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ABSTRACT 

Sprays are important in many industrial applications. Spray cooling and lubrication are 

used in hot metal working such as forging industry. Proper selection of lubricant spray 

and cooling helps increase die life, improve part quality, protect operation environment, 

minimize waste, and enhance overall productivity. Understanding of this process will 

result in sprays-on-demand in terms of heat transfer and friction design. Modeling of 

water and lubricant sprays has significant impact on the performance of spraying systems, 

and on the hot metal working processes on which it is applied. 

This research is concerned with developing a more complete understanding of spray 

cooling effects on hot forging process by modeling the thermal-steady state temperature 

of tool, modeling of droplet spread and evaporation on the tool surface, modeling of 

space- and time- averaged cooling rate and film formation in lubricant sprays, and 

process design to achieve desired cooling rate. 

The sprays modeling is broken down to two parallel approaches. The first approach is to 

study heat transfer in the forging cycle, the relationship between cooling control and 

forging performance, and the optimal design of cooling rate. An upfront method 

Thermal-Steady State Balance method was developed combining one dimensional heat 

conduction algorithm with FEA simulation to predict temperature evolution and thermal 
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steady state temperature distribution, and to optimize cooling rate considering the full 

forging cycle. 

The second one starts from a macro view of traditional sprays system connects it to a 

micro view of single lubricant droplet impingement by focusing on the lubricant being 

sprayed and the spray parameters. In the effort to bring sprays design and cooling 

management together, a statistical model is developed to address the gap between 

hydrodynamic and thermodynamics of droplet impingement and global sprays design on 

cooling rate and lubricant film formation. A two-step spray approach which separates 

water spray from lubricant spray was studied in transient simulation and recommended 

for dual objectives of heat transfer and lubricant film formation. The results confirm that 

the prediction of heat transfer and film formation links sprays process with forging 

process and facilitates in the design and optimization of both processes. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW

Spray technology [1] is involved in many realistic applications, including processes such 

as spray cooling, spray drying, powdered metals; in treatment applications such as 

humidification, gas scrubbing; in coating applications such as surface treatment, spray 

painting, plasma spray, and crop spraying; in spray combustion such as furnaces, rockets, 

gas turbines, diesel and port fuel injected engines; and in food, medicinal, fire-

extinguishing, printing, and industrial cleaning. 

In sprays a nozzle or an atomizer is utilized to produce droplets, and transport these 

droplets to impact on target or to provide mixing with a gas. Different uses for sprays 

have different demands on characteristics of shape, pattern, droplet velocity and size with 

the transported media and targeted object having special requirements for each 

application. In hot forging, lubricant spray is taking twofold mission: tool surface cooling 

and lubricant film formation. 
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1.1 Spray Applications in Manufacturing and its Impact in Hot Forging 

1.1.1 Spray Applications 

High heat flux removal techniques have become the subject of many recent studies due to 

their importance in several modern industrial and technological applications, such as 

cooling in manufacturing and electronic components, in nuclear power generation, and 

laser applications. The removal of the high density heat fluxes from a solid surface has 

been dependent on high velocity fluid flow and the phase change of coolant. Some of the 

phase change heat removal techniques under recent study are convective flow boiling, 

jet-impingement cooling, and spray cooling.  

Robidou [2] built an apparatus to determine local boiling curves at a surface cooled by a 

planar jet of water. Water quenching heat transfer was confirmed to be dependent on the 

number and velocity of the impinging jets. Atomized spray quenching demonstrated a 

strong, though not definitive dependence on mass flux. The comparison of the two 

cooling techniques [3] confirmed that sprays can provide the same heat transfer as jet at a 

significantly lower liquid mass flux. Hall [4] reports results from an experimental study 

of boiling heat transfer during quenching of a cylindrical copper disk by a subcooled, 

circular, free-surface water jet. In his companion paper [5] boiling heat transfer from a 

two-phase (water-air) jet produced by injecting air bubbles into the jet upstream of the 

nozzle exit is enhanced compared with the single phase jet. Fig. 1.1 demonstrates the heat 

transfer coefficient versus impingement density for evaporation quenching, water spray 

quenching and atomized spray quenching. It can be seen, that impingement density exerts 

the highest influence on heat transfer coefficient of atomized spray quenching. 
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Figure 1.1: Heat transfer coefficient versus impingement density [5] 

Although convective flow boiling techniques offer high heat transfer rates, they cannot 

match the larger heat removal rates that are achieved in spray cooling due to the extent of 

directness of contact between the liquid and the surface, as well as the large contact area 

itself that is present for a given liquid volume. Jet-impingement cooling also provides 

high heat flux removal capacity; it is, however, a much localized effect within the 

impingement zone and can lead to separation of the liquid layer from the surface during 

film boiling, leading to dry-out and hotspots, which created a thermal barrier in hot die 

surfaces. 

Sprays are classified as pressure or atomized based on the method used for liquid breakup. 

Pressure sprays are formed by supplying the liquid at high pressure through the small 

orifices of a nozzle. Atomized sprays or mists are generated by the presence of a co-

existent high-pressure gas stream that breaks up the liquid into “atomized” droplets. The 
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latter one, also known as air-assisted spray is widely applied in lubricant spray in hot 

forging. 

When a surface is subjected to atomized spray from a nozzle with the temperature a little 

higher than the saturation temperature of the liquid, very high heat transfer coefficients 

are attained. Another major advantage of spray cooling is that much higher heat fluxes 

can be achieved without surface dry-out when a large number of tiny (mean diameters 

range from 1-100 microns) droplets that completely blanket the heated surface. It 

provides spatial uniformity and quasi-stable coverage in the heat removal process. Water 

spray cooling has been shown to be capable of removing heat energy close to 1000 

W/cm2 at temperatures lower than 140 °C under normal surface conditions [6]. The heat 

flux enhancement due to spray cooling is attributed to the dynamic behavior of the 

droplets impinging on the hot surface and interacting with the bubbles and the thin liquid 

film. 

Spray cooling heat transfer can simply be divided into four modes by surface temperature. 

The first mode is “liquid convective”, hHeat transfer in which the spray coats surface 

with a liquid film and heat is convected away from the surface into the liquid convection. 

This occurs when the surface temperature is below the liquid boiling temperature. The 

second mode is “nucleate boiling heat transfer”. As the surface temperature rises beyond 

the boiling point, bubbles begin to form on the surface, thus transferring heat from it at a 

greater rate. As the temperature difference increases bubbles form more rapidly, and this 

provides ever larger heat fluxes. The third mode is “transition boiling heat transfer”: a 

vapor layer begins to form between the spray droplets and surface resulting in a 

combination of nucleate and vapor film boiling. In this mode, the heat flux begins to 
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decrease as the surface temperature increases. This is because of greater insulation due to 

a vapor film covering part of the surface. Finally, the fourth mode is “vapor film heat 

transfer” in which the droplets impinge upon a very hot surface. A vapor layer is 

immediately formed to completely separate the droplets from hot surface. In this region, 

the heat flux decreases to a minimum level. 

Cooling and lubrication of hot tools and dies using liquid sprays is widely practiced in the 

metal processing industry. Examples of this can be found in the water cooling of molten 

metal strand in continuous casting, water cooling of rolls and workpiece in hot rolling, 

quenching sprays in heat treatment, dilute graphite sprays for cooling and lubrication in 

forging and die casting and oil/synthetic coolant sprays in machining. Most of these uses 

have involved surfaces with temperatures much higher than the saturation temperature of 

the fluid used for spray cooling.  

In continuous casting, a constantly growing range of high alloy steels must be cast 

without cracks whilst giving optimized metallurgical properties. Cooling of the red-hot 

strand, especially in the secondary cooling area, is of critical importance. The good 

cooling requires uniform cooling of the strand surface, high cooling efficiency due to 

high evaporation proportion of the cooling water, and short dwell time of non-evaporated 

cooling water on the strand surface [7]. In die casting of aluminum and magnesium alloys, 

atomized dilute lubricants (dilution ratios of 1:60 and above) are sprayed on the dies after 

part ejection to cool the die surfaces below the temperature where a lubricant film starts 

forming (Leidenfrost temperature). Rapid cooling of the die is critical to the satisfactory 

performance of the die casting operation including low cycle times. In rolling process 

water sprays are used in order to create rapid and uniform cooling rates, which are needed 
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to ensure that each stage of manufacture achieves the correct uniform microstructure and 

mechanical properties of the steel. In hot rolling, it is important to cool the rolls and 

products such as strips and slab to ensure the shape and flatness of the products [7]. In 

these applications where temperatures are beyond the Leidenfrost point, the fluid does 

not wet the surface and the heat transfer occurs by the process of conduction through the 

thin film of vapor which exists between the impinging droplets and the hot surface. The 

effectiveness of spray cooling has been demonstrated because the momentum of the 

droplets allows the liquid to get much closer to the surface than it would if the surface 

was just immersed in the liquid, causing a thinner vapor film. 

1.1.2 Lubrication and Cooling in Hot Forging  

Figure 1.2: Atomized lubricants sprayed on hot die surface in forging 

The hot forging process is one of the manufacturing processes where metal is pressed, 

pounded or squeezed under great pressure into high strength parts. The energy expended 

in plastic deformation and overcoming friction is converted almost entirely into heat: this 

heat energy raises the temperature of the workpiece and the tools while some of it is 

dissipated to the environment. As illustrated in Fig. 1.2 Lubricant such as dilute water-
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based graphite suspension is sprayed on the heated dies when they are open during the 

forging cycle that consists of placing the workpiece on the preheated dies, forging, 

ejection and post-ejection lubricant spraying. The lubricant spray chills the die surface 

which may reach a temperature as high as 700 °C during forging and 450 °C after 

ejection. Best operating temperatures for hot working die steels such as H-13 are in the 

range of 200 to 300 °C. Therefore, the spray process affects the deposition of the film and 

the heat transfer from the die which in turn affects the thermal softening and thermal 

fatigue of the die.  

Lubrication during forging is important because it reduces the friction at the interface 

between workpiece and die. Good lubrication can improve the material flow, favor 

accurate filling of the die cavities, reduce tool wear at those points with great relative 

movement and high specific pressures, and reduce the forging force. This will lessen the 

stresses induced in the forging tool and prevent direct tool to workpiece contact, which 

contributes to longer tool life and better quality control. Tool softening and tool wear can 

be also affected by surface temperature. Severe temperature changes often induce cyclic 

thermal stresses and lead to loss of strength and hardness and thermo-mechanical fatigue 

failure as well. The thermal gradients inside the tool lead to cracks on the surface 

produced by heat checking. The tools have to be replaced after a certain time of use, that 

leads to considerable costs not only for the tools themselves but also for the needed set-

up times and thus may cause delays in order delivery. An insulating effect by the 

lubricant layer is desirable to reduce the heat transfer between workpiece and the die 

block and insure a fairly consistent die temperature throughout the forging run. 
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1.1.3 Lubricants in Hot Forging 

The solid lubricant pigments such as molybdenum disulfide, tungsten disulfide, 

polytetrafluoroethylene (PTFE) and graphite, are used as lubricants, when liquid 

lubricants such as mineral oil is impossible in cold, warm, or hot forging processes. Solid 

Lubricants are generally defined as thin film material composed of a single solid or a 

combination of solids. The properties considered for the pigment selection are: 

coefficient of friction, load carrying capacity, corrosion resistance, and environmental 

factors. These are particularly used in boundary and mixed frictional state when high 

specific loads are applied to sliding surfaces at very low hydrodynamically effective 

speeds for the purposes of reducing friction and stick-up, reducing wear, and prevention 

of adhesion. The lubricant must perform over a wide temperature range or under extreme 

temperature conditions in critical applications. The formulation of a solid lubricant 

depends on lubricant pigment, resin or, and the ratio of pigment to binder.  Once this is 

defined, formulations are then augmented with flow agents, corrosion inhibitors, 

surfactants, and solvent for ease in application.  Antimony trioxide and lead oxide are 

often blended into proprietary mixtures which exhibit synergy for exceeding the 

properties of the individual components. 

In typical hot forging workpiece temperatures are between 1100 and 1200 °C and die 

temperatures preferably between 150 and 300 °C (maximum up to 500 °C). A 

temperature, which is about the arithmetical average of the die and workpiece 

temperature (possibly about 50 °C above this) is given for the main proportion of 

lubricant layer during the forming operation. The temperature of the lubricant layer is 

therefore between 725 and 775 °C at a die temperature of 250 °C and a workpiece 
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temperature of 1200 °C. Since lubricant reactions caused by heat and dependent on time 

follow the reaction kinetics rules, the contact time between the hot forged part and 

lubricant is of particular significance (50 to 100 ms when working on forging presses).  

 Friction Adhesion Drying 
Time 

Sedimentation Environment Cost 

Graphite 

Type of 
graphite 

×    × × 

Particle 
size 
distribution

× × × ×  × 

Purity ×     × 

Crystalline 
structure 

× ×    × 

Additives 

Type × × × × × × 

Purity × × × × × × 

Solvents   ×  × × 

Table 1.1 Factors affecting the cost and performance of lubricants 

Graphite lubricants are widely used in metal forming because of their adequate resistance 

to temperature and their economy of use. The low friction of graphite is not based solely 

on its crystal structure; it also depends on adsorbed films, particularly of water vapor, 

which provide surfaces with low cohesion. The adsorption of water reduces the bonding 

energy between the hexagonal planes of the graphite to a lower level than the adhesion 

energy between a substrate and the graphite. In an oxidative atmosphere graphite is 
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effective at high temperatures up to 450ºC continuously and can withstand much higher 

temperature peaks in the short time. The thermal conductivity of graphite is generally low 

1.3 W/m K at 40ºC. Given graphite as an example the factors affecting the cost and 

performance of lubricants are shown in Table 1.1. 

1.1.4 Current Status of Spray in Hot Forging 

When preparing lubrication in current forging practice, many forgers simply guess the 

quantity of raw lubricant to dump into the mixing tank when it is running low and 

likewise guess the amount of water to add on top. If the lubricant is not mixed for an 

adequate time period, the heavy, raw lubricant from the bottom of the tank is used first, 

resulting in excessive consumption of lubricant solids, and later mixtures have inadequate 

solids. A lubricant's ability to adhere is dependent externally on die and workpiece 

temperature and inherently on lubricant formulation and lubricant dilution ratio. The less 

the lubricant is diluted, the better it will adhere but poorer will be cooling and heat 

transfer. If a lubricant with too high solids (low dilution ratio) is applied, and especially 

when dies are cold, the lubricant builds up in die cavities, resulting in under-fill. If a 

lubricant with a too-high dilution ratio is applied, there are not enough solids and the 

lubricant will not adhere and dies overheat. 

Typical application systems today consist of a pressure pump system used to deliver 

lubricant into a lubricant manifold that feeds several lubricant lines with spray nozzles or 

flooding pipes. Each line has solenoid valves installed on the manifold, controlled by 

timers used to adjust the spray or flooding time. The same approach is used on the air 

side; the source of air is divided into multiple lines controlled by solenoid valves with 
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timers. With these types of pressure-operated systems, the application quantity, or nozzle 

output of lubricant, is affected by any variations in the following: lubricant viscosity, air 

pressure feeding the pressure pump, set pressure of the pressure pump, lubricant line and 

nozzle conditions, and spray system settings. Several hundreds of forging scraps are 

sometimes produced due to a partly or fully clogged nozzle not being noticed 

immediately by the operator. 

       

Figure 1.3: Cooling and lubrication in forging [8] 

Friction can be controlled to a great degree by lubrication. While any lubricant's inherent 

lubricating ability is significant, its ability to adhere to the formed parts and tools 

obviously also plays a critical role in a successful process. Even if the lubricant used is 

the best available, but it is not applied effectively covering the whole surface area of the 

dies, or is applied excessively, or is not applied at the right time, the resulting processes 

compromises part quality, efficiency, or economy.  

Generally, current problems such as poor lubrication performance, excessive lubricant 

consumption, and lack of temperature control result from poor design of the spray system 

or poor selection of spray parameters. Another major problem is air and water pollution 

during forging due to the presence of graphite particles and additives in the environment 
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(Fig. 1.3). Moreover, spray-without-care would raise die chilling or energy waste or 

excessive pollution.  

1.2 Research Impacts 

Proper lubricant spray and cooling help to increase die life, improve part quality, improve 

the operation environment, minimize waste and enhance overall productivity. An 

understanding of this process will result in more precise control of spray to reduce scrap 

as well as save the energy consumed in the scraps. 

1.2.1 Energy Saving 

Forging industry in the U.S. was roughly $12 billion in 1997 (DOD National Security 

Assessment). Roughly 15% of the total sales value of its products is allocated to energy, 

an estimated 50 trillion BTUs per year. Energy is spent in direct heating of forge stock to 

required temperatures, operation of press and other equipment, subsequent normalizing 

and cleaning of forgings. Heating is the biggest source of energy consumption in forging 

industry. For every pound of steel forged, close to 2000 - 4000 BTU of energy is used 

(based on a average specific heat of about 1-3 BTU/lb K). Because of inefficiencies in 

heating and energy consumed in other areas of a forge shop, it could consume over 6000-

8000 BTU / lb of steel. Typical scrap rate ranges anywhere from 5000-10000 ppm for 

forgings of conventional tolerances. For near net forgings the scrap rate is close to 50,000 

ppm. Scrap is associated with lack of process control and degradation of tool that is not 

identified in time. Based on a 10,000 ppm scrap rate and a 20% improvement in scrap 
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rate related to premature failure (which may be 20-30% of all scrap), it translates to about 

35 BTU per lb of steel forged. 

Similar results could be realized in Aluminum and Steel industries also. In Aluminum 

industry, energy consumed in primary production of Aluminum is approximately 23,500 

BTU/lb. The steel industry accounts for 2-3% of total U.S. energy consumption. In steel 

industry, the energy consumed is approximately 10,000 BTU/lb for primary steel making 

and secondary processing like rolling and cogging. Every pound of aluminum scrapped 

would result in energy loss of almost 23,500 BTU in the primary processing of aluminum 

alone. Every pound of steel saved from being scrapped in the forging industry saves 

energy to the tune of 10,000 BTU for the steel industry. Yang [9] shows that around 15% 

of heating energy can be saved by using innovational lubricant deposition method to 

achieve the same cavity filling as the conventional method. 

1.2.2 Pollution Reduction 

There are also substantial environmental benefits from reducing scrap rate. Total 

emissions from smelting and secondary processing total almost 1.56 lb per pound of 

aluminum processed, 90% of which is carbon dioxide. In steel processing, in US alone, 

over 138,000 tons of NOx emissions have been reported (1995). From sintering to cold 

rolling, total SO2 emissions are over 40 lbs/ton of steel, total NOx emissions are over 15 

lbs/ton and other CO and particulate emissions total over 15 lb per ton of steel 

manufactured. There will be a significant reduction in pollutants from steel and 

aluminum industries because of better utilization of the raw materials by the forging 

industry. 
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Direct environment impact of forging is also evident. Often the application methods and 

volume delivered have not been optimized to minimize fluid use because fluid material 

costs are low and often not all costs associated with fluids are evident to a firm. For 

example, when fluids are grossly applied, they may cause the area around the machine to 

be coated with fluid, requiring time-intensive clean-ups at the end of each shift. The costs 

include both direct cost related to cleaning and disposal and indirect cost related to 

immediate and long-term health costs of employees is estimated to range from 7-17% of 

the product cost. 

Forging environment is harsh: smoke, graphite fumes and sound make work environment 

unpleasant. Airborne lubricant emissions are a serious health hazard for employees in the 

metal working industry. The basic components of lubricants are oils and additives for 

adapting the properties to achieve the process demands. The oils used in lubricants are 

either mineral, synthetic or of biological origin. The lubricants are used as water-

emulsions and also as straight oils. Extreme process conditions cause considerable 

amounts of aerosol and vapor emissions of lubricants into the working environment. 

Mostly found emissions come from particulate matter (PM), sulfur dioxide (SO2), volatile 

organic compounds (VOC), carbon monoxide (CO), and nitrogen oxides (NOx) during 

the processing. Overexposure to graphite can cause coughing, dyspnea, black sputum, or 

impairment of the pulmonary function. National Institute of Occupational Safety and 

Health (NIOSH) has established a recommended exposure limit for airborne graphite 

pollution of 2.5 mg/m3. In fact some of the environmentally conscious states such as 

California have totally banned the use of oil based graphite lubrication in forge shops. 
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Elimination of lubricant bacteria and better environmental conditions around presses and 

will significantly reduce the work related hazards and injuries.  

1.2.3 Accurate Modeling for Process Design and Optimization 

While the non-optimal use of lubricant sprays result in undesired heat transfer, the misuse 

of lubricant sprays causes not only poor heat transfer and poor lubricant film formation 

but significant pollution and energy lost. The significant impact of poor design and 

control of lubricant sprays in hot metal working especially hot forging is the object of this 

study. As one of the remained unknowns in process parameters lubricant spray modeling 

will improve the accuracy of numerical modeling of forging process substantially and 

expand its integrity in precision forging and multi-stage forging. 

At the initiation of manufacture, the thermal conditions at the workpiece-tool interface 

are in a transitional state: cycles of temperature change occur over both the individual 

forming operation and the working shift. Generally, it requires several forming operations 

for the tools to acquire the saturation temperature, each successive operation providing a 

quantum of energy, which equals that which is dissipated to the environment. A quasi-

steady-state is then maintained so long as the forming parameters and the environmental 

conditions remain unchanged 

In many cases, a part cannot be forged in a single operation, and the deformation path 

must be studied.  Intermediate forging steps are also introduced to reduce the forging 

force, or to allow a deformation which cannot be obtained in a single stroke. Very often, 

the shape of the initial billet is simple, most of the time a cylinder. The shape of the 
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finishing die is known as well, as it almost corresponds to the desired part. So, most of 

the design work concerns the shape of the preforming tools, and the process parameters 

The hot forging process is characterized by various process parameters such as the shape 

of the workpiece as well as that of the product, forming sequence or pass schedule, the 

shapes of the tools, friction, temperature, forming speed, material properties of the 

workpiece, and those of the tools. Making proper selections regarding the controllable 

process parameters so as to form a high-quality product in terms of defects, product 

dimensions and mechanical properties and to enhance production economy are the main 

problems that a process designer and optimizer is faced with. 

The accuracy of the forging process is affected by three major groups of variables: 

variables that are determined before the start of the forging process, variables that can be 

impacted during the forging process, and variables that affect the forging accuracy after 

forging is complete. In the group two many aspects of the heat transfer and temperature 

distribution of hot metal working are poorly understood. This leads to difficulties when 

modeling the forging operations to develop process improvements. Accurate modeling of 

the forging process demands reliable knowledge of the temperature distribution, 

interfacial heat transfer, friction, cycle time which is affected by spray application. 

This research is to develop a more complete understanding of spray cooling effects on hot 

forging process by modeling the thermal-steady state temperature of tool, modeling of 

droplet spreading and evaporation on the tool surface, modeling of space- and time- 

averaged cooling rate and film formation in lubricant sprays to achieve accurate modeling 

of hot forging process and guide the process design to accomplish: 

� Minimization of material usage 
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� Uniform deformation in the final product 

� Minimum required energy and forging load 

� Desired microstructure and minimum defects in the final product 

� Minimum or desired residual stress distribution 

� Minimum deformation and wear of the die 

� Desired shape of the final product 

1.3 Literature Review 

This section will review the lubricant film and its effects in forging process in the first 

part and continues with heat transfer effects in forging (part two). The research on tool 

life because of thermal and tribological effects is discussed in the third part following by 

the research on spray cooling process including the related optimization methods and 

experiments from these fields. The concepts in CHF, HTC, and heat transfer 

effectiveness are briefly addressed in the fourth part. Since the droplet model is 

fundamental to spray research, part five focuses on thermodynamics of droplet 

impingement. It comes to numerical and statistical analysis of the spray in part six, which 

emphasizes on the spray pattern, film thickness distribution, and thermal distribution 

model. A summary of latest development in spray application and equipments is included 

in last part of this section, which provides thoughts for spray modeling in later chapters. 

1.3.1 Lubricant Film and Tribology 

The use of liquid lubricant in forging applications has been broadly discussed in literature. 

Bhatt [10] studies the hydrodynamic incompressible fluid film in the deformation phase 



18

of plane-strain forging and indicated that Peclet number plays an important role in 

deciding the variation of lubricant film thickness with position and time in the 

deformation phase. Lubrication characteristics of solid lubricants are experimentally 

investigated by many researchers. A few researchers have investigated theoretically the 

lubrication mechanisms of the solid lubricants in metal forming processes including 

Johnson et al., [11], Wilson et al., [12], and Wilson [13]. Wilson et al. [12] have proposed 

a simple analytical model concerning breakdown of solid lubricants in the upsetting of a 

rectangular workpiece, and showed that this model has good agreement with some 

experimental results. Moreover, Johnson et al. [11] and Wilson [13] have proposed a 

theory for entrapment of a solid lubricant in hydrostatic extrusion and showed that this 

theory has good agreement with experimental measurements.  

The most commonly used method for evaluating friction conditions in metal-forming is 

the ring compression test. The evaluation method assumes that “m” or “µ” are constant 

along the entire contact surface of the ring, while in fact it varies radially. Bahrens et al. 

[14] believe that the friction factor is dependent on workpiece and die materials, lubricant, 

surface roughness, contact pressure, bulk yield stress, sliding velocity and temperature. 

