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where

hy  is total heat transfer coefficient, KW/m? —°K;
A; s total surface area exposed to ambient air, m?;
ATy is oil sump temperature rise, °C.
ATg = Tsump —Tx (60)

where

Toump is 0il sump temperature, °C;

T, is ambient air temperature, °C.
A A
hy=hy|1-—F |+ he| =5 |+ 1 61
o 15 e 4 1)
where

hy s natural convection heat transfer coefficient, kW/m?2 — °K;
Ag s surface area exposed to forced convection, m?;

he  is forced convection heat transfer coefficient, kW/m2 — °K;
hg is radiation heat transfer coefficient, kW/m?2—°K.

03
AT
hy=0.0359(D01)| —5_— 62
N ( )[TA 1273 (62)
where
D  is outside diameter of largest drive ring gear, mm.

he =0.00705(v*7® (63)
where
VvV is cooling fan air velocity, m/s.

Toump + T +546 T
2

hR:<O.23x1O_9)8[

where
€ is emissivity of drive outer surface.

Other cooling methods, such as an external heat exchanger, can be added to Equation 59 when required.

11.3.3 Heat generation

Per Equation 65, the heat generated in a planetary drive includes non-load dependent and load
dependent losses. Non-load dependent losses, Py, include contact oil seals, Pg, rolling bearing oil

churning, Pgq, and gearing oil churning, Py

Py=2Ps+2 Pao+ 2 Puo (65)
The load dependent losses, P, include rolling bearing friction, Pg,, gear mesh friction, Py, , and sleeve
bearing friction, Pgg.

Po=2 Pa+ 2 Pu+ 2 Pes (66)

Note that all contributors to each of the above sources of heat generation are summed to establish the
total for the planetary gear drive. For a particular design or application other non-load dependent sources
can be included in Equation 65, for example, shaft or motor driven oil pump. High speed planetary drives
may need to consider windage losses.
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11.3.3.1  Oil seals, Pg

Lip type oil seals generate contact friction losses that depend on shaft speed, shaft size, oil sump
temperature, oil viscosity, depth of oil seal immersion and the particular oil seal design. The following can
be used to approximate the contact oil seal power loss for an individual seal [18]:

_ Cs Dgnsg

67
S 9549 (67)

Py is contact oil seal power loss, kW;
Cs s contact oil seal material constant;
Cg = 0.003737 for Viton
Cg = 0.002429 for Buna N
Dy is diameter of shaft at oil seal contact, mm;
ngc is shaft speed at contact oil seal, rpm.

11.3.3.2 Rolling bearing oil churning, Pg,

Bearing oil churning hydrodynamic losses depend on bearing speed, oil supply conditions, oil kinematic
viscosity and size, and can be calculated per the following for an individual bearing [19]:

Mong
P = 68
50" 9549 (68)
where
Pgo is bearing churning power loss, kW;
My is no-load torque of bearing, Nm;
ng is bearing rotational speed about its axis, rpm.
MO =1 0_10 fo (V YlB)o.667 d,a (69)
where
fo  is bearing dip factor;
v is kinematic oil viscosity at oil sump temperature, mm?/s (centistokes);
dy, is mean bearing diameter, mm.
dy =9+ do (70)
2
where

d, is bearing bore diameter, mm;

do is bearing outside diameter, mm.
The bearing dip factor, f,, adjusts the torque based on the amount of bearing dip relative to the static oil
level. Table 11 gives minimum (no dip) and maximum (submerged) values of f, for various style bearings.
For bearings on fixed axis shafts, linearly interpolate between the minimum and maximum f, values
based on the dip, H, relative to d\;:

fO:mein"'di(meax_mein) (71)
M

For planet gear bearings where the dip is not constant but varies with carrier rotation, the value of £,
should be selected based on the average of the smallest and largest f, calculated relative to the static oil
level.

