P s
"'Om LPN

omitting the relatively insignificant product term
D V4 v
'ﬁ Cos O
e

From the considerable amount of evidence, largely

be expressed as

accumulated during 1939-45 on classes of vessels rather
than individual examples, it is apparent that this
formula is at fault in practice in that it assumes

aﬁ even bearing down the depth of the teeth, whereas

at least in the case of a new vessel, this often does
not apply.

It may be considered that for a new gear the
breadth of marking bears no relationship to the depth
of the teeth, or possibly that it increases somewhat
with increase of pitch. A good reflection of
practical results is obtained if, in fact, the depth
of contact on a new gear is taken as proportional to
\/F> regardless of s instead of being theoretically s.

Thus the above criterion requires revision for
new gears by inclusion of the factor Eb«/h» » When

the scuffing criterion may be expressed:
. E k '
Co=1t. ¥ =K

where

D

ko= 100 jp [ 2B

. N 1-0\‘1 (.PN

(To avoid confusion it is to be noted it is fortuitous

that this particular numerical coefficient is 100.)
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APPENDIX 10

CARDINAL RELATIONSHIPS OF DESIGN

Flank Angle and Tooth Depth. 4n examination of the

' expressions for ky and kg reveals that while a large
depth ratio s/p is beneficial to the former, it may
have to be sacrificed to avoid scuffing. It is an
unhappy fact that the amelioration is only to the
square root power of the sacrifice, but it is mitigated
by the maximum opportunity being taken when reducing
depth ratio of increasing flank angle which benefits
in proportion to its tangent in reduction of liability
to scuffing.

Referring to ¥ig. 10, the tooth forms e, 4, and
¢ form a consistent series in meeting these requirements
progressively and from the points of view referred to,
the best tooth form for a particular example will be
the one of these three nearest to the bottom of the
ligt that is immune from scuffing.

But another consideration arises. The least
tooth pitch for satisfactory root strength will De
employed to ensure the best conditions of operation
as reflected by quietness. The deép tooth form e

is at the limit for practical hobbing with a tooth
A
1o
pitch of this form would lead to severe trouble with

pitch of inch and it is considered that any smaller

hob breakages. For pitches smaller than %é inch

tooth form e should therefore be avoided.

Noﬁ, if the scuffing factor is low and the design
is not being influenced by this consideration and, in
addition, the tooth pitch is going to be less than

X inch,there is best advantage in matching the

\o
otherwise/
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/otherwise unwanted reduction in s/p with the greatest
possible increase in strength to keep pitch to a
minimum. The consistent series d, ¢ stemming from e
in practice meets this requirement, but it is of
interest to consider the minor divergence that is
involved relative to the theoretical optimum condition.
The attainment of maximum s/p combined with maximum
flank angle for each tooth of the series has resulted
in a relatively small fillet, which, by Appendix 8, is

nown to give a maximum Y value to the series,
reflecting a fillet stress raiser overbalancing the
greater root thickness associated with a big flank
angle. This tends to be an over-theoretical
consideration because localiged yielding would relieve
this highly localized stress were the factor of safety
to be severely reduced by, say, malalignment, but if
taken at its face value, the conditions under immediate
review would be best met by a reduction in s/p retaining
14} deg. flank angle, towards a form internediate to
those represented’'by, e andéd a in Fig. 10. Ko such
intermediate form is, in fact, in existence and its
variation from d would be so small as to make its
inception facetious.: As tooth form d is suitable

for hobbing to tne smallest desired pitch, no occasion
can arise to justify tlie use of form a. Thus the
consistent series, e, d, ¢ meevs all possible

requirements.

Helical Angle. "he co:uron multiplier Cg of each of

the expressions Cﬁ’C:R’ and C_. is affected by helical
angle, but reference to Appendix 11 will show the
significance of tune statement that it is only in its
application to the master expression.(:p tnat it is of
consequence in that the effect cancels out on the slave

expressions/
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/expressions Cg and Cg . The effective component of
Cp is seen in the differential value dPm appearing
in the expression for optimum width ratio in Appendix 3,
namely, (Cos Y- S *‘063‘/2.-5‘ The effect of this
factor is approximately to reduce or increase the
allowable loading on 14% and 16 deg. teeth of the
consistent series by about 3 per cent depending upon
whether the helical angle is reduced from 30 to 20 deg.
or increased to 40 deg. réSpectively. In the case,
however, of the 224 deg. tooth of the series, the idea
of consistency breaks down in that such an alteration
in helical angle has virtually no effect on the load-
carrying factor Co as a study of CS.,. velues in Table 1
will show.

An inspection of the expressions Cp, CR_ s and Cs
will show that the only other respect in which helical
angle affects the design is in its effect upon root
stress. The effect is best shown by plotting component

factors of CR on 2 bagis of O, namely, the function

_cosWy  Xg s\ cos?a (1-m) ]2
x«" 5o ' CQs’G‘/[\ —S(P) Tan Py - D/p

The character of Xq in relation to <I does not alter

within the normal limits of the variables concerned and

the typical example given by Fig. 12 applies to m = 0.5

and D/p = 1.8, An examination of this graph reveals

— — -

v ot6__ T T

CONSTANT

TYPICAL CURVE OF O

i
|
|
l i
0 l ;
10 20 30 40
o =DEG.

Fig. 12. Relative Stress at Root of Teeth

the further inconsistency of the series in that, from
the/
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/the point of view of minimum tooth stress, a flank
angle of 22% deg. is favoured by an increase to a
helical angle of 40 deg. whereas the 144 and 16 deg.
teeth of the series are favoured by a small helical
angle. Thé rate at which the load on these teeth
increases with increase in helical angle is greater
than the simpler theory based on cos?@ (excluding
tooth flexibility effects) would suggest, and for the
purpose of comparison a curve of this simple
trigonometrical ratio is shown on the same graph.

The conclusion to be drawn from this examination
is that a reduction or an increase in tooth pitch of
about 0.1 inch is brought about respectively by a
reduction from 30 to 20 deg. or an increase to 40 deg.
in helical angle for the 14&.and 16 deg. teeth, the
advantage of a lesser pitch being offset by the
disadvantage of a lower load-carrying capacity as
previously described. It is therefore the intention
to strike a compromise and basevsubsequent expression
on a 30 deg. helix for these two tooth forms. In the
case of the 22% deg. tooth, subsequent analysis will
show that its use could only be justified to take
advantage of any amelioration of surface loading which
the all-addendum characteristic might convey at high

speeds.

Addendum Distribution. An examination of the expressims

for both Cp and Cs shows that a disadvantage accrues
in raising the proportion of pinion addendum to active
depth above the minimum of 0.5 particularly in the case
of Cgs. From such a viewpoint the only minor exception
which could be acﬁgowledged would be that, when a
desgign is not beiﬁgvinfluenced by the comsideration of

scuffing/
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/scuffing, a slight sacrifice might be accepted in Cp
by accepting a small increase in m to enable & tooth
bitch to be employed that might otherwise have been
regarded as just too small.

However, some provision must be made in the
general assessment of this position to take account
of the peculiar conditions arising in the case of the
all-addendum pinion tooth and to which reference has
been made in Appendix 7. There is evidence to support
the fact that under the high-speed conditions therein
referred to, the lubrication conditions dictating the
limit that otherwise applies to Cp are upset, enabling
a somewhat higher tooth pressure to be sustained.
"Values of Cp applying to high-speed naval gears listed
in Table 2 support this view, but can be misleading
to the extent that extremely limited time of operation
at or near full power minimizes the demonstration of
fatigue failure. First-hand experience available to
the author is contradictory on the subject, but the
impression is gained that the loss of s/p in adopting
the large flank angle (that is necessary to depress Cg
when an all addendun ratio is employed) and which
reflects with disadvantage on the Cp factor is fully
coupensated by the effect of the all-addendunm
characteristic when the peripheral speed is sufficiently
high. No account is teken of this possible amelioration
in the derived formulae, but on the basis of satisfactory
evidence, G, as described in Appendix 11 might be
increased from 1.0 for high-speed all-addendum gears
as a reflection of a peculiar lubricating condition;
in such a way no confusion of the scuffing slave factor

Cs/CP is introduced.
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APPENDIX 11

DERIVATION OF A LOADING FORMULA

It is the intention to express a loading formula as

a C factor, where, K being the well-known P/De ratio,

C=K. k. [%‘3 or _:_2 or HKQ}
P P
whichever is greatest.

This method of presentation has certain advantages
which will become apparent. The terms outside the
bracket represent the master equation, the bracketed
quantities being slaves which only supply their quota
to the final product if the conditions they represent,
respectively root stress and propensity to scuffing,
are vital in indicating the limitation of permissible
loading.

There is an essential difference in the values to
be desired of the two slave functions. For a well=-
designed gear with minimum pitch of teeth, for full
loading C, = C_ = 100 and therefore ko=kg and J—E;: FQ.
Natural limitations in available pitches will usually
result in kﬁ/kp being different from and preferably
lesgs than 1.0. On the other hand, for full loading
Cg will only equal 100 if the conditions of running
make congideration of scuffing necegsary, and under
other circumstances to make Cqg = 100 would be to
produce a grotesque design.

The best pitch can most readily be determined by
equating kR and kp » but to enable this to be doﬁe to
embrace the tooth forms covered by the series ¢, 4, e,
already established as relevant, it is necessary for
- 8implicity of calculation and comparison to postulate
a series of tooth forms differing slightly from the
actual/
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/actual standards and which are defined by the
following relationships:
 cos Wby = (5/p§°"7
Yoan by = Vas (5/;:\"42‘
Y = lLbo
.___X__g_z_... = .00 (whic.h presumes G=30° when
67 cos’a S/p=0:31S o O-760 ond G=20°

when 5p = 0636 )
De/ry = 0275

m = 095
The involuting expression forming the squared
term in the denominator of kw_ is substituted by
indices for the terms Dg/p and s/p together with an
appropriate numerical coefficient to reproduce the
thickness reduction without significant error, whence

using " to differentiate from the previous expressions.

n o-B3A o7
= {0 xCq /|2 N
ke = 1O x D/(P) (moo

k; _ (DT:-Y%’AC_D/H-'TS (%)O‘ZT
= 8 b [3) 200 for (2}

" o
Now equating k, owd k:’ 106

b= Da (S/PBQ‘C?(N/MOO

s
If pf is the pitch actually to be fitted then

" .
!(_3. == (E-)b =
o\

In preliminary design this is taken as equalling 1.0.

a2

An expression for k;/k; is obtained from the
formulae quoted but this contains p which obviously
nmust be replaced by PEs but it is convenient to follow
this by multiplying by p/p, the numerator being in the
expanded form already given above which neatly combines
with other terms in the equation and the denominator

being bracketed with P} to give p;.'/p. which would be

taken as 1.0 in the initial stages of design when neither

p nor pg were known, whence/




/whence
ky _ (3)"nce B
" K-
Ke GG ( /\boo)‘) *

The full significance of depth ratio in its
effect upon scuffing is clearly seen from this

equation.

The C factor may now be written

1° Pi-
C 23 s
C=K. P‘ o-s!(?.'?’_)‘b'\? ( P‘_)b of (2 )2 (N/‘Mbh\’ls or 100

o] 1000

whichever is greatest.
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APPENDIX 12,
MATERIAL CONSTANTS

All the foregoing remarks have assumed the use of
materials and lubricants referred to in the second
paragraph of the text under 'Tooth Loading Criteria’.
A later section of the lecture refers to the use of
other materials and as the effect of such variants
is not the same on the different criteria, it is
desirable to make suitable provision in the formulae
when presenting a complete system of design.

A fundemental property of a material used for
gear teeth is its fatigue strength, and in genersal,
if not in particular, this mey be taken as proportional
to the U.T.S.

Assuming a chosen pinion steel to have U.T.S. equal
to U as distinct from the normal 45 tons per sq. in;
then the material constant Cbﬁz which affects root
stress, being a factor in the denominator of the root
stress criterion CR, is equal to U/45.

The effect on the pitting criterion cP is more

complex.

Y2

Appendix 5 shows Hertzian stress to vary as K

Appendix 6 shows oil film pressure to vary
as K‘IZ/N‘/:, .

Appendix 7 adopts the relationship that the stress
below the surface of the tooth is a function of K/N%

This might imply that this actual stress is regarded
a8 being proportional to

B/ \\ 5/
(*<V35M3(%Epgi)/3 oc EBP_CKZ 2&;2,

Then the corresponding material constant appearing in‘vk
the denominator of the pitting criterion is CMP=(:J—%)
but this requires experimental verification and possible
qualification with relation to pitch line speed, for
which/
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/which a sinall gear tester would be admirably suited.

It is assumed in each of these cases that no less
than a corresponding increase is made in the U.T.S5. of
the wheel rim material.

The U.T.S. of the materials employed have no
bearing on the propensity of a well-finished gear to
scuff, this being some function of the relation between
the molecular structures of the materials themselves
and the properties of the lubricant. Disk testing in
a laboratory can be a guide to the development of new
materials and lubricants in this connexion, and the
running of test gears under carefully controlled
conditions should eliminate bitter experience afloat.
The corresponding material constant in the denominator
of the scuffing criterion is CMs.’ & value lower than
1,0 indicating that by experience a particular
combination of materiale is liable to scuff at a
proportionately lesser load than the normal materials
referred to in the first paragraph of this appendix.
The reference made in the text to factors of safety
shows that C_ _ must be cast to correspona with the

fringe of scuffing when Qs = 120.
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APPENDIX 13
SOME NOTES ON THE PROCEDURE
B LD APP
S S ES
E

Computation of Measurements

If two large helical toothed wheels are in mesh,
the length of the line of contact between two teeth
is a maximum; +this is referred to as the rack tooth
contact line and may conveniently be divided into
100 equal sections, commencing O at the tip to 100
at the root of the tooth.

If one of the wheels now be substituted by a
pinion of average diameter relative to the pitch of
the teeth, rack contact will commence at O but will
terminate at less than 100. The contact line on the
pinion tooth may be similarly equally divided into
100 equal sections commencing external to the line at
point O'corresponding to the full nominal active tooth
- depth, lying on the circle which is tangential to the
tip circle of the wheel and finishing at 100' at the
. tip of the tooth. On account of the curvature of the
pinion ites divisions are longer than the rack |
divisions,

The determination of the reference stations
referred to in Appendix 2 is carried out geometrically
&lving a result of which the following is an example

relating particularly to a 14" P.C.D. pinion and rack
with O«7" pitch teeth, tooth form (e), addendum
distribution M = 0.5 :=~

Rack contact commences O, finishes 92, length 4-05"
. , (100=4.4v)
Pinion " 15, " 100

Reference atétions, being centre points of six
equally divided loading sections on full
contact line on rack:- 8, 25, 42, 58, 15, 92

Ditto contracted to occupy shortened rack contact
line distance of 92 :-
7, 23, 39, 53, 69, 85

By/
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By geometry these points are in respective
contact with the following pinion points :-
7, 27/, 39', 53/, T0', 91!

The actual measurements were based on straight
sample teeth of rack and appropriate involute profile
regpectively, the six stations referred to in Appendix
2 being 8,--- 92 as above. Interpolated readings were
calculated for 7,--- 85 on the rack and for 17:----91"
on the involuted form, To demonstrate their character

thege values are given in Table 4 for individual

loadinggof 1800 lbs,

Losding Deflexion in 1/10,000" at
Position . 5 5 5 - T
Rack profile
7= A 12,5 | 4.0 | 1.2 0.6 | 0.4 -
23 = B 40| 9.0 2.9 0.9 |o0.6 | o0.1
39 =C 1.0{ 30| 6.0| 2.1 |o0.7 |o0.2
53 = D 01| 07| 22| 4.2 | 1.6 | 0.5
69 = E - - 0-5| 1.6 | 2.8 |1-1
85 = F - - - |03 |12 |20
Involute profile
17'= & 2.8 | 1.0 o01] - - -
27'= B 1.4 | 3.8 | 1.1 ] 0.2 - -
39'= ¢ 05| 1.6 | 47| 1.3 |o0.3 -
53' = D 05| 0.6 | 1.9 6.0 [1.5 |o0.4
70' = E 0.2 0.5 ] 0.8} 2.3 |[8.2 |20
91' = F - 01} 0310 |31 [12.5
Table 4

Taking the loads at A, B,~-- as (a, b, --~--- ) 1800
and the common combined deflexicon of rack and involuted
forms as 100 x 15%555 ins., then esix equations can be
establighed /
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established, viz :-
15-3a + 5+4b + 1+5¢ + 0-6d4 + O-2e = 100
5.0a +12.8b + 4.6c + 1.34 + 0.5e + 0.1f = 100
1.3a + 4.0b +10.7c + 4.1d + 1.3e + 0.3f = 100
0.6a + 1:1b + 3.4c +10.2d + 3+9e + 1.3f = 100
O-4a + 0.6b + 1+0c + 3.1d4 +11.0e + 4.3f = 100
O:1b + 0+2c + 0.94 + 3¢le +14.5f = 100
From which a = 4:54, b = 3+63, ¢ = 4-78, d = 5:05,
e = 4.73, £ = 5+51. (Ehe significance of the
character of this solution is shown by Fig. 6, drawn for
a diffefent tooth form. )
The total load to give the assumed deflexion is
(a+bDsrc+d+ e+ £)1800 = 28.24 x 1800 1lbs.

Whence the combined deflexion = 100 x 10~%

X et /h.05
= 0.795 x 10'6ins/1b.per
in. of
contact
length

No allowance is made for a small but indeterminate
addition to stiffness consequent upon pinion
tooth curvature along the line of contact

The expression for 8;,,“ given in Appendix 2 has in
fact been formulated on the basis of addendum
distribution m = 0-6. This alteration of
gstandard has a quite negligibvle effect on the
foregoing loading equationsg but the length of
the contact line is reduced from 4-.05" to 395"
and hence the combined deflexion (which may now
be termed Sgg,, ) becomes

S

100 x 10~4
Ban x 28-28 /5. g5
6

0+775 x 10~

ing/1b. per in. of contact length.

A simplerapproximation can be made on the basgis of
measurements on the rack form only, assuming,
initially, large wheels to be in mesh and taking
the aforementioned reference stations 8, 25, 42,
58, 79, 92 and their mirror reflections., The
deflexion readings are those obtained from the
rack profile prior to the interpolations of
Table 4, and after evening up are given in
Table 5 for the same individual loadinga.
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Loading Deflexion in 1/10,000" at
Position A B ¢ D B F
8 = A 12.2 | 3.9 | 1.1 | 0.5 0-3 -
25 = B 3.9 8.7 2.8 | 0.8 0.4 0.1
42 = C 0.9 | 2.8 | 5.5 |.2.0 0.6 | 0.2
58 = D 0.1 0.6 | 2.0 | 3.8 1.5 0.5
75 = E - - 0.4 { 1.4 2.5 | 0.9
92 = F - - | - jo3 1.1 | 1.9
Table 5

Taking the loads at A& F, B& E, C & D as
(asbyc) 1800 respectively and the combined deflexion
as hefore, then :-

l4.1a + 4:9b + 1.7c = 100
5.3a +11.6b + 5.5¢ = 100
1.9a + 5+4b +13.3c = 100
From which a = 502, b = 490, ¢ = 3:00
The total load to give the assumed deflexion is
(a + b+ ¢c) 2 x1800 = 25.84 x 1800 1b,

[{]

At this stage the length of the contact line may be
taken as 4:4" (100) consistent with the nature of
the assumption, or as being compatible with an
average ratio of pinion diameter/tooth pitch,
in this case 4:05" (92). ‘

The first method gives a combined deflexion of

100 x 2074 = 0°945 x 10~° in%1b. per inch
X .
4-4

and the second method

6 ins/1b.per inch.

100 x 1074 = 0-87 x 10™
800 x 257847, 45

Comparison with these of the more correctly determined
value of 0.795 x 10-0 shows the effect (in
substituting a pinion for a wheel) of the
redistribution of loading, firstly along the
shortened line of contact and secondly on
equalized short lines of contact-

The /




74

The second method , (converting at the same time
to the basis of m = 0°6) gives a ratio

-775 = +89.
.8:

Similar measurements and calculations made with
pairs of teeth of forms (d) and (c) gave
corresponding ratios *90 and *95, which
mag be fairly represented by the expression
0.82/cos*P,, (giving 88, 89 and +96 for the
three cases respectively).

The use of this factor enablesg estimates to be
made of combined wheel and pinion tooth
deflexions on the basis of wheel tooth
measurements only and this has curtailed
the number of measurements required to give
a broad impression of the significance of
other variables involved in their effect
upon tooth flexibility.

Co~ordination of Resulis
The method by which the results have been

co-ordinated is shown by the equation for Ogg. in
Appendix 2 and in which the first term in the
nurerator represents the combined deflexion of wheel
and pinion teeth at zero helical angle, nameiy (when

y =00 ) 0:052 ha/t
+Qn‘.1s LPN

AS the line of contact for this condition is
parallel with the teeth (as for spur gears), deflexion
measurements were able to be made on conveniently short

teeth, loaded their full length and using the same

s

equipment already described. Pinion and rack teeth
were loaded at their mid active depth (50) and the
deflexions were recorded at this same depth.

The second term in the numerator of the

equation for 6 and the term forming the denominator,
a

SN
take reasoned form about the parameter y, which by a
trial and error examination of the experimental
evidence, is found to be of particular significance,
representing as it does the ratio of the length of the
contact line along the tooth to the differential

radial /

|
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radial distance between its ends. While the second
numerator term nominally represents the increase in
deflexion relative to a more radially loaded tooth
as the helical angle increases, and the denominator
term the stiffening effect of long unloaded portions
of teeth, in fact the only distinguishing feature is
that the latter is an exponential function which is
appropriate to its designation, but there is no
experimental evidence to delineate the terms.

Experimental values of Sasﬂobtained by the
methods here deﬁcribed are shown plotted on a base
of helical angle in Fig.1l3 which also shows the
character of the derived expression and percentage
discrepancies.

The derivation of the factor,‘gﬁsygaw for the
conversion of the flexibility expression from
representing conditions normal to a single pair of
teeth to deflexions in a tangential direction per unit

load per inch width of gear face is as follows :-

Total length of teeth in contact over 1" width
of gear face = No, of teeth in contact x length
of full tooth in contact
over 1" axial band

= jﬁ{é:ELﬂi: % &/
S Co‘.‘\\l-’-r/ccsq_ ces ¢

= 3 /p.costy,

Tangential load per inch length 2 ‘
of tooth = P.p.ces L‘).‘./%

Normal ‘Oo«d » » = PN = P-P-C.o';kp-r ) \
‘% CosV.cCos "PN
2

"8‘ CosT.cos Py
Let X = deflexion normal %o teeth = B  J§

B3ra
= " o s =
b tangential to gear =] Stas'r

Xy= Xq.C05G. cos P,

ey
8

P
N/F’. cesT. Cos ),
P - C°51\P-r

3 Cos®s. costy.

SN

By /
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*985 (corresponding to G = 30°)

....w....L
HES
...‘— —
.‘;w.ﬂﬂ

..........

cancelling out aso that 5351' does not alter with

of the SBSN quantities, namely 0°6, the effect

variation of m,

The value of m must be taken as for the calculation

Whence . 5351. = -1l p.sinc.,)'_/
75 5. cosds

By approximation in Appendix 5,

F\Ga . \3& .

For End Effect see Appendix 15.
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APPENDIX 14

ADDITIONAL NOTE ON TIP RELIEF

As referred to in Appendix 2, there is a corollary
to the solution of the equations for variation in load
along the contact line shown in detail in Appendix 13.
This lies in determining the virtual variation in
deflexion for uniform loading as reflecting an initial
profile modification.

Taking the example following the loadings given
by Table 4, as it is now stipulated that
a=b=c=4d==e=f, the combined tooth deflexions
in %/10,000 inch along the load line must vary from
station to station as defined by the L.H.S. of the six
equations following the table namely 230 a, 24-3 a,
21+7 a, 20:5 a, 204 a, 188 a.

The total profile correction that would be
required to effect this condition as between the two
teeth is then 5-5 a for a normal load per inch of
contact line of ‘

6 x 1800 a/4.05 or 2660a 1lbs/inch.

The full load figure to be .expected on a gear of
this size may correspond with a = %, whence the
required profile correction in 0-00009" total for the
two teeth (compare with 6'00005" given in text under
heading of "Tip Relief" which applied to teeth of

1% " pitch having LPN = 16° and % = 0-76).
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APPENDIX 15

SOME NOTES ON THE PROCEDURE REFERRED TO
AP

A ] .

Loading Characteristic

The algebraical fbrm to be assgigned to the loading
characteristic can best be considered by calculating,
for a few significant cases, the pinion deflexion et
the mid point along the helix due to such loading and
comparing this with the tooth deflexion to which it
should be equal but for any inaccuracy of the
assumption.

The form taken in Appendix 3, (a + bxz), was
first adopted for simplicity of expression and although
the following examination shows the function
(a + bx;'s) to be slightly more accurate, the
empirical solution of the dependent equation for
Pn/P in Appendix 3 in fact more nearly satisfies the
initial assumption of (a + bxl'5) than (a + sz).

While the descriptive use of (a + bxa) is retained
in Appendix 3, subsequent calculations on the
corrections for the gap between helices and end
effects in this Appendix 15 are based on (a + bxl's).

" Reverting to the comparison between (a + bx2)
and (a + bx'2) it can first of all be shown on &
basis of (a + bx°), taking L = B + 4D, that if
yp and tg be bending and torsional deflexions at the
mid point of the helix corresponding to y, and ta
rasdpectively at the end :-

ET cod’p, Yo = bB (2o +5¢ 9)+054(A +52)

23cac 9 8 324
and _ 1S jpoe/DV2 25 4(9 2
Taking a particular value of Co;4§, say 0+9,
values cua be obtained for the ratio YB + °B .
Yo+ Ty

from ,




79

* from a consideration of tocth deflexion these should,

if the assumption made for the loading charaeteriﬁgig
( ! B

b(28) s =025 o ————-—-————.),
b.B% 3« b. 8" 5,

= 0.354 for (a + bxe) and (a + bxl 5) characteristics

is good, be egual to

respectively. .
On the alternative basis of (a + bx* °), the
expressiona corresponding to those given in
Appendix 3 for yj and tj are :-
2 A4/ A
EI cos Yr Yo = bB (0 2(\0-—-0 I43)+0~B 2-8——24)
s's 4/D
EL.t, = 06l bR (/B) 2 oB*(%)
and for L + B + 1D
53 4 b
ET cos gP YB = bB (0 -0143 + 0-012%9 B)+GB {384- 32 B)

€15 = oses7 8" (3) 2 ort(3)

»s
For this case Eﬁ - 1+ bB /g
(= A IS
\+3 s B4
.5 IS ( L _7
where bBl 2 2— 24) se‘:—z‘f‘r

o __ - (% ; [0 m(g )+(&200-—0 148)5“‘?}

The following examples, taken with alternative
values of 51*\06= *30, *45 and *60, provide a suitable

matrix for comparison.

{

I. Gears having 33% less width in relation
%o pinion diameter than the "optimum"

as defined by :-

II. Gears having D/p ratio to give gﬂ = g by
the expression for single engagement given
in Appendix 3, (W + %G -~ 63) being taken as
1-85B, m = 0°5, Cos\, =0-96.

