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1. Title of the thesis and abstract 

Title: 

Investigation of Oil Churning Loss in Worm Gear 

Abstract: 

Worm gears are widely used in power transmission applications, in which a compact high 

reduction, a relatively low-speed drive, and self-locking characteristic, is required. Although 

their efficiency is relatively quite low compare to other gear drives. In worm gear, the relative 

motion between the mating teeth of the two elements is almost entirely sliding. The sliding 

friction losses result in elevated temperatures and tribological losses. However, the demands on 

more efficient worm gearboxes have been increased to comply with the needs. This can be 

achieved by reducing power losses. 

 

In a general geared system, the total power loss is comprised of two groups of losses: (i) load-

dependent and (ii) non-load dependent losses. The load-dependent losses consist of bearing 

friction losses and gear friction losses. The non-load dependent losses consist of the oil seal 

losses, gear windage losses, bearing churning losses, and gear churning losses. This research will 

only concentrate on churning power losses kind of non-load dependent losses for a worm gear 

pair. The churning power losses are a complex phenomenon when considering gear system 

splash lubrication, resulting in critical power losses. The churning power loss is the sum of (i) 

power loss due to oil drag on the periphery (circumference) of the gear and (ii) power loss due to 

oil drag on the faces (sides) of the gear 

 

A detailed experimental study of oil churning power losses in a non enveloped worm gear was 

carried out using the direct torque measurement technique. To perform the above experiments, a 

new test rig for measuring oil churning losses was designed, manufactured, and commissioned. 

The test rig allowed with several working conditions in terms of worm speeds, immersion depth 

of gear (lubricant volume), temperatures of lubricant, types of lubricant (Mineral & synthetic), 

gear reduction ratio, rotational direction and gear orientation (worm at the top and worm at the 

bottom) to study their effect on churning power losses. The empirical equation for churning 

power loss of process parameters was modeled by using dimensonal analysis. It was validated by 

considering new levels of controlling variables. As indicated by results it is inferred that the 
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orientation of worm, immersion depth, and speed of worm is of essential significance on 

churning power losses of worm gear pair and the temperature of lubricant is more important than 

its type. There is very little influence of the reduction ratio and direction of rotation on the 

churning power loss of worm gear. 

 

2. A brief description on the state of the art of the research topic  
 

The power losses are divided into load dependent losses and no-load dependent losses. The no-

load dependent losses are further divided into churning losses, windage losses, and seal losses 

while load-dependent losses are divided into sliding friction losses and rolling friction losses [1- 

3]. A significant number of studies are available on load-dependent power losses and mechanical 

efficiency of worm gear. Indirectly a very few kinds of literature are available on no-load 

dependent losses however none of the literature is focused on churning power losses of worm 

gear directly.  

 

Churning power loss can be defined as the losses due to the actions of gears moving inside the 

lubricant and losses incurred by lubricant trapped within the gear mesh. Oil churning losses 

appear in the rotating components that are partially submerged in an oil bath (dip lubrication). 

Churning losses greatly contribute both to overall inefficiency and oil heating [4]. The churning 

power loss is the sum of (i) power loss due to oil drag on the periphery (circumference) of the 

gear and (ii) power loss due to oil drag on the faces (sides) of the gear [1]. 

 

A considerable amount of research has been carried out to correlate gearbox parameters 

including the lubricant properties to the non-load dependent losses. Several equations showing 

the relationship between the gearbox parameters and the churning losses have also been 

published for the parallel axis of gear only. Most of the equations are either empirical or semi-

empirical derived through an extensive series of experiments. However, due to the complicated 

geometries and other parameters in the worm gearbox, the reliability of these equations are still 

been discussed even though the efficiency of the worm gearbox is minimum compared to other 

gearboxes. Many researchers believe that intensive research is needed in this area to validate 

equations or explore other parameters that might influence the churning losses in the gearbox. 

The literature review is divided into two categories (1) Mechanical efficiency & gear geometry 
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of worm gear (2) The churning power losses of gear. For the study of churning power loss and 

worm gear, a lot of research papers from peer-reviewed journals were studied. 

