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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 dimensional analysis. It was validated by considering new levels of 

controlling variables. As indicated by results it is inferred that the orientation of worm, 

immersion depth and speed of worm is of essential significance on churning power losses 

xi i   



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. 
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CHAPTER-1 

 

 

1.1 Research Background 

 

Gears have been known as the most efficient medium of transmitting load for centuries. 

However, due to the environmental awareness and more stringent legislation in the market 

place, the demands on more efficient gearboxes have increased to comply with the needs. 

Intensive research has been carried out later in this area. To understand the sources of 

losses and factors that contribute to the power losses in the gearboxes, the power losses 

can be divided into two groups. The first group is consisting of load-dependent (friction-

induced) power losses which are caused primarily by contacting surfaces of gears. 

Sufficient research work has been carried out in this category to reduce the load-dependent 

losses. The losses in the second group are independent of the load and are often referred to 

as spin power losses [1-2]. There are many sources of such losses, the main of which are 

churning loss and windage loss. Those are present as a result of oil/air drag on the 

periphery and faces of the gears,  oil pocketing/oil squeezing of lubricant from the gear 

mesh cavities [3].  

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

including the lubricant properties to the non-load dependent losses. Some 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 mathematical models 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 
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worm gearbox is minimum compared to other gearboxes. Efficiency can be increased by 

increasing the output with constant input or by decreasing the input with the same output. 

The output can be increased by reducing the load dependant losses and the input can be 

reduced by reducing the non-load dependant losses. Many researchers believe that 

intensive research is needed to reduce the non-load dependant losses which increases the 

efficiency[1, 3]. 

1.2 Gear Introduction 

 

A gearbox is a set of gears for transmitting power from one rotating shaft to another. They 

are used in a wide range of industrial, power plant, automotive and home machinery 

applications. Mostly their main function is to convert the input provided by an electric 

motor or any external source into an output of lower rpm with higher torque or high rpm 

with lower torque. These gearboxes are constructed from a variety of materials depending 

on their end-use and the kind of industry they are being used in the product has numerous 

industrial applications for providing high torque and smooth speed reductions.  

1.2.1 Types of Gear 

The most common way to classify gears is by category type and by the orientation of axes 
as given in Figure 1.1.  

 

FIGURE 1.1: Classification of gear according to the axis of the shaft 
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1.3 Worm gear Introduction  

 

Worm gears are widely used for nonparallel, nonintersecting, right angle gear drive system 

applications, where a high transmission gearing ratio is required. Worm gears play a major 

role in many applications including conveyor belts, lifts, operation of several other gears, 

automobiles [4]. It consisting primarily of two gear elements: the worm, which is the 

driving gear in the shape of a spiral or screw, and the worm gear or worm wheel, which is 

the driven gear in the shape of a common spur gear or helical gear as shown in Figure 1.2. 

Applications of worm gear drives such as machine tools, transport equipment, and 

vehicles are primarily linked to the transfer of power, as well as fine and precision devices 

for the transfer of movement [5–7].  

 

FIGURE 1.2: Worm & Worm Gear 

 

The basic characteristics and advantages of worm gears are: 

1. High transmission ratio, compact design, high load capacity, vibration damping, 

and reliability. 

2. They could be self-braking gears[8]. The worm can easily turn the gear, but the 

gear cannot turn the worm. This is because the angle on the worm is so shallow 

that when the gear tries to spin it, the friction between the gear and the worm 

holds the worm in place. 

3. The possibility of changing the direction of rotation of the worm wheel without 

structural changes so that the worm can be made with the right and left thread 

[9]. 

4. Worm shaft can be used at the top and bottom over the worm wheel. 
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1.3.1 Classification of worm gear 

 
According to the shape of the worm gear, it can be classified in mainly three categories: 

non-throated (non-enveloping), single throated (single-enveloping), and double-throated 

(double enveloping or globoid) as shown in Figure 1.3. Non-throated or non-enveloping is 

the most basic design in which the worm and worm wheel are both cylindrical. This 

allows for simplistic manufacturing, but the limited contact zone. 

 

   

Non-Throated (Non-

enveloping) 

Single Throated (Single 

enveloping) 

Double Throated (Double 

enveloping) 

 

FIGURE 1.3: Types of worm gear[8] 

 

In single-throated or single-enveloping designs, one of the gear elements (most commonly 

the worm wheel) has concave helical teeth. This enables us to increase the contact zone 

from point to line. Double-throated (double enveloping) or globoid designs not only have 

concave helical teeth on the worm wheel, but the worm is also shaped like an hourglass so 

the two gear elements wrap around each other during motion. This results in nearly eight 

times more contact area (in the shape of a radial band) with three or more teeth in contact 

[10-11]. The double enveloping worm gear drives widely used especially for heavy loads 

because their load capacity is much higher than in a size equivalent single enveloping gear 

[12]. According to the orientation of worm it can be classified in mainly three categories 

that worm on the top, worm on the bottom, and worm on the side, similarly, according to 

the direction of rotation it can be classified as the right-hand worm and left-hand worm as 

shown in Figure 1.4. 
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FIGURE 1.4: Classification of worm gear drive according to the position of the worm shaft[10] 

 

1.3.2 The manufacturing process and material 

In general, the worm is made of hard metal while the worm gear is made from relatively 

soft metal such as aluminum bronze[13-14]. Bronze and harden steel are commonly used 

for worm gear & worm shaft respectively[15–17]. This is because the numbers of teeth on 

the worm gear are relatively high compared to worm shaft with its number of starts being 

usually 1 to 4. This is also because the brass wheel is typically easier to replace than the 

worm itself. The soft material is commonly chosen as a copper-tin-bronze and thereby 

offers the advantages of good running-in characteristics and a high scuffing load 

capacity[18]. If the two surfaces come into contact, the worm is marginally safe from wear 

because the wheel is softer, and therefore, most of the wear occurs on the wheel. If 

sulphur-phosphorous EP (Extreme Pressure) gear oil is put into the sump of a worm gear 

with a brass wheel, and the temperature is high enough, the EP additive will activate. In 

normal steel gears, this activation produces a thin layer of oxidation on the surface that 

helps to protect the gear tooth from shock loads and other extreme mechanical conditions. 

Other material pairs for worm gear are also used for particular applications.  

(1) Steel worm and steel worm wheel - This application does not have the EP 

complications of brass gearing, but there is no room for error built into a gearbox like this. 

Repairs on worm gear sets with this combination of metal are typically more costly and 

more time consuming than with a brass/steel worm gear set[19]. 

(2) Brass worm and brass worm wheel - This application is most likely found in 

moderate to light load situations because the brass can only hold up to a lower amount of 

load. Lubricant selection on this metal combination is flexible because of the lighter load, 
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but one must still consider the additive restrictions regarding EP because of the yellow 

metal[19]. 

(3) Plastic on metal, on plastic, and other similar combinations - This is typically 

found in relatively light load applications, such as robotics and automotive components. 

The lubricant selection depends on the plastic in use because many plastic varieties react 

to the hydrocarbons in the regular lubricant, and thus will require silicon-based or other 

nonreactive lubricants [19-20].  

 

1.4 Lubrication of Worm gear 

 

Gear lubrication has two main targets. First one, a load-carrying lube film between the 

gear flanks should be built up to reduce the friction and wear by avoiding metal-to-metal 

contacts. The second one, the heat which is produced in the flank contact shall be 

dissipated. Otherwise, an increase of the bulk temperature in the tooth contact occurs 

which results in the danger of destroying the flanks by scuffing and other types of damage. 

Beyond these main targets of gear lubrication, the lubricant has several additional 

functions in a transmission. The noise level of the gear is also influenced by the lubricant. 

Additionally, the lubricant has the task of protecting the machine elements against 

corrosion [21]. 

Worm gearing is used to transmit motion and power between non-intersecting & non-

parallel shafts. This is often the case where space is very limited. Most gear types, such as 

helical, bevel and spur, experience both sliding and rolling contact as the teeth engage and 

mesh. But worm gears operate with mostly sliding contact between the worm and the gear. 

This constant sliding action generates heat due to friction, and therefore adequate cooling 

and superior lubrication must be provided for gears working at high sliding velocity and 

load [22-23]. The main function is essential to prevent gears from being damaged. Other 

important functions of the lubricant include dissolving contaminants, protecting gears 

from oxidizing, transporting additives to the gear mesh, and damping vibrations. Worm 

gears require lubricants that can operate under significant heat and pressure. Many 

methods of lubrication are available for gear lubrication. There are three gear lubrication 

methods [24]. 

1. Grease lubrication. 
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2. Splash lubrication (oil bath method). 

3. Forced oil circulation lubrication 

 

Grease lubrication can be used for industrial gearbox systems that are open or closed, as 

long as they run at low speeds. The grease must have the correct viscosity with good 

fluidity, especially when used in an enclosed unit. Grease lubrication should not be used 

for continuous operation or high load gear drives[25]. 

Oil splash lubrication is often used for helical, spur, and bevel gearboxes. This method is 

also referred to as an oil bath because it uses a reservoir is filled (or partially filled) with 

oil. As the gears rotate, they dip into this oil bath and splash the oil onto the other gears 

and bearings. The effectiveness of oil splash lubrication is heavily dependent on the speed 

of the gears. Splash lubrication is widely used in engineering equipment, particularly in 

low-speed and heavy-duty transmission systems[26-27]. Due to this reason, splash 

lubrication is used in the worm gearbox. Splash lubrication also helps to control the gear 

bulk temperature as some heat is extracted by centrifugal fling-off from the tooth faces 

[28]. 

Forced oil lubrication is preferred for high-speed applications, and includes methods 

such as oil mist, oil spray, and oil drop. In the oil mist method, oil is atomized so that it 

saturates all areas of the gears and other internal components. In contrast, the oil spray 

method applies oil lubricant directly to the gears and other components, but this method is 

not always effective, as high centrifugal forces affect the direction of the oil spray. 

1.4.1 Types of gear oils used for worm gearbox 

Generally, the industrial worm gear is used with a mineral base oil and synthetic base oil. 

The types of oils most commonly used to lubricate worm gears are compounded mineral 

oils, EP mineral gear oils, and synthetics[29-30]. 

1.4.1.1 Mineral oil 

The petroleum base oils or mineral-based oils are composed of natural hydrocarbons 

resulting from the decomposition of organic wastes. These are classified by three broad 

categories: Paraffinic, Naphthenic, and Aromatic base oils. Paraffinic bases are the most 

used and exhibit a low specific weight, freeze point, great oxidation resistance, low 

viscosity variation with temperature, and therefore a high viscosity index. The use of 
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naphthenic bases is limited to applications with small thermal variations. They are 

characterized by their high specific weight, high freeze point, and a small resistance to 

oxidation. Unlike the paraffin basis, these present a high viscosity variation with 

temperature, therefore a low viscosity index, and are relatively aggressive with elastomers.  

Aromatic bases are normally unwanted because they represent a small proportion of 

mineral oils. Real base oils are, in general, a combination of naphthenic basis and paraffin 

bases. This mixture is used to combine different properties.  

 

EP (extreme pressure) mineral gear oils are used more extensively in worm gears. The EP 

(antiscuff) additive reacts with the metal surface to form a soft, slippery chemical layer 

that prevents severe wear and welding under conditions of high pressure and temperature. 

EP lubricants work particularly well when shock loading occurs. EP gear oils also protect 

steel gears better than compounded gear oils. Compound gear oil & extreme pressure 

mineral gear oils are used more extensively in worm gears[31]. 

1.4.1.2 Synthetic oil 

The synthetic-based oils are created by synthesized hydrocarbons, exhibit different bases 

such as the base of petroleum products, vegetable products, or others. Synthetic bases 

present favourable properties compared to other bases, but they have a higher cost. 

Compared with mineral bases, synthetic bases exhibit better performance especially in 

oxidation resistance, in Viscosity Index and friction. Synthetic hydrocarbons, polyglycols, 

esters, and silicones are the most distinctive. Two major types of synthetic gear oils have 

been used successfully in challenging conditions with worm gears: polyalphaolefins 

(PAO)  and polyalkelene glycols (PAG). 

 

Polyalphaolefins (PAOs) are the most common type of synthetic lubricant. They have 

good high and low-temperature properties and are compatible with most mineral oils. 

Polyalkylene glycols (PAGs) are excellent for worm gear applications. They possess 

superior lubricity properties and have good low and high-temperature properties[31-32]. 

 

1.5 Worm gearbox Efficiency and Power loss 

 

Efficiency depends on many factors, especially Lubricant, Sliding speed (input rotation), 

Surfaces roughness, Load, Paired materials, Worm profile, and Temperature [29, 31-33]. 



Introduction 

9 
 

The efficiency (η) of the worm gearbox can be calculated as the ratio between the output 

torques (Tout) of the worm wheel to the input torque (Tin) of the worm shaft. 

η = �������                                                                                                                                           (1.1) 

The worm gearbox is considered as the least efficient gearbox. The efficiency of the worm 

gearbox is rated less comparatively other gear as per the given Table 1.1.  

TABLE 1.1: Comparison of the efficiency of the gear 

Sr.No Type of gear 
Normal Ratio 

Range 
Efficiency 

1 Spur 1:1 to 6:1 94-98% 

2 Straight Bevel 3:2 to 5:1 93-97% 

3 Spiral Bevel 3:2 to 4:1 95-99% 

4 Worm 5:1 to 75:1 50-90% 

5 Hypoid 10:1 to 200:1 80-95% 

6 Helical 3:2 to 10:1 94-98% 

7 Cycloid 10:1 to 100:1 75% to 85% 

 

There are some power losses in worm gearbox, due to high sliding velocity, high reduction 

ratio and complex geometry. These losses can be calculated by summing load-depended 

power losses and non-load dependent power losses [34]. These power losses in the worm 

gear drive are shown in Figure 1.5.  

 

FIGURE 1.5: Non-load dependant Power Losses in worm gear [35]. 
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In a general geared system, the total power loss is comprised of two groups of losses: (i) 

load-dependent (friction-induced) mechanical power losses and (ii) non-load dependent 

(viscous) spin losses which are represented in Figure 1.6  

 

FIGURE 1.6: Classification of Power Losses in gear 

 

1.5.1 Load dependent losses 

The load-dependent power losses are primarily related to a mechanical power loss due to 

friction at the gear contact and rolling elements [36]. The load-dependent losses mainly 

cover the sliding friction losses and rolling friction losses. Gear geometry, reduction ratio, 

load, type, thermal properties, and tribological properties of gearbox directly affect the 

load-dependent losses [37-38]. 

1.5.2 Non-Load dependent losses 

Load-independent power losses are primarily related to viscous effects. These losses can 

be further subdivided into oil churning and windage losses that are the result of the 

interaction between the oil/air and the moving/rotating elements like gears and shafts, into 

pocketing/squeezing losses due to the pumping effect of the mating gears. Oil seal loss 

and bearing losses are part of non-load dependent losses [35]. 



Introduction 

11 
 

1.6 Churning Power loss 

 

As stated earlier, there are two types of power losses associated with gears. In this study, 

the churning power loss is considered which is a part of spin losses and it comes under 

non-load dependent losses. 

 

The churning losses are associated with the rotational movement of the mechanical. 

Lubricant churning is one of the more common factors that affect both bearings and gears. 

It occurs when the bearing or gear must churn through the lubricant as it performs its 

regular task. The majority of these machines are splash-lubricated, which means they must 

operate at the proper lubricant level to be able to lift and splash lubricant to all surfaces 

inside the machine. This is where lubricant churning can become an issue. If the lubricant 

level is too high, either because too much oil has been added or the bearings have been 

over greased, the machine must work harder to push through the added lubricant. This is 

the basis of that churning condition. The same thing happens to a machine when the 

lubricant level is too low. Metal to metal contact occurs, which results in higher operating 

temperatures, decreased efficiency and a reduction in the life of both the lubricant and the 

machine. Besides the lubricant level, another variable is the lubricant being used. If the 

viscosity is too thin, then excess friction due to metal-on-metal friction is generated, 

causing machine wear and premature failure. If the viscosity is too thick, this leads to 

viscous drag, which causes very similar issues as having a lubricant level that is too 

high[39]. However previously it was assumed that the churning power loss depends on the 

lubricant properties only. Latest research on parallel axis of the gear has revealed that 

lubricant properties alone seem to be not sufficient to accurate prediction of the churning 

power loss[40-41]. 

 

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 

[42]. Spin power losses can be grouped into two categories: 

1. Losses due to interactions of each of the individual gears with the surrounding 

lubricant  medium (churning power loss)  



Churning Power loss 

12 
 

2. Losses due to the interaction of the gear pair at the gear mesh interface, with 

squeezing and pocketing losses being the dominant mode of power loss 

(Pocketing loss) 

 

Churning refers to the drag associated with lubricant and windage refers to the drag 

associated with the spinning air. Each 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 on the faces 

(sides) of the gear due to oil drag [1]. The total drag power loss of the worm gear set is 

given as the sum of each source as follows: 

 �� = ��� + ���                                                                                                                (1.2) 

 

The churning power loss can be broken down into several components. Drag losses (Pd) 

defined as losses taking place on the periphery (Ppr) and faces of gear (Pfc), are computed 

separately for each gear of the gear pair and then summed up to give the total drag loss of 

a gear pair [43]. These power losses can also take place due to the swirling motion of 

lubricant in the cavity between adjacent teeth through the mechanism of the root filling 

and subsequent transportation into the meshing zone. Pocketing/squeezing losses are 

defined as losses taking place in the meshing zone when the lubricant is squeezed out of 

the gear meshes due to the pumping action of gear pairs [44]. 

 

Dip lubrication is often used in low to medium speed automotive transmissions or 

industrial gearbox applications. When the operating gear speeds are relatively high, the jet 

lubrication method is preferred over dip lubrication. Since the speed is significantly 

higher, oil is not allowed to accumulate within the gearbox to cause any oil churning 

losses. In the gearing industry, gears are lubricated and cooled by various methods. At low 

to moderate speeds and loads, gears may be partly submerged in the lubricant which 

provides lubrication and cooling by splash lubrication. With splash lubrication, power loss 

increases considerably with speed. Worm gearbox mostly fully submerged therefore 

churning power losses are accordingly high [35]. 

 

The energy required by the system to rotate the partially immersed gears and bearings is 

referred to as churning loss and is the primary focus of this study. The load-dependent 
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losses have been performed in a large number of previous studies so far, but there is little 

agreement on churning loss research. Besides, no analysis was made of churning loss for 

worm gearbox operating in the dip lubrication system. So these works are primarily 

concerning the churning losses of worm gears. 

 

1.7 Research Objectives  

 

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 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. The objectives of this study are 

as follows: 

 

1. To develop the test rig to measure the churning power loss for rotating 

components of the worm gearbox in dipped lubrication under no-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 a major role 

in churning power loss for worm gear. 

 

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

 

1.8 Thesis Outline 

 

The present thesis consists of five chapters, including this introductory chapter. This 

chapter covered the research background, classification of the worm gear, lubrication of 

worm gear, material, and manufacturing process of worm gear. This chapter also 

presented the basics of churning power loss and efficiency of worm gear. 



Thesis Outline 

14 
 

Chapter 2 provides a detailed literature review of churning power loss of different types of 

gear based on experiments, empirical equations, and CFD approach. It also provides the 

literature reviews of worm gear based on efficiency and load-dependent losses, as well as 

the efficiency of worm gear. Also, It provides a summary of the literature and the outcome 

of a literature review. 

Chapter 3 consists of the development of the test machine for experiments, different 

measurement systems, and the lubrication system. It explains the test procedure for 

experiments. It provides the test matrix with an explanation of each factor.  

Chapter 4 discusses the different results obtained from various experiments. It also 

presents the development of a mathematical model for churning power loss for worm gear 

and its validation. 

Chapter 5 concludes the results of experiments and achievements based on objectives. It 

also presented the future work in detail.  
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CHAPTER-2 

 

 
2.1 Introduction 
 

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. 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.  

 

In this chapter, some of the main concepts and theories, relevant background, and 

experimental studies on power losses, efficiency, and modification of geometry are 

discussed. The literature review is divided into two categories 1) Mechanical efficiency & 

gear geometry of worm gear 2) The churning power losses of gear. Industrial gear units 

are often dipped lubricated (Splash lubricated) in the case of low to medium speed geared 

transmission. For splash-lubricated gears, oil churning is usually considered as a major 

source of power loss [41]. 

 

In this chapter, the power losses of the worm gear and the churning power loss for all 

gears are presented in detail. The vast majority of the distributed work on gear efficiency 

depends on the estimation or expectation of mechanical losses on parallel axis gear. The 

intensive research has been carried out later in the area of no-load dependent losses to 

understand the sources of losses and factors that contribute to the churning power losses in 
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the gearboxes. The churning power losses of worm gear are looked for in these 

examinations for the sole purpose behind isolating the mechanical losses from the all-out 

losses. Since the mechanisms and techniques to reduce mechanical losses are completely 

different from those for churning power losses, however mechanical efficiency of the 

worm gear is reviewed here. 

 

2.2 Mechanical Efficiency & Geometry of Worm gear 

 

Worm gears are widely used due to the possibility of achieving high reduction ratios and 

self-braking characteristics. These gears generally have small dimensions, and they can 

also work as a reducer and as a multiplier.  Simon [45] developed a new type of cylindrical 

worm gear. The worm was ground by a grinding wheel of a double arc profile, and the 

obtained worm profile was concave. The finite element method was applied for the stress 

analysis of developed worm gear. Simon [6] studied the geometry and kinematics of a 

worm gear pair based on the generation of worm gear teeth. A computer program based on 

the theoretical background was presented and developed. Using this program the influence 

of tooth errors and shaft misalignments of the mating members on the path of contact, 

potential contact lines, separations of mating surfaces along these contact lines, load 

distribution and transmission errors for different types of modified and non-modified 

worm gear pairs were calculated, graphically presented and discussed. Yukishima et 

al.[46] applied a computerized approach for the determination of contacting surfaces and 

the investigation of their meshing. They developed the mathematical model. It was found 

that the bearing contact in the worm-gear drive is localized and the sensitivity to errors of 

misalignment was reduced, and negative transmission errors were obtained. 

 

Tomislav et al. [7] performed various experiments to measure the no-load power losses at 

different temperatures for worm gear. Two lubricants, intended exclusively for worm 

gears were used, one mineral oil and the other synthetic oil, both produced by the same 

manufacturer. The result of experiments confirmed that No-load power loss is smaller 

with synthetic oils than with mineral oils and the worm gear no-load power loss changes 

depending on temperature. 
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Alexandru [47] provided a numerical method for designing worm gears with the basic 

geometrical parameters so that the load is transmitted in appropriate circumstances, with 

the highest efficiency and the lowest overall size. The experiments focused on the worm 

spire and a tooth of the worm gear. In this developed method, the main geometrical 

parameters and the load were used to find the basic elements for the design of cylindrical 

worm gear. 

