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Abstract.  In the gear meshing process, gear temperature field concerns the meshing surface friction, the friction 
heat depends on the contact pressure, the contact pressure is affected by the elastic deformation of gears and the 
temperature field caused by the thermal deformation, so the temperature field, stress field and displacement field 
should be mutual coupling. It is necessary to consider in meshing gear pair in the operation process of 
thermodynamic coupling contact stress (TCCS) and thermodynamic coupling deformation (TCD), and based on 
thermodynamic coupling analysis (TCA) of gear teeth deformation. 
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1. Introduction 
 

Gear transmission is a kind of constant power transmission relying on the teeth surface meshing 

to transmit motion and power (Zhang et al. 2006, Kim et al. 2007, Nikas 2010, Yang et al. 2009 

Czichos 2010, De Mello et al. 2009). In gear running process, influence of alternate meshing 

arising teeth load distribution and impact, the teeth surface contact stress appears uneven 

distribution, which is one of main factors determining the level of gear teeth temperature (Gayathri 

2012, Radhika 2014, Rout 2007, Wilke et al. 2011, Escobar Galindo 2009). In addition, 

thermal-elastic deformation caused by gear meshing will make teeth profile curve deviates from 

the standard involute, resulting appears strong shock and vibration in gear system (Hammes et al. 

2014, De Mello et al. 2013, Silverio et al. 2011, Hanesch 2009, Mironova-Ulmane 2007, Efremov 

et al. 2008).  

Although the size and distribution of teeth surface contact stress will directly affect the meshing 

surface friction heat flow, and has decisive influence on gear teeth bulk temperature (Marciano et 

al. 2010, Bendavid et al. 2010, Mo et al. 2009, Mo and Szlufarska 2010). Considering traditional 
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calculation method cannot accurately determine real stress distribution and deformation (Yang and. 

Martini 2013, Mishra and Szlufarska 2012, Mishra et al. 2012, Yang and Martini 2013). 

In order to understand the mechanism of thermodynamic contact status and coupling effects of 

gear pairs meshing state in the operation process, in the study, research and analysis on 

thermodynamic coupling according to teeth temperature field, displacement field and stress field 

of the gear system. The results of load deformation and contact strength have a theoretical 

significance in research warship gear system. 

 

 

2. The tribo-dynamics model 
 
In order to obtain the closed-form representation of the teeth surface, a geometric meshing 

theory is presented by combining a simplified equation of meshing with the geometric equation. 

The simplified equation of meshing is introduced by applying the vector form representation of the 

surface revolution to the equation of meshing, and then the geometric meshing theory is given as 

follows. 

Assume that the motion parameter of the generating process is , and then Eq. (1) can be 

formulated 

r(h, , ) o h l n(h, )          ( ) ( ) ( h) ,                    (1) 

Where, the parameter   is the velocity of the generating surface can be formulated 
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Considering Eq. (1) and Eq. (2) , then can be formulated 

do( ) dl( )
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d d
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  
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Considering Eqs. (1)-(3) can be rewritten as 

h o h 1                                 (4) 

Where, h  is the position vector. 

Following Eq. (3), Eq. (4) can be rewritten as 

h( ) o( ) h 1( )                              (5) 

The tangential velocities of the tooth flanks produce the effective. These velocities are variable 

along the line of action, with the constant angular velocities of the driving and driven gear wheels, 

respectively, are defined using the following equations 

h

do( ) dl( )
( h, ) h

d( ) d( )

 
 

 
                            (6) 

n(h ) h(h ) 0                               (7) 
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Where, h  is the position velocity vector.  

In the calculation model, Eq. (7) means that if   is a contact point, the normal of the 

generating surface at   is orthogonal to the velocity of the generating surface at h . The 

variable load is produced by the alternating meshing of several pairs of teeth. When gear pairs 

practically designed, normally alternate between single and double meshing. A special 

characteristic of the meshing equation for the generating surface is a surface of revolution. Another 

important feature of Eq. (7) is that h  is not related with the parameter , and this is helpful to 

represent the contact point as a closed-form expression in any chosen coordinate system. 