 

The softened material is used for worm wheel and hardens material is used for worm [5–7]. For 

worm gearing, synthetic and mineral oil is used as lubrication [7–9]. Most of the equations are 

either empirically or semi-empirically derived through an extensive series of experiments by 

considering the geometry [10–12]. Few papers can be found on the modification of geometry to 

increase efficiency [13–18]. The most important influencing factors on worm gear efficiency are 

reviewed from the literature.Which are the geometry of worm gear pair, material of worm gear 

pair, operating condition, surafec roughness and lubricant. 

 

Karman[19] analyzed the one example of churning power loss by experimenting on a small disc 

rotating in the fluid. Dally and Nece [20] experimented on enclosures and bladed discs. Terekhov 

[21] and Boness [22] investigated the churning power losses and presented several statistical 

equations based on various Reynolds and Froud numbers. Different experimental studies were 

carried out for developing empirical relationships to investigate churning losses by using direct 

torque measurement techniques [12-13]. The influence of each factor on the churning power loss 

is reviewed from the different kinds of literature as shown in table 1. 

Table 1 The significance of the factors for the churning power loss of parallel axis of the gear  

[1-4, 24–33]. 

Sr. no Perameters Influence of the peramters on churning power loss 

1 Oil Viscosity  
Increases losses for low speed and decreases losses for 

high speed 

2 Oil Density Linear 

3 Rotational speed Strong dependency 

4 Gear module Weak Dependency 

5 Gear face width Dependency increases with speed 

6 Immersion depth Strong dependency 

7 Center Distance Weak dependency 

8 material Weak dependency 
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The outcome of the literature for churning power loss of worm gear is given below. 

� In the literature review focused on the churning power loss of parallel axis of gear (Spur 

gear, Helical gear, etc.) only, not has been clarified the churning losses of other gear or 

especially worm gear. 

� The gear ratio is not considered as a controlling parameter of churning power loss even in 

the parallel axis of the gear also. 

� The effect of orientation of worm shaft and direction of worm on the efficiency has not 

been clarified yet. 

� As per the literature review, the performance of worm gear with different lubricant 

(mineral & synthetic) have been discussed. However the effect of lubricant level & 

lubricant temperature under no-load condition on worm gear performance  have not been 

focused. 

3. Definition of the Problem  

 

The efficiency of the worm gear is relatively quite low compared to other gear drives. However, 

the demands on more efficient worm gearboxes have been increased to comply with the needs. 

This can be achieved by reducing power losses. Extensive research has been carried out to 

reduce as much as possible load-dependent losses. While none of the research work is available 

to reduce the non-load dependent losses. The churning power losses (kind of no load-dependent 

losses)  of worm gear are sought in these studies for the sole purpose of separating the 

mechanical losses from the total losses. To reduce the churning power loss, it is necessary to 

study the variable controlling factors such as worm speeds, immersion depth of gear (lubricant 

volume), temperatures of lubricant, types of lubricant (Mineral & synthetic), gear reduction ratio, 

rotational direction and gear orientation (worm at the top and worm at the bottom) by doing the 

various experiments. The process and a test rig for measurement of the churning power loss need 

to be developed, which measures the churning loss by considering the controlling variable and 

suggest the influence of controlling variable on churning power loss. 

 

4. Objective and Scope of work  
 

As the literature review indicates, the majority of experimental studies on gear efficiency focused 

on load dependent losses with no attention given to the churning power loss (kind of non-load 
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dependent losses). Neither detailed churning power loss model nor extensive, experimental 

studies are available for worm gear in the literature. The purpose of this study is to 

experimentally investigate the churning power losses in worm gearboxes. With this aim, specific 

technical objectives of this study are as follows: 

 

1) To design and fabricate the test rig to measure the churning power loss for rotating 

components of the worm gearbox in dipped lubrication under non-load condition. 

 

2) To investigate the influence of a) Lubricant type b) Rotational speed of gear c) Temperature of 

lubricant d) Orientation of worm shaft e) Reduction ratio f) Immersion depth g) Direction of 

rotation on churning power losses of worm gear. Also to identify the key parameters which play 

the major role in churning power loss for worm gear. 

 

3) To develop an empirical formula of churning power loss for worm gear. 