 

Siebert [48] worked on the efficiency of the worm gear by using Synthetic lubricants 

based on polyalphaolefin, ester, or polyglycol oils. When worm gears are switched over to 

polyglycol oil, their efficiency was increased by up to 35 %. Also, their lifetime can be 

extended significantly compared with mineral oil. Different types of lubricants The author 

has experimented on different types of lubricants to calculate the worm gear efficiency, at 

the 39-speed ratio, 350 rpm, and the output torque of 200Nm. The calculated efficiency 

was 0.62<η<0.80.       

 

Chen et al. [49] proposed a mathematical model of worm gear based on the generation 

mechanism and the theory of gearing. According to the derived tooth surface equations, 

computer graphs of a series of worm gears with double-depth teeth were plotted. 

 

Muminovic et al.[29] performed a comparison of the efficiency of the worm gears 

lubricated with Mineral oil and synthetic oil. Mineral and synthetic oils were used in this 

research paper for the combination of materials CuSn12 & 16MnCr5 for worm wheel and 

worm shaft respectively. The worm gear was operated at a variable output load and two 

different rotational speeds for evaluating the efficiency. The research concluded that 

synthetic oils provide a higher level of efficiency compared to mineral oils. Mineral oils 

have a higher coefficient of friction compared to synthetic oils in the same operating 

conditions. Synthetic oil has a much larger load capacity concerning the temperature limit 

than mineral oil at the same operating conditions. Synthetic oils have far greater adhesion 

than mineral oils, which results in a significantly better performance. 

 

Stahl et al. [25] performed experiments on load capacity and efficiency of grease-

lubricated the worm gears. They tested the worm gear under grease lubrication at various 

speeds with the help of the FZG test rig. The tests were carried out with a center distance 

of 65 mm with different types of grease and different load stage. The result of the 
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investigation proved that under specific operating conditions (especially when using low 

input speeds) greases may show lower wear rates than corresponding oils, as well as lower 

base coefficients of friction.  

 

Boanta and Bolos [50] presented the mathematical model for generating a kinematic and 

numerical simulation of worm face gear with simplified geometry. The study provided 

coordinates determination for the flanks of the worm and the face worm wheel and also 

provided for the appropriate graphical modeling environments.  

 

Magyar and Sauer [35] presented the tribological calculation method to calculate the 

efficiency of a worm gear drive. To approve the established prediction method, an 

experiment machine was developed at the laboratory to investigate the efficiency of the 

worm gearbox. Calculated tooth friction coefficients and experimental test results were 

very close to each other. They calculated the efficiency values at 60o C lubricant 

temperature and output torque of 430Nm by which they obtained the degree of efficiency 

of 0.65 <η<0.74 for different values of input number of revolutions as shown in Figure 

2.1. 

 
FIGURE 2.1: Changing of the torque & efficiency with iteration [35] 

 

Boanta and Bolos [51] studied the thermal behavior of worm gear with modified 

geometry. The authors compared the thermal limit values of worm gears. 

 

Turci et al.[5] worked on worm gear efficiency and optimization. The efficiency was 

measured for worm gearboxes with a center distance ranging from 28–150 mm & 
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reduction ratio from 5:1 to 100:1. Simultaneously the efficiencies were calculated using 

several standards (AGMA, ISO, DIN, and BS) and compared with the measured value.  

 

Mautner et al. [34] used the FZG equipment to test the effect of viscosity, worm wheel 

material, and lubricants type on the performance of a big-sized of worm gear. For the 

higher viscosity, synthetic oil was used to measure efficiency. The experiment concluded 

the following points. 

1. Higher gearing efficiency is accompanied by a decreasing ratio of diameter to 

center distance. 

2. An increasing lead angle leads to higher gearing efficiencies. 

3. A decrease in gear ratio can result in an improvement in efficiency. 

4. Oils with high viscosity result in higher no-load losses but lower load power 

losses due to better lubricant film formation in gears and bearings. 

 

Kacalak et al. [52] introduced the design of patented worm gear drives, which allows 

backlash adjustment or elimination. Their proposed solutions cause both reaction and 

standard deviation to be reduced as low as 7.5% and 5% of their initial values, 

respectively.   The new worm gear drive, including the one with a locally axially and 

radially adaptive worm, allowed effective and considerable backlash reduction as well as 

dispersion of its values.  

 

Deng et al. [53] proposed a novel worm gear, named end face engagement worm gear, 

with multiple worm-wheel meshing which having multiple outputs with high transmission 

efficiency and good lubrication. The analysis of variance (ANOVA) was also applied to 

determine the optimum levels and to determine the influence of parameters. The ANOVA 

results showed that the novel end face engagement worm gear with multiple worm wheels 

provides high lubrication and meshing performance. The proposed worm gear helped to 

enrich the no-backlash high precision worm drive and the optimal design method was 

provided a useful reference on performance improvement of other worm gear. 

 

Sohn and park [54] introduced an asymmetric longitudinal crowning of the worm gear in 

cylindrical worm gear drives. They modified the (1) the crossing angle between the hob 

and the worm gear axes, (2) the shortest distance between the hob and the worm gear, (3) 

the hob tooth thickness, and (4) the hob addendum. 
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Skulic et al. [55] investigated the efficiency of the worm gearbox with different lead-angle 

and different materials. Results showed that the losses are under the considerable influence 

of worm and worm gear material. The best tribological qualities include a mixture of 

worm gear materials made of bronze tin and worm made of hardened steel. The Gear 

geometry, lubricant viscosity, and type of lubricant have a significant influence on the 

efficiency. Higher efficiency values were measured at higher speed & output torque. 

 

Blaza et al. [9] studied the lubricant viscosity effect on the efficiency of worm gear. The 

degree of efficiency was determined on the previously described device for different 

values of the input number of revolutions, the output torque regulated by the current 

intensity on the control unit, and by variation of two types of oil. The oil of the viscosity 

of 220 mm2/s and 680 mm2/s was utilized to quantify the exhibition of the worm gear. The 

outcomes indicated that the worm gear reducer's efficiency increments, as shaft speed, 

braking torque, and the viscosity of the oil increments. 

 

Miladinovic et al.[56] conducted various experiments that have worked based on the L27 

Taguchi orthogonal matrix. As the influencing parameters, the speed of gear, the oil 

viscosity, and the current intensity were taken into account. The optimal combination of 

elements was achieved depending on the Gray relational analysis. The outcomes indicated 

that the grey relational grade was the most elevated for the viscosity of the oil 460 mm2/s, 

the speed 2000 rpm, and the current intensity of 0.2 A. Also, the grey relational grade was 

generally influenced by the current intensity on the control unit with 72.1%.. 

 

Tica et al. [57] performed a comparison between analytical and experimental research into 

the thermal stability of worm gears. The experimental research on worm gears with a 

center distance of 30mm was conducted regarding operational conditions with a 

transmission ratio of 40 and input speed 5000 rpm. The oil sump temperature in the worm 

gear was measured according to the Ni-Cr-Ni thermocouple. It was concluded that the 

heating of oil plays an important role during the operation. 

 

Babu et al. [4] carried out experiments on worm gears under different loading and oil level 

conditions using temperature signals acquired during the experimental studies. An 

experimental setup was developed which consists of a worm gearbox coupled with a DC 
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motor using flange coupling and rigidly mounted on the testbed. Multiple experiments 

were conducted for varying speeds, loads, and oil levels. The speed of the motor was set at 

four different rpm including 1000, 1300, 1800 and 2300 rpm. The load conditions are no-

load, 350 gm load, and 700 gm load. The oil conditions for each set were varied for full oil 

level and half oil level. Results showed that increasing the speed results in temperature is 

increased. Secondly, as the load increased, the temperature is also increased. 

 

Goldfard et al.[58] performed a comparison between the worm gear and spiroid gear. The 

evaluation was made by layout, geometric and kinematic force, and accuracy 

characteristics. The characteristics of the gears which were compared, their axes were 

arranged at the right angle, their worms had the same pitch diameters and profiles of their 

worms were rectilinear. It was concluded that the worm gear is featured by comparatively 

low contact stresses, minor forces in meshing, and less sensitivity to errors of the worm 

pitch.  

 

In this section worm gear general efficiency, power losses, geometry parameters are 

reviewed however there is no literature available for churning power loss of worm gear. 

 

2.3 Churning power loss of gear 

 

Losses in the gearbox can be separated into load dependent losses and no-load dependent 

losses. Load dependent losses consist of gear friction loss and bearing friction loss. On the 

other hand, no-load dependent losses comprise of oil seal loss, gear churning, and windage 

loss and bearing churning and windage loss. While there are many published studies on 

the mechanical efficiency of gear (by considering load-dependent losses), comparatively 

there are only a few published studies are available on no-load dependent losses of gear 

[36].  

 

The basic aspects of the research of churning losses have a relation with the fluid 

mechanics of an axially symmetric, smooth-walled, right-circular rotating plane disc.  

Karman [59] investigated the steady flow produced by a plane disk of broad diameter, 

rotating at a uniform angular velocity in contact with an incompressible viscous fluid, who 

used the method of momentum analysis as a solution for turbulent flow. Most methods for 
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predicting or measuring the churning torque were the empirical adaptations of the integral 

momentum analysis. The early research on churning power loss was subsequently 

performed by Daily and Nece [60]. They developed theory and discussed the losses of 

fluid drag on a smooth plane disc. Mann and Marston [61] worked on the churning torque 

for the disks with various geometries. Ariura et al. [62] recognized the source of churning 

losses in the spur gear with jet-lubrication. The research on churning losses was performed 

by Akin et al. [63]  with losses of windage in jet-lubricated spur gears. 

 

Terekhov[64] investigated the churning losses in dip- lubricated geared transmissions for a 

wide range of operating conditions. Based on the experiments, they introduced several 

empirical equations based on different Reynolds and Froud numbers. Terekhov developed 

the following equation by considering high viscosity lubricant and low rotational speed of 

the single gear. Terekhov [64] developed the empirical equations for single and meshing 

gears. 

 ��� = ��������              (2.1) 
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For turbulent flows (2250<Re<36000) 

 �� = 0.373"#$%.�'�$%.() *��+,.) *-�+$%.,(� * ../+$%.)3�
         (2.4) 

 

Where,  

Pch=Churning power loss, Cm=Dimensionless churning torque coefficient, V=Submerged 

volume of lubricant, Vo=Total volume of lubricant 
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Akin and Mross [65]  developed the theory for the effect of windage power loss of spur 

gear. Townsend [66]  conducted many experiments to determine power loss and gear noise 

of high-speed spur gears with long addendum under various conditions of load and speed. 

He concluded that the windage loss and churning loss is the main component of gear at 

high speed. 

 

Boness [67] calculated the churning torque for the disks with various geometries based on 

the study of Mann and Marston [61]. He investigated the churning power loss by 

considering the special case of truck transmission. Boness [67] developed the following 

empirical equation and concluded that the churning power loss is independent of gear 

tooth geometry and flow regime. 

 

��� = ,( ���5�����           
   

(2.5) 

 
 
For laminar flows (10<Re<2000), �� = 20 "#⁄             (2.6) 

 

For laminar flows (2000<Re<100000), �� = 8.6 × 10$�"#,/�
          (2.7) 

 

For turbulent flows (100000<Re), �� = 5 × 10: "#(⁄           (2.8) 

 

Luke and Olver [42] performed a comparative study of the mathematical model provided 

by Terekhav [64] and the mathematical model provided by Boness[67]. In this work, the 

author performed experiments on single spur gear having 72-tooth, 3 mm module with 

different speeds up to 4500 rpm, immersion depth of 54 mm, and different temperatures. 

Boness[67] attempted to correlate churning torque with Reynolds number based properties 

whereas showed the little effect of fluid viscosity. The correlation was good for the 

Terekhav [64] prediction method however, it was poor for water lubricant. A few 

experiments were also conducted by considering the pair of gear. 

 
Heingartner & Mba [68] developed the mathematical model of churning power loss for 

helical gear by considering the speed, viscosity of oil, peripheral velocity, operating 

temperature, and geometry as a controlling parameter. The equation (2.9), (2.10) and 
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(2.11) show the churning loss for the shaft, the churning Loss for side faces of the gear, 

and the churning Loss for tooth surfaces respectively. 

 

�;<� = 7.73=>?@�A�.3BC?10(&                                                                                                             (2.9) 

 
 
 

�;<� = 1.474=>?@�A).3C?10(&                                                                                                             (2.10) 
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Where  

PCLi =Churning power loss, ν =Kinematic Viscosity. fg =Gear dip factor, n =Gear speed, 

D=Element diameter, L=Contact line length, Ag =Arrangement constant, n=Speed of gear. 

 

Changement and Velex [3] projected the empirical equation for churning losses of a 

meshing gear pair. For these experiments, they had considered parameters such as gear 

geometrical properties, rotational speed, and lubricant properties. 
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For gear pair 
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CN = 17.7 Fr%.&: *Q$,QR + S1 − E UVWKXYZ[\                                                                         (2.15) 

Where,  

Pch = Churning power loss, Cm=Dimensionless churning torque coefficient, h=Immersion 

depth, d=Diameter of gear, Vo=Total volume of lubricant, u= Gear ratio. 

 

Hohn et al.[69] conducted various experiments to investigate the Influence of immersion 

depth of dip lubricated gears on power loss. For the scuffing tests, a standardized FZG 

back-to-back test rig according to DIN 51354 with a pitch line velocity of 8.3 m/s was 

used. The investigation showed that bulk temperature is high at low oil level, The power 

losses( no-load losses) decrease with decreasing immersion depth. With an immersion 

depth of three times the module of the pinion,  the load-carrying capacity is decreased 

26% compared to the reference immersion depth. They came up with the solution for 

torque loss of splash lubricated gear wheel in a gear-case. They developed a churning 

power loss model for gear pair. As controlling parameters, mean oil temperature, speed, 

thermal properties, immersion depth, the direction of rotation were considered for the 

experiments. 

 ��� = �]��I#;^ ._._/          (2.16) 

 

�I = 0.063 *�`a�b,%��+ + 0.0128 * -,%��+�
       (2.17) 

 

�- = �`a�b:%%�� + 0.2           (2.18) 

 

�]� = *(Fcb<d + * ��b�Fcb+,.)
          (2.19) 

 

Where LH=2LH/(L+H), d1 & d2 =pitch circle diameter of gear, L =Internal width of gearbox 

H =Internal height of gearbox, Vt =Velocity of gear, Vto= reference velocity =10 m/s, 

Cch=churning torque. 

 

Changenet and Velex [70] developed the specific test rig to investigate the influence of 

housing clearance of gearbox on the churning losses in geared transmissions and more 
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than 100 experiments were conducted covering a large range of operating conditions. The 

result showed that the influence of radial clearances was weaker than that of axial 

clearances and power losses can be reduced by mounting flanges close to the gear. 

Changenet et al.[41] modified the mathematical model based on experimental evidence. It 

was concluded that the physical phenomena in the production of churning loss are not 

necessarily dominated by the influence of the lubricant viscosity or Reynolds number.  

 

Eastwick & Johnson [71] reviewed the different literature on windage power losses of 

gear. They provided the provide a comprehensive compilation of published information on 

windage power loss. They concluded that the rotational speed, gear geometrical 

parameters, degree of confinement, and density of the fluid surrounding the gear are 

important for windage power loss. 

 

Seetharaman et al.[43]  proposed a model of physics-based fluid mechanics to predict spin 

power losses due to oil churning and windage losses. The model was prepared by 

considering two categories (1) Drag power losses and (2) Pocketing power loss. For the 

mathematical model of drag power losses, power Loss due to drag on the periphery of a 

gear, power loss due to drag on the faces of gear, and power loss due to root filling were 

considered. The experiments were carried out over a wide range of operating speed, 

temperature, oil levels, and main gear design parameters to measure their effect on spin 

power losses. The measurements showed that the rotational speed, static oil level, and face 

width of gears have a significant impact on spin power losses compared with other 

parameters such as oil temperature, gear module, and the direction of gear rotation.  

 

Leprince et al.[72] examined the effects of lubricant properties on churning losses. Several 

lubricants have been tested including water and transient measurements were taken while 

the oil sump was being heated. It was concluded that lubricant density and viscosity are 

not sufficient in themselves to estimate churning losses and that additional properties 

related to the lubricant aeration should be considered. As the drag torque became larger 

when the fraction of air in the lubricant increases. It was concluded that lubricant density 

and viscosity are not sufficient in themselves to estimate churning losses and that 

additional properties related to the lubricant aeration should be considered. 
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Stavytskyy et al.[73] reviewed the experimental investigations and available models of 

gear at no-load dependent power losses for spur, helical & bevel gear. They categorized 

their review into three categories. (1) Experimentally measurement on test rig, (2) 

Calculation with empirical equation, (3) Simulation with computational fluid dynamics 

(CFD).

 

Csoban and Kozma [74] worked on the oil churning, the bearing, and the tooth Friction 

losses on the efficiency of planetary gears. In this work theoretical investigation was made 

to determine the oil churning, the bearing and the tooth friction losses of planetary gears, 

and evaluate the influence of these types of friction losses on their efficiency. 

Optimization of the design of the planetary gear drives showed results the best parameters 

leading to their highest efficiency even in the case of compound planetary gears and 

finally concluded that Heavy-duty planetary gears operate at high speeds and transmit high 

powers leading to considerable friction power losses.  

 

Jeon [75] explored the most efficient way to increase the efficiency in drivelines, with a 

focus on an axle consisting of hypoid gears and a differential assembly. The experimental 

study of oil churning losses in a hypoid axle from a four-wheel-drive was performed using 

the inertia run-down technique. The test rig allowed different lubricant parameters and a 

wide range of speed to be explored. It was designed by the author for experiments 

available at different roll and pitch attitudes. The empirical equations were obtained from 

the experimental results, and the new churning model was introduced. It was found that 

the oil immersion depth was the most influential factor in the churning losses in dip 

lubrication. For the crown wheel with 210 mm diameter, the churning torque was less than 

that with a 220mm diameter. Axial clearances to the churning losses were more effective 

than radial clearances. Kuria and Kihiu[76] defined the churning power loss as the power 

loss when a gear is running in an oil shower or is plunging into the oil. 

 

Marchesse et al.[77] applied computational fluid dynamics (CFD) code to two and three-

dimensional simulations of windage power loss generated by spur gears rotating in the air. 

Marchesse et al.[78] also applied the same technique for helical gear. Hill et al.[79] 

applied also computational fluid dynamics (CFD) to gear configuration with or without 

shrouding. They validated the numerical and modeling approaches of windage power 

losses of the spur gear. 
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Leprince et al.[28] examined the level of oil flow expected on the casing walls. The tank 

was placed in the housing to catch a part of the oil projected by the gear teeth due to 

centrifugal fling. A series of formulas deduced using dimensional analysis that can predict 

the flow rate of lubricants produced by one spur gear or one disk at different locations on 

the casing. Based on several experimental results, a set of the analytical formula was 

established using dimensional analysis. It was found that the disk and gear with similar 

geometry (outer radius and face width) generate equivalent flow rates. 

 

Gorla et al. [80] worked on CFD simulations of splash losses of a gearbox. Authors have 

performed some initial simulation with a simplified geometry; consisting of a simple 

rotating disk in a filled case (no free surface is present, both in the experiments and the 

CFD approach). The simulations were conducted under pressure while the gearbox was 

developed to operate on the bottom of the sea and this pressure is needed to compensate 

the external water pressure at operating depth. The error in the predictions for the analyzed 

cases was lower than 5%. 

 

Concli and Gorla [81] focused on the oil squeezing power losses by simulating with CFD. 

This kind of loss was associated with the pumping of the oil at the gear mesh, where there 

was a contraction of the volume between the mating gears due to the rotation of them and 

a consequent overpressure. To study the churning power loss, a spur gear pair with the 

same dimensions were used and synthetic gear oil was used as a fluid. The results showed 

that for low regimes and high temperatures this kind of loss is particularly low. The 

simulations showed that the churning power loss increases, as expected, with the rotational 

speed and decrease with temperature.  

 

Gorla et al. [82] applied the CFD model to study the hydraulic losses of a gearbox. In this 

study, efficiency became the main concern in the design of power transmissions. For this 

reason, simulations of CFD (computational fluid dynamics) were carried out to understand 

the effect of geometrical and operating parameters on the losses in power transmissions. 

Model results were confirmed with experimental results. The results of the experiments 

confirm that the CFD represents a valid method to predict power losses.  
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Marques et al.[2] used two stages multistage gearbox with helical gear and four wind 

turbine gear oils (a mineral (MINR), mineral + additives (MINE)), poly alkylene glycol 

(PAG), a poly alpha olefin (PAO) were tested. They found the influence of oil sump 

temperature, gearbox temperature, different input speed ( 100, 200 & 300-500 rpm) and 

torque on churning power loss. The PAG oil showed the lowest operating temperatures. 

PAOR and MINE performed identically while the MINER displayed the highest operating 

temperatures.  

 

Kolekar et al.[83] conducted various experiments to investigate the windage and churning 

effects in dipped lubrication using the inertia rundown technique. The lubricating oils, 

water, and aqueous glycerol solutions were used as a fluid.  The nylon gear with a 4 mm 

module was selected as a test gear. After the test gear reached the constant desired speed, 

the test gear was disconnected from the motor drive so that the gear starts to decelerate 

stirring the surrounding oil. The angular speed versus time was captured during the 

rundown period and the rate of decline of speed was used to find the churning torque. The 

churning losses were found to have been significantly influenced by the fluid that was 

disposed within the housing. When the air was evacuated from the enclosure, the churning 

losses increased, by 4.5 times for the most viscous oil.  

 

Arisawa et al.[84] worked on the windage power loss and churning power loss of bevel 

gear by using computational fluid dynamics (CFD). They developed the computational 

fluid dynamics (CFD) technique high-speed the two-phase flow of air with gear meshing. 

Concli et al.[85] studied the windage losses generated by a single rotating gear by using 

different numerical approaches. They also compared the results with experimental results 

which showed good agreement.  

 

Fernandes et al. [86] tested the parallel axis gear and planetary gearbox. The experimental 

results (stabilized operating temperatures) indicated that changing the lubricating oil can 

have a severe impact on power loss performance and operating temperature. Changing 

from MINR (mineral) to PAG (polyalkylene glycol) in the parallel axis gearbox resulted 

in a reduction in a power loss of  22%. 

 

Concli et al.[87] development of a mesh-handling algorithm to reduce the CFD simulation 

time. The developed model was validated based on some already available experiment 
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results. The error in the predictions concerning the measured ones is less than 10%. Concli 

and Gorla [88-89] worked also on windage, churning and pocketing power losses of 

parallel axis gear by using CFD. 

 

Neurouth et al.[90] measured the churning power losses on a range of single spur and 

helical gears with different lubricants and at various temperatures. The specific test rig 

was designed to sustain the motor speed of 40,000 rpm. The churning power loss was 

measured as the fraction of the air passed to the lubricant. It has been found that the power 

losses and oil aeration can be minimized substantially by mounting flanges at an 

acceptable distance to the lateral faces of the gear. By mounting these flanges at an 

acceptable distance to the gear lateral faces, the churning power losses and oil aeration 

were reduced. The use of a single flange can lead also to a decrease in churning losses 

compare with two flanges. 