III. Geara having 33% greater width than for II

in relation to pinion diameter.

The /




The comparison is gi?rg by Table 6 which also
vitally includes P_Fxg valueg as calculated by the
expression referred to in II above and distinguished
by the heading "Derivation adopted". The close
agreement between actual and "correct" values for
(Ya*ta\/(\fn-t—'l:,&} under the a + bxl®? heading shows
how well the characteristic is represented by this
expression, while the correspondingly close agreement
between the Pm/p values obtained on the same basis
ag compared with the "derivation adopted", well

supports an empirical expression based on this form.

Basis of calculation a+ bx 2 a+ bx1'® Deﬁé:;é;?“
51 » 1O '3 <45 | -6 <3 | -45 6 .3 45 | 6
Gears
Matrix for comparison I 176 1-331
D/ I = {1-175 10 | -89 }—w -
I1I . -88 665
Yg‘*ta I +378 - +368 1 -39 - *367 - - -
—_— 11 - 353 - -1+352 - - - -
Ya 325 SN OV W AR P P 1 NP VP I 1 I I R
"Correct" value Al +250 + 354 -
I 1-29 = 1-29}1-26 - 1-26 |1-24 - 124
P s m |- frm| - - |10 - | - |1e7] -
P III 2:50 - 2:63f2-34 - | 2:46 |2-38 - 2-38
Table 6

A similar examination of the empirical expression
derived for locked train pinions in double engagement

at 180° spacing provides corresponding support for the

treatment adopted, as shown by Table 7 for the same

D/B ratios.

. ] tion
Basis of calculation a + bx? a+ bxd'? Saopted
5 x 10 -3 45 (-6 |3 ) -45 -6 [-3 | -45 | -6
Yo + te T |-415 | - |-416|a15{ - |15 | - - -
| - 45| - | - | 415 - - - -
Y”“ + ta .
IIT | -414 - 1 anafar2 - laaa | - - -
"Correct" value All + 250 + 354 -
I {122 - |1-20| 120 - |12.28f1.27| - f1.15
P'"/P 11 - laas| - - | 1.40| - - faas | -
III | 1.85 - f1.75| 1.8 - |267f1.67| - |1-59
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gorrection for Gap beiween Helices

Referring to the second and third diagrams in

Fig.10, the basic calculations for pinion deflexion
are bagsed on the moment of the bending moment
diagram between O and A giving Y,-Ye +.B.4.':: the
differential deflexion (\!.-—\!,) being the quantity
required regardless of the fact that y° is assumed
to be zero; but the fact that the inclination at
o, .l.,, y 1s taken as zero, represents in its full
consequence the temporary neglect of the central gap
between the helices.

The area of the bending moment diagram between
0 and C gives EI4_= -ic[_ba"(ot|4+,°.§)+oﬁ‘(§+i %)]
(again taking L = B + 4D).

The e:ipression for EI)'A already referred to in
this appendix, being in reality the quantity for
EI(\[A—Y‘,)+EI B4, , therefore requires correction in

the rati
e ra 1; [b855(0114+|ua\+°54 Jz'*i%)]
bB"“‘(o-osam-csoE)+a5"'(-2'~i4+—1$_g>

which by inspection closely equals 1 +

~o

B

In the derivation of the fundamental relationship

s

for B s that-which is really( s +tp,3 is
a S |+ S/p,

substituted by a function of O . As &; but not

(\jh+‘th) appears in the derivation adopted for Pm/P

it is convenient to regard the gap correction as

applying to 5 and to state that cS‘ should be

replaced by cS (—(—WE-;-»- A /(Y +t) or that

(i _.\) requires correction by the factor

P A+|)[
An /

t,(1+ %) )]

¥ 4 = inchnation .
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An examination of the bending and torsional
terms already quoted (taking C.osztp,‘,= 62 )
Zives v5

A 22 (vosar005855 )+ (b231+01338)

G\ 8 BD\* aca (B2
t(+§) B (oue(E)) + 0-463(F)
= gay Y

‘The correction made in the derivation adopted

for(g& - 1)is (ZB + BG )2.5 , g bein% a CbY\Stth)
F 2B

> (\+ &)y + 1794
. whence e = C’/E;[{ g+ S _|]

Taking the same broad range of sample gears

chosen for Table 5 and with alternative values of

G/B’ 0.1 and 0.5, the appropriate values of g are
given by Table 8.

6_‘_ % \Ot‘a 3 45 .6
C:r/a -1 5 -1 -5 -1 *5
Gears
D I 1-76 - 1-33
B II - 1-00 -
I1I +88 - * 665
I +2001°192 - - «280 | 260
% II - - *320 |+ 328 - -
III *360 1360 - - 460 | *420
Table 8

The variation in g ig small enough to Jjustify
establishing a constant value of %- al.though 1‘2- has
in fact been adopted to make suitable allowance for
the 60° chamfer which it is customary to apply to the
ends of the teeth. .




correction for End Effect

Tooth flexibvility measurements were extended
to the ends of three specimen rack teeth to determine
the relative increase of flexibility due to partial
loass of end buttressing effect. Measurements obtained
with tooth form (e) having O-T7T" pitch and length of
contact corresponding to Q = 30o are after evening up,
given by Table 9 for 1800 lbs loads, deflexions being

at the loading position in each case.

. Deflexion in 1/10,000" with
gggdlng outer end of 1ine |1ine of |inner end oF |
Deflexion of contact contact |line of con-
Position distanced from central | tact distanced

end of tooth by on long § from end of
tooth as| tooth by
0 4" I Table 5 Lo (0}

8 = A 21+0| 175|152 12-2 1l2-2112-4
25 = B 15-0] 13-01}112-0 8.7 8.8 9.7
42 = C 10.5 g.3 T-7 5.5 5.8 7.8
58 = D T-1 6.5 5.2 3.8 4.4 6+5
5 = B 4.5 4.0 3.2 25 3.1 5.0
92 = F 2.6| 2.3| 2.0 1.9 2-3| 3.9

Table 9.

Considering the line of contact away from the ends
of the teeth and excluding the effect of any load
producing deflexion at another position on the contact
line, the combined deflexion of A in contact with F is
14-1, B with E 11.2, and C with D 9.3, averaging
11-5. But an examination of the solution on a more
correct basis in conjunctidn with Table 5 shows the

average combined deflexion for the same loading to be
a4-la+Veb +13.3c - 13.0

a+b+c_

Considering /
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Considering now the very commencement or the
very end of contact, F on the driving tooth is in
contact with A on the driven while B, C, D and E
are unloaded and this provides a deflexion for the same
intensity of loading of 3¢9 + 210 = 24.9.

Consider now the position when the line of
contact has just assumed its full length; A is in
contact with F giving deflexion 2140 + 3-9 = 24-9,

B with E giving 15-0 + 5:0 = 200, C with D giving
105 + 6+5 = 17.0, averaging 20+6; the examination
of the spreading effect of the deflexions in a
central position suggests that this latter deflexion
should be raised to 20:6 x 13:0/31°5 = 23-2.

When the contact line has moved $" further along
the tooth or about+65" across the face of the gear,
the corresponding combined deflexion as so raised is
16-5.

An examination of the deflexions shows that by
the time the full contact line has travelled 3"
along the teeth the loss of end effect is complete.

The co-ordination of these estimates can best be
achieved graphically in ralation.to a particular
example, say a 14" P.C.D. pinion, m = 0-5, face width
27", gap 3" with average loading P = 10001bs/in.

N
§.= +415. Taking D _ 4 3°%m (Ww’gaY (ne
T P 6 S~xio= \ "D / Chamfer)

P/ = V225 = (It ‘=B"547/(|+$;b35“/c~>

P = 1885 = a+bB"

being the loading at the outer end
of the torqued helix without
allowance for any end effect

whence a = 410, being the corresponding loading
at the central end.

The /
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The tangential Hertzian flexibility is given by
" T - N % ue
éHTleG= (‘+ 2.+nh 3o )Sth 14,2 = O:'0G
129 w0815

" Oger !0 = 0'415-0.06 = 0’355
5651* values are proportional to the combined

deflexions deduced and when the 6HT is added, the

load intensity which the teeth carry must locally

be reduced in inverse ratio to the summations as

compared with the central value (-415 in this case).
This further step in the calculation is shown

in tabular form in TablelO and a first approximation :

to the resulting loading on the torqued helix of the

gear exemplified by the graph in Fig.l4.

Local value of P
Axial distance Relative Caorreaponding - To give To give
from middle of combined (S o avef‘a " reduced
line of contact | deflexiona Srss-r R T Pa 1800 average P
to central end as “ @ | without to take
of helix deduced *® |6% *o™ | ¥ 107 | g a.c;cougt
of en
inches effects effects
0 24-9 +68 - 06 - T4 410 305
175 23-2 +635 " +695 480 285
2-4 16.5 <45 " +51 520 425
4.3 13.0 + 355 . <415 6715 675
6.75 " " " " 930 930
9.2 " " L " 1240 1240
11.1 16.5 -45 " +51 1510 1230
11-75 23.2 +635 " + 695 1610 960
13.5 24-9 «68 " - T4 1885 1395

P N '

|
: I
S NWIDTH OF;HGLItH# ~\$~$“-
N * . M T . ' i

[ . NEERes
1 :

> o e e g Y 0

FiG. |\ A,
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The graph shows that the loss of end loading

reduces the average load to P = 840 1lbs/inch (it

is more convenieant for the preseant purpose to stop
short of stepping up the whole of the loading to
restore the original average figure). The reduced
maximum load is Ppm = 1340 1bs/in (excluding the

peak of 1395 1bs/in, at the very end of the teeth
which could never apply because of relief, and which

varies slightly in the passageaf contact from one

tooth to ano ther).

Thus the modified value of Pp/p = 1-60.

If the correction is to be provided in the basic
formula for Pm/p by an equivalent reduction in face
width of the gear, the reduction to give the desired
effect in this case is 4-0v,

Ccorregponding results with other two racks
suggest that this figure can best be taken ag a function
of active tooth depth which in this case ig 6+25s.

For simplicity 6s has been adopted and the corrected

formula for Pm/p is as given by Appendix 3.
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APPENDIX 16

‘SOME NOTES ON THE PROCEDURE REFERRED TO

IN APP A A
TO_THE EFFECT OF SLEW OF JOURNALS IN
LA .

Based on the loading characteristic (a + bxz) as
being sufficiently accurate for the purpose of this

small correction, the system on the untorqued helix

is given by -
b ~mBV 5B &
o C(% [_: \“"24( )*’mo]

-6

Taking 5 = O 4 x 107" the loading on both helices

was evaluated for B = 0+8, 1.00 and 1.25 »espectively

giving relative values as shown by Table 11.

D Torqued Helix Untorqued Helix
/B [ adnm e ﬂlaximumt
increment |Uniform niform cremen
of load Load |To%@l{ 10ad | of loaa [lo%d
-é\;Eﬁ/a oc $bB%a
0-8 1-94 100 2:.94 | 2.22 0:72 2:94
1.00 0.63 1.00 1.63 | 1-47 0-16 1.63
1.25 0-29 1.00 1.29 | 1.25 0.04 1.29
Table 113.
The system of loads is shown diagramatically on
Fig.1l5.

Taking moments about the bearing at the free end

the percentage inequality of loading on the two

bearings is found to be ¥ 1:0, 1-35 and 20 respective-

ly for the three examples, corresponding with

t 0-57(F)

s

The further development of a working formula for
the correction is described in Appendix 4.
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APPENDIX 17
NOTES ON APPROXIMATIONS IN APPENDICES 5-12

Empirieal expressions are introduced for
(Appendix 5l>ts (Appendix 8) and VybE(Appendix 9),
each of which are accurate to X 3% within the
range of normal gear design.

The correct expression for 28 isgven in
Appendix 5 itself, the first term of the summation
being appropriate to the zone of approach and the
second to the zone éf recess.

The function for t, is obtained from a
graphical anslysis,

The correct value of VS/VR as applying to

Cos '{:‘1—

recess is given by the expression sec. Yy ;'qu,_(I—“e/Q)

where iﬁ is the portion of'z referred to iﬁ%ﬁ. as
applying to recess.

In the assessment of stress at the root of
the teeth, bending has been taken as the criterion;
direct compressive astress varies with quite a
different function of tooth proportions but as it
averagzes only about 6% of the bending stress its
neglect is justified by the complication and indeed
the confusion avoided; shear stress gives a
combined stress with bending which varies in
relatidn to the pure bending stresg approximately
in propertion to 'hany“LPH , giving an extreme
variation of * 4%. With some additional
complication this aspect can be incorporated into
the calculations but without material effect on
the final conclusgions.

In Appendix 11, the conversion of the square
of the involuting expression affecting tooth

thickness /




o f !
90 Rt (D'/p:'\o ’

( 5/P§n- S

carried out with an error less than % ;;é. §§%g

thickness to the product is
In each of these cases the relevant

coefficients have been so arranged that the error

is a minimum for gears of average proportions.
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APPENDIX 18

TYPES OP MARINE REDUCTION GEARS
TO wKich TE'E K)é'egoii*g AhAlYdié AI»PLIES

The three principal types of gear to which the
criteria and various formulae apply are shown by
the following three figures relating respectively
to single reduction, double reduction articulated
(or semi-articulated, depending upon whether solid
or flexible type couplings are employed) and

locked or divided train gears.

Pig. 16 - Single Reduction Gear.
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LOADING on GEAR TEETH

FORWARD - Recent cases of "scuffing"’of gear teeth _
have led to a'general investigation and reconsideratiqn-
‘of the knowledge relating to the loading and
lubrication of gears, results qf which are presented
in- this Report. |

. With particular reference to scuffing, the
analysis has been greatly helﬁéd yy the Admiralty
Report E.N.24/250/41 dealing extensively with their
experience in this conﬁeytion. The final conpluaions
detailed in the -present Report however give no
evidence in contradiction to the essence of the theory
as derived frdm the - limited information formerly ;n
our possession, and as stated in our 1etters»to
liessrs. Parsons dated 10th and 25th June 1941.

_Upon more deétailed investigation we find that the
ihcidénce of scuffing appéars to be clgeely_related to
a simple expression, representing the work done pér
unit volume of oil film by the frictional forces
arising from sliding actién of the teeth, a function
which is a measurelof the temperatu:e rise, and
consequently the reduction in viscosity of the oil.
The application of this criterion value (Cw) is
illustrated witﬁ'reapect to the gears typified in your
own liemorandum (Appendix L);’ and-aléo in Appendix M
to gears of other Classeg of Veasels. Expressing the
results of this analysis in relative numbers, we ha&e
foundfthat of all the examples of Fairfield experience
and of cases ;eéentlj brought to our notice, scuffing .
has been in evidence betweén é38 and 121, the former
being an extremely bad example, aﬁé the latter a

borderline case. Gears which have not been prone to

this defect have varied between 116 and 20.

The/
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The expression is of a similar nature to the
criterion proposed in the Admiralty Report and

consists of the factors

- . . _
o N and\[ s/vr together with a refinement denoted

by the pressure 1ncrease factor Cd associated with
contact errors of the mesh and a term of fundamental
importance incorporating length of contact zone, pitch
and flank angle of teeth, by which "pressure per inch
widnh of face" is converted into truenormal pressure
on the tooth flanks. | The omission of this latter
tern has led to confusion of the main issue in several
instances where different types of teeth have been
compared on a suppeeedly common basis. .

‘ The occurrence of scuffing at low speeda is
considered to be due to its inception when manoeuvring,
and particular attention is drawn in the Report to the
severe loading to which nhe gears may be unwittingly
subjected under such circumstances, before the teeth
have attained their'ultimate polish. This conception

provides a variable factor which could well account for

"the capricious nature of the defect 'in Vessels of the

same Class.

The occurrence of this scuffing defect in such an
unexpected manner has demonstrated that the basis of
gearing design is not altogethe} ebnsistent with

present day requirements, and such simple’ factors as

P
T ,l D and P (%"/D)2,  wiile they have their

proper place in prellminary design, cannot be enpectede
to reveal the true conditions under whicn the gears
function such as to enable the safety margin to be -
reduced to & known minimum wita sufficient certainty.
The ooportunlty has therefore been taken in the
accorlpanying Report to present the problem of gearing

design/
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/design in a rather more.analyticai form, although, 7
for convenience in working on this proposed basis;

the functions involved have been simplified to a

maximum extent by graphical representation. The

eriteria which have been developed are -

PINION DISTORTION - Cg, the criterion being the

maximuwn ratio by which it is estimated that tooth’

pressure is increased due to the contact errors.

.arising from bending and torsional diatortion of the

pinion, together with contact error of manufacture.
The latter varies in its'effect over a certain range,

and while its nominal minimum value is included in

‘Cd, its nomina)l maximum value is included in the

associated criterion Cq'. Successive criteria each
include this pressure increase ratio as an integreal
factor, although its inciusion is not inimical to the
consistency of the Cy criterion with'respect to scuffing.

ROOT STRENGTH, Cr - The chart asgsociated with this

eriterion (Appendii H) clearly suows thne relative
\

strength of different types of standard teeth on &

' basis of pinjon diameter. - The root stress as indicated

by Cr represents the maximum stress induced, having

conplete regard to contact error effects.

WORK_DOKE on OIL FILM, Cw - The significance of this

term hes been mentioned with regard to scuffing in
recess. Whén considered with respect to approach
in the menner later described, a value is obtained
with smalllpinions which is greatly in excess of that
associated with scuffing in recess. There is no
reason to suspect the validity of tiae¢ criterion on

this account since the actions occurring in.approach

and/ : v




/8and recess are so different, particularly when
pinion teeth tips are not relievea, that no reason
exists why a given local drop in oil viscoaity should
produce the same effect in eaeh respective cage.,
Comparison between the tyo conditions is rendered
iess positive by the uncertainty attaching to the
definition of sliding/rolling ratio in approach;

excessively high values of Cy would not have occurred

_in approach if this ratio had been taken on the. same
basis as indicated in Admiralty Kemorandum E.N.24/250/41,
but it ie considered that the basis chosen in this |
Report (taking Vr = YO, instead of YOy as described in
Appendix C) gives a fairer estimate of the. true
condition of the oil film; it also demoﬁstratea the
unsuitability of contact in the earlier stages of the
approach zone in which experience has shown failure

of oil film evidenced not in scuffing but in ridging

and grooving.

MAXINUM PRESSURE IN OIL FILM, Cp - If sliding/rolling

is not exoesaive, Cw might, in coneeqnenca, be reduced

to'a sufficiently small degree to conceael the fact that
the actual minimum pressure in the oil film may be .
excegsiva..leading to pifting in the manner thch will
be desc;ibéd.' ‘This maximum pressure as estimated by
" the eriterion Gp.ma& therefore require individual
~attention in certain circﬁmataneea, particularly in
the case of non all-addendum gears.

This eriterion is taken from H.M.Martin's article
on gear lubrication in Engineering 1916, and ifs
. approximate truth is verified by the fact that it forms
part of the basic structure of the sliding work
criterion Cy which in turn has been shown to be a
reasonable representation of true conditions by the = v
con51stency of its relationship to scuffing.

I/
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In designing gears to carry & maximum load, it is
agreed that the recent poliey of utilisang the minimum
tooth pitch consistent with root strength iB most
desirable. Further, ther¢ is no doubt that the gear

' is assisted in succesfully overcoming the excessive

‘preaéures asgsociated with fheearly stages of running

in, by the limited polishing of the pinion teeth.

A proposal to relieve pipion tips was included in
the Repoft, prior to receipt of Commander Given's letter
of Gtﬂ October requeatiﬁg our views on the subject.’

Al though Feirfield practice has so far nof been to
proﬁide any such relief, I agree that it is most
desirable, and although it could be, and for the present
woul& have to be, provided by hand filing, theré is no

- "doubt that special hobs would make & more wuniform job,

aithough it does not foilowithat filing’would be less
satisfactory. | - . . .

It is considered desifmble that relief at the ®ip
of the tooth should be provided for a depth of 1/16"
towards the root, and the Parsons proposel of two
standards of_pinion hobs would be able to provide this
within ﬁimité of 1‘18% each- group being suitable for
the ranges 5" - 9! é.c.d., and 9. = 20" p.c.d.
respectively. No trouble has of eoh:se been
experiehced with scuffing of piﬁ@oﬁs of the latter
range having'7/12" pitch teeth, but it is considered

" that the provision of relief is an aid to the successful

1ubrlcation of the teeth, and as such is desirable in

~all instances.- . ' )

By judicious choice, having regard to flank angle
errors, "mating“ pairs of hobs for cutting wheels could

probably be chosen from existing groups -in the

- possession of individual firms. This proposal is

congidered td be preferable to cutting the relief with
aspecial hob in an independent operation.

Thaere/
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There seems llttle doubt that the cures of
scuffing through the medium of hand work have in
fact been effected by relief of the tips of the

‘pinion teeth. It is the tips which are always most

affected by the complaint, and, whether intentional
or otherwise, it is a nétura; result that a greater ‘
proportion of the hand ﬁork.ahould be applied to
this region. .

We are still of the opinion that the lubrication
and working conditions of gears would be improved by

the adoption of a pinion addendum equal to 75 per cent

"of the meshing depth. Although comparison between

Cw or Ky values in approach and recess may not be.an
eﬂtirely reliable guide for reasons already indicated,

the fact remains that comparison of the reapebtive'

‘values for equal (50%) addendum 14i° gears on this

basias does emphatically indicate the lesser. auitability
of the commencement of the approach zone as compared
with the end of the recess zone, conforming at least

in principle with the knowncharacteristics of this

- type of gea;; "Such a disfinction would be less

apparént with equal (50%) addendum gears having a 22%°
flank angle, and would be more than counteracted if the
pinion addendum were increased to 75%. It is
considered that this proposal,ka'put into effect,
would not be accompaﬁied.by‘any rigk of failure and
it is_tb be bofne in mind that the presgnt\lack'of
practibal evidence in this direcfion is due to the
simul taneous conversion'made between extréme linits
of both flank angle and addendum,_without regard to the . .
finér selection of intermediate,condifions.

1t is»pqssible, howeve£; that the 'analysis which
follows may tend to clarify thelcomparison between these

two extreme types of teeth, and show more precisely to

what/




/what extent the variation of eaeh of the factors,
flank angle and addendum, is responsibdle ?or the
difference in charac¥eristics 6f the geéfs. Reference
is made in Section I (el.to-the féllacy of the theory
‘of "the point of reversal of sliding", a factor
conceived to account for pitting and grooving troubles,
which being associated with oil film failure had
eacaped discrimination due to the limited scope of fhe :
simple criteria utilised. The all~addendum gear was
a product of this-conception,.which probably would
never have arisen had arfangementa been made to 6bserve
the effeéts'of progressive reduction of the pinion
dedendum.

The effects of alteration of tooth pitch and
addendum on the various criteria is indicated for gears

of various claeses in Appendix N.




Troubles'to_which gear teeth are prone when
prudent limits of loading are excecded may be listed
" as follows -
(1)  Excessive smooth abfasio#
(2) TFlaking and pitting
(3) Scuffing or seizing

(4) Ri&ging and grooving
~ (%) 'Fatigue-fractu:e of teeth in extreme cases.

' Fundamental causes of these troubles; assuming
that the cuttiﬁg_of the gears, thé material, and the
lubricant lqavé nothing to be desired, are -

1. Smooth abrasion: Excessive relative .lidin# of
the tooth surfaces in conjunction with a high
pressure in the oil £11m, is liable to cause undue
smooth abrasion. The relativeiy great amoﬁnt.or
work done on the oil film causes it to rise in
temperature 1ocally'w1th consequent reduction of
viscosity, so that in way of microscopic high
gpots, fpiiufe of the oi; film may occur from tiﬁ§
_toitime fasulting in mild abrasion of ‘the surface.
The effect ig iikely to commence and be most
prevalent where the sliding is éneatest, icee,
Lo . ~ remote from the pitch line;f¥uf‘it may spread to

an exﬁent on account of yhe convection of heat to

PR - adjabent oii and the distribution of.sméll R
‘ metallic particle?. | ‘

2. Flaking and Pitting: ' Flaking and pitting may)be

cauged by excessive pressure in_the oil film ‘ , “

(and consequently on the tooth surface) in tne
absence‘bf any consideragie'slidinga The heavy
;ocal pregsure on thedooth éurface‘causes high
fatigue stresses at'thg surface of the metal, which
may result in the flaking of microscopic high.

spots/




.C:‘
/8spots or the pitting of the surface of the1§oth..
- Pressures which cause this trouble would alao be _
aﬁaociated with a degres of ébraaion 1£fzonea )
subjected to sliding, and it should be noted that
the latter action,_aalwear occurs, has the effect
- . | of transferring pressure to, and causing pitting
+ at, the portion of the teeth not subjected to
v | sliding, namely, the pitch line gzone. It has
been obmerved that it is in the region of the
pifch line that pitting is moat prevalent.
3. Scuffing or Seising: ‘Sduffiné ig considered to‘bo

a product of the same factors which result in
smooth abrasion when encountered to a lesser degree.
Wnen the combination of pressure of oil film and
sliding become altogether excessiVe? local failures
in the.oii £ilm becomé more‘gxtensive, and the '
rupturing of high spots from the parent metal

produces aufficient heat to involve seizure, with -

q -

~ the oonleqnenca of an increase rather than a
reduction in yhe surface irregularity'- & process

° “which rapidly becomes cumulaxive. The first
evidence of the_trouble occurs at anregion‘where ’

the sliding speed is great, and the oil film
is weékest, namely, at ti.e root of the wneel teeth

where the pinion is terninating its contact.

Ol Fie Not SUFFLIeNT
I PAVELerET To B5e
CHOCARLE OF WITH—
SYRANOING HAGn
PREASURE MM -

GERcasMud
SLIGING.
Fla &
' Fig. 1A shows the normal distribution of 6il - "

pressure over the efrective lengtin of contact,
while Fig. 1B shows nhow at the final poinv of

contac t/




/contact the development of the oil film is
seriously handicapped. The wheel tooth is

affected prior to the pinion tooth probaoly
Abecause the sliding is more localised on the
former, due to the advance of fhe.bontaet point
in contradirection to the;rollipg, the conditions
- on the pinion tooth being vice versa and conse-
quently less Bevere. In addition the comparatively
rough surface presented by the unpolished teeth
of the wheel invites incipient gcuffing rather
than does the smooth surfaée of pinions polished
in accordance with general practice. |
4. Ridging and grooving: Ridging and grooving of. the
tooth surfaces is another product of the factors

,which cause smooth abrasion and scuffing, but in

this instance it is plastic flow of the surface
metal of the teeth brougpt about by th; combination
of excessive pressure in coﬁjunction withaliding,
subsequent to partial failure of the oil film a
failure which occurs as a result of the samne
'excesses. ~ The whéel tooth ridges in the region
of the pitch line, the sliding being towards the R
pitch line both in approach and.recesa; the pinion
tooth_grooves at the pitch ling, $hé gliding being
in the reverse direction. 4 |
5 FatigueiFracture of Teeth} Incidence of this

L]

troubie in the past was nearly always associated

with material or bad gear cutting. Attention )
siould, however, be paid to tieroot strength of
pinion teeth in the determination bf suitable piteh,
and in cgnsiderations of undercutting with gears
other‘théﬁ thiose of all addendum type.