This Pso calculation does not apply to sealed bearings.
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Table 11 — Bearing dip factor (oil bath lubrication), f,

ANSI/AGMA 6123-C16

Bearing type fO (min) fO (max)

Deep groove ball bearings:

single-row 2 4

double-row 4 8
Self-aligning ball bearings 2 4
Angular contact ball bearings:

single-row 3.3 6.6

double-row, paired single-row 6.5 13
Four-point contact ball bearings 6 12
Cylindrical roller bearings, with cage:

series 10, 2, 3, 4 2 4

series 22 3 6

series 23 4 8
Cylindrical roller bearings, full complement:

single-row 5 10

double-row 10 20
Needle roller bearings 12 24
Spherical roller bearings:

series 213 3.5 7

series 222 4 8

series 223, 230. 239 4.5 9

series 231 5.5 11

series 232 6 12

series 240 6.5 13

series 241 7 14
Taper roller bearings:

single-row 4 8

paired single-row 8 16
Thrust ball bearings 1.5 3
Cylindrical roller thrust bearings 3.5 7
Needle roller thrust bearings 5 11
Spherical roller thrust bearings:

series 292 E 2.5 5

series 292 3.7 7.4

series 293 E 3 6

series 293 4.5 9

series 294 E 3.3 6.6

series 294 5 10

11.3.3.3  Gearing oil churning, P,

Gearing oil churning hydrodynamic losses in a planetary stage result from the rotation of the sun pinion,
planet gear about its axis, and carrier. These losses depend on component speeds, oil supply conditions,
oil kinematic viscosity, and size, and can be calculated per the following for an individual planetary stage

[20], [21]:
Avo = Fos + Fop + Foc
where
Py is gearing oil churning power loss, kW;
Pg is churning loss of sun pinion, KW;
Psp is churning loss of planet gears, kW;
P¢c is churning loss of carrier, kW.

(72)
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3 ;4.7 R
AofsV”sdosbws[ L ]

\hanB

PCS = 1026 (73)
where
A is carrier arrangement constant;
fs  is sun pinion dip factor;
ng is sun pinion speed, rpm;
dos I8 sun pinion outside diameter, mm;
bys Is sun pinion total face width, mm:;
R, is roughness factor;
B is generated helix angle, degrees; if less than 10 degrees, use 10 degrees in Equations 73
and 75. Use actual helix angle for all other equations.
Ry =7.93- 4648 (74)
my
where
m, is transverse tooth module, mm.
R
Ac fo Ve dSs bwp (\/tafTBJ
Fop = 107 Nep (75)
where
fp is planet gear dip factor;
np;c is speed of planet gear relative to carrier, rpm;
dop is planet gear outside diameter, mm;
byp s planet gear total face width, mm;
Ngp is number of planet gears.
3 4.7
A fovng DE'W,
Poo == (76)

fe  is carrier dip factor;

ne is carrier speed, rpm;

D s carrier outside diameter, mm;
W is carrier width, mm.

The sun pinion, planet gear and carrier dip factors are based on the amount of dip of each element
relative to the static oil level. Since windage for industrial planetary drives is negligible with respect to
other loses, the factor f5 = 0 if the sun pinion does not dip, f; = 0 if the carrier does not dip, and f, = 0 if
the planets do not dip. When the sun pinion is fully subomerged in the oil, f5 = 1.0. When the carrier is fully
submerged in the oil, f, = 1.0. When the planets are fully submerged in the oil, f = 1.0. For a partially
submerged element linearly interpolate between the dipping and non-dipping values. For example, if the
sun pinion dips to its centerline, f5 = 0.5. The dip factor for the planet gear will be an average value based
on the dip limits encountered in one revolution of the carrier.

The carrier arrangement constant is generally an empirical constant unique to a given planetary
arrangement. It can be obtained from no-load thermal testing (see 11.2) by correlating measured oil sump

temperature with the heat dissipation and non-load dependent loss math models presented in this
standard.
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11.3.3.4 Rolling bearing friction, Pg,

The bearing friction loss depends on the coefficient of friction, load, size and speed. The bearing friction
loss for an individual bearing [19] is given by:

(My+My)ng
Py =— </ 2 77
Bl 9549 (77)
where

Pg, is bearing friction power loss, kW;
M, is bearing load dependent friction torque, Nm;
M, is bearing axial load dependent friction torque — cylindrical roller bearing only, Nm;

a ;b
M, =110 (78)
1000
where
fi  is bearing coefficient of friction, see Table 12;
a, b are exponents, see Table 13;
P, is bearing dynamic load, N, see Table 12;
M2 — f2FadM (79)
1000
where
f»  is bearing axial friction factor, see Table 14;
F, s axial bearing load, N.

a

The values of f, given in Table 14 assume adequate lubricant viscosity and that the ratio of axial to radial

load does not exceed 0.50 for EC design (E = rollers added, C = open flange design [19]) and single row
full complement bearings, 0.40 for other bearings with cage, or 0.25 for double row full complement
bearings.

