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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies (ISO
member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right fobeTepresented o that committeetntermationatorganizations, governmentat-and-or=governmantal, in
liaison wjth ISO, also take part in the work. ISO collaborates closely with the International Electrotefhnical
Commisgion (IEC) on all matters of electrotechnical standardization.

Internatignal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Rart’3.
The main task of technical committees is to prepare International Standards. Draft International Standards adopted
by the technical committees are circulated to the member bodies for voting. Publication as an International
Standard|requires approval by at least 75 % of the member bodies casting a vote.
In exceptional circumstances, when a technical committee has collected data of-a.different kind from that which is
normally published as an International Standard (“state of the art”, for example),.it' may decide by a simple majority
vote of itg participating members to publish a Technical Report. A TechnicalReport is entirely informative in|nature
and does|not have to be reviewed until the data it provides are considered to be no longer valid or useful.

Attention|is drawn to the possibility that some of the elements of this‘part of ISO/TR 14179 may be the sulject of
patent rights. 1ISO shall not be held responsible for identifying any.or.all such patent rights.

ISO/TR 14179-2 was prepared by Technical Committee 1SOFTC 60, Gears, Subcommittee SC 2, Gear capacity
calculatign.

ISO/TR 14179 consists of the following parts, under the' general title Gears — Thermal capacity :
— Part[l: Rating gear drives with thermal equilibrium at 95 € sump temperature

— PartR: Thermal load-carrying capacity

iv © ISO 2001 — All rights reserved
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Introduction

ISO/TR 14179-1 is the American proposal. It utilizes an analytical heat balance model to calculate the thermal
transmittable power for a single or multiple stage gear drive lubricated with mineral oil. Many of the factors in the
analytical model can trace their roots to published works of various authors.
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Gears — Thermal capacity

Part 2:
Thermal load-carrying capacity

1 Sc¢ope
This pprt of ISO/TR 14179 presents a means for determining the thermal load carrying capacity of dears that
includgs measurement on original gear units under practical conditions. This takes the_form of either mealsurement
of the power loss, heat dissipation or both, or, in the case of splash-lubricated gear, units, the determinatjon of the
guasi-$tationary temperature in the oil sump.

The methods of calculation for all individual components of power loss and:heat dissipation described in this part of
ISO/TR 14179 are to be regarded as an alternative method.

2 Symbols, units and indices

For the purposes of this part of ISO TR 14179, the symbols, units and indices given in Table 1 apply.

Table 1 — Symbols, units and indices

Symbol Meaning Units
a Centre distance mm
Ayt | Gear unit bottom area m?2
Acd Overall housing area(external) m?2
Aiodt | Footprint of gear unit m?2
Ao Overall housing area (internal) m?2
Aorp Projected.fin area (housing external) m?2
Aq Cresstsectional area m?2
Ay Total fin area (housing external) m?2
Aair Ventilated housing area m?2
b Tooth width, bearing width mm
bey | Tooth contact width mm
bo Reference value of tooth width, by =10 mm mm
Cub | Lubrication factor —
Csp | Splash oil factor —

© 1SO 2001 - All rights reserved 1
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Table 1 (continued)

Symbol Meaning Units
Co Static load rating of anti-friction bearing N
Cy, |Factors —
dy Tip circle diameter mm
dy Equivalent flange diameter m
d, Pitch circle diameter mm
dn, Mean bearing diameter mm
dg Pitch circle diameter of equivalent crossed helical gears mm
dgp, Shaft diameter m
e Base of natural logarithm, e= 2,718 1
fo, 1, 2 | | Coefficients for bearing losses +
ED Duty factor 1+
Fa Bearing thrust load N
F Force at pitch circle N
Fut Tooth normal force, transverse section N
Fn Tooth normal force, normal section N
F Radial bearing load N
g g=9,81 m/s? mis2
Gr Grashoff number 1T
he Height of point of contact above the lowest point of the immersing gear mm
hea Overall height of gear unit-housing m
H, Tooth loss factor +
h81,62 Tip circle immersion’ depth with oil level stationary mm
heo | |Reference value of immersion depth, hyg = 10 mm mm
Ne, max| |Max. Tipgircle immersion depth with oil level stationary mm
AH; | | Enthalpic flow with oil v
o, 1 [[kubrication gap heights mm
k Heat transmission coefficient W/(m?2K)
(" Equivalent length of coupling flange m
Ih Hydraulic length = 4 Ag/Uy, mm
lin Depth of one fin m
ly Flow length (path of flow filament along housing wall) m
Ish Length of free shaft end m

© 1SO 2001 — All rights reserved
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Symbol Meaning Units
m, m" |Fin factors —

m Module mm

n Rotational speed 1/min
Nu Nusselt number —
Py npat-pewet W
Pady | Equivalent input power W
Pr Prandtl number —
Py Power loss w
Pyi Seal power loss w
Py Bearing power loss w
Py Aucxiliary power losses W
Pyr |Gear power loss w
Po Equivalent static bearing load N
P Equivalent bearing load N
Q Total heat flow w
Qe Heat flow across housing surface W
Qruh Heat flow across foundation W
Qrgt Heat flow across shafts and couplings w
Re Reynold's number —

Ra; [, |Arithmetic average roughness of pinion and gear wheel pm

R7 Average roughness depth pm
Rz Reference roughness depth for worm gear units (Rz; = 3 um) pm

S Size factor of-bearing —

t Duration min
Ty Hydfaulic loss torque N-m
Ty Total bearing loss torque N-m
Tuih No-load bearinglosstorgue N-m

TyLp12 |Load dependent bearing loss torque N-m
Tyal | Temperature of housing wall K
Tair Cooling air temperature K
Tperm | Maximum permissible gear unit temperature K
T, Ambient temperature K
u Gear ratio —
© ISO 2001 - All rights reserved 3
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Table 1 (continued)