Prevention/




Prevention of excessive loading in the design,

_ truct d operation of high dutby, gears -

construction an

To be considered under four headings =~

I. Design variables

II. Design Criteria

-

I1l.Nanufacture of gears

1V. Operation of machinery -

I. In the design of a pinion to transmit a certain horse

power at known revolutions, the factors which

.may be varied are -

(a) Pitch circle diameter
{v) Width of face
(c) Flank angle
(d) Pitch and depth of teeth
(e) ' Distribution of addendim
(a) and (b). It is the obvious desire that the

(c)

diameter and width'of faeé be kept

a8 small as possible, consistent

with a performance that is to be
free from any of the aforeméntioned
defects. The two factorls must be
congidered in . .close relationship in

determining the working pressure per

- unit width of tooth, having regard

both to conditions of lubrication and

errors in contact, brought about by

. bending and torsional deflections of

the pinion.

Existing practice determines that. the
choice of flank angléhmust be 14%°

or 224° (measuréd axially on the hob),
these angles representing almost
extreme limits of general engineering
practice. The 222° angle is
undoubteély superior to the 144°/
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(a)

(e)/

/14%° on account of the stronger
pinion tooth which results therefrom,

the lesser sliding which is involved,

‘and the reduction in curvature of

the pinion tooth flank, factors which
more thah compensate for reduction

in the lengthlof the zone of contact
and increase of the normal pressure
between the tooth faces due to the
greater obliquity. It is unfortunate
that inAfhe simul taneous change made
in favour of both the 224° flank
angle and all addendum tooth, no
opportunity arose to demonstrate to
how a great extent the improvement in

performance was due to the altered

-

flank angle.

Existing practice again determines
that fhe choice of tooth pitch must
be 1", 7/12" or 4/10" (measured
axially on the hob), the depth of cut

being in accordance with normal .

procedure. Sliding velocities ére
reduced with the 47/10" tooth, a
feature which makes its use most
deéirable in the case of small
diameter all addendunm -gears; the
shdr#gning of the zone of conﬁﬁct 13 
precisely compensated by the .
increased number :of teeth in contact
at ény instant. With bigger
diameters and.conseqﬁent greatef

loading per inch length, teeth of

greater pitch must be employed to

provide the necessary root strength.




.desirability of such contact is taken entireiy from

(e) . Other factors having been determined
the distribution of addendum remains
to be chosen. ' An equgl addendum and
dedendum gear is highly unaatisfacfory
on account of the excessive rate of
sliding/rate of rolling ratio which

. occurs at the commencement of contact
and which may be five times aa;great
with 144° gears as the value
corresponding to the final point of
contact at the end of recess; this
leads to excessive smooth abrasion of-
the teeth and_probable ridging and
grooving unless the loading is very
light. Furthermore, the pinion tooth
is unnecessarily weakened at bhe root
due to the involuting of the flanks. -
It should be noted that it was in .

cqnjuﬁction with the 14§° flank angles
 that these defects were manifest.

In direct contrast is the "All Addendum" geer in

which more than half of the most satisfactory range of

.fhe possible zone .of contact is sacrificed merely to

avoid contact at the pitéh point. In consequence the
rate of sliding is excessive at the end’of recésaion
and instances occur in which the oil film breaks down
due to the resultiné high temperature.

The only argﬁment in favour of the "All Addéndum"
gear (as.distinct from é corrected ;;ar having greater
pinion'addendpm tnan dedendum) is tﬁis avoidance of

pitch point contact; the evidence against the

equal addendum 143° gears which advertised their

unsuitability by pitting, grooving and ridging at the
piteh/ '




II.

/pitch line, but the possibility that these defects

were manifestations of grossly excessive aliding'aﬁ
the commencement of contact has been ignored.

. Reference is made to the.pitch point as the point
of "reversal of sliding" implyiﬁg that & crosshead and
its guide might be a ‘suitable analogy. In actual
fact the rate of sliding in‘the‘region of the piteh -
point is so small, positive or negative, in comparison
te the rolling velocity that such reference is entirely
academic and the points at which sliding becomes of
practical 1mportan9e in each direction are widely
separated oﬁ the. tooth flanks. )

If equal sliding/rolling ratios were to be allowed
in approach and recess with 22%° gears, theipiniqn

addendum would be about 55%=60% of the meshing depth,

"but as a conservative proposal it is suggested that

gears with a 75% pinion addendum should be adopted.
The sliding characteristics of gears of this type as
compared with equal addehdum and all addendum geérs
are illustrated on an accompanying graph. '

Design Criteria - (for derivation see Appendix)

" The following criteria are suggested for detefmination‘l
of the maximum allowable tooth pressures having
regard to pinion distortioh,_tbo%h strength and
lubrication. ; '
Pinion distortion - Criterion of the distortion of

the pinion due to bending and torsion as compared

with the gmbunt by.which'?he teeth bend to dorrect -
the resulting contact error. The criterion is
-intended t? represent directly.the ratio of the.
maximun. resulting increase. in tooth pressure as
coﬁpared with the mean value. |

ca/




Cd = (¥Xa + B/P) A ... Lower limit of static
. contact error of
manufacturey -

Cd'ﬂ (kd + ZB/P)A see Upper . - q0 =

Ay kd & B= | coefft. from accompanying -
chart (See Appendix G

P = 126000 SHE/ND (w-2)
. N = pinion RPN ‘ .
- D = pinion diameter = inghes .
w = ' gross width of helices =
inches.
Root Stress - ‘
Cr = P.Gd.gr coe ké = coefft. from accompany-

ing chart (Appendix H)

. Max. pressure of oil film -

Criterion of pitting and flaking -

Cp = %'- i, Cd.kp k, = coefft. from chart

37 N P (Appendix J)

Work done on oil film -~ Criterion of condition of

0il film to be considered with respect to commencement
of contact (if not all-addendum) and end of contact.
In each cuse the figure obtained should be related
to actual instences of excessive smooth abrasion,
ridging, grooving and scuffing in order of
aécénding severity.. High values which might
= _ indicate possibility of écuffing at the end of
recession would not infer similar conditions if
. ' applying fo thevcommencément of approach, since in
- , the latter instance tﬂe‘breakdown of the oil film
is not agg@ravated as desc;ibed in paragrapn (3). |
Pitting may occur as .a secondary effect if this
eriterion is excessive.
Cw = P . 1 ..Cd.kw k, = coefft. from chart
S B . (different values

\ for aygroach and
. ‘ recess) (appendix K)

The/
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The use of charts has been necessitated in order
to avoid excessively complicated formulae on the
one hand, or undue apprpximation.on the other. The
derivation of the formulae is indicated in the -
Appendix to this manorandum, togéther with examples
" of their application to soveral .types of gear
including thoge liated =Y} A-M in Admiralty rnport
E.N.24/250/41. A typical comparison is also given
of all-addendum, 75% addendum, and equal addendum

gears.,

IIl. Manufacture of Gears:
It is not neceasary here to draw attention to the
necgaaity of accurany‘in gear cutting machines and °

.procedure to ensure minimum errors in respect of
cumlative circuler pitch. gpiral angle, creep marking
and forn of tooth, exeossal in any of which would
involve the gears being eubjected 1ocally to loading
in excess of the design allowance.

Local errors in the spiral angle call'tqr limited hand~
work to give»cpnjact over the full width of tooth.facq
but the obvious objection to.such a process being
employed in the correction of excessive errors is the
inpossibility of maintaining the true.contour of the
teeth, particularly in the casq;gf'amall diameter
pinions where the curvature of the flanks is
appreciable. B ' .

'As the result of much eiperimental work in the
applieation of the axial pitch gauge which has reyently
. been developed by the Admiralty in conjunction with
the N.P.L., aatisfactory measurements have been made .
of several typical wheels andlpinions, showling the .
magnitude of contact error (measured normal to the teeth)-
.which/




/which is likely to arise in gears which are accepted
&8s being of a high standard of accuracy. The results
of the invéstigation are the subject of a'segaréfe
report but it may here be mentioned that, irrespective
of the width of the element, the contact error appears
to vary between .0005%" and }0015“, so that in the
worst instance, ﬁating gears could have a combined
6ontact error of .003" prior to hard points beihg
relihved.by hand. In considering the relative
importance of these figures it is useful to recall
that the contact érror that has been.permitted at
full power over the width of the forward helix, due
to the bending and torsion of the pinion, has varied
from approximately .0005" to .001l7", depending on the
width of face, and with such allowances no evidence
of pressure at the forward end of the helix in excess
of that at tha‘aft has been shown, indiecating that
the flexibility of the teeth is sufficient to take
care of a contact error.of-fhia magnitude when evenly
distributed. Incidently, there seems to ‘be no
;juatification for allbwing a lesser contact error. on
a narrow than on a broad gear aince as the teeth are
_hélicél; each individpai tooth must bend in the region
of the instantaneous ban& bf contact, in order to
‘correct the contact error in its path, and ih éo doing ‘
it is in no way affected by the width of face such as
would be the case 1f thé gear were of the épur type .
If is unfortunate that it so happens that in the case
-of pinions, the in&oluting'of the flank removes all
trace of thé radius whioh in the case of a rack or
wheel is formed {ay ‘the hob at the tip of the teeth,
since it is the pinion rather than the wheel whicAhAils
in need of the relief. In -extreme cases there seems
little doubt that scuffing is partly e consequence of

this abrupt termination/ :
t {




/termination of contact as described in paragraph (3),
and if relief is provided at the tips of the pinion
teeth the production of an adequate oil f£ilm is ensured
up to the instant of final contact, thus more than
compensating for the consequent reduction in the length
of contact zone. In tﬁe case of small All Adendum
pinivns such relief also has the effect of reducing the
sliding velocity where this is excessive. This

provides édequate reason why the hand relief of the

tips of pinion teeth should effect.a cure for scuffing.
It is cdnaidered that if it were made general practice
that the tips of pinion teeth be slightly relieved by
file, tapering the teeth for a depth of say 1/16"
towards the root, the region subjected to the nost
gevere condition would be behefitted, even although
extreme ev;dehce of oil film failure as exhibited by
scuffing was not anticipated.

It is égreed that the polishing of the pinions provides
them with a surface which is highly veneficial to the
running of the gear in its early stagds. The polishing
process however, is only intended to remove high spots
and i1f adequate witness of the hob marking is not ’
fétained, there is é severe risk of epdiling the contour

of the tooth, should fhé-grinding wheel be at all worn.

;i. Operation of Macninery - ,

Af no time are gears sﬁbjected to such severe conditions. )
as during the very ;arly running life of the Vessel ‘
before thefhard‘spots on thetooth surfeces have been |
worn down and the.bearing has_fully spread over the
width Qf each helix. Gears which have scuffed even
prior.to.the pfeliminary triel indicate that npt only
at full power is the effective loading heavy, but that
the gears can be damaged by updue "acceleration" at
low speeds.

With/ | Ly




With particular regard to scuffing (even a;l.though it may
not become manifest in sufficient severity to warrant

" comment), it is certain that during running in the
portion of the teeth subjected to the greatest sliding
action, will be relieved of minor surface irregularities
m.ore rap_idly than those por:t;idns where the sliding. ;j.a A -
less severe. If this initial. p‘rocésa is performed
without excessive pressure, the "lumps" will be
reduced .gently, and, in consequence, the loading on the

. gears will be thrown more heavily on to the portion of
the teeth subjected to less aiiding and a permanent
state of balance will be set up in which the highly
sliding portions of the tooth surfeces will never again
be so heavily loaded. Alternatively, if the initial
i'unping in process is too severe, local pressure will '
cause more extensive breakdown of the _o:li film, and
seizure or scuffing may be liable to occur.

With .regard to acceleration at low speeds it has been
stated that the work done -o'n the oil film is a function
of.P/\]'ﬁ at full power, or say P/\r'; at a reduced power
corresponding to revolutions per minute. If the Vessal ’
is steaming steadily at this lower speed P P(“AqB or
P/\r— Vr&%)\"mnch is obviously less than %N
indicating lighter loading on the gear.

If the extreme though hypothetiéaivjc'aée then be imagined
that full steam be put ;m the turbines when steaming
at " reiolutiong per mi.mzte, considerations of tﬁrbine
efficiency show P’a- P[N/“S‘ or P/\f" = —E- "N/h, )
which is 0bv1oualy greater than P/.f"' ahow:mg the
heavier loading on the gear as compared with full
power. - ~

The follo;vint';. table shows relativé.loads on H.P. .pinions
assuming full power revolutions 360 and the corres -
ponding control pressure to 'be 250 1lbs. per square inch

-

gauge/




/gauge, the full power nozzles being open under all

conditions.

The full power loading is represented

by 1.00 and relative loadings are indicated for othef

speeds appropriate to steady steaming and also %o

pressure.

The analysis is of particular interest

conditions represented by a sudden increase in control

considered with regard to manoeuvring Ahead and astern.

Revs. gontrol Relutive Gucr Loading (“w) wien control

ressure - . : et . .
per Steaning Pressure 1s snarply increused to lbs/sq.ln.G.
aine Sveadiiy 17

) .
Jé‘fs/sq' o 25 50 ro | 100 1% | 200 [2%0

120 -0 Q.16 0.511 0.791 111 1l.41
180 25 - 0-34 0053 0-?4 009‘« 1-30
240 * 75 - b o O-‘DD 0071 0.97 1037‘
300 150 - - - - ~10.78] 1.01] 1.20
360 . 250 - - - - ) - - - 1.00

1 coneclusion

attention is paid to the design of

it is considered taasx

if more analytical

gears, possibly

on lines 'si.ilgr to those suggested, avoiding the least

satisfactory zones of contuct in approaca and recess,

it skould be possible by working up to allowable limits

with more definite precision, %o permit generally of

greater loading on the gears and cohsequent reduction

in weignt aud space.

Sueh a _Lolicy would ve assisted

pinion teetn tips as described. .

iT the. general practice were adopted of relieving

Furtuerviore, it

nust be recognised tnat the successful afiter-life of -

& neavily loaded gear is laréely dependent on ‘the care

with whien it is treated whel new, and tie greatest

respect is demanded until the major surface irregular-

ities of the teet: have been given adequate opporitunity

of being eased down.

In/




In the production of this memorandum, valuable
‘feference has been made to the followi?g.-
Admiralty report on Damage of Turbine Reduétibn Gears
by scuffing, E.N.24/250/41.
The Lubrication of Gear Teeth, H.li. Martin -
ingineering 1916, vol.Cll, p.120.
The Lubrication of Gear Teeth, H.&. Merritt -
Transactions I.K.E., 1937. '
liechianical Gearing for Large Power Transmission
L.M.Douglas - Transactions N.E.C.l940-4l.
An accoumpanying table shows specific instances of
how typical gears could, according to the views
expréssed herein, be reduced in genersl proportions

without exceeding reasonable limits of loading.

APPENDIX ;

The following items are included -

A.’Derivation of contact error due to bending and
twisting of pinion; compensating bending of wheel
and pinion teeth; pinion distortion criterion Cq
denoting ratio of increase of pressure on teetn.

B. Derivation of criteridn of root stress of teeth, Cr.

C. Derivation of.criterion of maximﬁﬁ pressure in oil
film, Cp. |

D. Derivation of criterion of maximwa work.done on unit
volume of oil film, Cw. -

E. Chart of Rate of Sliding/Rate of Rolling ratios for
equal addendunm 14%o gears in comparison with other
types. '

F. Ditto to larger scale for gears otlier than equal
‘mddendun 143°.

G. Chart of pinion distortion coefft. kd for different

types of gears.
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N.

Chart éf root stress coefft. kp*for different
types of gears. |

Chart of maximum oil pressure coefft. kpy for
different types of gears.

Chart of maximum work doné on oil film coefft. ky

_ for different types of gears.

Tabular anajysis and cdmparison of gears given in
Admiralty report E.N.24/250/4L.

Tabular analysis of other gears, Naval and
liercnant. '

Tabular couparison of typical gears incorporating
differenf typeé of teeth, according fo the
proposed basis of design.

List of symbols used.




APPENDIX A -

Derivation of contact error due to Vending and
wisting o inion in conjunction wi errors of
cuttings compensat1n§ en 1n§ of wheel and pinion

teethj pinion distortion criterion Cs -

In gears without centre pinion bearings the Forward
helix of the pinion is subjéct t0 the greater

, disto}tion contact error since on the one hana the .
torque is geater than in the ALt helix, and on the "
other hand the bending deflection aggravates the
torsional deflection in the Fprward, while réther
more than counterbalancing it in the Aft helix.
Considering only primary effects, this contact
error may be expressed in relative terms as
follows -

Forward helix Contact Error (Torsion plus
Bending=Total) 39+61=100 *

Aft helix -do- -do=- . 13-61=-48
"Two secondary effects, however, play an important
part. In the first Place the pinion journals are
glightly accommodated by the bearing oil.film, thus
permitting the unequal rddial reaction forces,
brought about by the uneven.cohtact errors, to slew
the pinion out of line, thus tending to equalise the
errors on tne two.hélices; Secondly, the bending
errors are minimised on account of the redistribution
of loading whiﬁh occurs with tnhe pinion in the
bent eondition,-resulting in excess loading towards
“the ends of the pinion with a resultant reduction in
the amount of bend, which may be shown to be

approximately 1/3 in amount.

The/




The resulting relative torsion and bending errors are
thus -
"Forward helix Contact &rror (Torsion plus

bending plus
slew = Total) 39*-405- 26=
) 3

Aft helix - do - " - do - 13-405- 26=
: =53

In assessing this contact error let =

o
i

Tangential load per inch net width of face =

126000 SHP
D (w=

N = pinion RPM

D = pinion PCD
w = gross width of faces - inches
€ = gap between faces -~ inches

circuwiferential pressure angle of teeth

259 - 33' for nominal 223° flank :
16° - 35' for nominal 143° flank

-

Then the uncorrectied bending error over one helix
(proportional to 61 in relative figures quoted) can

be snown to be approximately -

e (fw'«e 79S8 (14 sune Fomot ) ine (1) -
€~ (soo AT O* et Fomet ) - (1

The correspdnding uncorrected torsional deflection of
the Forward nelix (proportional to 39 in relative
‘figures quoted) is approximately - ‘
P [aw-2\% e2  ng - oo - - ()

€t = oo L\ O /) ¥ o=

Thne corrected bending and torsional error over either
nelix (proaortlonul to 53 in relative flgures quoted)
1ncorgorat1n5 ti.e slew correction as a pr0port10n of |

the torsional error is -

e = %Eﬂg > '\g','e-f_. - .
= ne7 (% Sl noven = -0 Tm @)
\lbbb ™
wi hee \ N TN
l: {- (M ’2> &\r—'*% (usznu’(‘am) 1-15'3(‘1’-52/\}:
o \onbxu
~-- (A

This/




This function is plotted for different types of teeth on
an accompanying chart (Appendix G) which also gives
values of B. The significance of B and u are |
described hereafter.

The relative effect of such errors in increasing tooth
preasures'in various gears cannot be considered without
reference to superimposed contact errors, due;to |
irregularities of gear cutting which even in high class
work are of a magnitude comparahle with the distortion
errors. After limited handwork in reducing the hardest
bearing ‘areas of the teeth,'it may be taken that in
good practice this static error is reducgd to .001" on
eaoh helix, which on the average will be reduced to
.0005" by natural slewing'of the pinion in the journals
in the manner already described, although in the least
favourable case, the higher value would apply.

Under running conditions the total contact error, if not
éxcessivg, is absprbed by bending of inéividual wheel
and pinion teeth. It is impossible to make a precise
estimate of the amount by which they will yield for
a given load since within-the zone of contact of e;éh
pair.of teeth, ?hé point of applicati;n varies from
tip to root of wheel tooth amd root to tip of the

- pinion tooth respectively, while the adjacent unloaded

- portion of gach provides indeterminate additional |
strength. Calculations indicate that the combined
deflection of a pair of 224°, 7/12" pitch teeth with’
pinioﬁ of'meﬁium diameter (8"), would vary from

030 P"-ib"l'nt at comuencement of contact to *IS F’-lb"b\'ns.

‘at m‘id-cont;act, end 40 P A %ns ut ena of contact, so
that if some allowance is made for the rigidity supplieQ‘
by ‘the adjacent lengths of unloaded teeth, the average

deflection may be taken as -
o 7M.
S= 62 % "‘”3—,‘5 inches -‘bf 22, R h2 bl'&\\ trehhn,
. {

(1t/




(It will be noticed fnat the precise value is not of
great importance so long as the different flexibilities
of each type of tooth are linked up on a siiilar basis, .
since the déflections are to be used in‘comparison with
contact errors which may vary considerably with respect
to thelir assumed magnitude) .

It will be seen that tie effeétive deflection has thus
been taken as 2/3 of the wheel tooth defiection, when
the load line is at its tip, and no support is offered
by adjacent lengths of unloaded tooth. The éx}ression

for tie defleqtion is thus -

& 220» \m}m oy [°;¢ = —--S(i\n -\sl\is

(=

where p = nominal tooth pitech |
Z = tangehtial lengtn of contact zone in
circunferential plane (See Appendix B)
tR = reot taickness of rack tooth measured
: normelly
tT = tip ~ do = -~ do -

LY

qs = flari angle of hob

S (X
or in genersl terms & = AP RICT - (@

On & sinilar basis it is s.own that Ax equals 0.2

in ti. case of 4/10“ JitCuy 22%0 teets elso.

IZ <. local increase in toot.. pressure be corsidered
due to berdin, and torsional contact errors slone, it
wlll be found txzat on account of tile error being

cepproximately paréboiic in form, tae L.eximum ratio of

] = . : : £ N
local pressure increase is - (l + 2 4@55 y

The static contact error is likely o be of sucw.'a form
that initiwl contzct between czirs of teetn, is over
quite & broad wres exce ot for :icroscoyic creep marking

on/




/on the wﬂeel. Congidering all factors it seems
reasonable to assume that due to staticvcontact error
alone, the maximum ratio of pressufe inciease would be
'(\ + '°°°5'/43) or (l+‘°‘°‘/43) depending upon
whether the maximum effective value of the error be

taken ag .0C0O5" or .001".

In considering ti.e combined effect of fhe two serrors,
and assuming one aggravateé the other, if is approx-
imately correct to take the ﬁaximum ratio of pressﬁre
increase as - .

Co=(1+%%hs + s )-—-—®
or the worse case -~
Ch o= (1+28g + "Vas) - - = (®)

In prectice tue simul taneous use of these }wo factors
in conjunction with the design criteria, briefly

- described in the bod& of tne report, gives an immediate
impéession of the relative effect of & known deterior-
ation in static ?ooth contact in any specific éase.

The'facto;s may.be expressed more conveniently in the
form - - _

Ca = (Kam*'B/P)A -=-r- ®
Cu = (M4 PBL)A - O

where

A= »fac.f:_n.c dependent On Qraphing 6} functiom

. p (sex balow)
OO SPNRN
B = P\ /48>=‘25/M.—-~(\u
In tie cuse oF gsears neving pinions with centre bearings

it way bLe shown taat the contact error for tile sane
pinion dianeter, fuce Width and loading per inca widtna,
expressed in tlhe same relative terums as tlose already

used are -

Forward/




/Forward 55% of Forward helix (torsion plus bending =tohi)
27 + 3 = 30 )

' ( 39
ALt 45% =do - =-do- d0-12-3= 9)

Forward 45% of Aft helix - do - 10 + 3 = 13
AfE 55% - do - -d0=- 3-3 = 0)

It will be seen that a slewing correéction of the pinion
journals would even up the error to a ielapive Tigure
of £ 13 en the respective helices. The bending error

.is so small in proportion to ﬁhe torsion error that the
latter may be credited with the total relative error
of 13 per helix. ' '

This may be shown to be -

e = (& e

= w7(EHEED -
A\ ] LQ_’_‘_.B . '\'.."3_:—'—2 z - - .:- - - .
‘w e “d, |oBS Ak ( = ) .+ ) (\-5_3

awd AL = OFR2

The pressure increase factors C,_.L Gnd C_; are obtained
by the aforemenjzi.onéd formulae (9) and (10), B  again
equalling '235/u . ¥ ias plotted for this instance
also on the accompanying chart (Appendix_ G). |

The funct ons (Ka+3/93 and (W‘-\-Z%)\qar'e_.ob'tained from
the W4 chart drawn with respect to 144° centre
bearing pirﬁons, and 224° non-centre bearing iainidpo,
in which i_nstancea the fa‘ctor A 1s taken as 1.0.
To suit the follo'wi'ng cases A has the value as )
stated. - - '

144° flank without centre bearings‘ . _A-‘- ' 625
224° flenk with centre bearings A= 160




APPENDIX B ~

Derivation of criterion of root stress of teeth, Cp -

Usi ng the symbols already defined, the.actual normal
load acting per inch length of too“bh flank, when
the helical angle is 30° is =

» —\ - —— (a>
Po' = ©. Cd—'% T cen3olcony Q H
For the determination of it may be shown that : ﬁ

approximately - —=71.
‘% = Aw—F + B["'}""ﬂ.ﬂ& * J&SE-&-(‘-‘;*Q“J.» ] s
’ foon ot

_-,Qg‘)
—‘u( any {'\'Pe ot gra< .

£
=
2 "B = Contact
L Zonw l
3 I pney®
< |7 o™ T o
. Ciee oo
— o . Qqﬁqﬁ
T TR A
_L._._,.:.’.j.z... ] N \(V"/
%4:% e am o
.>\ :E + s Q.UQ
= o d s
o - Jf’
ﬂ:gfg . qw‘ '
0(-3" 7
o+ v Ci\rcovmarewREwTiaL
- L.

With an equal addendum and dedendum gear the
variation.o:‘t‘ ‘'with diameter is small, being in

the case of 7/12" standard 14%° tooth, 1.00" for

a 5% p.c.d. pinion and 1.07" for a 12" p.c.d. pinion.
The % variation is greater for an all-addendum gear,
’75 in the case of the 7/12" piteh 22%° tooth, being
575" for a 5" p.c.d. and .64" for 12% p.c.d. pinion.
The’ maximun bending moment per inch of tooth = 2. W
“where 41,: tooth depth.

The/-




The maximum stress in the pinion togth ﬁeglecting
the support afforded by its adjacent unloaded
length is - ) _ :

(AN TN /‘tr" wheee b > rast thickness ﬁ&b-inim
teeth (narmal)

This stress will be halved if the support of the
adjacent unloaded length of tooth is considered to
have the restraining effect as assumed in Appendix A,
when.mean § was taken as +2 P wi8"® ingtead of
ot:\-F'r.m"’ the value e_stima‘ted as being

appropriate td the load line at the pinion tip

(correspon&ing to the condition now under

consideration).

‘ . ‘. Ma\‘im“m gt“ess iﬂ &;\‘n:lﬁ'ﬂ taﬁi\\‘ N\W;Ch is
a critecion i3 i—

e L P, Phox BAL (e - (6)
or Co= P Cu.We - = = -7 —cm=-(171)
. tet  Fecesw

this coefficient being plotted on a base of pinion

where WK =

diameter for various tooth forms on an accompanying

chart (Appendix H).




" APPENDIX C -

Derivation of eriterion of maximum pressure in
o1l Iilm, Cp =

.