Bahrens shows that the temperature varies among the contact-surface of a upsetting ring 

specimen. This temperature rise is caused by the plastic deformation, which is 

transformed into heat, together with the work of friction. It has a large influence on the 

lubrication condition. 

Nakamura et al., [15] tested four kinds of solid lubricants in order to examine the 

frictional characteristics and the yield shear stress. He found that the frictional shear 

stresses increased approximately linearly with the punch pressure in every solid lubricant, 



19

and the friction coefficients were approximately constant. The yield shear stress also 

increased with the punch pressure. Using FEM it was confirmed that the solid lubricants 

can lubricate successfully without metal-to-metal contact when friction coefficient “m” at 

the interface between tool and solid lubricant is relatively low and friction coefficient 

“m” at the interface between work piece and solid lubricant is relatively high. 

However, it was difficult to simulate complete the deformation of solid lubricants at the 

interface between the tool and the work piece. The lamellas structure of graphite and 

MoS2 ensure that the inter-atomic bonding between successive planes is weaker than that 

within the planes themselves and thus the shear strength of the crystallite in a direction 

parallel to the layer planes is much less than that normal to them. However, the relative 

displacement between the tool and the work piece does not always occur at the layer 

plane in these solid lubricants. The relative slip might take place at the interface between 

the solid lubricant and the tool surface. 

Figure 1.4: Lubricant film model [16] 

Iwama et al., [16] explained the slipping mechanism. He classified the dried lubrication 

film into two types of layers, one which is firmly adhered to the die (adhesion layer) and 

the other that has a lower level of adhesion (accumulation layer) power, as shown in Fig. 

1.4. With a solid lubricant, the issue of concern is whether or not its binding strength to 
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the die is greater than the shear strength of the lubricant itself. Hence, in order to provide 

an effective lubrication effect, it is essential that an appropriate adhesion layer exists. Fig. 

1.5 shows the relationship between the thickness of the lubrication adhesion layer and the 

die life. The finding is that die life changes are dependent on the thickness of the 

lubricant adhesion layer, and the shift point of thickness is around 10 µm for graphite 

lubricant in this case. It also shows that the friction coefficient stays flat when a stable 

lubricant film is established and that it does not break during forging. The conditions that 

are required for adhesion layer build-up are thought to be the die temperature and the 

spray granularity. Therefore, it is essential to define the proper spray which can create an 

appropriate lubrication adhesion layer thickness within the shortest time. 

Figure 1.5: Adhesion layer thickness and die life [16] 
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1.3.2 Heat Transfer in Hot Metal Working 

A systematic experimental study was conducted by Liu [17] to examine the heat transfer 

characteristics from the hot die surface to the water spray involved in high pressure die 

casting processes. Temperature and heat flux measurements were made locally in the 

spray field using a heater made from H-13 steel and with a surface diameter of 10 mm. 

The spray cooling curve was determined in the nucleate boiling, critical heat flux, as well 

as the transition boiling regimes. The hydrodynamic parameters of the spray such as 

droplet diameters, droplet velocities, and volumetric spray flux were also measured at the 

position in the spray field similar to that of the test piece. Upon these results an empirical 

correlation was developed to relate the spray cooling heat flux to the spray hydrodynamic 

parameters such as liquid volumetric flux, droplet size, and droplet velocity in all the heat 

transfer regimes.  

Raudensky et al., [18] discussed a laboratory experimental device which was developed 

to allow full-scale measurements to be carried out on roll cooling using water spray. His 

tests use a configuration of rows of nozzles as used in the rolling plant. The tests provide 

a distribution of cooling intensity at the roll surface. A numerical model is used for the 

computation of roll temperature and roll crown in hot rolling regime. A typical rolling 

schedule is used to check the efficiency of cooling. 

In the forging operation, Bariani et al., [19] summarized three approaches to evaluate the 

temperature distribution at the surface of tools. These include direct measurement of local 

temperatures by using thermocouples with hot junction located on the surface of the die; 

indirect measurements in which the temperatures from thermocouples embedded into the 

die at different depths are extrapolated to the die surface; and evaluations through the use 
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of the heat transfer coefficient that summarize all contributions to the thermal resistance 

of interface. Based on temperature readings inside the tool, FE simulation and inverse 

analysis, they offer an approach for determining heat transfer conditions at the surface of 

punches and dies during both the deformation and the cooling-lubrication phases of 

forging cycles. They found that heat transfer coefficients at the die surface vary 

considerably from location to location: 8000 W/m2K directly under the spray to 360 

W/m2K at the spray extremity. They conclude that an increase in pressure and flow rate 

enhanced the heat transfer coefficient for both the spray configurations targeting to top 

and to bottom. Yang et al. [20, 21] carried out droplet studies with dilute suspensions of 

graphite in water and found the heat flux, the lubricant bounce off, and droplet breakup to 

be strong functions of dilution ratios (ratio of lubricant to water by volume). 

In determining interfacial heat transfer coefficient, Chang et al. [22] used the measured 

and predicted temperatures in an inverse algorithm with an iterative approach and showed 

that the  predicted temperatures modeled by a constant HTC at the rest-on-die stage were 

in good agreement with the experimental measurement. However, for the forging stage, 

the HTC values vary significantly during the process. The temperature measurement 

reported in Tercelj et al., [23] and Chang et al. [22] used a method of embedding the 

thermocouples just below the die surface. The quantitative estimation of the temperature 

on the die surface is based on numerical extrapolation of data measured by these 

embedded thermocouples. Horsky [24] constructed a surface thermocouple to measure 

the temperature at the roll surface, where a high pressure occurs during hot rolling. The 

measured and predicted temperatures were then used in an inverse algorithm with an 

iterative approach to determine the interface heat transfer coefficient (IHTC). These 
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results show that the predicted temperatures, modeled by a constant IHTC at the rest-on-

die stage, were in good agreement with the experimental measurement. However, for the 

forging stage, the IHTC values vary significantly during the process. Chang et al. [25] 

present an improved technique of temperature measurement on the bearing surface of an 

industrial die during hot extrusion of aluminum, and an assessment of the heat transfer 

coefficient from the extruding profile on the bearing surface. The measurement was 

carried out by using a method of split die and three welded thermocouples with high 

measuring accuracy. 

The interface between tool and workpiece in hot metal working is crucial to both friction 

and heat transfer. Since the intimacy of the contact between the cold tool and the hot 

workpiece is critical to both the traction and the rate of heat transfer, the friction and 

thermal behaviors are inter-related and must be considered together. Sawamura et al. [26] 

used a hot forging die with a forging machine that is typically used for the production of 

connecting rods, and experimentally determined the lubricant adhesion and the heat 

transfer coefficient variation that results from spraying a lubricant. Also, they devised a 

new hot ironing test to obtain the relationship between the coefficient of friction and the 

lubricant conditions, as well as the relationship between the friction factors and die 

temperature. The modeling of coupled friction and heat transfer has been studied by 

Wilson et al. [27], Liu et al. [28], and Doedge et al. [29, 30]. The thermal interface model 

considers heat flow through direct asperity contacts as well as heat flow through the 

lubricant film, and calculates an effective heat transfer coefficient based on lubricant, 

material and process parameters. 
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1.3.3 Tool Life 

Die life acts as an important factor on the productivity and the quality of the finished 

products in high-temperature metal forming processes. There have been many research 

projects to investigate the influence of these factors on tool life. The three most 

commonly reported modes of die failure are fatigue-based fracture, wear, and plastic 

deformation. These are strongly related to thermal history of the tool. Therefore, to 

predict the lifetime of the hot forging tools, an important issue is then to determine 

accurately the temperature field during formation. 

A survey of dies withdrawn from use in the automotive industry is reported by Weronski  

[31]. He showed that approximately 40% had experienced normal wear (fail to 

dimensional requirements), about 30% failed by through-thickness cracking, and the 

remaining 30% were retired for cracks that could shortly produce a breakup. Apart from 

that, a comparison of the die performances between upper and lower dies showed that the 

upper dies lasted 30 to 50% longer than lower ones due to smaller contact time. 

A hot workpiece is deformed in hot forging using tooling whose initial temperature is 

often considerably lower. The workpiece material in contact with cooler dies or rolls is 

“chilled” leading to an increased flow stress due to strong temperature dependence of 

deformation resistance of most metals in the hot working regime. Chilling has a great 

influence on the overall metal flow pattern, the working loads, and the tendency to form 

metal flow defects such as laps and flow-through defects. The repeated cycles of heating 

and cooling imposed on the forging tools by contact with hot metal inevitably leads to 

damage by thermal fatigue or die checking. Keeping the die temperature from getting too 

cold during spray cooling is the way to preventing this chilling effect.  
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However with insufficient cooling between forging cycles, the die material can exceed 

the softening temperature due to excessive contact times with hot parts. The repetition of 

forging loads, thermal loads and frictional sliding significantly influences the plastic 

deformation and abrasive wear of the tool. In general, the surface hardness of the die is 

decreased while the temperature of the die increased during repeated operations, which 

induce thermal softening. The thermal softening causes the plastic deformation of die 

despite the forming load being kept the same.  

Die wear is a factor that not only affects the accuracy of forgings, but also the economy 

of the forging process. These dies are changed because they cannot hold the required 

tolerance. Although much can be done to improve die life, lower forging temperatures 

can have a dramatic impact on die life. It has been estimated that in conventional forging, 

overheating can reduce die life to a third of what can normally be expected. Lower 

forging temperatures also will substantially affect the formation of scale. Along with 

overheating of the dies, excess scale is a major contributor to poor die life. Reducing the 

forging temperature will significantly reduce the amount of scale formed during heating. 

The temperature of tools results from heating steps due to contact with the hot workpiece 

and cooling steps due to the lubrication and cooling with air. Thermal shock occurs when 

a thermal gradient causes different parts of an object to expand by different amounts. At 

some point, this stress overcomes the strength of the material, causing a crack to form. 

Thermal shock can be prevented by the rate of temperature change and reducing the 

thermal gradient. Apparently the tool life required proper temperature distribution and 

proper temperature history to preventing chilling, die softening and thermal fatigue, 

thermal shock, plastic deformation, and die wear [32]. The magnitudes and distribution of 
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temperatures in hot forging processes depends on: the initial temperatures of billet and 

die; heat transfer between the deforming material and the dies; and heat transfer between 

the material and coolant or air. Spray cooling is the major method in determination of last 

two factors.  

Wear and tool life models have been studied by Lee et al. [33], Kang et al. [34], and Kim 

[35, 36]. Kim noted that plastic deformation and wear growth that limits the die life are 

closely associated with the die softening behavior with thermal loads. To predict the 

lifetime of the hot forging tools, an important issue is then to determine accurately the 

temperature field during formation. Mocellin [37] studied the heat transfer coefficient 

during cooling to determine the temperature in tools and to further explore the impacts on 

wear, thermal fatigue, and tool life. In Jeong’s paper [38], die cooling methods are 

suggested to improve die service life with regards to wear and plastic deformation in a 

hot forging process. The yield strength of die decreases at higher temperatures and is 

dependent on hardness. A modified Archard’s wear model is proposed by considering the 

thermal softening of die expressed in terms of the main tempering curve Also to evaluate 

die life due to wear.  

1.3.4 HTC, CHF, and Heat Transfer Effectiveness in Spray Cooling 

The study of spray cooling has been varied by focusing on HTC (Heat Transfer 

Coefficient), CHF (Critical Heat Flux), and THE (Heat Transfer Effectiveness). HTC is a 

general term describing the heat transfer under specific temperature and flux. It relates to 

the contact surface temperature at that moment. Critical heat flux describes the thermal 

limit of a phenomenon where a phase change occurs during heating, which suddenly 
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decreases the efficiency of heat transfer, thus causing localized overheating of the heated 

surface. Understanding the limits of spray impact cooling and knowing how to maximize 

these limits are essential aspects in spray cooling applications. CHF is also called as 

boiling crisis or departure from nucleate boiling (DNB). This boiling limitation can be 

directly related to the physical burnout of the materials of a heated surface due to the 

suddenly inefficient heat transfer through a vapor film formed across the surface resulting 

from the replacement of liquid by vapor adjacent to the heated surface. 

As the tool is cooled by spray, its surface may experience four different heat transfer 

regimes: a film boiling regime, a transition boiling regime, a nucleate boiling regime and 

single-phase liquid cooling. The maximum heat flux occurs at the point of critical heat 

flux (CHF) where the vapor layer begins to vanish, causing the cooling rate to become a 

maximum. There has been no comprehensive model established for the heat transfer 

process during spray cooling because of the complexity of the mechanisms involved in 

droplet deformation. Few studies have been done on the optimization of spray parameters 

and trajectory design. The dependence of the efficiency of liquid usage at CHF on spray 

parameters was experimentally investigated by Chen and Chow for subcooled water 

spray cooling. It is concluded that to achieve the maximum possible CHF while using the 

minimum quantity of water, it is desirable to select nozzles that produce as small a 

droplet diameter with as high a velocity as possible [39]. 

The spray heat transfer effectiveness is usually defined as: 
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It represents the amount of heat removed by the spray as related to the spray’s maximum 

heat transfer potential, the sum of the latent heat and sensible heat capacity of the liquid. 

It stands for a spray’s heat transfer efficiency. 

Most reported works investigating spray cooling as a high heat flux removal technique 

has been conducted under transient conditions. The effects that the mass flow flux [40] 

[41], the surface roughness [42], droplet size and velocity [43, 44], spray angle (G. 

Montavon et al.) and reduced gravity [45, 46] may have on the heat-removal capacity in 

spray cooling have been investigated under transient conditions. Ortiz reported high heat 

flux removal under steady-state conditions by investigating the effects of mass flow, 

impact angle, surface roughness, and degree of subcooling [47]. As for surface roughness, 

the changes included both small scale roughness features, which influence cooling rate by 

increasing the number of bubble nucleation sites during transition and nucleate boiling, 

and, more importantly, large features which influence the impact and spreading of spray 

drops as well as the Leidenfrost temperature for spray cooling.  

Extensive studies on the spray cooling have been done and mostly focus on the effects of 

surface temperature and water mass flux. Figure 1.6 shows that increasing temperature 

and lower water mass flux lead the decreasing of heat transfer coefficient. 
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Figure 1.6: Heat transfer coefficient as a function of surface temperature at various water 

mass fluxes [17] 

Takagi and Ogasawara [48] studied mist/air heat and mass transfer in a vertical 

rectangular tube heated on one side. They identified wet-type heat transfer at relatively 

low temperatures and post-dryout type at higher temperatures. In the wet region the heat 

transfer coefficient increased with increased heat flux. In the post-dryout region the heat 

transfer coefficient increased with droplet concentration and flow velocity, and with 

decreased droplet size. 

Although limited studies have been conducted on lubricant spray in hot manufacturing 

processes, most of them concentrated on the effects of atomization methods and spray 

operating parameters on the cooling process. The work by Bariani et al., [19, 49, 50] on 

water sprays in hot forging was the first systematic attempt to study the effect of feed 
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pressure and flow rate on the heat transfer coefficient between heated flat dies and the 

coolant. Tseng et al., [51, 52] examined the roll cooling system used in steel rolling mills 

and its effects on the roll life by combined experimental and numerical methods. Horsky 

et al., [24] conducted cooling experiments to evaluate the heat transfer coefficient on a 

steel plate heated up to 630 ºC which was cooled by water sprays with a set of nozzles. 

1.3.5 Droplet Thermodynamics in Impingement 

The thermodynamics of droplet impact are important because of its application in a 

number of engineering fields. The general subject of liquid droplet impact on to a solid 

surface has been widely investigated experimentally, theoretically, and numerically. 

Many experimental studies have been performed focusing upon the collision and 

deformation processes of a water droplet impinging on a hot plate surface [53, 54] with 

the help of high-speed camera. The diameters of spherical water droplets adopted in those 

experiments were relatively large, ranging from 1 mm to 3 mm [55-58]. Bai and Gosman 

[59] identified seven such regimes: stick, spread, rebound, rebound with break-up, 

boiling-induced break-up, break-up, and splash. 

An impinging droplet on a hot surface shows extremely complex phenomena, depending 

on the influencing parameters such as droplet size, droplet velocity, surface temperature, 

surface condition (roughness and thermal conductivity), incident angle (impingement 

angle), fluid properties (density, surface tension, viscosity, heat capacity, etc.), and, if 

present, liquid film thickness and vapor boundary layer (properties and thickness), and 

lubricant film layer (properties and thickness).  
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Chandra and Avedisian [58] presented photographs of heptane droplets impacting a 

heated surface. The relatively large (>1 mm) droplets at We = 43 showed sensitivity to 

the surface temperature. At low temperature the droplets spread and evaporated while at 

higher temperature nucleate boiling was evident. Above the Leidenfrost temperature the 

droplets rebounded without any evidence of wetting.

Buyevich and Mankevich [60] modeled the impacted droplets as liquid discs separated 

from the hot surface by a vapor layer whose thickness is that of the surface roughness. 

The liquid mass flux was assumed small enough to prevent formation of a liquid film on 

the heated surface. Based on the energy conservation of the droplet as well as the flow 

and heat conduction of the vapor interlayer between the droplet and wall, a critical impact 

velocity was identified to determine whether a droplet rebounds or is captured.  

Wachters [55] considered the impact of droplets about 60 µm in diameter impacting a 

heated surface in the range of 5 m/s. Impinging droplets could only maintain the 

spheroidal state with relatively high surface temperatures. The required temperature 

depended on thermal properties and roughness of the surface as well as the Weber 

number of the droplets. In the spheroidal state very low rates of heat flow were observed. 

Makino and Michiyoshi [61] performed a water-droplet-impact study using four different 

impact surfaces, namely, copper, brass, carbon steel and stainless steel. A correlation for 

the contact period was obtained for all surfaces. Karl and Frohn [62] experimentally 

examined the mechanical interaction processes of small droplet impact on hot solid 

surface heated to a temperature well above the Leidenfrost temperature. The experiments 

were conducted with the methods using mono-disperse droplet streams in combination 

with a standard video camera. A minimum impinging angle for droplet break-off was 
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identified for small impact angle in their study. Breakup characteristics of liquid droplets 

impinging on a hot surface were investigated experimentally [55, 58, 63-66] with the wall 

temperatures in the Leidenfrost temperature range of 220-330 ºC for n-decane fuel. Fukai 

et al. [67] conducted experimental and computational studies on spherical water droplets 

colliding on a flat wall of varying wettability at a right angle. Bernardin et al. [68] studied 

the droplet behavior as it impinges on a heated surface and provides a map showing 

various regimes a droplet undergoes upon impingement as a function of heater surface 

temperature and the impinging Weber number of droplets. 

Most of the studies have included theoretical modeling approach for predicting the 

spreading phenomenon [58, 69-71]. The theoretical approach applies mass and energy 

conservation to calculate the maximum spreading diameter. The spread factor is derived 

in terms of the Weber number. Park [72] proposed a spherical cap model for spreading 

process. Scheller and Bousfield [73] proposed a squeeze-flow model using a force 

balance to estimate the maximum spread. Healy [74] and Park [75] reviewed and 

compared various theoretical models and experimental data for the droplet spreading. 

Chandra and Avedisian [58] found that for lower temperatures, below Leidenfrost point, 

the spread factor became independent of surface temperature. It was confirmed by 

Chandra and Avedisian that the contribution of the Reynolds number to the droplet 

deformation process is not so remarkable, and the effect is limited to only the later stage 

just before/after rebounding from the surface. Manzello and Yang [76] studied the impact 

dynamics of water diluted sodium acetate trihydrate droplet (diameter 2.7 mm) on a 

stainless steel heated surface (from 20 to 340 ºC). They confirmed the previous findings 
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that below 230 ºC (below Leidenfrost point) the droplet spread did not depend on the 

surface temperature.  

The numerical approaches, which are based on empirical results simulate the transient 

flow field and heat transfer during droplet spreading using computational fluid dynamics 

codes. Harlow and Shannon  [77] analyzed numerically the deformation process of a 

droplet impinging on a flat plate and compared the result obtained with experimental data. 

Surface tension was further accounted in the studies by Fukai et al. [67], Hatta et al. [78], 

and Qiao et al. [79]. More computational results, especially for liquid metal droplets 

impinging on cold surfaces, have been presented by Pasandideh-Fard et al. [80]. Time 

evolution of the droplet spreading has been addressed by Sikalo et al. [65], Chaves et al. 

[81], Wruck et al. [82]. The influence of additives including polymer and surfactant are 

reported [83]. 

During and after the impingement, a droplet deposited on a horizontal hot solid surface 

exhibits heat transfer regimes that resemble those of a hot wall covered with a continuous 

liquid layer: free convection evaporation, nucleate boiling, transition boiling and film 

boiling. In order to predict heat fluxes within the evaporating liquid film formed upon 

droplet impact Bolle et al. [84], Ito et al. [85], Di Marzo et al. [86], and Xiong et al. [87] 

developed models to address the heat transfer and liquid evaporation. The transient 

temperature of wall is reported by Seki et al. [88]. Tamura and Tanasawa [89] examined 

a droplet gently deposited on a surface and found the total droplet-evaporation lifetime to 

decrease with increasing surface temperature until a minimum evaporation time was 

obtained. 
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In many situations of practical interest, more complicated systems are encountered which 

involve complex fluids. Of particular interest is the case of fluids including volatile 

components. When the fluid is a volatile mixture of liquids, the heterogeneous 

evaporation creates gradients of surface tension which are at the origin of liquid motions 

and instabilities. The boiling heat transfer of multicomponent mixture has been studied 

by Inoue et al. [90], and Vinayak Rao et al. [91] with focus on binary and ternary 

mixtures through experimental and theoretical methods. Multicomponent droplet 

vaporization has drawn interests from fuel spray and models have been built for 

numerical simulation [92, 93]. The effect of polymer additives on the evaporation rate of 

water droplets has been examined by Khalil et al. [94]. Cui et al. reported the study of 

dissolving solids effect of droplet boiling [95]. In the field of heat transfer enhancement 

nano-particles suspended in water are studied in pool boiling heat transfer [96, 97]. 

When the mixture includes a solid component, the shape of the interface depends not 

only on surface tensions but also solid content and is more complicated to predict. The 

research need to be mentioned here is the study of the drying process for suspensions by 

Briscoe et al. [98] and Narita [99] and the heat transfer study of lubricant layer between 

the liquid and the surface by Kedzierski [100]. Briscoe divided the drying process of the 

suspensions into the constant rate and falling-rate period and noted 90wt % water was 

lost in the first period. Narita studied the mechanism of drying of film-forming 

waterborne colloidal suspensions above critical concentration. Kedzierski reported that 

0.5% lubricant mass fraction mixture relative to pure R134a causes an average 

enhancement of heat flux of approximately 24% and mixtures with mass faction of both 
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1% and 2% experienced an average degradation of approximately 60% in heat flux 

relative to pure R134a. 

In general the approaches used in studies of droplet impact on a solid surface were 

chosen according to the phenomena the researchers were interested in. Phenomena with 

only fluid dynamics were studied mostly by analytical models and numerical solutions. 

The numerical calculations were normally validated by experimental results in most of 

the cases. Heat transfer without phase change was analytically modeled. Only convection 

and conduction between the two phases, liquid and solid, were included in these models. 

Experimental methods were utilized most often when phase change was involved in the 

problems studied. To establish a complete description of lubricant droplet (instead of 

water droplet) thermodynamics behavior in wide range of temperature is still a big 

challenge. 

1.3.6 Numerical and Statistical Modeling in Spray 

Development of numerical models for droplet impact on a solid surface has also received 

much attention. For example, Harlow and Shannon [77] were the first to use Marker-and-

Cell (MAC), a finite differential method, to solve momentum equations for droplet 

impact on a surface. They neglected surface tension and viscous effects to simplify the 

model. However, this assumption only applies at the early stage of impact when inertial 

effects dominate. Trapaga and Szekely [101] numerically modeled the deformation 

process of a liquid-metal droplet on impact with a solid plate using combined MAC and 

Volume of Fluid (VOF) methods to track the droplet surface changes. 
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Nishio and Kim [39] reported on the heat transfer of dilute spray impinging on hot 

surfaces by focusing on the effect of the rebound motion and the sensible heat of droplets 

on heat transfer in the high temperature region. A simple model was developed to predict 

the heat flux distribution of a dilute spray impinging on a hot surface. They assumed that 

when droplet number flow rate of the spray is small that the heat transfer of each droplet 

is independent. 

Bussmann et al. developed a three-dimensional fluid flow code to simulate water droplet 

impact on an inclined substrate and a step [102], not considering heat transfer and phase 

change during droplet impact. Their model was based on RIPPLE, a 2D fixed-grid 

Eulerian code developed specifically for free surface flows with surface tension. They 

modeled surface tension as a volume force exerted on the fluid near the free surface. The 

temporal variation of contact angles at the leading and trailing edges of the droplet was 

considered in their studies. Their simulation results agreed with their photographic data. 

Pasandideh-Fard et al. [80] extended Bussmann’s model to include heat transfer and 

solidification [80] by applying numerical solution of Navier-Stokes and energy equations. 

The heat transfer coefficient at the droplet-surface interaction was evaluated by matching 

the temperature calculated numerically from the model with measurements. Pasandideh-

Fard et al. studied cooling effects of water droplets impacting on a hot surface using both 

experiments and numerical model [103]. VOF code was applied to calculate the shape of 

droplet and substrate temperature during impact. The results of experiments and 

numerical calculations agreed well. They concluded that for a fixed Reynolds number Re, 

cooling effectiveness increases with Weber number We. In their study, surface 

temperature was controlled to avoid evaporation. 
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KIVA is a family of codes that uses the DDF (Droplet Distribution Function) approach to 

characterize the spray. This code uses a stochastic particle method to simulate vaporizing 

sprays. O'Rourke et al., [104, 105] developed spray wall interaction model for application 

in engine combustion. 