Symbol Meaning Units
U Circumference of the foundation m
% Mean peripheral speed m/s
Vi Tangential speed m/s
Vio Reference tangential speed m/s
V('J” Qil injection rate I/min
Vo Reference oil injection rate, Vg = 2 I/min l/in
Vgm Mean sliding speed m/s
Vgs Helical speed m/s
Vgy1,2 | | Total surface speed at tooth tip m/s
Vg Oll jet velocity m/s
Vi Peripheral speed at pitch circle m/s
Vio Reference speed, v;p = 10 m/s m/s
Vair Impingement velocity m/s
Vsc Sum velocity at pitch point m/s
Vsh Sum velocity in direction of tooth depth m/s
Vsm Mean resultant sum velocity m/s
Vsg Sum velocity in direction of tooth length n/s
X Addendum modification factor +
XL Oil Lubricant factor 1
Xr Roughness factor 1
Y Axial factor from bearing tables, Y for F_/F, > e +
Yw Material factor 4+
z Number of teéth 1T
oun | |Heattransfer coefficient at gear unit foundation W/(mn2K)
.4 | JAirside heat transfer coefficient at housing W/(fn2K)
Oon  |Heat transfer coefficient due to convection W/(mZ2K)
oy free | Heat transfer coefficient due to free convection W/(m2K)
Ok forced | Heat transfer coefficient due to forced convection W/(m2K)
Ol Oil-side heat transfer coefficient W/(mZ2K)
Oraq | Heat transfer coefficient due to radiation W/(mZ2K)
ot Heat transfer coefficient at rotating shafts W/(mZ2K)
4 © IS0 2001 - All rights reserved
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Symbol Meaning Units
a;h,face Heat transfer coefficient at the face of a shaft W/(m2K)
o Transverse pressure angle °

%,: | Working pressure angle °
yij Helix angle °
yix Helix angle at base circle °
S Thickness of one fin m
Sdvall | Mean housing wall thickness m
£ Emission ratio of gear unit housing —
&, Profile contact ratio —
& Addendum contact ratio, pinion/gear wheel —
Ay Thermal conductivity of foundation W/(mK)
Awal | Thermal conductivity of housing W/(mK)
As Thermal conductivity of shaft W/(mK)
Y7, Coefficient of friction —
Mk Mean coefficient of friction of the gear mesh —
Va0,100 |Kinematic viscosity of oil at 40 °C, 100 °C mm2/s
Voi Kinematic viscosity of oil at operating temperature mm?2/s
Vai Kinematic viscosity of air m2/s
o Equivalent radius of curvature at pitch point of contact mm
Pn Equivalent radius of curvature, normal section mm
P1s Density of oil at 15-.°C kg/m3
Poi Density of oil.at eperating temperature kg/m3
w Angular yelocity rad/s
n Efficiency —
% Finefficiency —
oi Dynamic viscosity of oil at operating temperature nPa-s
9y | Oil temperature °C
9, Ambient temperature °C
n"  |Temperature ratio —
y Coefficient of friction of a warm gear unit —
0 Basic value of the coefficient of friction of a warm gear unit —
© ISO 2001 - All rights reserved 5
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Table 1 (continued)

Indices Meaning

0 Load independent
1 Pinion
2 Gear wheel
C Referred to the pitch point
m Medium-circlefor-bevel-and-hypoid-gears
n Normal
% Equivalent spur gear for bevel and hypoid gears
P Load-dependent

3 Principle

3.1 General

When pojer is transmitted by a gear unit, losses occur at the various components which are converted intp heat.

These lo
dissipatio

quasi-stalionary state, a gear unit temperature can be reached which{.in'the case of high values, results in r
bw oil film thicknesses in contact surfaces and reduced-load carrying capacity with pitting, wegr and

ageing, |
scuffing @

From cal
splash-lu
of injectid

3.2 Pufrpose and applicability

With the

no-load §nd load-dependent losses ofiexternal and internal cylindrical gears, bevel, hypoid and worr]

systems,
calculatig
The heat
convectid
via the lu

The calcd
are not ¢
than 100

The systq

5ses, together with the drive power, determine the efficiency of the gear unit. Depending on th
n via the lubricant to the housing, and from there to the envifronment or via oil cooler to the coo|

f tooth systems and bearings, as well as a reduction in the service life of the seals.

bricated gear units, and the quantity of heat to be dissipated via the oil flow and the oil cooler in th
n-lubricated gear units.

Calculations given in this part of ISO/TR 14179, it is possible to determine the power loss of gear sy

the bearing, no-load and lpad losses of anti-friction and journal bearings, and of radial shaft sea
ns can be applied to single)and multispeed gear units, torque-dividing gear units and planetary geal
dissipation is calculated as free or forced convection, or both, as radiation from the housing, as
n and radiation fromy-shafts and couplings, as heat conduction into the foundation and as heat diss
pricant and an external cooler when using injection lubrication.

lation is validfor quasi-stationary conditions; non-stationary conditions taking account of the heat c
bvered. Calculation can be carried out in the case of gear units with intermittent duty (duty factor
%) andiintthe case of variable loads and speeds, introducing a quasi-stationary equivalent input po

e heat
ant, in

apid oil

Culation of the thermal balance, it is possible to determine the anticipated steady-state temperafure for

e case

stems,
n gear
s. The
I units.
forced
ipation

ppacity
of less
ver.

way (see

m-limits are to be defined by the user such that all components of the heat input are recorded in the same
1—_I)_|_l_r_t‘n_t_l_t_h_rh_h_l‘n—ﬂ_m't—rh—l_rmJ|gure - N particular, the fact ol whether heat fflows can be dissipated from the gear unit a

€ coupling

points or passing from the machines connected into the gear unit should be taken into account at the connection

points of

driving and driven machines.