 

Fossier et al. [91] worked on experimental research into the churning losses caused in a set 

of the planetary gear. In this study, experiments were conducted to investigate the 

churning power losses generated by a set of planetary gear that was lubricated with a 

splash. To this end, a particular test rig was used to operate a planetary gear train in 

various configurations within a range of the planet-carrier rotational speed under unloaded 

conditions. As for influence parameters, the Authors have considered rotational speed, 

temperature, oil sump level, and planet number. The no-load power losses produced by the 

planetary gear set were determined from direct torque measurements by a strain gauged 

sensor. It was concluded that the number of planets in the churning power loss is of 

primary importance. 

 

Wang et al.[92] studied the arrangement of the churning power loss measurement device 

and the testing principle of gear churning power loss measurement device for the parallel 

axis of the gear. The authors discussed the overall design of the test rig, design of the tank, 

and design of the oil dripping device. It also explored the methods to reduce gear churning 

power losses. 

 

Laruelle et al.[93] performed a large range of experimental tests to affect the churning 

losses of spiral bevel gears. A specific test rig was employed to study a single spiral bevel 

gear partially immersed in an oil bath. The Experiments were conducted for different 
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operating conditions in terms of the type of lubricants, temperatures, rotational speed, and 

gear geometries to study their influence on splash lubrication power losses. These 

experimental results were compared with the predictions from various literature sources 

which were not well agreed with the predictions for all operating conditions. The new 

correlation was developed by extending the Jeon [75] formula to resolve the discrepancy.  

It was found that the churning power losses are proportional to N1.7. 

 

Liu et al.[94] investigated the oil distribution and churning power loss inside a single-stage 

parallel axis gear by finite volume method (FVM). The FZG efficiency gear test rig was 

used for the experiment. The CFD simulation results were compared with experimental 

data for all considered operating conditions. The investigations showed that the finite 

volume CFD method is a valid tool for predicting the churning loss and oil distribution 

inside a gearbox. The comparisons showed very good agreement in modern transmission 

systems to predict the oil distribution and the churning losses. Furthermore, it was 

concluded that the rotational speed has the greatest influence on the churning losses, 

whereas the spin effect on the oil particles was mostly influenced by the tip diameter. Liu 

et al.[95]  worked on churning power loss of spur gear by using CFD technique. 

 

Wang et al.[96] worked on the frictional heat generation of the spiral bevel gear. That was 

analyzed by the finite element method. Jiang et al.[97] predicted the churning power loss 

of bevel gear by using the computational fluid dynamics (CFD) method.  

 

Polly et al.[44] investigated the load-independent power losses of a gearbox that operates 

under the condition of dip lubrication. Under specified speed and temperature conditions, 

a gearbox was designed to operate a single gear or a gear pair. Two groups of tests, one 

with a single ring gear and the other with a gear-pair, were performed in this study. It was 

concluded from the experiments that 1) Bulk lubricant temperature has a sizeable 

influence on ring gear drag. 2) A spur gear was measured to cause 30–70% more spin 

power loss than a cylindrical disk with no teeth.3) The angular position of the pinion 

around the ring gear, relative to the static oil level, was observed to have a major role in 

overall spin power loss. 

 

Peng et al.[26] described the numerical method of simulating the flow of splashing oil in a 

hypoid gearbox. To simulate the complex oil flow when hypoid gears splash oil inside the 
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box, a three- dimensional numerical model has been created. The volume of fluid (VOF) 

model was applied to define the two-phase flow characteristics of oil-air. Using the 

parametric modeling technique, the geometry of the hypoid gears was modeled and the 

selected size of the gearbox was 1500mm×1150mm×1000 mm. The comparison showed 

that the churning loss increased with increasing speed. The maximal error occurring at a 

rotational speed of 831 rpm between the simulated and measured values was 15.3%. The 

error was below 10% at other stages, which is appropriate for most engineering 

applications. The diagram also validated the numerical model and method by experiments. 

Liu et al.[98] simulated the model for the planetary gear set by using CFD approach. They 

developed a finite volume CFD model of a dip-lubricated planetary test gearbox and 

investigated the different parameters of gear. 

 

2.4  Summary of the Literature Review 

 

For the literature review, more than 100 including research papers, conference papers, 

magazine articles, and Industrial reports have been reviewed. Among these articles, 

24.26% of papers are published after 2017 and 68.82% of papers are published after 2010 

as shown in Figure 2.2. Also, the articles have been shortlisted as per the type of gear as 

shown in Figure 2.3. Among these, spur & worm gear are become the main focus of the 

literature review. The goal of this study is to illuminate and quantify components of the 

churning power loss for worm gear that has not yet been examined as well as to confirm 

the findings of earlier experimental works.  

 
FIGURE 2.2: Publications analysis as per published year 

(Conference paper & industrial magazines are also considered here) 
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FIGURE 2.3: Publication analysis as per type of gear 

 

 

(a) 

 

(b) 

FIGURE 2.4: Publication analysis as per Factors (a) For Spur Gear (b) For Worm Gear 
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Therefore for this research work, 45.69 % of papers are more focused because these are 

relevant to the churning power loss of parallel axis gear. The remaining 46.3% are on 

geometry and mathematical model as well as 40.74% load dependant losses (Mechanical 

efficiency) for worm gear as shown in Figure 2.4. 

 

2.5 Outcome of the Literature Review 

 

On the bases of the literature review, it can be seen that worm gearbox performance 

depends on many parameters like gear teeth geometry, gear material, the lubricant of gear, 

the roughness of gear, loading, and working conditions. The operating efficiency of worm-

gear ranges from 50% to as high as 95%. Several factors influence operating efficiency, 

including reduction ratio, input speed, tooth geometry, and lubrication. The transmission 

efficiency is low because the relative sliding velocity between the teeth of meshing gear is 

large. The effect of lubricant level, lubricant temperature orientation of worm shaft, and 

direction of rotation under the no-load condition on the efficiency has not been considered. 

 

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

gear, Helical gear, etc.) and bevel gear only, not has been clarified the churning losses of 

worm gear. 

 

Also from the literature survey, it is known that there are lots of research works done on 

mechanical power loss, geometry, developing new material, churning, and windage losses 

of the parallel axis of the gear. The foregoing review has shown that much experimental, 

empirical, and CFD research on churning losses for spur gears has been performed. The 

majority has used dimensional analysis based on the concept of Karman[59] infinite 

rotating disc immersed in oil. The churning losses depend mainly on the speed, immersion 

depth, gear radius, and flow regime. The secondary influences are the gear width, 

lubricant, and immersed volume. The influence of each factor on the churning power loss 

is reviewed from the different works of literature as shown in Table 2.1. The gear ratio is 

not considered as a controlling parameter of churning power loss even in the parallel axis 

of the gear also. 
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TABLE 2.1: The significance of the factors for the churning power loss of the parallel axis of the gear. 

 

Sr. no Properties Churning 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 Direction of rotation Dependency increases with speed 

7 Immersion depth Strong dependency 

8 Center Distance Weak dependency 

9 Orientation Dependency depends on the speed 

10 Material Weak dependency 
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CHAPTER-3 

 

 

This chapter describes the experimental methodology developed to investigate the 

churning power loss (CPL) of worm gear. It also describes in detail the test rig for 

measuring the churning power loss and experimental technique used in the present work.  

 

3.1 Selection of Test Gearbox 
 

The main objective of this study was to cover a wide range of testing conditions for 

churning power loss of worm gear. Accordingly, a test gear pair was developed and 

gearbox was selected to handle many different operating conditions. The main 

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. 

      Experimental Methodology 
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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. 

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

selected with different reduction ratios and same center distance. The family consists of 

two gear pairs having a reduction ratio 30:1 and a 15:1. Table 3.1 shows the basic 

configuration of these two gear pairs which are used in industries. In worm gear, worm 

shaft works as driver gear and worm wheel works as a driven gear. 

TABLE 3.1: Basic design parameters of the selected gear drive 

Gear 

Gear Pair-1 Gear Pair-2 

Worm 

Wheel 

Worm 

Shaft 

Worm 

Wheel 

Worm 

Shaft 

Number of teeth 30 
Single 
start 

30 
Double  

start 

Material CuSn12 16MnCr5 CuSn12 16MnCr5 

Module (mm) 3 3 

Pressure angle 20 20 

Centre distance (mm) 75 75 

Outer diameter (mm) 132 40 132 40 

Reduction ratio 30:1 15:1 
 

The only main difference in the amongst gears is the start of the shaft which affects on 

reduction ratio. Both the worm shafts are right-handed screws and made of the same 

material. It is proved that soften materials are more preferable to worm wheel and harden 

materials are more preferable for worm shaft [15]. CuSn12 was selected for worm wheel 

and16MnCr5 was selected for worm shaft. Both the shaft can be accommodating with the 

same gearbox because center distance and outer diameter are the same for both. The gear 

pairs and gearbox were selected based on maximum utilization in industries. The gear 

pair-1 & gear pair-2 were selected to investigate the churning power loss as shown in 

Figure 3.1(a) & 3.1(b). The worm shaft and two taper bearings were assembled and the 
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assembly sequence of the worm wheel is shown in Figure 3.1 (c). Two taper bearings were 

used on both sides of the worm shaft and worm wheel to avoid the deflection of the shaft. 

 

(a) 

 

(b) 

 

(c) 

FIGURE 3.1: Worm gear model  (a) gear pair 1 (30:1 reduction ratio) (b) gear pair 2 (15:1 reduction 

ratio)  (c) Assembly of the worm wheel 
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The three-dimensional solid models for gear pair are shown in Figure 3.2. It shows that the 

worm shaft can be used at the bottom and the top position. These conditions can be 

obtained by changing the orientation of the worm gearbox. 

 

 

(a) 

 

(b) 

FIGURE 3.2: 3-D  solid models of gear pair (a) Worm shaft at bottom (b) Worm shaft at the top 



Figure 3.3 shows the internal view of selected worm gear

which can be used for both orientations. Worm gearbox consists of gear

bearings, and frame as shown in 

constant (180mm×180mm×280mm).

oil seal and supported by taper bearings. One end of the worm wheel 

supported by taper bearing while other end rest into the closer as shown in 

The fins were available on surfaces of the worm gear

accommodate these both 

distance and both side mounting feasibility.

were also available on both sides. Worm gearbox can be used o

shaft at the top position and the worm shaft at the bottom position is shown in 

(c) and Figure 3.3 (d) respectively.

 

Selection of Test Gearbox

Figure 3.3 shows the internal view of selected worm gearbox and worm shaft positions 

which can be used for both orientations. Worm gearbox consists of gear

bearings, and frame as shown in Figure 3.3 (a). The inside volume of the gearbox was 

constant (180mm×180mm×280mm). Both ends of the worm shaft were sealed through the 

oil seal and supported by taper bearings. One end of the worm wheel 

supported by taper bearing while other end rest into the closer as shown in 

available on surfaces of the worm gearbox for heat rejection.

accommodate these both gear pairs, the worm gearbox should have the same center 

distance and both side mounting feasibility. Fastening arrangements and dip lubrication 

also available on both sides. Worm gearbox can be used on both sides. The worm 

shaft at the top position and the worm shaft at the bottom position is shown in 

3.3 (d) respectively. 

 

 

1- Bearing for output shaft

2-Oil seal for worm wheel, 

3-worm wheel, 

4-Output shaft, 

5-Worm shaf

6-Worm gearbox,

7-Support for worm wheel, 

8-Housing for the worm

shaft,  

9- Bearing for input shaft

10-Housing for worm 

wheel,  

11-coupling for 

shaft. 

(a) 

Selection of Test Gearbox 

box and worm shaft positions 

which can be used for both orientations. Worm gearbox consists of gear-pair, shaft, 

gearbox was kept 

sealed through the 

oil seal and supported by taper bearings. One end of the worm wheel was sealed and 

supported by taper bearing while other end rest into the closer as shown in Figure 3.3 (b). 

box for heat rejection. To 

, the worm gearbox should have the same center 

Fastening arrangements and dip lubrication 

n both sides. The worm 

shaft at the top position and the worm shaft at the bottom position is shown in Figure 3.3 

for output shaft,  

Oil seal for worm wheel,  

worm wheel,  

Output shaft,  

Worm shaft,  

Worm gearbox, 

upport for worm wheel,  

Housing for the worm 

for input shaft,  

Housing for worm 

coupling for the output 

40 
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(b) 

 
(c) 

 
(d) 

 

FIGURE 3.3: Worm gearbox (a) Detailed arrangement of test gearbox (b) Open view of worm 

gearbox (c) Worm gearbox with the worm shaft at the bottom (d) Worm gearbox with the worm shaft 

at the top 
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3.2 Development of Test-Machine 

 

The test rig is to be used primarily to measure the churning losses for a worm gearbox. To 

satisfy this purpose, the test rig was developed to mount the different orientation of 

gearbox and to measure the churning power loss with high accuracy for influencing 

controlling variables. The main requirements of a test machine for this study are given 

below. 

 

1. The test-bed of test machine should be accommodated with motor, bearings, torque 

sensor and test gearbox 

2. The test machine should have provision to measure the temperature of lubricant 

inside the gearbox. 

3. The test machine should have provision to vary the speed of the motor according to 

test requirement. 

4. The test machine should have provision to mount gearbox with different 

orientations of worm gearbox. 

5. The test machine should be able to regulate the pressure of the air inside the 

gearbox. 

 

3.2.1 Test-Machine assembly 

 

In dip lubrication, there are three possible ways to determine churning power losses of 

gear & gear pair: (1) Heat dissipation measurement, (2) Inertia rundown method, and  (3) 

Direct torque measurement. In the heat dissipation method, all measurements of losses in 

heat dissipation are made in a steady state when the oil temperature is stabilized. In the 

inertia rundown method, the moments of inertia of rotating parts are calculated. Based on 

the deceleration graph and moment of inertia, the drag torque of gear is calculated. This 

technique is valid for single disc or single gear only [83]. The direct torque measurement 

method is quite simple and more compatible with the gear pair therefore this method was 

selected to measure the churning loss of worm gear pair. This method was also used to 

investigate the churning power loss for the parallel axis of gear and bevel gear[40, 43, 44, 

93]. The experimental studies were performed on a specially designed torque 
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measurement test machine. The schematic representation of this developed test machine is 

given in Figure 3.4. The test machine is composed of a motor, torque sensor, Temperature 

sensor, Variable frequency drive (VFD), Shaft, Bearings, Couplings, testbed, and data 

collector. 

 
 

FIGURE 3.4: Schematic representation of the test machine for worm gear  

 

The test stand is built with an electric motor controlled by the variable frequency drive to 

enable the variation in rotational speed. The gearbox containing the test gear pair is 

connected to the motor through the shaft, torque sensor, and couplings. The gearbox is 

rigidly mounted at the end of the test-bed and similarly, the motor is mounted on the other 

end of the test-bed. Torque at the input shaft of the test gear is measured with the torque 

sensor. The temperature of oil inside the gearbox and pressure of the air inside the gearbox 

can be measured with the help of temperature sensor & pressure gauge respectively. This 

test rig is designed to perform the experiment based on the direct torque measurement 

technique. According to the line diagram three dimensional model was prepared with the 

help of NX software to check the feasibility of actual test rig as shown in Figure 3.5. The 

drawings of the test machine and selected gearbox are given in appendix A. 
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(a) 

1-Variable frequency 

drive (VFD), 

2- Three-phase motor, 

3- Jaw coupling,  

4-foot mounted bearing,  

5-Torque sensor, 

6-Worm gearbox,  

7-Temperature knob, 

8- Digital controller for 

Torque sensor,  

9- Digital temperature 

sensor 

 
(b) 

 
(c) 

FIGURE 3.5: Three dimensional models of the test machine (a) Isometric view (b) front view (c) Top 

view 



Experimental Methodology 

45 
 

A 3 HP three-phase AC motor was the key component of the test machine as shown in 

Figure 3.6. It transfers the power to the worm gearbox through the torque sensor. It is 

connected with variable frequency drive (VFD) to vary the speed of the motor. The 

specifications of the selected motor are given in Table 3.2. 

 

 
FIGURE 3.6: 3 HP three-phase 4 pole AC motor 

 

TABLE 3.2: Specifications of motor 

Technical Specification Value 

Motor type Three-phase AC induction motor 

Rated power supply 3 HP 

Rated voltage 440 volt (±5) 

Rated Speed 1440 rpm 

No of Pole 4 pole 

 

The motor is connected to the torque sensor through coupling, shaft, and bearing assembly 

as shown in Figure 3.7. This assembly was used on both sides of the torque sensor. A jaw 

coupling was selected for flexible operation as shown in Figure 3.8. These couplings were 

designed to transmit the torque from one shaft to another shaft and also these couplings 

accommodate the misalignment of the shaft. 



Development of Test-Machine 

 
FIGURE 3.7: Bearing-Shaft-Coupling assembly 

 

The spider elements are available in coupling to reduce the misalignment of the shaft. The 

spiders can perform under normal duty cycle conditions to heavy duty cycles which 

include shock loading and can minimize torsion vibrations in the system. The foot-

mounted bearings were used to support the shaft. 

 

 

FIGURE 3.8: Jaw coupling 

 

The motor transmits the power to the worm gearbox through a torque sensor. At the end of 

the spindle of a motor, a precision torque sensor and a flexible coupling are placed to 

measure the torque provided to any gearbox mounted on the test-bed. The flexible 

couplings were used on both sides of a torque sensor to avoid the vibration of a torque 

sensor as shown in Figure 3.9. Torque sensor measures the torque through strain gauge. 

Bearing 

Coupling Shaft 
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FIGURE 3.9: Torque sensor 

 

The speed of the motor can be varied by variable frequency drive (VFD) assembly as 

shown in Figure 3.10. This assembly consists of the VFD, regulator, and current coil. The 

motor speed can be set and measured with the help of a variable frequency drive (VFD). 

 

 
FIGURE 3.10: Variable frequency drive with the regulator 

 

The regulator can vary the speed according to test requirement as well as it changes the 

direction of rotation (clockwise & anticlockwise). Variable frequency drive can read the 

motor speed in rpm and frequency in HZ. The most important part of this test machine 

was the test machine as shown in Figure 3.11. The test-bed was designed and fabricated 

for the investigation of churning power loss of worm gear only. 
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1-Provision for motor,  

2-Provision for 1st 

foot mounted bearing, 

3-Provision for 

Torque sensor, 

4-Insulation pad,  

5-Provision for 2nd 

bearing,   

6-Provision for worm 

gearbox 

FIGURE 3.11: Bed of the test machine 

 

1-Alignment Block 

for 1st bearings,  

2-Alignment block for 

torque sensor, 

3-Alignment Block 

for 2nd bearings,  

4-Alignment block for 

the gearbox 

FIGURE 3.12: Bed of the test machine with alignment blocks 

 

The main aim was to avoid the vibration and misalignment of the shaft. This bed was 

divided into two halves. The smaller and dipper half was used for gearbox and larger half 

was used for the remaining parts. The insulation pads were bolted with the bed to avoid 

vibration. The center of the motor and gearbox was matched by providing block according 

to the height of the individual parts as shown in Figure 3.12. 

 

These blocks were designed in such a way that misalignment can be avoided. The block-1 

was used to align the bearing shaft with the motor and torque sensor. Block-2 aligned the 

torque sensor with both bearings. Block-3 was used to align the torque sensor and gearbox 

through bearing. Block-4 was designed to align the gearbox input shaft with all assembly. 

If block 4 was used then worm gearbox can be operated with worm shaft at the bottom 

position. If block-4 was removed then worm gearbox can be set with opposite orientation. 
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The same test rig can be used for both orientations of worm gearbox by using block-4. The 

complete test rigs with different views are shown in Figure 3.13. 

 

 

(a) 

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, 

 

(b) 

10-Digital controller 

for Torque sensor  

11-3-phase AC 

motor 

 

FIGURE 3.13: Test machine to investigate the churning power loss (a) Front View (b) Top View 
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FIGURE 3.14: Insulating material (rock wool) for gearbox 

 

To avoid the environment effect, insulation was provided on the surrounding of the 

gearbox. Insulations can be categorized into two main classes per their function in 

manipulating the heat transfer: mass insulation and reflective insulation. Mass insulations 

are those that can retard the heat flow by conduction, while reflective insulations are the 

ones to reduce the amount of heat transfer by radiation[99]. Here the aim was to reduce 

the heat transaction from gearbox to environment and vice-versa. As an insulating 

material, mineral-based rock wool was used as shown in Figure 3.14. Rockwool 

insulation is a rock-based mineral fiber insulation made from basalt rock and recycled 

slag. 

 
(a) 

 
(b) 

FIGURE 3.15: (a) Test Machine with insulating gearbox, (b) Gearbox with insulation 

 

The final test machine and test gearbox with insulation are shown in Figure 3.15. The test 

machine was designed to rotate any gearbox at the maximum speed of the motor. The data 

collector recorded the temperature of the lubricant, speed of the motor, frequency of the 

motor, pressure of the air inside the gearbox and torque of input shaft. 
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3.3 Measurement System 

 

The study aimed to investigate the churning power loss of worm gearboxes that are used 

in the industry, not a specially designed gearbox. Therefore the test gearbox was not 

designed but selected from the industry. For that purpose, the measurement system was 

designed in such a way that, the worm gearbox of industries can be checked for churning 

power loss without any drilled hole or any damages. In general, there are four holes 

available in all types of worm gearbox. These holes are available for lubricant and vent 

purposes as shown in Figure 3.16. Topside holes are used for pouring the lubricant and as 

a vent hole. Bottom side holes are used for drainage purposes.  

 

 

(a) 

 

(b) 

FIGURE 3.16: Available holes in test gearbox for measurement devices (a) Wireframe model (b) Solid 

model 
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The measurement system of this test machine focused on 4 holes for lubricant temperature 

measurement, lubricant level measurement, and pressure of the air measurement. The 

hole-1 was the provision for a non-return valve for a pressure gauge. Similarly, hole-2 and 

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

lubricant level measurement by level indicator respectively. The hole-3 was used as a feed 

check valve for pouring the lubricant. 

 

The main requirements of instruments for measurements are given below. 

 

1) The pressure measurement devices should be able to measure the pressure of the 

air inside the gearbox. 

2) The temperature measurement instrument should be able to measure the 

temperature of lubricant at a particular interval of time. 

3) The torque sensor should be able to measure the torque of the inlet shaft and 

convert it into a digital signal. 

4) The oil level indicator must be able to measure the static level of mineral & 

synthetic lubricants. 

5) The speed measurement device should be able to measure the input and output 

shaft speed. 

3.3.1 Speed  

The main parameter that needed to be controlled in this set-up was the input speed. The 

input shaft speed was controlled and measured by VFD. VFD was precise enough to 

maintain the constant input speed and frequency.VFD also helps to rotate the motor in 

both directions. Speed of motor display digitally on the screen of VFD. Output shaft speed 

was measured by the digital tachometer. 