Other researchers utilized deforming meshes instead of fixed-grid techniques to 

numerically solve their models. Fukai et al. [67] presented a finite element technique to 

model the droplet spreading process. All factors in momentum conservation equations, 

such as inertia, viscosity, gravity and surface tension, were considered in their model. 

Two liquids, water and liquid tin, were utilized in their simulations based on the 

Lagarangian description. Significant differences of the flow field were observed for 

droplets of these two liquids. Zhao et al. [106, 107] extended Fukai’s study to model both 

fluid dynamics and heat transfer during the impact of a liquid droplet on a substrate. 

However, only heat transfer of convection and conduction were included and phase 

change phenomena were ignored so as to facilitate the modeling of heat transfer. They 

concluded that the maximum splat thickness might occur at the periphery of the splat 

where mass accumulation was observed. 

1.3.7 New Spray Technologies 

With increasing global competition, forging companies realized that health care costs and 

costs of die down time related to poor lubrication were a major component of their cost 

chain. Therefore to survive they had to develop new spray technologies to address the 

problems discussed in section 1.1.  
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The application of the lubricants through sprays and its resultant effects on the lubricant 

film formation, thermal control, die lives and pollution was largely left to the resources of 

the lubricant and lubricant suppliers. Consequently, the lubricant suppliers such as CMT, 

Acheson, and Bermers developed their own research facilities to experimentally evaluate 

the lubricants and design nozzles and spray systems for forging processes in general. 

   

Figure 1.7: Spray head with designed pattern (Courtesy of Bermer) 

Efficient and effective die lubrication can play a role in boosting production rates. 

Automation and innovative nozzle are two keys in new spray technologies. The nozzle is 

where the lube and air come together, and the tip is the exit point. Bermer developed tips 

that spray exactly the pattern (Fig. 1.7) by design and control. More important cooling 

and lubrication film can not satisfied by just single spray. Sprays provide cooling water 

and then die lubricant because water is much more efficient at cooling than the die 

lubricant itself. From the same exit points it sprays 0.2 s with water for cooling and then 

0.2 s with lubricant, and there are only 10 or so milliseconds in between. 
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New die spray system become part of the robots end-of-arm tooling, along with a gripper. 

As the robot moves the part through the die, it also is cooling and coating the dies (Fig. 

1.8). The article [108] talked that problems with conventional equipments can be 

eliminated with a system by CMT that uses PLC-controlled positive-displacement 

pumping systems.  

Figure 1.8: Spray head as end-of-arm tooling (Courtesy of Acheson) 

New high-density plastics for nozzles and spray tips are replacing metals for longer life 

since graphite particles in a die lubricant are abrasive, even though they are very fine 

particles. Compared to 600,000 to 700,000 cycles from brass, aluminum, or stainless steel 

products, 1 million cycles can be reached with the new plastic materials. With plastics, 

water can be used to clean out the nozzles and tips preventing the adherence of lubricant 

to the interior walls, which eliminated downtime for clearing up a clogged system. 
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Two trends in spray technologies are prominent. Atomized spray is replacing high 

pressure spray to reduce die wear and also develop required velocity at the tips to 

penetrate the thermal barrier. Also there is a big reduction in waste water treatment and 

reduction of spray time. 

The other trend is to generate micro-drops on demand from sizes ranging from a few 

microns to millimeters. Their well-defined shape and composition, coupled with their 

small size, low mass, and ability to be ejected with a precise predetermined trajectory, are 

the enabling features for the future applications. Micro-drop drop-on-demand devices 

will produce droplets with identical diameters and ejection speeds to within a fraction of 

a percent. The ability to accurately pinpoint precisely metered volumes of lubricant has 

applications in precision forging. However the production volume is largely restricted by 

micro-drop devices’ efficiency. 

1.4 Objective and Outline 

Review of the research and development in heat transfer, lubricant film, sprays 

experiments and modeling, new lubricant sprays application shows that there is 

tremendous opportunity in developing lubricant spray model which is able to handle the 

conflicting demands of cooling, lubrication and environmental impact. It is found that: 

� Although the importance of heat transfer is recognized the study of heat transfer 

on forging process quality and on steady-state formation has not been 

systematical addressed. 
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� Most studies are on water and diesel, limited research has directly focused on 

lubricant sprays and deviant heat transfer data is reported. 

� The fundamental of lubricant droplet spreading and evaporation when it impacts 

on hot surface is needed for forging application. 

� Some have done research on diesel spray-wall interaction; some have research on 

water cooling. Therefore a model that can handle coolant and lubricant effect on 

the hot wall is of tremendous value to the spray research. The integration 

mechanism from lubricant droplet to sprays is not well modeled, especially for the 

situation combining evaporation and film formation.

What is the optimum heat transfer in hot forging considering die pre-heating, air cooling, 

billet heating, forging, and spray cooling? How to reach desired thermal-steady state in a 

efficient way by spray cooling design? How to manage the temperature change and 

lubricant performance and simulate the forging process by controlling lubricant spray? 

Solving these issues will help plan the spray strategy and improve the forging process 

further. The goal is to study the relationships between interfacial heat transfer coefficients 

for the spray process and the forging process in order to optimize lubricant spray, predict 

temperature and friction distribution, assist in the development of advanced spray system 

designs, and establish the spray strategy that would yield the cooling rate and die 

temperature required to improve forging performance, die life, as well as energy 

conservation and friendlier workspace. Minimum amount lubricant will be applied in an 

effective and efficient way at the right location. The key is to model HTC and film 

formation for water and lubricant spray. 
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Figure 1.9: Water and lubricant sprays research strategy 

The research strategy is shown in Fig. 1.9. Heat transfer study in forging process is 

covered in Chapter 2 “effects of heat transfer in hot forging”, and Chapter 3 “design and 

modeling of heat transfer in thermal steady state”. The experiment on hot plate using 

conventional atomizing spray system is discussed in Chapter 4 “experimental study of 

lubricant sprays”. Single lubricant droplet is studied in Chapter 5 “modeling of lubricant 

droplet impingement”. Including the water droplet impingement model and spray pattern 

from literature and single lubricant droplet model from Chapter 4 a lubricant spray model 

is developed and studied in Chapter 6. Chapter 7 concludes the studies in heat transfer 

and lubricant sprays. 

The most common practice is to assume interfacial heat transfer coefficient (IHTC) 

values constant during the forging cycle, although some modelers have used time or 

temperature dependent values. Variations in IHTC over the surface of the tools are 

generally not accounted for. However, with improved spray design the cooling rate can 

be designed to manage the temperature profile of tools. The water atomizer can be used 
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to tailor the cooling rate to the forging temperature in order to obtain desired properties in 

a one-step process from the forging operation without any post heat treatment.  Titanium 

alloy is sensitive to heat transfer in forging and in cooling. In Chapter 2 the study aims to 

assess the influence of the discrete cooling rate and interfacial contact heat transfer on the 

optimum stable metal flow and the optimum die life for a Ti-6Al-4V hot-die forging. A 

two-dimensional FEM model of titanium turbine disk is employed to study the 

mechanical and thermal interaction between the hot dies and the workpiece. After 

hundreds of runs of forging cycles, thermal-steady state is built up with the thermal-

steady simulation considered to reflect the actual production situation. Numerical 

experiments are performed based on method of Design of Experiments and Response 

Surface. Titanium flow stability, deformation energy, die wear, and die chilling are 

investigated. This approach demonstrates the applicability of spray control in temperature 

sensitive processes. 

A long spray time and slow volume flow rate increase the forging cycle time, affect 

productivity and increase thermal softening, while a shorter time (large flow rate, large 

heat flux) increases thermal fatigue. With the given spray time optimum cooling rate 

which turns the initial tool pre-heat temperature to steady-state temperature can be 

determined. In Chapter 3 FEM simulation software Forge 2005 is utilized to study the 

steady state temperature distribution in the tool when transient HTC and friction 

coefficient specified, from which the methods to model the process from initial forging 

cycle to thermal-steady state is developed. The simplified method to design cooling rate 

is able to reduce the amount of simulations in searching for optimum cooling rate. In 
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order to alleviate and neutralize the intensely heated surface of tool in a short time the 

effectiveness of intermittent spray is compared with continuous spray. 

The most commonly used lubricant in the hot forging process is water-based graphite and 

it is applied to dies by spraying large numbers of atomized lubricant droplets through 

nozzles. An understanding of heat transfer and lubricant film formation will result in 

more precise control of spray to obtain required film thickness and heat transfer. A hot 

plate is set up for water-based graphite lubricant test. The spray flux, lubricant film 

thickness, and temperature history are recorded for a solid cone atomizer. Inverse heat 

conduction technique is used to convert interior temperature measurements to the desired 

boundary information, including the heat transfer coefficients and surface heat fluxes. 

Many approaches have been developed for different applications [109-111]. The inverse 

heat conduction problem is solved by given measured interior temperature history. The 

experimental study in Chapter 4 provides basic understanding of lubricant formation and 

heat transfer on hot surface. Method to relate spray parameters with heat transfer 

coefficient is developed. However, it is a challenge to formulate a model that finds a 

balance between cooling and film formation without more precise control in pressure and 

spray mass flux. The conventional spray system is not ideal in film formation and dies 

cooling. 

In order to better design spray system and satisfy the problem of heat transfer and 

lubricant film, a water-lubricant spray approach is adopted that separates water spray 

with lubricant spray. The objective is to cool the hot tool by water and form a substantial 

adhesion layer (8-10 µm [16]) of graphite that can be  solved consequently. Overspray is 

avoided and the task of “spray on demand” is converted to “cooling on demand” and 
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“uniform and minimum film formation”. In order to describe sprays and model the two-

step water-lubricant spray it is necessary to obtain a detailed understanding of droplet 

behavior and spray processes. 

The thin solid lubricant film is formed by spraying diluted metal forming lubricant on hot 

die surface during each stroke cycle. Chapter 5 focuses on lubricant film formation when 

droplets impinge, spread, and evaporate. This chapter presents the results of an 

experimental investigation on the transient heat and mass transfer behavior of lubricant 

droplet with low We number impinging on hot surface with temperature less than the 

Leidenfrost point. Single droplet experiments are performed at atmospheric pressure for 

graphite lubricant and synthetic lubricant at 1:1 and 1:5 volume ratio mixing with water. 

The phenomenon of a single lubricant droplet impact, spreading, evaporation, dry-off, 

and solid lubricant film formation is summarized. Evolution of the surface temperature 

during evaporation was measured. Results show that the droplet spreading impacts the 

dry-off time and the subsequently evaporation and boiling results in the change of final 

lubricant film coverage. Through non-dimensional parameters a two-stage evaporation 

model that assumes constant equivalent heat transfer coefficient at first stage and linear 

decaying heat transfer coefficient at second stage was developed during this study. The 

first stage Nu and the dividing coefficient ε and droplet spreading factor β decide the dry-

off process. 
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Figure 1.10: A schematic of the approach to statistical modeling 

The major purpose of our study is to establish a model to estimate and predict effects of 

changing parameters of spray pattern such as droplet size, impact velocity and the 

frequency of water and lubricant droplet on the deposition patterns and heat transfer 

during droplet hitting the die. It is implemented in Chapter 6. Droplet impingement is a 

complicate process when full range of boiling regimes is considered. Clearly defined and 

simplified mapping of water droplet spreading, rebound, and splashing and their 

boundaries is summarized. Together with the lubricant droplet model, statistical model of 

dilute spray is developed for time- and area- averaged heat transfer coefficient and film 

growth rate under isothermal condition. This is illustrated in Fig. 1.10. A commercial 

CFD code FLUENT can be used to carry out spray simulation base on the method of 

DDM (Discrete Droplet Model) to model the spray structure just before impingement. It 
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has capability of modeling spray structure when a spray head with multiple tips used in 

spray system.  

Monte Carlo method is applied to verify the convergence of statistical model. The fluid 

dynamics of the impacting droplet may give rise to varying temperature of the hot surface 

in non-isothermal state, leading to regions with different heat transfer characteristics. So 

the model is further applied to transient thermal condition. Heat transfer and film 

evaporation are coupled with the changing temperature profile in the hot tool.  

By the way of extending knowledge on the hydrodynamic and the thermodynamic 

behavior of single droplet impingement to dilute spray structure from full solid cone 

sprays, the change of heat transfer coefficient (HTC) and film growth rate can be 

quantified and the driving factors will be identified as well. The recommended approach 

of two-step spray is thus characterized. 
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CHAPTER 2 

EFFECTS OF HEAT TRANSFER IN HOT FORGING 

2.1 Introduction: Forging of Titanium Alloy 

The high strength to weight ratios of titanium-based forged alloys has lead to their use at 

temperature up to 500 ºC.  The forging process has reliably been applied to produce 

compressor disks, turbine disks, turbine blades, rotators, and other aircraft engine 

components. The titanium alloys are rather difficult to form into a complex shape because 

of their poor formability, such as limited forging temperature ranges, and large variation 

of the flow stress with temperature and strain rate. The hot workability of an alloy is 

normally limited by the generation of various deformation defects that eventually lead to 

rupture.  

A number of efforts have been focused on deformation mechanisms and flow stability at 

high temperature, usually 700 ºC-1050 ºC for widely used Ti-6Al-4V. Kim etc. [112] 

studied high-temperature deformation mechanisms of Ti–6Al–4V with a transformed 

microstructure. Seshacharyulu et al. address the microstructure mechanisms during hot 

working of Ti-6Al-4V with lamellar starting structure [113] and Ti-6Al-4V with an 

equiaxed α–β microstructure [114].  Majorell et al. [115] investigated the plastic 

deformation and flow stress experimentally under low and moderate strain rates and 
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various temperature conditions. Bruschi studied hot workability of the Ti-6Al-4V alloy 

by means of hot compression tests carried out in the 880-950 ºC temperature range and 1-

50s-1 strain rate range for long strains up to 0.9 [116].  

The deformation and fracture behavior at high temperatures has been dealt with by 

processing maps. Processing maps were generated using the dynamic material model 

(DMM), unifying the relationships between constitutive deformation behavior, hot 

workability and microstructures evolution by Park, et al. [117]. Prasad and Seshacharyulu 

[118] show that the flow instability is due to adiabatic shear bands formation at higher 

strain rates and the processing of titanium materials is very sensitive to the oxygen 

content and the pre-form microstructure. A summary of the hot workability has been 

given by Semiatin et al. [119]. 

The microstructural quality is vitally important for titanium forging. The microstructure 

with the phase composition is largely influenced by the cooling process. To produce 

defect-free and homogeneous structural parts, it is essential to find optimum processing 

conditions for heat exchange between workpiece and die as well as surrounding 

environment. The process parameters including temperature in particular have been 

studied experimentally and numerically when isothermal condition is assumed. Kubiak 

and Sieniawski [120] discussed the influence of deformation degree and temperature in 

the die forging process and the annealing temperature on fatigue strength of Ti-6Al-4V. 

Hu et al. [121] paid attention to deformation, temperature, stress and strain inside an 

aero-engine blade which have been used in combination with an internal state variable to 

determine the evolution of the microstructure of the blade during hot forging. The effects 



50

of temperature and strain rate on the forming characteristics of Ti-6Al-4V alloy is 

discussed by Hu and Dean [122]. 

Economically and productively hot-die forging competes with isothermal forging by 

reducing the die temperature while keep the deformation feasible. The feasible zone is 

defined by a combination of strain rate and temperature according to the processing map. 

During hot-die forging, temperature changes are directly affected by process operating 

conditions such as billet temperature, interface conditions (possible presence of an oxide 

layer), contact time (load and deformation speed) and, particularly, by the strategy of 

cooling and lubricating the tool surfaces preceding the start of each forging operation. On 

the other hand, in forging type forming processes most of the deformation and friction 

energies are converted into heat, causing the temperature to raise. This concurs with heat 

losses by conduction to the dies and by radiation and convection to the environment 

contribute to the existence of severe temperature gradients. Each forging cycle also 

causes cyclic temperature variations as well as high temperature gradients at the surface 

of and inside the dies. Such temperature variation has a strong effect on both the die life 

and the workpiece quality. Knowledge of hot-die forging deformation characteristics 

together with a suitable simulation method is the key to solving the hot-die forging 

problem. Hot-die forging of Ti-6Al-4V on H13 die has been studied by Lee and Lin [123] 

both experimentally and numerically. 

The sensitivity of a thermo-mechanical finite element analysis of forging to variations in 

different input parameters has been reported in Snape et al. [124]. It was found that the 

die heat transfer coefficient significantly affected the flash temperature, which 

extensively affected the forging load. Elevated forging temperature can lead to decease of 
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deformation energy and better homogenization of the workpiece structure but result in die 

wear acceleration as negative effect. Chilling of the workpiece causes significant changes 

in the forging load and the rate of chilling of the forged workpiece varied with the 

changes in spray cooling. Consequently the measurement and quantification of HTC 

(heat transfer coefficient) in forging process and cooling process has been studied. The 

major efforts to measure the real time heat transfer coefficients attribute to Turk et al. 

[125], Chang and Bramley [25], and Bariani et al. [19]. 

2.2 Approach 

Currently most forging process simulation begins with assumption of constant die and 

billet temperature, as well as interfacial HTC during forging. Cyclic effects of heating 

and cooling on the die, and reversely on the workpiece are ignored. It could not reflect 

the thermo-mechanical procedure in actual case. So is it in argument to address the 

problem by plainly assuming a constant and uniform initial billet and die temperature. 

The distinct tendency to stabilize the die temperature after a certain number of forging 

cycles can be seen in measured die temperature. A state of balance is reached between the 

heat supplied and the heat extracted. The thermal periodic regime, which is a stabilized 

state, can be obtained by repetition of deformation of workpiece, the cooling step due to 

lubrication and the cooling step due to the waiting time until the next stroke. In 

computation the thermal-steady state arrives when the variation of temperature profile 

converges. It is known that the mismatching between the heat generation and heat 
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removal will results in significant increase or decrease of die temperature and the 

gradients of temperature.  

Finite element based process simulation can offer valuable guidelines on how the current 

process parameters should be adapted to meet the requirements on the process and 

product. In the forging of high temperature titanium alloys, the initial use of FEA has 

been concerned with the material deformation, strain/strain rate distribution, the effect of 

preform shapes and the estimation of forging forces. This thermal-plastic coupled study 

on the effect of interfacial heat transfer coefficient during forging 
f

h  and post forging 

cooling 
c

h  in titanium hot forging is conducted in commercial code Forge 2005 [126]. 

Part chosen for this study is a turbine disk, a critical component demanding outstanding 

strength and fatigue resistance. It has been investigated for its operational crack and 

fatigue [127], reliability and disk life [128], and forgeability [129].  

In this chapter, the modeling of discrete cooling and thermal-steady state is extended to 

turbine disk hot-die forging. A forging process of turbine disk is modeled in thermal-

steady state. Techniques from statistics and mathematical optimization, like Design of 

Experiments (DoE), Response Surface Modelling (RSM) are more and more recognized 

as being indispensable as tools complementing the computer simulations. A computer 

experiment comprised of interfacial heat transfer coefficient in forging and discrete 

cooling rate, is designed to evaluate the sensitive titanium forging process. Design of 

Experiments (DoE) and Response Surface Modeling (RSM) are used to form a surrogate 

model in lieu of the original simulations. This model facilitates design space exploration 

and optimization of the discrete heat transfer coefficients during cooling stage with varied 

design criteria. 
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The rest of this chapter is organized as follows: the turbine disk titanium forging and 

simulation model are presented in the next section, the discrete cooling design and 

experiments design are presented in section 4, the optimization and discussion of the 

experiment results are carried in section 5, while the summary is given in section 6. 

2.3 Process Model 

2.3.1 Ti-6Al-4V Flow Stress 

Ti-6Al-4V is a α+β type alloy with a microstructure strongly sensitive to processing 

parameters including heat transfer. The composition of Ti-6Al-4V at the temperature 

above 600 ºC differs considerably from that at room temperature. Its microstructure at 

room temperature is mainly composed of primary and secondary alpha grains, with a 

dispersion of stabilized beta phase. The volume fraction of β increases with temperature 

above 600 ºC. Until the β transus 975 ºC is reached, at which point the whole 

microstructure is composed of equiaxed beta grains. The flow mechanisms and kinetics 

are different in the two phases and renders a significant variation of the flow stresses at 

different temperatures and strains.  

The workpiece temperature is carefully controlled at the exit of the pre-heating device, 

but then it changes substantially during the first forging step. The work of deformation 

causes substantial heating of the interior, and the surface is chilled due to contact with the 

die. Assuming a two-step forging operation, this piece, with its substantial temperature 

gradients, is then forged in the finish die further contributing to the temperature gradients. 

The temperature during forging also affects the flow stress of the material to be forged 
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and therefore the required load and energy. Obviously, the general strain can be defined 

by the stroke, cycle time, and the press. The temperature change in the workpiece with 

time is difficult to address. 

Forge2005, used for computational modeling, includes a built-in Spittel’s behavior law in 

following form Eq. (2.1) to model the flow stress-strain relationships of Ti-6Al-4V 

shown in Fig. 2.1. 
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Figure 2.1: Ti-6Al-4V flow stress model (Based on model in [126]) 

The flow stress of this alloy is strongly dependent on both temperature and deformation 

rate. It is noted from Fig. 2.1 that all of the flow curves exhibit a peak stress followed by 
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moderate flow softening in the α+β phase field (800, 850, 900, 950 °C), where phase 

transformation is the determinant of mechanical behavior. When hot deformation is 

carried out near or above β transus (1000, 1050 °C), the flow stress is almost a constant 

value independent of strain rate. The curve in Fig. 2.2 shows a significant decrease in the 

flow stress with temperature and strain rate. At temperatures above 1000 °C, the flow 

stress becomes almost temperature insensitive. It is linked to the microstructure and 

composition of the material, suggesting the procedure of dynamic recovery and DRX. 
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Figure 2.2: Variation of the flow stress with test temperature and strain rates (Based on 

model in [126]) 

2.3.2 Titanium Hot Forging Flow Map 

The preform microstructure has a significant influence on hot deformation behavior of 

these alloys. The transformed β microstructure is unstable during hot deformation and 

exhibits flow softening before reaching a steady-state behavior. Prior to primary forging 
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process Ti-6Al-4V with the as-cast coarse-grain microstructure is broken down and 

converted to a fine, equiaxed two-phase microstructure for increasing formability. 

Figure 2.3: Schematic binary phase diagram of titanium alloys showing α+β, near-β, and 

β forging processes 

Depending on forging temperature three processes including α+β, near-β, and β forging 

are identified in Fig. 2.3. The micrograph analysis shows that increasing temperature and 

decreasing strain rate cause a more homogeneous distribution of average grain size [116]. 

β forged materials have a lamellar microstructure, which consist of lamellar alpha in a 

transformed beta matrix, and show higher high temperature creep properties, higher 

impact roughness and higher fracture toughness. However, this improvement comes at 

the cost of lower ductility and thermal stability, which result in “beta brittleness”. Near- β

forging is an effective strengthening and toughening process for equiaxed α+β titanium 

alloys. 
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The defects that can show during the process include wedge cracking and cavitation 

produced by stress concentrations at grain interface and shear-localization (shear bands 

and shear cracks) due to nonuniformity of the deformation owing to temperature 

variations inside the workpiece combined with friction effect [130]. Typical flow 

instabilities develop in the α+β range (lower than 800 °C and above 0.1 s-1) as well as in 

the β range (above 1050 °C and 10s-1); these manifest as adiabatic shear bands and flow 

inhomogeneity of β, respectively [118]. The formation of these bands may be attributed 

to the adiabatic conditions created during deformation and the low thermal conductivity 

of the material. 

Figure 2.4: Instability map obtained on Ti-6Al-4V at a strain of 0.5. Contour number is 

the value of instability parameter given by Eq. (2.2) [114] 

Flow instabilities are predicted based on extremum principles of irreversible 

thermodynamics [131] when applied to large plastic flow and given as 
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Instabilities are predicted to occur when ( )ζ ε�  is negative. This continuum instability 

criterion is superimposed on the map of strain rate and temperature for identifying the 

regimes of flow instability. The instability map obtained for Ti-6Al-4V with an equiaxed 

α+β microstructure exhibiting contours of the instability parameter at a strain of 0.5 is 

shown in Fig. 2.4 [114]. It shows that the feasible temperature window narrows when 

strain rates increase. At strain rates higher than 1 s-1 flow instability is highly possible. 

2.3.3 Turbine Disk Forging 

The turbine disk forging model is shown in Fig. 2.5. Equiaxed α+β microstructure is 

preformed. The Ti-6Al-4V billet with 45 mm diameter and 29 mm height is heated to 920 

°C through induction heating. An initial uniform temperature profile is assumed. The H-

13 dies are heated to 750 °C by induction coils. Three stages are identified as (1) 

transportation of billet and die lubricating and cooling, (2) billet sitting on lower die, and 

(3) press forging and returning according to the heat transfer and deformation. These 

stages are defined in the following. 
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Figure 2.5: Turbine disk forging solid model 

Stage I: billet transportation and die lubricating and cooling 

It takes 4 s for the heated billet to be transferred from the furnace to the die. Water based 

graphite lubricant is then sprayed onto the hot die surfaces immediately before forging. 