For calculation of power losses and heat dissipation, the oil temperature is required. This must either be known or
estimated as set point; otherwise, it can be determined from iteration taking account of the heat dissipation.

The range of operating conditions assured by test rig trials is, where applicable, stated in the individual section of
calculation. Extrapolation past the stated range increases the uncertainty factor, but has proved to be an adequate

approxim

ation in wide ranges.
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rot
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Key
1 Geprunit 6 Radiation
2 Enyironment 7 Conduction
3 Input power, P 8 System boundary
4 Oulput power 9 OQilinlet
5 Copvection, Qc, 10 Oil outlet

Figure L.=/Individual heat flows on a gear unit (diagrammatic)

4 Eguivalent transmitted power

The mean equivaléat-transmitted power, P,.,, definitive for heat calculation, is determined for geaf units in
continyous servicewith constant nominal loading from the rated power, P,. As brief external or internal pverloads
do not|play any:part in the thermal balance, and neither is the internal heat distribution taken into account, in every
case, &ll derating factors (e.g. in the case of gear calculation Ky, Ky, KHB and Ky,) should be assumed| as being
1,0. Ag with increasing load and decreasing speed the coefficient of friction increases, under operating g¢onditions

W|th et 1l tranemittad nowwar tha mact rinfavnuirahla ~canditinne ara nracant at claw cnaadc
teteHSHH eGP oWe eHoStuRatOuase-CoRaoRSare-pPHeSe Rta+S1IoW-Speeas:

In the case of variable load conditions as a function of time, or in the case of gear units with a duty factor of less
than 100 %, the equivalent transmitted power should be based on the power that assumes a maximum value
averaged over the period recognized for quasi-stationary conditions.

In the case of splash-lubricated gear units, a quasi-stationary condition is obtained in respect of oil temperature

after 1 h to 3 h, depending on gear unit design. As a guide, one can assume the period until a largely quasi-
stationary temperature is reached as being 1 h.

© 1SO 2001 - All rights reserved 7
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As an approximation, therefore, the maximum possible mean power in this period can be substituted as the thermo-
equivalent transmitted power. The following will apply:

P1t1+P2t2 Pntn
I:)Aeq =

@)

t1+t2 +... tl’l

In the case of gear units with a duty factor of less than 100 %, the thermally equivalent power, Ppeq: is determined
from:

Paed=EDPa (2

with the pduty factor ED as the operating time related to the total time. Here is it assumed that stationary and
operating times are distributed uniformly over the operating period. When specifying the duty factor of electric
motors, the reference period is usually based on t =10 min.

duty factof is assumed to be linear in the standards, as in Equation 2. For electric motors, the square root of the duty factor is
substituted. For gear units, in one manufacturer's catalogue the cube root of the duty factor is\dsed. In these cases the input
power, P,|, has to be substituted by P, in the following clauses.

NOTE As an aid to decision for Equation 2 in the determination of the thermally equivalent powey:for journal beari:{gs, the

5 Power loss

5.1 General
The total [power loss, Py, produced in a gear unit consists of the-load-dependent and the no-load losses of the tooth

systems,|P,,», and of the bearings, P, , as well as the load:independent losses of the seals, P, and other gear
unit components, Pyy:

Py F Pyzo + Pyzp + PyLo + PuLp + Pyp + Pyx (3

The efficiency 7 is then determined with the transmitted power P, from:

. @

=15,

5.2 Gdar losses

5.2.1 Gegneral

The totall gear losses consist of the no-load dependent component, P,,,, and the load-dependent component,
Pyzp. Fof cylindrical’ gears, bevel gears and hypoid gears, these are determined separately according to Niemann
and Winfer [1.2}"and jointly for worm gears. The losses of the bevel gears are calculated on the eqyivalent
cyIindric%I gear system, those of hypoid gears on the equivalent crossed helical gear system [2.

5.2.2 No-load gear losses for cylindrical, bevel and hypoid gears

5221 General

The no-load gear system losses are determined according to Mauz [3l. In the case of the arithmetic formulations
derived by Mauz, no distinction is made between splash and squeeze losses, as, according to his investigations,
the squeeze component is negligible.

8 © 1SO 2001 — Al rights reserved
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5.2.2.2  Splash lubrication

The total hydraulic loss torque, Ty, of a gear stage is determined using the following:

v
Ty =CgpCye Yo (5)

The splash oil factor, C,,,, takes into account the effect of the splash oil supply, dependent on the immersion depth
(Figures 2 and 3). The factors C, and C, state the effect of the tooth width and the immersion depth. In the case of
low imPersion depths, no effect of viscosity was measurable. For high immersion depth, contradictory nesults for

the influence of viscosity were found: In some cases, power loss increased with increasing viscosity, Whilg| in others

it decr¢ased. Therefore no account was taken of viscosity in the calculation equation.

he2
he, max

Lo

Figure 3— I =4Ag /Uy

© ISO 2001 - All rights reserved 9
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15
_ (4he,max J 2hc