In his detailed analysis of the rolli;'lg action of
gear teeth given in Engineering Vol.l02, p.l19,
H.M. Martin showed the following relationships to

exist -

: . Ve

Maximum pressure of oil film ﬂ;,.g \E"'Q’)
Load carried/inch of tooth  F oc aVg- ¥/t o (20)

Effective length of loaded film lec Jt.? oy T3

where -

/l.h = viscosity which may be taken as a
constant for this purpose

VR = rolling velocity of tooth flanks
8 = radius of curvature of pinion tooth flank
t = minimum thickness of oil film l

The evaluation of VR entails
consideration of true rc;_lling

as distinet from sliding., In
.reoeaa, ag the point of contact
moves froﬁ 0 to X there is
_m;} question but that -KPXM
rebrééents the amount of sliding.

Meanwhile, rolling action has

occurred over the depth OXy of
pinion flank, and OX_, of wheel
flank. The effective oil wedge
forming rolling movement is the

lesser value OX,,

In/




In approach, as the foint of
contact moves from Y to O,
OPOH is the sliding movement. -
Simultaneous rolling action h:‘m
occurred over the depth YO, of
pinion flank and XO,, of wheel
flank.. ' ‘:I'he effective oll wedge

forming rollihg movement is again
the lesser value '\‘op but it will
be noted that in contra-distinetion
to the action in recess, the
effective rolling is measured by
the advance of the point of
contact on the pinion instead of
on the wheel. ,
'Ih later considerationé ~o’f rate of aliding/rgte of
rolling (Appendix D), the value is in conseguence

taken as XP\‘(M in recess and O_"'E;." in approach.
. O%ew o Oy

To evaluate Vg in rec\ess, congider

e—— . the point of contact advancing

from 0 to X during which time

st the peripherzl movement at the

x'-;l‘"‘“ - % pitch line is given by
“ .
\ “0a! ot Dad
~
Circumiecential The point of contact rolls

FPlane, . ro Y,
. ’ DX“'z Ox“-: OO Sva

.- In recess ) . _
Ne o D.N sinaz - 4 oo (22)
To evaluate \fg in approa.ch
‘consider point of contact
advanc;ng from YT to O during
which timé the péripheral movement

at the pitch line is given by
. 4 .
0,0, < D.d

- The/
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-

-P“
\
- ‘ -
7‘\' ‘
Ou
L
\
\

Cicenméitrentiiol Plane

»

°f'.i°*
Py
e

i

Ciccumirie~tial Plana .

‘The point of contact rolls ‘Tc>p

X O
=~NOL =S

{
whece

b+ ¥/ug e shictin
In approach yrlacity

\g =C B.N.i'ma&/( l+"’/q.§ --A{23)
Radius of curvature of pinion

tooth flank = R = OE = EFfaw sl

. . .

But EF i-,-!,i'b whece D=VC.O

Approximately
' Rec D stnat - - - . (24)

From equations (19) and (20)

P FLy? %E. ;tss
In substituting for = from
equation (14) in the following
step, and also where it occurs
in Appendii D, pressure angie ol
has been substituted for flank
angle \Pp fo? convenience, the

relative difference introduced

‘thereby for the various types

' of teeth being negligible.

For reasons. described in the body
of the report, particular
consideration is given to condit-
ions at the pitch point with 3
regard to maximum oil_preasure

and consequently VR is the same
whether equation (22) or (23) is
used, v‘/\lg ‘being zero. The
result will also be wpplicable

< s SR
to conditions obtaining in recess.

From/




From equations (14) (22) and (24)

[ 3 [+ '
-E. |-$ I P ..l'__._,_.. -
(3 Ca VXY ('i) Sin"%al, cont Bl @

A8 a criterion this expression can be more easily

used when reduced to 2/3 power, i.e. -

A L R I - ..
G %'Cam'% ; Co - @O

Sinkt. Canst

or Pressure criterion

Cp=g'cd-t]— - o= - en

Wwhace KP - E—. .

- = = - = {(2a)
* Svad.cond .

the coefficient being graphed on a base of -pinion
diémeter for different forms of teeth on an

' accompanying chart (Appendix J)

]

(Itvmight nere be noted that L.l. Douglas of
wessrs. Parsons qarine Steam Turbine Cohpany} in
hls paper "I echanlcal Gearing for large power
'transm1851on“, sugzests the use of pressure

i ; |l L I " d
criterion T Gy which is identical to (27)

for any one -tooth form).



APPENDIX D -

Derivation of ceriterion of maximum work done on
unit volume of oil film, Cy - . ¢

At the high oil film preséures obtaining between
gear teeth of the class under consideration, it
ié approximately correct to assume a constant
coefficient of friction. Thus the work doéne on

the film per second is

o P L A N Selesjil - - - — @3

where 1' is proportional to the effective lengtk of
the 2il film say’

and b = breadth of oil film

Vg= sliding velocity

.

But during each second the volume of oil passing

under the influence of the maximum pressure is

Ne .t b, Ml -~ - G
where . VR: = roliing velocity of tootl flanks
t = minimum thickness of oil film

Prom equations (29)'and (30), t.e work done on

each cubic unit of oil is =
W c‘: P!\"L‘."‘- VS
t B \l? . , t- VR

or fronm equaéions (21) and (24)
Wee RV [ORes @y
. VR t
For/ .




>l

For recess -

From equations (14) (20) (22) and (24)
'é'°°'§§“ckw”§3 (;%f) y;&A\g.-‘ - = -- G2

'Hencé from aquatibha (25) (31)'and (32)
e z N3 ._!__.. -
W = ( ) Co - FJ (I!) “,, Q@%b.

S\n ol Canal,

This is the criterion which as stated in .the body

"of the report, might be considered as a guide to

the possible occurrence of "souffing" from which

it will bé observed that the term in P 1is squared.

For a;mplicity-in uee,_the square root of this

expression may be used as the criterion written thus -

‘cb,--‘?- Ca- 1,—-_—_ i -~4-—-<3§>

Vmeer fae teceas

)———‘-@s)

. ’V ' lt:'b .____-
KUO = % ’&e' S\\M’-J-__‘ .

and is plotted on an accompanying chart (Appendix K)

. tb‘a base of pinion P.C.D. for various tooth formse.

\

For approach «

~ Due to the modified value of V  in approach,

equation (32) becomes -

- A x: A oL Ge
T < 'ﬁ‘t Ca- 33 )(“ Sinvol >

. Equation -(25) benomea -

P @(D “e S N kE)ts ’l \{': s‘“dwm

Whence equation (33) beoomes - . --"§81)

\Na: %5‘- Ca- _LN (% '\'FR (“\'\L’}i). sih‘:q.éosx '"(3?5

s/




As before the criterion nay be written -
RS

Cos = 5 - Ca- % Kae

but for approach -
Ns l Vs
Pl & 22
Ve ( VG> ‘

values of which are plotted on the aforementioned

chart (Appendix K).

- (1_,43)

Sia &Jc.os A&

In the use of equations (17) (27) and (34) a more
severe condition is represented by the substitution

t
of qu- vau C’d fgr reasons already described.
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APPENDIX H
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APPEKKDIX K.

TtVr FIANK CONTACT

PITCH FLANK &MO

Ve TS5k A

misLsmsm/\

Wl 1R T,

ITCRION OP
WORK
DONE ON OIL PIWM

Cw"? jb Cd Kw

RManmMKafmn

OrrHGR THAN Km SKI
KU SVRRT

10 i o
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APPENDIX K.

ORTCH 22" HANK. END

~  PITCH EaANK END OF CONTACT
A RATCH 22'Y ALANK-*'
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N ——
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r
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. . APPCNOR
Analysis Of Gears Tabled in Aomwalty Report £n 24/250/41
REXrCRONCt TO GEAR
NRVAL PreH arTMTH
FLANK ANGU 2> 22k
tooCNOgM Of PWBW Mttwc Oirw 100 K>0
WPIM OF FAa
@GP NTWHH HFWa EIOEB i B
PPM OrnAMit AT FULL AMMO PwTU
PiNCL
PINION PCO D Dg S44 6 44
AHfAB
,8_H P, 930 530 8780 ISO A
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[ r.rC «jC«l
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Tl AVEE S5 ™ A
CaxTJOftn. A«
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&F—f—"— —CL
COeQGHMT Kw
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#T#nCQMTRII’C-_ « 4 M X-zi 539 4-44 525 i-77' 4-04 2'S6 596 5 53
WT«C% ]
HIOO|17I00 1ai00 [1600(24800169»0| - I - 1*85001 PI700 [#000 [13400|
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ArPenDix M.
ANALYSIS OF SOME OTHER NAVAL AND MERCHANT GEARS. ———
REFERENCE TO GEAR oop DESTROVERS . _ CRUISERS __ _ |banmdtanes MERCHANT
B2 "D cass |" G CLass M Cuass “NORFoLK [LiverpooL] ProEBE " |Howe peuoed Liner S5 A
| NOMINAL_PITCH OF TERTM  uns bl %0 %2 2 "z "2 . Tz Ve %2 | he | T f-’/lz %2
FLANK  ANGLE .« . wl2o] gl 22% 22 e 22’ 22% | 22| 229 14 | % | 22%
ADOLNDYM OF Pirion As %oMesing DesTH] 100 80 100. 100 50 100 100 |00 {100 50 {100
wioth OF FAck i ur] 15 42 2% | 37 45 32 27 43 | s3 2] 9
Gap BeTween HELicES ms_ 8] 2 kevmsbesnd 3 3 fewmeBearwy 3 3 33 r 2| 3
RP M OF WHeEL AT FuLL AHEAD PowER | 300 356 343 340 3 329 340 236_| 235|124 |312 | 410
Piion Le [HPlLp [HP JLp aptn Hr-,w. nwelre (npfee e |we LR jLe
Pivon PO Dis-44 |10-07 1564 ) 985 |14:57] 12-21 11693 ft0-m_[15:42 {10-93]15-42 | 985 [12-43 | 15-21 |18 21 5-99 | 514
HEAD.,
Fule Power SHP 100 Jagon |asoo [7360 hoogo [io700 |aseo] B30 [iz100 {9970 10700} 6810 [8400 2500 [1s000] 5620 ] 950 | 430
. ...s RPM N |epas|a30p 2180 {3380 (2285 | 2965 | 2140] J20 | 2165 | 3310 12340 2425 | 2715 | 2200| 20401540 | 2920]4130
mﬂﬁnﬂz&\!g:@'fﬁs Dplass 1794 |88s hoig 11387 11061 11320 § 652 1060 {1155 {1250 {1018 1250 | 145 1260 | 617 | 471 | 365
- was)
]
Puvion Distortion-Coerricisnt __ kd 1294 | 175 | 132 362 |1es (362 1186 {176 | a7 (34 {174 296 [189 | 304 (227 | 190 [ 320 | 150
Commecreo Conmmerennsee] 28 | 29 | 14 | 79| 26 B3| 34| 24| o | 93|28 | 60| 33) 10| 86| 22| 32 ‘05
slssons ocws baease RanoCJ4-23 | 224 1178 424 1243 [421 1238 | 236 [ 174 |395 |22 |3-57 239 | 358 | 376 | 253 | 288 | 321
e . . . C1552 (273 (220 {486 | 258 |4-80 [280 | 296 | 211 14499 {274 {418 [ 280 {412 {425 (316 |37 {402
RooT StRewgra- CoeFFicent  Krllo47 | 850 | 682 |6-95 | 654|670 | 643 87 5-57L5-szfa-so 685 [6:69 | 6:50 16-39 | 7:35 | 14-0 | 805
mm@‘»‘fc‘.?) G »f209001 15100 hosooi2sg00lio300 129200119800] 1250012700810 200 [25200]20000] 2670030300} 11500 | 19000 | 3400
Las/1
O Fim Preseire-Cosrrcient K| 224 | 196 | 191 |227 |27 221 [ 214 | 1os |var |224 |26 |227 [22 [ 206 [ 218 {i03 [204 [ 252
Cameron Basroomid Cpl 53 | 23 |15 | 66 1335 | 36 {30 | @ |8 |63 30 |56 (38 |45 [44 | 20| 32 | 3.
{ . Cr. o Cd (.'.',J_C"9 28 | @ |76 |40 64 |36 | 28 |2 | 7,36 |65 (46 | &0 |50 | 25 | a2 | 55
NONE OF THEGE GEARS HAVE SCUFFED. - . -
Wor On O Fin-Max 320 rare Wed 46 | -38. 125 37 {28 |80 |-22 |35 |25 |:33 |24 |.37 |-20 |-24¢ |-20 |-30 |67 |75
v | CoErrFiciEnt K57 1008 | 94 (140 jU-1_[12:2 {103 ] 014 | 95 [130 |109_|i4-0 [12:0 | 11-D |99 |10°2 | 16-5_}23-0
§ crremon exCa ¥ 2241 |16:0 |14 {2908 [ 220 |19°5 |74 | 12:4 {140 (238 | 183 (247 |23-3 177 [ 152 123 | 240|254
&' s BaaoowCd Cof 94 [ 36 [ 20 |105 | 47 | B2 | 4 29 123 {9 14 |88 56 |63 57 |31 |69 [@2
.. .cd cul22 | 49 |25 |20 | 57 | 94 |49 [ 37 | 30 {107 | 50 |04 [ 67 | 73 | 65 | 39 {8 |i25
o [ e J‘ﬁ&m‘;&“mﬂ?&: BN RS T B B I IR bl T Bt SR B B Bl B b o
Y| Goerrcent . Kol = B9 (-20) - | - | — ] = f-@sla20} - ) -}~ | =} = | - [Z41]-830] -
! crremonexcd Cd - lme|mws) = | | =t = |met e - | - | - -1 - | - [~wof-mra) -
&), amomcd Cd = |87 25| ~ | = | - ~as|-a | -]~ |-}~ -|~ 93|23 -
< . i cd-t-r0l-a| - -] -] -]-sefj-32} -~~~ =1-1~ {-54]|-287] -
Fu AsTery SHP |7z ] - leosz| - lsmz| - |scop] - |eso3| - [e920] - (5070|8333 126674560 | 440|430
ng L . RPM = _N|269 - 11454 - 1524 - 1426 - |[1444} - 1560 - 1810 1466 1360 {1370 | 1950 (3320 \
- o - |t - 1193 - 893 - 1207 - 135 { 1145 (1260 5.64i 327 | 494
33 prevwms/von merwomon eacz. P1.475 84 200 i 11260 | ‘
Piion DISTORTION- CORNRLTED CONTACT ERAR € ;ZB_ - U1 T N I O B ] - |6 - |'20 - [+30 |70 |86 |-24 |22 |07
inccone, (W, Paegs ncnepe ReoCd 425 | - (v | = (220 - |238| - |18l | - (286 - [244[3:58)|376 259325 288 ‘
a’;ﬁfﬁﬁs e el CaSSe] - 224 272] - (290] - [225] - |2-73A - 299|412 |4-25|3-28 | 445426,
Roo Sraengr e €D Coloozool - lozoo] ~ lizacel - leaoo] - lmoo| - lrzcol - liesooles7oolsosoohiosooliasaoliosoo
Los/of
o Fium Pressue carenonrsenCa Gl 60 | = {8 [ - l3s | - 132 ] - jwe | - T3] - (40| |s0]2 }29 43
I aucacd el - l2o! -ja2|-13}-122] - 4| - 150]89]57]25 |40 |64
WORK Of Ou Fim -CRTERONBaseoonCd Cad 112 ] = | 24 | - 52 - 1486 - 26 - .49 - 63 | 77 [ 70 | 3 66 | 102
Recess { ,  , .cdcdmz ] - |80 | - jesj - |56 )~ | 33|~ 60| - |78]89 |73 1O |150_
mrnonBrczoomCd G = 4. |20y =~ |~ |- |- - -] |43 22y -
Aeeroaci{ L . .cd Cul - -3 ] - [ -]~ —a | - -t =] -]=1-|-sjzm] -
.
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APPENDIX N =

The analysis presented in tabular form in apperdices

L and Il illustrates several features principal of

which are - _

1. The value of (Cwy Cw') in recess for gears whicnhawe
scuffed varies between 238 = 121 in the upper
limit and 184-163 in the lower limit (which
corresponds with a lesser contact error). Gears
which have not scuffed vary between 116 - 20 in
the lower limif and 150 - 25 in the upper limit,
the latter corresponding with a greater contact
error. The consisténcy of these velues is sucn
that every example would fit in with the rule
that "gears with Cw greater tian 120 wili scuff
(unless very carefully handled when new or urless
relieved at pinion tips), gears with Cy' les:s
tharn 120 will net seuff (witi. reuscneable
'lubrication) and gears irn which L20 is inter=
nediate between the values of Cy and Cy' are -
likely to be very dependent for their behaviour.
on such variables as contaci errors of
manufactufe, ﬁolish of pinion teeth, manoceuvring
of engines at sea. . '

2. it apyears to be permissible to work #p to a root
stress (baséd on Cg) of 30,000 1lbs/square inci.
If in designing.a geur Cy 1s low but the face
width is deternined by the root stress, it is
a clear case for teetn of larger p{tch, enaovling
"4he face width to be reduced thus hinging Cr and
Cw each towards their safe limit. The gears
of ti:e Aircraft Carriér typified are an exaumple
of where it is considered teeth of greater oitcl
might have been more satisfactory, in thuat the
width‘of gear could have been reduced.
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The Hunt Class gears are & good example of where

it is considered a change to 75% pinion addendum

" would have ﬁarticularly beneficial results. For

ahead running the (Cy, Cw') range would be
reduced from 103 - 121 to 33 - 97 in recess,
while the approach value brpughf into existence
would be only minus 47 - 55. The stress at the
root of the teeth would be increased only %%.
Analysié‘on the basis proposed indicates in many:
instances that excessive face width is introducing
higher local stresses and loads on account of
pinion distorticn, than-would apply were the
width to be reduced. Qutgtanding among these
~is the modified Black Swan Sloops, in which it
would appear that the local loading and stresses
would be reduced 14% were the face width to be
reduced from 15" to 10", This may indicate
that distortion correction criterion Vears .
excegsive influence'on the results, buf on the
other hand Pairfield experience of failure of
pinions of a similarltype showed that scuffiné
was restricted to narrow bands showing that the
load was being carried by a comparatively narrow
width and that contact errors were far from

insignificent although the cutting of the gears

~was up to standard and the alignment was good.

The general impression conveyed by the results

substantiates the.views regarding the excessively

empirical nature of deéign as expressed‘;ngﬁﬁe*ﬂ

body of the report. °
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APPENDIX O -

List of Symbols -

A
Ap
Ay
B

eﬁ

et

Correction factor of C3 and Cg' - ; “
Addendum of pinion, inches
Addendum of wheel, inches

Coefficient of pressure increase due to
static contact error

Breadth of oil film

Criterion - ratio of pressure increase due
to pinion distortion and errors.

Criterion - ratio of pressure increase due
t0 pinion distortion and errors (less
favourable case) '

Criterion of maximum pressure of oil film

Criterion stress at root of pinion teeth

Criterion of work done per unit volume of oil
film ‘ :

Pinion p.c.d., inches

Contact error due to bending and twisting of
pinion, (corrected) inches

Contact error due to bending of pinion
(uncorrected)

Contact error due to twisting of pinion
(uncorrected) , .

Depth of relief at tip of wheel teeth
Gap between helices,_;néhes
Tooth depth, iriches

Coefficiént‘felatedito Cq - See chart

Appendix G
Coefficient related to Cy; =~ See chart
- Appendix H :
Coefficient related to Cp - See chart
Appendix § .

Coerficientlrelated to Cw - See chart
Appendix K -

Length of oil film

Proportion of 1, being length subjected to
maximum pressure

Pinion R.P.M. at full ahead power

?inion R.P.li. at reduced power




P Tangential load per inch net width of face
at full anead power, lbs.

" waXimun pressure of oil film at full ahead
power, lous.

Py actual normal load per inc: of tootin flank
< at full shead power, 1lbs.

. P Kominal pitcn of teeth

» p' Tangential load per iucii net width of face
at reduced revs. n  1bs.

R Radiuws of pinion tooth flanks, incres
t Lininun thickness of oil film
%y DNormal thickness at root of pinion toot:., inches

tg - do - - 40 - racik toota, inches

T ~ do - at tip of rack toota, irches

u ‘Coefft. of flexibility of rack toot:
V, Rolling velocity of teeth, It/sec.
Vg B8liding velocit; of teetn, ft/sec.
W work Jdone per cuvic unit of oil film
w Grose widw: of tootn fuce, incpes

Tangentiel lengt:. of contact zone in
circumferentiel plane, inches.

Fressure angle of teetn in circumfereintial
plane

o
& Tooth deflection under load
Q) Flar« angle of hob

o~

. Viscositry of oil

I
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GROUP I .’

The followlng itinerary was followed -

February'

Diaembarked New York 6 p.m;

Arrived Washington 2.3%0 p.m. and visited
E. in Q. (") ATMIRAL BURT of the
BRITISH ADMIRALTY DELEGATION,

Meetin~ et BUREZEAU OF SHIPS, Navy Dept.
9«30 -aeme t0 1l.pem.
Depart Washington 5.30 p.m.

Arrived Milwaukee 10,30 a,m.
Viaited PAIX OORPORATION, Milwaukeo.
12 noon to 6.30 n.m.

Visited FALK OORPORATION, Milwaukes.
9.30 a,me -to B nenle
Depart Milwaukea 6.15 pem.

_Arrived Boston 11.30 o.m,

Visited GENZRAL ELECTRIC CO0., Lynn,
Boston, ©.30 a.m. t0o 6 Dem.

Visited GENTRAL BILROTRIC 0., Lynn,
Boston 9.30 a.mes to 5 pem,
Disoussion with Mr. R.H, TINGEY,
OHIZF ENGINTER, BETHLEHEM STEEL CO.

Fore River Yard, Yuinoy, Mass.
at gtatler Hotel, Boston, 8 to 1l ».m,
Depart Boston 11,30 p.m,-

Arrived Trenton 9.30 a.m; (indisposed).

Vislted DE LAVAI STEAM TURBINT QO.
PTrenton, 9 a.m. to 3 pl..
Depart Trenton 3,30 p.m,

Arrived Philadelphia & p.m.

Viéit6d~WESTINGHOUSE BLEOTAIC MANFG. CO.,
ESSingt‘ﬁn, 9,30 a.me to 5,30 Dem,

Visited WESTINGHOUSE ELTCTRIC MANFG, ©O., -
Basington, 9.30 a.m. t0o 3 D,

Laft'for Washington 3.30 p.m.

Meeting at BUREAU OF SHIPS, Navy Dept.

9 t0 11 a.nm,
Obtaining Bxit Permit 11 a.m. to 5 p.m. '
Depart for Neéw.York 6 p.m,

Visited ADMIRAL IRISH, U, 8.N. at his
Offioe, Broadway, gnd thereafter with him
vislted MR, AI»FR“'D MYER at ME:SRS- GIBBS 8c (1:0).6
9,30 to 11 a.m,
Passaze Arrangements - 1ll a,m, to 1 p.mw
Visited MR, J.W. ATKINSON of PARSONS
MARINE TURBINE CORPORAT ION, West 3trest,
4 pemy t0 6 penms 2
m'ba.rked 8 Pelly

S P ! \’



The prinelipal personnel met at the Bureau or Shipa emd at
each of the four firms visited were aa follows;: -

Bureau of Bhips.
Admiral Brand:
Captain Sharp: ',
i Jvardn
* Mr. Ball:

Falk"corndration .
~Mossrs. Hormann Falk: -
Harold Falk Senr:

President
Ylce President

: Qarpenters ~do=- .
* Louis. PFalk: ) :
Harold #alk: Plant Buperintendent Evgincars,

. Riohardson: )
‘ Green {left Davld Brown about 1910): Works' Manager.

Lieutenant Frasiar: . U.8.N, Supervisor.

G.B.C . . .
Eessrs. K.M, Holt: _ Turbine Engineer
* B.N. Twogood: . Gearing Engineer
J.J. Zrodowski:’ -do-
L.B, “hitescarver: Assistant Sales Manager.
Young: Suparintendent Goar ahop
R.J. Trenholm: Asst, 3o~
J.Js Davey:. - - A»)lication Engineer Marine Dept.,
Schensotady,

H, Papazian:

Qommander Sampmon:

De laval
¥ Messra. Q.R., Wallor:
A. Petorson:

Intsrnational G.E.C., Sohenedtady. '

U.S.N, Supervisor.

Vice President and Ohief Engineer.
Chief Bngineer, Pump and

Compression Department
Baugr .

Navy Dept. Supervisor:

.Westinghouse o S ‘O_
M e88rs8. J.R. Davies: Plant ¥ngineer. )

Seymour: Works' Mana~er. Ve

. Navy Dept. Suparvisom‘
’ ' /. g e ra +
* Denotes Porsonnel with whom principal’ discussions .took place,.

On the vislts to the Navy Department e.nd the .tour

prinoipal firnis, I was acoompanied by - )

X Oommander (B} L.E. Rebb ok; RN, = Asat Naval At.taoh‘
Liouteonant Commander (B). C-. ‘Miles R.N.V.R. P
Mr., G,W, Richmond, B, in 6's Depb. o5 _ ;
. Lieutenant A.J. Kroog, U. S N Re v v i- (-

X Excapt gt De Laval and We'stinghouqqz.,' e
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GROUP II.

GENIRAL IMPRYSSIONS,

Tho four firms which woere visited differ very nuch in

aharacter,

G.B.0. and Wostinghouse, particularly the former, are

large hlghly or~anised »lants whioh might be said to tyvify my

pro-formed notions of Amcrican Industry as based on popular

comient . On the other hand, De lLaval and Falk are strongly

rominisoent of British firms,  The lattor, howsvar, had an

atmosphore of its own, which could only be described.as being

born of tho outstanding character of the Munazement.

The Prosident, Mr. Hermann Falk, 'is now an aelderly manj

but their shops show mush evidence of his practiocal engineoring

instinet, and this tradition is being worthily maintained by his

nephew, Mr, Louis Faik and his colleasuwes. No doubt the extreme

guccess of the firm as Ste.l Founders, has been a dirsot rssult of

this av)lied enginsoring intelli:ence, Inoidentally, it may be

romarked that the Plant, which emdloyse about 3000, is meannod

entirely by Non-Union Labour. Valking thrbugh the shops with

tho President, it was avparent that he knows most of the men

porsgonally, and, furthermore,. that he was well resepescted by them.

As an extrome oontrast G.E.C, oould be guoted, whore,

having rogard to the tremendous sizo of this firm (in all their

various Plants they employ 230,000), thore is an impersonal

atmosphere, and the high degree of organisation that would be

expocted in an underteking of th: magnitudo. Questions of man

powor and exponse a)poar to be of little consequence in the

encpavours of the Bxecutive of cach Department to ensure that

their products arc of the highes: quality, and that no smudse shall -

besmireh the name of their firm defore the eyss of the enginaering

world.

The attitude of the Navy Department to-all these firms

is intorestinz.

Hhoere quastions of intorohanghabiiity and reneral

nollioy ara involved, they speoify theif’reduiroments, but so far-as

details /

3.




“matter of prejudice than fact.

 firm's design.

~ . . : GROUP il.