The cooling is 0.6 s with 0.6 s lead time for spray preparation and 0.2 s after cooling for 

billet set in.  

Stage II: billet sitting 

When the billet stayed on the bottom die for 0.85 s before being deformed by downwards 

movement of the upper die, the billet temperature dropped due to radiation, convection 

and interface conduction to the bottom die. The upper die travels toward billet with speed 

of 20 mm/s. 

Stage III: forging 

Upper die moves down and deforms the billet at a speed of 8 mm/s to accomplish the 

forging process then returns at a speed of 40 mm/s. The spray system prepares to operate 

when the upper die returns. The forging speed settings balanced the demand of 
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deformation strain rate and forging productivity. The press stroke curve is shown in Fig. 

2.6. 
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Figure 2.6: Press stroke-time curve 

Coulomb friction model is chosen with the friction coefficient of 0.15, which reproduces 

the friction relationship between die and billet with graphite lubricant. 

2.3.4 Interfacial Heat Transfer Coefficients in Forging 

The flow characteristics and subsequent properties of titanium alloys are sensitive to the 

temperature at which thermo-mechanical processing takes place. Although the use of hot 

dies reduces heat loss from the part being forged some heat transfer to the tooling will 

occur. The degree to which this takes place depends on the heat-transfer coefficient at the 

tool/billet interface. The contact heat-transfer coefficient is a function of the lubrication 

conditions, the temperature, the yield stress of the specimen and the contact pressure. The 

heat transfer coefficient at the interface between the die and the workpiece was quite low 

initially, and increases with pressure. Fig. 2.7 shows a case of measured variation of heat 
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transfer coefficient with pressure with strain rate 0.5 and lubricant Acheson Dag2885 

[132]. 

Figure 2.7: Variation of heat transfer coefficients during the forging process [132] 
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Figure 2.8: Cooling and contact time for upper die and lower die 

Constant equivalent interfacial heat transfer coefficients fh  are assumed for 

simplification and noted as fH . In addition to the heat transfer coefficients, the heat 
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transfer during forging also depends on deformation geometry, which affects in the way 

of contact time. Fig. 2.8 illustrates the contact time along the upper and lower die 

curvature from the symmetric center, from which the uneven heating and cooling could 

be found and temperature gradients can be expected after hundreds of forging cycles. 

2.3.5 Thermal-Steady State 

As mentioned in section 2.1 the analysis of titanium deformation quality and die wear 

should count on thermal-steady state study to simulate the actual hot-die forging. The 

simulation procedure shown in Fig. 2.9, includes six steps: (A) preheated billet 

transportation, (B) cooling and lubricating for preheated die, (C) first forging cycle, (D) 

thermal-steady simulation for dies, (E) cooling and lubricating with dies in thermal-

steady state, and afterwards (F) forging with dies in thermal-steady state. In step D the 

simulation terminates when the temperature profile of die converges cycle by cycle. The 

convergence is achieved when temperature difference is less than 5 °C. The 

measurements of workpiece and dies from step F are considered. 
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Figure 2.9: Thermal-steady state simulation  procedure 

2.4 Computer Experiment Design 

2.4.1 Discrete Cooling 

The different temperatures and cooling rates in as specimen subjected to hot-die forging 

induce a large variation in the microstructure and in the subsequent flow stress, that 

influences the properties of the final product and die service life. The magnitudes and 

distribution of temperatures in hot forging processes depends on the initial temperatures 

of billet and die, heat transfer between the deforming material and the dies, and heat 
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transfer between the material and environment, in particular the air cooling and spray 

cooling. It is desirable to design the spray density and spray time to alleviate the gradients 

accumulated from forging cycles. The cooling rate is defined by the magnitude of the 

heat transfer coefficient during spray. According to the inner curvature of upper and 

lower die four cooling zones from H0 to H3 are recognized and shown in Fig. 2.10. 

Meanwhile ten points from U1 to U10 at upper die surface and six points from L1 to L6 

have been chose to install computational sensors, which will trace the temperature history 

at die surface. 

Figure 2.10: Sensor location and cooling zones 

2.4.2 Design Matrix 

Proper selection of discrete cooling rate for zone H0 to H3 and fH  is the key to manage 

the temperature history of workpiece and dies. To fully study the effects of these four 
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factors Design of Experiment method is applied and the matrix based on central 

composite designs is shown in table 1.  

H0 H1 H2 H3 fH

1 10000.00 10000.00 10000.00 10000.00 18000.00

2 6000.00 18.60 6000.00 6000.00 10000.00

3 2000.00 2000.00 10000.00 10000.00 18000.00

4 2000.00 10000.00 2000.00 2000.00 2000.00

5 6000.00 6000.00 18.60 6000.00 10000.00

6 10000.00 2000.00 2000.00 2000.00 2000.00

7 6000.00 6000.00 6000.00 11981.40 10000.00

8 2000.00 2000.00 2000.00 2000.00 18000.00

9 10000.00 10000.00 10000.00 2000.00 2000.00

10 6000.00 6000.00 11981.40 6000.00 10000.00

11 10000.00 10000.00 2000.00 10000.00 2000.00

12 10000.00 2000.00 10000.00 2000.00 18000.00

13 6000.00 6000.00 6000.00 6000.00 21962.79

14 6000.00 6000.00 6000.00 6000.00 0.00

15 2000.00 2000.00 2000.00 10000.00 2000.00

16 10000.00 2000.00 10000.00 10000.00 2000.00

17 18.60 6000.00 6000.00 6000.00 10000.00

18 2000.00 2000.00 10000.00 2000.00 2000.00

19 6000.00 11981.40 6000.00 6000.00 10000.00

20 2000.00 10000.00 10000.00 10000.00 2000.00

21 2000.00 10000.00 10000.00 2000.00 18000.00

22 10000.00 10000.00 2000.00 2000.00 18000.00

23 6000.00 6000.00 6000.00 18.60 10000.00

24 6000.00 6000.00 6000.00 6000.00 10000.00

25 11981.40 6000.00 6000.00 6000.00 10000.00

26 10000.00 2000.00 2000.00 10000.00 18000.00

27 2000.00 10000.00 2000.00 10000.00 18000.00

Table 2.1: Design matrix (HTC unit: W m-2 K-1) 
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The cooling heat transfer coefficient has the limit as (UL = 11981.40, LL = 18.60) and 

the limit for fH  is (UL = 21962.79, LL = 0).  For each design the thermal-steady state 

simulation schema introduced above is carried out. For the purpose of comparison three 

set of isothermal experiments simulating phase A to C with fH  = 2000, 10000, and 

18000 W m-2 K-1 have been done. 

After six sequential simulations measurements have been taken on maximum load, total 

consumed energy, die wear, billet stable deformation volume, and the temperatures from 

preset sensors. Among these responses, the die abrasive wear is defined by wear index in 
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When dealing with flow stability and tool softening it is an issue of balance between 

strain rate, initial temperature, and heat transfer. Ideally higher deformation temperature 

and lower strain rate will assure better titanium part quality with two-phase 

microstructure as discussed in former section. Near-β deformation will help minimize 

defects such as shear bands, cavities and other non-uniformities. However die softening 
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comes with the high temperature deformation and it is less economically beneficial to 

keep the die at high temperature. When the die temperature is lower than the titanium 

billet temperature the heat is removed to environment when spray lubrication and the heat 

is transferred from billet during sitting and forging, which produces temperature gradients 

on die surface. Restrictions apply for the die surface temperature by taking Eq. (2.4), 

(2.5), and (2.6). As to strain rate the process productivity increases with it. Its increase 

also reduces the contact time and minimizes the temperature influences from die.  

The quality of deformation here is defined by the billet volume fraction which deforms in 

stable temperature window as shown in Eq. (2.7). These ranges correspond to a stable 

deformation zone and represent the optimal conditions for hot working of the Ti-6Al-4V 

alloy. The less temperature gradients existing in billet also means less distortion in the 

final part. This index quantifies the stable flow probabilities. 
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Where : total number of elements.N

2.5 Discussion and Optimization 

2.5.1 Simulation Results 

Twenty seven sets of computer experiments are noted as HOT-1 to HOT-27 in sequence. 

The isothermal simulations are noted as ISO-1, ISO-2, ISO-3 accordingly for fH  = 2000, 

10000, and 18000 W m-2 K-1. The equivalent strain and strain rate of HOT-24 are shown 

in Fig. 2.11. Most area has the equivalent strain less than 0.5 and strain rate less than 1 s-
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1. Relatively high strain rate is found in and near flash zone at the last step. Through the 

comparison of ISO-2 with HOT-11 and HOT-24 in Fig. 2-12, the temperature profile 

differences have been seen. Heat accumulates and the core temperature increases because 

of low heat conduction property of titanium. Near the die surface the temperature for 

HOT-11 and HOT-24 is pronounced lower than isothermal simulations. The deterioration 

in  flow stability can be expected. Highest temperature can be seen in the core, whilst the 

lowest temperatures appear in the bottom of the billet and at the flange corner area.  

Figure 2.11: EQ-strain and Strain rate (HOT-24) 

Figure 2.12: Billet temperature 
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Figure 2.13: Illustration of picked nodes (180, 534, and 182) from HOT-1 

t (s)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

T
 (

C
)

750

800

850

900

950

node 180

node 534

node 182

Figure 2.14: Temperature history of nodes (180, 534, and 182) in forging process from 

HOT-1 
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Three nodes are picked from the forging simulation results of HOT-1, with node 180 and 

182 at bottom and top corner of initial billet and node 534 in the center as shown in Fig. 

2.13. The temperature history of these nodes is illustrated in Fig. 2.14. It is noted that 

temperature of node 534 is pretty flat with a little increase at the final moment, while 

temperature close to the surface of billet gradually decreases depending on the balance 

between heating of deformation and friction and cooling by the conduction to tool surface 

at neighbor. It is also discerned that the temperature at flash area rises sharply when large 

deformation occurs locally. In order to put in a simple way the temperature right after 

forging is recorded and plugged into Eq. (2.7). The stable deformation volume is noted as 

color green in Fig. 2.15, while red volume stands for volume with high defect probability 

in forging. When comparing HOT-11 with HOT-24 it is proved that the change of 

cooling rate could improve the deformation quality and reduce the defect probability (Fig. 

2.15). With least unstable volume close to surface close-to-net shape forming and less 

machining working is required. 

Figure 2.15: Stable flow zone 
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Figure 2.16: Comparison of isothermal die temperature and hot die temperature when it 

enters thermal-steady state 

A significant temperature gradient in upper and lower dies is observed in non-isothermal 

forging experiments shown in Fig. 2.16. Heat is accumulated in H2 spray zone which 

make it prone to die tempering. It means the die temperature could not be arbitrarily 

treated as constant, as in the case of isothermal forging of ISO-2. It takes around 600 s for 

the die temperature to enter thermal-steady state. This can be seen in Fig. 2.17. 

Afterwards the surface temperature fluctuates in cycles without much increase or 

decrease. Fig. 2.17 also includes temperature history recorded by three upper die sensors 

and three lower die sensors in one forging cycle. The temperature gradients along die 

surface showing the conditions before and after deformation are illustrated in Fig. 2.18. 

There is a distinct tendency to stabilize the die temperature after a certain number of 

forging cycles. A state of balance is reached between the heat supplied and the heat 
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extracted. It is noted that at distance of 30 mm HOT-24 shows much larger temperature 

change than HOT-11, which corresponds to the effects of interfacial heat transfer 

coefficient. 
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Figure 2.17: Temperature history for cycles and in a cycle 

Distance from Upper Die Surface center (mm)

0 10 20 30 40 50 60

T
e

m
p

e
ra

tu
re

 (
ºC

)

200

300

400

500

600

700

200

300

400

500

600

700
After Deformation
Before Deformation

HOT - 11

HOT - 24

Distance from Lower Die Surface center (mm)

0 5 10 15 20 25 30

T
e

m
p

e
ra

tu
re

 (
ºC

)

200

300

400

500

600

700

200

300

400

500

600

700
After Deformation

Before Deformation
HOT - 11

HOT - 24

Figure 2.18: Upper die and lower die surface temperature along curvature 
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The difference can be seen from the comparison of die wear. In case ISO-2 significant die 

wear shows in lower die flash area and less die wear in side wall as shown in Fig. 2.19, 

while for upper die three critical zones are identified at distance 21 mm, 41 mm, and 60 

mm as seen in Fig. 2.20. It shows that the simulations which consider die temperature to 

be a constant value are inherently flawed. 

Figure 2.19: Die wear (for each case, Left half: upper die, Right half: lower die) 
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Figure 2.20: Die wear along curvature 

2.5.2 Effects of Interfacial Heat Transfer Coefficient and Discrete Cooling Rate 

Based on the results from 27 sets of simulations regression surface method is employed. 

The surrogate model is then used in lieu of the original analysis from simulations. As 

case HOT-24 provides the center point design all results are normalized by its 

correspondent value in HOT-24. The effects of five major factors and their interactions 

are studied for each evaluation. The regression coefficients have been arranged in bar 

charts, and shown in Fig. 2.21-2.23. 
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Figure 2.21: Estimated regression coefficient for stable volume, load, and energy 
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Figure 2.22: Estimated regression coefficient for die wear and die temperature variation 
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Figure 2.23: Estimated regression coefficient for die maximum and minimum 
temperature 
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Effects on flow stability 

In Fig. 2.21, interfacial heat transfer coefficient in forging is the major factor for flow 

stability. It shows that with increasing heat transfer coefficients the stable flow volume 

decreases since more heat will be transferred from billet to die and from die to 

environment. Cooling heat transfer coefficient at zone 1 H1 has least influence since the 

least contact time for this spray zone during forging. It asserts that adiabatic condition is 

favored for the titanium flow as heat loss is the major trouble. 

Effects on load and energy 

As the higher heat transfer coefficients lead to lower deformation temperature. The 

deformation load and consumed energy will certainly increase. fH  still plays a major 

effects. 

Effects on die wear 

The flow stress of Ti-6Al-4V changes with temperature. Aside from fH , H0 and H3 

affect the amount of lower die wear as both spray zones close to the critical wear area for 

lower die as seen in Fig. 2.22. The same explains condition at the upper die. 

Effects on die temperature 

Significantly uneven cooling results in a heterogeneous distribution of material properties 

such as hardness and ductility. To avoid tempering of H13 die the volume temperature 

should be less than 550 °C as shown in Fig. 2.23, which can be verified by H13 

tempering curve shown in Fig. 2.24. All the cases simulated also show that the maximum 

surface temperature is than 850 °C. But the low die surface temperature will result in die 
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chilling and gradients in the die surface. In case HOT-14, which must be circumvented in 

production it is found that both upper and lower die temperatures are cooled to less than 

100°C for certain area, in terms of die chilling, which affects the uniformity of workpiece 

deformation. Large temperature fluctuation will also make the die sensitive to thermal 

fatigue. Case HOT-3 exemplifies temperature fluctuation as large as 279.9 °C for upper 

die. And HOT-1 shows 221.1 °C fluctuation for lower die. Concluding from Fig. 2.21 

and Fig. 2.22, fH  is always of first order importance than other cooling controls. H1 

through H3 affect the upper die temperature and H0 affects the lower die temperature 

given their related locations. The temperature control will help achieve a good balance 

among strength, ductility and fracture toughness. 

Figure 2.24: Hot hardness of H-13 
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2.5.3 Flow Stability Optimization 

The positive and negative effects on each response are recognized. When flow stability is 

taken as the only objective function the extreme point H = (18.6, 18.6, 18.6, 18.6, 0) will 

present stable flow fraction 86%. If flow stability (FS), die load (L), die wear (WU, and 

WL), minimum die surface temperature (Tmin,U, Tmin,L), and maximum die temperature 

fluctuation (∆Tmax,U, ∆Tmax,L) are considered the objective function is defined as 

( ) ( )max FSF H =  (2.8) 

By maximize the flow stability and transforming the rest eight terms to restrictions as 

max min max
280, 0.5, 2100, 450, 200L C W T T< < < > ∆ <  (2.9) 

Flow 
stability 
(Volume 
in mm3)

Load 
(kN mm)

Upper 
Die max 

wear 

Lower 
Die Max 

Wear 

Upper 
Die Min 

T 
Low Die 
Min T 

Upper 
Die Max 

dt 

Lower 
Die Max 

Dt 

HOT - 1 40672.8 291.60 2217.74 1284.10 324.71 381.48 278.59 221.11

Optimized 51956.34 203.47 2066.80 1308.56 449.54 536.81 115.53 53.495

Table 2.2: Comparison of HOT-1 and optimized solution 

The problem is solved with starting value at case HOT-1 H = (10000, 10000, 10000, 

10000, 18000) in MiniTab. The optimum set is (18.6, 18.6, 10000, 18.6, 7308), which 

means only spray zone H2 requires cooling at 10000 W m-2 K-1 and the other three zones 

can satisfy with air cooling. Compared to the stable flow fraction 59% of case HOT-1 and 

66% of case HOT-24 the new design has achieved 76% stable flow in equivalence of 

29% improvement from spray design of case HOT-1 by satisfying all the restrictions, 

where the effective restrictions in this solution are upper and lower die minimum 
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temperatures. Since the instable flow mostly is close to the workpiece surface it also 

promotes the close-to-net shape forming and reduces the machining work. The 

comparison between case HOT-1 and optimized solution is shown in Table 2.2. 

2.5.4 Discrete Spray Design Approach 

Significantly uneven cooling leads to a heterogeneous distribution of material properties 

such as hardness and ductility. Having seen the effects of spray cooling on titanium 

forging quality and tool life the approach to identify process problem and optimize 

discrete cooling is outlined in Fig. 2.25. The heat flux distribution along die surface 

profile can be converted to water flux distribution and can define the spray system 

settings consequently. 

Figure 2.25: Discrete spray design approach 
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2.6 Summary 

Titanium forged components have been widely used in aircraft engine industry because 

of their superior specific strength to weight ratio at high temperature. Turbine disk is one 

of the most demanding forging parts. The flow stress of titanium alloy Ti-6Al-4V is 

strongly dependent on temperature and strain rate during hot forging. The cooling rate 

can be designed to manage the temperature profile of dies by distinct spray setup. The 

workpiece loses heat to die by contact when getting heat up for deformation. The study 

aims to assess the influence of the discrete cooling rate and interfacial contact heat 

transfer on the optimum plastic deformation and the optimum die life for a Ti-6Al-4V 

hot-die forging. A two-dimensional FEM model of titanium turbine disk is employed to 

study the mechanical and thermal interaction between the hot dies and the workpiece. 

After hundreds of runs of the forging cycles thermal-steady state is built up and the 

thermal-steady simulation is considered to reflect the actual production situation. 

Numerical experiments are performed based on the methods of Design of Experiments 

and Response Surface. Titanium flow stability, deformation energy, die wear, and die 

chilling are investigated. This approach demonstrates the applicability of spray control in 

temperature sensitive processes such as titanium forging.  

The development of different microstructure and phase compositions in various regions 

of workpiece is the result of the high sensitivity of two-phase TI-6Al-4V to strain and 

temperature of plastic deformation. Proper selection of these parameters allows one to 

control its mechanical properties and avoid deformation failure. Providing the 

productivity and economic demands, thermal design is a more manageable way than 

strain rate control for hot die forging. Microstructure control and uniformity of 
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deformation can be achieved through the selection of optimum processing conditions 

with the aid of processing maps. This chapter focuses on the effects of forging interfacial 

heat transfer coefficient and discrete cooling rate along tool cavity when other processes 

parameters such as strain rate and cycle time given fixed. The temperature control will 

help achieve a good balance among strength, ductility and fracture toughness. 

The flow stability, load and energy, die wear, and die tempering and chilling are 

investigated for a turbine disk hot-die forging using a two-dimensional FEM model. Flow 

instabilities are predicted based on extremum principles of irreversible thermodynamics 

applied on large deformation. The temperature range of stable deformation is defined 

from the process map obtained for Ti-6Al-4V with equiaxed α+β microstructure. 

Thermal-steady state simulation including 6 consecutive phases is carried. With the help 

of Design of Experiments and Responses Surface methods, the effects of heat transfer 

coefficients in the forging cycle are identified and discussed. It is found that interfacial 

heat transfer coefficient during forging is the most important factor and the discrete 

cooling rate design can improve the billet deformation and reduce die failure. 29% 

increase of stable metal flow has been achieved in this case, which justifies the approach 

of discrete spray cooling design. 

The lubricant composites and the film thickness affect the forging interfacial heat transfer 

coefficient along with the local pressure. Also the adhesion of lubricant film and film 

thickness influence the friction coefficient as discussed in Chapter 1. So the select of 

lubricant and design of spray has its role in forging quality. Although knowing this the 

friction requirement restricts the design freedom of lubricant composites and film 
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thickness. More direct option is to design the discrete cooling rate to control the thermal 

steady state is recommended for quality improvement. 
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CHAPTER 3 

DESIGN AND MODELING OF HEAT TRANSFER IN 

THERMAL STEADY STATE 

3.1 Introduction 

The process of metal forming is always accompanied by heat generation. This heat due to 

plastic deformation and the friction at the interface results in a complex and changing 

temperature field. Severe temperature changes due to localized heat concentration often 

induce cyclic thermal stresses, and lead to loss of strength and hardness and thermo-

mechanical fatigue failure as well. Accurate prediction and quickly evaluation of the 

temperature field during the forging processes is very important since it influences the 

lubrication conditions, the material behavior during deformation, the quality of finished 

parts and the service life of the tool.  

During forging, temperature changes are directly affected by process operating conditions 

such as forging temperature, interface conditions, contact time and, particularly, by the 

cooling and lubrication at tool surfaces [37]. The combined effects of contact heat 

transfer and cooling rate are reported in last chapter. It is suggested that spray cooling 

design is a most efficient way to achieve desired temperature distribution on the surface 

and in the body of tool. 
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In recent years, simulation techniques have progressed significantly. To predict die life 

during the design phase of dies, the approach of rigid-plastic finite element analysis for 

the material flow, an elastic analysis for deformation and stress in dies have been adopted. 

Unsteady state thermal analysis was conducted for a tool whose surface was preheated 

(100–150 °C) and for the hot workpiece (900–1250 °C for steel) in forging. The die life is 

accessed when the temperature of die is arbitrarily chosen. The temperature is not based 

on steady-state analysis and not optimized by spray cooling design. 

FEA simulation can offer valuable guidelines on how the process parameters should be 

modified to meet the requirements on the process and the product. However, design 

modification by process simulation is inherently a trial and error procedure that may 

easily become a tedious task in modeling and computation. Although efforts have been 

made to develop a more efficient methodology for process optimal design with the help 

of Design of Experiments and Response Surface Method at least tens of computer 

simulations are still required. 

In order to nail down the temperature profile at thermal-steady state for best forging 

performance in terms of part quality, tool life, and energy conservation, two questions 

should be answered: what is good thermal-steady state temperature distribution, and what 

is the best cooling rate to attain the thermal-steady state. The first question relies on the 

evaluation of tool life. This chapter focuses on the evaluation of heat transfer in the 

forging cycle and the evolution from the initial thermal state to the thermal-steady state 

so as to predict thermal-steady state and design cooling rate. 
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Because most forging tools are comparatively simple in geometry, the quick evaluation 

of temperature in both surface layer and inner body of tool is possible by a combined 

method of thermal-mechanical coupled FEA simulation and a thermal balance analysis.  

In this chapter, section 2 will discuss the modeling of heat transfer in numerical 

simulation and introduce one dimensional thermal balance method for cooling rate design. 

First-cycle thermal balance (FCTB) method is brought in section 3 and implemented in a 

pre-form forging case. The effects of spray time and intermittent sprays are studied in 

section 4. Upfront approach to design water spray by relating cooling rate with water flux 

is proposed as followed. The evaluation of first-cycle thermal balance finds the 

temperature evolves with the accumulation of residual heat difference. The model to 

address the temperature distribution in thermal-steady state is formulated. An improved 

design method, thermal-steady state balance (TSSB) method, is studied and verified in 

section 5. Section 6 summarizes this chapter. 

3.2 Modeling of Heat Transfer 

FEA has been widely developed and adopted to predict metal flow patterns, temperature 

fields, and die loading conditions. Accurate simulations require well defined boundary 

conditions and a heat transfer model. 

Temperature dependence was considered in heat conductivity of materials. The boundary 

conditions incorporated were temperature assignment, heat flux assignment, friction 

contact, and convection, radiation, and forced cooling which are used for hot forging. At 

the contact boundary during forging, frictional heat generation rate depending on thermal 
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contact resistance, friction shear factors, and friction sliding velocity of the tools were 

considered. Deformation heat generation was also included. 

The magnitudes and distribution of temperatures in hot forging processes depend on 

initial conditions and boundary conditions such as (a) the initial temperatures of billet and 

die; (b) heat transfer between the deforming material and the dies; and (c) heat transfer 

between the material and environment (air or coolant). For transient heat conduction 

problems the governing field equation can be written as follows: 

( )p V

T
c k T q

t
ρ

∂
= ∇ ⋅ ∇ +

∂
�  (3.1) 

The Norton-Hoff viscoplastic heat dissipation 
V

q�  is 

( )
1

3
m

V
q fK ε

+

=�  (3.2) 

Where the “f” factor takes into account the fraction of energy which is converted into 

heat and ranges generally between 0.9 and 1. 

The temperature boundary condition is given by 

( ), , ,T f x y z t=  (3.3) 

The heat flux constraint is given by 

( ) 0
a

T
k q h T T

n

∂
+ + − =

∂
 (3.4) 

The heat exchange between the air and the material is the radiation emitted by the body. 