Csp = (6)
P 3h, Ih
hey +h b’
C,=0,063 (M] +0,0128 (—J (7)
heo bo
c,=lerthez g5
80h..q
with hgg 5 10 mm, by = 10 mm, v, = 10 m/s
The no-Igad power loss can be calculated by multiplying the no-load torque with the angular velocCity of tHe gear
wheel of the stage. The total no-load power loss is the sum of the no-load power losses of each\stage.
stage an
Puzd = D Thi— 8
VZ( g, Hi 30 (8)
where Ty, is the loss torque and n; is the rotational speed of the gear wheel of the'gear stage i.
5.2.2.3 | Injection lubrication
Evaluation of the experimental results in accordance with Mauz resulted in the following equations, where T}, is the
loss torgye and dyy, is the pitch circle diameter of the gear wheel.of'the stage.
— Injedtion into the point of engagement:
-\ -9 15 0,065 0,18 1.05 15(\'/01/\'/0)0’1
T =167-107° poii Vol dyy (V¢ —Vs ) +82:107 poiy di” Vi oo M=o bo v o e +0,1 9)
with fhe reference oil injection volume Vg = 2 I/min.
— Injection into the point of disengagement:
Th = 8,33-10 7 pgiNigidyy (vy +Vs) (10)
The equations are notddimensionless. The constants have been chosen so that on substitution of the individual
variables|in the units,Stated, the loss torque, T, in Newton metres, is obtained for both equations. The loss|torque
thus calcylated applies to the mating gear pair. The power loss of a pair of gears is obtained by multiplication of the
loss torque, Tyby the angular velocity, o, of the gear wheel of the stage. The total power loss of all pairs of gears
is obtaingd by totalling the individual losses, according to (8).

Application of the two equations is restricted by Mauz to the operating and design parameters contained in Table 2.
Additionally, the distance between gears and walls has to be big enough to prevent a pumping effect. Sample

calculatio

10

ns show that the equations can be usefully applied well in excess of this range.
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Range of variation
Influence variable Formula Unit

from to
Reynold's number Re = v, d IV — 4125 531 428
Relative immersion depth 2 h,/d, — 0,04 2,0
Tip circle diameter dy mm 132 248
Tooth|width b mm 10 50
Immetgsion depth he mm 5 135
Modulus m mm 3 6
Peripheral speed Vi m/s 10 50
Kinenatic viscosity Voil mm2/s 15 240
Density of oil at 15 °C P15 kg/m3 855 gs1
5.2.3 |Load-dependent gear losses

Generally, the Coulomb law is applicable to local power loss:

By

NOTE

with th
each p

As the
possib
spur, i

=

where

R4

Xy

zp = Fn (%) K (X) vg(x)

Pyzp: per engagement, not for planetary gear units.

oint, x, of the path of contact.

coefficient of friction only changes slightly with the variable operating conditions on the path of co
e for the purpose of approximatioh t0 assume an average coefficient of friction. This can be deter
evel and hypoid gears according to the following equation:

0,2
|, = 0,048[—':/ b] 1o 2Ra%% x|
Vs p

| =0,5 (Rayy¢ Ray), and the lubricant factor X, according to Schlenk [141:

= 1;0for mineral oils;

XL =08 for Innlynlfnnlpfinq and esters;

e local values of the tooth normal force, F,(x),"the coefficient of friction, x(x), and the sliding speed

(11)

, vg(x), at

htact, it is
mined for

(12)

X_ =0,75 (6/vy)%2 for polyglycols;

X_ = 1,3 for phosphoric esters;

X_ = 1,5 for traction fluids.

© ISO 2001 - All rights reserved
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When calculating #,,,,, the following limits have to be observed:
— vs forv, < 50 m/s
for v, > 50 m/s, vs for v; is calculated as being = 50 m/s

— F/b > 150 N/mm;

for F/lbh< 150 N/mm V7. for F/b is calculated as hping =150 N/mm

In Equatipn 12, the following should be substituted:

spur gear helical gear bevel gear (equivalent spur gear) hypoid gear
F =Fy =F;/cos ¢ =Fomt = Fmt / COS & =F, - cos S,
b =b =by=0,85b =0,85b,
Vs =2-V;-sin gy =2 Vi SIN 0y =V
P = Pc, red / €OS Bo = Pcn ! c0s By =Pn

For worn gear units, the coefficient of friction z, is calculated separately;~as shown on 5.2.6.

5.2.4 Lo¢ad-dependent gear losses for cylindrical and bevel gears

Calculatign of the load-dependent gear power loss, Py,,p, in accordance with Mauz:
Pvizp = PalmzH Yy (13)

with the gverage coefficient of friction, 4,,,, in accordance with Equation 11 and the tooth loss factor, H,:

Hy Lty (1-eq +2f +3) (14)
- (1-g, +ef +&
V' zucos g, o TEL T2

For bevdl gear stages, Equatioh./14 has to be calculated with the equivalent spur gear according| to [
(U—Uy; 2421, By—Bub; €6 B E161; 2&2)-

5.2.5 Load-dependent gear losses for hypoid gears

Calculatign of the Jead-dependent gear power loss, Py,,p, for hypoid gears on the equivalent crossed helicpl gear
system ir{ accordanee with [2:

Pvzg =Fn - Vgm - Hmz (15)

with the average sliding speed Vgm according to [2] from:

(ngl ~Vgs ) S+ (VgYZ ~Vgs ) i (16)

2 (vgyl +Vgy2 — 2vgs)

Vgm =Vgs +
and with the average sum velocity, vy, to calculate x,,,, from:

Vem = V¢ +VE, (7)

12 © 1SO 2001 — Al rights reserved
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cosﬂml]

COS fBo

Vyh =2-Vi1-COS By - Sinay,

5.2.6

Gear losses of worm gear units

The gear losses of worm gear units are calculated according to [2] from:

(18)

(19)

P

with th
depen

P

with th

=

z = Pyzp + Pyo = Pyio

e total no-load losses, P, and the bearing no-load losses, Py, in accordance with|2.2. T
lent gear losses Py, are obtained from:

zp =Fn H#zVgm

e coefficient of friction z, from:

0,5 0,25
TRV LU I (.
4 z0'W VZ RZO

The b

standayrd conditions Rz, (~ 3um), oy and v, | vy in a twin-disk testrig. For guide values, see Figure 4.

