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ANALYSIS OF LOAD CARRYING CAPACITY OF WORM GEARS FROM THE ASPECT OF ENGINEERING PRACTICE
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Summary: Worm gears have numerous advantages in regard to other transmission types, especially in compact design, large transmission ratio, reliability during operation, ability to suppress vibrations, as well as design advantages in division of power. Disadvantage of worm gears is a relatively low efficiency which lead to increased transmission heating, wear and decrease of the operating life. This paper presents analysis of load carrying capacity of representative family of worm transmitters which is of interest for the engineering practice. Based on performed analysis the recommendations for selection of relevant design parameters is given.
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1. INTRODUCTION 

Worm gears have a broad application in transport devices, transmission in vehicles, short term drives of machine tools and in fine-tuning and precision devices for transmission of movement. The load carrying capacity (LCC) of worm gears is calculated according to the standard DIN 3996 [1] by introducing dimensionless physical parameters – characteristic values for mean Hertzian pressure pm*, mean lubricant space width (h*) and mean sliding path (s*). The LCC in regard to pitting is currently determined based on average surface pressure σHlim calculated from the output torque T2 as the determining criteria for calculation of pitting safety. A prerequisite for the accurate determination of LCC in relation to wear is the exact knowledge of the local stress of teeth flanks for different meshing conditions. In worm gears, cases with no wear of tooth flanks are not known. Studies [9] showed that worm gears mostly operate in conditions of mixed lubrication. This means that the flank stresses are not determined by the hydrodynamic lubrication theory, but rather according to the Hertz theory i.e. depending upon curve radius and characteristics of material in contact. 
2. BOUNDARY STATES AND ANALYSIS OF LOAD CARRYING CAPACITY
The criteria for load capacity determination of worm gears is the worm gear torque or the output torque in worm reducers, which is directly coupled to the driven machine. The values of the output torque are limiting boundary states that can occur during transmission operation, such as: tooth flanks damage due to pitting, wear of flanks, root fracture of the worm gear teeth, thermal stability of transmission, scuffing and bending of the worm shaft.

For the analysis of LCC of worm gears a family of gear pairs with different centre distance is considered, as given in Table 1. Calculation of LCC was performed according to DIN 3995 [1] regarding to wear, pitting, root teeth fracture and thermal stability. The critical wear thickness is determined through normal tooth thickness at tip circle.

Table 1 Transmission data for different centre distances

	a = 63 mm
	Transmission ratio
	u
	
	9.75
	19.5
	29
	39

	
	Number of teeth of worm
	z1
	
	4
	2
	1
	1

	
	Number of teeth of worm gear
	z2
	
	39
	39
	29
	39

	
	Axial module
	mx
	mm
	2.5
	2.5
	3.15
	2.5

	
	Operative diameter of worm
	dm1
	mm
	26.5
	26.5
	33.5
	26.5

	
	Root diameter of worm
	df1
	mm
	20.5
	20.5
	25.94
	20.5

	
	Root diameter of worm gear
	df2
	mm
	93.5
	93.5
	84.94
	93.5

	a = 100 mm
	Transmission ratio
	u
	
	10.33
	20.5
	29
	40

	
	Number of teeth of worm
	z1
	
	3
	2
	1
	1

	
	Number of teeth of worm gear
	z2
	
	31
	41
	29
	40

	
	Axial module
	mx
	mm
	5
	4
	5
	4

	
	Operative diameter of worm
	dm1
	mm
	45
	36
	53.175
	40

	
	Root diameter of worm
	df1
	mm
	33
	26.4
	41.175
	30.4

	
	Root diameter of worm gear
	df2
	mm
	143
	154.4
	134.82
	150.4

	a = 250 mm
	Transmission ratio
	u
	
	10
	20
	31
	40

	
	Number of teeth of worm
	z1
	
	4
	2
	1
	1

	
	Number of teeth of worm gear
	z2
	
	40
	40
	31
	40

	
	Axial module
	mx
	mm
	10
	10
	12.5
	10

	
	Operative diameter of worm
	dm1
	mm
	95
	95
	112
	95

	
	Root diameter of worm
	df1
	mm
	71
	71
	82
	71

	
	Root diameter of worm gear
	df2
	mm
	381
	381
	358
	381


The following parameters were varied in order to analyse the LCC:

· Axial distance (a = 63 mm; a = 100 mm; a = 250 mm)

· Transmission ratio (i = 10; i = 20; i = 30; i = 40)

· Worm speed (n1 = 200 min-1; n1 = 500 min-1; n1 = 1000 min-1; n1 = 1500 min-1; n1 = 2000 min-1)

· Material of worm gear (CuSn12-C-GZ; CuAl10Fe5Ni5-C-GZ; EN-GJS-400-15)

· Oil (mineral, synthetic)

· Lubrication (immersed, injection)

The lifetime for transmission was assumed to Lh = 10000 h.

2.1 TRANSMISSION CENTER DISTANCE a = 63 mm
The results of LCC calculation for worm gear pair with centre distance of a = 63 mm ae given in Figure 1. Based on the obtained results one can conclude:
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Fig. 1 Load carrying capacity of worm gear pair with centre distance of a = 63 mm with change of transmission ratio, worm rotation speed and different material combination
a) material of gears 16MnCr5/tin bronze CuSn12-C-GZ

· with change of transmission ratio (i = 9.75; i = 19.5; i = 29; i = 39) and worm rotation speed (n1 = 200 min-1; n1 = 500 min-1; n1 = 1000 min-1; n1 = 1500 min-1; n1 = 2000 min-1), i.e. sliding speed (vkm = 0.28 m/s; vkm = 0.71 m/s; vkm = 1.41 m/s; vkm = 2.12 m/s; vkm = 2.82 m/s) the LCC  is limited by flank wear. 

· afterwards the wear, for the centre distance of 63 mm, the LCC is limited by pitting which suggest that damage due to wear and due to pitting are interconnected.

b) material of gears 16MnCr5/aluminium bronze CuAl10Fe5Ni5-C-GZ
· with change of transmission ratio (i = 9.75; i = 19.5; i = 29; i = 39) the LCC is limited by wear. In relation to the LCC for wear criterion, the LCC of tooth root is on average 2x higher, for thermal stability 5x higher and for pitting 7x higher.
· the similar results are obtained with change of worm rotation speed, except at lower speeds (n1 ( 500 min-1), where root tooth fracture is critical.
c) material of gears 16MnCr5/nodular cast iron EN GJS-400-15
· with change of transmission ratio (i = 9.75; i = 19.5; i = 29; i = 39) the LCC is again limited by wear. LCC for wear is 25% smaller than LCC for pitting, 47% smaller than for worm gear root fracture and 65% smaller than for thermal stability. The similar results are obtained with change of worm rotation speed.
· with change of transmission ratio and for worm rotation speed of n1 = 1500 min-1 the optimal LCC is obtained in the range of transmission ration of i = 20-30.
2.2 TRANSMISSION CENTER DISTANCE a = 100 mm
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Fig. 2 Load carrying capacity of worm gear pair with center distance of a = 100 mm with change of transmission ratio, worm rotation speed and different material combination
The results of LCC calculation for worm gear pair with centre distance of 
a = 100 mm are given in Figure 2. Based on the obtained results one can conclude:

a) material of gears 16MnCr5/tin bronze CuSn12-C-GZ

· with change of transmission ratio (i = 10.33; i = 20.5; i = 29; i = 40) the LCC is limited by pitting. With change of worm rotation speed (n1 = 200 min-1; n1 = 500 min-1; n1 = 1000 min-1; n1 = 1500 min-1; n1 = 2000 min-1), i.e. sliding speed (vkm = 0,39 m/s; vkm = 0,97 m/s; vkm = 1,93 m/s; vkm = 2,90 m/s; vkm = 3,86 m/s) the LCC is limited by pitting and wear.