It is expressed by Stefan-Boltzmann equation as follows 

( ) ( )4 4

rad ext
q T T Tσ ε= ⋅ ⋅ −  (3.5) 

Heat exchange with air or coolant on the surface is expressed by Newton’s convection 

law as 
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( )cooling coolantq h T T= −  (3.6) 

When tool surface is in contact with workpiece (Fig. 3.1) heat transfer is given by 

( )forging c tool workpiece friction
q h T T q= − +  (3.7) 

Figure 3.1: Temperature drop on the contact surface

Heat transfer in the body of tool is by conduction, governed by Fourier’s law in one 

dimension   

cond

dT
q k

dx
= −  (3.8) 

The reliability of the outcome of such a study depends on the accuracy of the description 

of both the material properties and the physical parameters that influence heat transfer 

between solids. Material properties such heat conductivity as well as heat capacity can be 

defined as a temperature dependent function. 

The friction model has been largely studied and efforts made to link friction coefficient 

with the lubricant film and the surface roughness by Doedge et al.  [29, 30], and Schmid 

and Liu [28, 133]. In this study the variation of lubricant film and its effects on heat 
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transfer is beyond the scope and the conventional Coulomb friction model is used. The 

friction at the workpiece-die interface is modeled as 

0

0 0

    if <m  
3

m   if >m
3 3

n n
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µσ µσ
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σ σ
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∆
 ∆
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 ∆
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V
 (3.9) 

In this relation, 0.3m =  and 0.15µ =  for hot forging process with water based graphite 

lubricant. 

Contact heat transfer coefficient is another factor which is of great interests in heat 

transfer modeling and its measurements have been reported by Lair et al. [134], Mailard 

et al. [135], Rosochowska et al. [136], and Chang et al. [22]. Chang et al. [22] provides 

method with the ability to measure the thermal conductance under steady state thermal 

conditions and under pressure in excess of the yield strength of the workpiece. 

Semiation et al., [137] found that the contact heat transfer coefficient under nominally 

zero load was an order of magnitude less than that under high pressure. In addition, above 

a certain threshold pressure, its value was relatively constant. The heat transfer 

coefficient increases with pressure for both lubricated and non-lubricated conditions. At 

zero and low-pressure levels, the value of contact heat transfer coefficient for lubricated 

conditions is slightly higher than for dry conditions. At high pressures, it is independent 

of lubricant conditions.  So the contact heat transfer coefficient is defined as 

0
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 Where 0

max

250 MPa

1000 W/m K

100,000 W/m K

P

h

h

=

= ⋅

= ⋅

Regarding convection natural air cooling heat transfer coefficient was measured 

10 W/m K
air

h = ⋅  at [138]. 

Although significant changes in the temperature field of tools occur at the initial stage of 

forging or at the restart after a pause during forging, the temperature gradually achieves a 

steady thermal cycle after 30–50 shots. The thermal periodic regime is a stabilized state. 

With repetition of deformation of workpiece, the cooling steps due to lubrication and that 

due to waiting time, this state reached. It is computationally prohibitive to repeat the full 

forging cycle numerous times to identify the thermal steady state. In the commercial code 

Forge 2005 [126], the thermal steady state is computed. The mechanical part of the 

deformation step is computed only for the first step. All the following cooling, waiting 

and repetitions will consist of thermal computations, and the mechanical events 

contributing to the thermal equations in the following cycles have to be approximated. 

In thermal steady state computation of Forge 2005, the evolution of contact between 

workpiece and tools is stored from the first mechanical resolution in order to consider 

conduction into the tool. The heat generation from friction is expressed with a Norton law 

taking into account the dependency of the consistency on the temperature. It updated 

during the strike “i”. The deformation power of the workpiece is also evaluated using the 

viscoplastic Norton Hoff law and updated similarly.

Since the optimization algorithm is missing in most FEA code including Forge 2005 the 

determination of optimum design of spray cooling process still a time consuming process. 
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A practical way to design spray cooling has been developed in this dissertation. This 

method is based on the fact that the thermal computation can be independent of 

mechanical simulation. The thermal balance in cooling process for non-isothermal tools 

is solved out of the FEA simulation by extracting the results of contact information and 

temperature distribution and temperature history from initial mechanical-thermal coupled 

simulation of forging in FEA. This provides an up-front method with limited FEA 

simulation needs to improve the cooling design. 

Most heat is transferred along the steepest temperature gradient in a time period from 

centi-seconds to few seconds either in forging or cooling. Since a large number of forging 

parts are symmetrical it is simplified to a 1-D heat transfer problem by dividing the tool 

body into segments in a direction normal to the contact surface. 

Temperature along each segment after first cycle forging can be extracted from the 

simulation results. The raw data is collected from each node on the segment and is 

described as: 

( ) ( ) ( )( )
1 2

, , , , , ,..., , ,
f f fnode node node n

x y u x y u x y u
− − −

=
1,f

u  (3.11) 

By adjusting the coordinates the temperature along the segment can be rewritten in one 

dimension as 

( ) ( ) ( )( )
1 2

, , , ,..., ,
f f fnode node node n

x u x u x u
− − −

=
1,f

u  (3.12) 

Then the temperatures are calculated by fitting with a smooth spline to remove noise 

from the meshing. 1-D heat conduction is written in parabolic format as: 

( ) ( )2

2

, ,
p

u x t u x t
c k

t x
ρ

∂ ∂
=
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 (3.13) 
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Figure 3.2: 1D heat conduction problem in parabolic format 

As shown in Fig. 3.2 the boundary condition is defined as 

( ) ( ) [ ],  at 0,  0,u x t x t x L= = ∈1,fu  (3.14) 

( ),  when 0Lu L t T t= >  (3.15) 
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Rewriting Eq. (3.15) and Eq. (3.16) in format of ( ) ( ), , , , , , 0
u

p x t u q x t f x t u
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( )
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, 0 0    at 
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∂
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∂
 (3.22) 

The differential equations (3.17-3.22) are solved by discretizing the time field and 1D 

space in Matlab. This algorithm refers to Skeel’s work [139]. After waiting time and 

spray time 
s

t , the temperature profile is represent by ( ), su x t . In order to attain the 

desired temperature profile ( )T x , the least square minimization method is applied. The 

optimum cooling heat transfer coefficient 0h  is determined by minimizing the sum of the 

squares of the deviations between desire temperature distributions and predicted one. It is 

defined as 

( )
( ) ( )

( )

2
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,1

,

N
i s i

i i s

u x t T x
err h

N u x t=

 −
=   

 
∑  (3.23) 

These cooling heat transfer coefficients for each segment will be used to define the spray 

cooling and applied in the cooling simulation in FEA combined with forging simulation 

to predict the thermal steady state. 

3.3 First-Cycle Thermal Balance Method 

To lead to a less expensive design approach, a first-cycle thermal balance (FCTB) 

analysis is proposed by assuming the desired tool temperature to be the same as the initial 

temperature and the cooling process could remove the heat gains in forging process by 

minimizing the deviations between temperature after cooling and temperature before 

forging. This method is demonstrated in the following case study. 
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This analysis is conducted for the blocker stage of a two-stage forging of a crown wheel. 

The blocker stage is shown in Fig. 3.3. As explained in previous chapter, the heat cycle in 

forging consists of five stages: the waiting of the die and the material at placement, 

forging, natural air cooling, spray cooling, and air cooling. The initial workpiece 

temperature is simulated by considering heating and transportation. The sitting and 

forging process is first simulated in Forge 2005 with conditions shown in Table 3.1. 

Workpiece material C45 

Tool material H13 

Workpiece preheat temperature (°C) 1180 

Workpiece transportation time (s) 12 

Tool preheat temperature (°C) 150 

Ambient temperature (°C) 50 

Sitting time (s) 0.125 

Forging time (s) 0.1113 

Pre-spray air cooling time – ejection (s) 0.2 

Spray cooling time (s) 0.5 

Post-spray air cooling time – set in (s) 0.3 

Cycle time (s) 1.2363 

Stroke (mm) 87 

Table 3.1: Forging cycle condition for a blocker process of crown wheel 
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Figure 3.3: Blocker stage of a crown wheel forging (Left: tool sets and meshing, Right: 

temperature field after forging, legend in logarithmic scaling) 

The initial setting of contact heat transfer coefficient and friction coefficient has been 

discussed in last section. In order to compute the temperature history of points at contact 

surface and temperature distribution along the normal direction to the contact surface 

computational sensors have setup in pre-processing and arranged as shown in Fig. 3.4, 

five segments for “upper deformable die” and “lower deformable die” each. This 

segmentation also defines the discrete cooling zone as studied in Chapter 2. 1-D heat 

conduction study is conduct on the chosen segments to determine the optimum heat 

transfer coefficient for cooling.  
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Figure 3.4: Temperature sensors at the contact surface and segmentation of cooling zones 

The algorithm of First-Cycle Thermal Balance (FCTB) method is coded in Matlab and 

optimized by minimizing Eq.(3.23), the error between the temperature distribution after 

cooling and pre-assumed steady temperature. The first guess for the steady temperature is 

equal to the preheat temperature of tool, which is constant 150 °C. Ten cooling rates have 

been solved based on extracted results from forging simulation of initial cycle. The 

bounds of cooling HTC are set to [30, 50000] W/m2K. The temperature changes along 

chosen segments (r = 0, 0.045m for lower die and r = 0 for upper die) given the optimum 

cooling are shown in Fig. 3.5-3.7 respectively. 
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Figure 3.5: Cooling process for r = 0 m, Lower Die 

Figure 3.6: Cooling process for r = 0.045 m, Lower Die 
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Figure 3.7: Cooling process for r = 0 m, Upper Die 

Lower Die r = 0 mm  r=19.2 mm r = 33 mm r = 45 mm r = 54 mm 

HTC (W/m2K) 16121 14123 6930.8 9576.1 4285.5 

Err(h) 6.31E-4 4.7E-4 1.35E-4 2.08E-4 3.77E-5 

Upper Die r = 0 mm r = 20 mm r = 36 mm r = 44 mm r =51.7 mm 

HTC (W/m2K) 21998 17368 16225 11987 4013.2 

Err(h) 9.68E-4 6.68E-4 5.81E-4 3.68E-4 4.oE-5 

Table 3.2: Optimized heat transfer coefficient of cooling for different segment of the 

lower and upper die 

The curve as time step t = 0 s is the temperature just after forging process. The curve at 

distance x = 0 m is the temperature history for the surface point. In 1 second, the contact 

surface endues air cooling at first 0.3 second, coolant cooling for 0.5 second, and 

followed by another 0.2 second air cooling. As the contact time and pressure for each 



98

segments differ the temperature before cooling varies, which requires different cooling 

rate to reach constant 150 °C with same cooling schedule at their best efforts. Optimized 

heat transfer coefficients for cooling are list in Table 3.2. 

The validity of this method is tested by comparing with the results from cooling 

simulation in Forge. The cooling rates are configured for each segment in this simulation 

and it covers the whole 1 second time frame including air cooling and coolant cooling. 

The temperature before cooling, the simulated cooling from Forge, and the predicted 

cooling from First-Cycle Thermal Balance method are compared in Fig. 3.8. 

Figure 3.8: Comparison of cooling process for Lower Die r = 0 m 

Two conclusions can be drawn from the comparison. First is that the 1-D heat conduction 

is a reasonable assumption for the flat curvature of this case. The predicted cooling from 

First-Cycle Thermal Balance is matching the results from cooling simulation in FEA. It is 

also seen that there is a discernable difference between temperature after cooling and the 
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projected temperature although the error is already minimized. This can be explained by 

the time delay effects. By fixed cooling time the starting temperature “wave” cannot be 

totally smoothed with a constant cooling rate.  

3.4 Water Spray Design 

Based on First-Cycle Thermal Balance method three topics will be discussed in this 

section: spray time effect, intermittent spray effect, and water sprays design. 

3.4.1 Spray Time and Forging Cycle 

One of top priorities to increase productivity is to reduce forging cycle time by shortening 

spray time. First-Cycle Thermal Balance method is used to study the impact of spray time 

on the temperature distribution in cooling process. With fixed pre- and post- spray time 

cooling rates with spray time of 0.1 s (Fig. 3.9), 0.25 s, 0.75 s (Fig. 3.10) are calculated 

and shown in Table 3.3 in addition to spray time at 0.5 s. 

Spray time (s) 0.1 0.25 0.5 0.75 

HTC (W/m2K) 50,000 42,200 16,121 10,976 

Err(h) 0.0021 7.86E-04 6.31E-4 5.47E-4 

Table 3.3: Optimized heat transfer coefficient of cooling for various spray time 
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Figure 3.9: Cooling process for Lower Die r = 0.0 m with 0.1s spray time 

Figure 3.10: Cooling process for Lower Die r = 0.0 m with 0.75s spray time 

It is noted that the required cooling rate increases with reduced spray time though the 

relation is not linear. When it is 0.1 s, the needed cooling rate reaches the upper bound at 
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50000 W/m2K and the surface temperature could not be cooled down to projected 150°C. 

On the other hand, the extended spray time will help flatten the final temperature 

distribution as shown in Fig. 3.11. It is clear that the spray time should be at some point 

between 0.1 and 0.75 s. If at a certain spray time and a maximum cooling rate the 

temperature after cooling shows no significant difference with extended spray, another 

effects should be considered such as the temperature changing rate. The quick 

temperature change induces thermal stress and reduces tool life. As shown in Fig. 3.12, 

the maximum or minimum temperature gradient with respect to time is raised with 

reducing spray time. So the spray selection should consider not only the capacity of 

coolant but also the effects on tool life. 

Figure 3.11: Temperature distribution after cooling for Lower Die r = 0.0 m for various 

spray time 
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Figure 3.12: Temperature changing rate for various spray time at Lower Die r = 0 m 

3.4.2 Intermittent Spray 

Intermittent sprays have been proved to avoid liquid film build-up and steam entrapment 

since dry spray provides higher cooling efficiency than film boiling. Additionally, the 

temperature distribution tends to “relax” in the gap between intense sprays. The curve 

smoothes out and the surface temperature tends to recover. As the heat transfer 

coefficient is dependent on contact surface temperature, it will maximize at a point, 

known as CHF (critical heat flux) of sprays. Thus intermittent sprays have the 

opportunity to utilize higher heat flux without increasing spray flux. The spray 

impingement of pulsed sprays on heated surfaces was studied by Panao et al. 

experimentally [140, 141]. In this part, three schemes will be investigated with First-

Cycle Thermal Balance method. Scheme A is the same cooling strategy in previous 

section. Scheme B is designed as 0.2 s pulse spray and scheme C is designed as 0.1 s 
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pulse spray (Fig. 3.13). The add-up sprays time for scheme A, B, C are 0.5s, 0.4, 0.3 

accordingly. 

Figure 3.13: Intermittent spray design 

The corresponding cooling rates are solved with one dimensional thermal balance. The 

cooling processes for scheme B and C at lower die r=0 m are present in Fig. 3.14 and 

3.15. 
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Figure 3.14: Cooling process for Lower Die r = 0.0 m with intermittent spray B 

Figure 3.15: Cooling process for Lower Die r = 0.0 m with intermittent spray C 

The optimum intermittent spray cooling rates are shown in Table 3.4. Although this 

model does not consider the temperature dependent cooling rate it is found that the 
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temperature difference decrease accompanies with increasing cooling rate. As the 

increasing cooling rate could be justified with dry-spray and higher heat flux, intermittent 

sprays are able to help smooth temperature “wave” in tool body without increasing the 

spray flux. The temperature distribution after cooling is shown in Fig. 3.16. 

Intermittent spray A B C 

HTC (W/m2K) 16,121 21,700 31,988 

Err(h) 6.31E-4 5.49E-4 4.00E-4 

Table 3.4: Optimized heat transfer coefficient of cooling for various intermittent spray 

schemes 

Figure 3.16: Temperature distribution after cooling for Lower Die r = 0.0 m with various 

intermittent sprays 
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However the pulsation of sprays is not only restricted by the spray equipment but also the 

temperature changing rate. In Fig. 3.17, it shows that scheme C produces the steepest 

temperature change and needs consideration for increase of tool life. 

Figure 3.17: Temperature changing rate after cooling for Lower Die r = 0.0 m with 

various intermittent sprays 

3.4.3 Water Spray Design 

When it comes to practical spray design, the major required information in addition to 

spray time is nozzle arrangements, spray pressure, and type of nozzles. The middle 

parameters such as spray flux, mean velocity, mean droplet size have been studied to link 

the spray control with heat transfer coefficient. The models of heat transfer coefficient as 

function of middle parameters have been summarized in Appendix A. By testing the 

nozzle setup and characterizing its spray structure the cooling rate design will support the 
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practical spray design. Thus a direct approach is provided in this part. The design 

procedure is shown in Fig. 3.18. 

Figure 3.18: Water sprays design approach 
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A simple model of heat transfer coefficient is taken for this approach. Bolle et al., [84] 

reports the relationship between heat transfer coefficient and water flux rate as: 

( ) ( )
0.556

'' 2423 /
r r

h M W m K=  (3.24) 

Mudawar et al. [142] assumes that volumetric flux is fairly uniform along any spherical 

surface centered at the spray orifice and confined by the spray angle. He proposed a 

theoretical model that projects the uniform flux of the spherical surface onto the flat 

surface. It follows that the volumetric flux is greatest at the center of the spray and decays 

radially toward the outer edge of the impact area. The spray flux structure is defined as 

( )'' '' 2

0 exp
r

M M cr=  (3.25) 

Where ''

0M  is the spray flux measured at the nozzle centerline and c is constants 

determined using the least squares curve fitting procedure. 

Taking the segmented cooling design in crown wheel case the results for upper die is 

shown in Table 3.5 based on a solid cone nozzle of spray angle at 60º and spray height at 

85mm.  

Spray radius r (mm) 0.00 20.00 36.00 44.00 51.70

Spray height d (mm) 85.00 85.00 85.00 80.00 73.30

Optimum HTC (W/m2K) 21,998.00 17,368.00 16,225.00 11,987.00 4,013.20

Mass flux M (kg/m2s) 1.22 0.80 0.71 0.39 0.05

Fitted mass flux (kg/m2s) 1.17 0.94 0.57 0.37 0.19

Fitted HTC 21,453.97 18,982.98 14,431.92 11,403.42 7,744.24

Table 3.5: Spray optimization for Upper Die (where c= -550.2, ''

0M =1.17 kg/m2s) 
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The heat transfer coefficients based on chosen nozzle and spray flux are compared with 

original optimized ones and shown in Fig. 3.19. The “real” thermal steady state regarding 

this spray design can be solved by applying the new cooling rate in FEA simulation. 

Radius mm

0 10 20 30 40 50 60

0

5000

10000

15000

20000

25000

Optimum HTC

Fitted Spray

Figure 3.19: Fitted spray vs. optimum heat transfer coefficient 

3.5 Thermal-Steady State Balance Method 

3.5.1 Temperature Evolution 

Three cooling settings: contact cooling at HTC = 10000 W/m2K, optimum cooling 

design from section 3, and fitted spray design from section 4 are imported into FEA 

simulation for thermal-steady state analysis. After around 100 forging cycles the 

temperature difference between cycles is minimized to 5 °C. The temperature distribution 
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results are illustrated in Fig. 3.20. Apparently the middle cooling design makes the best 

ranking in keeping tool temperature uniform and smooth. But it is not the constant 150 

°C across the whole tool as pre-assumed. One more forging cycle is simulated after 

thermal-steady state reached. Based on the results optimum cooling design is applied to 

show the new cooling process (Fig. 3.21-3.23). The temperature after forging is elevated 

more than 100 °C from the first forging cycle. The forging and cooling process seems to 

just affect the temperature at certain depth. It slightly smoothes the temperature of the 

rest zone below that depth but won’t change it in a full forging cycle. 

Figure 3.20: Thermal-steady state results from FEA simulation 
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Figure 3.21: Cooling process for Lower Die r = 0.0 m after thermal-steady state 

Figure 3.22: Cooling process for Lower Die r = 0.045 m after thermal-steady state 
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Figure 3.23: Cooling process for Upper Die r = 0.0 m after thermal-steady state 

Ideally it takes no more than one cycle to arrive at steady state with previous assumption. 

Having this will produce consistent part from cycle 2 and remove the warm-up scraps. 

However, the temperature error can be minimized but cannot be zero (Table 3.2-3.4). As 

cycles accumulate the little residual thermal difference will build up and gradually 

change the thermal distribution, which in turn will affect the forgings. Therefore the 

transient procedure still exists, and the final steady state differs from the ideal one which 

is uniform and constant. 

Since time moves forward, the coupled thermal effects are not reversible. Within the pre-

set cooling model of constant heat transfer coefficient and fixed spray time, the constant 

tool temperature solution is not necessary to prevent temperature evolution. In each 

single cycle from start to thermal-steady state formation there is a small shifting in the 

temperature distribution. The residual heat will force minimization of the difference in 
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the temperature distribution, which will finally balance the heat in and heat out in a full 

cycle.  

Figure 3.24: Surface temperature changes in first three cycles 

First three full forging cycles are simulated in FEA simulation and the temperature 

change at the contact surface are shown in Fig. 3.24. It seems that little has changed from 

cycle to cycle. But the facts is that the surface temperature directly reacts to the 

interfacial heating and cooling, and the delay of heat conduction has less effects on that. 

The residual heat in the tool should be brought out. It is the residual heat that drives the 

evolution of temperature profile away from pre-determined thermal balance. For forging 

process the residual heat is defined in 1-D model as:  

( ) ( )( )
0

, ,0
L

P f
U c u x t u x dxρ∆ = −∫  (3.26) 

The residual heat can be described in the same way for cooling process. But note it will 

have a negative value. The 1-D space is divided into 50 nodes and the thermal energy and 
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residual heat is integrated through these nodes. To make the comparison straight forward, 

the term 
p

cρ  is omitted and the heat is represent in unit of mmC° ⋅ . Table 3.6 cincludes 

a comparison of the residual heat in forging and cooling from cycle 1 to cycle 3, and the 

cycle just after thermal-steady state is formed. Take the segment at lower die r=0 mm as 

an example, in the schedule of optimum cooling, the heat loss in cooling does not 

eliminate the heat gain in forging, although the contact surface temperature is already 

lower than 150 °C. A significant heat remains in one cycle, which is approximately 15% 

of the heat gain in forging process. It keeps raising the body temperature of tool and 

eventually the thermal energy migrates from initial 5247 to 8679.2 mmC° ⋅  in thermal-

steady state. Under thermal-steady state it is found that the gap between heat gain and 

heat loss is closes denoting a true thermal balance have finally reached. 

 Lower r=0 mm Lower r=45 mm Upper r=0 mm 

Thermal 
Energy 

Residual 
Heat 

Thermal 
Energy 

Residual 
Heat 

Thermal 
Energy 

Residual 
Heat 

Initial 5247  8826.3  5249.6  

Cyc 1 After Forging 5460.5 213.5 8951.1 124.8 5482.8 233.2 

Cyc 1 After Cooling 5274.1 -186.4 8874.4 -76.7 5275.7 -207.1 

Cyc 2 After Forging 5491.4 217.3 9002.8 128.4 5509.4 233.7 

Cyc 2 After Cooling 5310.3 -181.1 8925.7 -77.1 5311.4 -198 

Cyc 3 After Forging 5521.4 211.1 9054.5 128.8 5549.7 238.3 

Cyc 3 After Cooling 5347.9 -173.5 8969.8 -84.7 5337.3 -212.4 

       

Initial Thermal Steady 8679.2  12093  8225  

Cyc 1 After Forging 
under Thermal Steady

8862.3 183.1 12186.5 93.5 8428 203 

Cyc 1 After Cooling 
under Thermal Steady

8684 -178.3 12082.5 -104 8212 -216 

Table 3.6: Residual heat of forging and cooling process 
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The First-Cycle Balance method is not able to address the temperature distribution in 

thermal-steady state because of the unrealistic target of uniform temperature distribution 

at the end. An improved model to optimize the cooling rate as well as accurately predict 

the thermal-steady state is needed for considering the accumulative transition effects.  

3.5.2 Thermal-Steady State Temperature Model 

The temperature profile in tool body will affect the heat transfer during forging and the 

steady state occurs when heat gain (in forging) and its loss (waiting and cooling) are 

balanced. This temperature profile in tool body depends on the initial tool temperature, 

and the cooling and the forging stages. So it is not recommended to arbitrarily designate a 

curve for thermal-steady state and try to find the cooling rate which could make it happen. 

But the temperature profile still follows specific targets. 

Firstly, the elevated body temperature of tool has a maximum value and this value should 

not change when steady state reaches. Secondly, the temperature gradually decreases 

when its distance to the contact surface increases. The cyclic change area is restricted to a 

sub-layer of contact surface, and this area is subjected to heavily changing temperature 

and consequently thermal stress. Having this information in modeling the temperature 

distribution under thermal-steady state can be characterized by: temperature at contact 

surface 
A

T , critical body temperature 
B

T , temperature at insulated side 
C

T , and the depth 

of sub-layer. 

The depth of area where the temperature changes is evaluated by the following equation: 
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2
cy

tδ α=  (3.27) 

Where a  is the thermal diffusivity of the tool material, and 
cy

t  is duration of one forging 

cycle. 

Based on above assumption the thermal-steady state temperature model is shown in Fig. 

3.25.  