The material factor, Y,,, takes other material combinations(into account; for guide values, see Table 3. T

given
be mu

The rgtio of average sliding speed, Vgm: 1O SUM velocity, vs, can be taken from EDP programs, for e

accord
X=+0

If no
bottom

By

5.2.7

Investi

sic value of the coefficient of friction 1,5 can be determined for any material/lubricant combin

re valid for a case-hardened and ground worm. For through-hardened, unground worms, the valu
tiplied by 1,2.

5 VgmlVs = 2,2.

measurements are available;-the following can be assumed for gear units with anti-friction
-mounted worm and oil-splash lubrication for the total no-load power loss, Py [2]:

4

o=a| L |%| Y40 g0 |.107
60 183

Planetary gear units

hations had not been completed at time of publication.

(20)

'he load-

(21)

(22)

ation and

he values
s should

ample in

ance with 4. Guide values for ZI, ZA;;ZN and ZK worms, where x = 0: Vgm/Vg = 2,7; for ZH worms, where

bearings,

(23)

5.2.8

Total load-dependent gear losses

To determine the total load-dependent gear losses each part has to be added:

stage

Pyzp = 2 Pyzp,i

i=1

© ISO 2001 - All rights reserved
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N
' \ \
\\<><
\
0,01 \\\
0,008

0 0,05 02505 1 25 5 10 15
Average sliding speed, vgm,, m/s

Average cpntact stress: opy = 300 N/mm?

Slide-roll ratio: vgm/vs =1

Material cpmbination:

— worn]: hardened and ground steel (Rz= Rz, = 3 gim)

— worn gear: centrifugally cast bronze, GZ-CuSn12.
Injection t¢gmperature: 9,; = 80 °C.

2 Polyglycol v4q = 150 mm?/s.

b Minerdl oil v4q = 180 mm?/s.

¢ Mineral oils to British Standard!

Figure-4’— Coefficients of friction according to tests on the twin-disk rig [4]

Table 3 — Guide values for material factor, Yy

Worm material Material factor

W
GZ-CuSnl12Ni 0,95
GZ-CuSnl2, GZ-CuSn10Zn, GZ-CuSnl14 1,00
GZ-CuzZn25A15, GZ-CuAl10Ni 1,10
G-CuSn12Ni 1,20
G-CuSn12, G-CuSn10zn, GGG-70 1,30
G-Cuzn25AlI5, G-CuAIl11Ni, GG-25 1,40

14 © IS0 2001 - All rights reserved
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5.3 Bearing losses
5.3.1 Rolling bearings

5.3.1.1 General

The bearing loss torque, Ty, , in Newton metres, is calculated in accordance with the approximation formulae given
in [5. Here, the loss torque is split into no-load, Ty, ,, and load-dependent, Ty, p;, parts. In the case of axially
loaded cylindrical roller bearings and axially loaded needle roller bearings, an additional loss term, Ty, p,, OcCcurs,

h' h Ie—depandaent-an-th ra-a-eHAHE il aad-throict
wnic St pCratr o e Tagrirtoat o e Cro oSt

These|components are calculated separately and then added together to give the following for the tatalHods torque:
TYL =Tvio +Tvipr + TuLp2 (25)

5.3.1.7 No-load bearing power loss

This cpmponent depends on the bearing design, the type of lubrication, the viscesity of the lubricant and the
bearing speed.

For th¢ range, v,;:n < 2 000 mm2/s min., the following is valid:
Y0 =16-10"8fyd> (26)
For the¢ range, v,;:n > 2 000 mm?/s min., the following is valid:
Tyo =102 ¢ (vyn) 22 d 2 @7)
The cdefficients, fy, depend on bearing type and bearing lubrication (see Table 4).

5.3.1.3 Load-dependent bearing powerloss

For cglculation of the load-dependeft, bearing loss torques, Ty p; and Ty p,, the following relationship applies
according to [31:

TvLpi:

T py = f1-P13d2 2072 (28)
where

f is from Table 5;

P isfrom-Tabte5;

aand b are according to Table 6.
TyLp2:

— for radial loading:

Typ2=0

— for cylindrical roller bearings with additional thrust loading:

© 1SO 2001 - All rights reserved 15
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Tupz = f2 Fa-dpy 1073 (29)
where

f, is from Table 7

Table 4 — Coefficient, fy @

Type of lubrication
Bearing design e Al et Al ot QOil injection, oil bath with
i T U vertical shaft

Deep-groove ball bearing:

singje-row 0,75...2b 1 2 4

double-row 3 2 4 8
Self-aligiing ball bearing 1,5..2° | 07..1b 1,5..2b 3.4
Angular tontact ball bearing:

single-row 2 1,7 3,3 6,6

double-row 4 3,4 6,5 13
Four-poipt contact bearing 6 2 6 9
Cylindricl roller bearing (cage):

Series 10, 2, 3,4 0,6 15 2,2 2,2¢

Seripes 22 0,8 2,1 3 3¢

Serips 23 1 2,8 4 4c¢
Cylindricl roller bearing (full roller)

single-row 5d — 5 —

double-row 10d — 10 —
Needle rpller bearing 12 6 12 24
Self-aliging roller bearing:

Serips 213 3,5 1,75 3,5 7

Serips 222 4 2 4 8

Serips 223, 230, 239 4.5 2,25 4,5 9

Serips 231 55 2,75 55 11

Seripes 232 6 3 6 12

Series 240 6,5 3,25 6,5 13

Serips 241 7 3,5 7 14
Taper roller bearing:

singje-row 6 3 6 8...10b.c

double-row 12 6 12 16...20b.¢c
Deep-grpove ball thrust'hearing 55 0,8 15 3
Cylindricgl roller thrust‘bearing 9 — 3,5 7
Needle rpller thrust bearing 14 — 5 11
Self-aliging reller thrust bearing:

Seri’Es 292 E — — 25 5

Serips-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

The shown values are valid for steady conditions. For lately greased bearings (2...4), f; is to be used in the calculation.
The low values apply to the lightweight bearing, and the high values to the heavyweight bearings of a bore series.
Valid for oil injection lubrication. For oil bath lubrication and vertical shaft, the shown value is to be doubled.