3.3.2 Input Torque  

The load-dependent losses can be measured from the output torque and non-load 

dependent losses can be measured by input torque. Therefore measurement system 

focused to measure the input torque. A torque sensor is a device for measuring and 

recording the torque on a rotating system. The torque sensor is a strain gauge that converts 

torque into a change in electrical resistance. The strain gauge is bonded to a beam or 
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structural member that deforms when torque or force is applied. Here input torque was 

measured with the help of an optical type torque sensor. Detail configuration of this torque 

sensor is given in Table 3.3. 

TABLE 3.3: Technical specification of optical type torque sensor 

Technical specification Values 

Torque capacity 0 to 50 NM 

Accuracy 0.1 % 

Rated Output   2mv/V 

Safe Over Load 150% of RO 

Zero Balance   +0.02% of RO 

Excitation 10 V DC maximum 

Non Linearity +0.02% of RO 

Non-Repeatability +0.02% of RO 

Hysteresis +0.02% of RO 

Temperature shift Zero +0.01% of RO 

Temperature shift Span +0.01% of RO 

Compensated Temperature 25 to 50 °C 

Operating Temperature 00 to 50 °C 

Operating RPM range 0 to 3000 

 

The digital controller was attached with a torque sensor as shown in Figure 3.17. Torque 

sensor senses the analog torque which converts into a digital signal by a digital controller. 

For the accurate reading of the torque sensor, bearings were provided on both sides. The 

torque sensor was calibrated before the experiments. The calibration report is given in 

appendix D. The value of torque can be sent to a computer where it was analyzed and 

recorded by a custom program. Torque can be measured manually at different operating 

conditions.  
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FIGURE 3.17: Torque sensors with a digital controller 

 

3.3.3 Lubricant Temperature  

The lubricant temperature was measured by the thermocouple that was inserted to the 

inside of extension housing as shown in Figure 3.18 (a), and the opposite side of the 

thermocouple was connected to a digital thermocouple module shown in Figure 3.18(b). 

The oil temperature was checked at the start of the run-down test and then measured again 

after the test. As discussed earlier that thermocouple was inserted through bottom side 

hole-2 of the gearbox as shown in Figure 3.18(a) 

 
(a) 

 
(b) 

FIGURE 3.18: Temperature Sensor (a) Location of thermocouple (b) Digital temperature indicator 
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3.3.4 Lubricant Level  

 

The measurement of effective oil levels under dynamic operating conditions was not 

possible. Here effective oil level under static operating condition was measured with the 

help of level indicator as shown in Figure 3.19. 

 

FIGURE 3.19: Oil level indicator 

For the utilization of oil indicator, hole-4 was used for the worm shaft at the bottom 

position. Once oil level converted into a particular volume of lubricant, the oil level 

indicator was not required throughout the test. The gearbox was operated with two 

different orientations. Both side oil levels may not the same so the volume of lubricant 

kept constant throughout the experiment as shown in Figure 3.20 & Figure 3.21. While it 

is not possible to define an effective oil level under dynamic operating conditions, the 

corresponding static oil levels have been used to represent the degree of immersion of the 

gear [44]. Seetharaman et al. [43]  used a dimensionless static oil level parameter  H=h/r 

where h is the height of the oil level measured from the bottom of the gear and r is the 

outside radius of the gear for the parallel axis of the gear. Figure 3.20 shows the static oil 

level with different H values and different orientations. The immersion level of the worm 

shaft and worm wheel can’t be described as per the parallel axis gearbox. So static 

immersion levels of both are described from the base of worm shaft for worm at bottom 

orientation as shown in Figure 3.20 and from the base of worm wheel for worm at the top 

position as shown in Figure 3.21. 
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(a) 

(b) (c) (d) 

FIGURE 3.20: Static oil level when worm shaft at the bottom (a) 2-D drawing of different oil level 

with volumes (b) 3-D static oil model when H=2 (c) 3-D static oil model when H=4(d) 3-D static oil 

model when H=6  

Here H= 0 shows the no oil in contact with the worm shaft when worm at the bottom 

condition. H=1 shows the half immersed worm, and H=2 shows the fully submerged 

worm up to the meshing level and also marked that when H=6, the entire worm shaft is 

submerged simultaneously 75% worm wheel also submerged. For worm shaft at top 

position, different level of the lubricant is given in Figure 3.21. To investigate the effect of 

orientation on churning power loss, the level of the lubricant or volume of the lubricant 

must be the same. There was not possible to maintain the same lubricant level for both 

orientations so that lubricant volume was taken. The calculation of static head as defined 

earlier is difficult because the worm shaft at the top position so the volume of the lubricant 

was taken as the variable factor. The volume was kept constant in both orientations. At 1.5 

liter volume of oil, 60% of the worm wheel was submerged and at the 2.1-liter volume of 
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the oil, worm wheel and worm shaft were submerged. at 2.7 lit volume, almost gearbox 

was full of oil. 

 

(a) 

(b) (c) (d) 

FIGURE 3.21: Static oil level when worm shaft at top (a) 2-D drawing of different oil level with 

volumes (b) 3-D static oil model when V=1.5lit.(c) 3-D static oil model when V=2.1 lit.(d) 3-D static oil 

model when V=2.7 lit.  

 

3.3.5 Pressure  

For the churning power loss, pressure measurement of air was not required directly 

however indirectly it influences churning power loss. The pressure of the air inside the 

gearbox was measured and controlled throughout the test for maintaining stability. For this 

purpose assembly was designed as shown in Figure 3.22. The non-return air valve was 

used in hole-2. The air was allowed to leave the gearbox but was not allowed to enter into 

the gearbox. 
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FIGURE 3.22: Pressure gauge & assembly  

The pressure gauge was connected through a non-return air valve. The pressure of the air 

inside the gearbox was measured by pressure gauge during the test and control by the 

valve as shown in Figure 3.22. 

 

3.4 Lubrication System 
 

A gearbox needs to be supplied with an adequate lubricant to operate under a longer 

period. Depending upon rotational speed, there are three lubrication methods in general 

use: 1) Grease lubrication, 2) Splash lubrication (Oil bath method), and 3) Forced oil 

circulation method [24]. Generally, splash lubrication is mostly used at moderate speed. 

However, a common way to lubricate vehicle gearboxes is to use dip lubrication, in which 

the gears drag through the oil at the bottom of the gearbox housing. As the gears rotate 

during operation, they lubricate the whole gearbox by splashing the lubricant around. Thus 

the splash lubrication method was chosen for the experiments. In order to investigate the 

influence of the type of lubricant on churning power loss, three lubricants were chosen for 

the experiments. Their properties are given in Table 3.4. These lubricants are mostly used 

for worm gearboxes in industries with great success in a wide variety of applications [31]. 

 

TABLE 3.4: Properties of lubricating oil 

Sr. 
No 

 
Lubricant 

Name of  
oil 

Kinematic 
Viscosity  

(cSt) 
@ 40 ºC 

Kinematic 
Viscosity 

(cSt) 
@ 100 ºC 

Viscosity 
Index 

Density 
(Kg/m3)  
@ 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 
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3.4.1  Selected lubricant for testing purpose 

For the investigation of churning power loss for worm gearbox, three lubricants were 

selected. Among these three lubricants, two were mineral oil and one was synthetic oil. 

The oil-A was the extreme pressure mineral oil with grade-140. This oil is used more 

extensively in worm gears. Under conditions of high pressure and temperature, the EP 

(antiscuff) additive reacts with the metal surface to form a soft, slippery chemical layer 

that prevents severe wear and welding. The oil-B was synthetic oil (Polyalphaolefin -

PAO). Polyalphaolefin (PAO) synthetic oils have become lubricants of choice for many 

worm gear applications due to their friction-reducing and extended life characteristics. The 

oil-C was the compounded mineral gear oil. This oil was not only used for testing the 

selected worm gearbox. However, it was also used for validation of the churning power 

loss equation developed by using the oil-A and the oil-B.  

 

3.5 Test Procedure 

 

At low rotational speed, churning power losses can be of small magnitude. Thus, for 

churning power loss measurements to be accurate and repeatable a precise experimental 

procedure have to be developed and strictly followed. Set-up and maintenance of the test 

machine, gearbox, and measurement devices were vital to limit measurement errors [44]. 

The test procedures to measure the churning power losses of worm gear mounted on the 

test rig are as follows. 

 

1. Mount the worm gearbox on the test rig carefully either worm shaft at the bottom 

position or worm shaft at the top position. 

 

2. The alignment of the shaft is a crucial part of the test rig. Check the alignment of 

the motor shaft,  the torque sensor shaft, and the worm gearbox shaft before the 

experiment. 

 

3. Insert the thermocouple, lubricant level device, and pressure gauge to worm 

gearbox for measuring the temperature of the lubricant, level of the lubricant, and 

pressure of air respectively.  
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4. Provide insulation on the surrounding surfaces of the gearbox to avoid the 

environment effect while measuring the churning power loss. It should not be in 

contact with rotating elements. 

 

5. Fill up the lubricant in the gearbox at the desired level, it can be shown on the level 

indicator. 

 

6. Before any test, the machine is to be operated for at least 30 minutes with heated 

lubricant in circulation to bring the entire gearbox up to the set steady-state test 

temperature. The experiment should be operated from 2oC to 5oC before the 

starting temperature to avoid the previous experiment effect. 

 

7. When the machine is sufficiently warmed up, the motor is to be stopped. The 

torque sensor is then zeroed. After resetting the torque sensor, the drive spline is to 

be greased and re-installed so that testing can begin. The torque sensor should be 

calibrated after the interval of time. 

 

8. Measure the input torque at various controlling factors as per the test matrix. 

Simultaneously measure the heating rate of lubricant also. 

 

9. Before taking another set of readings, the temperature of the gearbox oil is to 

be allowed to reach room temperature. Calculate the input power with the help of 

the torque measured from the torque sensor and speed of the driving gear. For 

measuring exact churning power loss, the pressure of the inside gearbox should be 

the same for all the experiments[80].  

 

10. Calculate the power required for the immersed condition when the worm and 

worm wheel are immersed/partially in oil, calculate the power P (Immersed) at a 

specific speed, and selected the level of other controlling variables. Similarly, 

calculate the power required for non immersed condition, when the worm and 

worm wheel are immersed/partially in oil, calculate power P(Non Immersed) at a similar 

speed of revolution. The gear work area and the bearing area should be supplied 

with a small amount of oil for the non-immersed condition [26,62]. Assuming that 
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the estimations of a friction power loss are approximately equivalent to these two 

conditions. 

 

�(eff#�g#h) = �i> + �i� + ��> + ��� + �g                                           (3.1) 

�(jk@ lff#�g#h) = �m� + �-� + �]                                                                                                        (3.2) 

 

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 is 

due to the churning loss of the bearing and gear under the two lubrication conditions 

(Immersed & Non-Immersed) [26,44]. 

 �� = �(n��o�]o�) − �(p�� n��o�]o�)                                                                                (3.3) 

 

Where Pc is the gearbox’s churning power loss. 

 

When operated gearbox with minimum applicable shaft diameter with the immersed 

bearing condition and non-immersed bearing condition, the assessed torque loss mainly 

reflects shaft drag losses and bearing churning losses. The later on drag loss of shaft is to 

neglected due to a very small diameter. This design is to be used to evaluate the churning 

power losses of the bearings (Pbc). The churning power loss of gear can be obtained by 

subtracting the bearing churning power loss from the total churning power loss. In this 

experiment, the bearing’s churning power loss (Pbc) was reported very small amount 

concerning the churning power loss of the worm and worm wheel (Pwc). Thus, the 

relationship is shown in equation (3.4) can be considered. 

 �� ≈ �m�                                                                                                                           (3.4) 

 

3.5.1 Gear Run-in Procedure 

The gear system was put through a run-in cycle before testing if any new hardware was 

added to the system. This run-in cycle was intended to ensure no large changes in surface 

roughness on gear and bearing surfaces occurred during testing as a result of gears 
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breaking in. The run-in cycle consisted of at least three, one-hour segments of tests at 

1000 r.p.m. The average torque measurements for each run-in segment were recorded and 

such segments were repeated until measured torque values converged [91]. 

 

3.6 Design of Test Matrix  
 

The test matrix was designed to achieve the maximum information related to churning 

power loss of worm gear. It covered the selection of controlling factors with their levels, 

selection of response variables, and type of experimental design. 

3.6.1 Selection of Factors, Levels, and Ranges 

As a stated previous chapter, the effects of several different factors and parameters were 

aimed to be investigated in this study. As for controlling factors, gear pairs, lubricant 

levels, lubricant types, lubricant temperatures, speed of worm shaft, and worm shaft 

orientation were selected based on the literature review, and actual utilization of worm 

gearbox in industries.  

TABLE 3.5: Test matrix for the experiment 

Control factors Unit Values 

Speed of worm rpm 1000,1200,1400 

Static lubricant level (H) - 2,4,6 

Lubricant Volume lit 1.5, 2.1, 2.7 

Temperature of lubricant oC 30,40,50 

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

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

Reduction ratio - 30:1 (gear pair-1), 15:1(gear pair-2) 

Direction of rotation - Clockwise & Anticlockwise 

 

Out of the above variables, the volume of the oil and static oil level are dependent on each 

other. 

 

1. Speed of worm shaft. As discussed in chapter 1, the worm shaft is driving gear 

and the worm wheel is driven. The worm gearbox is a reduction gearbox so the 

speed of the worm shaft was considered as a factor. Gear speed has the largest 

effect on churning power losses[69]. The speed level was selected based on the 
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literature [100] and the actual utilization of worm gearbox in industries. The speed 

level was selected from 1000 rpm because it is proved from the literature that at 

very low speed, churning power loss is negligible [4, 40, 97]. 

 

2. Static oil level (H). The static oil level is the ratio of the immersion depth to the 

radius of gear [3]. For the worm gearbox, worm shaft is the driver gear so the static 

oil level was considered as the ratio of immersion depth to the radius of worm 

shaft  as shown in figure 3.23. The immersion depth is the most significant factor 

in the churning power loss[26, 42, 69, 89]. Static oil levels were selected based on 

the capacity of gearbox and worm gear manufacturer report [24].  For the static oil 

level 2, oil reached up to the meshing of worm and worm wheel for the worm shaft 

at the bottom position and static oil level 6, 75% worm wheel was submerged.  

 

 

FIGURE 3.23: Static head of worm gear 

3. Oil volume. The static oil level and oil volume, are dependent on each other [75]. 

Among these, anyone can be maintained at a specific level. Static oil level was 

converted into oil volume and according to it 2,4 and 6 static oil levels were 

equivalent to 1.5, 2.1, and 2.7 liters of oil for worm at the bottom position. The 

selected static oil levels were possible only for worm at the bottom orientation. To 

check the influence of the orientation of the worm shaft on churning power loss, 

the volume of oil was used as a factor instead of a static oil level. 

 

4. The Temperature of the Lubricant. The temperature of lubricant levels was 

selected based on kinds of literature [4,7] and pilot experiments. The temperature 

directly affects the viscosity of the lubricant, which directly proportional to the 
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churning power loss [9, 80, 101]. At very low torque, churning power losses are 

very important to power loss mechanisms and mainly depending on lubricant 

viscosity[102]. The experiments were tested at three temperature levels of 30º C, 

40 º C  &  50º C. 

 

5. Type of Lubricant. Industrial worm gears are used with mineral oils and synthetic 

oils[32]. Synthetic oils provide a higher level of efficiency and Mineral oils have a 

higher coefficient of friction compared to synthetic oils in the same operating 

conditions [29]. To investigate the effect of types of lubricants on churning power 

loss, nearly the same viscosity of mineral oil and synthetic oil were selected. The 

laboratory test report of selected lubricant is given in appendix-E. 

 

6. The Orientation of Worm. According to industrial application, worm gears are 

having three orientation as shown in Figure 3.24. Among these, worm at the 

bottom and worm at the top were selected for the experiment. The aim was to 

investigate the effect of orientation of the worm shaft on churning power loss. 

 

 
FIGURE 3.24: Orientation of worm shaft around worm gear [8] 

 

7. Reduction Ratio. To study the effect of reduction ratio on churning power loss, 

two sets of reduction ratios were selected: 30:1 & 15:1. The single started worm 

shaft was used for gear pair-1 to get a reduction ratio of   30:1. Similarly, the 

double started worm shaft was used for gear pair-2 to obtain a reduction ratio of 

15:1 with the same center distance. 
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8. The Direction of Rotation. There are only two possibilities for the direction of 

rotation: clockwise & Anticlockwise[3,93]. The churning power loss of worm gear 

pairs was checked for both directions. 

3.6.2 Selection of Response Variable 

 

The churning power loss can be calculated by measuring input torque. Hence the primary 

response variable was the input torque. The heating rate is the most important parameter 

for the non-load dependant losses. So the secondary response variable was the heating rate 

of lubricant. This test was designed to describe the influence of various parameters on 

churning power loss of worm gearbox. 

 

I. Influence of worm speed on CPL 

II. Influence of static head on CPL 

III. Influence of lubricant temperature on CPL 

IV. Influence of worm orientation on CPL 

V. Influence of type of lubricant on CPL 

VI. Influence of reduction ratio on CPL 

VII. Influence of direction of rotation on CPL 

3.6.3 Design of experiment 

A three-level full factorial design was selected to experiment to investigate the churning 

power loss of the worm gearbox. Experiments were performed based on complete 

randomization. The general L27 pattern for the experiment was derived from the Minitab-

16 software as shown in Table 3.6. The three-level design can be written as a 3k factorial 

design. It means that k factors are considered, each at 3 levels. These are (usually) referred 

to as low, intermediate, and high levels. For the experiments, these levels were 

numerically expressed as 1, 2, and 3. In the first set of experiments, worm orientation, the 

direction of rotation, reduction ratio, and types of lubricants were constant and the 

remaining variables were changed randomly as per Taguchi orthogonal array L27. The 

next set of experiment variables was the same but one of the previous constants was 

changed. 
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TABLE 3.6: Three-level full factorial Taguchi orthogonal array L27 

Experiment 

No 

Factors 

Worm Speed 

(A) 

Lubricant Volume 

(B) 

Lubricant Temperature 

(C) 

1 1 1 1 

2 1 1 1 

3 1 1 1 

4 1 2 2 

5 1 2 2 

6 1 2 2 

7 1 3 3 

8 1 3 3 

9 1 3 3 

10 2 1 2 

11 2 1 2 

12 2 1 2 

13 2 2 3 

14 2 2 3 

15 2 2 3 

16 2 3 1 

17 2 3 1 

18 2 3 1 

19 3 1 3 

20 3 1 3 

21 3 1 3 

22 3 2 1 

23 3 2 1 

24 3 2 1 

25 3 3 2 

26 3 3 2 

27 3 3 2 

 

3.7 Summary of Experimental Methodology 

 

The test machine concept for measuring the churning losses for worm gear, selection of 

test gear with different orientation, experimental methodology, measurement system, 

lubrication system, test procedures and test matrix have been presented in this Chapter. 
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CHAPTER-4 

 

 

The development of the test machine for the measurement of churning losses in the worm 

gear pair was discussed in Chapter 3. The measurement is based on the direct torque 

measurement method and a series of churning loss tests have been carried out on selected 

gearbox.  

 

In the present chapter results of Churning Power Loss (CPL) at various levels of variables 

are presented. The qualitative and quantitative evaluation of churning power losses for 

worm gear pair is discussed. This chapter is also shown to determine by which factors the 

churning losses are affected and which is most dominant. It can be used as a basis for 

suggesting the ways of reducing the losses of gearboxes. The running-in experiment and 

repeatability test was conducted before the actual test. 

 

The experiment test was conducted for at least a prior 5º 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 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. 

 

    Results & Discussion 
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For the experimental technique, as described in Chapter 3, the Input torque of the worm 

gear pair (submerged in oil) was measured for each condition. Then, the input torque 

measured in the absence of oil at each condition was subtracted from those to calculate the 

churning power losses arising from the lubricant churning[75]. 

 

4.1  Repeatability of Measurements 

 

Given the large time requirements to set-up and run each test and the many hardware 

changes taking place between tests, it was not possible to duplicate or randomize tests in a 

manner that would demonstrate full statistical confidence in the test data and conclusions 

[103]. Therefore, to demonstrate the repeatability of the measurements, two sets were 

selected at different worm speeds as shown in the following Table 4.1. Three experiments 

per set have been taken at a different time to investigate the repeatability of dip lubricated 

the worm gearbox. 

 

         TABLE 4.1: Experiment set for repeatability 

Set Lubricant 
Temperature of 

lubricant (
o
C) 

Volume of 

lubricant (lit.) 

1 Oil-A 50 2.1 

2 Oil-B 40 2.7 

 

Figure 4.1 (a) & (b) compares the values measured through three different tests at various 

input speed values and lubricant properties (a) 50oC temperature, 2.1 volume & Oil-A (b) 

40ºC temperature, 2.7 volume & Oil-B. The repeatability of the result for Oil-B is very 

good with 5% variation in spread data about the mean value of the test as shown in Figure 

4.1(b). The repeatability of result for Oil-A is also acceptable and the average error is    

6.8 % about the mean value as shown in Figure 4.1 (a). The data shows the average 

difference for 1000, 1200 & 1400 worm speed is 6%, 4% & 8% respectively,  which was 

determined to be sufficient in terms of repeatability[44]. 

 



Results & Discussion 

69 
 

 

(a) 

 

(b) 

FIGURE 4.1: Repeatability of churning loss measurement for worm gear pair at (a) 50 ºC, 2.1 volume 

and Oil-A (b) 40ºC, 2.7 volume and Oil-B 

 

4.2 Bearing & Seal Power loss 

 

Bearing and seal components of power loss are a significant portion of overall churning 

power loss in a geared system as the selected gearbox consists of four bearings and four 

oil-seals. Therefore, to isolate the magnitude of power loss contribution from the bearings 

and seal losses were measured first. 
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To investigate the churning power loss of bearings inside the gearbox, the gearbox was 

operated with a minimum diameter of the shaft only instead of a worm shaft and worm 

wheel. The minimum diameter of the shaft consists of taper bearings and oil seal on both 

sides. The shaft diameter was very small so drag loss due to diameter can be ignored. This 

design was used to evaluate the churning power losses of the bearings (Pbc). The total 

churning power loss of gear is calculated using equation (4.1). 

 � = �m]� + �m?� + �-� + �]                                       (4.1) 

 

Where Pwsc is the worm shaft churning power loss, Pwgc is the worm wheel’s churning 

power loss, Pbc is the bearing’s churning power loss, and Ps is the oil seal power loss. As 

worm shaft and worm wheel were absent in this special designed experiment so �ig� +�ir� = 0, therefore bearing churning loss and oil seal loss can be identified directly. In 

this experiment, both the worm shaft & worm wheel were replaced by a very smaller 

diameter of the shaft. The diameter is comparatively very small so dragging of the shaft 

due to lubricant can be ignored. The design of the gearbox exposed the outboard bearings 

(those closest to the worm/worm wheel) to the test lubricant. Therefore, two tests were run 

using isolated bearings with two different oil levels in the bearings. The first test referred 

to as the dry bearing test, represented experiments where oil inside the gearbox was not 

present.  