Figure 3.25: Thermal-steady state temperature profile model 

This curve is further defined in two equations, linear in the sub-layer and elliptical in the 

rest area: 

  when 0u a bx x δ= + ≤ ≤  (3.28) 
and 

( ) ( )
2 2

 when c x L u d M x Lδ− + − = < ≤  (3.29) 

The unknowns can be solved by plugging in the pre-assigned boundary contidtions: 
A

T , 

B
T , 

C
T , and M. 
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The values of these temperatures depend on the initial temperature, the forging process, 

and the tool life analysis. 
B

T  is a value to restrict the maximum temperature in tool body 

and subject to the softening temperature of the material. 
A

T  influences the tool chilling if 

it is too low, and mostly, it should be less than but close to 
B

T . Although 
C

T  and M does 

not play too much role in affecting the forging quality and tool life a smooth temperature 

gradient is expected. 

3.5.3 Thermal-Steady State Balance Method 

The improved method is reported in this part and referred as Thermal-Steady State 

Balance (TSSB) method. When the temperature comes to a steady state condition it could 

be a multi-cycle balance or one-cycle balance by investigating the temperature profile in 

the first cycle after steady state (Fig. 3.26) it is assumed that the heat gain and heat loss 

balanced in a single cycle. 

Figure 3.26: Temperature distribution in thermal steady state 
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Since the temperature profile recovers in one cycle of forging and cooling, the heat 

exchange is balanced as 

( ) ( )( )1 2

1
0

0
0, 0

t t

t
q t dt h T u t dt+ − =∫ ∫�  (3.30) 

Where the first terms in left hand of Eq. (3.30) stands for the heating in forging process. 

Since the steady state is no longer an arbitrarily curve but a series of curves defined by 

above model it is not possible to test the forging process in FEA simulation. In order to 

evaluate the heat gain in the forging process under steady state an effective heating 

concept is assumed as follows. 

First step, finish the forging simulation based on tool preheat temperature. The 

temperature distribution before and after forging is extracted and put in the format of 

segmented 1-D problem. The residual heat is calculated and the equivalent heat flux and 

heating time must satisfy following relationships: 

forging
U q t∆ = ⋅ ∆  (3.31) 

The equivalent heat flux and heating time is placed in the algorithm of 1-D heat 

conduction in matching the temperature change and temperature after forging. By 

minimizing the residual heat difference between FEA results and effective heating, the 

heat flux and heating time are identified. Then both are used to approximate the forging 

process in thermal-steady state. 

Given a steady state temperature profile, the forging process is substituted by the 

effective heating. The second step is to find required cooling rate and steady state 
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temperature profile in minimizing the residual heat between start of the cycle and end of 

the cycle: 

( ) ( )( )
0

min , ,0
l

P cycle i

x

c u x t u x xρ
=

− ∆∑  (3.32) 

Where ( ),0u x  depends on the steady state model and ( ),
cycle

u x t  depends on effective 

heating and cooling rates to be identified. 

3.5.4 Case Study 

The Thermal-Steady State Balance method is studied for the finishing stage of crown 

wheel forging. The tool and workpiece meshing and the contact surface sensors are 

shown in Fig. 3.27.  

Figure 3.27: Meshing and temperature sensors for finishing stage 
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The first forging simulation is implemented in Forge 2005 and the temperature 

distribution is shown in Fig. 3.28. Based on extracted temperature data and Eq. (3.31) the 

equivalent heat flux and heating time is solved. A steady state model is formulated as: 

300 A
A

T
u T x

δ

−
= + ⋅  When x δ≤  (3.33) 

( ) ( ) ( )
2 2

8000,000 365x L u M− + − =  When x Lδ < ≤

Where 0.0054mδ = , L is the distance of the specific segment, M will be calculated by 

plugging in the control points. AT  is the only parameter left to be determined for 

optimization. Its value depends on the initial temperature and the heating cycle. 

Figure 3.28: Temperature distribution after first forging process 

The optimum cooling rates and thermal-steady state temperature distribution are solved 

using Thermal-Steady State Balance method. By simulating the chosen cooling rate the 

steady state from FEA simulation is shown in Fig. 3.29. 
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Figure 3.29: Temperature distribution in thermal steady state for forming stage 

The temperature distributions from TSSB (Thermal-Steady State Balance) method and 

FEA of four segments are compared in Fig. 3.30-3.33. Taking the FEA results as mark it 

is found that segments at the lower die r = 0 mm, and r = 14.4 mm, and at the upper die 

r=0 mm have very close matching between the results from TSSB and FEA, though 

TSSB slightly less predicts the temperature at segment at lower die r = 0 mm. The major 

concern comes from Fig. 3.32, where TSSB over predicts the heating process and 

provides a much higher temperature prediction than the results form FEA. Closer 

investigation also shows that the sub-layer depth from FEA is larger than that the model 

in TSSB provided. Fig. 3.28 shows that the point in lower die r = 15.9 bears longest 

heating time, and the equivalent heating flux is much larger than its neighbors. Assuming 

1-D conduction, a high cooling rate (46,027 W/m2K) is returned from the TSSB method 

to compensate for the heating. It is expected that the contact surface temperature has a big 

change before forging and after forging. However the corner effect is not negligible. The 
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temperature rising in forging process attributes to the heating from all the direction from 

top surface to side surface. So the over predicted heat flux results in over matched 

cooling rate and substantially lowers the temperature in sub-layer. The corner effect also 

changes the depth of sub-layer, which in turn shifts the rest of temperature curve to left. 

But FEA result still validates the maximum body temperature of this segment calculated 

by TSSB (
B

T  in Fig. 3.25). 

Figure 3.30: Comparison of temperature distribution in thermal steady state (Lower die r 

= 0 mm) 
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Figure 3.31: Comparison of temperature distribution in thermal steady state (Lower die r 

= 14.4 mm) 

Figure 3.32: Comparison of temperature distribution in thermal steady state (Lower die r 

= 15.9 mm) 
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Figure 3.33: Comparison of temperature distribution in thermal steady state (Upper die r 

= 0 mm) 

3.6 Summary 

The temperature evolves as the internal heat conduction and internal heat dissipation, and 

the boundary heat generation from friction competing with each other under the 

constraints defined on the boundary in terms of conduction, convection, radiation and in 

terms of initial temperature profile and surrounding temperature. The temperature 

evolution in die is simply associated with internal heat conduction and interfacial heat 

exchange during forging, cooling, and waiting stages. Heat transfer is modeled in this 

chapter to help predict thermal steady state temperature distribution and optimize cooling 
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rate. A two-stage crown wheel forging is introduced to this study to demonstrate the 

efficiency of different methods. 

First, First-Cycle Thermal Balance (FCTB) method is proposed by combining one 

dimensional heat conduction algorithm with FEA simulation in order to reach uniform 

temperature distribution. This efficient evaluation removes the needs of tens of iterations 

in selecting cooling rate. The effects of spray time and intermittent spray are studied, and 

proved to be effective only if the thermal stress is remained at low level. With the help of 

spray flux model and spray heat transfer model the cooling rate design could guide the 

water spray design. The approach is given and illustrated. 

Since the thermal steady state temperature could not maintain at an ideal uniform 

distribution, an improved Thermal-Steady State Balance (TSSB) method is presented. 

The method substitutes the forging process with an effective heating process in one 

dimensional heat conduction regime. With the evolution of temperature profile the heat 

exchange in forging and cooling processes is decreased or increased to balance each other 

in the value of residual heat.  

The computation time for the temperature field to reach a steady state is shortened by 

properly defined temperature model at steady state. The predicted thermal-steady state 

and cooling rates are examined by comparison to FEA results. Reasonable estimate is 

confirmed when one dimensional heat conduction assumption is valid, for example at the 

flat surface or the concave corner. When it comes to convex corner the heating must be 

considered in 2-D regime if the whole corner is subjected to intense heating or cooling. 

Maximum temperature in the tool body and the sub-layer are equally important to 
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evaluate tool life. This method only predicts tool body temperature. The radius of this 

corner must be included in the model for better approximation.  

In summary, this study reported on upfront design methods to quickly evaluate thermal 

steady state temperature distribution, and optimize the required cooling rate. This has 

importance to practical application in FEA simulation and spray design. 
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CHAPTER 4 

EXPERIMENTAL STUDY OF LUBRICANT SPRAYS 

4.1 Introduction 

Accurate modeling of the forging process prior to creating a tool design and its 

fabrication demands reliable knowledge of the interfacial heat transfer coefficient at the 

hot tool surface as a function of surface temperature, nozzle arrangement, and spray 

control parameters.  

The water spray models were examined in the optimum design of cooling rate and 

thermal-steady state prediction in Chapter 3. Although water spray cooling has been 

studied rather extensively there has been little prior work examining the cooling 

capabilities and film formation on lubricant sprays impacting a hot surface, especially the 

water based graphite lubricant sprays in hot forging. In order to evaluate the repeatedly 

discussed cooling heat transfer coefficient, experimental study of lubricant spray cooling 

is reported in this chapter. 

The heat transfer coefficients reported in literature vary in a wide range as shown in 

Table 4.1. This table indicates that heat transfer coefficient is dependent on the selectd 

“spray cooling system”. This system includes spray media, atomizer, hot body media, and 

all the control factors like pressure, flow rate, temperature etc. Oliphant et al. [3]  showed 
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that spray cooling demonstrated a strong dependence on mass flux, and proposed that 

droplet velocity also affects the heat transfer in the non-boiling regime. Pushmann et al. 

[143] found that atomized spray heat transfer is at the same level as water spray 

quenching with only a tenth of impingement density. The surface temperature has almost 

no influence on the heat transfer if surface temperature is higher than Leidenfrost 

temperature. If water impingement density is constant, heat transfer coefficient increases 

with increasing air pressure, which can be ascribed to the smaller and faster droplets. 

Ciofalo et al. [144] argued that heat transfer coefficient depends upon the mass flux and 

the droplet velocity, while the droplet size had a negligible independent influence. 

Authors 
Surface 
(Cooling) 

Heat flux 
(W/m2) 

Heat transfer 
coefficient 
(W/m2K) 

Mass flux 
(kg/m2s) 

Surface 
temperature 
(°C) 

Bolle [84] 
Plate 
(Spray) 

2-5 × 105 400-2,000 1-10 600-1,000 

Southwick 
[145] 

Strip 
(Spray/jet) 

105-3 × 106 500-5,000 2-20 700-900 

Morales 
[146] 

Plate 
(Spray) 

105-5 × 106 500-10,000 2-50 600-1200 

Roberts 
[147] 

Roll (Spray) 
3 × 106-2 × 
107 

5,000-
100,000 

30-140 75-500 

Zumbrunnen 
[148] 

Plate (Slot 
jet) 

5 × 106 -107 
40,000-
70,000 

130 644 

Chen [149] 
Plate 
(Round jet) 

106-107 
10,000-
200,000 

388 240 

Table 4.1: Thermal performance of water spray as reported in literature 

The lubricant spray test in chapter is carried on a hot plate in the temperature range 100 

°C - 300°C. Temperature was measured at various spray heights, liquid pressures, and 
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dilution ratios. The effects of surface temperature, spray height, spray flux, and lubricant 

pressure on the interfacial heat transfer coefficient at early transient cooling was the focus 

of this study. 

4.2 Hot Plate Experiment with Lubricant Sprays 

4.2.1 Transient Experiments 

Experimental techniques used for heat measurements can be classified in two categories: 

transient and steady-state methods as follows. 

In the steady state method, heat transfer rates are derived from a thermal balance between 

the heat input into the testing sample and the heat loss to the spray. Measurements are 

conducted over times which are large compared to the time constants of the heat 

conduction into the body. The application of steady state techniques is severely limited 

by the maximum attainable power densities. Moreover, in power-controlled system it is 

practically impossible to maintain steady state condition in the unstable region of the heat 

transfer such as film boiling and spray cooling. The electrical control system could also 

introduce noise in the sensitive thermocouple measurements. Because of these limitations, 

steady state methods have usually been confined to investigations involving low cooling 

rates. 

In transient method, the plate is typically heated to a uniform high temperature and then 

rapidly cooled by the spray while the temperatures at one or more locations within the 

sample are recorded by fast response thermocouples. The surface heat flux and 

temperature can be calculated from the raw experimental data by various methods usually 
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involving smoothing and solving an inverse heat conduction problem. Transient 

experiment is the only viable one when large heat transfer rates are involved and thus 

have been most commonly employed in full scale spray cooling study.  

It is assumed that despite the time dependent conditions of the measurements the relation 

between wall temperature and wall heat transfer rates is the same that would be observed 

under steady state conditions (pseudo-steady state). This is justified by the fact that the 

time constants characterizing the impact spreading and vaporization of an individual 

droplet are usually much smaller than the time constants of the overall cooling transient, 

which is in the scale of centisecond or few seconds. The heated volume is so large that it 

is reasonable to solve it as a 1-D heat conduction problem. 

4.2.2 Atomizer 

When spray experiments are set up, the nozzle/atomizer is the center of the system which 

defines: spray shape – full cone, hollow cone, flat, etc., spray structure – droplet size, 

velocity, and distribution, spray impact – metering volume flux, impact frequency and 

force, cycling intervals, and coverage. 

Generally, the cooling by atomized water droplets is classified into two main groups 

according to the style of nozzle/atomizer. One is spray cooling in which pressurized 

water is atomized by its own pressure at a nozzle, and the other is air assisted cooling 

which utilizes compressed air to effect atomization. Air assisted nozzles are the most 

widely used group for producing finely atomized sprays in a wide range of capacities. 

Atomized sprays are generated by the presence of a co-existent high-pressure gas stream 

that breaks up the liquid into “atomized” droplets. Air assisted cooling has its advantage 
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in getting uniform and finer cooling with less liquid consumption. But control systems for 

air mist cooling are more complex than those of hydraulic systems and operational costs 

also are higher. 

Figure 4.1: Mechanism of Dag Lubrimate 038I Metering Nozzle [150] 

Dag Lubrimate 038I metering nozzle by Acheson is used for this experiment. This nozzle 

can deliver uniformly atomized lubricants with rates from 0.002 through 2.5 gpm. Figure 

4.1 shows the design of this nozzle. Pressure control is operated through a timed solenoid 

valve which lifts the plunger from its seat until it reaches the topside of the adjustment 

screw. This allows pressurized lubricant to enter the nozzle passages, be injected into the 

flowing stream of blow air and become instantly and uniformly atomized inside the 

confines of the nozzle. The stroke of the plunger is controlled by the position of the 

adjustment screw. The atomized liquid is plumbed through suitable conduits and nozzle 

tips to impact the hot surface. With internal mix nozzles the two fluids interact and the 

pressure of air affects the flow characteristic of the lubricant. Also the downstream plumb 
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and nozzle tip will enhance the breakup of lubricant droplet. A solid cone nozzle tip from 

Spraying Systems Co. TX12 ConeJet is chosen. Figure 4.2 shows the Acheson spray 

system and Fig. 4.3 shows the nozzle tip connected to the nozzle. 

      

Figure 4.2: Acheson spray system 

Figure 4.3: Nozzle tip 
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4.2.3 Thermocouple and Data Acquisition 

In order to determine the heat transfer coefficient at the hot plate surface, it is necessary 

to know the heat flux and the surface temperature of the surface. However, it is not 

feasible to experimentally measure directly the surface temperatures during spray cooling. 

It is a common practice, though, that thermocouples be placed as close to the surface as 

possible so that the surface temperature could be later determined, using the algorithm of 

Inverse Heat Conduction Problem (IHCP). Some researchers used least square method to 

approach the heat transfer coefficient by simulating the heat transfer process in FEA. 

However, the disadvantage of this is that the temperature dependent or time dependent 

heat transfer coefficient must be assumed in a piece-wise linear fashion with few 

unknowns. 

To minimize the intrusion from thermocouples, only one temperature is measured at each 

location, the temperature measurement should be very close to the impact surface 

because of fast temperature change from boiling, short measurement time, and the delay 

from the thermocouple response time. Since the IHCP is ill-posed problem a little 

deviation from transient temperature measurement will totally change the calculated heat 

transfer coefficient. Thus the direct accuracy from measurements is very important. The 

similar surface temperature measurement approaches have been taken by Tercelj et al., 

[23] and Turk et al., [125].  

Thermocouple response is a function of medium of solid body, wire diameter, alloy type 

and temperature level. It is approximately 0.05 second for wire size of 0.025 mm 

thermocouple to reach 63.2% of an instantaneous temperature change when it is 

exposured between 38°C and 427°C still air. K calibration SUPER OMEGACLAD XL 
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thermocouples with 0.134 mm wire diameter are used in this experiment. It has 0.4% 

limit error when temperature is below 640 °C. This thermocouple is sheathed in Nickel-

Chrome based Super OMEGACLAD sheathing, which provides excellent oxidation 

resistance and has long term thermal stability up to temperature 1335 °C. The mounting 

of this thermocouple is shown in Fig. 4.4. 

Figure 4.4: Thermocouple mounting 

The sheath diameter of the thermocouples is 0.75 mm. holes of 0.8 mm diameter are 

drilled to accommodate the thermocouples. The thermocouple is welded to the center of a 

0.5 mm thick and 8 mm diameter round chip (material H13) with fine wire welder. The 

small round chip or button exactly fits into the small depth of top surface of hot plate. 

The chip is fixed to the plate with a high-temperature thermal past Aremco-Bond 598a, 

which is a nickel based high temperature thermal conductive paste. Its thermal 

conductivity is close to that of steel. Fifteen measure locations are spatially distributed 

from the center of hot plate, which is of 20” diameter and 2” thick made from thermal-

shock resisting hotwork die steel H13 (Fig. 4.5). The large size of this plate performs like 

a huge heat pool and support the assumption of one dimensional heat conduction. The top 
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surface is ground to surface finish typical of dies. At the bottom of the chip thermal 

sealant is used to fill the bottom of drilled holes. 

  

Figure 4.5: Thermocouple locations 

Since the embedded thermocouple relies on the conduction heat transfer process to 

indirectly measure highly transient surface temperature and heat flux, the quality of 

welding bead and the mounting is of great importance to reduce the distortion from the 

drilling hole, thermocouple, and thermal paste to the temperature field and keep integrity 

of the heat source. The smaller welding bead can reduce thermal resistance of the contact 

point and provide “point of contact” temperature. The presence of the thermocouple holes 

usually causes the measured heat flux to be slightly higher than the true flux. 

National Instrument SCXI-1100 is the temperature acquisition system used for transient 

temperature recording with Labview. Shielded extending thermocouple cable is used to 

connect the board with thermocouples. 
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4.2.4 Experiment Setup 

The heating system is a 7100 Watt ceramic heater plate with 18” by 18” effective heating 

area. It is able to radiatively heat the whole steel plate to 300°C in less than 5 hours. The 

heater plate is set on top of hot plate with less than 1” gap. When all the measured surface 

temperatures reach 50 °C higher than intended ones the heater plate will be removed from 

the top by sliding it on the guiding frame as show in Fig. 4.6. The benefit of radiant 

heater relies on its high wattage and less high frequency interference with the data 

acquisition system. Moreover it provides more uniform temperature in the body of the 

plate. When the temperature settles or around 10 minutes, and the temperature difference 

at the top and the bottom of the plate is less than 5 °C, the sprays test starts. 

Figure 4.6: Radiant heating design 

Lubricant spray experiment is conducted using a single nozzle spraying onto the flat 

surface. Thermocouples are installed 0.5 mm below the surface. Droplet size, density, 
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velocity, each of these three contributes to the measure of flow flux density. Varying 

nozzle-to-plate distance varies the mass flux density distribution on the plate. Or 

specifically here, the variation of the mass flux distribution comes from the variation of 

droplet density. 

Parameter Test conditions 

Lubricant Deltaforge F-31 

Dilution of lubricant in water 
(volume) 

1:20 

Lubricant temperature (°C) 28 

Distance to hot plate surface (mm) 356, 432, 508 mm

Lubricant pressure 45, 60, 70 psi 

Temperature recording location 
(from plate center) 

P1=0.0, P2=38.1, P3=63.5 
and P4= 88.9 mm 

Hot plate starting temperature (°C) 100-350 

Spray and measurement time (s) 3 

Table 4.2: Lubricant spray cooling test conditions 

The position of nozzle tips is mounted to a gantry and controlled by programmable index 

motor for spray height and location adjustment. The water based graphite lubricant 

Deltaforge F-31 by Acheson is used and diluted at volume ratio of 1:20 with water. At 

the beginning of each test the lubricant tank is cleaned. The lubricant and water are fully 

mixed and held for more than 10 minutes before spray. After each spray and 

measurement, the lubricant film on the top surface of hot plate is cleaned by high velocity 

water jet and physical scrubbing. The complete spray system and test stand are shown in 

Fig. 4.7 left. Fig. 4.7 right illustrates the lubricant sprays. In this specific one droplets jet 
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away from the impingement center and vapor film and liquid film form on top of the 

plate because of low heat flux and delayed evaporation at temperature higher than 

Leidenfrost point.  Table 4.2 lists the test conditions for this experiment. 

    

Figure 4.7: Test stand and lubricant spray system 

4.3 Determine Interfacial Heat Transfer Coefficient

4.3.1 Processing of Transient Temperature 

The temperature is recorded at 200 Hz. The uncertainty of temperature measurement 

comes from uncertainty of welding bead size control. The high velocity impingement and 

surrounding electrical appliances will also introduce noise to the sensitive temperature 
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measurement. A sample of measurement is shown in Fig. 4.8. Since the solution of IHCP 

involves differentiation of temperature history the raw curve has to be smoothed. The 

treatment of transient temperature has been discussed by Taler [111]. 

The effect of the inaccuracies in the measurement of the interior temperature was 

eliminated by digital filtering of the raw temperature data. As shown in Fig. 4.9 the 

temperature curve remains the wave shape after removing the noise data. It represents the 

frequency of droplet impingement and its effects on the surface cooling. Cubic spline 

smoothing is further applied on top of the temperature data after digital filtering since 

spline model forms the basic function which produces continuous first and second 

derivatives. This smoothing is based on a least-square method to select the control 

parameter for cubic spline, which is 0.995 for the curve shown in Fig. 4.9 

Figure 4.8: Temperature history from thermocouple measurements 
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Figure 4.9: Temperature history smoothed by digital filtering and cubic spline smoothing 

4.3.2 Inverse Heat Conduction Problem 

The inverse heat conduction technique has been widely used to convert interior 

temperature measurements to the desired boundary information [18]. In the ordinary 

direct heat conduction problem, either temperature or heat transfer conditions are 

prescribed on the surface of the body, or a solution at the interior points of the body is 

desired. In another scenario, when several temperature measurements available along the 

heat transfer direction it is straightforward to determine the interfacial heat transfer. In 

contrast, the inverse heat conduction problem seeks to determine the surface temperature 

or heat flux based on temperature history at interior points.  Difficulties arise in the 

solution of the inverse heat conduction problem as a consequence of the diminished and 

delayed thermal response in the interior of a body. Errors associated with the use of 
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truncated temperature data at an exterior point are numerically amplified during the 

determination of the time varying thermal conditions at the surface.  

Given an accurate temperature history of the plate at a selected point beneath the cooling 

surface the time varying dependent heat transfer coefficient is calculated as one 

dimensional problem because calibration shows that the radial heat overflow is negligible 

in such a short time. The interfacial heat transfer is defined by Newton’s law of cooling 

( )w lq h T T= −  (4.1) 
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IHTC describes overall heat transfer including phase change, convection and radiation. It 

is assumed that temperature at the bottom side of hot plate is insulated. The heat 

conduction inside the plate body can be mathematically described by the following 

governing equation, initial condition, and boundary condition. 
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The heat transfer coefficient at the boundary z = 0 is to be determined. The thermal 

conductivity of substrate is assumed to be independent of temperature.  

The most common industry practice is to assume interfacial heat transfer coefficient 

(IHTC) values that are constant during the spray cooling. The phase change and the 

temperature dependent boiling process make the inverse heat conduction problem time 
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dependent. The developed code for IHCP is based on method introduced by 

Chantasiriwan [151]. This method uses the sequential function specification method with 

the linear basis function and the assumption of linearly varying future boundary 

temperature components. The 3 seconds temperature data is able to provide interfacial 

heat transfer in the first 2 seconds. The results for the measured temperature history in 

Fig. 4.9 is shown in Fig. 4.10 

Figure 4.10: Calculated HTC and surface temperature from IHCP 

4.4 Results and Discussion 

The flow flux is the dominant parameter affecting heat transfer. It changes with lubricant 

pressure and is shown in Fig. 4.11.  
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Figure 4.11: Flow flux vs. lubricant pressure 

It is found the nozzle produces best atomized and uniform distributed sprays for the 

lubricant pressure between 60 psi. When the lubricant pressure set outside its range air 

pressure must be adjusted to accommodate the change in order to assure consistent spray 

because of the internal atomization. This makes the variation range to produce well 

atomized sprays very limited. While outer atomization enables independent adjustment of 

the air and liquid flow, which means the capacity, drop size and spray pattern can be fine-

tuned for precise coverage. 

The flow flux density is measured in the configuration of spray patternator as show in Fig. 

4.12. The lubricant amount of each location is measured for a 60 s spray period. 

Distribution of the volume flow flux density with spray height 356 mm is illustrated in 

Fig. 4.13. At pressure 75 psi the distribution is in a shape of skewed bell, while the 

distribution at pressure 60 psi provides the best coverage. 
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Figure 4.12: Measure flow flux density 

Figure 4.13: Distribution of the volume flow flux density, spray height 356 mm  

PosiPen from DeFelsko has been used to assess lubricant film thickness at the top of the 

surface. The measurements vary from 10 to 50 micron. The best uniform film is observed 

when lubricant droplets are well atomized and the temperature is below 300°C. It shows 
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that increasing spray height or higher impinging velocity of sprays result in jetting and in 

turn has less film formation.  