Valid for low rotation speed up to 20 % of the reference rotation speed (see bearing tables). At higher rotation speed, the
o value is to be doubled for the calculation.

o o T 9

—h
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Table 5 — Coefficient, f;, and equivalent bearing load, P,

Bearing design

f1

p, 2

Deep-groove ball bearing

(0,000 6...0,000 9) (Py/Cy)®5

3F,-0,1F,

Self-aligning ball bearing

0,000 3 (P, /Co)04

1,4 Y,F,-0,1F,

Angular contact ball bearing:

single-row 0,001 (P, /C,)0:33 Fa—01F,

double-row 0,001 (Py/C)0.33 14F, —01F,
Four-point contact bearing 0,001 (P, /C,)0:33 15F, +3,6F,
Cylindrical roller bearing (cage):

Series 10 0,000 2 %

Series 2 0,000 3 F e

Series 3 0,000 35 F

Series 4, 22, 23 0,000 4 F
Cylindrical roller bearing (full roller) 0,000 55 F ¢
Needle roller bearing 0,002 F,
Self-aligning roller bearing:

Series 213 0,000 22 1,35 Y,F, if F/F, <|Ys

Series 222 0,000 15

Series 223 0,000.65 F, [1+0,35 (Y, . F /i3]

Series 230, 241 0,001

Series 231 0,000 35

Series 232 0,000 45 if FIF, > Y,

Series 239 0,000 25

Series 240 0,0008 (valid for all series)
Tapenroller bearing:

s|ngle-row 0,000 4 2YF,4

s|ngle-row, doubled 0,000 4 12Y5F,
Deep-groove ball thrust bearing 0,000 8 (F,/C,)9-33 Fa
Cylindrical roller thrust bearing, needle
roller thrust bearing 0,0015 Fa
Self-aligning roller thrust bearing:

Series 292°E 0,000 23 Fa (Frmax < 0,55 Fy)

Series 292 0,000 3 (valid for all series)

Series.293 E 0,000 3

Serfes293 0,000-4

Series 294 E 0,000 33

Series 294 0,000 5

a8 If P, <F, P, should be calculated as = F,.

The low values apply to the lightweight bearings; the high values to the heavyweight bearings of a bore series.
¢ For additionally thrust-loaded cylindrical roller bearings, T, p, has to be introduced.

© ISO 2001 - All rights reserved
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Table 6 — Exponents, a, b

53.14

From the

PuL

532 P

The pow
statemen

Bearing series a b
213 1,35 0,2
222 1,35 0,3
223 1,35 0,1
230 15 -0.3
231, 252, 259 1,5 -0,1
240, 241 15 -0,2
Exponents for self-aligning roller bearing.
For other bearingsa=b =1,0.

Table 7 — Coefficient f, for cylindrical roller bearings

Type of bearing Type of lubrication

grease oil

Bearing with cage:

EC design 0;003 0,002

all others 0,009 0,006
Full roller bearing:

single-row 0,006 0,003

double-row 0,015 0,009

Total bearing power loss
calculated loss torque, Ty, {it)is possible to calculate the total bearing power loss, Py, , as follows:
bearing bearing o
= Z (TVL,i of ) A Z TuLi—on-
. . 30
i=1 i=1
ain bearings

br loss~of hydrodynamically lubricated radial and thrust bearings is calculated in accordance w
ts-in the relevant DIN standards.

(30)

ith the

Radial journal bearings as fully and partially surrounding regular cylinder bearings are calculated according to
DIN 31652 [€], and as sectioned surface and tilting pad bearings according to DIN 31 657 [7].

Calculation of journal thrust bearings as segmental thrust bearings is given in DIN 31653 [8], and as tilting pad
thrust bearings in DIN 31654 [9].

18
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5.4 Shaft seals
For non-contacting seals, it can be assumed as an approximation that no contribution to power loss occurs.
A calculation statement for radial shaft seals is stated in [10]:
Pyp =7,69-10 8d3n (31)

Other types of seals, such as mechanical seals, are not covered here.

6 Hepat dissipation

6.1 GGeneral
The ggnerated power loss, Py, in the gear unit is balanced by the dissipated heat, Q, at'thie equilibrium terpperature

level #};. The latter consists of the heat dissipation via the housing, Q.,, via the foundation, Qg Vvia gonnected
shafts pnd coupling, Q,y, and, in the case of injection lubrication, via the heat transpert of the cooling oil flow, AH:

Q|= Qca + Qfun + Qrot +AH (32)

From the equilibrium of heat quantity supplied and dissipated, it is possible by iteration to calculate the mean gear
oil temperature, Y, occurring. In the case of injection lubrication;'it’is additionally possible, for a givgn 4, t

calculdte necessary heat dissipation via the cooling oil flow and thus to obtain data for the required oil flow rate and
cooler design.

6.2 Heat dissipation through the housing

The qyantity of heat dissipated through the housing.by convection is calculated from:
Q kAca( oil — oo) (33)
In the qrea of housing, A_,, the bottom is not included.