 

 
FIGURE 4.2: Measured bearing & oil seal torque loss 
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The second test, referred to as the wet bearing test was intended to represent experiments 

where oil volume greater than or equal to 1.5 lit. In this condition, both bearings were 

submerged into the oil. Both the test was operated using lubricant-A, and lubricant 

temperature of 40º C. Figure 4.2 shows the variation of bearing torque loss as a function of 

shaft speed, under both dry and wet conditions using lubricant A at a lubricant temperature 

of 40°C. Figure 4.2 shows that drag-torque loss of bearing and seal loss is comparatively 

very less and it can be negligible. Thus the total churning power loss of gearbox is 

equivalent to churning power loss of worm gear pair. 

 

4.3 Experiments & Result 

 

The experiments were performed based on the Direct Torque Measurement Technique 

according to the test matrix. The result tables show the three factors at three-level and 

input torque as a response variable. The input torque & heating rate of lubricant (time) 

were measured for each experiment as a response variable to investigate the churning 

power loss. For more accurate analysis the input torque was measured at every raise of 

5ºC temperature. With the help of input torque, the churning torque was calculated as 

follows. 

 

 Tch=Ttotal-Tno oil                                            (4.2) 

  

Tch = Churning torque,  

Ttotal =Input torque with lubricant,  

Tno oil =Input torque without oil. 

 

The Churning power loss can be calculated based on input torque (response variable) by 

using equation (4.3). 

 

�� = 2sj���60                                                                                                                                   (4.3) 

 ��= Churning power loss 

N =Worm speed 
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This churning power loss can be normalized by using one (maximum) reference power 

loss (Pref) and the normalized churning power loss is given in equation (4.4). 

 

Pu = ����o�                                                                                                                                           (4.4) 

 

The experiments were performed under the varying speed of worm, lubricant (oil) volume, 

and lubricant (oil) temperature inside the gearbox using the Taguchi L27 orthogonal array 

as shown in Table 3.6. The response variable was input torque that was measured with the 

help of the torque sensor. The churning torque, churning power loss, and normalized 

power loss was calculated from the input torque and speed of worm shaft. The six 

different sets of experiments were designed to investigate the influence of various 

controlling factors on churning power loss of worm gear. Following Table 4.2 is 

summarised the conditions of the experiment set. The variables remained the same for all 

the experiment sets as worm speed, lubricant volume, and lubricant temperature. 

 

TABLE 4.2: Summary of the various conditions for experiments set  

Experiment 

Set 

Type of 

lubricant 

Worm shaft 

position 
Gear pair 

Direction of 

worm shaft 
Table No 

1 Oil-A Bottom Gear pair-1 Forward Table 4.3 

2 Oil-A Top Gear pair-1 Forward Table 4.4 

3 Oil-B Bottom Gear pair-1 Forward Table 4.5 

4 Oil-B Top Gear pair-1 Forward Table 4.6 

5 Oil-A Bottom Gear pair-2 Forward Table 4.7 

6 Oil-B Bottom Gear pair-1 Reverse Table 4.8 
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TABLE 4.3: Experiments results of oil-A, worm at the bottom position, forward direction and gear 

pair-1 

Sr.

No 

Factors 
Response 

Variable 
Calculated Responses 

Worm 

Speed 

(rpm) 

Oil 

Vol. 

(lit.) 

Oil 

Temp. 

(
o
C) 

Input 

Torque   

(Nm) 

Churning 

Torque  

(Nm) 

Churning 

Power 

loss 

(watt) 

Normalized 

Power loss 

(watt) 

1 1000 1.5 30 2.63 1.18 123.57 0.35 

2 1000 1.5 40 2.29 0.84 87.96 0.25 

3 1000 1.5 50 1.89 0.44 46.08 0.13 

4 1000 2.1 30 3.42 1.97 206.30 0.59 

5 1000 2.1 40 2.59 1.14 119.38 0.34 

6 1000 2.1 50 1.97 0.52 54.45 0.16 

7 1000 2.7 30 3.37 1.92 201.06 0.57 

8 1000 2.7 40 2.67 1.22 127.76 0.37 

9 1000 2.7 50 2.12 0.67 70.16 0.20 

10 1200 1.5 30 3.13 1.61 202.32 0.58 

11 1200 1.5 40 2.49 0.97 121.89 0.35 

12 1200 1.5 50 1.98 0.46 57.81 0.17 

13 1200 2.1 30 3.39 1.87 234.99 0.67 

14 1200 2.1 40 2.67 1.15 144.51 0.41 

15 1200 2.1 50 2.1 0.58 72.88 0.21 

16 1200 2.7 30 3.67 2.15 270.18 0.77 

17 1200 2.7 40 2.92 1.4 175.93 0.50 

18 1200 2.7 50 2.31 0.79 99.27 0.28 

19 1400 1.5 30 3.32 1.65 241.90 0.69 

20 1400 1.5 40 2.72 1.05 153.94 0.44 

21 1400 1.5 50 2.19 0.52 76.24 0.22 

22 1400 2.1 30 3.97 2.3 337.20 0.96 

23 1400 2.1 40 3.15 1.48 216.98 0.62 

24 1400 2.1 50 2.47 0.8 117.29 0.34 

25 1400 2.7 30 4.03 2.36 345.99 0.99 

26 1400 2.7 40 3.32 1.65 241.90 0.69 

27 1400 2.7 50 2.62 0.95 139.28 0.40 
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TABLE 4.4: Experiments results of oil-A, worm at the top position, forward direction and gear pair-1 

Sr.

No 

Factors 
Response 

Variable 
Calculated Responses 

Worm 

Speed 

(rpm) 

Oil 

Vol. 

(lit.) 

Oil 

Temp. 

(
o
C) 

Input 

Torque   

(Nm) 

Churning 

Torque  

(Nm) 

Churning 

Power 

loss 

(watt) 

Normalized 

Power loss 

(watt) 

1 1000 1.5 30 2.02 0.45 47.12 0.13 

2 1000 1.5 40 1.83 0.26 27.23 0.08 

3 1000 1.5 50 1.69 0.12 12.57 0.04 

4 1000 2.1 30 2.87 1.3 136.14 0.39 

5 1000 2.1 40 2.2 0.63 65.97 0.19 

6 1000 2.1 50 1.74 0.17 17.80 0.05 

7 1000 2.7 30 2.9 1.33 139.28 0.40 

8 1000 2.7 40 2.29 0.72 75.40 0.22 

9 1000 2.7 50 1.87 0.3 31.42 0.09 

10 1200 1.5 30 2.15 0.47 59.06 0.17 

11 1200 1.5 40 1.93 0.25 31.42 0.09 

12 1200 1.5 50 1.81 0.13 16.34 0.05 

13 1200 2.1 30 3 1.32 165.88 0.47 

14 1200 2.1 40 2.27 0.59 74.14 0.21 

15 1200 2.1 50 1.89 0.21 26.39 0.08 

16 1200 2.7 30 2.93 1.25 157.08 0.45 

17 1200 2.7 40 2.41 0.73 91.73 0.26 

18 1200 2.7 50 1.99 0.31 38.96 0.11 

19 1400 1.5 30 2.24 0.46 67.44 0.19 

20 1400 1.5 40 1.99 0.21 30.79 0.09 

21 1400 1.5 50 1.89 0.11 16.13 0.05 

22 1400 2.1 30 3.12 1.34 196.45 0.56 

23 1400 2.1 40 2.51 0.73 107.02 0.31 

24 1400 2.1 50 2.01 0.23 33.72 0.10 

25 1400 2.7 30 3.6 1.82 266.83 0.76 

26 1400 2.7 40 2.95 1.17 171.53 0.49 

27 1400 2.7 50 2.24 0.46 67.44 0.19 

 

 



Results & Discussion 

75 
 

TABLE 4.5: Experiments results of oil-B, worm at the bottom position, forward direction and gear 

pair-1 

Sr.

No 

Factors 
Response 

Variable 
Calculated Responses 

Worm 

Speed 

(rpm) 

Oil 

Vol. 

(lit.) 

Oil 

Temp. 

(
o
C) 

Input 

Torque   

(Nm) 

Churning 

Torque  

(Nm) 

Churning 

Power 

loss 

(watt) 

Normalized 

Power loss 

(watt) 

1 1000 1.5 30 2.70 1.25 130.90 0.37 

2 1000 1.5 40 2.24 0.79 82.73 0.24 

3 1000 1.5 50 1.99 0.54 56.55 0.16 

4 1000 2.1 30 2.85 1.4 146.61 0.42 

5 1000 2.1 40 2.36 0.91 95.29 0.27 

6 1000 2.1 50 2.06 0.61 63.88 0.18 

7 1000 2.7 30 2.90 1.45 151.84 0.43 

8 1000 2.7 40 2.47 1.02 106.81 0.31 

9 1000 2.7 50 2.19 0.74 77.49 0.22 

10 1200 1.5 30 3.04 1.52 191.01 0.55 

11 1200 1.5 40 2.53 1.01 126.92 0.36 

12 1200 1.5 50 2.09 0.57 71.63 0.20 

13 1200 2.1 30 3.24 1.72 216.14 0.62 

14 1200 2.1 40 2.72 1.2 150.80 0.43 

15 1200 2.1 50 2.21 0.69 86.71 0.25 

16 1200 2.7 30 3.29 1.77 222.42 0.64 

17 1200 2.7 40 2.83 1.31 164.62 0.47 

18 1200 2.7 50 2.37 0.85 106.81 0.31 

19 1400 1.5 30 3.06 1.39 203.78 0.58 

20 1400 1.5 40 2.63 0.96 140.74 0.40 

21 1400 1.5 50 2.21 0.54 79.17 0.23 

22 1400 2.1 30 3.27 1.6 234.57 0.67 

23 1400 2.1 40 2.78 1.11 162.73 0.46 

24 1400 2.1 50 2.32 0.65 95.29 0.27 

25 1400 2.7 30 3.38 1.71 250.70 0.72 

26 1400 2.7 40 2.87 1.2 175.93 0.50 

27 1400 2.7 50 2.43 0.76 111.42 0.32 
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TABLE 4.6: Experiments results of oil-B, worm at the top position, forward direction and gear pair-1 

Sr.

No 

Factors 
Response 

Variable 
Calculated Responses 

Worm 

Speed 

(rpm) 

Oil 

Vol. 

(lit.) 

Oil 

Temp. 

(
o
C) 

Input 

Torque   

(Nm) 

Churning 

Torque  

(Nm) 

Churning 

Power 

loss 

(watt) 

Normalized 

Power loss 

(watt) 

1 1000 1.5 30 2.18 0.61 63.88 0.18 

2 1000 1.5 40 1.7 0.13 13.61 0.04 

3 1000 1.5 50 1.6 0.03 3.14 0.01 

4 1000 2.1 30 2.74 1.17 122.52 0.35 

5 1000 2.1 40 2.17 0.6 62.83 0.18 

6 1000 2.1 50 1.75 0.18 18.85 0.05 

7 1000 2.7 30 2.87 1.3 136.14 0.39 

8 1000 2.7 40 2.29 0.72 75.40 0.22 

9 1000 2.7 50 1.93 0.36 37.70 0.11 

10 1200 1.5 30 2.25 0.57 71.63 0.20 

11 1200 1.5 40 1.85 0.17 21.36 0.06 

12 1200 1.5 50 1.73 0.05 6.28 0.02 

13 1200 2.1 30 2.86 1.18 148.28 0.42 

14 1200 2.1 40 2.21 0.53 66.60 0.19 

15 1200 2.1 50 1.82 0.14 17.59 0.05 

16 1200 2.7 30 3.05 1.37 172.16 0.49 

17 1200 2.7 40 2.46 0.78 98.02 0.28 

18 1200 2.7 50 2.01 0.33 41.47 0.12 

19 1400 1.5 30 2.37 0.59 86.50 0.25 

20 1400 1.5 40 1.99 0.21 30.79 0.09 

21 1400 1.5 50 1.83 0.05 7.33 0.02 

22 1400 2.1 30 3.07 1.29 189.12 0.54 

23 1400 2.1 40 2.53 0.75 109.96 0.31 

24 1400 2.1 50 1.95 0.17 24.92 0.07 

25 1400 2.7 30 3.3 1.52 222.84 0.64 

26 1400 2.7 40 2.66 0.88 129.01 0.37 

27 1400 2.7 50 2.17 0.39 57.18 0.16 
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TABLE 4.7: Experiments results of oil-A, worm at the bottom position, forward direction and gear 

pair-2 

Sr.

No 

Factors 
Response 

Variable 
Calculated Responses 

Worm 

Speed 

(rpm) 

Oil 

Vol. 

(lit.) 

Oil 

Temp. 

(
o
C) 

Input 

Torque   

(Nm) 

Churning 

Torque  

(Nm) 

Churning 

Power 

loss 

(watt) 

Normalized 

Power loss 

(watt) 

1 1000 1.5 30 2.6 1.15 120.43 0.34 

2 1000 1.5 40 2.34 0.89 93.20 0.27 

3 1000 1.5 50 1.89 0.44 46.08 0.13 

4 1000 2.1 30 3.45 2 209.44 0.60 

5 1000 2.1 40 2.87 1.42 148.70 0.42 

6 1000 2.1 50 2.06 0.61 63.88 0.18 

7 1000 2.7 30 3.49 2.04 213.63 0.61 

8 1000 2.7 40 2.74 1.29 135.09 0.39 

9 1000 2.7 50 2.19 0.74 77.49 0.22 

10 1200 1.5 30 3.23 1.7 213.63 0.61 

11 1200 1.5 40 2.5 0.97 121.89 0.35 

12 1200 1.5 50 2.23 0.7 87.96 0.25 

13 1200 2.1 30 3.34 1.81 227.45 0.65 

14 1200 2.1 40 2.89 1.36 170.90 0.49 

15 1200 2.1 50 2.29 0.76 95.50 0.27 

16 1200 2.7 30 3.6 2.07 260.12 0.74 

17 1200 2.7 40 3.06 1.53 192.27 0.55 

18 1200 2.7 50 2.37 0.84 105.56 0.30 

19 1400 1.5 30 3.45 1.73 253.63 0.72 

20 1400 1.5 40 2.7 0.98 143.68 0.41 

21 1400 1.5 50 2.24 0.52 76.24 0.22 

22 1400 2.1 30 3.8 2.08 304.94 0.87 

23 1400 2.1 40 3.35 1.63 238.97 0.68 

24 1400 2.1 50 2.59 0.87 127.55 0.36 

25 1400 2.7 30 3.82 2.1 307.88 0.88 

26 1400 2.7 40 3.57 1.85 271.22 0.77 

27 1400 2.7 50 2.69 0.97 142.21 0.41 
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TABLE 4.8: Experiments results of oil-B, worm at the bottom position, reverse direction and gear 

pair-1 

Sr.

No 

Factors 
Response 

Variable 
Calculated Responses 

Worm 

Speed 

(rpm) 

Oil 

Vol. 

(lit.) 

Oil 

Temp. 

(
o
C) 

Input 

Torque   

(Nm) 

Churning 

Torque  

(Nm) 

Churning 

Power 

loss 

(watt) 

Normalized 

Power loss 

(watt) 

1 1000 1.5 30 2.72 1.27 132.99 0.38 

2 1000 1.5 40 2.16 0.71 74.35 0.21 

3 1000 1.5 50 2.00 0.55 57.60 0.16 

4 1000 2.1 30 2.80 1.35 141.37 0.40 

5 1000 2.1 40 2.36 0.91 95.29 0.27 

6 1000 2.1 50 2.09 0.64 67.02 0.19 

7 1000 2.7 30 3.09 1.64 171.74 0.49 

8 1000 2.7 40 2.56 1.11 116.24 0.33 

9 1000 2.7 50 2.14 0.69 72.26 0.21 

10 1200 1.5 30 3.18 1.66 208.60 0.60 

11 1200 1.5 40 2.65 1.13 142.00 0.41 

12 1200 1.5 50 2.31 0.79 99.27 0.28 

13 1200 2.1 30 3.22 1.7 213.63 0.61 

14 1200 2.1 40 2.76 1.24 155.82 0.45 

15 1200 2.1 50 2.33 0.81 101.79 0.29 

16 1200 2.7 30 3.34 1.82 228.71 0.65 

17 1200 2.7 40 2.81 1.29 162.11 0.46 

18 1200 2.7 50 2.45 0.93 116.87 0.33 

19 1400 1.5 30 3.30 1.63 238.97 0.68 

20 1400 1.5 40 2.88 1.21 177.40 0.51 

21 1400 1.5 50 2.42 0.75 109.96 0.31 

22 1400 2.1 30 3.39 1.72 252.17 0.72 

23 1400 2.1 40 2.80 1.13 165.67 0.47 

24 1400 2.1 50 2.43 0.76 111.42 0.32 

25 1400 2.7 30 3.36 1.69 247.77 0.71 

26 1400 2.7 40 2.92 1.25 183.26 0.52 

27 1400 2.7 50 2.60 0.93 136.35 0.39 
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4.3.1 Influence of Static Head/Lubricant Volume 

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, these static heads were equivalent to the 

volume of 1.5 liters, the volume of 2.1 liters, and volume 2.7 liters respectively. The static 

head may vary because of rotational speed but the volume was almost constant over the 

range of speed. The churning power loss and the heating rate of lubricant were 

investigated at the different static head. 

 

Figure 4.3 (a) shows the input torque at various worm speed 1000, 1200 and 1400 rpm at 

lubricant temperature 40º C with different static head. The measured input torque values 

are compared to each other within the value of static head H=2 to H=6  at discrete speed 

values of 1000,1200 and 1400 rpm. One more input torque values are shown at no oil 

condition at discrete speed values of 1000, 1200, and 1400 rpm. The level of the lubricant 

from the bottom of the surfaces of the gearbox is 10.5cm, 14.5 cm, and 20 cm for static 

head 2, 4 & 6 respectively. These levels were measured with the help of level indicator 

before operating the gear.  These specific static heads can be obtained by pouring lubricant 

1.5 liters, 2.1 liters, and 2.7 liters respectively. The static head H=2 was obtained when the 

worm shaft was fully submerged into the lubricant and the worm wheel had just contacted 

the lubricant. In other words, static head H=2  (volume 2.1 liters) was obtained when 

lubricant reached up to the meshing of teeth for the worm shaft bottom position. For the 

static head, H=6  (volume 2.7 liters) was obtained when the worm wheel was approximate 

75% immersed. The increasing rate of torque for static head H=2 (1.5 volume)  with the 

speed of the worm was constant. The input torques of static head H=2  at 1000,1200 and 

1400 rpm are around 2.29, 2.49, and 2.79 N.m.. at a temperature of lubricant 40º C. As the 

static head increased from H=2 to H=4 (volume=2.1 liter), the input torque seems to 

nearer constant up to speed 1200rpm then it goes up fast as shown in Figure 4.3 (a).  

 

The input torques of static head H=4 at 1000,1200 and 1400 rpm are around 2.59, 2.67, 

and 3.15 N.m.. at a temperature of lubricant 40º C. At the static head H=6 (volume=2.7 

liter), it also affected at a higher speed. The input torques of static head H=6 at 1000,1200 

and 1400 rpm are around 2.67, 2.92, and 3.32 N.m.. at a temperature of lubricant 40 ºC. It 

is also observed that the increasing rate of the input torque with the speed of gear is not 

constant for H ≥ 4. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 

FIGURE 4.3: Effect of the static head on the churning power loss of the gear pair-1, rotating forward 

with oil-A and Worm position at the bottom (a) Input Torque Vs Speed @ 40º C (b) Churning Torque 

Vs Speed @ 40º C (c) Churning Power loss Vs Speed @ 40º C (d) Normalized churning power Vs 

Speed @ 40º (e) Normalized Power loss Vs Temperature @ 40º C (f) Heating rate @ 1200 rpm 
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The input torque with the no-oil condition was also measured to calculate the churning 

torque as shown in Figure 4.3(a). The churning torque is shown in Figure 4.3(b), which 

was obtained by subtracting the no-oil torque from the input torque at respective speed. 

Similarly, the churning power loss and normalized power loss were calculated as per the 

equation (4.3) and equation (4.4) respectively as shown in Figure 4.3 (c) and Figure 

4.3(d). 

 

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 32% at 

1000 rpm however It increased 30% at 1200 rpm and 36% at 1400 rpm. It was also 

observed that the static head is more effective at a higher speed. The average churning 

power loss is decreased 33% for oil A and 24% for oil-B when the static head increased 

three times from the initial level(H=2). It was found that the churning torque can be 

decreased for the condition of small immersion depth at a certain higher speed. The depth 

of immersion hardly affects load-dependent power losses[69]. 

 

The effect of the depth of immersion on churning power loss based on the various 

temperature of lubricant is shown in Figure 4.3(e). From Figure 4.3(c), it is proved that the 

churning power loss is low at lower static head however at that static head the heating rate 

of lubricant should be checked. The main function of a lubricant is to reduce the friction as 

well as run out the heat. The heating rate of lubricant at 1200 rpm speed is shown in 

Figure 4.3(f). At H=2, the heating rate was moderated, at H=4, the heating rate was 

slightly increased due to turning the lubricant with worm shaft and at H=6 the heating rate 

reduced due to high quantity of lubricant. The static head was converted into the quantity 

of lubricant to maintain the same quantity in both positions of the worm shaft.  

 

Figure 4.4(a) shows the input torque at various worm speed 1000, 1200, and 1400 rpm at 

lubricant temperature 40º C with different lubricant volume. The measured input torque 

values are compared to each other within lubricant volume 1.5 liter to 2.7 liters at discrete 

speed values of 1000,1200 and 1400 rpm. One more input torque values are shown at no 

oil condition at discrete speed values of 1000,1200 and 1400 rpm. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

FIGURE 4.4: Effect of the static head on the churning power loss of the gear-1 rotating forward with 

oil-A and Worm position at the top (a) Input Torque Vs Speed @ 40º C (b) Churning Torque Vs 

Speed @ 40º C (c) Normalized churning power Vs Speed @ 40º (d) Normalized Power loss Vs 

Temperature @ 40º C (e) Heating rate @ 1200 rpm 

 

The level of the lubricant from the bottom of the surfaces of the gearbox is 12.5cm,18.5 

cm, and 20.5 cm for lubricant volume 1.5, 2.1, and 2.7 liters respectively. The Worm 

wheel was just 25% immersed and worm shaft was not contacted even at 1.5 liters volume 

and the worm wheel was fully immersed and worm shaft was also immersed 2.1 and 2.7  

liters volume. The influence of worm shaft orientation on churning power loss is not 

discussed here. The increasing rate of torque with the speed of the worm is constant. The 

input torques of 1.5  liters volume at 1000,1200 and 1400 rpm are around 1.83, 1.93, and 

1.99 N.m.. at a temperature of lubricant 40º C. At the 2.1 liters volume, the increasing rate 
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of input torque is nearer constant up to speed 1200 rpm, then the rate is slowly increased. 