Selected results from these experiments including the influences of measurement 

locations, starting surface temperatures, lubricant pressures, and spray heights are 

included in Figure 4.14-4.17. 

Figure 4.14: Transient surface temperature and HTC at different location: lubricant 60 psi, 

height 356 mm  
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Figure 4.15: Transient surface temperature and HTC at different starting temperature: 

lubricant 60 psi, height 356 mm, location P0 
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Figure 4.16: Transient surface temperature and HTC at different lubricant pressure: 

height 356 mm, location P0 
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Figure 4.17: Transient surface temperature and HTC at different spray height: lubricant 

45 psi, location P1 

The specific HTC relates to the measurement location, lubricant pressure, starting 

temperature, and spray height. These figures provide the description of cooling capacity 

at very early cooling (in first 1 or 2 seconds) which is the scenario in sprays cooling of 

forging process. In hot forging, with known surface temperature after forging stage and 
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the spray time appropriate heat transfer coefficient can be chosen by defining the spray 

control parameters. 

The results of this experiment are noteworthy in several aspects: 

� The instant heat transfer coefficient peak happens after spray starts (0.5s to 1.0s), 

reaches as high as 80,000 W/m2K and gradually drops to about 20,000 W/m2K for 

the locations closest to the center of the spray. The reason is that it takes time to 

build up hydrodynamic equilibrium for the surface area of hot plate. The heat 

transfer increases as sprays come into full contact with surface. Before the 

equilibrium the early sprays extract large volume of heat before the heat from 

deep inside spreads and compensates for the loss at the surface. When the 

temperature curves flatten out, the equilibrium state is reached. The time to 

equilibrium state depends on the surface temperature, spray flux, and heat 

conductivity of the plate. Also it is observed that the thermodynamics of droplets 

play a significant role in the early stage, especially before the liquid film 

formation or vapor film stabilization. Droplets bouncing off or jetting away from 

the surface or splashing into smaller secondary droplets will affect the cooling and 

hence the time to reach maximum heat transfer coefficient. 

� General rules have been seen: measurement locations at the center with maximum 

flow flux density and impact velocity have the highest cooling rate (Fig 4.14). 

Figure 4.15 implies that the dynamic CHF temperature for this graphite lubricant 

at 1:20 ratio is close to 300 °C, which is about 100 °C higher than water. Also 

since the starting of boiling process lags behind heat convection and the vapor 

film formed at high contact temperature restricts heat transfer, tests starting at 250 
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°C and 170 °C take shorter time to reach maximum HTC than those at 300 °C or 

above. 

� Figure 4.16 illustrates the droplet size and distribution effects on maximum HTC. 

Large droplet spray has less total surface contact with plate, in another word, the 

average wetting area though time is less. 

� The impinging velocity also affects the time to reach maximum HTC, which can 

be seen from Fig. 4.17. However its impact on maximum HTC is little. 

Generally the strategy of spray quenching of castings or heat treatment is to take 

advantage of CHF point and maintain the surface temperature at CHF to ensure 

maximum heat extracted. However at the short spray times or early transient cooling 

stage to it is important to have full sprays reach the surface with the higher heat transfer 

coefficient. The initial temperature and temperature after cooling are more or less 

dependent on the full forging process and tool life consideration. It is also noted that 

strong local cooling imposes strong thermal gradients, probably cyclic, and this induces 

high thermal stresses in the surface layer of the plate, which is undesirable. Tool heat 

conductivity largely determines the time to smooth the thermal gradients. So uniform and 

consistent cooling is preferred over excessive cooling. 

4.5 Summary 

This study provides a feasible approach to identify heat transfer coefficient in spray 

cooling. The relationships between pressure, volume flux, and initial temperature with 

heat transfer coefficient are discussed. However the results of heat transfer coefficient 
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have limited usage because they are constrained by the specific atomizer, temperature, 

and material of liquid and hot plate. When pressure, volume flux and atomization is 

changed, spray pattern is affected. Also the fixed nozzle is designed to work under very 

limited lubricant and air pressure range to atomize lubricant. This depends on the 

properties of the diluted lubricant mixture. When beyond this range, deterioration of 

atomization occurs. This is seen from the large variation in calculated heat transfer 

coefficient. So the systematical design and optimization of the conventional sprays 

application is restricted. It is recommended that further lubricants spray study should be 

based on droplet behavior and spray pattern for the process modeling. In order to provide 

better coverage while delivering finely atomized and uniformly distributed lubricant and 

reduce water and air consumption, an approach is to separate lubrication from cooling 

and by designing a two-step spray to address the dual objectives. 
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CHAPTER 5 

MODELING OF LUBRICANT DROPLET IMPINGEMENT 

AND EVAPORATION 

5.1 Introduction 

Advanced lubricant spray techniques provide enhanced lubrication and tool cooling 

demanded by today's critical metal forming industry, especially the progressive hot 

forging process. Properly applied lubricant film extends the tool life and results in less 

downtime, reduced scrap rates, and increased productivity. It is desirable to have uniform 

lubricant film with minimum thickness satisfying both metal movement and anti-

soldering, as over-spray evokes issues including die corrosion, cleaning, lubricant waste, 

and airborne pollution. 

5.1.1 Single Droplet Model 

When forging lubricant is being sprayed on hot die surface droplets either spread, 

bounce-off, or breakup. They finally stick to surface and dry-off along with liquid 

evaporation and surface cooling. A small portion of lubricant particles are released to 

environment. The droplet impingement thermodynamics, the substrate and liquid thermal 

behavior, the heat transfer and mass diffusion phenomena govern the transient droplet 

evaporation and solid film formation. These constitute the main themes of studies 
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conducted in this field. Though, few studies have concurrently addressed the 

impingement of lubricant droplet, or a suspension, and its evaporation and dry-off on hot 

surface. 

As reviewed in Chapter 1 with a number of studies in isolated aspects of droplet 

impingement and evaporation the consideration of both suspension droplet spreading and 

film formation has yet to be reported either experimentally or theoretically by researchers. 

The effects of added solids on spreading factor and heat transfer coefficient, as well as 

the dry-off time are critical to model the lubricant film formation. In a typical spray 

impingement situation that consists of thousands of droplets colliding on a hot surface, it 

is extremely computation expensive both in time and memory to work out the details 

concerning each individual impact in numerical simulations, i.e. treating each droplet 

impact in a corresponding VOF (Volume of Fluid) scheme. Also it is not necessary or not 

of significance to simulate the droplets at that level of resolution when concern is about 

spray in macroscopic view. A simple model which can represent individual droplet 

impact and dry-off, and implemented in statistical model is suggested. Instead of the 

tradition lubricant application mode “spray without care”, carefully designed and 

optimized lubricant film, which means desired film thickness and die surface temperature 

profile as well as lubricating time, can be achieved to improve forging quality. 

5.1.2 Two-step Spray 

Forging lubricant fluid, with recommended dilution of 1:20 to 1:40 for graphite lubricant 

and 1:10 for synthetic lubricant, is sprayed on the die surface to remove extra heat, 

reduce surface temperature, and form a solid lubricant film. One of the difficulties in 
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understanding spray cooling heat transfer is the complicated behavior of droplets such as 

deformation, spreading, bouncing and coalescence. In addition, droplets supplied from a 

spray have variation in diameter, velocity, and number density when impinging on hot 

surface. Dealing with the multi-purpose optimization process trade-offs have to be made 

in deciding the proper dilution ratio, spray mass flux, and spray time. In boiling heat 

transfer, it is usually desirable to transfer the largest possible heat flux with the smallest 

possible temperature difference between the heated surface and the boiling liquid, and to 

maximize the critical heat flux. For temperature above Leidenfrost point, droplet could 

contact and wet the hot surface but it is inefficient in film formation due to film boiling 

and steam formation. It is reported by Iwama and Morimoto [16] that the range of initial 

die temperature which provides the appropriate lubrication adhesion layer thickness is 

between 200 ºC and 300 º for conventional spray.  

Last chapter investigates the heat transfer and film formation with conventional spray 

technology. The limitation of this approach is apparent in satisfying both these 

requirements. With the development of precision and progressive forging the controversy 

between thermal and tribological objectives has trigged innovations in the lubricant spray 

technology. Advanced technology with two separate sprays for water and lubricant has 

been introduced by lubricant companies to exploit each benefit with acceptable efficiency.  

When the problem is bifurcated into two stages of cooling and film formation, the goal of 

tribological design is lubricant film thickness, film growth rate, and dry-off time. When 

the coolant cools and neutralizes the temperature gradient in forging die the maximum 

heat removal efficiency will be achieved at CHF (critical heat flux) point by phase 

transfer. The lubricant adhesion layer can be created in the shortest time by making the 
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lubricant spray droplet small and mass flux large as well as higher dilution ratio, when 

die surface temperature further cools to prevent film boiling. So volumetric dilution ratio 

of 1:1 and 1:5 and die surface temperature range of 120 ºC to 200 ºC after cooling is 

considered optimal using this approach. Dynamic processes occurring during the impact 

of droplets on hot walls influence the heat transfer from the wall into the liquid and, 

hence, the total evaporation time of the liquid. A comprehensive understanding of these 

processes is important for lubricant film formation modeling. In this dissertation droplets 

impact and spread under Leidenfrost point, without disintegration and bouncing off, are 

considered. Thus the droplet will contact and wet the substrate and stay upon it till dry-

off. It covers the phenomenological range of nucleate boiling and partly transition boiling. 

Many studies have been carried on the collision and deformation processes of a water 

droplet impinging on a hot plate surface. The water cooling will be addressed in Chapter 

6. In current chapter the thermodynamics of lubricant droplet impingement and lubricant 

film formation are presented and discussed based on lubricant comparison: graphite 

lubricant and synthetic lubricant. The main goals of this study are: (1) to investigate 

experimentally the phenomena of single droplet impingement and boiling; (2) to measure 

the change in the solid surface temperature during evaporation; (3) to model the droplet 

spread and lubricant film formation; and (4) to examine the possibility of improving 

lubricant film formation mechanism. The characteristics of lubricant droplets including 

the components in typical forging lubricants, particle size in lubricant suspension, spray 

droplet size etc. are presented in section 2. An experiment of lubricant droplet 

impingement is introduced in section 3, and followed by discussion and comparison of 

the results. The existing spreading model is brought to define the lubricant spreading and 
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compared with experimental results in section 4. Section 5 focuses on lubricant droplets 

evaporation and the dry-out process. Maximum heat transfer coefficient and dry-off time 

are compared for graphite and synthetic lubricants. A two-stage evaporation model for 

the heat transfer and mass diffusion of lubricant film is presented in section 6. Droplet 

spreading, lubricant film thickness, equivalent heat transfer coefficient, and time to dry-

off are correlated in this empirical model. Lastly section 7 concludes this chapter. 

5.2 Lubricant Droplet Impingement on Hot Surface 

The high-temperature forging lubricant which comprises graphite, additives, and a 

dispersing agent is applied in the form of an aqueous solution which includes solid 

lubricant particles. A typical content of forging lubricant from a supplier is shown in 

Table 5.1. The additives serve as surfactant, binder, and film stabilizer in the colloidal 

suspension. There are also graphite-free lubricants applied in metal forming of which 

synthetic lubricant and glass lubricant are most known for clean operation.  

Substance designation Weight(%)

Sodium carboxymethylcellulose (CMC) 0.77 

Aqueous graphite suspension 36.60 

Sodium molybdate 5.00 

Sodium pentaborate 3.18 

Sodium bicarbonate 4.83 

Ethylene glycol 9.02 

Water 38.60 

Table 5.1: Water-based graphite forging lubricant (Non-diluted) [152] 
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Droplet impingement is a complex event. On impact droplet’s momentum is converted to 

radial flow. When the droplet expands to its maximum diameter, most of its kinetic 

energy is transferred into deforming it into a shape of truncate sphere. The physical 

parameters that determine if the droplet will stick to the surface or rebound are inertial 

and viscous forces and surface tension that act as the droplet impacts and begins to 

expand. The inertial forces resulting from the kinetic energy of the droplet are determined 

by the droplet's size, density, and velocity. Meanwhile, the fluid viscosity of the droplet 

governs the viscous dissipation, and the surface tension establishes the energy that is 

required to deform the droplet. The droplet further can splash depending on both the 

impact energy of the droplet and the temperature of the surface [58]. When Weber 

number We of water droplet is larger than 80, the droplet may shatter during the 

deformation process [153], whereas for low We the droplet may stick and spread and 

ultimately reside on the surface, as shown in Fig. 5.1. 

Figure 5.1: Schematic of droplet impingement and spreading 
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Previous studies have used a variety of fluids for studies, e.g. n-Heptane by Chandra and 

Avedisian [58], and water, Acetone and n-Heptane by Naber and Farrell [71]. The result 

of these studies indicates that the deformation dynamics and the heat transfer 

phenomenon are essentially the same as far as the different boiling regimes and 

characteristics are involved. The presence of lubricant solid particle alters the behavior of 

the carrier liquid remarkably. Here, the lubricant suspension is treated as pure liquid with 

equivalent physical properties including viscosity and surface tension which define the 

dimensionless number We and Re. 

Akao et al. [154] have showed that the spreading of the droplet over the surface is 

basically independent of thermal effects since the maximum diameter correlates well with 

the initial kinetic energy of the falling droplet. Chandra and Avedisian [58] have been 

able to capture clear images of n-heptane droplets, and to demonstrate droplet 

deformation in the nucleate and the transition boiling regime. Their studies indicate that 

the spreading ratio of the droplet is independent of the surface temperature during the 

early stages of impact. Healy et al. [155] doubt it and believe that the temperature rise in 

the fluid during spreading may cause changes in properties that lead to a significant 

increase in the spreading ratio. They found nearly 10% increase in the spreading ratio for 

a droplet impacting onto a high conductivity surface through numerical investigation. As 

the droplet is forced to spread rapidly to a maximum diameter on steel surface, which has 

medium heat conductivity, the mass loss and heat transfer is negligible and the 

deformation is practically independent of substrate temperature just in the first few 
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milliseconds after it hits the surface. Consequently the mass loss during spreading is 

negligible.  

The least required graphite film thickness for forging applications is about 8 - 12 µm [16]. 

To grow this dry lubricant film, the process can be split into droplet impingement and 

liquid film evaporation. The time required for the circular water film to reach the 

maximum spreading diameter from the moment of collision with a hot surface is 

normalized as [78] 

0.46max
spr 0.27 We

T

d v
τ = =  (5.1) 

A comparison of the time scales of droplet spreading to the time scales of the associated 

heat transport processes shows that the former scales are markedly smaller [101]. It 

appears that the droplet spreading occurs, to a stable extent isothermally, first, and the 

heat transfer follows. 

The droplet diameters in lubricant spray are believed to range from 50 µm to 500 µm. 

The volume of particles affect the droplet properties and so does the particles size. The 

particle size distribution can be seen in Fig. 5.2 which is from a commonly used graphite 

lubricant. Table 2 shows the number of particles per spray droplets and compares the 

liquid film thickness with dried lubricant film at different dilution ratio. A simplification 

can be made that the liquid lubricant droplet is a homogeneously mixed fluid with solid 

particles fully dispersed in water, which means a single phase fluid.  
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Figure 5.2: Graphite lubricant particle size distribution (Courtesy of Acheson Colloids 

Co.)  

Dilution ratio in 
volume 
(Lube/water) 

Droplet diameter 
100 µm 

Droplet diameter 
50 µm 

Film thickness 
100 µm (liquid) 

1:1 ~176000 particles ~22000 particles 18.4 µm (dried) 

1:5 ~59000 particles ~7300 particles 6.1 µm (dried) 

Table 5.2: Graphite particles in one droplet and liquid film 
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5.3 Lubricant Droplet Experiment 

Figure 5.3: Schema of lubricant droplet experiment set up 

Pederson [66] reported droplet deformation and break-up behavior for a droplet as small 

as 200 µm in diameter does not appear significantly different from that for large droplets. 

Dimensionless method is used in his experiment. Hence, large droplets can be used in 

experiments. Figure 5.3 shows the schema of experimental setup. The syringe or droplet 

generator provides droplets having diameter around 3 mm. The droplet impacts the hot 

surface with certain velocity which is determined by the height of syringe tip from hot 

surface. The actual droplet size is assessed from Eq. (5.2). 

1 3
6

tip

l

d
d

g

σ

ρ

 
=  
 

 (5.2) 
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The flat H-13 steel surface was finished to a roughness of Ra 1.25µm and heated by a 

500W insulated band heater. The output of band heater is adjusted by a temperature 

controller. Temperature during droplet impact is measured by a fast response sheathed 

0.5 mm thick chromel–alumel (K-type) thermocouple (response time ≤ 2ms) embedded 1 

mm beneath the surface. The voltage signals of thermocouple isrecorded by a data 

acquisition system and converted to temperature in Labview. This transient measurement 

approach is adopted because of its simplicity as compared to steady state methods. Two 

commercial lubricants are mixed with water at dilution ratios of 1:1 and 1:5 respectively. 

One is water based graphite lubricant Acheson Deltaforge F-31 (G) containing water, fine 

graphite with high-temperature binder. Another is water based synthetic lubricant Dylon 

Fw-2343 Synthetic lubricant (S) containing water, Biocide, and mixed Alkali soap. The 

viscosity measurements of four solutions are shown in Fig. 5.4. As the water content 

decreases the lubricant mixture behaves as non-Newtonian fluid. Assume that the droplet 

is initially spherical and the Weber number is sufficiently low to ensure that the droplet 

remains intact upon impact, the calculated We and Re are listed in Table 5.3. 

 v = 0.7 m/s v = 1.2 m/s 

 We Re We Re 

Graphite lubricant (1:1) 38.9 182 117 315 

Graphite lubricant (1:5) 32.9 676 98.7 1170 

Synthetic lubricant (1:1) 46.0 17.9 138 31.0 

Synthetic lubricant (1:5) 40.9 339 123 587 

Table 5.3: We and Re of lubricant droplet 
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Figure 5.4: Viscosity measurements of two lubricants: graphite (G) and synthetic (S) 

The temperature changes of die surface during impact starting from initial temperature of 

120 °C, 140 °C, 160 °C, 180 °C, 200 °C are recorded at 200 Hz. The temperature 

measurement is made at 1 mm from the boundary of unknown heat transfer coefficient. 

The measurement data along with the known geometrical and thermophysical data give 

rise to the one dimensional inverse heat conduction problem, which can be 

mathematically solved by the method used in previous chapter.  

Obviously, the mass transfer kinetics are temperature-time dependent. It is difficult to 

determine the dry-off time by directly observing the changes in water content of drying 

film. The photos for each test has been taken after dry-off and shown in Fig. 5.5. The 
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results of heat transfer coefficient curve and evaporation time will be discussed in the 

following sections. 
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Figure 5.5: Lubricant spreading and coverage 

5.4 Droplet Spreading and Liquid Film Formation 

It was observed that large bubbles grow in liquid film and wait till last moment to burst at 

120 °C. When small vapor bubbles burst at a free liquid surface the breaking liquid film 

above the bubble moves outward and a crater like cavity is opened. The bubble cavity 

sites can be seen from the dried film for lower temperature. It is such a random event that 

brings uncertainties to dry-off time and final shape of film. At temperature of 140 °C 
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violent bubbling was observed. Droplet disintegration occurs because of bubble breakup. 

This disintegration due to rapid bubbling at the interface is reported by Naber and Farrel 

in nucleate regime [71]. Both big bubble bursting and violent boiling can expand the 

spreading diameter. The final coverage of solid lubricant film is much larger than the 

inital spreading and is dependent on the bubble size and the busting frequency. At 120 °C 

and 140 °C the final film thickness is relatively uniform except several small spots 

around the deposit at 140 °C. Ring pattern of solid lubricant film has been seen, 

especially for graphite lubricant 1:1 at 160 °C and 180 °C. Synthetic lubricant droplet has 

the same pattern for dilution 1:1 and lower We number. When temperature is around the 

CHF of the liquid the film spreads outward and quickly dries. The photo of 1:5 synthetic 

lubricant at 140 °C shows that the outer loop of the droplet film is the faster evaporation 

zone. 

Additives like surfactants can give rise to dynamic behavior of the surface tension during 

the droplet deformation [156]. The larger surface tension of water results in a smaller 

maximum droplet deformation and spreading [157]. As the We number is reduced, the 

effect of the surface tension became more remarkable. Specifically, the attainable radius 

is reduced and the time required to reach it decreased with a decrease in the We number. 

Since larger Weber numbers correspond to lower surface tension, the maximum 

spreading radius at high We value is expected to be higher. For same lubricant and 

dilution ratio, the spreading radius of droplet with larger We number is discernibly larger 

than that with smaller We. Liquid disintegration in graphite lubricant droplet spreading 

has been found for high We and temperature above 180 °C. A halo forms around the base. 

The more rapidly the droplet flattens the more complex its shape is. As the bubble size is 
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much smaller at higher surface temperature more uniform film has been formed although 

the spreading coverage is smaller. Graphite lubricant with We at 98.7 and 117 will splash 

at 200 °C. 3-4 secondary droplets jet from original one form separate depositions. The 

secondary droplets scatter all around and differ widely in size. No major droplet remains. 

However synthetic lubricant keeps as single deposit though it has higher We at 123 and 

138. It is possible that the synthetic lubricant is inhibited from breakup because of higher 

viscosity. 

The droplet continues to spread outwards to maximum diameter. The spreading factor is 

defined as 

max
max

D

d
β =  (5.3) 

The understanding of spreading factor is required in determining droplet film thickness 

and dry-off time. Spreading factor from experiment is showed in Fig. 5.6 and 5.7. The 

spreading factor decreases with increasing temperature for both lubricants. Higher We 

corresponds to higher spreading ratio. The steeper drop of synthetic lubricant curve 

reflects that more violent boiling observed for graphite lubricant. It is easy to seen the 

relationship between spreading factor and We number at 200 °C where bubbling has less 

effects on final spreading radius. 
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Figure 5.6: Spreading factor at various surface temperatures for graphite lubricant 
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Figure 5.7: Spreading factor at various surface temperatures for synthetic lubricant 

Several correlations are available to calculate the spreading factor in the literature. Akao 

et al. studied dynamics of water droplets in the diameter range of 2.1 mm to 2.9 mm, 
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initial velocity range from 0.66 to 3.21 m/s, and surface temperature of 400 °C. Their 

correlation is given in Eq. (5.4) 

0.39

max 0.613Weβ =  (5.4) 

Although the deformation process may be regarded as independent of the surface 

condition during the early period of impact, as pointed out by Chandra and Avedisian [58] 

the deformation process of a liquid droplet on a solid surface in the later stage after 

impact is considered to depend strongly upon the wettability at the solid/liquid interface. 

The contact angle is taken into consideration for spreading. Park [72] presents the droplet 

shape as a spherical cap when it is placed on a solid surface. The expression between 

spreading factor and equilibrium contact angle is given 

1 3
3

max 3

4sin

2 3cos cos

θ
β

θ θ

 
=  

− + 
 (5.5) 

The Kurabayashi-Yang  [158] correlation which is based on energy balance is given as 

0.14
2

2 2 2 max
max max max

We 3 3We 1
1 ln 6

2 2 Re 2
w

β µ
β β β

µ

   −
= + − −   

    

   (5.6) 

While the equation by Chandara and Avedisian [58] is 

( )4 2

max max

3 We 1
1 cos We 4 0

2 Re 3
β θ β

 
+ − − + ≈ 

 
 (5.7) 

Although it is reported that the Eq. (5.5) (5.6) (5.7) overestimate spreading, our 

experiment results are even larger than these calculations due to bubbling and spreading 

disintegration. In comparisons only Eq. (5.4) gives proper fit to actual coverage at 200 °C 

(Fig. 5.8). It corresponds to our observation that least bubbling and slowest drying-off 

happens at 200 °C. The spreading radius does not change during the evaporation stage. 
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Figure 5.8: Comparison of Eq. (5.4) predictions with experimental results for spreading 

factor at 200 °C 

5.5 Droplet Evaporation and Solid Film Formation 

Although controlling surface temperature change is not the core issue of this task, film 

thickness and time to dry-off depends on surface temperature and heat transfer coefficient. 

When the substrate surface temperature is raised above the saturation temperature of the 

liquid vapor bubbles nucleate at the liquid-solid interface. The bubbles rise through the 

liquid. The heat flux continues to increase with the surface temperature. When it comes to 

an extreme heat flux a critical temperature (CHF) is reached. The size of the vapor 

bubbles and thus the effect of insulation increases with the wall temperature over the 

critical point. When vapor bubbles burst at the liquid-gas interface small droplets may be 
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ejected from the film. The final coverage of lubricant film depends on the boiling degree 

thought the initial spreading does not. 

It has been reported that when a proper amount of solid particles is introduced into 

boiling liquid the pool boiling heat transfer can be greatly enhanced and the boiling 

hysteresis would be partly or even completely removed. The major effects of suspension 

particles on nucleate pool boiling heat transfer are the thermal conductivity effect and the 

bubble moving effect. Heat is transferred to bubbles not only from substrate directly but 

from particles, while in most cases the thermal conductivity of liquid is lower than the 

conductivity of the particles. With such a substantial increase in thermal conductivity, the 

heat transfer expected to enhance.  