 

5. Original contribution by the thesis 

 

Present research work has attempted to investigate the churning power loss in worm gear by 

exploring various strategies like the influence of worm speed, worm shaft orientation, Lubricant 

volume, lubricant temperature, direction of rotation, and gear reduction ratio. The main 

contribution of the research is as given below. 

 

• Extensive and comprehensive literature reviews are undertaken to identify the research 

gaps and research issues in the efficiency of worm gearbox with the focus on churning 

power loss only (kind of non-load dependent losses). 

• The thesis aim is to provide the framework to measure the churning power loss of each 

worm gear. It also suggests optimum values of controlling factors to reduce the churning 

power loss which increases the efficiency of worm gear. 

• The churning power loss measurement device is not available or not exposed to the worm 

gear. It is designed, manufactured, and commissioned for the different reduction ratios of 

worm gear pair. 
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• Various experiments have been performed on a worm gear pair by taking different levels 

of controlling factors. 

• Developed the proper process to measure the churning power loss of worm gear pair.  

• On the base of the dimensional analysis, the empirical equation of churning power loss of 

worm gear has been developed. 

 

6. The methodology of Research, Results / Comparisons  
 

To investigate the churning power loss of worm gear, the most important is to design the test rig 

and select the gearbox.  

 

6.1 Selection of test gearbox & development of test rig 

The test gearbox was selected not designed because we aimed to investigate the churning power 

loss in the existence of gearbox which is available easily in industries. The other requirements of 

the test gearbox are given below. 

 

1. The test gearbox must be able to accommodate many worm and worm gear pairs with 

different reduction ratios but the same center distance. 

2. The test gearbox should be accommodating only worm shaft so that the impact of only 

worm gear can be quantified. 

3. Both bearings of the worm gear and bearing of worm wheel should be identical so that 

bearing viscous of both gear can be separated 

4. The worm gearbox should be rotatable so that the impact of orientation can be quantified. 

5. The configuration test gearbox must be utilized more in industries. The configuration of 

the test gearbox should not be unique.  

6. The test gearbox should be accommodating the temperature sensor, pressure gauge, and 

non-return valve and oil level indicator. 

7. The outer surface of the gearbox must be supported by the insulating material to avoid 

the external environment effect. 

8. The test gearbox should have provisions to measure the static oil level of lubricant. 

9. The gearbox must be compatible with the test machine bed and various measuring 

systems. 
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To fulfill the above requirement, the family of non

with different reduction ratios and same center distance. The family consists of two gear pairs 

having 30:1 and a 15:1 reduction ratio. Table 

pairs which are used in industries.

Table 2 Basic design parameters of the final gear drive

Gear 
Worm Wheel

Number of teeth 

Material CuSn12

Module (mm) 

Pressure angle 

Centre distance (mm) 

Outer dia. (mm) 

Reduction ratio 

 

Figure 1 detailed 

1-Output Bearing, 2-Oil seal for worm wheel, 3

Worm gearbox, 7-support for worm wheel, 8

Housing for worm wheel, 11-coupling for output shaft

Synopsis for Thesis titled “ Investigation of Oil Churning Loss in worm gear”

To fulfill the above requirement, the family of non-envelop type worm gear pair was selected 

os and same center distance. The family consists of two gear pairs 

having 30:1 and a 15:1 reduction ratio. Table 2 shows the basic configuration of these two gear 

pairs which are used in industries. Figure 1 shows the detailed layout of selected worm gearb

Table 2 Basic design parameters of the final gear drive 

Gear 1 Gear 2

Worm Wheel Worm Shaft 
Worm 

Wheel 
Worm Shaft

30 Single start 30 Double  start

CuSn12 16MnCr5 CuSn12 

3 3 

20 20 

75 75 

132 40 132 

30:1 15:1

 

Figure 1 detailed arrangement of the components of test gearbox

 
 

Oil seal for worm wheel, 3-worm wheel, 4-Output shaft, 5

support for worm wheel, 8-Housing for the worm, 9-Input Bearing, 10

coupling for output shaft. 

ning Loss in worm gear” 

7 

envelop type worm gear pair was selected 

os and same center distance. The family consists of two gear pairs 

shows the basic configuration of these two gear 

Figure 1 shows the detailed layout of selected worm gearbox. 