The input torques of volume 2.1 liter at 1000,1200 and 1400 rpm are around 2.2, 2.27, and 

2.51 N.m. at a temperature of lubricant 40º C. At the volume 2.7 liter, increasing rate of 

input torque is nearer constant up to speed 1200rpm then the rate is rapidly increased. The 

input torques of 2.7 liters volume at 1000,1200 and 1400 rpm are around 2.29, 2.41, and 

2.95  N.m. at a temperature of lubricant 40º C. The churning torque is shown in Figure 

4.4(b). The churning torque at 1.5 liters volume is very small or negligible because 

lubricant was not reached even up to the meshing pf teeth. The increasing rate of churning 

torque for lubricant greater than1.5 volume and up to 1200 rpm is almost constant. For the 

speed, higher than 1200 rpm, the increasing rate of churning power loss is quite rapid. As 

lubricant volume increased from 2.1 liters to 2.7 liters, the churning power loss is 

increased by 13% at 1000 rpm however, it is increased by 19% at 1200 rpm and by 36% at 

1400 rpm as shown in Figure 4.4(c). The effect of the volume of lubricant on churning 

power loss concerning the temperature of lubricant is shown in Figure 4.4(d). As 

discussed earlier at a lubricant volume of 1.5 liters for worm position at the top, churning 

power loss is negligible or very less. If lubricant volume increased to 2.1 liters, at 30 ̊C 

temperature churning power loss is very high because of high viscosity and higher static 

level. Once the temperature increases it suddenly goes down. It is found that the heating 

rate for the higher volume (Volume≥2.1 liters) are almost the same as shown in Figure 4.4 

(d) and Figure 4.4 (e). This indicates that a fully submerged gear has an order of 

magnitude higher Ps than a gear that is barely touching the static oil surface. 

4.3.2 Influence of Lubricant Temperature 

To illustrate the influence of the lubricant temperature on the churning power losses of the 

worm gear pair, direct comparisons between the measurements at 30°C to 50°C are made 

in Figure 4.5. The viscosity of the lubricant is a key parameter for all of the components of 

power loss. A decrease in oil viscosity was shown to decrease the churning power losses 

of gears [1,75]. At higher temperature, lubricant viscosity goes down, It can be considered 

as a low viscous lubricant. Similarly, at a lower temperature, the lubricant is considered a 

higher viscous lubricant.  

 

Figure 4.5 (a) indicates that at low immersion levels (static head H≤ 2 ), the influence 

lubricant temperature on Churning power loss of worm gear pair at lower speed is 

negligible. 

Results & Discussion 
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(a) 

 

(b) 

 

(c) 

FIGURE 4.5: Influence of temperature on churning power loss with oil-B, Worm at the bottom 

position and gear pair-1 (a) Static Head=2 (b) Static Head=4 & (c) Static Head=6 
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The oil temperature (i.e. kinematic viscosity) becomes more influential for static head H> 

2 as shown in Figure 4.5 (b) & Figure 4.5 (c). At lubricant temperature less than 50ºC 

(Temperature < 50ºC),  the churning power loss is more affected up to 1200rpm and above 

it,  the increasing rate of normalized power loss is constant. However the lubricant 

temperature less than 40ºC, the churning power loss is not too much affected up to speed 

1200 rpm as affected in lower temperatures. When the churning torques measured for 

lower static head H=2 (Volume=1.5 liter), the churning torque for the worm gear pair with 

the worm at the bottom position, the worm shaft speed-1400 rpm and lubricant 

temperatures at 30ºC, 40ºC & 50ºC are 1.39, 0.96 & 0.54 N.m. respectively and 

corresponding power loss 203.78, 140.14, and 79.17 watt respectively. Similarly, at higher 

static head H=6 (Volume=2.7 liter) the churning torque at 30ºC, 4º0C & 50ºC are 1.71, 

1.2, and 0.76  N.m. respectively, and corresponding power loss 250.70, 175.93, and 

111.42 watt. At lower static head (H≤ 2), an average 30% increase in churning power loss 

when decreasing oil temperature from 50°C to 30°C. At higher static head (H>2), an 

average 33% increase in Pc when decreasing oil temperature from 50°C to 30°C. 

 

The salient feature is that the churning losses from the lower temperature lubricant were 

not always higher than the churning losses of the higher temperature lubricant. It has been 

found that for the oil-B, worm position at the bottom, churning power loss of lower static 

head and lower lubricant temperature was 22% smaller than churning power loss of higher 

static head and higher lubricant temperature. 

 

(a) 
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(b) 

 

(c) 

FIGURE 4.6: Influence of temperature on churning power loss with oil-A, Worm at the bottom 

position and gear pair-1 (a) Static Head=2 (b) Static Head=4 & (c) Static Head=6 

 

The influence of the temperature on churning power loss of worm gear depends on the 

lubricant type also. The influence of temperature with oil-A and worm shaft at the bottom 

is shown in Figure 4.6. At lower static head (H≤ 2), an average 37% increase in churning 

power loss, when decreasing oil temperature from 50°C to 30°C. At higher static head 

(H>2), an average 50% increase in churning power loss when decreasing oil temperature 

from 50°C to 30°C. Similarly, the influence of temperature also depends on the worm 

shaft position in the worm gearbox 
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(a) 

 

(b) 

 

(c) 

FIGURE 4.7: Influence of temperature on churning power loss with oil-B, Worm at Top position and 

gear pair-1 (a) Static head=2 (b) Static Head=4 & (c) Static Head=6 
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When the churning torques measured for lower static head H=2 (Volume=1.5 liter), the 

churning torque for the worm gear pair with the worm at the bottom position and 1400 

rpm at 30ºC,40ºC & 50ºC are 0.59,0.21 & 0.05 N.m. respectively and corresponding 

power loss 86.50,30.79 and 7.33 watt respectively. Similarly, at higher static head H=6 

(Volume=2.7 liter) the churning torque at 30ºC,40ºC & 50ºC are 1.52, 0.88, and 0.39 N.m. 

respectively and corresponding power loss 222.84, 129.01, and 57.18 watts. At lower 

static head (H≤ 2), an average 19% increase in churning power loss when decreasing oil 

temperature from 50°C to 30°C. At higher static head (H>2), an average 38% increase in 

churning power loss when decreasing oil temperature from 50°C to 30°C as shown in 

Figure 4.7 (b) & Figure (c). For practical applications, it is therefore beneficial to choose 

lubricant with the lowest possible operating viscosity to minimize churning loss (no-load 

dependant loss). At higher temperature the viscosity goes down, which reduces the 

churning power loss. 

4.3.3 Influence of worm shaft speed 

 

Gear speed has the greatest impact on gear churning loss for the parallel axis of gear [69] 

and these losses are proportional to N
1.7 

(0.5  immersion depth was used for the bevel 

gears) [93]. At very low-speed churning loss was very small, considered as a negligible 

effect so worm speed considered from 1000 rpm. A very sharp effect of normalized 

churning power loss was observed for fully immersed tests with the lubricant volume 

more than 2.1 liters and speed greater than 1200 rpm. Comparatively parallel shaft axis 

gear, here the influence of speed on churning power loss is very small because of the small 

pitch radius of the worm shaft. To investigate the effect of worm speed on churning power 

loss,worm position, gear pair, direction of rotation, type of lubricant, temperature of 

lubricant are taken constant as shown in Figure 4.8. 

 

According to Figure 4.8 (a) and Figure 4.8(c), the churning power loss is nearly constant 

up to the speed of 1200 rpm, however, above 1200 rpm (N>1200 rpm)  the churning 

power loss goes up rapidly. Similarly, According to Figure 4.8 (b), the churning power 

loss is rapidly increased at worm speed higher than 1000 rpm (N>1000rpm). Following 

Table 4.9 to Table 4.11 shows the influence of worm speed at constant lubricant volume, 

lubricant temperature, direction of rotation, gear pair and worm shaft position.  
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(a) 

 

(b) 

 

(c) 
FIGURE 4.8: Influence of worm speed on churning power loss Worm at the bottom position and gear 

pair-1 (a) with oil A (b) with oil-B & (c) with oil-C 
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Many authors have derived the relation of churning power loss and speed of the gear for 

the parallel axis gear[69, 93]. For the worm gearbox, it can be derived by considering the 

remaining variables are constant as shown in Table 4.9 to Table 4.11. 

TABLE 4.9:  Effect of worm speed on churning power loss @ 1.5-liter volume 

Sr.

No 

Worm 

Position 

Oil 

Type 
Direction 

Gear  

Pair 

Oil 

Temp. 

Oil 

Volume 

Worm 

Speed 
Pchurn 

1 Bottom Oil-A Clockwise Gear-1 40°C 1.5 liter 1000 87.5 

2 Bottom Oil-A Clockwise Gear-1 40°C 1.5 liter 1200 122.5 

3 Bottom Oil-A Clockwise Gear-1 40°C 1.5 liter 1400 157.5 

4 Bottom Oil-B Clockwise Gear-1 40°C 1.5 liter 1000 84 

5 Bottom Oil-B Clockwise Gear-1 40°C 1.5 liter 1200 126 

6 Bottom Oil-B Clockwise Gear-1 40°C 1.5 liter 1400 143.5 

7 Bottom Oil-C Clockwise Gear-1 40°C 1.5 liter 1000 52.5 

8 Bottom Oil-C Clockwise Gear-1 40°C 1.5 liter 1200 77 

9 Bottom Oil-C Clockwise Gear-1 40°C 1.5 liter 1400 108.5 

 

TABLE 4.10: Effect of worm speed on churning power loss @ 2.1-liter volume 

Sr.

No 

Worm 

Position 

Oil 

Type 
Direction 

Gear  

Pair 

Oil 

Temp. 

Oil 

Volume 

Worm 

Speed 
Pchurn 

1 Bottom Oil-A Clockwise Gear-1 40°C 2.1 liter 1000 119 

2 Bottom Oil-A Clockwise Gear-1 40°C 2.1 liter 1200 143.5 

3 Bottom Oil-A Clockwise Gear-1 40°C 2.1 liter 1400 217 

4 Bottom Oil-B Clockwise Gear-1 40°C 2.1 liter 1000 94.5 

5 Bottom Oil-B Clockwise Gear-1 40°C 2.1 liter 1200 150.5 

6 Bottom Oil-B Clockwise Gear-1 40°C 2.1 liter 1400 161 

7 Bottom Oil-C Clockwise Gear-1 40°C 2.1 liter 1000 66.5 

8 Bottom Oil-C Clockwise Gear-1 40°C 2.1 liter 1200 80.5 

9 Bottom Oil-C Clockwise Gear-1 40°C 2.1 liter 1400 119 
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The churning power loss for oil-A is increased by 44% as worm speed increases from 

1000 rpm to 1400rpm. Similarly, for oil-B and oil-C, the churning power loss is increased 

by 41% and 52% respectively as worm speed increases 1000 rpm to 1400 rpm for the 1.5-

liter volume of test gearbox as shown in Table 4.9.  The churning power losses are found 

as being proportional to N
0.65

 for the 1.5-liter volume of test gearbox. 

 

For Oil –A, the churning power loss is increased by 45% as worm speed increases from 

1000 rpm to 1400rpm. Similarly, for oil-B and oil-C, the churning power loss is increased 

by 41% and 43% respectively as worm speed increases 1000 rpm to 1400 rpm for the 2.1-

liter volume of test gearbox as shown in Table 4.10. It is noticed that the churning power 

losses are proportional to N
0.68  

for the 2.1-liter volume of test gearbox. 

 

TABLE 4.11: Effect of worm speed on churning power loss @ 2.7-liter volume 

Sr.

No 

Worm 

Position 

Oil 

Type 
Direction 

Gear  

Pair 

Oil 

Temp. 

Oil 

Volume 

Worm 

Speed 
Pchurn 

1 Bottom Oil-A Clockwise Gear-1 40°C 2.7 liter 1000 129.5 

2 Bottom Oil-A Clockwise Gear-1 40°C 2.7 liter 1200 175 

3 Bottom Oil-A Clockwise Gear-1 40°C 2.7 liter 1400 245 

4 Bottom Oil-B Clockwise Gear-1 40°C 2.7 liter 1000 108.5 

5 Bottom Oil-B Clockwise Gear-1 40°C 2.7 liter 1200 164.5 

6 Bottom Oil-B Clockwise Gear-1 40°C 2.7 liter 1400 178.5 

7 Bottom Oil-C Clockwise Gear-1 40°C 2.7 liter 1000 87.5 

8 Bottom Oil-C Clockwise Gear-1 40°C 2.7 liter 1200 115.5 

9 Bottom Oil-C Clockwise Gear-1 40°C 2.7 liter 1400 140 

 

The churning power loss is increased by 47% as worm speed increases from 1000 rpm to 

1400rpm for oil-A. Similarly, for oil-B and oil-C, the churning power loss is increased by 

39% and 38% respectively as worm speed increases 1000 rpm to 1400 rpm for the 2.7-liter 

volume of test gearbox as shown in Table 4.11. It is noticed that the churning power losses 

are proportional to N
0.70  

for the 2.7-liter volume of test gearbox.At higher speed more 

friction occurred between oil and surface.  

 

Results & Discussion 
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Table 4.12 shows the power of the value of the speed coefficient for different volumes of 

lubricants for test gearbox. 

 

TABLE 4.12: The value of speed co-efficient at a different level 

Lubricant Volume (liter) The value of speed Co-efficient 

1.5 0.65 

2.1 0.68 

2.7 0.70 

 

4.3.4 Influence of Lubricant type 

Mineral oil and synthetic oil are generally used in industrial worm gears. To examine the 

effects of type of oil  (mineral & synthetic) with nearly the same viscosity, two different 

gear oils, called oil-A and oil-B were considered. Oil-A is the mineral oil and oil-B is the 

synthetic oil as discussed in Table 3.4. These were tested at different temperature levels, 

static head (oil volume), and orientation of worm shaft and speed of worm.  

 

Figure 4.9 and 4.10 show the influence of the lubricant type (mineral & synthetic) at 

various lubricant level. As seen from Figure 4.9 (a) the churning power loss for oil-A and 

oil-B are much closer for worm speed up to 1200 rpm and beyond this speed, the slight 

difference is found.  

 

At worm speed 1400 rpm the churning power loss for oil-A is 9% higher than oil-B. It 

means churning power loss for mineral oil is 9% higher than churning power loss of 

synthetic oil at 1400 speed and lower volume of lubricant. For the oil volume 2.1 liter, the 

difference between the churning power loss for oil-A and oil-B are 21%, 5%, and 26%  

respectively for the speed 1000,1200 and 1400 rpm as shown in Figure 4.9(b). Similarly, 

for the oil level 2.7 liter, this difference is 16%, 6%, and 27% for the speed of 1000,1200 

and 1400 rpm as shown in Figure 4.9(c).  

 

It shows that at submerged conditions, there is a difference in churning power loss at the 

initial level, once speed increases this gap reduces up to moderate speed however, this 

churning power loss gap between mineral oil and synthetic oil again goes up with speed. 
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(a) 

 

(b) 

 

(c) 
FIGURE 4.9: Influence of lubricant type on churning power loss, Worm at the bottom position, 

Lubricant temperature 40ºC and Gear pair-1 (a) Lubricant Volume 1.5 liter (b) Lubricant Volume 2.1 

liter & (c) Lubricant volume 2.7 liter 
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(a) 

  

(b) 

FIGURE 4.10: Influence of lubricant type on churning power loss, Worm at the top position, lubricant 

temperature 40ºC and gear geometry-1 (a) Lubricant volume 2.1 lit & (b) Lubricant volume 2.7 lit 

 

It is found that at higher speed and submerged conditions (volume≥1.5 liter), the churning 

power loss of mineral oil is high compare to synthetic oil.  

 

Figure 4.10 shows the churning power loss gap between the mineral oil and synthetic oil 

for worm at the top position. These differences are very minor or negligible for the 

gearbox having lubricant volume up to 2.1 liters as shown in Figure 4.10 (a). So the figure 
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for 1.5 liters is not given here. For this condition, at very high volume (volume ≥2.7 liter) 

and high speed, the type of lubricant influences the churning power loss of tested gearbox 

as shown in Figure 4.10 (b). The average churning power loss for oil-A (mineral oil) is 

slightly higher than oil-B for considering all conditions.  

 

 

 

 

(a) 

 

(b) 

FIGURE 4.11: Influence of lubricant type on churning power loss, Worm at the bottom position, 

Worm speed 1000 rpm & static head H=6 (lubricant volume=2.7 liters) (a) Normalized Pc Vs Time of 

run &  (b) Temperature of lubricant Vs Time of run 
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The main aim of the lubricant is to provide cooling and reduce the frictional heat. Figure 

4.11 shows the heating rate & the churning power loss for the oil-A and oil-B at 1000 rpm, 

static head H=6, and worm at the bottom position. In the beginning, the difference in 

churning power loss for oil-A and oil-B is high however it is reduced with time and after 

30 minutes, it is the same as shown in Figure 4.11 (a).  

 

The churning power loss for oil-A (mineral oil) is quite higher than oil-B (synthetic oil) at 

the beginning. After 30 minutes of heating, the churning power loss for both the oils is 

approximately the same. Similarly, the heating rate for both the oils is the same as shown 

in Figure 4.11 (b). It is found that there is little influence on the type of lubricant on 

churning power loss and heating rate of lubricant for the tested gearbox. 

 

4.3.5 Influence of Orientation of Worm shaft 

According to the orientation of worm it can be classified in mainly three categories that 

worm on the top, worm on the bottom, and worm on the side. Among these three 

categories, two categories were tested on the designed test rig, worm at the bottom & 

worm at the top. To investigate the effect of position of worm shaft on the churning power 

loss, different lubricant volume, various temperatures of lubricant, and different worm 

shaft speed were selected for experiments. 

 

 
FIGURE 4.12: Influence of worm position at different volume for speed 1000rpm and lubricant 

temperature 40º C 
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It is discussed in the previous chapter that at 1.5-liter volume, there is no dragging of 

lubricant for worm at the top position therefore the churning power loss was very small.  

Similarly, for worm at the bottom position at 1.5-liter volume, the worm shaft was fully 

immersed so there is dragging of lubricant therefore comparatively large the churning 

power loss was noted.  

 

(a) 

 

(b) 
FIGURE 4.13:  Effect of worm position at different temperature (a) 1.5-liter volume and 1000 rpm (b) 

2.7-liter volume and 1400 rpm 
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Once the volume of lubricant increased to the next level, dragging of lubricant faced by a 

worm at the top position also, so the churning power loss between both positions was 

reduced. The worm at the top is quite better at a lower level of lubricant for considering 

the above condition. The churning power loss for the worm shaft at the bottom is 84%, 

34%, and 29% higher than worm shaft at the top for lubricant volume 1.5 liter, 2.1 liter, 

and 2.7 liter respectively as shown in Figure 4.12.   

 

As temperature increases viscosity of lubricant goes down, this reduces the dragging force 

of lubricant. Due to static head, dragging forces are high for worm at the bottom and less 

for worm at the top so the churning power loss for worm at the top position is less for 

every temperature condition. The churning power loss for the bottom position of worm 

shaft reduces as temperature increases, however, the churning power loss gap between two 

consecutive temperatures remained almost the same as shown in Figure 4.13 (a) & (b). 

 

As the speed increases the input torque always increases for both positions which lead the 

churning power loss however increasing rate is higher for worm at the bottom position due 

to higher dragging force comparatively at worm at the top position. At lower speed, the 

gap between the churning power loss for both positions of the worm shaft is very small.  

 
FIGURE 4.14:  Influence of worm position at a different speed for Volume 2.1-liter and temperature 

40ºC 
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As speed increases the increasing rate of the churning power loss for worm at the bottom 

position was quite high compare to worm at the top however at after a certain speed this 

gap again reduces so worm at the top position is more suited at moderate speed as shown 

in Figure 4.14. The churning power loss for worm at the bottom position is 34%, 55%, and 

35%  higher than the worm at the top position for worm speed 1000,1200 and 1400 

respectively, lubricant volume 2.1 liter and lubricant temperature 40 oC. 

 

 

 

(a) 

 

(b) 

FIGURE 4.15: Influence of heating rate at  (a) Volume 2.1-liter and 1000 rpm (b) Volume 2.7-liter and 

1400 rpm 
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The lubricant heating rate was also observed based on time. The test aimed to compare the 

position of worm shaft so the same lubricant, gear geometry, and direction of rotation 

were used. Theoretically, if the lubricant is not sufficient, the heat generated due to 

friction and if lubricant is excessive, power loss due to dragging. All experiments were 

started at room temperature. 

 

Figure 4.15(a) shows that there were good agreements for the heating rate between the 

orientations of the worm shaft. The average heating rate at 1000rpm & 2.1-liter oil volume 

for the worm shaft at the bottom position is only 3% higher than the heating rate for the 

worm shaft at the top position. As speed and immersion depth increases, this gap is 

negligible as shown in Figure 4.15 (b). It is noted that the evaluation of the position of the 

worm shaft is very difficult by considering the heating rate of lubricant only. 

 

4.3.6 Influence of Reduction ratio 

 

To inspect the effect of reduction ratio on the churning power loss, two gear pairs were 

selected having reduction ratios 30:1 & 15:1 respectively. The reduction ratios were 

employed on the tests in this section and their results were compared. For changing the 

reduction ratio, there are two options either the number of teeth of the worm wheel can be 

changed or the number of starts of the worm shaft can be changed. For the 30:1 reduction 

ratio, single start geometry (gear pair-1) was used and for 15:1 reduction ratio, double start 

geometry (gear pair-2) was used. 

 

Figure 4.16 represents the comparison of the churning power loss of the worm gearbox 

between 30:1 reduction ratio and 15:1 reduction ratio. Here, the gear pair shows very little 

difference in the churning power loss for all the lubricant volume and worm speed 

considered. For both the temperature 40oC & 50oC shows the reduction ratio inversely 

proportional to the churning power loss. At 40oC lubricant temperature, the churning 

power loss for lower reduction ratio (15:1) is 5%, 9%, & 9% higher than larger reduction 

ratio (30:1) at worm speed 1000, 1200 & 1400 respectively. Similarly at 50oC, the 

churning power loss for reduction ratio 15:1 is 9%,6% & 4% (exactly same) higher than 

reduction ratio 30:1 at worm speed 1000,1200 & 1400 rpm respectively. There is no much 

effect of reduction ratio on the churning power loss of worm gears. 
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FIGURE 4.16: Influence of reduction ratio on the churning power loss within the speed range, 

lubricant volume=2.7 lit & lubricant=oil-A 

 

4.3.7 Influence of Direction of rotation 

There are two possible directions of rotation, clockwise & anticlockwise direction of the 

worm shaft. The standard rotational direction of the worm gear is clockwise of the worm 

shaft. To examine the effect of the direction of rotation on the churning power loss, 

different worm speed and lubricant volume were employed and their results were 

compared. 
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(a) 

 

(b) 

FIGURE 4.17: Influence of direction of rotation on the churning power loss within the speed range, 

lubricant=oil-B (a) Lubricant Volume=2.1-liter & Speed-1400 rpm (b) Lubricant Volume=2.7-liter & 

Speed-1200 rpm 

 

The churning power loss for the forward direction and reverse direction is much closer for 

all range of lubricant temperature. Figure 4.17 (a) shows, at the initial level (temperature=     

30 oC), reverse direction consumes more input torque than forward direction. However, in 

the middle of the experiment (temperature=40 oC), the difference of input torque for both 

directions is negligible. The difference of input torque between forward & reverse 

direction is only 3% as shown in Figure 4.17 (a) for the higher speed (N=1400 rpm). 