-'detailé are concerned, eyen 1arge details the raspeotive firms

are given an entirely froe hand, und the responsibility is theirs
for producing a unit that functions satisfaetorily, thus for
axample while gearcaae seatings and gear dimensions are
standérdiseﬁ from the ﬁoint of view of interchangeablility, the
details of the construotion*of the goearcases énd running parts
vary betwaén extreme limits according to the opiniona and special

feollities of the Manufacturers. All this goes to emphasiae

_; that there ls more than one satisfactbry way of fulfilling

-8pecific requirsments in the manufacture of any unit, and it is

nisleading to imagine that various American Manufacturers holding

~ different view points, have been brought together and have roached

an absolutely agreed decision regarding a design, subsequent to

opon disocusalon. The parfect désigp which appears to glitter on

its pinnacle is an idealism for which all are striving and while

the nearest approaches thereto are as many as they ars various,
any dlstinotion betwsen the best of them ténds tq bocomo more a
So far as gearing is concerned, the Manufacturers in
the States have bsen forcad into a common policy to suit the
requirmments of the U.S. Navy asjre;ards type of design, and the
firmes which have had to bow to the inevitable in this respect
and have been overruled in their individual opinions still hold

‘their original views even after experisncing the merits

emphasised in reaching the decision for the adoption of a rivel
Even on a questioﬂ of theoretical desigé policy, the -
Seme gituation exists., The Gearing Manéfaoturers in the gtates .
Wa?e brou_ht togethsr toﬁagree upon a loading formula,  Hach
firm had its own particular ideas\in this eonnection,-Varyin; in
degreesg of'oomplaxity, but in reducing their ideas,to a common
basis, the gross product of their deliberationa was &
raocapitulation of thHe wall known formnla P/D oorractad for the
finite diameter of the ma{n whoel by 1ncorporating a.simpla

axpression of the gear ratic. It was made clear that this
arrangement was brought about to satisfy/




: R N , | GROUP II
'saﬁiéfy’fhguﬁéﬁﬁfnépartment, but that firms which have thought
more dagﬁly-iﬁ'ﬁhe maﬁﬁer gre not impressed with the usefulness

_of this’ oversimplifiad ooeffioient
. +" The opening ramarks meée by Mr. Davies of Wastinghouse
Hﬂqr}né our dlsoussion are worth particular reforence. ' He sald
' 'H'?éhgt he was willing to aive us all the information wo wantod, but
that it surprised himw%hat we had ocome So far in connsction wiﬂh

any problem of gedring construoction. Ho gquestioned whethor all

26

ooncorned wore not becoming too academlic in this conncction,
particularly with regard t§ tooth surface, and contrasted the
immunity from sorious troubls of gears of all types to the
- diffioultles which have been associated with the turbinos of high
pressure instéiiations. +He would_hgve been ﬁuoh‘less surprisod
to have mot a mission aaaooiatod with Turbiné?desigﬁ. Incident-
allg his romarks regarding gaarinﬂ ‘it self might find corroboration
1n the servide experienoe of British gears in both Naval and Merohan
¢ ‘ spractloe. Y
| In oonoluding‘thesa gereral remarks, it wouid be
uaopropriate to sxpress "acknowledgment of the care whioh must have
boeen expended on the involved arrengements for the tour by Admirel
‘Burt and his staff at the British Admiralty Delegation, Washington,
. .aﬁd also ﬁo Commander (E) Rebbeok and Lisutenant Kroog U.S.N.R.
| who accompaniod us on the visits; also to the firms themselves
for the extromo hospltality end ettitude of holpfulness whioh was
shown in all instances, although the latter are unlikely to rcad '
these wordé., " '
Pornission to visit the four ylanté and also Meésrs.
#ibbs & Cox, COonsulting Mngineers in New Iork, was granted
officially by the U.S., Navy Department. With.rogard to the .
latter firm it had been the Qommittoe’s request that I should, if
posgible, meet Mr. Gibbs porsonally but at the last minute

ciroumstanoes, as far as Mr. Gibbs was oconcarned, made this

’ impossible and his place was taken by his Chiof Assistant Mr, AlfredMyer,
'5. \
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GROUP II.

’1.‘0 maat the wishes of the Committee and, further ths
inﬁ}astigation to its utmost, Commandar ﬁabbaok andeavoursd to maks
& private urranjeomnt for me to mest Mr. Burkhardt of Bathlehem
gtaal Corporation but owing to_hia immediste departure from
Roston on other business Mr . Burkhardt’ ai'rangéd for his vary able

essletant Mr. Tingoy to mset ms privately at the Statler Hotal.

-6 . '. "
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TIWWL L4,
ECTION 4.
ITS.. 1.

hs COMPAKRISOH OF NESTED 4ND LOCKSD THAIN GRARS.

L. Gunoral .

Buraau of Ships. -16/2/44: On the on: hané Falk und

WastinéhouSd ars in favour of the nested type whils, on thus other
hand, G.d.c.; F&rdl.Birmingham end Ds Lovel. (bhe ori_inutors)
favour the locked truin type. for ths purposa of stand;rdis;ﬁion,
lockzd truln gowrs huvé beon chosun for ull classss of vssasel
although no trouble: has bsen wxporisnczd with the nested desicn in
gensral. MNested gears ars in ract baiﬁg amployad for pow:ré us
hich as 32,500 8.H.P. per shaft at 185 H.P.l.. ¢i. buttlaships now
fitting, out. The Nuvy Departmznt hava had no mors difficulty
with alignpont in one type than the other.

Palk: Have supplied nuétud.gaars for 40 ddstrﬁydrs of 25,000
S.H.P. per shaft and all have bucn entirely sﬁccassful altgouuh ona
Qatch of them hus beaen rather noisior then it should huve bson. Do
Laval developsd the locked train which ﬁurticulurly suits the smell

.

hobbing muchinss, of which they kave en.cbunduncs. G.3.C. have
rafusad to have unything to.do with tha nestud desion. Fola wara
stron,ly opposed to pﬁe locked train on uccount of its complication
und ths added hobbing timss, having re¢pard to ths fact thut thuir
mschines wors luid out for the production of nsstod gours.  Whew
st*ndﬁrdiggtaén wus brought zbout tho Burcuu decidad on locked
t¥uin, the preference of the mair gesroutting firms bsing thrse to
two in its favour. Buohind the scenas 1. Gibbhs has hed u lurge
influence‘with the Buiswl wnd o8 he fathersd the locked truin type
in‘its iﬁfancy, hié‘opinion$ have presumably curried weight in
thut direction. In thoir surlicr desi_ns of nastued gsurs,
Wastinghouse run into some trouble with thoir Sd“C&lldd flOating.v
frume which did not mainﬁg;n gliﬁnmeﬁ£. " They 2lso had hzalical
an_ls troublss which lunded them into difficultios with both the
nosted und locksd trein desiins. ' '

G.2,C.: Huve mevor built ary nested type pours ond in Qiaw

- of this fuct thqy ars not in .. _,cod position to offur criticlism of




GROUP III.
SACTION A
ITdh 1.

its morits. Tholr fuellities ure suited to the ldtksd tr.in
desi_n which thoy first omployod in c.rio bouts -durin, ths lust
Wur «nd which thoy claim to hive doviolopod into its prssent forﬁ
in 1933. A1t trou considurutions of possible «li_nment
difficultivs, thay huve no tschnicul pbjact%ons to the nysted typa,.
Sut from.u menufucturin, stondpoint, thay prafor to huve supur.ts
» primary and sgecondary units so that production can p}ocaa
'}ndapgndanély on the various components until such time os thay
ars roady for assombly. Damaga to a sscondery pinlon does not
antuil diémuntling tha built up unit und rzscutting the primury
whesls after reassombly. They staté th&t.tPOUbldS have baan
axperianced dus to lack of rigidity in the nestad type (soo
possibly Ds taval). G.E.C., merchant and minsswasnar giurs wra of
articulatud typo.

Mr. Tingey of Bathlshem St:s) Corporation cmphusis:d thut

from the oxjpurisncs which ha had had wiﬁh rapcir work, thure was no
marked distinction buotwesn tha two typos of gowr in bzrformhnca.
Whon the Novy Dejurtnsnt dacidcd to stund.rdiss &2urs,
ths two largust firms in th. gtutss wishod .to cdopt diff:ront .
digi_ns. G.3.C. Wers waddud to the locksd train desi_n...nd
_ Wostin_ hous: wors in fuvour of th: nested dusicn but ut thit time
thy luttaer firm was having coﬁsid;rhbla troubls with soms turbines
and possibly on wccount of this fict thay wore not wbl: to shout
 with quits sﬁch ™ léud volice ;t-Wlshington, end in consgquaence
G, 3.Ca Won their point.
' Mr. Tingey wes not .sked for . bbtsgoric;} opinion of tho
.tvio desi_ns, u;thoubh'ha hed bean advisud by Commend :r Robbuck, .
¢ our Assistunt ﬁuvul.Att&ché in YWeshington, of the purposs ol my
"~ visit, and he voluntzersd thy stﬁtament thzt in his 6pinion ths
locksd trein dosion wes un abortion.  Under.ids.l conditions in
ths shop,.it is possibli to st thoge gours, but, in th. svoent of
r:pluc¢nunt being roquired on bourd ship, thJ difrigultice ams
such thot it is thoir pructics to serw, a complote truin to rapl.cs
on: pinlon. The difficulty is uﬁbnifin by thz: fucet th.t .ny .

verittion in tooth thicknsss bytuson any unit in on: ‘triin und thi

othor B TR
L—"‘ . Ry




GROUP IIT.
. : . ' SECTION 4.
. ITR .

othar rdndSrg it. impossihls to obtain a balancad load astorn with

‘tha sima gatting as for ahaud, Furthar difficultios ars

éssbciatéd with veriations in longths of quill shafts as thase wra
usually fiqishad to place to sult individusl gowrcess sot ups.

' Fron ths point of viaw of ovarheul, ths accassibility of
fho thrust block und forward main bocring is wbominable . '
DJ Laval: A bhotograph wuas produced showin, an sorly Do
Luval desi_n of nagtsd gsar with which ths Nevy Dopartmont had hud

) 4 . ! .
~troubly in alignmont. This showsd tha contrs bsarings (4 beoring

typs) of ths primery pinion to bs of sxtromsly light construction.
Mr. Wellsr is of the opinion thut thors is graater chunco of
distortion with ths nssted typo of goar then with tha lockad truin
type and thoy era fully in agresrent with thi Nuvy Dapartment's
dscision to.standardisy on the locked train. '

Wastinchouss: 1938 progruciia dustroysrs DD397-420 all
incorporatad naétad &aurs which so far s lir, Duviuss knows hava
baon ontirely satisfactory. At the prosent tims, tha Buttlo Ships
"ALABALIAY and #INDIANA" .rs baing fittod out with 32,500 §.H.P. |
units 6f the ndsted typo. \ )

In one particular dasicn, tho Lockod train goar hus busn
shortar than ths nested tyne bubt this is an dxcepﬁion.."Ths lockad
train is & problam to lina up but whun this Job is dons carafully
ths goar is antirsly satisfacﬁory in oparation. If the power 1s
unavenly distributed betwasn %ha traing ths bearinss of ths primury
Linion take a load for which thoy ware nover disiinsed, und gours
hoeva fallad from this cause,. .

Wostinghouss vary much disliks the lack of accussibility

%0 the main thrust and have, in fact, modifiod thair dssi_ns to .

provids the oiltight plate, flush ﬁith tha forsmost.plaﬁu of the

goaronsy, thus completaly housing in ths thrust end forwerd mgin -

bauring . When this -olltight plats is rémovgd ths sccuss to tho

thrust and main gearing is possibiyj gomowhat bétfar_than in othor
dssigns but the drawbacks of such a dasign ars obvious.

Westinghousy y
: - 9.
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Wostinghousa prafer the simpliclty of the nasted type of
goar and Mr. Davies cited the wsll-known snginssring eritarion that

simplioity usually goes hand in hand with ths bast product.

Buraau of Ships. 28/2/44: Mr..-B.ll was askad ra.urding tooth

thickness requiremsnts, in view of difficultises of intsrchansoabdity
with the locked train dasign of gaars. Ha stated that thora wars
no raquiremanta in tbis raspeqt, and that he was not uwars of any
diffioultiss having been mset with,

 Admiru) Irish & Mossrs. Gibbs & Cox: Admirul Irish smphasissd

that he had not bsan intimatsly sssoclatad with gearin: production
during tha last few ysurs but he was satisfied in his own nind that
the nestad type of gaar was aaéiar to préduca.

In operation, he was of the opinion that ths two desi.ns
wors gix and half a dbzaﬁ. ‘

whon 1t ocame to a‘quaation of ovérhaul, Admira}l Irish
statad phét tha lockaed traln dsasign pruasentad difficultics.
Conditions on board ship wore not suitabls to ths concént:ution of
cars and thought which the udjustnoont of.than ;uars damandad end
which thay reocoive under idaal conditions in ths shop. )

Mr. Mysr gtatsd that G.3,C. h.d dsveloped the locked train
geay and that no ssrious trogblas had occurraed with those dosi_ns.

The Navy Dapartmant déairad to introduce a policy of
standardisation of intarchangeability of.running perts and geosreasss
and spaaking‘for Lmésrs. Glbbs ‘& Cox ia felt tha& wara fully
Justifiasd in sdopting the locksd train dasi_n.

With regard to alignment difficultiss, thers had besn
. instanoss of resldual-strssses In castin.s producing‘unfo;tunata
.affects in this dirsction in both nested and lockad truin desi_ns.

S0 fur &s spacd raguiromsnts of the two deslgns of cour
wara concérnad, thare was very 11lttls to choosa betwsun.

‘Ha thought that ons oflthe nain udvnhtugas of the lockzd

Train type of gour was that the bourin: thermomstsrs wsrs pluced

prominantly /
10.
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prominantly for obsarvation.

2. Production Tiuo.

"Burasu of Ships. Mr. Badl hus Luthored.that ths locked train

can be aet'up'quicker than tho nested typa of goar but statas that
comparison is difficu;b witﬁ_dirforant'firmg.

- Bulk:  Stube thoras is 25% imory gourcutting.-in the locked traln
design, this bain, largsly brought about by asdditional gsetting time
for ths groater numbsr of units {Falk's spoads und faods ara high).
Thay ggrae‘thatveoﬁ is a raasbnubla stuﬁamant of additional fitting
tims for lockad truin us Qompurad with nasted goars but whon thoy
first went into production thay ware avon mors budly daluyed dus

to such itsms aus missing oouplings, muddded quill shafts, atc.

" G.8.C.: - For the locked train desi_n ths 2lapaonts of
production ars not intsrdopsndont and thsey considar that this

speads up production.

Dy Lgval: 20% saving in gdarcutting tims for locked train

~

typs.

Westinihouss: Stato tharc is no difforancs in gearcutting
timss for the two desi_ns but.thut tho totul. production tim: for
ths lockad train type of gsar 18 twica thut for thz nasted typs.

3,  Woight.

Fulk: Gawo hs 1ol ht of & 80,000 S.1.P. oot of locksd truin
dagtroyar faurs (Ary) w8 2 1lbs/5.H.P. . Théir corrasgondiﬁb nasﬁgd.
gsar would ba 10-15% lijhter then this althouch the rutio would
probubly oross over und fuvour ths looksd train desi_n fpr main |

wh33l diamstars graator than 10 foot,

Mr. Tin,ay: With rogurd to woight, tliis ddpands mors upon
tho magufactursr then ubon tho dasi;nféf goar.

Do Level /
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Ds Laval: The locked train goar for a destroyer 1is

10,000 1bs lighter per shaft than the obbrésﬁonding nested design.

Westinghouse: No difference in weight for nested and locked

train gears,

4 Noiss.

Falk: - Noise level of nested and locked train designs not
markedly different but possibly the locked train is slightly
quieter due to the lighter parts but there have been both
relatively'quiet and noisy gears of both types.

Mr. Tingey: Qs regards the noise level, his opinion is that
it depends upon the individual gears rather than the type of gear.
BEven geérs of similar design made~by the same manufacturer may '

have widely different noise characteristiecs.,

D¢ Laval: Do not consider that there is,any differenge __.
. . - 5
in noise for the nested and locked train designs,

-

Westinghcuse: The noise levels of the two types of gear are
the same, and are the same also as a single reduction unit at the
same power.: The' adoption of double reduction gears does not

i

involve added noisa,

12,
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B. DESIGN & GONSTRUGTION OF NESSED GRARS.

1. Primary Pinion Bearing Arrancoment.

gﬁgg:', Until recently Falk have preferred’ primary pinlons of. -

the three bearing type, the shaft being tapered from the tooth
root diameter to the journal diameter, ;n contrast to the four
bearing type developed by Westinghouss. In ﬁheir latest desiané,
however, they have now dsvelopad the two beariﬁg pinion, tﬁe
portion between the helices bsing swelled iﬁ dlamster, in some
instances to as greaﬁ a diemeter as that of the coupling. They
‘consider.that this eliminates any possibility of the primary

pinion sneking and their limifing provisional rule in this respect

is .
P max. = 5.8D 7 = face width :
Y P D = pinion p.c.d. ) See Fig.l.
VG G = gap o

Where the shaft dlameter is swelled in excess of the helix diameter, -

the hobs may inevitably run in to the ends of the swelled portion.

WbstinghoﬁseE wastinghouse are now also developing the nested

type of gear with the two bearing primary pinions in which they

limit the mctual deflection over one face to .6/L000", the pinion
. i . ' i \

bein_ swelled to the coupling diameter, if necessary, batween the

' helices and the end of the helix Seeth washing\into this swelled
: . : 5

portion if as may be unavoldable.

2. Permissible Deflection of Primary Wheel -~ Secondary Pinlon Unit
Wbstinghduse: The maximum bending deflection which Westing-

house permit for a secondary pinion is .0Ql" over one facg.'

3. _ Torgional Vibration. . B - C

o —

coars is very high - well abdve:WOrking‘revoluﬁioqp;.even in

Destroyer dssicns. ‘ Ce T

/ : 13c

Falk: Sacond order tdrgional oscillaﬁion’frequenpy of nested
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Westinghouge: The nsatsd type of goar 1s a stiff system and the

-oritical torsional approximatss to twled the running spesd. The -
articulated type of gear (of which ths locked train is an exampls)
. can not have such a high eritical in view of th? flexibllity of ths

A

lquill drini

4. ﬁobbing‘Arrangemanta for Primary Whesls.

Falk: In the hobbing of nasted typs primary whesls it 1is Falk's
standard pradtice to rough cut the whsels on mandréls with whoals, |
éay, 3" aparﬁ than to shirink them on to-tﬁa pinion with thair
‘standard shrinking rings ané theroaftar to finish hob thae wheals,
turnin. the elomant over in order to cut ths sscond haliix or othorwiss
dapanding on machina avatlable and the length of ths unit. It was
atated, howaver, that for repair jobg they have finish out thus whousls
on mandrels and thase have been gont to ths rapair shipyard, fittad

to the pinion and put into ssrvice without ill offacts.

e

5. Typical Proportions of Gears for Naval Vaesgals, _

. Falk: The typs of gears proposed by Fhik for the néstad design '
in the lataest Cluss of Dastroyars. {which have actually all basn
fittad with locked train type) is indicated on Fig. 2. Tha

particulars of the proposed design for thass gears arse os follows:-

" Primary _ : Sacondary
‘ ' 0P & L.P. HE&L.P. )
H.P.Hron I.P.Pinion Whea 18 Pinlon Whaal -
Nominal D.P. 7. 5
Actual " £.190 . 4.419
No. of toeth 76 ‘90 - 297 . 91 358
P.Cc.D. 12.3"% 14.55"¢ 44,750 20 .61 g0.6n
Total facy ’ C
Plus gap © geiw + 33l 3oL + 2.
Spiral angla ~ 400 : 400
Hobs .389" pitoh  15° FLank 150 Flank
S..H;P.
R.P.M. 56056 4805 1563 1563 397
Praogsure 1lbsg/in.1170 1238 HP 1900
. ' "LP 2000
P/D 121 112.7 - HP-116 LP 122.1
Byaring sizus I x 7R 14" dle. x 110 16;1x164n
g ; . .
14.
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C. DAISIGN . AND CONSTRUCTION OF LOCKED TRAIN G2 ARS.

1. Quill Snaftrggsign, Torsionul 0soill.blon, Stoady Bearinge.

. Bursag of ghipgt+ There are no torgional oscillation

difftoulties. After prolonged investigation, the Navy Department =
had ceésed to require conaideration of torsional. characteristics,

in view of the heavy.damping in the systsﬁ. In earlier desiins
which inocorporatad elaborate boring of pinibns gnd quill shafts,
this was dons entirely with a view to aaﬁin;_wei;htu Later

wartime designs have plaln bores.

Falk: No torsional oscillation problem for Nuval 9urs
"whe;e the excitation is low, but with slow running Murohuﬁt <28ls,
this 18 not neoeasarily the case. |

Confirm that the elaborate bores An pre-war pinions were
to sava welight to avold a 25 ¢/lb. panalty for exceeding the
guarantead fibure.- ' "

rulll shafts are designed for a atress of 8,000 lbs/sg.in.
nickel steel being uged formerly but now a straight oarbon.

Neo-prene (synthetic .rubber) Bteady bushes for the quill

shafts have been tried by Falk, but they are not considered necessary.

G.B.C.: The second order torsienal critical has no erfecﬁb.
"It used to be customary to desi,n for nodal tuning, but this has
now been abandonsd having regard to thé high demping effect Of the

The combined bending and torsionallétrass in the quill
shafts is based on a maximum of 5 ooo‘ibs/SM. in. for carbon stesl,
and 10 000 1bs/sq. in. for nickel steel.

No steudy bearlnua are fitted for the quill shafts.

D3 Lavdl: gonfirm torsionel vibration of no 1mportance,
Having regard to the dampinu effeot ‘of ﬁha bearin“s.
Quill shafts desi, nad. inr torsional strass of 6,000
1bg/sy. ine with evsn distribution’ of load botwaan tha. trains, using ‘

carbon stesl. If nickel’ steel .8 amployad ‘the stress limit is'
raised / » 15. .
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raised to 8,500 1lbs./sq. in. ,
Steady bushes are not used, and the quill shafy is-

;provided with a radiel clearance of 1/16" or l/a".

Westinghouse: Still prefer to balanoce the system for a
second order tofsionAl bfiti;al, although the ﬁavy Department have
dropped any requirements in fhis respect., ‘
; Plain bores are now adopted, and the guills are usually
of nickel steel, no'steady bsarings belng provided for them. There
As a tendéﬁoy for the quills to rust up solid, and it is Westinghouse:.

. practice to paint them with a rust preventive before assembling.

2. _ Location of Rotating Parts.

De Laval: Seoondary wheel is located at the centre of the
oil pan-and the gears are set up to aocommodate this setting.
Primary wheels have a total cleerance of ,0l5". There 1s about

“1/16" axial play in each coupling, so that the total axial play in.

- the secondary pinlon is about 125" 4 ,015" say 1407, ,There is
1/4" olearance between the butting shafts of the secondafy pinion
and primary ﬂheels. .

3 _ Coupling Design.

Bureau of Ships: Star couplings are considered as cdmpletely
out of date,‘and it'is now diffioult even to obtain replace '
components in the States. s )

TFour firms in the States specialise in the product;on of
-small tooth couplings; included among whioh are Falk and G.E.C...
80% simultansous bearing of teeth ie required, and this

is freruently only obtained by hand work.

Fallc: Small tooth couplings are much preferred,
In designing'the couplings, the tooth pressure is kept
, as low as accommodation for the unit will permit, although they have
-no /
16.
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no knowledge of any'trouble having Arisen,with any firm due to
‘|axcess loéding.

It is Falk practice to shave the coupling teoth after
cutting and 80% contact is normally obtained without hand work.
The ends of the teeth are relieved during the shaving process.

- The claws are hobbed and the sleeve teoth are machined
on a Fellows planerx, _

No diffioulty is found in lubricating the teeth, but the
end plates are now omitted so as to allow a circulation of oil

- without risk of collection of mush. ‘

G.E.C.: Couplings are designed on a basis of 400 1lbs/in.

loading on the teeth based on 80% teeth in contact., ~Both claw
and sleeve teeth are machined on Syke's Planers, and no hand work

is required to obtain the requisite contaot.

De Laval:- Designs arc based on 350 1bs/in, loading on the
'coupling teeth, 90% of the teath beiqg in simultaneous-coAtact fTor
any position of engagement, a.requirement which De Lnﬁal ihsist
upon being observed by their Sﬁbcoﬁf:ﬁctors. The designed backlash
of ﬁhe coﬁplings iéj.OlS“.but~as little as 009" is permitted, aﬁd

as much as s090+, .

Westinghouse: Design based on 350 1bs/in, on tie teeth, the

assumption being that they are all in oontaot; Some couplings
. have been designed on twice this loading, and of these, some have
worn badly. It.is essential to provide un adquatq cireulation
of oil to the couplings to avoid %he collection of mush, and it

is useful to provide a byebass for oil flow from anyﬁfeétrictéd _
portion of the coupling 0 avoid this ocdufring. Designed - -
backlash JOL5", - | | | o
‘ Viestinghouse find it necessany td specify vofy carclfully
‘the conditions which must be satisfisd to give satisfactory meshing,
They permit a maximum out of balahce-éf.é:sz._inqnés.

i
17,
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4, _Boring of Gearcases.

Falk: Cast steel jigs are provided oarryiﬁg all the boring

bﬁrs in roller bearings, 1t being sc arranged that the gearcases
can be set up on the machine hed without disturbing the Jigs. -Two
separate boring heads on continuous horizontal shears, provide for
simultaneous boring of pinion and primary wheel housings for the
H,P., and L,P. sides of thé gearcass, A separate motor and
specially adapted boring head, situated on the remote side of éhe
gearocase, provides for simultaneous boring of the main wheel
houéings. This unit is non-adjustable for position,

Light cast steel frames are set up above this latter motor
for supporting the boring bafs when withdrawn,

The time taken to bore the housings of a 50,000 S.H,P.
goarcase of the Deatroyer type with this cquipment is 40 hours,
This is accomplished in 3 cuts, the first which lcaves 1/16“
radially is accomplished by 2 tosls per har, one working in each -
housing of the same size. The second cut is taken with 2 split
collars on each bar, esach ring carrying 6 oarofﬁlly get tools,
,012" is left fol the finishing out, which is accomplished by 2

one tool cutters provided with micrometer adjustmcnt.

G.E.C.; Boring is offebtei by similaf goet up to that employed
by Falk, except in that the boring bar jigs are provided with p;ain
instead of roller bearings, that @ultiple cutter tools are not -
provided for the semifinishing cut, and that the jigs are of
fabricated construction. The toring time per gearocase is about
100 hours, during 60% of whioh time the main boring bar is in
bperation. The bores in the gearcasec are of uniform d;ametur
throughout in any one axial line, and there are no feoesseg. In

boring out, ,002" is left fqr-béﬁding the mandrels by hanad, No

1mp0rtancé is laid on niaintaining alignment between primary and

.
~

sececondary gears wiﬁhin\this limit. S

Do Laval: Boring is accomplished by a single hoad méchine.

Cast / |
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Cast iron Jigs are employed for the boring bars running in plain

bores. The average time taken por gearcase is 190 hours.