The hgat transmission coefficient,) k, includes the internal heat transfer between oil and housing, [the heat
condugtion through the housing wall and the external heat transfer to the environment:

1_ 1 Aca WaII Aca+ 1 (34)
K| @il Aoi lwall Aoil  Cca

As a riile, the heéat'dissipation via the housing is determined by the larger value air-side thermal resistarce at the
housing surfaee* The first two terms in the above equation can then be neglected. For high air velocities|and thus
good gxterhal heat transfer it will possibly be necessary to take account of the oil-side heat transfer as Well. As a

insulation and non-metallic housrngs The approprrate coeffrcrent of thermal conductron ﬂwa”, has to be introduced
for the housing material in question.

The air-side heat transmission, ¢,

car incorporates a convection part, ¢,

~on» @nd a radiation part, o

Ocq =&con T Xrad (35)

© 1SO 2001 - All rights reserved 19
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The radiation part can be calculated from:
Toal + T )
Orag = 0,23-10 6{%) (36)

where the emission ratio, &, is given in Table 8.

Table 8 — Emission ratio, &

Material Condition Emission ratio ¢
Grey capt iron GG Casting scale 0,60...0,80
Lathed or hobbed 0,35..,0,45
Steel Rolling skin 0,80...:0,90
Lathed or hobbed =~ 0,15
Hobbed and oil covered =~ 0,35
Sandblasted = 0,35
Sandblasted and oil covered 0,50...0,60
Aluminigm Oxide skin ~ 0,15
Lathed or hobbed 0,05...0,10
All matefrials painted With and without oil or dust cover 0,90...0,95

The conyection part can originate from free or forced-€énvection. According to investigations by Funck [}, the
following |can be stated:

Aair J Aair R
A cor| = QK free [1_ + 0K forced 7 L 7 (37)
Aca Aca
where
77* i Twall _Tair (38)
TWaII =T,

For housings without thermal finning, the following can be stated.

For free gonvectioh (v, < 1,5 m/s):

=01 {Tvvaii =T_ \0’3
oK, free =18Nca LT—J (39)
For forced convection (v, > 1,5 m/s):
0,0086 (Re’)*®*
O, forced = | (40)
X
where
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Re’ = |Re? +E (41)
2,5
irl
Re = —air X (42)
Vair

Gr = g hga (Twall - Too)

2
T, Vajr

(43)

with v,f, = 15,6 - 106 mm?/s.

For hopsings with thermal finning in accordance with Figure 5, the following is valid.

Xyl

Key
1 Ervironment
Oil film
3 Oil sump

Figure 5 — Housing with thermal finning

For free convection (A, = 0):

Afin
Qg =

A
[“K,free + rad M]”f + [1_ A:n J(aK,free + arad) (44)

a Afin a

with the fin efficiency, 7.

_ tanh (ml fin)

ne = (mlfin) (45)
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where
con T Xrad A,
m= fin (46)
Sfin Ain
For free convection and ventilated fin surface (Aq, = Ayjp):
G E Ao Az ( )
alr alr
Oca [ QK forced 71 +O0rad | 7t +L1_ J OK free T %rad (47)
Aca L Aair J Aca
For free gnd forced convection (A, > Agp):
Aair J Aair — Afin * Afin * AP"O
Oca ¢ [1_ Ok free T Qrad |t — . |&K,forced 77 +()5rad)+_ Ok, forced TN+ Crad—— | 71| (48)
Aca ( ) Aca ( Aca Afin
6.3 Heft dissipation via the foundation
Calculatign of the foundation conduction is based on division of the gear unitfoundation into several single fins and
uses the fin equation known from thermodynamics. The component heat flows along the surfaces, A, are added to
the overall foundation conduction (Figure 6).
. %fun ,tanh(me,)
/1fun mi*
Qtun| =  Afun ATfunz, Aqimi p (49)
i=1 1+¢”*tanh(mi”li)
fun M
0,16
f =146 (—Afo‘)t) (50)
ot
ATgh =0,62 (T - T..) (51)
U .
m| - afun | (52)
AtunAqgi
with
Atun from Table™0.
In the cageof heat dissipation of the foundation in an upward direction only (insulated underneath), m" =p,75 m
should be assumed; in the case of heat dissipation of the foundation upwards and downwards, m;’ = m should be
assumed.
22 © 1SO 2001 — Al rights reserved
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Xfyn

Fin
Fin|
Fin|
Fin
Ge

1
2
3
4

Ar unit

Folindation

Afun/ Aq3 = AqL/

3

\

Lo 2

kigure 6 — Heat dissipation through the foundation

Table 9 — Thermal conduction, A

_ Thermal conduction, 4
Material
W/mK
Aluminium 180
Steet 50
Grey cast iron GG 42
Concrete 1
Air 0,027

23
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6.4 Heat dissipation via shafts and couplings

Calculation of the heat dissipation via shafts and couplings also uses the fin equation. The heat transfer coefficient,
oot 1,2, effective at the shaft and coupling surface, is calculated iterating as a function of the shaft speed according
to [12] (see Figure 7).

L1 3
/ /
/ 9 /A Krott
/ "4
/ / j
/
;' / /_ aroﬂ
Lda,la; 4 |
ZE e Tuulas
o5 17 g Lin, 5 17 =
S| | o —p——11t—1 = v —t S
s © / s S8 / s
/ /
/
4 /
/ ;
; ; Oy sT
/ ; OW,Sf
A L L1y % [sh L4

Key

1  Gear|unit
2  Shaftend
3 Cougling half

Figure 7 — Equivalent system of shaft end and coupling flange

According to Figure 7, the following isvalid for the shaft/coupling system, divided into two equivalent systemg:

Qrot|= Qrotr + Qrot2 (53)
with
a*
7/15h’;a1ce +tanh (mgplgp)
h Msh
Qrot] =4sh Msh Aq,sh (Tsh —Tw) | x=0 Sa* S (54)
sh face
TF———tanh (Mgl
Ash Mgh (Msh'sh)
and
Qrot2 = 41 Ma Ag,n1 (T —Too)‘ x=l g, tanh (mg 1) (55)

The cross-sectional areas, A, g and A, , are each calculated from the equivalent diameters, dgy, and dy (Figure 7).