For tapered roller bearings, the induced axial thrust shall be considered in calculating the bearing
dynamic load. Equations for calculating the proper F, for use in Table 12 are given in Figure 26 for
various bearing arrangements and load cases.

NOTE: Other methodology to calculate total bearing friction is available such as [20].

11.3.3.5 Hydrodynamic bearing loss

Shearing of the oil film in a sleeve bearing results in friction loss from both hydrodynamic and thrust
washer sources [20]:

Pgs = Fgn + Py (80)
where
Pgs is sleeve bearing friction loss, kW;
Pg,, is hydrodynamic sleeve bearing loss, kW;
Pg, is thrust washer power loss, kW.
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Table 12 — Factors for calculating M,

Bearing type /i pY
Deep groove ball bearings (0.0006 ... 0.0009) (Py/C,)°-552) 3F,-01F,
Self-aligning ball bearings 0.0003 (Py/Cy)°4 1.4Y,F,—-01F,
Angular contact ball bearings:
single-row 0.001 (Py/C,)033 F,—-0.1F,
double-row, paired single-row 0.001 (P,/C,)0-3 14F,-0.1F,
Four-point contact ball bearings 0.001 (Py/C,)°-33 1.5F,+3.6F,
Cylindrical roller bearings,
with cage:
series 10 0.000 2 F?
series 2 0.0003 F?)
series 3 0.000 35 F3)
series 4, 22, 23 0.000 4 '3)
Fr
Cylindrical roller bearings, full 0.000 55 F?
complement
Needle roller bearings 0.002 F,
Spherical roller bearings:
series 213 0.000 22 If F,/F,<Y,:1.35Y,F,
series 222 0.000 15
series 223 0.000 65 3
series 230, 241 0.001 W /F,2Y, rFr[1+0-35(YzFa /F) }
series 231 0.000 35
series 232 0.000 45 ; :
for all
series 239 0.000 25 (valid for all series)
series 240 0.000 8
Taper roller bearings:
single-row 0.000 4 2 YF,Y
paired single-row 0.000 4 1.2 Y,F 4
Thrust ball bearings 0.000 8 (Fa/CO)O'33 F,
Cylindrical roller thrust bearings, 0.0015 F,
needle roller thrust bearings
Spherical roller thrust bearings:
series 292E 0.000 23
series 292 0.000 3 F,(F,max < 0.55F,)
series 293E 0.000 3
series 293 0.000 4 . .
series 294E 0.000 33 (valid for all series)
series 294 0.000 5
Symbols:
P, = equivalent static bearing load, N (see manufacturer’s bearing tables);
G, = basic static load rating, N (see manufacturer’s bearing tables);
F, = axial component of dynamic bearing load, N;
F, = radial component of dynamic bearing load, N;
Y, Y, = axial load factors (see manufacturer’s bearing tables).
W If P, < F,, then P, = F, should be used.
2 Small values are for light series bearings; large values for heavy series bearings.
3) For bearings subjected to additional axial loads, refer to 11.3.3.4.
4 Referto 11.3.3.4.
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Table 13 — Exponents for calculation of M,

Bearing type Exponent
a b

All (except spherical roller bearings) 1 1
Spherical roller bearings:

series 213 1.35 0.2

series 222 1.35 0.3

series 223 1.35 0.1

series 230 1.5 -0.3

series 231, 232, 239 1.5 -0.1

series 240, 241 1.5 -0.2

Table 14 — Factor f> for cylindrical roller bearings
S
Bearing Lubrication
grease oil

Bearings with cage:

EC design 0.003 0.002

other bearings 0.009 0.006
Full complement bearings:

single-row 0.006 0.003

double-row 0.015 0.009

Hydrodynamic sleeve bearing loss, Pg,,, can be estimated by the following equation:

 HingdS L j1.723x1077

C

W, is absolute outlet oil viscosity, MPa-s;

d, s sleeve bearing bore, mm;

L s sleeve bearing contact length, mm;

J is bearing power loss coefficient, see Figure 27;
c is diametral clearance, mm.