Vestinshouse: Boring of gearcascs 1s carricd out with a
single headed machine, employing oast iron jigs with‘plain bearings
for theé boring bers. To inorease the capaclity, additional gear-

oagses are bored on a similar machine without the usc of boring bar

.leo. The relativo tlmcs are as Tollows:-

Houtrs
With Jigs Without Jigs
, ' {bored after assembly)
Upper portions - 110
Bage - Main Bearings and Thrust 120
Vertical Milling 37
Top and bottom portions together 30

S————

Total «+.. ‘ .3_?;2 o280

5. -&gjustme§t for load Distribution betweon Locked Tra;ns and
geaxr alignment.

Bureau of Ships: Advised that it would be found that the

opinibns of the various fimms differ widoly on this point.

Talkt TFelk bonsidor.that the best distribution between the
trains thet can be.rélied upon 1s 62/38 although on an average they
have probably nowlimproved their toehﬁiqué to rive say 58/42.

Their procedurd for adjusting the trains is Tirstly to

‘provide tho pinions and whcels vith zero clcarance bearings all

cpncentric'egﬁopt in tho casulof thosc for the maln whecl which

arefccccntric in the dircetion of thb ahead lowding. The aft

lowor couplings -of the H.P. and L. R, trains arc left undrilled.
Bueklash 1s removed throughout the trains in the ahcdd

diructlon with suitable levers The undrillod ooupling is then”

. marked, removed, drilled and reamecd. The unit is .then replaced

and meshihg is checked by paintin a band of "lamp black markiné

on the pinions and JOg,llng the geary anoad und agtern by hand with

a levor on the turbino ccupllng flanpe. Thie process was wmtnesscd

and ShOWLd that the black lead marking had been 11ftud right:across
Soth / ‘

-
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both the ahead and astern faces of each train.

A It was emphasised that secondary pinions or primery whoels
with thin teeth must be palred off or the astern marking would be
indefinite, :

An error of »002i"" in the merking b the coupling flange
répresents a 10% out of balance loading. ;In conseaquence ol this,
there are no interchangs.able gpares for locked train gears. In
making this statement it should be noted that Falk are not in
favour of adjusting the gears by making use of prime téeth in the
fleﬁible couplihgs or the difference in the.number of teeth between
the primary and secondary gears, because of the dirfficulty of
knowing what adjustment has bean achievaq when the process is not
based on the manﬁal abgorption of backlash;‘ conéequently Falk
provide their forwar& and aft couplings with a uniform number of teeth.

The-prdbess descoribed above is the very anbtithesis of the
procedure which Falk originelly thoupght necessary when they stcrtéd.

to build lockoed train gears. At that time they torgqued up the ;
‘ gear in an effort to talke account of gearcase distortion, but the -
results which the& achieved were variable ehd unsatisfactbfy._
~ In meshing the bea<ing housinéﬁ, allowance is made Yor
+002" scraping to obtaln alignment. #lignuent in a veftical plane
1s obtainocd with the use of a spirit level having an accuracy of

0005“ per inch per diViSlon. :

G,2,C8: G.E.C. consider th;t'thcre is a 50/50 distribution of
power between the two sides of the locked btrain, both in theory *nd»
Qrabtice. Adjustment ' of gears 1s eoffected by prime differunoe in
nﬁmber of teeth\betweén primary wheals and scconéary pinions. The
-small tooth couplingu at the forwnrd and oft ends are fitted with
an equal numbar of teoth, thus provxding no additional adjust ont
The eoupllng keyways are finl shed to drawing slze and the ad;usumcnt
‘01 “the train is effeoted entirely by thc above | method: . It is
their experienco that if q,singlg_ooupl,ng ig left tfor mafking 27
the / B

. 20,
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the keyway to place the errors involved in machining are
sufficient to put -the adjustment of the trains out to such an
extent that prime tooth aajustme-t has to be resorted to in any
case, 4t my particular request I was permitted to wait for about
two hours at the test-bed where they happened to be effecting an
adjustment of this nature. The back to back test had shovin a
1li-htness of marking on one side of the ﬁeeth, as evidenced by the
fact that the printers' ink which they paint in axial bands on the
pinion teeth prior to the back to back test had not worh of £ one
train., Regardiass of the elaboration of the back to back tests,
the amount by which the trains were out of adjustment, had’ of
coufse, éo be measured énd this was done by ingertion of shims
between the tooth faces in the fcllowing manner:- sghims of a thick-
ness of L005" were placed between the outer ends of a;;“ﬁeeth in
mesh. Tbrque was then applied by lever on the primary pinion
.and it was found that the shims c¢f one train remain free. By a
brocess.of trial and error, it wes found that all shims pécame
‘simultaneously nipped when éh additiﬁnal thickness of ,014% wes
inserteq,ﬁeéween.the secondary teeth of the upper pinion and main
wheel, The bearings, oﬁﬁgx\than those of the main wheel, were
- papked up to meke the journals concentric in the oil -alearance.
Reference‘to the Chart provided for the purpose showed the relative
movelent of secondary pinion and primery wheel that it was required
to make, Unfortunately, the squad employed on this job appeared |
to be unfamiliar with the requirements, and after certain confusion

had arisen, the job was abandoned for the next shift to tackle.

[y

De_Lawval: “~With théir original -method of assembling'geérs undel

‘ stétic éorque with loaded arms, they con¢luded that-ﬁﬁe_load diviéion

might be as poor as 40-60,  They have now abandoned that method of
sstting up and‘oonaidqr that they have appreciably 1mproﬁad.the”
balance by the following mgthéd:n . Thé‘oqmplefe assembly of the
mears and the fitting of all tHe coupling s»exbel-)t one from which they
omit the key, the keyways having all'béen firished to arawing

Gimensions /
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dimensions. The backlash of the gears is then teken up by
sgitable levers and the amount by which the keywayé of the unkeyed
coupling is out of line with the keyway in its shaft is carefully -
measured. They then make the nicessary adjustment to the
relatlve position of the geconda:y plnions aqd primary wheels
of one trailn, having regard both to the fact that the number of
teeth in the respective elements have a prime'differenoe and also
that further adjustment can be o3tained due to the Tact that the
forward and aft couplings are also provided with a prime difiference
in the number of their teeth.

A degoription and typieal caleulation of the method
employed wag provided by the firn, and is attached hereto, Fig.3.

It wasg stated that a 0% out of balance of load between
the two gides of the .train was riupresented by a key setfing error
of .005" for the H,P. apd .003" :or the L.P, '

During this process, =he Journals are allowed to lie in
the bottom of the 0il clearance. A oheck on the setting 1is
provided by marking the gears with blue marking and rotating against
a light restraining torque. . o

De Laval aré not partioular about the division of poWer
for astern loading and they do not take account of varying tooth
thicknesses on the two btrains, although they do not anticipate

any undus varistion arising in this way.

Westinghouse: Design for- 50/50 balance of load, but they do
not imegine that this is achieved in practice. They consider that
the actual balance of power whidh 1s achieved is indeterminable.

Tt is Westinghouse practice to torque up their gears
H.P. against L.P. with a system of levers and springs, 80 as to
obtain 40% of the Tfull power meshing torque.when balancing the load
between the trains, '

With regard to balance of load for aster@ running, they

“would pair off aﬁy pinlon with thin teeth, a process which-is greatly

\ . PR -
facilitated when there is a large volume of work of the same design

" goi / -
soL0e 2. -
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going through the shops simultcneously.
The maximum contact eryor which they permit over the
face of one helix is .0005" up to .001" measured statiocally. In
event of a greater error occurring the pinlon bearing housings are

scraped out, This was, in fact, actually withessed and a set which

* had been running on torque durlng the first day of the visit was

dismantled and the ‘mandrels were being rebedded in the housings
when seen during the second day. Gears are chosen for the most
sulteble meshing from the large seleotion whioch are in simultaneous

production.

Admiral Irish: Is of the opinion that the adoption of a
simplified ﬁethod of balancing the loading on the tralns may be
Justifiable by a firm th t has had lengthy experience with the
looked train type of gear but that for a firm commencing in'its
consﬁruction‘the very =reatest care would be reguired to avoid the

possibility of mishap.

6. Turning Gear,

.Generéi Note: 'The type of turning gear standardised on all

locked train designs is indicated on drawings available in this
Coﬁntry. On mcoount of the high reduction ratio employed the
gear may be ugsed for the dual purpose of holding the shaft at
sea even wi¥h the other shaft developing full power.

23,
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D. GEINZ2ML GL.R DI5IN OPHIR JHAN TOOTH FORM

l.: Gearcase Construction & Rigidity

Falk: Groat emphasis is laid on zearcase rigldity and they
emjloy heavier nlating than was sien in any of the other Plants
visitad, ‘oight is kept down by oxtensive lighteninz holes
cuarefully designed so that tho stronzth of the main structure is
well distribub:d, This jolioy necessitates a grrat deal of flame
cutting which is accomplished on large pantogrash machinos.
The plate to be cut is 7laced on a stoal crid from whioh it is
insulated by coprer pacs which oconduct the heat away and prevent
burning of the griés., Sorap is direscted on to a sloping grate ™ ="~
whigh Genoglis 1t into a sunp below the grating forming the Tloor,

from whonee it is aas?ly eolloctod. Plate thicknessos em»hloyed arc

of the ordfer of 21/4“ for tho inn:>r wall and 13/4“ for the outcer

vall, ” Li-htening holes in olltight walls are closad by thin

stocl wolded pancls which have beon previously prossed with a

cruciform indentation to Hrovide Iflexibility for welding. .

Por the locked train ign, the & frames argc cust in\,u»
nalrs Port ané Starboard and aftorwards parteﬁ by a flams cutter;
Baaring essonbly housss aro centrifuzally oﬁst. In some Gcosigns
the entirs top half of the zoarcase is of cast steol. No trouble

. has bceﬁ oxperionccd with distortion but it muét be rucogniscd
that Fulk;s steol foundinz tochniquo is quite exceptional wnd other
. firms in the gtates havo attqmptod to follow thom in some rospects,
viithout sucdcoss, In the ‘lelding Dopartmont coxtensive usc is made
of & wood lincd 4t about 30 ft. square amnd 10 ft. dssd for
faoilitatinﬂ wolding, tho partly fabricatod struetur:s being lcaned
“up against tho gidos of tho it ot ancles suited to tho work in

hand, Two large manipulators are also in usa. One wolding

machine is omployed ovor'the it workinv on the Union, Malt gystom,

~
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G.W, C, The goneral dosign of fabrication is similar to
practico in this. Country. The oxtent to whioh wolding is omployod
in <2aroase construction varies, some Gosigns employing cast stoel
bearing housings and others being all fabricated. The view was
oxpressed that the former aro the susior %o construet, as can woell

be anpreciated.

Do Laval: Tho typs of fabriecation ombloypq is vory similor to
that of G.,7.G. 2lthough possibly of rathor lightar scantlings.

Qbstinghousc: The charaotoristic appearangoe of a wJatingnouse

fabrioztod strueturc is the unbroken surface of the outside plates.
This is in striking contrast to Falk and accessgibility to some of
thoe welding must be dlffioult. after completion goarcasss aro

tostad by £illing with oil u» to the joint at a tomporeturc of 140°F,

2. Main Vhool Construction,

Falk: Wheols aro of o:st steol construction and of‘désign a3
1ndicatoQ in‘qiagpcm 4. The hub is split and is fitted i oinst a
shouldor on-two parallsl diamctors on the shaft, retention being
arovided by two shrunk rinzs and locatlon onsured by o ring fittcd
in halves in a groove in tho shoaft at one siuo of thoe whesel, this
ring itself being rutainbd in aos8ition with & shrunk-on ring,

‘haels arc balanced ¢ynamically.

G8.Z.0. The gendral design of G.Z.C. whoel consists of 2
c.st gtesdl hub, b01lar #latc dises and forzod rim all w ldead.,
For. tho rims G.3T.C. prefor high carbon contont, scy up to 50% ?ut
tho N.vy Dopartment limit is .40%, Brinoll boing 160-190.  ll

~elds are magnafluxed.  Prior to and during wélding tnb hub is

hootod by gas Jots and the rim by an 1néuotion coil consxsting of
about 15 turns of cable absorbing 40 K.w. and giving < rim
tomperaturc of cboutb 15000. Tho actual procass of woeléing the wheol

% -kas six men about 100 hours for a Destroyer whoel, They cun only

vork/ 235,
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viork ot the Job for.a limitcd poriod without a rost on cccount of

" tho host, The hubs oro fittod on o $° tapor and arc hydraulically .
progssod up -~galnst a collar, thoe draw being l/2“. The bere of tho
hub is finally scraped by hand to obtain the rcquircd Jdraw, aftor
anncaling the rims are finish turnod with e of rbicde tisped tool at

220 ft/min, giving a highly polished finely serratod surface. Whocls

are balanced dynomloally.

De L.ovals: The Do Laval design of maln and orimary whoels
inoofporatos two dishod side latos. Thosc arc bought in from
outside, finish welded, in accor{ance with Navy Department require-
rnents for metals havins a carbon content of .407 or over all welds
are Magnafluxed. The rims are hoated to 130°F. for weldlng.
fhereafter the wheels are annealed to a temperature of 590 less than
the'rolling temporabure of the rin., a careful history of which is '
kenat, The Brinell of the rlms, 1aries between 160 and 190, 150
being recarded as the.minimum pernissiblef '

Wheels and in fact all rotating parts above 150'R.P.M.

are dynamically balanced. : : N

The main wheel hub 1ls rressed up on a A taper‘on the

. 8vindle by a certalm definite amzuat until it comss hard home azainst
the shoulder provided, The amount of the axial draw-up 1s
'oalculated~so_as to gilve a ring stress of 8,000 1lbs/sc.in. in the

hub, A nut is fitted es a Drovision azainst slackening back.

Wogtinghouse: Main whezls ar: all fabricatod with flat side

~lates., Intarcostals betwsen the:.e plates are srovided but the
ﬁlqtes an’ the walding is kept clear of the rim so as not to cause ‘
.a variation in rim stiffness and i:duce wmossible vibration (a
condition of whioh De Laval have h.d experience). Rims are flame
heated to 150°F, for weldin:. Tho rims are of « 35 carbon and as
\ . .

such do not ruguire to bs Ma-nafluiad. Brinell 160-190. ‘Wheels

1 . - / - . . -
for 150 R.F.}. and above are dynamlically balanced only as a Navy
requiremant - ﬂéstinghouse.oonsidon that statie balanc;ng is

adequate/ . . 26.
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adequate., Main wheel hubs aro pressed up aszainst a shoulder
on a taper of ,005" per inch, thu amount of draw being such as
to give a ring atress of 15,000 lbs/éﬁ,in. in the hub, viz., about
.005"'per inch diamster. No nut is fitted. Primary wheols for
the nested type of gears are pressed on‘to a double parallel fit

against a shoulder and secured with a nut and six 3/4" dowels,

5, _Bearings, Loading Clearances, Wear Down, Position of Joint.

.Burecau of Ships: WMinimum ard maximum permissible bearing

clzarances accoréing to U.S.N. practice are indicated in Fig.5.

The Bureaﬁ is propared t6 accept gearing bearing pressurzs up to
200 ibs/sé.in. although ﬁhe maxinum which is in service at the
moment {on a COruiser) is 190 1bs/sqg.in. running at 154 ft/sec.

The use ‘of bridge zauges for gearing bearings has boon_aﬁandoncd
having regard to the fact that tlrs static reeding is no measuremsnt

of wear dowvn on the load line,

', TFallt Bearing cloarances are ,002" per inch diameter.

concantric., 4 valuc of L/D about 1,0 is favoured. Bearing
peripheral specds ars considered to be 6f small significance and

Falk would not hesitate to employ 200 Pt/sec. The minimum angle

betwoen the joint and the load lino is regarded as 30°. Whitemotal

_is centrifugally spun with a small dovetail at cach end. For

orimary whesl bearings of nested type gears Falk are now employing "

solid ring bearings without a split.

G.E.C. Clcarances adopted ?ro'for 2" diemeter ~ .002" por
inch diamcter: 6" diamoter --,0015" per inch diamctor: 12" and
above .00L" por inch diameter. The minimum permissible anglo
botwsen load line and joint is rezardoed as 45°, . Rubbing speeds up

to 150 or 170 £t/ssc. are employed. G.T.C. beliove in conservative

loading for <caring bearings and regard 150 1lbs/sq.in. as a mazimum.

With rogard to the »roportions-of ﬁhé bparing a ratio

I/D = 1.0 is favourcd although for méin wheel boarings this ratio

is/
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is allowed to rise to 1.6. _
Whitemetal is cast centrifugally into steel -shells
without.dovetails.

Do Laval: Bearing pressures up 0 205 lbs/aq.in. have been -
used., Iittle attention id paid to rubbiﬂg sheed. It is usually
arrapged that the load line.be at 90° from the Jjoint. Bridge gauges
have been dispensed with and ingtead the bush thickness is stamped
on the shell of the bearing in wey of fﬁe load line and at 45° each
side_thererrbm. Bearing shells are of steel plate cross rolled
. before bending, thersafter -annéaled and lined with whitemetal,

using a 4" riser. Centirifugal casting is not employed; ocast steel

shells have not been found satlsfactory.

Westinghouse: Boaring olearances are - ,003"% per inch

diameter for high speed high temperature bsagéngs;_‘.aoz" rer ineh
diameter for first and sscond reduction winions and .QO015" per inch '
diameter for slow specd wheels. Boaring loadings are conservative -
"H,P, 125 1bs/sq¢.in. and L.P., 150 lbs/sq,iﬁ. Tyoical rubbing specds
are 150 ft/sec. for first reduction.gears and. 100 t/sec. for seqdnd
reduction, butb although 150 ft/sec. used to-be consigered as the
linit 1t ia now eonsidered that 200 4 /scae. would not be excessive
and, in fact, the nested gears for the Indiana have bearing speeds

‘of 187 ft/sec.
. | ,
4, Tubrication - Quantity, Distribution, Oil Troughs.

Burcau of Ships. The méiimum oll teﬁparaturo rise that is
allowed 1s 50°F. and the maximum permissiblé outlet temperature is
180°F, It is only speoified that sprayers be provided fof the ahe&d
side of the mesh, . The capacity of the sump is for two minutos'
aﬁnply of oil at full power. The oil shiela that has been adopted
for U.8. Destroyers permits of the z2ar being placed 1ower in the
ship and yet allows. the main whoeel. to rup olear of oil, A drain
hole must be provided in ‘the shield or the shield will £ill up with
mush / . "" L ' S
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mush, but when the wheel is running the pressure created inside the
trodgh ig sufficient to prevent ingress of ©0il through the drain

" hole.

G.E.C. TIubriocation to jourrals in the locked train design of
gear is effected by ﬁassages cast in the housings in way of the
orimary gcars parmittihg 0il to flow upwards round the outside of the
housing of cach bearing in turn, an aspropriate »roportion of thé
feqd being discharged into each bzaring. In the casae of the ’
secondary -inion bearings, the connection betwesn the lower end
‘upper houaings .ls effectad by an internql pine. 0il for thé ‘
bzaringzs is fed into distributing boxms at the lower oxtramity of

the A frames. A4ll internal pipes are of stesel with welded joints.
.

De‘ggxgi: " No astern sprayers are fitted. The following is a

tysical distribution of oil for a 30,000 S,H.P, set.

Béarings ce ..+ 240 gallons/minute
Sprayers - - | Cee 60 W .
Couplings C e , T ) 40 "
Margin : ces e “'EE "

| Total 370 oo

They emphasisé the 'desirabillty of using good grade oil
' . . 6]
particularly for initial running and recommend the usc of anti-rust

ifhivitors.

“lestinghousa:  Bearings are designeé on the basis of a 30°

tempe rature risc. The journal loss ié appyeciably greater than the
tooth losses in the gears and it is w»robable tﬁqt the tes@h‘héve‘ N
thrcé times the quantity of oil that they roquife. Spraycrs are
providazd for L.P. astarn, They are nobt rsally nacéssarj oﬁ‘the R
H.P. but it is stendard U.s:N: practice ‘ana is »robably desirable

for .ireraft Carriers. ) o /
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5, . Dehumidifiers.

Burscau of Shins: This is consldored as a gadget which is of

no particular value since an ailr vont must be »rovided to atmosphesre

: H] .
somewhore or trouble is sxperienced with the lubrication of the
counlings and if an alr vent is provided it euts out the

effootiveness of a Gehumidifler,

G.%,0: Qonsider dehumidifiers a distinet asset for keeping

dovm oorrosion of the gears.

Westinghouss: Dehumidifiers are not eonsid:red necessary.

They are a palliative and-it is more fundégehtal to stop water

gotting into the oil by the proper provision of baffles.

30. . ) =2 Y
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3.  TOOTH DT5IGH,

l. Loading Jlactors.

Burcau of gnips: The VMevy Dopartiiont have ne do metic idoas

atout tooth loading obut it vas on their insti ation thuv the

Jrineipal z arcutting firms in the Jtates Zot tor th:r and arrozd

1.0 a com:on louwding factor. To a cortuin cxtent wcoch firm had it s
ovn r.lativaly involved Jrojosals ubt tha only Cactor vihen wlich
cour.on agreomcnt cruld be rrached was the well-knowm simple oxprassion

LyRr1 .y

D R
Vhere P/FD = 1bg, loadin; per inch face per inch diam.ior
R = gear tooth ratlo.
Tooth spasds u) to 0,000 rosxt 2. sdnut: 2re o rmitted
but thorzafter it is thought ther. is dun -y of tho oil boing

thrown oflf.

wil Pirms visit:a; c2rs i wrr wmant . Lodin tho statanient

ol the bagis of 4 aign oliven at tho Bur.au of 5Snhi s, Tho followin

arz: Vvalu . of K -

D.stroy.rs - 110

Cruis:rs - 90
B.ttlaoshins - 85
Cargo Vessels - 53

ALY fipms confirmzd tho  ricst of theose valurs and tie l.ti ¢ thr .
Ve, sunclind by G L2, It vitll be obs rvad thet L0 Lo for Lo
larear shing ar  bas.d on nore conu.rvutiv. - st

w (fueco + zaT)/po 200, ratio of 2.5 for ininns g ~un v
roc.r7ed asoan absolub. osiinun,

Pinion ¢t :tbh oL not roli ovad ab bt wnd:. The proensn
is  onorally congi”:r ol unn.cus. i ary and sven uné.siprl; fror Ly

2int of wisw of the radual forc-ation of o rid L toorm ~ bt ol

of Lua wheol tooth.

<, Tooth Donth Piten ani socaondum Distribution.

Bur.aw of 9hiyg /
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Burecau of Shiwns: These factors are leflt eﬁtircly to the

discration of the respective :ur nanufaucturers. 4 Jitch of

9 D..2. (35"} is, howsvor, consicered too small for any .iain

wronulsgion 4edar. ' 3
, Pursons'!
Falk: Take adcéandum egual to dedendum = 1 = normal

normal D.P. standard

The total tooth de th inclulins the root cleurance = 2,25
normal D.D

In assessing thrse deths, the basis of esin ha. bzen

to obtalin two corileie t-ath in contact in one circwiferential lane
From this it will be szen tha. an equal a dendwi and dedendun isg

worked to, A slirht correction is made, nownvsr, by r .:on of ihe
Pact thalt t'iey cut a greater vwaber of testit in a wheel than the
nowinal Hiteh circle wonld iadicale, Thus, whilo the nw.bar of
tzeth corras ondine Lo « ~lven P,0,). nay be 556 the actu.l nwharp
of' teath cul .2 btie wheel is mu.e .58,

5 D.P. (*6.28") is a. -loyed for secondary tasth =nd 7 D,2.

(+448") for Hrimsry t-2th ba.2d on normal to Lonth D.7.

G 2.0y Nere not exHlicit re vrdin: tooth ro ortion wWhich
they am. loy, but the followin- infur-i.tlon wias oblained for =

4

particular Cosizgn of Naval Gou

Primary Secon: ary

Pinion acdendunm . 170 » 200

" dedendw: (ex root clearance) | ,1llz ,200

Total . B2 +400

Tormal »iteh ' ,444 624

Given by Z.3.0. us 7 D. .  u D.7
Paraons} normal standard

mesnin -+ estl/niteh : L B36
©. 3.3.0. meshin esth/niten . CTS .64l

= ,000 X 1,00 ‘= .8uu x 1,01

From/
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From these flgurea 1t is derived that G.E.C. are employing -

Primary Segondary
Pinion dedendum/meshing
depth .603 » 000

They mace a casual reference to an addendum correction,

Do Laval: Tyalcal tooth forms emlloyed by De Laval are as

follows -

Primary Geurs Sscondary Gaurs

Ciroumferential D.?, 5 3.85034
Normal Piteh . JAd4d . 5830
Circumferential niteh 6283 L8159
Addendum: Pinion 141 . 185
Wheel , 141 .185-
Meshing Depth .282 370
TotAal Depth . 349 . 450
Meshing de>th/»itoh 640 6306

The secondary -zars obviously ocorres.ond with Parsons!
Standarad r’/’:LB" tooth so far as piteh and depth 1s concerned but 50,
addendum is elrnloyed. Hobs are formed to glve radius at tio of
teath, De Iavael are not disturbed by »itting if this is uniform

across the tooth.

.

Westinghousat Emoloy Parsons' standard tooth prooortions

with 505 addendun,

3, Tiank and Helical Angles,

Bureau of Ships: This matter is left to the discretion of

individual rearing contractors, Talk employ 15° flank anzle and
40° helix., The latter has been adopted in favour of a 30° helix .s
it was thought that this would tend to reduce noise but the results
are inconglusive.

G,3.C: Baploy 15° fiank'angle. Hellcal anzles which they

employ are as followus:-

- ?rimarx 3egondaary
Naval Locked Train Gears . . 45° 400
Cargo Vessels Artigulated Gears 350 300

De Laval:/
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De_TLaval: Employ a normal. flank angle of 15° and helical angle
45°,  with nested type geara in orcer to u.void deflection of wheel
a lower helical anpsle is eridloyed about 1809, It vas at one time

considéered that a larse helical -anzle would be,efficacious in

: .
minimisging zear nolse but De L..val now guestion wheth~r noise is in
any way associated with the ljarticulur helical angle chosen., In ths
case of the latcgt Dastroyers De Laval wers given a fro~ hand by the
Navy Departrnent to adost whatever angle ithey Cesired and they kexst

¢5° merely for convenience, having rsgard to the fact that that hac

been thelr rscent nractice.

Wlestinghouse: Em)loy a 143° flank angle in accordance with

Parsons' standard as also for diteh and cepth, Westinchouss
maintain that helical angle has no conngotion =ith noisz an’ thevw

favour 18°,

4, Backlash.,

Bureau of Shijs: The U.3. Navy Devartment stancerd backlash

is less than ours, namely, about ,015" but théy «re not Jarticular
as to how <reat it wmay be,. It has nothins to Go with the

satisfactory oseration of the "zears.

G.2.C: Minimum backlash for 1" pitch teeth .080" with

othar tooth forms in »ronortion, They do not fixz any maximum limit,

Hostinghouse: See no reason to be conczrned about the amount

of backlash so long, of course, that it is adecuate.
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T, GEALRCUTTING AND FINISHING.