Gear 2 

Worm Shaft 

Double  start 

16MnCr5 

 

 

40 

15:1 

 

test gearbox 

Output shaft, 5-Worm shaft, 6-

Input Bearing, 10-
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Form the literature review it is cleared that the majority of the experiments to measure the 

churning power loss of parallel axis gear pair have been done by using direct torque 

measurement technique[1, 26, 32, 33]. Based on the basic principle of this technique, a new test 

rig was designed and fabricated to measure the churning power loss of worm gear as shown in 

figure 2.  

 
Figure 2 Test machine to investigate the churning power loss of worm gear 

 

1-Pressure Gauge,2-Worm gearbox,3-Provision for oil level indicator,4-Jaw type coupling,5-

Foot mounted bearing,6-Variable frequency drive (VFD),7-Torque sensor,8-VFD regulator,9-

Temperature indicator,10-Digital controller for Torque sensor and 11-3 phase AC motor. 

 

6.2 measurement system for the test rig 

This study aims to investigate the churning power loss of worm gearboxes that are used in the 

industry, not a specially designed gearbox. Here test gearbox was not designed but selected from 

the industry. These gearboxes cannot be drilled for measurement purposes. In general, there are 

four holes available in the worm gearbox for lubricant and vent purposes as shown in figure 3.  
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The hole-1 is the provision for a non-return valve for a pressure gauge. Similarly, hole-2 and 

hole-4 are used for temperature of lubricant measurement by a temperature sensor and lubricant 

level measurement by level indicator respectively. Hole-3 is used as a feed check valve for 

pouring the lubricant. 

 

Figure 3 Provisions for measurement devices 

 

6.3 Test procedure (in brief) & test matrix 

When the worm and worm wheel were immersed/partially in oil, power loss P (Immersed) was first 

measured and turned at a specific speed. The power loss P(Non Immersed) was estimated when the 

worm and worm wheel was not immersed in oil and rotated at a similar speed of revolution. The 

gear work area and bearing area were supplied with a small amount of oil for the non-immersed 

condition[34-35]. Assuming that the estimations of friction power loss were approximately 

equivalent to these two conditions. 

�(��������) = ��� + ��� + ��� + ��� + ��                   (1) 

�(��� ��������) = ��� + ��� + ��                                                                                                  (2) 

Where Pwf is the worm and worm wheel’s friction power loss, Pwc is the worm and worm wheel’s 

churning power loss, Pbf is the bearing’s friction power loss, Pbc is the bearing’s churning power 

loss, and Ps is the oil seal power loss. The difference in the power loss was due to the churning 

loss of the bearing and gear under the two lubrication conditions (Immersed & Non-Immersed) 

[26,35]. 

�� = �(��������) − �( !" ��������)                                                                          (3) 
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Where Pc is the gearbox’s churning power loss. 

 

Based on the various literature reviews and pilot experiments, the following test matrix has been 

selected. 

Table 3 Test matrix for the experiment 

Control factors Unit Values 

Speed of worm rpm 1000,1200,1400 

Static Oil level (H)* - 2,4,6 

Oil Volume lit 1.5, 2.1, 2.7 

Temperature of lubricant 
o
C 30,40,50 

Orientation of worm - A worm at the top, Worm at the bottom 

Lubricant - Oil-A, Oil-B, Oil-C 

Reduction ratio - 30:1, 15:1 

Direction of rotation - Clockwise & Anticlockwise 

*Static Head-It is the ratio of the immersion oil level to the radius of worm shaft 

 

6.4 Result & Discussion  

There are so many ways to lubricate the worm gear however to investigate the churning power 

loss, splash lubrication was selected for this experiment. Three specific oils have been selected 

for lubricants based on the industries report and their characteristics are resumed in Table 4.  

Table 4 Properties of oil 

Sr. 