The thrust washer power loss, Pg,, is:

Lo né(rg 7 )1 723x107"7
Pay =

t
where

is outside radius of thrust washer, mm;
r; is inside radius of thrust washer, mm;

To

t is oil film thickness, mm.
The Sommerfield Number, S, used in Figure 27 is calculated by the following:
g = dE pgyng x107°
c® w60
where

w  isload per unit area, kPa
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Figure 27 — Bearing power loss coefficient, j
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11.3.3.6  Gear friction, Pu.

Gear tooth friction loss is a function of the mechanics of tooth action, coefficient of friction, speed and
transmitted torque. Tooth action involves relative sliding between meshing teeth separated by an oil film.
The coefficient of friction depends on lubricant properties, load intensity and speed. Mesh friction power
loss [20], [21] for an individual planetary stage can be expressed by:

Py = (Pue + Puwi) Nep (84)
where

Py, is total planetary stage mesh friction power loss, kW;

Py is friction power loss at sun/planet (external) mesh, kW;

Py is friction power loss at planet/ring (internal) mesh, kW.
_ fe Te ngic COS2 Bwe

P 85
MLE 9549 M, (85)

where

fe s external mesh coefficient of friction;
Te
ngc is speed of sun gear relative to carrier, rpm;

Bwe IS sun/planet operating helix angle, degree;

is sun pinion torque per mesh;

M, is external mesh mechanical advantage.
-0.223 ;,-0.40
fomt_te (86)
3.239V,"
where
v is kinematic oil viscosity at oil sump temperature, mm?/s;
K, is external mesh load intensity, N/'mm?;
V., is sun/planet pitchline velocity, m/s.
10007, (zg + z
K, = o o ?) (87)
2bwe Tws <p
where
zg  is number of sun pinion teeth;
zp  is number of planet gear teeth;
b, Is engaged sun/planet face width, mm;
rys 1S sun pinion operating pitch radius, mm.
2C0S Ly (Heo + Hig )
e = 3 (88)
Hse + Hte
where
o, IS sun/planet mesh transverse operating pressure angle, degree;
H,, is sun/planet mesh sliding ratio at start of approach;
H,, is sun/planet mesh sliding ratio at end of recess.
5 05
Hgo = (ug +1) {ZO—P—COSZ awe] —SiN0le (89)
Twp-s
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where

u, is planet/sun tooth ratio;
rop IS planet gear outside radius, mm;

rup.s IS planet-sun gear operating pitch radius, mm.

<p
Ug = —
<s
0.5
2
ue +1 ros 2 .
Hie =(—J —5—C0S" Olye | —SiNay,
Ue Tws
where

ros IS sun pinion outside radius, mm.

_ fiTinpic oS By
9549 M,

B

where
fi is internal mesh coefficient of friction;
T, s planet gear torque, Nm;
Bwi Is planet/ring operating helix angle, degree;

M; is internal mesh mechanical advantage.
~ V—O.223Ki—0.40
' 3.2391,070
where

K, isinternal mesh load intensity, N/mm?;

V; s planet/ring pitchline velocity, m/s.

K - 10007;(zg —zp)

2by, rvsP—F{ 2R

where
zg is number of ring gear teeth;
bwi
rup.g IS planet-ring gear operating pitch radius, mm.

is engaged planet/ring face width;

Y 2cosay,; (Hg; +Hﬁ)
= 2 2
Hsi + Hti

where

o, IS planet/ring mesh transverse operating pressure angle, degree;
Hg is planet/ring mesh sliding ratio at start of approach;
H; s planet/ring mesh sliding ratio at end of recess.

2

5 05
. r;
Hg = (u;—1)| sinay, —{—'R - cos? awij
"wR
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(94)
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