Figure 4.17 (b) shows clearly that at 1200 rpm, there is no gap of input torque between 

both directions at every interval of temperature. The difference of input torque between 

forward & reverse direction is 0.8% for the moderate speed (N=1200 rpm). The average 

difference between forward & reverse direction for all level and speed is negligible. It is 

found that the churning power loss of worm gear does not depend on the direction of 

rotation.  

 

4.4 Development of an Empirical Model for Churning Power loss 

. 

As discussed in chapter 2, many authors developed an empirical model for churning power 

loss of parallel axis gear [1, 3, 42, 64, 67] and some author developed the same for bevel 
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gear [93]. Here a new empirical equation has been developed based on the dimensional 

analysis of the experiment results. Based on the experiments, the parameters which are 

influential on churning power loss of worm gear have been categorized in Table 4.13. 

TABLE 4.13: Parameters for dimensional analysis 

Geometric parameters Fluid dynamic parameters 

Centre Distance (X) Angular velocity (ω) 

Radius of worm shaft (R) Oil dynamic viscosity (μ) 

Oil immersion depth  (h) Gravitational acceleration (g) 

Oil volume (V) Oil density (ρ) 

Immersed surface area (Sm)  

Reduction ratio (Ø)  

 

The churning power Pc can be expressed as a function of the above parameters 

Pc=f (R,h,V,Sm, Ø, ω, μ, g, ρ) 

If the drag force which acts on the body by the fluid (According to fluid drag equation) 

'h = ,( ρV(SNCN               (4.5) 

Fd=Drag force, ρ= Density of fluid, V=Velocity of rotating object, Sm=Submerged Area, 
Cm=drag (churning) coefficient 

Torque = Fd X radius               (4.6) 

Torque=
,( ρV(SNCx X R              (4.7) 

Torque=
,( ρR�ώ(SNCN              (4.8) 

According to the Π theorem from the dimensional analysis, the dimensionless churning torque 
is described by 

Cm= f (ρ ,R,h,V, μ, Ø, g) 

Dimensional analysis (Buckingham π theorem) has been used to predict the new equation 

for dimensionless drag torque (Cm) [2, 28, 86, 93, 103]. The normalized dimensionless 

torque (Cm) equation is obtained from the “Buckingham π theorem” as follows. Detail 

calculation of the empirical model is given in appendix B. 

Cm = ψ *UV+γ * |VL+δ Re$αFr$βØ$ϵ                                                                                               (4.9) 
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Where α,β,δ,ϵ,γ,Ψ are constants and which are adjusted from the statistical analysis of the 

experiment result. R is the radius of the worm, h is the immersion depth and V is the 

lubricant volume. 

Reynolds number (Re) is defined as the ratio of inertia force to viscous force. 

RY = ωR(γ                                                                                                                                      (4.10) 

 
Froude number (Fr) is defined as the ratio of the inertia force to gravitational force as 

shown below. 

'� = �("r                                                                                                                                       (4.11) 

 
For considering the radius of the rotational member for Reynolds number (Re) and Froude 

number (Fr), only the radius of the worm shaft is considered. The radius of the worm 

wheel is not considered due to its too low speed. For considering the radius for immersion 

depth to radius ratio (H/R) and volume to radius ratio (V/R3), radius (R) is considered as 

the summation of both radiuses (R1+R2). It becomes the center distance (X) as shown in 

Figure 4.18. So the equation 4.9 is revised in the form of equation 4.10. 

   

FIGURE 4.18: Center distance of worm gear (X) for empirical equation 

 

Cm = ψ EhXK� E VX�K� Re$�Fr$�Ø
$�                                                                                       (4.12) 

 

4.4.1 Dimensionless numbers 

The churning power losses for the worm gear can be influenced mainly by three types of 

forces: viscous force, inertia force, and gravitational force of the lubricant. These forces 

could be expressed in the form of the dimensionless numbers, Reynolds number (Re), and 

Froude number (Fr) [75]. 
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4.4.1.1 Reynolds number (Re) 

The Reynolds number is the ratio of the inertia force to the viscous force. The test results 

for the worm gear submerged in the different oil with the same immersion depth were 

used to calculate the exponent. All other test conditions remained the same except for the 

viscosity of the lubricant. Thus, the exponent can be derived from the two lubricant test 

results at the same rotational speed, gear-pair, direction of rotation and expressed in the 

term of the dimensionless churning torques and the oil viscosities or the two viscosity oils. 

At high-speed inertia force is more dominant than viscous force however here viscous 

force is more dominant than inertia force. 

 

E�fI�f-K = E"#I"#-K�                                                                                                                                      (4.13) 

 

With the index “a” for oil-A and index “b” for oil-B, all other variables concerning gear-

pair, worm speed, lubricant volume, and lubricant temperature did not change. At last 

equation 4.13  results in the following formula for the value of α. 

 

� = ln *;�c;�^+
ln *FocFo^+                                                                                                                                (4.14) 

With the equation (4.14) the average value of α for a range of speed 1000-1400 rpm is 

0.91. The calculation table for α is given in table B2, in appendix B. 

4.4.1.2 Froude Number (Fr) 

The Froude number is the ratio of inertia force to the gravitational force. The test results 

for the worm gear rotates at a different speed with same immersion depth and the same 

lubricant was used to calculate the exponent. All other test conditions remained the same 

except the worm speed. Thus, the exponent can be derived from the two different speed 

test results at the same geometry, direction of rotation, and expressed in the term of the 

dimensionless churning torques. Here speed is more dominating than other parameters. 

 

E�fI�f-K = E'�I'�-KJ                                                                                                                                   (4.15) 
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With the index “a” for lower speed and index “b” for higher speed, all other variable gear-

pair, lubricant type, lubricant volume, and lubricant temperature did not change. With the 

equation (4.15) the average value of β for a range of speed 1000-1400 rpm is 0.38. The 

calculation table for β is given in table B3, in appendix B. 

4.4.1.3 The ratio of immersion depth to center distance (h/X) 

The test results for the worm gear submerged at the different static head with rotating 

speed and same lubricant were used to calculate the exponent. The center distance is 

constant 75mm for both gear pairs. 

E�fI�f-K = � �I��-�
�

�
                                                                                                                                      (4.16) 

With the index “a” for lower static head and index “b” for the higher static head, all other 

variables with respect to gear-pair, lubricant type, worm speed, and lubricant temperature 

did not change. With the equation (4.16) the average values of “γ” for the range of speed 

1000-1400 rpm and defined range of static head is -0.13. The calculation table for γ is 

given in table B4, in appendix B. 

 

4.4.1.4 The ratio of lubricant volume to center distance (V/X3) 

The test results for the submerged worm gear at different lubricant volumes with the same 

rotating speed and same lubricant were used to calculate the exponent. The center distance 

is constant 75mm for both gear pairs. 

E�fI�f-K = � .,�L.(�L
�

�
                                                                                                                                      (4.17) 

With the index “a” for lower volume and index “b” for higher volume, all other variables 

with respect to gear-pair, lubricant type, worm speed, and lubricant temperature did not 

change. With the equation (4.17) the average values of “δ” for the range of speed 1000-

1400 rpm and defined range of static head is -0.28. The calculation table for δ is given in 

table B5, in appendix B. 
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4.4.1.5 Reduction ratio (Ø) 

 

The test results for the different geometry of worm gear or different reduction ratios with 

the same rotating speed, lubricant properties. 

E�fI�f-K = �ØIØ-��                                                                                                                                        (4.18) 

 

With the index “a” for higher reduction ratio and index “b” for lower reduction ratio, all 

other variables with respect to lubricant type, worm speed, and lubricant temperature did 

not change. With the equation (4.18) the average values of “ϵ” for the range of speed 

1000-1400 rpm and defined range of static head is -0.08. The calculation table for ϵ is 

given in table B6, in appendix B. Following equation (4.19) is developed by putting all the 

co-efficient in equation (4.12), which is known as an empirical equation of churning 

power loss for worm gear. 

 

�f = 17.08 Eℎ�K$%.,� E ���K$%.(: "#$%.�,'�$%.�:Ø$%.%:                                                                 (4.19) 

 

Equation (4.19) applied to all experiments of oil-A and all experiments of oil-B and 

compare with observed dimensionless torque Cm as shown in Figure 4.19. The 

calculations for oil A and oil B are given in Table C1 and Table C2 respectively in 

appendix C. The values at the x-axis indicate the measured values of the experiment and 

those at y-axis the calculated values from the formula presented in this section. The 

scattered graph shows a good combination of the experiment values and predicted values. 

 

The variables of Lubricant immersion depth, Lubricant volume, center distance Reynolds 

and Froude numbers were considered and calculated the value of the root mean square 

error (RMSE) for all the experiments. RMSE for oil-A is 0.00213238 and RMSE for oil-B 

is 0.002252324. The calculations of RMSE are given in Table C3 and Table C4  in 

appendix C for Oil A and Oil B respectively. The root means the square error is only 0.2% 

for oil-A & oil-B which shows the very good agreement for predicted and experimental 
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values of dimensionless torque Cm. The RMSE shows the negligible discrepancy between 

the experiment and predicted values. 

 

 
(a) 

 
(b) 

 
FIGURE 4.19: Comparison between observed and predicted values of dimensionless torque Cm (a) 

For Oil-A (b) For Oil-B 

 

4.4.2 Confirmation test 

Equation (4.19) is the result of the dimensional analysis of experimental values. This 

equation is derived by considering Only oil-A and oil-B as a lubricant. So to validate this 

developed model, by introducing oil-C. This equation is also validated by designing a new 

test matrix as shown in Table 4.14.  
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TABLE 4.14: Test matrix to validate the empirical equation 

Factors Level 

Worm Speed 900,1100,1300 

Lubricant type Oil-C 

Lubricant volume 2.7 liter 

Direction of rotation Forward (Clockwise of worm) 

Gear pair Gear pair-1 

 

The speed of the gear and type of lubricant is revised. The developed mathematical model 

is applied to the values of the newly designed test matrix to obtain predicted dimensionless 

churning torque (Cm). The calculation of the empirical equation is given in Table C5 in 

appendix C. The results of the confirmation experiments  with predicted results are given 

in Table 4.15 . The comparison between the predicted Cm and experiment Cm is shown in 

Figure 4.20 in the form of a scattered graph. 

TABLE 4.15: The confirmation experiment test results 

Sr.

No 

Factors 
Churning 

Torque 

(N.M) 

By  

Experiment 

Cm  

Error 
Worm 

Speed 

(rpm) 

Oil 

Vol.  

(Lit.) 

Oil 

Temp. 

 (C) 

By 

Experiment 

By 

Prediction 

1 900 2.7 30 1.07 0.0151 0.0180 -0.0029 

2 1100 2.7 30 1.16 0.0110 0.0128 -0.0018 

3 1300 2.7 30 1.41 0.0096 0.0097 -0.0001 

4 900 2.7 40 0.81 0.0115 0.0100 0.0015 

5 1100 2.7 40 0.85 0.0081 0.0072 0.0009 

6 1300 2.7 40 0.89 0.0061 0.0054 0.0007 

7 900 2.7 50 0.38 0.0055 0.0057 -0.0002 

8 1100 2.7 50 0.48 0.0046 0.0041 0.0005 

9 1300 2.7 50 0.49 0.0034 0.0031 0.0003 

 

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

confirmation test as shown in Figure 4.20. The root mean square error for the confirmation 

test is 0.00306195. The RMSE is only 0.1% shows good agreement between the measured 

and experiment values. The calculation of RMSE is given in Table C6 in appendix C.  
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FIGURE 4.20: Comparison between observed and predicted values of dimensionless torque Cm for 

confirmation 

 

Finally, an empirical model for the dimensionless churning torque is obtained through a 

dimensional analysis based on the test result. 

 

4.5 Concluding Remarks  

 

In this section, the effect of the influencing variables of experiments on the churning 

power losses for worm gear were fully discussed. In addition, the effects of dimensionless 

numbers were inspected through the dimensional analysis. Finally, an empirical equation 

of the churning power loss for worm gear was developed. 
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CHAPTER-5 

 

5. Conclusion & Scope of Future work 

 

5.1 Achievements of the Research 
 

It was currently assumed that the churning power losses have not enough influences (can 

be ignored) for worm gear. To verify this hypothesis an extensive experimental study was 

conducted to investigate the churning power loss for dip lubricated worm gear. The 

measurement was based on the direct torque measurement method. The experiments 

clearly showed that churning power loss present in the worm gear and it is highly 

influenced to the efficiency. A study on factors affecting the churning losses has been 

carried out by considering following assumptions. 

1. One of the main simplifying assumptions in modeling of churning power 

losses has been that the gear teeth have no influence. 

2. It is assumed that the centre of gravity of component is coincident with the 

axis of rotation. 

3. Any effect of gravity is neglected 

 

The achievements of these present study are given below. 

(1) As mentioned in the 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 mentioned in the second objective,  A series of churning power loss 

experiments with different levels of control variables was carried out on the 

specially designed test machine. The oil-immersion depth ( Oil volume), lubricant 

temperature, speed of worm, and orientation of worm shaft are the most 
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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. The third objective is fulfilled here. 

5.2 Main 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 increased 

by 30-35% for mineral oil and 20-25% for synthetic oil when the static oil level 

increased three times from  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 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. At higher static head (H>2), an average 33% increase 

in churning power loss when decreasing oil temperature from 50°C to 30°C. The 

churning power loss of lower static head and lower lubricant temperature was 22% 

smaller than churning power loss of higher static head and higher lubricant 

temperature. 

 

Main Conclusion 



115 
 

(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.The 

churning power loss for worm at the bottom position is 30 -35% higher than the 

worm at the top position at average speed. 

 

(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 N0.68 . 

 

(5) Types of lubricant (synthetic and mineral) at almost the same viscosity has 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 churning power loss for lower reduction ratio 

(15:1) is 5-6 % higher than larger reduction ratio (30:1) at average worm speed . 

The average difference between forward & reverse direction for all level and speed 

is 1-2%. 

 

(7) The empirical equation from the experimental data is obtained and the churning 

model for the worm gear is presented. The Root Mean Square Error is only 0.1% 

shows good agreement between the predicted and experiment values. 

 

The limitation of this work is given below. 

1. This research work is valid for splash lubrication only, jet lubrication is 

not considered. 

2. The mathematical model developed in this research work is valid for 

only worm gear box. 

3. Pocketing loss is not considered in this research work. 
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5.2.1 Implications of the study 

The implications of the present study have been described in two different sections. The 

first section discusses the implications for theoretical knowledge  and the second section 

discusses the implications the industrial practitioners and researchers of the this field. 

Implications for theoretical knowledge 

• Manufacturing organizations must adopt this technique to calculate the churning 

power loss of worm gearbox. They can mentioned the churning power loss on the 

name plate of gearbox. They can also plan the possible improvements in the 

efficiency. 

• The present study shows the steps for calculating the churning power loss, which 

will be helpful to calculate churning power loss of any worm gearbox. 

• The literature suggests the present study to be unique because there was no 

evidence of applying Direct Torque measurement Technique to the non eneveloped 

wormgearbox. 

Implications for practitioners and researchers 

• The present study offers the technique to calculate the chuening power loss which 

offers the many benifits to practitioners. This technique is quite simple and easily 

demonstrate it and all type of firm can afford it. The consistent result can inspire 

the practinier to adopt this technique. 

• The research forming the subject of this thesis has fallen two main areas: the 

experimental study of measuring churning losses and the analysis of its 

mechanism. In both areas, considerable further potential exists for extending the 

knowledge and understanding of churning losses related with load-dependent 

losses that has been generated by the present work.  

• The researcher can adopt this technique to investigate the windage loss and 

pocketing loss also. 

• The present study has been worked out in small scale manufacturing organizations 

also to calculate the churning power loss of worm gear. This technique is also 

useful in industry to select the optimum level of lubricant, optimum temperature 

range, optimum speed at which losses can be reduced. 

Main Conclusion 
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5.3 Recommendation for Future Work 
 

This experimental work presented the investigation of churning power loss for worm gear. 

The influencing parameters such as worm speed, lubricant volume, lubricant temperature, 

lubricant type, gear ratio, the rotational direction of the worm and worm orientation were 

considered for the experimental work. The present study will provide a very useful 

baseline for the investigation of further possibilities. The following specific 

recommendations are proposed for future work: 

 

1. No-load dependent losses consist of churning power loss, oil seal loss, bearing 

loss, and windage loss. The present study investigated the churning power loss for 

the worm gear only. It did not focus on the windage power losses and pocketing 

power losses for the worm gear. 

 

2. The gearbox was only operated with a dip lubrication method. The Jet lubrication 

could reduce churning losses fundamentally rather than dip lubrication because 

there is no immersion of the gears in jet lubrication. It is recommended to 

investigate the churning power loss for worm gear with jet lubrication. 

 

3. The work described in this thesis has entailed a detailed examination of the churning 

power losses based on the various experimental results and the dimensional analysis. 

The process of designing and development of test rig and conducting the experiments 

are the length and time-consuming. However, there is considerable potential for a 

more vigorous numerical analysis such a many in principles be obtained using CFD. 

 

 

 

Conclusion & Scope of Future work  
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Appendix-A 

Drawings for test Machine & selected worm gearbox 

 

(1) Development of test Machine 

 

(I) 

 

(II) 

 

(III) 

Figure A1: Churning power loss test rig for worm gear (I) Front View (II) Top View (III) Side View 
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(2) Selected test worm gearbox 

 

(I) 

 

(II) 

 

(III) 

 

Figure A2: Test gearbox (I) Front View (II) Top View (III) Side View 
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Appendix-B 
 

Calculation based on dimensional analysis 

 

B.1 Dimensional Analysis 

The following parameters are considered for dimensional analysis of churning power loss of 

worm gear. 

Table B1 Parameters for dimensional analysis of churning power loss of worm gear. 

Geometric parameters  Fluid dynamic parameters  

Centre Distance (a) Linear velocity (v) 

Radius of worm (R) Oil dynamic viscosity (μ) 
Oil immersion depth  (H) Gravitational acceleration (g) 
Oil volume (V) Oil density (ρ) 
Immersed surface area (Sm)  
Reduction ratio (γ)  

 

The churning power Pc can be expressed as a function of the above parameters 

Pc=f (R,H,V,Sm, γ, ω, μ, g, ρ)                

If the drag force which acts on the body by the fluid (According to fluid drag equation) 

�� = �
� ρV�S�C�                

(C1) 

Fd =Drag force 

ρ = Density of fluid 

V=Velocity of rotating object 

Sm =Submerged Area 

Cm=drag (churning) coefficient 

 

Torque = Fd X radius 

Torque=
�
� ρV�S�C
 X R 

  Torque=
�
� ρR�ω�S�C�                                                     (C2) 
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According to the Π theorem from the dimensional analysis, the dimensionless churning torque is 

described by 

Cm= f (ρ ,R,H,V, μ, Ø, g γ)  

Reduction ratio is dimension less number so it can be directly considered to the equation.The 

final equation obtained is in the form of : Cm= f(πl π2, π3 ,….. πn-m) 

Cm= f (ρ ,v,R,H,V , μ, g,) 

Fundamental dimensions =3 means (ρ ,v,R) 

Π term will be 7-3=4 

Π1= ρa ,vb,Rc, μ                 

Π2= ρa ,vb,Rc, g                

Π3= ρa ,vb,Rc, V                

Π4= ρa ,vb,Rc, H                

 

Π1= ρa ,vb,Rc, μ      (C6) 

M0L0T0= (M1L-3T0)a   (M0L1T-1)b   (M0L1T0)c   (M1L-1T-1) 

M0L0T0= Ma+1  L-3a+b+c-1 T-b-1 

a= -1 

b=-1 

c=-1 

Π1=  μ/( ρ,v,R) 

Π1=  (( �,�,��
� ���    =����                               (C3) 

Re=Reynold number 

Similerly 

Π2= ρa ,vb,Rc, g       

Π2=  gR/( v2)      

Π2=  {( v2)/gR}-1      

Π2=  {( v2R)/gR2}-1      
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Π2=  {( ώ2R)/g}-1      

Π2=  ����                                 (C4) 

Fr=Fraud number 

 Π3= ρa ,vb,Rc, V 

Π3= V/R3 

Π3= 
�

��                      (C5) 

 

Π4= ρa ,vb,Rc, H 

Π4= H/R 

        Π4= 
�
�                                 (C6) 

Cm=f(Π1, Π2, Π3, Π4) 

Cm=f(Re
-1 Fr

-1 
�

��     
�
�  ) 

Reduction ratio Ø is to be considered as a dimensionless parameter 

Cm=f(Re
-1 Fr

-1 
�

��     
�
�  Ø) 

The normalized dimensionless torque (Cm) equation obtained from the “Buckingham π 

theorem”  

Cm = ψ ��
 !γ � �

 �!δ Re�αFr�βØ�ϵ                                                    (C7) 

Where α,β,δ,ϵ,γ,Ψ constant and which are adjusted from the statistical analysis of experiment 

result. R is the radius of worm for Reynold's number and fraud number. Reynolds number, Re 

is defined as the ratio of inertia force to viscous force. 

R%
= ωR�

γ                                                                                                                                                     (C'� 

Froude number, Fr is defined as the ratio of the inertia force to gravitational force as shown 

below. 