L, Hobping Machines, Speeds and Teeds.
‘Palk: In general Falk arse hobbing their wheels with double head-

ed machines, Their méchinés incorporate a secret compensating devioe
which in\prinoiple has something of the creep action, In appearance
the wheels and pinions look ag though they had been cut on fairly good
ocreaep maohines, the creep markings bheing of ra@her smaller pitech than
is ocugtomary in this country. Their hobbing speeds are greatly in
excegs of those met witﬁ in this countfy and indéed of anonther plants
visited in the States, Using a 4" - 43" diameter hob and 7 D.P.

the following are typioal of pinion cutting speeds -

No,. of

R.P.M. Foed Starts
Roughing ’ 40 .062 5
Finishing . 50 : «100 1

They admit that as a result of these heavy Teeds the tooth surface
has deteriorated but this is corrccted for in the shaving process,.

| Gears in exoess of 50" diameter are too large for their
shaving machine and these are cut with mbre conservative hobbing speeds.

- They agree that it is desirable to finish hob a wheel with
the same direction of rotation of the table for each helix but they do
not lay greab str-ss on achieving this end, the object of which is in
any case destroyed when using a double headed hobbsr,

‘ Five of their new machines are of their own design which

is quite unorthodox and is shown diagrammatically in Figure 6., The
machine tables are not provided with brakes but the hob spindles are

so Titted,

G.E,G: Have 31 Gear Hobblng Machines several oi‘which teke a
200" diametver wheel, hobﬂing with double heads, Machines are all of
non-oreep deslgn, It is their opinion that a.cieep wheel is only a
palliative for a poor worm wheel, and they have cancentfated rather
on obtaining reelly accurate worm wheels., Many of their machines,.
including their largest, are of their own‘manufacture following Gould
& Eberhardt practice. They employ dast iron’worm wheels with bronze

worms, and they do not experience wear with the worm efter it is

initially / 35.
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inltially run into niesh, They emphasise the desirability of running
the -machines with a light load, so as not to strain them, and so
destroy thelr acouraocy. With this in mind they only u.e single
start hobs for roughing, although they run up to about 30 revs. the
feed being of the order of ,030". For finish bouttinz, they heve a

feed of .030" and hob revs, about 43,

De_Laval: All large gearwheels are cut with the spindle
horizontal. In their newest machines there has been some disagreement
between tho Managers of the Firm as to whether this principle should
be continued and they admit £hat in so doing they have merely been
adopting a conservative policy. Their gearcutting arrangenent s were
not very impressive. Using small diameter hobg their feeds and
speeds are as follows -.

Roughing C- .045" faed - B0 R.P.h.
Finishing - .035" faed - 30 R.P.M,
using all single lead hobs,

Westinghouse: Have 29 hobbing machines, many of which are
" in the new Maritime Defenoce Shop and these latter are fully enclosed
and temperature controlled. Most of'the machines are of Gould and
Eberhardt design, maay of which havecbesn compietsd and erccted by
Westinghouse. Thé machines are of non-crecp type with small
pitehed wormwheels., With regard to cresp machines, Westinghouse
.are of the same opinion as G.E,C., The older machines have steel
wormwheels and bronze worms but the latest machines have hardened

steel worms and bronze wheels, Thase wheels have been milled by
Westinghouse on their best gear hobbing machine. The large machincs
(taking about 200" diamqter wheel) have 720 %eeth in the wormwheels,’
aBout 5/8" pitch. A separate wormwheel is provided for roughing,
having a pitch of about three times this amount, The worms are about
6" diameter, The worm shaft thrusts are of the ball type but those
have been spoclally manufactured for the purposs. Mention was

made of the unfortunate effects which accompany the use of a mechanite
wheel with a hard steel worm. The eppearance of whecls es fﬁnishad
hobbed varied, Those from some machines gave only slight-evidence

of /
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of the wormwheel spiral while in the case of other machines the'affect
- was prominent., The general tooth surface presented the evenness
asgoclated with a non~oreep téble., A characteristic which wasg
unusual in the hobbing -of the gears was the ragged édge which wés
formed at the tips of the teseth, The new maochines are of the double
headsd typé. Hobbing speeds and fesds utilised by Westinghouse ﬁith

3
3 /4am diameter hobs are -

Roughing - Teod 060" at 35 R.P.M.
Finishing - Fged ,040" at 35 R.P.M,

Wbstinghouse are not particularly keen on the two worm
drive for the hobbing machines as they are always afraid thdt the

roughing worm may be used for the finishing cut.

2.___ Hobbing Machine Accuracy.

Eglgf Lead screw accuracy .5/1000'l in 18%.
Sumulative error readings were not witnessed but individual
pitch error readings over & span of about 12" showed values'varying

up to +.,0008%,

Q;}h}ln: Lead sorew acourac;” .6/1000" in 307, 1,2/1000"
overall.

Individual pitch error readings over single pitches on
elements as cut give a maximum error reading of .3/1000%, The
maximum cumulative error was stated to be about 1/10007 for a wheel
of about 14'0" diameter, but from the appearance orf the single pitch
readings which were witnessed, it is considered thet the cumulative

error quoted is extremely optimisuioc.
De Lavael: Lead screw acourccy .5/10007 in 18",

Split test vheel cumulative error‘.OOl"
maximum for smail machines but deelops to ,005" with wear. Toy
larger machines the latter fignre méy rige as high as ,003". For
a contaci error in excess of .601“ the spiral wheels on the machine
are altered “o provide correction, This.in all probability entails
using different spiral chansc whecls for cutting left and right

hand /
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hand holices, Westinéhouse gave the error of their lead screws as
.3/1000" to ,5/1000" in 18", but if the 1lcad screws asre indeed as
acourate as this, there would ssom to be little need for the spiral
wheel corrections. Verticallity given as being true to within '
.5/1000" and worm error per revolution .1/1080%. No hand work is

done on the worm wheels.

3. ___Hobs and Hob Testing., :

Bureau of Ships: Have no specifie requirements for hobs and

there 1s no standard calibration corresponding to our L.P.L.

measurement.

De Laval and “Westinghouse: Use hobs of a considerably smaller

diameter end shortor length then those employed in this country.
Those seen at Westinghouse were rarticularly noticeable in this
respect, and with a tooth of abhout 7/12" pitch, the outside diameter
of the hobs were only 33", their ovcrall length being also 33W,
After sharpening, these hobs are cafcfully checked for profile in a
hob testing machine. Errors in excess of about .5/1000% are

corrgcbed by honing, a highly skilled operation and a lengthy one,




GROUP IIXI

SECTION F
ITEM 4.
4, Shaving
Westinghouse:  Westinghouse are now employing shaving to an

Inercasing extent and they have recently put into operation a 90"
machine in addition to thoir earlier 36 machine, Westinghouse do
not consideor theat shaving is & nscessary processg but suggost that it
may have some future. The appearance of a shaved tooth is one of
considerable polish and slight close pitchéd unduletions, It was
stated that the shaving process rectifies tooth form, minimises
undulation errors in the teeth and can to an extent be used to

correct for errors in the helical angle, deponding upon tho amount
and direction of faed, although results in this latter connection
have tended to be erratic. The principle of shaving is that the
element to be troatod is set up on its own jJjournals in bearings on
the machiné, truly parallel to the cross slide carrying the shaving
tool, and is driven by a motor, &« suitable peripheral speced being

400 ft/min. The shaving tool is really a broach and consists of a
whoel 9-12" dliametor and 1" wide cut ﬁith teeth at a helical angle
about-lo0 or'lﬁ0 less than that of the gear to be shaved and of
opposite hand, Thig involveg the spindle of the shaving tool being
gset 10°-15° off the linc of thc cross slide, giving an inclination of
the spilndle corresponding in dircotion te the helix of the wheol or
pinion at thce instant it engages the broach. This foaturc gives the
proocess its name "Orossed Axes Shaving'®, Each tooth of the shoving
tool has about 12 cutting edges formed along the length of its flaonks.
The wheel is set into rotation and the broach is fed into the teoth to
be shaved until it ig in full mesh, and is then piven an additional
radial feed of ,001", The traversc motion is then cngaged and the
broach is fed axially acr5ss the face of the whocl with a feed ;arylng
between ,003" anpd .,008"™ per revolution of the whecl, a liberal supply
of oil beinhg provided, The broach. is running free on its spindle

and is driven only by the whoel with which it is in mesh,  After

completing /
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completing the traverse of the whsel face, the broach is fed back

at a similar rate but with no additional radial feed, In the choice.

.0f a broach, it is nccessary to provide a hunting tooth with as

great a prime difference as possidle betwsen the number of its teeth’
and that of the wheel to be éhavéi; 6.g. a brdach having 61 toeth
is oconsidered guite unsuiteble for ocutting a wheel with 123 toeth.
An L.H. broach is used to shave aa R.H. helix and vice versa.
Wegtinghouse have no information to suggest that the
shaved gears are quieter in operation but they prefer the procoss

to lapping.

Falk: Gears less than 50" diameter ars shaved and this fiym
are taking advantage of the proceis to speod up their hobblng times,
the rougher finish of the toceth a3 hobbed being corrected in the
shaver,

.The process is similar o that described for Weastinghousse,
but instead of one double pass of the broach Falk employ 4% double
passes for each helix, 5 in one direction with a radial Teed on
the broach and 4 return passes driving light. Mashing elcments which

have been shaved are thereafter lightly lappad togoethoer,

G.E.C: Do not do any sheviag.

It is their opinion that hobbing machines of inferior

‘accuracy can be utilised if a.gear is to be shaved but that the

process is no substitute for a goodnhobbing machine. They further
state that as shaving does not correct for holical angle, gears

sti1ll have to be lapped, therehy spoiling the shaved surface.
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TFalk: Elements which have not been shaved are lapped with' a

cast iron lap in a set up indiocated diagrammatically in Fig, 7. The
lapping whe el boing overhung on its brackets, its woight carries it
into full mesh with the element to be lapped end it is this component
of gravity which provides the total load between the teeth, The
process is continued until marking shows along the whole length of,
the tooth by which time the tooth thickness has probably been reduced
by about ,006°, While the gears are running a compound of machine
0il and medium cerborundum is pourcd by huﬁd ihto the mesh. Lapping
wheoals are recut after lepping each glement. After this process,
mating gears are sel up in speclal besarings, great importahce veing
laid on maintaining correoct centres for parallelism, and are then
lapped together for a further period, Shaved goars are also
subjJected to this process. The sides of the wheel rims are finighed
to a true ciroumferential planc so that a special.gauge applied to
the pinion journals may be employcd for chacking parallelism in the
tangential direction, As can well be imegined, confusion can arise
.in agsessing the degree of cOntact bj the appearanco of the lapped
surface sinc% a certain amount of roughening occurs duc to the
presencce of ‘the grinding oompound sven where the tooth surfaces may
not locally be in hard contact. Therefore, during the final lapping
the process is periodically stopped, the elements are cleaned and
lamp black marking is applied to the pinion teeth. Contact is . q
assegsed by jJoggling the pinion circumferentially back and forélin
the backlash with a suitable lever, In appéarance, a lapped gear
shows a polished band in the region of the pitch line while tho
addendum and dedcndum surféces of the flanks are-of a matt finish,
Falk state that thickness reduction is uniform over the whole depth
of the tooth but it is difficult %0 sce that this sh&uld be thé
case and the markings which were vitnessed ccrtainly éppeured
to evidence heaviest contact in the region of the pitdeh line
although it is acceptod that this may be an optical illusion
having /
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having rogard to the different -nature of the tooth surfacds in that

regibn, as already déscribed.

[N

G.B.C.: G.E.C. have been lupping gears for 5 or 6 years; With
regérd to lapping, it is thé;r prectice first of all to lap wit@
separate cast iron laps until an overall good béaring is achieved,
and then to lap mating elemeﬁts stgether, and these processes were

‘witnéssed in the shop., Lappinés_it wag stated, wag for the purpose
of correcting helical angle and tccth form,
On being questioned as 10 the merit of lapping with a
separate cast iron lap to corrcot for helical angle (which might,
in fact, be making conditions’wofse), Mr. Twogood agreed that this
was a peritinent question; and admitted thabt they were employing
geparate cast iron laps to a decrcasing extent; e.g. with
Destroyer secondary wheels they ncw ohly lap with the meting pinions,
having ragard to the fact that there are 4 pinions to be lapped.
Questioned as to the possibility 6f lapping destroying the
tooth contour rather than improvirg it by reason of the faet that
it would seem that a greater smourt of motal would‘be removed fr?m
the surfaces remote from the pitch line, it was stated that \
particular care was taken both in modifying'the flank angle and
also juzgling with the addendﬁm'of the lanping wheels to ensure that

"no such evil consequence ensuvd. They were not explicit as to the

nature of theée oorréotions, but, ih any case, théy can not be applied -

to instances wherein mating pinions and wheels are lapped without

the use of a cast iron intermediary, and in the circumstances it

would seem difficult to justify the argument; Nevertheless, it ‘

must be admitsed that meshings which wers witnessed were bfoad‘and-
unlform as a result of the lapping process; although the piteh line
was quite évident on the .surface- ¢f the teeth, that being the only

region where the tooth surfacc was polished,

‘.
—~

G.E.C. /
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G.E.C. have no evidenoe of excessivo wear with the lapped

teeth and although pitting on the pitch line is not unknown, they
are nbf uﬁduly concerned about it. In the -process of lapping, the
ele¢cnts to be lapped are set up in special bearings and driven
through gearing  from motors kept for the pufpose. Great care is
taken in setting spindles parallel and after initial setting, clock
gauges are retained to check the maintenance of alignment. The
 teeth are pushed hard into mesh and rotsation is maintained for 30 to
40 hours, deponding upon the condition of markiné-of the teeth,
1apping compound in the form of medium carborundum in oll belng
‘applled by hand throughout the process. As lapplng oontlnuus,
the p}nion bearing blocks are moved radially in towards the wheel
to m&ke up for the wear of the teeth.

" With regard to the marking which might be'oonsidered as
satisfactory, they would not accept a single line of marking along
the pitch line, but they would be prepared to accept the géar 1if
there was a second line of markiné?butwith that regioi. When
mating gears'are lapped together, the process is continucd for at
least anuhopr‘after ceasing application of the lapping fluid in
order as they say to spark o@ﬁ embedded carbordndum. During this
period, the teeth are fed with E.P, oil. '

It was emphasised that lapping was not associated with

the adoption of the locked train gear.

De Lavel: Mating gears are meshed together in temporary
bearings and run in with powdered glass and oil. . They cmphasise
that too muqh lapping spoils the;tooth_shapo and thot the lapping
is ‘not tb o;rrect helical angle. Their géurs are cutincn creep
'and it would seem that the lapping proceés is to reduce the worm
wheel wave on the teeth. Lepping with powdered glass';eaves‘an

extremely rough surface on the tooth. -

Westinzhouse: Naval elements whleh have not been shoved

are lepped with cast iron laps using: Garnet Wthh is of the hardness
of glass but softer than carborundum, Westinghouse dislike the

practice / 4%,
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and would not employ it, wers it not required by the Navy Department,

8. FPolighing:

Falk: This is a particular process peculiar to Falk. After
mating gears have been lapped they are burnished by the aotion of
meshing them with two hardened steel wheelsmounted as indicated
diagfammatically in TFig. 9, a system‘of weigh bars providing a force
which tends to close the centre distance between the hardened wheels.
The load is sdjusted so that ' the bearing pressure between the teeth
is raeised to. two to three times the designed full power loading on
the teeth. The mechanism is traversed slowly acrogs the wildth of
the helix, the wheel or pinion element being rotated meanwhile by a
motor drive, and the meshes being lubricated with oil jets. It is
considered by Falk that this process improves the state of the
material of the teeth.

7. Gear Measurement.,

Bureau of Ships: Have no specific requirements.

Fall: Cumulative piteh readings are taken using the polishing
mechanism descrihed above as a pitchometer, the weights. being
removed therefrom except for a light tensioning load and a clock

gauge being inserted between the jaws, as indicated in Fig. 8.

-

G.E.C: Cumulative pitch errors are measured by what they

call a pin cheok. In esgence, this consists of placing a hardened
ground cylinder in the bogom of a tooth, its diameter being such
that it protrudes possibly a l/16" above the periphery of the wheel.
. The wheel is supported in bearings associated with thé equipment,
~and 1s rotated by an electric motor, so thet the ground pin passes
under a shoe atbtached to a lever operating a. clock gauge with

suitable mégnificiation;‘ thus th: depth of insertion ° the pin

into the %tooth is measured and from thié the pitch of the adjacent
bfeeth is deduced, As the procesé of turning the wheel t0 pass

_ PSR -
the pin under the shoq and clear involves a turn of possibly about

7 te7th, it ig arranged that say<each 7th tooth is measured during -
the 44, - . .
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the first rotation of the wheel and intormediate teeth are gauged
during successive rgvolutions of the wheel, until. every tooth hes
been dealt with. A similar procedure is adopted for the pinions,
but in this cagse to facilitate the drive, the pinion to be measured
is meshed into the wheel already set up in the machine, and is

¢riven therefrom, the measuring mechanism being slid back along

shears to accommodate the positioning of the pinion,
De Laval: No cumulative error measurements are made.

Westinghouse: No cumulative pltch measurements are taken,

Helical angle errora are measured by a clock type gauge whiéh regist--
ers two pins in each helix of the wheel or pinion, The pins are
get with extreme precision to the true axial pitch of the teeth

and ftwo clocks on the instrument are set to zoro with the four
pins in line, Thus, when applied to the wheel il the angle of nne
helix is at fault the fact will be registered by the resulting
variation in the readings of the clocks but the failing with a
gauge of this type is that no indication is provided as to

which-of the helices, if either, is true,
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G, GEAR TESTING,

L. Torque tests, reasons for and against.

Bureau of Ships: ~ The clause in the Navy Department machinery

Specification calling for back to back tes§ has now been eliminated
to speed up production but may be reinstated after the War. On
occasion gears have had to be realigned after test but 1t was agreed

thet the initial alignment may not have been aos r00d as possible.

Falk: Have now abandoned the back to back test in view of _
tﬁe fact thet it is no longer a Navy Depariment Reéquirement. They
had some experience with the test during the period that it was
required but they consider that the results obtained were incon~
clusive, e.g, SO0me gears have inan trouble with thrusts which did
not show up in the tests. During the test there is no irregularity
of loading or distortion of the gearcase such as ocours in a seawvay
and from these points of view the test is not so severe as service
Dperation. As regar.s meshin~, Tallz are of opinion £hat results
only indiocate what is shown by a static test. No distross was

evef observed on the teeth due to starting under torcuec. N

G.E.C.: Consider that the back to back test is ebsolutely
necessary to checlk against the possibility of a gear having to be
removed from a Ship. Suestioned as to whether they over found it
neoossary to make an adjustment after the back to back test, they
stated that probably one in ten times they did, Evidence of tlis
was witnessed in the Shop but it was epparent cven then that the
adjustment could have been correctly effected at an earlier stace
- elther by more careful marking or meaguring of the tooth' elearance
with shims in the manner to whlch they finally had to rovert in
resetting. Two sets of C“ulser gears were w1tneﬂch running full
load back to back. It so happened tngt while walkinq through the
_gearcutting shop I saw a main wheel being recut which had scuffed, -
kOn enguiring I wés told thot this was é resuls of e;tcnsivé lozd on

b:ck to back test with elements having too large addendum cprrection
(possibly 70% addendum)., They were emphatlc that a brek to back’
test / , .- 46,
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. tesp_on all addendum gear would be most undesirable, It was

empnasiéed that the back to back test was not associated with the
adoptlion of the locked train design and indeed it was seen being
applied to articulated gears for the Maritime Commission.

~ De ﬁgvgl: De Laval are stron@ly avorse to the back to back
test on account.of the amount of equipment required, the time taken,
deanger of damage to0 the teeth and finally because the results
obtalned are considered to be an unreliable guide to the functioning
of the gears unless indeed it proves that the design is a1t05ethqr
faultvy, . .

Westinghouse: Were emphétio that the back to back tests
gerve no gseful purpose for gears in production,

Wq&tinghouse 4o, hovever, employ a method of checking |
oontaqt under léad by driving ohe set of gears from an eleotric
motor through reduction gearing coupled to one of the primary
pinioné with full torque and at 10% of the full power revolutioﬁs,
the power belng ab;orbed by a pron& brake driven by the other primary
pinion, The goars are run at.%-, ', 2: and full load in each
direction for bepiods of an hour or so, the marking being examined

periodically,

2. _Equipment Required and Methods Employed for Back to Back Tegts.

G.E.C+: For running the back to back torque test a spceial
extension is provided on one of the ssecondary pinions to provide‘
drive from a steam turbine, It was recommended thet the power
available at this sourcé should be at least -4% of the total poiier
éo'be‘trénsmiﬁted by the two gears under full load service conditiona,
The primery pinions of the respective gears were coupled baék to baol:
through long shaflts éupported in steady bearings, oﬁe of these shafts
being broken in way of the fiqalidrife of a multi-reduction gearbox
oouéled'through an air opefated cluéch to a.BQ.B.H.P.'electric motor
for / | o . )
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for'starting purposes. This is to overcome the static load
which 1is very heavy and the air operatéd olutch sutomatically
ocuts out the motor when the turbine takes up the full drive. The
equipment is elaborate.

Toothed coupling flaﬁges for abplhi%g the torque were
integral with the shafts connecting the primary pinions adjacent
to the starting gearbox and were oapable of belng united by coupling
-bolts through slotted holes. The torque was applied by a pair of
toothed jaws fitted with long levers. “Each jaw engaged one of the
small toothed flanges and the outer ends of the levers were
connected through a link arrangement with e portable air cylindér.
The requlsite torque was provided by admitting compressed air to a
predetermined pressure through a reducing valve, While in this
condition the couplihg bolts were hardened up, the Jaws thercafter
being removed. It is G.E.C. practice to run the gears licht for
a quarter of an hour then under quarter lpad for 15 to 20 hours, at
the completion of which stage they check to verify thét they are
obtaining 100% marking over all faces. The gears are then run up
to 75% load followed by a period at full load, the combined time of
these last two trials taking 15 to 20 hours.

G+E.C, have in operation for submarine gears a torque
applying device by which the forque ﬁay be increased while the gears
are running. So far as cen be gathered, this unit, which is .
hydraulically operated, functioné through the médium of right and
left handed splines on which work a coupling plece. G.E.C. huve

no intention to adopt this principle for wse with larger gears,

Falk: From the desoription which was given of the method
ﬁhich they used to employ when making the test a very large motor
(which was seen) was uged for driving the gears coupled to one of
the main shafts. The load was applied through a coupling uniting
"'the primary shaftis, sémewhat similar ;n nature to the arrangemcnt
used. by G.E.,C. except that loading was applied by yeights'on the end
of / '

i
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of a Ear instead of by air presgsure.

De Lava;: In operating the bagck to back test De Laval uscd
to empldy a 900 H.P., turbine and starting up wes assisted by an

~verhead crane pulling on a ropce wound round a drum on onc of the

. priméry pinion coupling shafts.

3 Nolse va for mparigon of nested an’ locked train
esigns sece 4.4, or the offect of holical angle sce E.3).

Bureau of Ships: . Have standardisad the measurement of sound
to be averaged from readings taken l" from the outer suxfuce of ‘the
gearcase in decibel units, Mr., Ball's description of deocibel
ratings was as follows:-

108 - Loud gears necessitating shoutxn@ £0 make

_ oneself heard.
122 ~ Painfully loud rendering ‘it impossiblc to
' make oneself heard hoviever loud one
shouts, ’

The general standard. of Fears fltted in U.a. Navy VLuSLlS
is 108 D.B. ‘an instance was recorded of ‘122 D,B, Lapping has thu

e¢ffect of,redubiné}noise emission by about 2 D,3.

N

[P

G.E.C.: Crulser gears which were witnessed running on back to
back test gave the impression of being average good so far as noise
was concerned, There was no scream and the volume of noisc emittoed

was not'squ'as to make oonversation with a raised voice difficult.

‘It - was stated by Mr. Zrodowski that the noise level would bec about -

105 D.B, and that this would protably reducc to 103 :D.B. when the

gears were fitted aboard the ship.

‘De Laval: Dé Laval's desoription of .decibcl ratings was as

follows:~ /
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95 ~ Quiet Gears; converse in normal voice,

100 - Loud Goars; hecessary to foce person to
whom eonVersation is direoted,

110 - Unpleasantly - loud; necessary to shout
to make oneself heard

They gave the following Tigures as being typical of a get

, of De Laval looked train Naval gears:-

. ..1‘

Running idle in Shop at full bower

revolutions PN v 90~95 decibels
On board under full power load ... . 95-100 docibels
Back-to~back test ;..

e 105-205 dceibels,

Westigghouse. Are of the Opinion thut deeibel readings are of
aoademic intcrust only. A gear giving 100 dcoibels with a high
Trequenoy would be desoribed as bad, whilo anothur gear piving 110
decihols with a low frequency might well be considersd a 200d quict
gear., At one time consideration was ‘being given by tho Havy Depart-
ment to condemning gears which in operation ~ave a duCibCl reading
above g certain‘llmit but, hqving rugard to the uncert inty of
decibel Mmeasurements and the fact that at the present time no one
was in a position to state the exact cause of noisc or to give o
speomfic remedy for the complainb (assumlng thut the goar teeth arc

of high olaas finish), the Department was persuaded to drop the
proposal,

Admirel Irish: Is satisfied that the lapping process renders’

. 8ears less noisy in 0pcration.
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GROUP IV. PIRSONAL COMMENT'S ON DISOU3SIONG.

Saction A. TItems 1l-4

I have arrived at the fdllowing eonclusions: -
{a) The looked train désign takes lon ar to sroduge than the
nestod type.- available étatements'vary from 160-200% of the time
roguired for nested faufs. These flgurss oorresyond with estimatos

mace in this Qountry.

(b) Gear cutting time for the locked train varles with
circunstances betwezen 8(-125. of the time r:iquirzd for nested -"ears.
It seems 1likoly that the lowsr figurc would be more aenarally

asplicabla.

(o) Nosted :2ars for 30,000 8,H,P, have heen cuotod as belng
9,000 lbs., lightor and alternatively 10,000 lbs. heavior than the
oorresponding locksd traln design. Goneral oharactoristics of
design would loed one o eXxpact tho iockod train mrar to be lighter
but, in viow Sf the conflicting  nature of the’ avidenoe, it‘is claar
that tho difforcnes should not be ;roaqf Falk's rcaotion to the
examination of the provisiogal naosted design proparsd by Fairfield
was that it was of sound construstion ané could afford to be roduced
in soantlings without running risk of the'distorﬁ;on which was unC;;
emphasis at the timo the “esign was proparcd, \{ - 5

(dl Thz swaoce occupied‘by~the ears is sli;htly.in favour'of
the nes;od tyoa but thoe aiffersnoc is sé small as to “e of little

conssquance.,

.

(o) The prominenco of' the boarin: thﬂrmometars guot:d bJ :
Mr. Myhr, is poor comaﬂnsation fo1r' the bad aceﬂssibilitv of thu

thrust and foriard main bearing of* the lockeu train c¢zsi n. - In wn-—

‘case, the bzarinz thermometers anC-inaead all-the brarin s of the

nested design arc readily visible: anu aco ssible, Nevurth less it .

is the casc that, with only the 11 ht covars. remova&, thu runnin'

pérts / / . , ' e "f‘ :
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parts and bsarings (ex main) of the lookad train Zears prrsent é most -

pleasing apnearance as a 9iacce of anéineering and accessgibility to

these parts is icdeal.
{£) In operation the two types of gead are esqually scrviceable.