· with change of transmission ratio and for worm rotation speed of n1 = 1500 min-1 the optimal LCC is obtained in the range of transmission ration of i = 20-30.
b) material of gears 16MnCr5/aluminium bronze CuAl10Fe5Ni5-C-GZ
· with change of transmission ratio (i = 10.33; i = 20.5; i = 29; i = 40) the LCC is limited by wear. In relation to the LCC for wear, the LCC for tooth root fracture and for thermal stability is on average 2x higher and for pitting is 5x higher.
· the similar results are obtained with change of worm rotation speed, except at lower speeds (n1 ( 600 min-1), where root tooth fracture of worm gear is critical.
c) material of gears 16MnCr5/nodular cast iron EN GJS-400-15
· with change of transmission ratio and worm rotation speed the LCC is limited by wear and pitting. 
· with change of transmission ratio and for worm rotation speed of n1 = 1500 min-1 the optimal LCC is obtained in the range of transmission ration of i = 20-30.
2.3 TRANSMISSION CENTER DISTANCE a = 250 mm

The results of LCC calculation for worm gear pair with centre distance of a = 250 mm are given in Figure 3. Based on the obtained results one can conclude:

a) material of gears 16MnCr5/tin bronze CuSn12-C-GZ

· with change of transmission ratio (i = 10; i = 20; i = 31; i = 40) the LCC is limited by pitting and thermal stability. The LCC for wear and worm gear tooth root fracture is on average 3x higher.
· with change of worm rotation speed (n1 = 200 min-1; n1 = 500 min-1; n1 = 1000 min-1; n1 = 1500 min-1; n1 = 2000 min-1), i.e. sliding speed (vkm = 1,02 m/s; vkm = 2,54 m/s; vkm = 5,08 m/s; vkm = 7,62 m/s; vkm = 10,17 m/s), up to n1 ( 1500 min-1 the LCC is limited by pitting. For larger sliding speeds the LCC is limited by thermal stability.
b) material of gears 16MnCr5/aluminium bronze CuAl10Fe5Ni5-C-GZ
· with change of transmission ratio (i = 10; i = 20; i = 31; i = 40) the LCC is limited by wear and thermal stability.
· with change of rotation speed up to n1 < 250 min-1 the LCC is limited by tooth root fracture, for range n1 = 250 − 1500 min-1 by wear and for n1 > 1500 min-1 by thermal stability.
c) material of gears 16MnCr5/nodular cast iron EN GJS-400-15
· with change of transmission ratio and worm rotation speed the LCC is limited by thermal stability and pitting. 

· with change of worm rotation speed for constant transmission ratio of i = 20, the LCC is limited by pitting up to n1 = 1500 min-1 and by thermal stability for the larger speeds.
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Fig. 3 Load carrying capacity of worm gear pair with center distance of a = 250 mm with change of transmission ratio, worm rotation speed and different material combination 
The LCC calculation was performed for 81 cases in total, which take into account the variation of the transmission ratio, rotation speed, material of worm gear and the axial distance. Based on above analysis Figure 4 shows the limits of LCC in regard to different damage types. In most cases the LLC is limited by wear (45 variants) and then by pitting (36 variants) and thermal stability (18 variants). Increase of LLC in regard to wear significally increase the transmission especialy due to interdependance od damage types. 
[image: image20.emf]0

5

10

15

20

25

30

35

40

45

50

Wear Pitting Temperature Root strenght

Number of worm gearing

Load capacity limit


Fig. 4 Limits of load carrying capacity for different damage types
3. CONCLUSION

The paper presents the calculation of LCC in regard to pitting, wear, thermal stability and worm gear tooth root fracture for a family of worm gear reducers with center distance of a = 63 mm, a = 100 mm and a = 250 mm. In order to perform comprehensive analysis of LCC according to different criteria the following parameters were varied: axial distance, transmission ratio, worm rotation speed, the material of worm gear, the oil type and the mode of lubrication. The analysis was made for 81 different combinations. From the analysis of results, one can conclude:
· out of 81 combinations, in 45 the LCC limiting criterion is related to damage due to pitting;; 

· aftwrwards the wear, the second LCC limiting state is related to pitting in 36 combinations; 
· in 18 combinations the LCC was limited by operating temperature i.e. transmission thermal stability. 

Increase of LCC in relation to wear significantly affects the LCC of the complete gear. Given that there is interconnection of different types of damage, it can be concluded that the reduction of wear of tooth flanks reduce energy losses and hence reduce restrictions on the thermal stability.
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