No 

 

Lubricant 

Name of  

oil 

Kinematic 

Viscosity  

(cSt) 

@ 40 ºC 

Kinematic 

Viscosity 

(cSt) 

@ 100 ºC 

Viscosity 

Index 

Density 

(Kg/m
3
)  

@ 15 ºC 

1 Oil-A 
Mineral oil 

(EP-140) 
312 33 95 880 

2 Oil-B 
Synthetic oil  

(PAO-320) 
330 35.50 162 790 

3 Oil-C 

Mineral oil-

(Compound 

gear oil) 

184 24.1 90 870 

 

The test was conducted for at least prior to 5
o
 C temperature of the basic starting temperature of 

the test. Time was not bounded for the test but the test was going on till the desired temperature 



Synopsis for Thesis titled “ Investigation of Oil Churning Loss in worm gear” 

11 

 

was reached. The entire test was run at a specific configuration and operating conditions to 

determine the torque loss at various parameters. Churning power loss Pc =2πNT/60 (Churning 

torque T in N·m and the worm speed N in rpm) has been normalized by a reference value Pref 

(maximum), such that   P̅   =Pc /Pref. It is noted that throughout this analysis the equivalent Pref 

was used so that each data can be compared to others. 

 

6.4.1 Influence of various controlling factors on churning power loss of worm gear 

1) Influence of Static Head/Lubricant Volume 

The measurement of effective oil levels under dynamic operating conditions is not possible. Here 

effective oil level under static operating condition was measured. Characterizing a dimensionless 

parameter static head H= h/r where “h” is estimated oil level from the worm shaft base for worm 

at the bottom position and the worm wheelbase for the worm at the top position and “r” is the 

worm shaft’s external radius. The static head may vary because of rotational speed however the 

volume was almost constant over the range of speed. To investigate the effect of the static head 

on churning power loss, three static head were considered H=2, H=4, and H=6. However for 

these static heads were equivalent to the volume of 1.5 liter, the volume of 2.1liter and volume 

2.7 liter respectively as shown in figure 4. 

 

(a) 

 

 

(b) 

Figure 4 static oil level when (a) worm shaft at the bottom  (b) worm shaft at the top 

 

The static head may vary because of rotational speed however the volume was almost constant 

over the range of speed. The investigation aimed to reduce the churning power loss as well as the 

heating rate of lubricant. The heating rate of the lubricant was investigated at the different static 

head. 
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(a) 

 

 (b) 

 

(c) 

Figure 5 Effect of the static head on the churning power loss of the gear-1 rotating forward with 

oil-A and Worm position at bottom (a) Input torque Vs Speed @ 40º C (b) Normalized Power 

loss Vs Speed @ 40º C (c) Heating rate @ 1200 rpm. 
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The churning power loss at lower static head and lower speed were very small. This might likely 

be caused by lower dragging force and lower static head. For the same conditions, As static head 

increased from H=2 to H=6, churning power loss is increased by 12% at 1000 rpm however It 

increased 15% at 1200 rpm and 26% at 1400 rpm. It was also observed that the static head is 

more effective at a higher speed. It was found that the churning drag torque decreased for the 

condition of small immersion depth from a certain higher speed. Similarly other influences of the 

controlling factors on churning power losses have been carried out. 

 

2) Influence of oil temperature: Tests were conducted at a different temperature range of 30 
o
C, 

40 
o
C, and 50 ̊ C to investigate the impacts of oil viscosity also. 3) Influence of speed of worm 

(rpm): Various speed of worm shafts were selected to study the effect of rpm on churning power 

loss. At low rpm churning loss was not significant so worm speed has been considered from 

1000 rpm. 4) Influence of orientation of worm: Two positions of the worm were selected as 

worm at the top and worm at the bottom to investigate the effect of orientation on churning 

power loss. 5) Influence of lubricant: Two types lubricant with approximate the same viscosity 

were selected to study the effect of mineral and synthetic lubricant on churning loss. 6) 

Influence of reduction ratio: Two reductions ratios 30:1 and 15:1 were selected to check the 

effect on the churning power loss. 7) Influence of direction of rotation: The forward direction 

and the reverse direction have been tested at the same level of controlling factors. 

 

6.4.2 The statistical analysis 

The new empirical equation has been developed based on the statistical analysis of the 

experiment results. 

#� = 17.08 )ℎ
+,

-../0
) 1

+0,
-..23

4�-..5/6�-..03Ø-...3                                                                                 (4) 

This equation was validated by considering the new test matrix. 