In this paper, when defining the structural material characteristics and the addition thermal 

expansion coefficient, the program selection with the same node structure unit of plane 42 and 

solid 45, the temperature field unit of plane 55 and solid 70. In the thermodynamic coupling 

analysis, node temperature obtained by solving the temperature in structural analysis as body load 

applied on the corresponding node. 

 

 

3. Experimental  
 
3.1 Experimental setup  
 

In this work, closed power-flow gear transmission testing bed (CPF) was used to conduct the 

tests. The CPF test bed is shown in Fig. 1. There were two pairs of spur gears including one pair of 

tested gears and one pair of driving gears.  

In this test bed, torque coupling was employed to obtain the torque load. A detachable lever was 

attached on the torque coupling, and then dead loads were applied on the lever to produce the load. 

The product of the lever length and the dead load was the torque load on the spur gears. The 

design of test bed was ideal for our tests because it can change the load and speed of spur gears 

easily to investigate their effects on TCA. 

 

3.2 Gears parameters 
 

Basic parameters of tested gears were presented in Table 1. 

 

 

  

 (a) Schematic of experimental setup  (b) Real experimental setup 

Fig. 1 Schematic of experimental setup and real experimental setup 
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Table 1 Parameters of tested gears 

Teeth form number 1 2 

Number of gear teeth, z1 and z2 18 36 

Normal module, (mm) 3 3 

Teeth width, (mm) 50 50 

Pressure angle, (degree) 20 20 

Driving gear speed, n1 (r/min) 2000 

Load factor, k 1.3 

Power, p (kW) 9000 

Young's modulus, E1 and E2 (GPa) 206 

 
Table 2 Material properties 

Poisson's ratio, μ1 and μ2 0.26 

Thermal conductivity, k1 and k2 (W/m·K) 46 

Density, ρ1 and ρ2 (kg/m
3
) 7850 

Heat capacity, c1 and c2 J/(kg·K) 470 

 

 

Test gears are made of SAE8620 steel, which has a hardness of 55 HRC. And gear surface 

roughness is 1.6-3.2 μm for all tested gears. The material properties of tested gears have been 

presented in Table 2. 

 

3.3 Lubricating oil 
 

In this section, tested gears were lubricated using oil splashing method. The oil was heated until 

the temperature reached 95℃ in an oil depot where the heater and thermostat were installed. 

Lubricating oil was pumped at a constant flow rate of 2.4 L/min from the nozzle to meshing point 

of tested gears on their engaging side. Material properties of lubricant were presented in Table 3. 

 
Table 3 Material properties of lubricant 

Viscous pressure coefficient, α (m
2
/N) 2.2×10

-8
 

Oil steady state temperature, T0 (K) 343 

Initial viscosity, η0 (Pa·s) 0.034 

Initial density, ρ0 (kg/m
3
) 884 

Thermal conductivity, K W/(m·K) 0.14 

Specific heat capacity, c J/(kg·K) 2129.87 
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4. Simulation results  
 
4.1 TCA of spur gear 
 
In order to obtain the stress situation of engagement gear in the whole process must calculate 

the stress of plurality engagement position. This paper focuses on calculating the stress state of 

several key engagement positions, considering the whole meshing process at least two pairs teeth 

in mesh, at the junction of two and three teeth meshing area, teeth surface load greater, the contact 

stress will greatly change.  

By changing the position of engagement angle, on driving wheel to rotate 35 degrees stress 

range, selected 16 meshing position of contact analysis. Different meshing angle gear deformation 

in Fig. 2. Different meshing angle gear stress in Fig. 3. 

 

 
Position 1: rotation angle 1, mesh node number 222, number of nodes from addendum 0 

 

 
Position 2: rotation angle 15.5, mesh node number 253, number of nodes from addendum 33 

 

 
Position 3: rotation angle 17.5, mesh node number 256, number of nodes from addendum 36 

Continued- 
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Position 4: rotation angle 20.5, mesh node number 249, number of nodes from addendum 40 

 

 
Position 5: rotation angle 35, mesh node number 234, number of nodes from addendum 55 

(Left are TCD nephogram, Right are Elastic deformation nephogram) 

Fig. 2 Different meshing angle gear deformation 
 

 
Position 1: rotation angle 1, mesh node number 222, number of nodes from addendum 0 

 

 
Position 2: rotation angle 15.5, mesh node number 253, number of nodes from addendum 33 