�(
= )��

*                                                                                                                                                      (C+� 
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Due to the very low speed of the worm wheel, only the worm shaft is considered. For 

immersion depth to radius ratio and volume to radius ratio, radius (R) is considered the 

summation of both radiuses (R1+R2). It becomes the center distance (X) 

 

Cm = ψ -H
X01 - V

X�02 Re�3Fr�4Ø�5                                         (C�6�  
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B.1 Dimensionless numbers 

 

Table B2 Calculation of α at lubricant temp 40oC 

Sr.
No 

Kind of 
oil 

Volume  
(lit) 

Cm 
Viscosity 

(M2/S) 
Re ln -9:1

9:20 ln -��1
��20 α 

1 
EP-140 1.5 0.0163 0.000312 268.512 

-0.05782 0.05609 -1.0308 
PA0-320 1.5 0.0172 0.00033 253.866 

2 
EP-140 1.5 0.0130 0.000312 322.215 

-0.22661 0.05609 -4.0401 
PA0-320 1.5 0.0164 0.00033 304.639 

3 
EP-140 1.5 0.0106 0.000312 375.917 

-0.21704 0.05609 -3.8696 
PA0-320 1.5 0.0131 0.00033 355.413 

4 
EP-140 2.1 0.0169 0.000312 268.512 

0.1174 0.0561 2.0940 
PA0-320 2.1 0.0150 0.00033 253.866 

5 
EP-140 2.1 0.0119 0.000312 322.215 

-0.2071 0.0561 -3.6931 
PA0-320 2.1 0.0146 0.00033 304.639 

6 
EP-140 2.1 0.0124 0.000312 375.917 

0.1016 0.0561 1.8119 
PA0-320 2.1 0.0112 0.00033 355.413 

7 
EP-140 2.7 0.0139 0.000312 268.512 

0.0712 0.0561 1.2687 
PA0-320 2.7 0.0130 0.00033 253.866 

8 
EP-140 2.7 0.0111 0.000312 322.215 

-0.0935 0.0561 -1.6670 
PA0-320 2.7 0.0122 0.00033 304.639 

9 
EP-140 2.7 0.0097 0.000312 375.917 

0.0543 0.0561 0.9677 
PA0-320 2.7 0.0092 0.00033 355.413 

       
Average -0.91 
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Table B3 Calculation of β at lubricant temp 40oC 

 

Sr.
No 

Volume 
(lit.) 

Type of 
oil 

Rotational 
speed 

Cm Fr ln -9:1
9:20 ln -��1

��20 β 

1 1.5 EP-140 
1000 0.0164 22.3572 

0.22075 -0.3646 -0.6054 
1200 0.0132 32.1944 

2 1.5 EP-140 
1000 0.0164 22.3572 

0.43093 -0.6729 -0.6404 
1400 0.0107 43.8202 

3 1.5 EP-140 
1200 0.0132 32.1944 

0.21018 -0.3083 -0.6817 
1400 0.0107 43.8202 

4 2.1 EP-140 
1000 0.0169 22.3572 

0.35591 -0.3646 -0.9760 
1200 0.0119 32.1944 

5 2.1 EP-140 
1000 0.0169 22.3572 

0.30928 -0.6729 -0.4596 
1400 0.0124 43.8202 

6 2.1 EP-140 
1200 0.0119 32.1944 

-0.0466 -0.3083 0.1513 
1400 0.0124 43.8202 

7 2.7 EP-140 
1000 0.0169 22.3572 

0.35591 -0.3646 -0.9760 
1200 0.0119 32.1944 

8 2.7 EP-140 
1000 0.0169 22.3572 

0.30928 -0.6729 -0.4596 
1400 0.0124 43.8202 

9 2.7 EP-140 
1200 0.0119 32.1944 

-0.0466 -0.3083 0.1513 
1400 0.0124 43.8202 

10 1.5 SP-320 
1000 0.0029 22.3572 

-0.0202 -0.3646 0.0554 
1200 0.0029 32.1944 

11 1.5 SP-320 
1000 0.0029 22.3572 

-0.0622 -0.6729 0.0924 
1400 0.0031 43.8202 

12 1.5 SP-320 
1200 0.0029 32.1944 

-0.042 -0.3083 0.1361 
1400 0.0031 43.8202 

13 2.1 SP-320 
1000 0.0028 22.3572 

0.16682 -0.3646 -0.4575 
1200 0.0024 32.1944 

14 2.1 SP-320 
1000 0.0028 22.3572 

0.11333 -0.6729 -0.1684 
1400 0.0025 43.8202 

15 2.1 SP-320 
1200 0.0024 32.1944 

-0.0535 -0.3083 0.1735 
1400 0.0025 43.8202 

16 2.7 SP-320 
1000 0.0029 22.3572 

0.10228 -0.3646 -0.2805 
1200 0.0026 32.1944 

17 2.7 SP-320 
1000 0.0029 22.3572 

0.20294 -0.6729 -0.3016 
1400 0.0023 43.8202 

18 2.7 SP-320 
1200 0.0026 32.1944 

0.10066 -0.3083 -0.3265 
1400 0.0023 43.8202 

19 1.5 PAO-320 
1000 0.0172 22.3572 

0.05196 -0.3646 -0.1425 
1200 0.0163 32.1944 
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20 1.5 PAO-320 
1000 0.0172 22.3572 

0.27171 -0.6729 -0.4038 
1400 0.0131 43.8202 

21 1.5 PAO-320 
1200 0.0163 32.1944 

0.21975 -0.3083 -0.7128 
1400 0.0131 43.8202 

22 2.1 PAO-320 
1000 0.0150 22.3572 

0.03132 -0.3646 -0.0859 
1200 0.0146 32.1944 

23 2.1 PAO-320 
1000 0.0150 22.3572 

0.29345 -0.6729 -0.4361 
1400 0.0112 43.8202 

24 2.1 PAO-320 
1200 0.0146 32.1944 

0.26214 -0.3083 -0.8503 
1400 0.0112 43.8202 

25 2.7 PAO-320 
1000 0.0130 22.3572 

0.06236 -0.3646 -0.1710 
1200 0.0122 32.1944 

26 2.7 PAO-320 
1000 0.0130 22.3572 

0.34209 -0.6729 -0.5083 
1400 0.0092 43.8202 

27 2.7 PAO-320 
1200 0.0122 32.1944 

0.27973 -0.3083 -0.9073 
1400 0.0092 43.8202 

       
Average -0.36 
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Table B4 Calculation of γ at lubricant temp 40oC 

Sr.
No 

Worm  
Speed 

Type of 
oil 

Immersion 
(h)  

Cm 
Immersion/ 

Center 
Distance(X) 

ln -9:1
9:20 ln =(ℎ/@�1

(ℎ/@�2A γ 

1 1000 EP-320 
40 0.0164 0.5333 

-0.029 -0.693 0.042 
80 0.0169 1.0667 

2 1200 EP-320 
40 0.0132 0.5333 

0.106 -0.693 -0.153 
80 0.0119 1.0667 

3 1400 EP-320 
40 0.0107 0.5333 

-0.151 -0.693 0.218 
80 0.0124 1.0667 

4 1000 EP-320 
40 0.0164 0.5333 

0.166 -1.216 -0.136 
135 0.0139 1.8000 

5 1200 EP-320 
40 0.0132 0.5333 

0.172 -1.216 -0.141 
135 0.0111 1.8000 

6 1400 EP-320 
40 0.0107 0.5333 

0.094 -1.216 -0.077 
135 0.0097 1.8000 

7 1000 EP-320 
80 0.0169 1.0667 

0.195 -0.523 -0.372 
135 0.0139 1.8000 

8 1200 EP-320 
80 0.0119 1.0667 

0.066 -0.523 -0.126 
135 0.0111 1.8000 

9 1400 EP-320 
80 0.0124 1.0667 

0.245 -0.523 -0.467 
135 0.0097 1.8000 

       

Average -0.13 
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Table B5 Calculation of δ at lubricant temp 40oC 

Sr.N
o 

Worm  
Speed 
(rpm) 

Type of 
oil 

Volume 
(V) 

Cm V/X3 ln -9:1
9:20 ln =(B/C��1

(B/C��2A δ 

1 1000 EP-320 
0.0015 0.01644 3.5556 

-0.0292 -0.3365 0.0866 
0.0021 0.01692 4.9778 

2 1200 EP-320 
0.0015 0.01318 3.5556 

0.1060 -0.3365 
-

0.3151 0.0021 0.01186 4.9778 

3 1400 EP-320 
0.0015 0.01068 3.5556 

-0.1508 -0.3365 0.4482 
0.0021 0.01242 4.9778 

4 1000 EP-320 
0.0015 0.01644 3.5556 

0.1657 -0.5878 
-

0.2820 0.0027 0.01393 6.4000 

5 1200 EP-320 
0.0015 0.01318 3.5556 

0.1720 -0.5878 
-

0.2926 0.0027 0.0111 6.4000 

6 1400 EP-320 
0.0015 0.01068 3.5556 

0.0938 -0.5878 
-

0.1595 0.0027 0.00973 6.4000 

7 1000 EP-320 
0.0021 0.01692 4.9778 

0.1949 -0.2513 
-

0.7755 0.0027 0.01393 6.4000 

8 1200 EP-320 
0.0021 0.01186 4.9778 

0.0660 -0.2513 
-

0.2626 0.0027 0.0111 6.4000 

9 1400 EP-320 
0.0021 0.01242 4.9778 

0.2446 -0.2513 
-

0.9732 0.0027 0.00973 6.4000 

       

Average -0.28 
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Table B6 Calculation of ε at lubricant volume 2.7 liter 

Sr.No 
Lubricant  

temp 
(oC) 

Type of oil 
Reduction 

ratio (Ø) 
Cm ln -9:1

9:20 ln =Ø1
Ø2A ε 

1 40 EP-320 
30 0.0139 

-0.0560 0.6931 -0.0807 
15 0.0147 

2 40 EP-320 
30 0.0111 

-0.0863 0.6931 -0.1244 
15 0.0121 

3 40 EP-320 
30 0.0097 

-0.1074 0.6931 -0.1550 
15 0.0108 

4 50 EP-320 
30 0.0077 

-0.0988 0.6931 -0.1426 
15 0.0085 

5 50 EP-320 
30 0.0063 

-0.0616 0.6931 -0.0888 
15 0.0067 

6 50 EP-320 
30 0.0054 

-0.0541 0.6931 -0.0780 
15 0.0057 

      

Average -0.08 
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Appendix-C 
Result based on dimensional analysis 

 

Table C1 Calculation of Cm for oil-A 

Sr.no 
Temp  

(
o
C) 

Imm. 

depth 

(m) 

Oil 

volume 

(liter) 

Speed  

of worm 

(rpm) 

Churn 

(N.m) 

Power 

loss 

(W) 

Pitch 

radius 

(m) 

Reynold 

number 

(Re) 

Froude 

number 

Fr 

Wetted 

area 

(m
2
) 

Cm  

 (experiment) 

Cm  

(predicted.) 

1 30 0.04 0.0015 1000 1.18 123.57 0.02 161.11 22.357 0.0251 0.023 0.030 

2 30 0.04 0.0015 1200 1.61 202.32 0.02 193.33 32.194 0.0251 0.021 0.022 

3 30 0.04 0.0015 1400 1.67 244.83 0.02 225.55 43.820 0.0251 0.016 0.017 

4 40 0.04 0.0015 1000 0.84 87.96 0.02 268.51 22.357 0.0251 0.016 0.019 

5 40 0.04 0.0015 1200 0.97 121.89 0.02 322.21 32.194 0.0251 0.013 0.014 

6 40 0.04 0.0015 1400 1.07 156.87 0.02 375.92 43.820 0.0251 0.011 0.011 

7 50 0.04 0.0015 1000 0.44 46.08 0.02 465.42 22.357 0.0251 0.009 0.011 

8 50 0.04 0.0015 1200 0.46 57.81 0.02 558.51 32.194 0.0251 0.006 0.008 

9 50 0.04 0.0015 1400 0.54 79.17 0.02 651.59 43.820 0.0251 0.006 0.007 

10 30 0.08 0.0021 1000 1.97 206.30 0.02 161.11 22.357 0.0331 0.029 0.025 

11 30 0.08 0.0021 1200 1.87 234.99 0.02 193.33 32.194 0.0331 0.019 0.018 

12 30 0.08 0.0021 1400 2.32 340.13 0.02 225.55 43.820 0.0331 0.017 0.014 

13 40 0.08 0.0021 1000 1.14 119.38 0.02 268.51 22.357 0.0331 0.017 0.016 

14 40 0.08 0.0021 1200 1.15 144.51 0.02 322.21 32.194 0.0331 0.012 0.012 

15 40 0.08 0.0021 1400 1.64 240.44 0.02 375.92 43.820 0.0331 0.012 0.009 

16 50 0.08 0.0021 1000 0.52 54.45 0.02 465.42 22.357 0.0331 0.008 0.009 

17 50 0.08 0.0021 1200 0.58 72.88 0.02 558.51 32.194 0.0331 0.006 0.007 

18 50 0.08 0.0021 1400 0.82 120.22 0.02 651.59 43.820 0.0331 0.006 0.005 

19 30 0.135 0.0027 1000 1.92 201.06 0.02 161.11 22.357 0.0430 0.021 0.022 

20 30 0.135 0.0027 1200 2.15 270.18 0.02 193.33 32.194 0.0430 0.017 0.016 

21 30 0.135 0.0027 1400 2.38 348.93 0.02 225.55 43.820 0.0430 0.014 0.012 

22 40 0.135 0.0027 1000 1.22 127.76 0.02 268.51 22.357 0.0430 0.014 0.014 

23 40 0.135 0.0027 1200 1.4 175.93 0.02 322.21 32.194 0.0430 0.011 0.010 

24 40 0.135 0.0027 1400 1.67 244.83 0.02 375.92 43.820 0.0430 0.010 0.008 

25 50 0.135 0.0027 1000 0.67 70.16 0.02 465.42 22.357 0.0430 0.008 0.008 

26 50 0.135 0.0027 1200 0.79 99.27 0.02 558.51 32.194 0.0430 0.006 0.006 

27 50 0.135 0.0027 1400 0.97 142.21 0.02 651.59 43.820 0.0430 0.006 0.005 
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Table C2 Calculation of Cm for oil-B 

Sr.no 
Temp  

(
o
C) 

Imm. 

depth  

(m) 

Oil 

volume 

(liter) 

Speed  

of worm 

(rpm) 

Churn 

(N.m) 

Power 

loss 

(W) 

Pitch 

radius 

(m) 

Reynold 

number 

(Re) 

Froude 

number 

Fr 

Wetted 

area 

(m
2
) 

Cm  

 (experiment) 

Cm  

(predicted.) 

1 30 0.04 0.0015 1000 1.25 130.90 0.02 158.07 22.357 0.0251 0.025 0.030 

2 30 0.04 0.0015 1200 1.59 199.81 0.02 189.68 32.194 0.0251 0.022 0.022 

3 30 0.04 0.0015 1400 1.61 236.04 0.02 221.29 43.820 0.0251 0.016 0.017 

4 40 0.04 0.0015 1000 0.79 82.73 0.02 253.87 22.357 0.0251 0.017 0.020 

5 40 0.04 0.0015 1200 1.08 135.72 0.02 304.64 32.194 0.0251 0.016 0.015 

6 40 0.04 0.0015 1400 1.18 173.00 0.02 355.41 43.820 0.0251 0.013 0.011 

7 50 0.04 0.0015 1000 0.54 56.55 0.02 440.93 22.357 0.0251 0.012 0.012 

8 50 0.04 0.0015 1200 0.64 80.42 0.02 529.11 32.194 0.0251 0.010 0.009 

9 50 0.04 0.0015 1400 0.76 111.42 0.02 617.30 43.820 0.0251 0.009 0.007 

10 30 0.08 0.0021 1000 1.4 146.61 0.02 158.07 22.357 0.0331 0.021 0.025 

11 30 0.08 0.0021 1200 1.79 224.94 0.02 189.68 32.194 0.0331 0.019 0.019 

12 30 0.08 0.0021 1400 1.82 266.83 0.02 221.29 43.820 0.0331 0.014 0.014 

13 40 0.08 0.0021 1000 0.91 95.29 0.02 253.87 22.357 0.0331 0.015 0.016 

14 40 0.08 0.0021 1200 1.27 159.59 0.02 304.64 32.194 0.0331 0.015 0.012 

15 40 0.08 0.0021 1400 1.33 194.99 0.02 355.41 43.820 0.0331 0.011 0.009 

16 50 0.08 0.0021 1000 0.61 63.88 0.02 440.93 22.357 0.0331 0.011 0.010 

17 50 0.08 0.0021 1200 0.76 95.50 0.02 529.11 32.194 0.0331 0.009 0.007 

18 50 0.08 0.0021 1400 0.87 127.55 0.02 617.30 43.820 0.0331 0.008 0.006 

19 30 0.135 0.0027 1000 1.45 151.84 0.02 158.07 22.357 0.0430 0.017 0.022 

20 30 0.135 0.0027 1200 1.84 231.22 0.02 189.68 32.194 0.0430 0.015 0.016 

21 30 0.135 0.0027 1400 1.93 282.95 0.02 221.29 43.820 0.0430 0.011 0.013 

22 40 0.135 0.0027 1000 1.02 106.81 0.02 253.87 22.357 0.0430 0.013 0.014 

23 40 0.135 0.0027 1200 1.38 173.42 0.02 304.64 32.194 0.0430 0.012 0.011 

24 40 0.135 0.0027 1400 1.42 208.18 0.02 355.41 43.820 0.0430 0.009 0.008 

25 50 0.135 0.0027 1000 0.74 77.49 0.02 440.93 22.357 0.0430 0.010 0.009 

26 50 0.135 0.0027 1200 0.92 115.61 0.02 529.11 32.194 0.0430 0.009 0.006 

27 50 0.135 0.0027 1400 0.98 143.68 0.02 617.30 43.820 0.0430 0.007 0.005 
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Table C3 Calculation Root Means Square Error for oil-A 

 

 

 

 

 

 

 

Sr.no 
Cm  

 (By Experiment) 

Cm  

 (Predicted) 
Residual 

Square of 

Residual 

1 0.023 0.030 -0.0072 0.00005184 

2 0.021 0.022 -0.0006 0.00000036 

3 0.016 0.017 -0.0007 4.9E-07 

4 0.016 0.019 -0.0023 0.00000529 

5 0.013 0.014 -0.0006 0.00000036 

6 0.011 0.011 0 0 

7 0.009 0.011 -0.0027 7.29E-06 

8 0.006 0.008 -0.0021 0.00000441 

9 0.006 0.007 -0.001 0.000001 

10 0.029 0.025 0.0038 0.00001444 

11 0.019 0.018 0.0005 0.00000025 

12 0.017 0.014 0.0031 0.00000961 

13 0.017 0.016 0.0013 0.00000169 

14 0.012 0.012 0.0004 1.6E-07 

15 0.012 0.009 0.0035 0.00001225 

16 0.008 0.009 -0.0016 0.00000256 

17 0.006 0.007 -0.001 0.000001 

18 0.006 0.005 0.0009 0.00000081 

19 0.021 0.022 -0.0002 4E-08 

20 0.017 0.016 0.0008 6.4E-07 

21 0.014 0.012 0.0013 0.00000169 

22 0.014 0.014 0.0003 9E-08 

23 0.011 0.010 0.0011 0.00000121 

24 0.010 0.008 0.002 0.000004 

25 0.008 0.008 -0.0005 0.00000025 

26 0.006 0.006 0.0002 4E-08 

27 0.006 0.005 0.001 0.000001 

Average RMSE 0.002132378 
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Table C4 Calculation Root Means Square Error for oil-B 

 

 

 

 

 

 

Sr.no 
Cm  

 (By Experiment) 

Cm  

 (Predicted) 
Residual 

Square of 

Residual 

1 0.025 0.030 -0.0056 0.00003136 

2 0.022 0.022 -0.0005 0.00000025 

3 0.016 0.017 -0.001 0.000001 

4 0.017 0.020 -0.0025 6.25E-06 

5 0.016 0.015 0.0018 3.24E-06 

6 0.013 0.011 0.0019 0.00000361 

7 0.012 0.012 0.0005 2.5E-07 

8 0.010 0.009 0.0014 0.00000196 

9 0.009 0.007 0.0021 0.00000441 

10 0.021 0.025 -0.0042 0.00001764 

11 0.019 0.019 0.0001 1E-08 

12 0.014 0.014 -0.0005 0.00000025 

13 0.015 0.016 -0.0014 1.96E-06 

14 0.015 0.012 0.0025 0.00000625 

15 0.011 0.009 0.0019 0.00000361 

16 0.011 0.010 0.0007 4.9E-07 

17 0.009 0.007 0.0019 0.00000361 

18 0.008 0.006 0.002 0.000004 

19 0.017 0.022 -0.0053 0.00002809 

20 0.015 0.016 -0.0014 0.00000196 

21 0.011 0.013 -0.0011 0.00000121 

22 0.013 0.014 -0.0013 0.00000169 

23 0.012 0.011 0.0017 0.00000289 

24 0.009 0.008 0.0011 0.00000121 

25 0.010 0.009 0.0013 0.00000169 

26 0.009 0.006 0.0022 0.00000484 

27 0.007 0.005 0.0018 0.00000324 

Average RMSE 0.002252324 
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Table C5 Empirical Calculation of Cm for confirmation test 

Sr.no 
Temp  

(
o
C) 

Imm. 

depth  

(m) 

Oil 

volume 

(liter) 

Speed  

of 

worm 

(rpm) 

Churn 

(N.m) 

Power 

loss 

(W) 

Pitch 

radius 

(m) 

Reynold 

number 

(Re) 

Froude 

number 

Fr 

Wetted 

area 

(m
2
) 

Cm  

 (experiment) 

Cm  

(predicted.) 

1 30 0.135 0.0027 900 1.07 100.85 0.02 215.42 18.11 0.0430 0.0151 0.0180 

2 30 0.135 0.0027 1100 1.16 133.62 0.02 263.30 27.05 0.0430 0.0110 0.0128 

3 30 0.135 0.0027 1300 1.41 191.95 0.02 311.17 37.78 0.0430 0.0096 0.0097 

4 40 0.135 0.0027 900 0.81 76.34 0.02 409.77 18.11 0.0430 0.0115 0.0100 

5 40 0.135 0.0027 1100 0.85 97.91 0.02 500.83 27.05 0.0430 0.0081 0.0072 

6 40 0.135 0.0027 1300 0.89 121.16 0.02 591.89 37.78 0.0430 0.0061 0.0054 

7 50 0.135 0.0027 900 0.38 35.81 0.02 753.98 18.11 0.0430 0.0055 0.0057 

8 50 0.135 0.0027 1100 0.48 55.29 0.02 921.53 27.05 0.0430 0.0046 0.0041 

9 50 0.135 0.0027 1300 0.49 66.71 0.02 1089.09 37.78 0.0430 0.0034 0.0031 

 

Table C6 Calculation Root Means Square for confirmation test  

Sr.no 
Cm 

(By Experiment) 

Cm 

(Predicted) 
Residual 

Square of 

Residual 

1 0.0151 0.0180 -0.0029 8.41E-06 

2 0.011 0.0128 -0.0018 3.24E-06 

3 0.0096 0.0097 -0.0001 1E-08 

4 0.0115 0.0100 0.0015 2.25E-06 

5 0.0081 0.0072 0.0009 8.1E-07 

6 0.0061 0.0054 0.0007 4.9E-07 

7 0.0055 0.0057 -0.0002 4E-08 

8 0.0046 0.0041 0.0005 2.5E-07 

9 0.0034 0.0031 0.0003 9E-08 

Average RMSE 0.00131 
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Appendix-D 

Calibration report of torque sensor 
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Appendix-E 

Laboratory report of lubricating oil 

 

E1- Laboratory report for oil-A
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E2- Laboratory report for oil-B 
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E3- Laboratory report for oil-C 
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