Cm=Dimensionless churning torque coefficient 

h=Immersion level of worm gear pair 

X= Center distance between worm and worm wheel 

V=Lubricant volume inside the gearbox 

Re= reynold number. It is the ratio of the inertia force to the viscous force. 
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R: = ωR2

γ    [2]                                                                                                                                              (5) 

ω =Angular speed of worm 

R= radius of worm 

γ =kinematic viscosity 

Fr=Froude number. It is the ratio of the inertia force to gravitational force. 

6� = A24
B      [2]                                                                                                                                             (6) 

 

Figure 6 Comparison between experimental and predicted values of dimensionless torque Cm for 

confirmation 

A very good agreement between the predicted and experimental dimensionless torque for 

confirmation test as shown in figure 6.The root mean square error for the confirmation test is 

0.00306195.The RMSE is only 0.3% shows the discrepancy between the measured and 

calculated values. 

7. Achievements with respect to objectives  

 

Based on the literature, It was currently assumed that there is no existence of churning power 

loss in splash lubricated worm gear. To verify this hypothesis an extensive experimental study 

was conducted for the unloaded worm gear. The experiments clearly showed that this 

supposition is indeed valid. i.e. churning power loss can be considered as the part of no load-

dependent losses for worm gear. A study also focused on factors affecting the churning power 

losses of the worm gear. 
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(1) As mentioned in first objective, A test rig for the measurement of churning power loss for the 

worm gearbox was designed, manufactured, and commissioned. The measurement was based on 

the direct torque measurement technique. 

 

 (2) As discussed in second objective, A series of churning power loss experiments with different 

levels of control variables was carried out on the specially designed test rig. The oil-immersion 

depth ( Oil volume), lubricant temperature, speed of worm, and orientation of worm shaft are the 

most influencing factors of the churning power loss in dip lubrication for worm gear. The 

direction of rotation, reduction ratio, and lubricant type has a minimum effect on churning power 

loss. The lubricant temperature is the most influential factor in churning power loss than the 

lubricant type. The higher reduction ratio always has lower churning power loss at moderate 

speed. The angular position of the worm around the worm wheel, relative to the static oil level, 

was observed to have a major role in churning power loss performance of a worm gear pair. The 

worm shaft at the top position has quite lower churning power loss than worm shaft at the bottom 

position. 

 

(3) The empirical equation has been developed to calculate the churning power loss for worm 

gear. It showed a very good agreement between the predicted and experimental dimensionless 

torque.Third objective is fulfilled here. 

8. Conclusion 

The experiments have been performed to investigate the churning power loss in the worm gear. 

Based on the results of experiments, the valuable conclusions are given below. 

 

(1) Oil immersion depth was the most dominant factor in the churning power losses in dip 

lubrication. With dip lubrication, average churning power loss was decreased by 30-35% for 

mineral oil and 20-25% for synthetic oil when the static oil level decreased 

three times from static head H=6 compared to the reference line of immersion. 

 

(2) Lubricant temperature has a valuable effect on worm gear churning, particularly for the 

heavily immersed condition and higher worm speed for worm at the bottom condition. The tests 
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at lower temperatures resulted in consistently higher churning power losses than those at higher 

temperatures as a direct result of the change in viscosity with temperature. 

 

(3) The angular position of the worm around the worm wheel, relative to the static oil level, was 

observed to have a major role in the overall churning power loss performance of a gear pair. 

Much higher churning power losses took place when worm shaft at bottom position compare to 

worm shaft at the top position. 

 

(4) A very sharp effect of speed of worm on churning power loss was observed for heavily 

immersed tests. The average churning power losses were shown to increase with speed according 

to the relation N
0.68 

. 

 

(5) Types of lubricant (synthetic and mineral) at almost the same viscosity have not been too 

much dominating on churning power loss of worm gear. The heating rate also for both oil with 

time is almost the same. At initial stage mineral oil produced 20 - 25 % higher churning power 

loss compare to synthetic oil with the same operating condition but once temperature increased, 

this gap was reduced to 2-5%. 

 

(6) The reduction ratio and direction of rotation have very little effect on the churning power loss 

of the worm gear.The higher churning power loss took place in lower reduction ratio. 

 

(7) The empirical equations from the experimental data were obtained and the new churning 

model was presented. The comparison confirmed that the numerical model and method are 

reliable.  
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