Continued- 
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Position 3: rotation angle 17.5, mesh node number 256, number of nodes from addendum 36 

 

 

 
Position 4: rotation angle 20.5, mesh node number 249, number of nodes from addendum 40 

 

 

 
Position 5: rotation angle 35, mesh node number 234, number of nodes from addendum 55 

(Left are TCCS nephogram, Right are Elastic contact stress nephogram) 

Fig. 3 Different meshing angle gear stress 
 

 

From Figs. 2 and 3 seen, when single teeth meshing to prepare double teeth position, rotation 

angle 20.5, number of nodes from addendum 40. When the single teeth just to double teeth 

meshing, this is the calculation of driven gear teeth tip modification position. When the single 

teeth meshing is just ready to engage out, this is the calculation of driving gear teeth tip 

modification position. Then thermal deformation analysis (TDA) of spur gear. 
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4.2 TDA of spur gear 
 

Thermodynamic deformation (TD) model and contact stress in Fig. 4, Elastic deformation (ED) 

model and contact stress in Fig. 5, Driven gear elastic deformation in Fig. 6, Driven gear thermal 

expansion in Fig. 7, Driving gear elastic deformation in Fig. 8. 

 

 

 

Fig. 4 Thermodynamic deformation model and contact stress 

 

 

 

Fig. 5 Elastic deformation model and contact stress 
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Fig. 6 Driven gear elastic deformation 

 

 

Fig. 7 Driven gear thermal expansion 
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Fig. 8 Driving gear elastic deformation 

 

 

Fig. 9 Spur gear along meshing line modification temperature contrast 

 

 

From Figs. 4-7 seen clearly, as the influence of gear teeth stiffness and thermal deformation, 

resulting in gear teeth thickness becomes larger; the maximum thermal deformation appeared in 

the addendum. From Fig. 8 seen clearly, after thermal deformation gear teeth become higher, the 

whole teeth are relatively larger; the calculated thermal deformation is 15.6 μm.  

 

4.3 Case study  
 
This paper proves that due to the presence of elastic deformation and thermal deformation, gear 

meshing impact cause stress concentration, which proves the necessity of gear modification. 

According to the thermal elastic deformation for gear calculation with modification curve formula, 

obtained the desired thermal elastic deformation, based on gear modification curve, and provide 

theoretical basis for the further study on the influence of friction heat flow on gear teeth surface. 
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Fig. 10 Each point of meshing line deformation 

 

 

 

Fig. 11 Each point contact stress of the meshing line 

 

 

 

Spur gear along meshing line before and after modification temperature contrast in Fig. 9. 

From the Fig.9 seen, the trend of temperature distribution along meshing line and ISO standard 

is same, according to TCA requires modification. 

 

 

5. Experimental results and discussion  
 

According to TCA results of modified spur gears influence on thermal elastohydrodynamic 

lubrication characteristics are discussed. By comparing the whole meshing teeth deformation of 

2D curve, thermal elastic deformation and elastic deformation of the same tendency, the former 

than the latter is higher than a certain value, the thermal deformation is nearly constant, the FEM 
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results with similar theory. Each point of meshing line deformation in Fig. 10. 

The gear teeth bending deformation caused by the contact stress, in this section, two pairs of 

spur gears are used to investigate their TCD using the present method. Each point contact stress of 

the meshing line in Fig. 10. 

From Fig. 11 contact stress curve can be found, when gear pairs will recess contact, its stress 

swells.  

 

 

6. Conclusions  
 

In this work, calculation on elastic analysis and thermo elastic coupling of spur gear pairs under 

meshing conditions. The conclusions can be drawn as follows: 

In a cycle of gear meshing, analyzed every rotating an angle gear contact stress, elastic 

deformation, thermodynamic coupling contact stress and thermal elastic deformation. 

Compared of the change rules, from the curve view, when the single teeth entering meshing and 

disengaging meshing, contact stress and thermal elastic deformation amount is maximum.  

Demonstrated that due to the presence of elastic deformation and thermal deformation gear 

meshing impact cause stress concentration, which proves the necessity of gear modification. 

Obtained the desired thermal elastic deformation, based on gear modification curve, provide 

theoretical basis for the further study on the influence of friction heat flow on gear teeth surface. 
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