The heat transfer coefficient, oy, tace, €quivalent to the heat flow from the shaft to the coupling, is calculated from
the relationship:
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* AgmgAgqtanh (mglg)
Zsh,face = a A (56)
g,sh
The variables mg;, and my, follow from:
o
Mgp = 2 fotd (57)
® ﬂ'shdsh
and
Zrot2
my = 2 |=fote (58)
\ Aadg
with
Agh, 1 from Table 9,
where [the heat transfer coefficients at shaft and coupling, related to thesegquivalent diameter, are ¢alculated
according to Dropkin [12],
Dropkinh states equations for calculation of heat transfer coefficient at-rgtating shafts as a function of the Reynolds
numbgrs for three different ranges:
For Re|< 2 500:
Nu=0,40 Gr%% (59)
For 2 300 < Re < 15 000:
2 0,35
Nl = 0,095 (0,5Re +Gr) (60)
For Rel> 15 000:
Nb=0,073 Re®’ (61)
where
nnd 3
L _ shfl (62)
60Vair
o d
Nb= rotl2- sh fl (63)
ﬂair
3 Tgpf—Te
Gr = g(2,5dsh,ﬂ) S—Z (64)
wVair

The average temperatures of shaft and coupling, Ty, and Ty, are obtained from integration of the temperature
variation along the length of the shaft, Iy, and the coupling, Iy, where the relationships known from
thermodynamics for the rod of finite length can be used for calculation of the temperature variation.

© ISO 2001 - All rights reserved
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For the over temperature of the shaft at the point x =0, the following is substituted as an approximation:

(Tsh

_Too) ‘ x=0 = (Toil _Too)

(65)

In the experiments with actual gear units, the over temperature at the beginning of the shaft was approximately up
to 20 % below the oil over temperature.

The over temperature at the beginning of the coupling equivalent cylinder must be determined by iterating, it being

assumed that:
(Th1T-) ‘x:lshz(Tsh -T..) ‘x:lsh (66)
and
Toil = Teo
(Tah =) [ xetgn = o (67)
cosh (mgplgh)+ shface  ginh (Mshlsh)
Ash Mgh
Calculatign is simplified if, instead of the integration, the mean temperature differences (Tg, {4 — T..) are avpraged
arithmetigally from the over temperatures at the beginning and end of shaft and coupling. As the proportion pf heat
dissipatign via shafts and couplings is only approximately 10 % of the_total heat dissipation, this simplification is
generally| permissible for practical calculations.
It is then frue to say that:
1 1
(Tsh —Tm,):E (Toil —Teo) | 14 R (68)
cosh (mshlsh)+%sinh (Mshl sh)
shMsh
and
(Tad 7o) = 2(Ten-To) |t [ ————— (69)
2 Tigh cosh (mﬂ |f|)
6.5 Heft dissipation via.an external cooler
The enthdlpic flow, AHg;;-via the lubricant to an external cooler is calculated according to the following:
AH g =1,67-10 Vg poiiCoiAJi (70)
Here, c ,leﬁ—rh'Dﬁ—b—rrrm—ﬁv—m—m—v—ﬁm—v*_ . Z Can be substituted as an approximation for the thermal capacity o1 the oil, irrespective

of the type of oil. As approximate values for the temperature difference in the cooler, AS

assumed:

— without cooler (only lines and pump outside the housing): 3K ... 5K;

— with cooler on large gear units, continuous operation usually at rated power: 10 K ... 15 K;

— with cooler on small gear units, periodic duty usually below 70 % rated power: 15K ... 20 K.

26

i the following can be

© 1SO 2001 — All rights reserved


https://standardsiso.com/api/?name=2e6106482e1f94823adb0308ab91a42c

ISO/TR 14179-2:2001(E)

7 Results of calculation

7.1 Splash lubrication

In the case of splash-lubricated gear units, the oil temperature occurring can be calculated by iterating from the
thermal equilibrium of supplied power loss and dissipated quantity of heat:

Py (Joit) = Q(Ioi)

(71)

If Equ
optimiz
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When
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7.2 |
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calculg
the co
individ
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8.1

For thq
8.2

8.2.1

htion (68) is not true, further iterative steps can be made. The calculation has to be modifieg
ed operating temperature, which can be obtained from the following equation:

[PV+19°°J+ 190”
~\%caAca

il,new =
2

A maximum permissible oil temperature is specified, it can be checked whethér‘the quantity of heat
e conditions can be dissipated:

(lgoil max) < Q(‘goil max)

5 not the case, the effectiveness of any modifications for reducing the power loss (e.g. oil viscosity

with an

(72)

occurring

(73)

, oil type)

ncreasing the heat dissipation (e.g. fins, fan) can be estimated. If such modifications are not adequate,
externgl cooling should be provided by changeover to injection lulrication.

njection lubrication
ection-lubricated gear units with specified, -désired oil injection temperature, the enthalpic floy

pler, it is possible to estimate the injectioh flow rate that will be required for heat dissipation
Jal friction points.

ample calculation

Seneral

calculation, a threeStage bevel/spur gear unit is chosen.
Seometry and surrounding conditions

Genesal

v can be

ted, which must be dissipated via the oil andian external cooler. For the possible temperature difference in

from the

In Fig

re-8. a schematic view of the gear unit is shown. It consists of the shafts (1), (11). (1), (IV), the

stages A

(bevel

gear), B, C (spur gears) and the bearings 1 to 8. The gear unit is splash-lubricated with mineral oil.
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