(g) Palk meke the suggestion that the loockod train gear may be

slightly quieter in operation than the nested type. No other

evidence was available to sug st that there 1s any diffarenoe between »

the two but it is obvious that Falk's gtatement must be mace with
some foundation and it is, thercefors, probable that while in aenerai
thers is little difference between the two, the loocked train dosign
might on the-average be oxpected to run with slightly laess noise than

the nested tyne,

(h) . In rovlecement or renalr the locked train soar 1s cleoarly at
a disadvantaze and it is to be noted tha? to sera) a number of
elemeﬂta for a defect in one,‘vide Amzrican praétioe; does not line
up with the British temperament., Thé'queétion all hinass about the'’
meshing of soupling elements, the location.of cousling keyways, tho
lenzth of quill shafts and the necessity of maintaining oequal tooth

S

thicknesses in the tandem tpains.

\-
(k) The quastlon of small tooth coupling produetion with ade~

quate accuracy of moshing is recparded with extreme anxlety so far as
British output is conpernea.f Apart from the larze nuuber of thesc

couylings per ceurcaso it must be reocognised that for purnosas of

adjusting the trains, the quill shaft couplings must be remoshoed in

 various tooth roglsters and in oconscguenc:z the r3y - uired degree of

.perfoction in meshing rust be attained with any »vosition of ths elaw

with respect to the sleove unlcss Falk's method of sotting can t3

’ roalised and accopted.' In this connsotion sse algo coiuents on

Section C.5.

(1)/
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(1) With rogard to tho pr-sent pro.ramme iﬁ'Britain, it is
strongly sug: »sted that the ocoujyling >roduction cuestion be fully
examined in the light of tho above notos beforc wie ars committed
too dceply in the docision as ‘to design. Ié ig felt that, having
rogard to the oloscly coripsting claims of the tuwo desizns, the
industry and all oonccrnéd‘in this Qountry should be ziven a chance
to form.thai? ovm opiniona which could only be acco..>lished by
bullding a number of sach tyde with full confidence that zach will
be entirely satisfactory.. If, hwwever, the question of man
power is to be given its Jropar oonsideration, it cannot be
reoomiaenced that the locked train dssign be construoted at the
pre:sent time in othsr. than limited numbers.  Incidontally, this
noliey would probably Lline up with the cousling »roduction

situation.

(ﬁ) It 1s a matter of incidental inferost that only the
antagonists of the lookod train ¢-ur in the States refar to it by
that name. G.B,C, and De Laval arc respectlvely insistent that
the titles "Dividaﬁ train"® and "Twin Drive® be ép;lied. The
raason for thi; is cloarly that the adjectivas "locknd™ is
doseriptive in that it emphaéises not just a4 peculi.rity but an

undesirable peouliarity of the zcar.

Secetion B,

The nisted progposal put for rard in January 1944 is beins
+examined in the light of the information received from Falk and
Westinghouse.

{
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WAL UL Y

SECTION C
ITEMS 1-5

Section C

Item 1. High damping very evidently renders torsional
oscdillation of small moment, Quill shaft design stresses vary
5000/8000 1bs/sq. in, for carbon steel and 8500/10000 lbs/sq.in.
for nickel gteel, éay, 6000 and 9006 lbs/sq, in. for carbon and nickel

gtesl fespectively on a basis of equal power distribution.

Item 2: 1In every instance the gears are set.up to sult . the
positioning of the main wheel, Extremsely careful getting is
required to enable employﬁent of quill shafts to drawing length.

Item 3: G.E.C. and Westinghouse agree on a design basis of
320/350 lbs/inch of coupling bveeth, all testh being in simultaneous
contact, Further oomments are entered under Seoction A(k) above. .

See also comments on G.5 below.

Item 4: A set up such as those employed by Falk and G.E.C.
would only be warranted if a very large numbef of gearcases of '
similar design were under oonsﬁfudtioﬁ by one firm, but in view of .
the fact that the times takeq by these Tirms represent only about
55% eandy 85% of typioal boring times 'in this Country for single

reduotion units, it ocertainly appears that a simpler set up is y

I

juatified. De Laval, with a single headed boring maohine, would
appear to have struck a happy.medium sulted to the possible require~

ménts of this Country, giving ah output per machine of approximételg

two gearcases 1n three weeks.

Ibem 5: In observing that Falk specifically do not favour

'the seemingly simple prime tooth correction for lpad balanclng,

either based on wheel and pinlon teath and/or ooupling teeth,. one
is bound to query whether the real truth qf the matter,. 15 that -they

‘are prepared to take considerable pains in the method of load

balancing agscribed against their pule iﬁ order to sﬁéuré,thﬁt their .
' . - oo )

couplings / ' : S .
' /.. 54, SRR ' -



SECTION C.
ITEM 5

couplings can be definitely registered in one.meshing pogition. It
is therefore, possible that Falk's method of setting will be of
particular interest to firms in this Country and, of course, their
stabement that there are no interchangeabls spares for locked train
gears lines up with this reasaning and oconfirms the conditions in
repalr yards ﬁescribed by Mr. Tingey.

Falk!'s method of assessing marking by "Jjoggling’ is not
nearly as accurate as methpds employed in this Country with single
reduction gears since the process depends rather upon "lifting" a
definite thickness of marking, than of obtaining a metallic bearing.
It is most probable, however, that they oannoé affor& to show a more
accdrate marking as no means of further adjustment is open to them
vhen once the coupling flange is drilled and reamed. It will be
noted in this connection that G.E.C. have aotually referred to the
errors peculiar to the method employed by Falk but then G.E.Co
(somewhat optimistically) believe they ultimately oﬁﬁain 50/ 50

power division, while Falk only claim 62/38,

If the couplings available are sufficiently accurate for -
indiscriminate meshiné the De Laval procedure is preferred although
it is suggested that the practice of allowing the pinions to lie in
théabottom of the oil clqaranoe maj be deceptive and would requare
special oohsideration. The zero cledrance bearings employed by
Falk are good only if it can be guaranteed that thé'pinions and )
wheels . when fitted in their correct .bushes will lie truly parallel
with their earlier position in the temporary bushes - thl element
of uncertainty appears to be 1ntroduced unnecesgsarily and the

employment of brays shims in the 011 clearance may well be preferred.
. No advantage is seen 1n loading the gears up with 40% full
power torque for checking balapce of power in the manner of
. hestinghouse and it will bhe noted that.both Faik and Be Laval have
abandoned similar processes. - T

In/
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GROUP IV
SECTION C.
ITiIMS 5-86 -
In the construction of single train gears there is no
advantege. to be geined in giving very close attention to the
meintenance of design tOOth.ﬁhiOKnBSS,'alwaﬁ@ provided that a
specific minimum backlash is exceeded when meshing., In the
construction of locked train gears, however, this item demands the
clogsest consideration or one train may well carry the full astern
loading, and not only may the teeth be punished but the primary
pinion bearings will be called upon to provide reaction loading for
which they were never deéigned and the primary pinion will deflect
under a bending loading system which it-was never intended to
withstand, thereby providing added localised loading on the ends of
the primary teeth.
The remark attributed to sdmirnl Irish related to Falk's
method of checking their load balance but as the problem is now seen

in the manner explzined above, no ealternative may be open to them,

Item 6, The disadvuntages associated with the complication
of the standard U.S.N. turning geir are largely offset if in
consequence of its possible adaption as holdinwy gear, separate

holding gear can be dispensed wita.

e
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GROUP IV,
$ICTIOY D.
ITRis 1-2,

Section D '

Item 1: TFalk's zeneral vrinciples of fabricated construction
are improssive and it is oconsldercd that thoy could be folloizd
more ¢losely with aﬂvanta;é whero adeguéte #lume cutting cupuacity
is available, Weishts cuoted by PFalk for completed ;aars.show an
anpreciable s.vin: and this must be lar-ely attrivutable to their

arineinsles of eearoasa oonstruction,

Item 2: The cast steel wheels which Falk manufacture give
every awvpesarance of a Tirst class Job but, h.vin: particular re-arad
to the fallure of othor American firmskto-follow their sroosdure,
it is oconsicered undesirable to contemylate the “evelopmont of this
method in Britain. - The method of locatin; and securing whiels to
shafts as standardised by Falk is interestin_ anc wmay on occasion
find guitable a=»:lication in this Counbtry.

The “olicy of welding ¢iso wheéls is not imprassive. Tor
the flat disc type employed by G.3.C. and Westinghouse, the man ,
hours taken in ;ctual fabrication for a Crulszr s2cond reduction whoel
as stated by G¢.3,0., is 600. They are anxious to em hasiss the
larpe amount of machinin- and fitiing whieh is avoiced »y the
abandQnment of the bolted obﬁstruotion, but it is intpfasting to note
that for a Dostroyer single reduction whisel of similir »sronortions,
the avsra'e time allowsd at Fairfield to met the olatos, arill, rsam
and rit the bolts is .82 ﬁap hours,  To .this must be aée’ the time

reouirad for the manufacturs of the bolts and nuts for 'ich a

. liberal allowance is’28 hours, zivin. a total of 110 nan hours for

the bolted type of whesl in comperison with 600 men hours'for the
fabricated tyre.

The De Laval'type of fabric.ted whael with dished side

_plates is attractive in ajrwearance but us r: ards Hroduction time

-~

the situation is hardly likely to be more attractive than the flat
nlated wheels, and tho plant required in their manufacture is more -
elaborate.

The/ : co L e .
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SICTION D,
ITSMS 2-4.
The dynamic baluncing of main wheels ajnsars to be an
unjustifiable raquirenent, a view‘it will be noted that is held by
Wostinghouse.; Oertainly some of the Battleship whoels which were
seen at G,2.C. Bhowed evidence of having been, by our standards,
a)préclably out of balance havihg regard to the number of blind
baluncing holes drilled in the strijs which dare welded near the
parishery of the ,lates for that jpurpose. It is probable that the
fabrication method of whicl construction was resjonsible for the poor
initiél balance and this factor might tend to warrant the dynamio-
Jrocess of ocorreotion which presents another r2ason in favour of

bolted wheels.

Item 4: . A contradiotlion will be observed betwzen the renort
of the discussions at the Bureau of 8hijs and at ‘Jegtinghouse with

regard to the Bureau's requirementa in rzspict of astern sprayers.

h Y
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GROUP IV,

SECTION B,

ITEMS 1-~2.
Section B! _

Item 1: The loadin( ooeffioient mizht be describsd asg the
Hiwhest Gommon Factor of Teohnical agreement betwsen the firms
ooncerned and does not represent the oconsldered vie''s of those who
have examingd thé‘problem in greatést detail.

With oonservative tooth bending stresses and relatively
small face width/diameter ratios, the necd for tﬁipning the ends of
2inion teeth is lcss essentlal to a certain dezree, and it misht be
on this latter account that the Americans have haé no trouble with
uhthiﬁned teath, Nevertheless, the poliocy éannot be recommended -
although it 1s oconsldored that 1t is our present practlce to -remove
: aﬁ alto-othor excensive amount of metal and all that should be
recuired is a light relisf to ensure thaﬁ no heavy bearing ogours on
the ends of the testh., A _

Their poliecy rsgarding e cifnum faca widtﬁ?diamater ratio

A
is congcurred - in. !

Item 2} Accordinz to the inforﬁation obtained all firms are
working to & conventional ratio ﬁf'meéﬁing depth relative to pitoh
although, from information whieh the ‘B, in C's Department had
previously obtained, Bhlk'would aovaa? to have apandardised an a j
meshing depth 16% in execess of the standard ralaR}ve to piteh,

X The method of auuendum correotion emnloyed by Falk regﬁlres
clése ;nalysis bafore cormant can be made theraqn. The only .othar
firm to make an addendum correction iﬁ G.5,C, who in the case of
primary gzears only (anc then apparently only in some instances)
appdftion 80 of the addendum to‘the Jinions..

No one was prepared to express apy ojiﬁion regardiné
. ostimum flank angle and’ it 1s-avpureﬁﬁ'thht in this r2spsct dmerican
solicy has been cons rvative aﬁ&-ﬁha.earliéf'céﬁveﬁyiogal 14.-1/20 - 159
has beén meintainad without any sﬁécific rsd.0n @h&t,could be
ascertained. o

/ . , : ;
It ie surprising to find that the various Amorican figms

are / . , . .
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' SICTION 1.
ITEUS 2-4.

are permltted by -the Bureau to work to different'tooth standafds
as it would ssem to upset the »osition as regarcés intorchanceable.
sparas, No information was obtained on this »oint but it may be
that a ¢oncession has been made with a view ?o easing the hob
situation and utilising exiafing stookas. Alternatively the afore-
mentioned diffioultios with which the locked train spares question
abounds may in any case rend=31r 1t imorossible to give consiceration
to replace components being sunplied by any firm ofher than the

orizinal manufasturcra.

Item 3: The theory that noise is minimised by a large
helical angle awpzars to have been brought into disfavour. Having
rezard to the axial indepnendent freedom of thg locked train units
the need for a large helical angle 1s not obvious unless, indeed,
it be with a view to minimising ﬁhe lack of balance betwsen the tro
trains-conszquent uson »iteh arrors in the unité'concernod. It is
noted that Westinghouse ané De Laval prifer-an 189 helix for nssted
type gears in order to rasduce axial loacin. on the inéenendent
wheslao. Tﬂis is brusumably mofe ¢asirable when the »rimarisg uire
nested than whéﬁ the socondarizo arse nestad on account of the stiffer
construction of ths single whéels in the laiter tyoe, so that having
res,ard to the lack of zxial froedom in thzse desi/ns zenerally, it
is, on the whole, not asrzsd ?hat a small hsliceal anzle is

desirable when it is the ssvondaries that are nested.

Item 4: Gl~arly no one is concernzd about any maximum Jimit

for backlaszsh.
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SECTION F
- ITEMS 1-3
'Seotion F, Items 1, 2 and 3 o . '

The suocessful application or non oreep machine is
entlrely dependent upon the use of worms and worm wheels of extreme
acouraoy. | '

Westlnghouse quote 8 woIm error per revoluation of .1/1000“
although it is considered from inspection of. wheels ocutting on

’ .various machines that they heave not Bttﬁined this degree of

perfection in all instances. Thig figure cbmpareé with a minimum

worm rotation error of 0,5/1000# which one oi the leading i@achine
Tool Manufactureru in Britain was prepared to guarantee in a reoent
quqtation. ) Machines are, however, in operation in this Country
with an apprealably greatgr error than this and there is c;early
room for progress to be mode in this direction before the finer
points of preference iﬁ the ohoice of creep or non creep drive

need be disocussed And meanwhile ws would be wellAadyised to adhere
to our creep ring policy. . |

To6th surfaces exhibited the smooth finish associated

with non creep drive‘and, asg mentionéd, the worm spiral markings

riéd from average good to excellent but no visual inspection of

ftheel can revenl the accuracy of pitoh d¢ivision, and tootg

~ urface must not be regarded as a predominent criterion of quality

;fﬁ,k*“ for this reason, | ‘ |

' . Inquiries, into pitech accuracy met with disappointingly .
negatiyve response. Both aﬁ Félk\and Q.E.C. individual pitch error
readings were witnessed being taken and their megnitude gave the
impression of being inferior to our bESt.stahdards, but in neither

_'6ase_were cumulative error curves available and while the'lattar_
firm stated and confirméd that their total error for a wheel of
about 14'0" Giameter was just under 1,0/1000 I am satisfied that

. L. 0/1000" per foot diameter is nearer the truth, ir indeed thls was .

BES

not/ : R : R P
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GROUP IV
. SECTION ¥
* . ITE\'E 1,2,31

Not actually the statement intended. Curves demonstrating the

lesger errof would I feel, hqée besen prominent Tor inspection.
This would éuggest that the error of G,E.C's worm wheels is - '
generally about twice thateﬁf_a good opur magter wheel in this
country which is not surprising having regard to the impossibility
of hand touching a worm wheel to improve pitch without introducing
worm rotgtiOn arrors, while spur wheels can be effectively hand
finishpd. ‘ o
Errors of verticallity and leﬁd gserews as quoted
appear to be oommeﬂsurablé with good practioce in this country but
Westinghouse's reference to spiral wheel oorreotion would seem
to confirm, as suggested by Falk, that they have in fact been
up against serious trouble with heliocal angles. Furthermore,
reference to Group III, Section F, 5, shows that G.E.C. allow for
a tooth thickness reduction of ,006" during lapping - a figure
which is suggestive of helical angie diffioultiés of a magnitude = :
not experienced in good clasgs work in this country. -My impression
is that in general the U,S. 1aadsprews are inferior to the class
of screw prdduced by the best firms in thﬁsﬁountry aﬁd particularly
by the ¥.,P.L., on their cam bar correctéd machine.

In respect of hobbing times both De Laval and
Westinéhousé line up closely with say Fairfield practice except !
where time is saved by double headed hobbing; their feeds, however,
are less although this is compensated by'increased hob® revolutions;

in this latter connection it is to be noted that the smaller

dliamneter hobs which these flrms employ counter balance the

"increased revolutions to give approximately equal shearins speeds

S

tb thosse which we amplo&. _

'The cutting times talten by G.E.C. appear to be some 50%
greater than thoge quopad above in accordance with thelr proclaimed }
policy of restricting their machines to a light loﬁd. On the

other ‘hand Fall: are much more rapid for their small units as wes

-

< indeed apparent from inééeotion of their machines in operation but

it / : , . L, -
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GROUP IV
SECTION F
ITEMS 1,2,3.
.1t seems doubtful whether the feeds whioh they were understood
to have -quoted can be correct énd half these values would appear
more llkely. . . _
Tt is questloned whethor the use of small diamster hobs
is not likely to prejudice moocuracy of finish, the outting effect
being similar to say a two-start hod operatlng under our normal
oconditions. Furthermore hobbinz machines for cutting large
diameter wheels with luarge helical angles have %o’ be sPeoial%y
‘ constructed for olearance of the hob_chrriage to suit the us@ of
amall ﬂiumeter hobs, The mMerit of these diminutive hobs lies of
course in their relative speed of manufacture, sharpeniﬁg and
auging.
VWiith regard to hob profile testing, as portioularly
w1tnessed at destlnghouse, the neead for such a test in this
Gountry does not arise ©s the callbration is fully and more clearly

covered by the N.P.L. pantosraph :ecords and other gaugings of
tooth profiles, ‘

1
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GROUP IV.
(AN '\GTI%“ F’
ITMMS 45,
Section I ' : .

Items 4 & 5:. The tooth surface of a shaved ¢zar is attraotivg

in aspearance, and¢ it is stated as oan be ima Ined if gilven . an
accurate broach, thaet it is a good method of ocorrectiny tooth vrofile.
More obviously the proceas evens out short u&dulations and
irregularitiea alonz the tooth surface. I agrie with G¢.B,0., howsvar,
in their assertion that shaving should not be rogardod as a subatitute
for good hobbing and the qurstlon which naturally follows is, what
stantard of tooth finish r-quires to be dchiavad by hobbing before
shaving beoomzs a redundant rsguirement?  There islscopé for research :
in this connectlon but as the ohlaf respect in whioch ultimate benefit
is likeiy to acerue is assoclated with jossible noise .reé&udtion {and
1t is to be noted that opinion 1s not counsolidated even on this
n0ss8ibility), the question is essentially dissociated from wurtime
aroduction,

Although the »>rinoiple of.the shavinr machine is simple
the equipment reorascnts guite a considerabls item which could
not be justifled unless the -ain was real, The broach:s thamszlves
would cost ssveral hundrsd pounds & palr, anc a consi<zrahle iaricty
would be reguired for sach tooth form in view of the necc:sity for
avolding nany tooth combinatiaﬂs. Tuch palr of broaches is also
suit=4 to oaly a llnited rense of helical angle. ‘

The whols qu=stion of the aavisab11ity of shaving is further
comolicated by G.3.0's objiction that to corract for heliecul anzle

it is neoessary to destroy the shaved surface. This involvaes

-gonsiferation of the la>ing vroessses acoptzd in the St.tes, bsaring

in mind that aftsr zar has been lanpzé it ig im9oossible to shave

1t (as stated by Falk) without damnazing the broach - an incidental

v

admission of the abrasive condition of the tooth surface after
lanoing. A zzar pould; of coursz, be qhaved aftsr Wand Gressing
fo} tha correction of helical angle. Westingﬁouse are not
anparently troubled by this consi:.eration and obtain the Cegirsd
degree of meshinc with their shaVediga.rs but they aro notfaﬁersé‘
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GROU? IV,
SEQTION I,
ITEMS 5-7.
to soraping out the beariné housin:s to acoommodate the marking
ahd in assessing marking they ars not dealing'wiﬁh the gtringenoy
of a static light load tost but with bearing un.ier full torque -
a much easier'ééndition. ‘

It is olear that Falk and G.2,C, lap essentially to corrcot
helical angle for whioh purjose a much more oxtended »rocess is
necessary than would be regulred to improve‘tootﬁ_form or smooth
out undulations. In faot, prolonged lajnsring is a menace to the
tooth form as emphasised by De Laval. Falk stated a preference
for hand dressing teeth to gorrect for helical angle but their
trouble in this conneotion is an inadequacy of skillsd fitters for
- the purpose.,

In qeveral goaroutting firms in this ocountry, hand work
on the te:th has bsen aeith:r elininated or reduced to a amuil
anount and in such caseos 1t is doubtful whethor laﬁ?iné would be
degslrable. [The limitod noise roduction olaimsd in the States .
as being OODSGéHOQt uvon 1apgiﬁg may be assodiated particularly
with non oreap out ge;rs whioh used to be notorious for their
nolse in this Gountry; Again, however, this is a quostion which
is not assoclatod with war »roduction so'far as good quality gears
are concorﬁed, alﬁhough lapping might pjossibly be anplied with
succoss in tho case of goars cut 'on machinos which gre not
sonsidored sufficiently accurate in thelr prosont state for thg
production of Naval goars. ‘

Ttem 6: It can be visualisecd that for a tooth surface which
.ﬁas boon lanped, the Falk vollshing process may well be advantégqoua
in oiosing the gfain ané rcduoing.the abrasive sharactor of the
surface. For a tooth whioh.has not buon lajpod, it is considored
that.the Falk nolishing prqcess.would be of no avail. -
Ttem 73 Mothods‘of asar mba;ugomeht, in bbrfgnzaé_they_

oxist are aafinitoly inferior to thoso In use in $his. OGountry.-
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SECTION G
ITEMS 1-3
Section G: ’ ’

. Ttems 1 & 2: The only fim not opposed to-the rumning of the
back to baci torque test was G,.l.C. ta whom the operation oclearly’
appealed as a means of proving heir products and demonstrating
the extent of the care whioh thcy are preparpd to lavish on contracts
with which their organisaﬁion i entruéted. The gear which they
employ for the purpose is elabo:'ate, and the space which the set up
occcupies would in itself presen’ & problem to firms not blessed with
the remarkable acreage of shops. which G,E.C. have at their disposa;.

As a laboratory sxper.ment to-test say the overload
capacity which e particular design would carry for a long period,
the arrangement -1s olever but. a:ia:cheok. of production technique,

I am satisfied that it is mispliced and where the man power situation

is critical the test would seriously impede output.

Item 3: Combining the def:nitions of decibel ratings given
by the Navy Department and De Lival, the following is derived -

95 - Quiet: coi.verse in normal voice

100 -~ Fairly loud: necessary to face person to whom
conversation is dirscted.

105 - Loud converse with raised volce.

110 - Unplegsantly necessary to shout to make oneself heard.

-loud: . )
115 =~ ~4o~ conversation almost impossible.
120 - Painfully loud: conversation impossible.

Having regard to Wegtinghouse's remarks, a scream from a
gear probably cuts right across the above sound ratings.
: Tﬁe respective opinions of the Navy Department and various
firmgs regarding average noise emitted in service under full logd are-
Navy Department (Mr, Ball) - 108

G.E.C, - 103
De Laval - 95-100

- It is evident that Mr. Ball, the U.S.N, gear spccialist, rates the

noise emission of U,3, Naval gears in general aS*yerging on being

unpleasantly loud. Furthermorc, either De Laval.are optimistic in

their estimate or the average is raised by the inclusion of

Munpleasantly 1ou@»geafs" manufaoctured presumable by the firms who

afe more reticent with informetion regarding their decibel estimates.
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OIL c:;EiéRmvcs- FOR: TURBINE, REDLCTION GEAR

g 5

C{ENERHTDR AND .MOTOR BEARINGS. -

Basic . \Mmum L |Maxmum O gg‘;ﬁgﬁ”i‘,ﬁ -
DIHMETER QEME WHEN|CLEARRNVCE WHEN\BEFORE THE FO, -
-OF " RE'BHBBITWNG REBHABBITTING | Ol. CLERRANCES
JOURNHL. A . BEARINGS. ARE REACHED.
INCHES =~ INCHES INCHES INCHES,
: | . <005 ;007" 015 .
2 - 005 <007 015
3 - 005 - 007 -0/5
4 - 006 - 008 - 015
5 | : 007 - 003 015
6 - 008 - .0/0 018
7 <009 - ol - 021
8 - 010 -.012 - <024
9 QI .. _0i3 - 027
/0 L o2 .- 014 - 030
1 - 012 - 0/5 - 033
2 -t -013 -+ 0I6 * 036
3 013 - 017 - 039
14 , <014 - 018 - 042
/15 <015 * 0/9 - 045
16 |1 -ol6 - 020 045
- 17 017 - 02/ - 045
/18 - 0/8 - 022 < 045
19 -019. - 023 - 045
20 ~ 020 - 024 - <048
2l - 02/ - 026 045
22 022 - 027 045
23 - 023 - 028 . - 046
24 - 024 - 029 048
25 - 025 < 030 - 050
26 - 026 * 03! 052
27 027 - 032 - 054
28 -028 - 033 - 056
29 - 029 - 034 - 058
30 " ‘030 - 035 - 060
" NOTES -
1. THIS SHEET SLPEAEEDES 2099-5K. & SHALL 85 FOLLOWED BY ALl /VHI/Y YaRDS HND

FORCES AFLORT EXCEPT AS NOOIFIED by NOTE 2.

| 2. ALL BEARINGS OF A LIWIT, SUCH RS ONE H.P TURBINE OR ONE I P TURBINE OR ONE PINION

SHAFT SHALL Have THE Sme SCHEDULE OF CLEARANCES, WHEN PARTIFLLY REPLACING
BEARINGS OF A UNIT UISE SAME RELATIVE CLEARGNCE RS EXISTS IN OTHER BEARINGS,
3. THIS SHEET SUPER\S'EDES 7TH8LE 6 OF CHAPTERS 9 & 39 MEI As REVISED IN 1929 &
ALL BEARING OIL CLEARANCES SPECIFIED BY CONTRACTORS PLANS.

" 4. THE Ol CLEARANCE SHALL NOT Be LESS Tan THe M/mrﬂun Fquﬁss LISTED

ABOVE AT ANY POINT IN THE BEHRING : /-

__________________ By mEs oK,

P T

IBUREAU OF ENGINEERING, -
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ReDiic&o TOOTH
AT EKjQS FOR
STRENGTH.

TooTH FORM ON POLISHIHQ W HEELS.

CuQCK GAuGEf FOR use As
PiTCHOMETER W rH LiGHT
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