Boiling of droplets is distinct from pool boiling in that heat is transferred to a thin liquid 

film, so that vapor bubbles produced at the hot surface cannot rise away but tend to 

coalesce. The bubble size increases along with the reducing of lifting and breaking up 

speed. This large bubble mass distorts the droplet shape and alters the liquid-solid contact 

area and hence the heat transfer coefficient.  

The measured temperature history for two sets of graphite lubricants and two sets of 

synthetic lubricant are shown in Fig. 5.9 and 5.10. Some typical trends can be seen. The 

solid surface temperature suddenly decreases as the droplet is laid down. The wetted area 

remains constant during the largest portion of the evaporative transient. Immediately after 

the complete evaporation of the droplet, the solid surface tends to return to the initial 

conditions. The maximum cooling effect is observed at initial surface temperature of 160 

°C and 180 °C.  
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Figure 5.9: Temperature history for graphite lubricant (1:5, We = 98.7) and (1:1, We = 

117) at initial temperature from 100 °C to 200 °C 
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Figure 5.10: Temperature history for synthetic lubricant (1:5, We = 40.9) and (1:5, We = 

123) at initial temperature from 100 °C to 200 °C 
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As the water content in the droplet increases the surface temperature drops more initially. 

Comparatively graphite droplet makes larger surface temperature drop than synthetic 

droplet. The heat transfer coefficient is calculated and shown in Fig. 5.11 and 5.12. The 

transient heat transfer coefficient curve shows that the heat transfer effectiveness of the 

synthetic lubricant is more sensitive to the initial surface temperature. The surface heat 

transfer is clearly affected by the droplet dynamics. Larger spreading results in a wider 

area of heat exchange. High heat flux rates take place at the early stage of film 

evaporation and followed by a decreasing trend during the later stage of drying. Figure 

5.13 compares the maximum heat transfer coefficient for both lubricants. Generally 

graphite lubricant droplet has higher heat transfer coefficient than synthetic lubricant. The 

differences between both lubricants indicate that the CHF point of graphite lubricant is 

higher than that of synthetic lubricant. It also shows the significant inefficient heat 

transfer when synthetic lubricant film dries at 200 °C. 
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Figure 5.11: Transient heat transfer coefficient for graphite lubricant (1:5, We = 98.7) 
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Figure 5.12: Transient heat transfer coefficient for synthetic lubricant (1:5, We = 123) 
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Figure 5.13: Comparison of maximum heat transfer coefficient for graphite and synthetic 

lubricant 
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Based on calculated heat transfer coefficient curves the time for liquid film fully 

evaporating can be calculated when heat flux reaches low value. The dimensionless dry-

off time is estimated by comparing with calculated equivalent time for total water 

fraction evaporation at 100 °C. The standard water evaporation rate is based on Chandra 

et al. [159], which shows that 2.05 mm diameter droplet evaporated in 30 s at 100 °C. 

Figure 5.14 and 5.15 describe the actual efficiency of water evaporation as dry-off times 

at different surface temperature. 
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Figure 5.14: Dry-off time versus initial surface temperature for graphite lubricant 
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Figure 5.15: Dry-off time versus initial surface temperature for synthetic lubricant 

It shows that, for a droplet originally in contact with the hot surface with increasing 

surface temperature, the droplet life time will decrease for high dilution ratio. However, 

the life time increases when dilution ratio is low 1:1. In the experiments it takes time to 

heat droplet up to saturation point for low heat flux. The delayed start of bubbling has 

also been seen for both the mixtures at 180 °C and 200 °C. Apart from the effect of 

temperature the droplet life time is affected by the lubricant film thickness or the 

spreading factor and the heat transfer coefficient. The spreading factor is a combination 

of droplet dynamics We number and bubble bursting which depends on heat flux and 

viscosity. As synthetic lubricant has higher viscosity and lower heat transfer coefficient 

the effect of We is dominant. As shown in Fig. 5.15 synthetic lubricant with higher We 

evaporates faster. Due to its property of non-Newtonian fluid, the synthetic lubricant of 

1:1 dilution ratio and lower We number forms a small deposit and its small spreading and 
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high contact angle also help the thicker solid film formation. When dried layer thickens, 

it prevents heat transfer and bubble boiling. Extended evaporation time for synthetic 1:1 

at 120 °C is seen because bubbles keep coalescing and delay burst-out.  

A considerably longer drying time has been detected for synthetic lubricant with 1:1 ratio 

at 200 °C. An explanation for this is that the deposited layer of polymer strongly prevents 

the heat transfer from hot wall to liquid film. Polymerization might occur during polymer 

film solidification, and makes it less thermally conductive than graphite lubricant. 

Surface temperature has minor change. However, it is also noted that if air happens to be 

entrapped inside the droplet during impingement, the air vapor could help water 

evaporation.  

5.6 Two-stage Evaporation Model 

Previous research on liquid droplets impinging on a hot surface has been conducted for a 

one-component liquid. Comparing to the boiling and evaporation study of pure water the 

effects of surfactants and micro particles have not been considered extensively. Wu et al. 

[160] reported that the addition of surfactant results in insignificant enhancement of heat 

transfer for pure water. Neither equilibrium nor dynamic surface tension can successfully 

explain the phenomena in nucleate pool boiling enhancement seen by some researchers. 

Wasekar and Manglik [161] found that the boiling mechanism, that is generally 

characterized by the formation of smaller-size bubbles with increased departure 

frequencies, is modified by addition of an anionic surfactant. An optimum concentration 
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of the surfactant exists, the higher concentration solutions above which decrease the 

boiling heat transfer. 

When liquid film starts boiling and evaporating and the particle density increases more 

and more, particles move toward the hot surface in a stochastic (Brownian) motion of the 

particles. More agglomerates form and attach to the surface forming a solid lubricant 

layer on the substrate. The boiling heat transfer characteristics are greatly changed. It is 

hypothesized that the lubricant layer controls the bubble size, the nucleation site density 

and, in turn, the magnitude of the heat transfer. The heat transfer surface area and the 

nucleation sites are dependent on both particle size and surface roughness. Bang and 

Chang reported [96] that the nano-particles reduce the number of active nucleation sites 

with variation of surface roughness values, in nucleate boiling heat transfer. Since nano-

particles are one to two orders of magnitude smaller than the surface roughness these 

trapped particles change the surface characteristics making it smoother. It causes a kind 

of fouling effect with poor thermal conduction in a single phase heat transfer. This has 

been confirmed by Das et al. [97]. It is reasonable to believe when micro-particles are 

equal or larger than the surface roughness, the porous characteristics of the particle layer 

will increase the heat transfer area and bubbles will grow up within particle gaps. The 

bubble growth rate would be increase.  

In most cases the thermal conductivity of liquid is lower than the conductivity of the 

particles. Since fluid conduction in evaporation of micro layer under the bubble, results in 

a substantial increase in thermal conductivity, the heat transfer is expected to be enhanced. 

The bubble and liquid motion in the suspension is often restricted and resisted. The 

suppression of the liquid-vapor exchange would cause the boiling heat transfer to 
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decrease. The ratio of two diameters, that is particle diameter and bubble departure 

diameter is an important controlling parameter for the heat transfer. These studies has 

been reported in Shi et al. [162]. 

The uniformity of particle distribution is of concern. Gorce et al. [163] present a 

systematic study of the vertical uniformity of water distribution during the drying of 

waterborne colloidal films. Dayan et al. [164] indicate that for shallow pools and small 

size particles the distributions are fairly uniform. Results indicate that particle 

coalescence does not occur in the upper layer of liquid. Coalescence is probably 

prevented by the presence of surfactant at the particle/particle boundaries. 

For droplet deposited on flat substrate, the thickness of the dried film depends on the 

particle volume fraction in the suspension and the droplet spreading. Parisse and Allain 

[165] investigated the drying of colloidal suspension droplets and the thickness of the 

resulting solid film, and observed that a “foot” forms near the contact line. Deegan [166] 

found the droplet of colloid remains at its maximum size for a substantial fraction of the 

drying time. The contact base keeps constant. A ring like accumulation has also been 

observed. However, their drying studies are in temperature lower than boiling point. For 

simplification the mass radial diffusion will be ignored in our study. 

Although drying is a non-stationary process, many researchers describe it either as a 

quasi-steady process, or use the simplified empirical equations. Di Marzo et al. [86] 

modeled the evaporation cooling a deposited droplet with constant flux. Film formation 

during boiling and evaporation is known to occur in 3 stages as depicted in Fig. 5.16. 

Stage I is the water evaporation stage in which particles are disperse and the particle 

contact is infrequent. As water evaporates in boiling, the particles come closer together 
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and some of them move to the hot surface pack into a solid thin layer. Stage II is the 

particle diffusion stage during which vapor bubble nucleation and growth both cease as 

thin and broken films of liquid begin to dissipate heat by conduction and evaporation. 

Note that polymerization of synthetic lubricant might occur in this stage. Stage III is the 

coalescence or forming stage during which moisture diffuses across particle boundaries 

and a continuous solid film forms. 

Figure 5.16: Thermodynamics of bubble-liquid-particle during boiling and dry-off (left); 

Three stage drying kinetics (right) 

Considering graphite lubricant need about 5% moisture to take effect stage III is 

neglected in our study. Based on dimensionless heat transfer coefficient Nussel number 

Nu a two-stage lubricant film dry-off model is developed. It is assumed that no 
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evaporation takes place before the droplet reaches the wall and that there is perfect liquid-

solid contact after impingement. The wall temperature which enables the starting of 

nucleate boiling is identified with the help of effusivity. The effusivity measures the rate 

at which a material can absorb heat. It is defined as 

Pe k cρ=  (5.8) 

Seki et al. [88] based their analysis on this consideration and suggested that the interfacial 

temperature can be obtained as: 
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Figure 5.17: Theoretical liquid-solid contact temperature as a function of the solid surface 

temperature 

Figure 5.17 shows the theoretical liquid-solid contact temperature for surfaces including 

high speed steel H13, graphite lubricant, and synthetic lubricant when 20 °C water 
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droplet impact. As graphite and synthetic lubricant has poor thermal conductivity, which 

is desired by forging process, the contact temperature with infinite solid of lubricant is 

lower than water boiling point. 

Assuming the droplet shape after spreading as a cylindrical disk, the lubricant films initial 

thickness after spreading can be expressed by 

max

2

3
l

d
δ

β
=  (5.10) 

This thickness is larger than the minimum liquid film thickness for nucleate boiling [167]. 

All heat transfer takes place during the brief period when the droplet touches the surface 

and is due to convection and conduction within the drop rather than evaporation [103]. 

Evaporation is a relatively slow process, limited by the rate of vapor diffusion away from 

the droplet surface. The mass of liquid vaporized during the few milliseconds is 

negligible. This assumption is allowed, as only a very small amount (approximately 0.5%) 

of the droplet mass evaporates during the short time of the interaction process [62]. The 

liquid boundary layer close to wall will be heated up to contact temperature and start 

boiling. The length of time from the beginning to the onset of the first bubbling is called 

the waiting period. The waiting time is provided by Makino et al. [61] as 

( )
1.06512 3.354.67 10

b P
t c ρλ π θ

− −= ×  (5.11) 

The model considers the evaporation process that takes place after the droplet impacts the 

substrate, spreads, and reaches equilibrium geometry. When the boundary lubricant layer 

superheats to contact temperature and boiling starts it is assumed that the whole droplet 

temperature has been raised to saturation point and is kept constant during boiling. 

Saturated steam surrounds the droplet, and the liquid-vapor interfacial evaporation is 
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negligible. One-dimensional analysis would be adequate given that the heat flux form the 

dry area of the wall is negligible (Fig. 5.18). The total time for drying off is expressed 

dry b I II
t t tτ = + +  (5.12) 

Comparing the time scale it can be rewritten as 

dry I II
t tτ +�  (5.13) 

The time being spent on stage I is given as 

dryI
t ετ=  (5.14) 
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Figure 5.18: One dimensional heat transfer and drying 

The initial lubricant film on the boundary depends on the particle size and lubricant 

dilution ratio. The existence of this film modifies solid-liquid interfacial heat transfer 

coefficient. In the stage I, the boundary layer condition has a minor change. An effective 

Nu is defined as 

0
0

l

h d
Nu

k
=  (5.15) 

The equivalent heat transfer coefficient is 
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( )

dry

0
0

sat dryw

qdt
h

T T

ετ

ετ
=

−

∫
 (5.16) 

The total heat removed by the droplet is thus given by 

( ) ( ) ( )
dry dry

dry 0

0

sat 0 sat sat
0

sat I II

d p l l w w
h

Q Q Q Q

T T c V h A T T dt hA T T dhdt
ετ τ

ετ
ρ

= + +

= − + − + −∫ ∫ ∫
(5.17) 

If the wall is taken as isothermal, Eq. (5.17) can be simplified by ignoring droplet 

subcooling effect;  

( )0 sat dry

1

2
w

Q h A T T
ε

τ
+

−�  (5.18) 

Given the water weight fraction in the initial lubricant liquid, mass balance gives 

l l
Q X Vρ λ=  (5.19) 

Combine Eq. (5.15), (5.18), (5.19) the two-stage evaporation model reveals the 

relationship between dry-off time and Nu, and spreading factor. 

( )

2

dry 2

0 max sat

4 1

3 1 Nu
l l

l w

X d

k T T

π ρ λ
τ

ε β

  
=   

+ −   
 (5.20) 

The solid lubricant film after drying is found to depend on the dilution ration and 

spreading ratio. It can be computed from 

( )

max

2 1

3

l

s

s

X d ρ
δ

ρ β

−
=  (5.21) 

With results from droplet spreading and evaporation test, empirical constant heat transfer 

coefficient in stage I can be identified. To find out the dividing point for each material, 

the drying time is normalized with its total dry-off time (Fig 5.19 and 5.20). The dividing 

parameter ε is 0.58 and 0.5 for each lubricant.  
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Figure 5.19: Transient heat transfer coefficient for graphite lubricant (1:5, We = 98.7) 
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Figure 5.20: Transient heat transfer coefficient for synthetic lubricant (1:5, We = 123) 

The equivalent Nu0 is found and shown in Fig. 5.21 for graphite lubricant. In the nucleate 

boiling regime it is almost a linear function of wall super heat. The dividing parameter is 
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believed to depend on the lubricant type and dilution ratio. Substituting ε and Nu0 in Eq. 

(5.20) droplet dry-off time is assessed. 
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Figure 5.21: Equivalent Nusselt number Nu0 for graphite lubricant 

5.7 Summary 

In order to form a lubricant film of satisfactory quality in an efficient way for the forging 

process, spreading and heat transfer of droplet and lubricant film formation is studied. 

This provides a fundamental to the modeling of two-step spray. Single droplet 

experiments are performed at atmospheric pressure for graphite lubricant and synthetic 

lubricant at 1:1 and 1:5 volume ratios mixed with water. The results of an experimental 

investigation on the transient heat and mass transfer behavior of lubricant droplet with 

low We number impingement on hot surface with temperature less than Leidenfrost point 
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is presented. Water based graphite and water based synthetic lubricant are investigated 

and the boiling and drying are studied in the temperature range of 100 °C to 200 °C with 

low We to avoid splashing, which is environmentally unfriendly. 

The phenomena of a single lubricant droplet impact, spreading, evaporation, dry-off, and 

solid lubricant film formation are summarized. Evolution of the surface temperature 

during evaporation is measured. Results show that the droplet spreading impacts the dry-

off time, and the subsequently evaporation and boiling impact the change of final 

lubricant film coverage. A two-stage evaporation model that assumes constant equivalent 

heat transfer coefficient at first stage and linear decaying heat transfer coefficient at 

second stage was developed to characterize the lubricant suspension boiling and drying. 

Lubricant film coverage, thickness, dry-off time, and heat transfer coefficient in 

evaporation are discussed. The first stage Nu and the dividing coefficient ε, and droplet 

spreading factor β decide the dry-off process. 

The uniformity of deposition can hardly be expected at temperature lower than 100 °C 

temperature or higher than 200 °C. Larger spreading, no disintegration, small bubble size, 

and thin boundary solid lubricant film are of major consideration. Graphite lubricant 

shows better film formation performance because of the finer particle size and higher 

thermal conductivity. Lubricants with dilution ratio 1:5 show better results than that with 

1:1 considering the droplet deposition uniformity. Larger We number is preferred to 

attain larger spreading when no splashing occurs. 
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CHAPTER 6 

STATISTICAL MODELING OF LUBRICANT SPRAY 

6.1 Introduction 

To be able to model sprays, it is necessary to obtain a detailed understanding of spray 

sub-processes. Sub-processes that need to be modeled in practical sprays include 

atomization, droplet breakup and collision/coalescence, droplet vaporization, and 

spray/wall impingement. The atomization process has a strong influence on spray 

vaporization rates because it increases the total surface area of liquid fuel greatly. The 

trajectories of the spray droplets are governed by the droplet's injected momentum, drag 

forces and interactions between the droplets and the surrounding gas. Detailed modeling 

of these and other spray processes can lead to significant improvements in performance 

and quality of product. In this chapter submodel of spray/wall impingement and heat 

transfer is developed by integrating hydrodynamics and thermodynamics of droplet 

impingement with statistical description of sprays pattern. 

To model the heat transfer phenomena between sprays and a hot wall, three kinds of 

detailed information are needed: the hydrodynamics of impinging droplet, i.e., spreading 

and breakup, the sprays pattern when they impact on the surface, and heat transfer 

between the hot surfaces with droplets. Starting with the well-know work by Gottfried 
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[168] and Wachters et al., [55, 56], analytic models and controlled experiments that 

isolate the relevant processes have been widely used to generate correlations to form the 

basis of submodels. Bussman et al. [102, 169, 170] reviewed the droplet spreading and 

numerical simulation of a single droplet/wall interaction. Sprays pattern especially 

droplet distribution has been studied by Babinsky et al. [171], Hewson et al. [172], Beck 

[173], and Subramaniam [174, 175]. Also the characterization of various atomizers has 

been done by Liu et al. [176] and Liu [177]. 

A statistical model is developed in this chapter to simulate the impingement of water and 

lubricant sprays on hot surface. It is based on the fundamental basics of single droplet 

impingements extended to sprays, where the overall heat transfer process is averaged by 

area and time from large number of discreet droplet heat transfers. Since large heat 

transfer and temperature gradients, and temperature deviations are induced from dense 

lubricant sprays and film boiling as found in Chapter 4, dilute sprays are studied here.  

Simulations are done for sprays impingement under steady state to evaluate HTC. This 

statistical modeling can be applied to sprays cooling and film formation under transient 

state, to evaluate the sprays design by evaluation of sprays pattern and coverage. 

The second section will touch the detail of phenomena and mechanism of droplet 

impingement and heat transfer. Modeling and description of spray pattern are discussed 

in section 3. The effort to statistically model the spray/wall interaction is introduced in 

section 4 following with its evaluation and application in steady state and transient state 

study for water and lubricant sprays in Section 5. The last section concludes all. 
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6.2 Droplet Impingement 

When a droplet impacts a solid surface, three kinds of energy are in play: (1) the kinetic 

energy, (2) the surface energy of the droplet, and (3) the energy of internal motion of the 

fluid (macroscopic - turbulences, and microscopic - heat, produced by viscosity). The 

inertial forces result from the kinetic energy of the droplet, and are determined by the 

droplet's size, density and velocity. Meanwhile, the fluid viscosity of the droplet governs 

the viscous dissipation, and the capillary force (surface tension) establishes the energy 

that is required to deform the droplet. Two dimensionless numbers that gauge the relative 

strength of the forces that oppose one another are the Reynolds number Re, which is a 

ratio of the inertial and viscous forces, and the Weber number We, which is the ratio of 

the inertial and capillary or surface forces. 

Prior to the impact, the droplet only possesses kinetic energy. After it touches the surface, 

the droplet is deformed so that a shock wave spreads radially outward along the surface, 

increasing the surface area of the droplet, thus increasing its surface energy. The kinetic 

energy of the droplet forces it to conform to the planar geometry of the solid surface. A 

part of the initial energy is lost to internal energy (either as heat by viscosity or in 

turbulences). Its initial spherical shape is forced into a pancake-like film that stretches out 

over the surface. If the liquid in the droplet is attracted to the surface, it will continue to 

spread and eventually adhere to the substrate for low initial energy. The extent of the 

spreading is determined by the molecular interactions between the fluid and the solid. 

When the spreading lamella expands to its maximum diameter, most of its kinetic energy 

is transferred into deforming it into a pancake shape. For moderate initial energy, the 

surface tension will be able to absorb the initial kinetic energy like a spring, and the 
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restitution force will cause the lamella to recoil. The forces driving this action are the 

desire of the droplet to reform to a sphere. This competition can be described by capillary 

number Ca, a ratio of the capillary and viscous forces.  

Bouncing of drops is normally observed only at small Weber numbers. At high Weber 

numbers partial bouncing is possible. Fully bouncing water drops can be observed on 

very hydrophobic surfaces. The droplet will undergo a number of under damped 

oscillations if no bouncing occurs. 

For higher initial energy, the surface and the remaining kinetic energy in the liquid 

lamella at the end of the spreading stage may be sufficiently large not to be fully 

dissipated at the receding stage. When the droplet radially shrinks and gains kinetic 

energy, a jet rises in the center (Worthington jet) which can lead to a lift off of the droplet. 

The jet can stay partly at the surface and pinch off one or more droplets at its top due to 

the capillary instability, or detach from the surface as an intact droplet. The onset of 

droplet disintegration is characterized by the formation of a small number of so-called 

secondary droplets, usually one to three. As initial energy increases the shrinking lamella 

breaks up into a number of fingers and then islands can form before it recoils to the 

center, each of them are also capable of further breakup, again probably due to the 

capillary instability. 

For even higher impact energies splashing instead of receding occurs. If the initial kinetic 

energy is much larger than the surface energy a rim is formed and the central part of the 

droplet flattens, so-called fingers form along the edges as the three-phase contact line 

between the droplet, the substrate, and the ambient fluid continues its radial expansion 

outward from the initial point of impact. The outward velocity of the fluid in those 
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fingers is such that it overcomes the surface tension and break away from the lamella 

periphery, ejecting a number of satellite droplets. At the end the rest of impacting droplet 

spreads and stays on the surface. 

Boiling 

Temperature

Leidenfrost

Temperature

Evaporation

Time

Wall

Temperature

Conductive & Convective Heat Transfer

Nucleate Boiling

Transition Boiling

Film Boiling

Wet 

Impingement

Dry

 Impingement

Figure 6.1: Evaporation life time of a droplet on hot surface  

When a sessile droplet stays on a hot surface the evaporation time differs with wall 

temperature and shows in Figure 6.1. As droplet impinges on hot surface, there exist two 

essentially different regimes for this interaction process: the regime below the 

Leidenfrost temperature and the regime above the Leidenfrost temperature. Below the 

Leidenfrost temperature the interaction is governed by two parameters: the wall 

temperature and the impact energy.  

The heat transfer is restricted to conduction and convection at low temperature. At 

elevated wall temperatures, boiling will occur in the liquid film. With increasing wall 
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temperature the generation of vapor bubbles becomes stronger, until at the Leidenfrost 

temperature, a complete vapor cushion forms between the liquid film and the heated wall. 

Droplets impinging on dry walls with temperature above the Leidenfrost temperature do 

not wet the wall and a liquid film is not formed. As the droplet approaches the surface it 

evaporates because of heat transfer between the surface and the droplet. The vapor 

generated between droplet and surface is compressed as the droplet moves closer to the 

surface. When the droplet evaporates fast enough, this compression can result in a gas 

pressure between the droplet and surface which can not only slow the droplet but prevent 

droplet/surface contact. The dynamics of impact will then be different than at low 

temperature where the momentum of the droplet may be sufficient to overcome the effect 

of compression. Above the Leidenfrost temperature, the phenomena depend only on the 

impact energy as the influence of the wall temperature is negligible due to the isolating 

vapor cushion. 

When a liquid droplet impinges upon a heated surface, the liquid keeps direct contact 

with the surface and enters into nucleate boiling or transition boiling regime at the end of 

the initial transient heat conduction period. Bubbles are produced due to air entrainment 

and surface roughness. With even higher wall temperature, additional bubbles are 

developed and coalesce and form a steam layer between the droplet and the wall. The 

bubbles rise to the free surface due to buoyancy. This phenomenon is strongly dependent 

on the heat conductivity of the wall material, because the heat flux occurring after the 

impact reduces the wall temperature. 

When a liquid droplet impinges on a hot wall above the Leidenfrost temperature, a vapor 

cushion forms between droplet and wall at the end of the initial heat conduction period 
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during impact, thus there is no sustained direct contact between the liquid and hot wall. 

First, at very small impact energies the droplets are only slightly deformed and reflected 

perfectly at the hot wall. The reflection angle is roughly equal to the impinging angle and 

the droplets are reflected perfectly at the hot wall with negligible influence on droplet 

momentum and droplet size. If the impact energy is increased, the deformation of the 

droplets during the interaction with the hot wall increases. During the interaction the 

droplet expands radially and the liquid propagates on the vapor cushion. This spreading 

motion is stopped by surface tension, when the impact velocity is not too high, and the 

droplet reaches a state of maximum deformation. In the following motion the fluid starts 

to flow radially inwards. In the center of the deformed droplet liquid arrives from all 

radial directions. As a consequence a large mass flux normal to the heated wall is induced, 

which results in the formation of an elongated jet and finally in the lift off from the wall. 

After departure from the hot wall the droplet exhibit a strong oscillation, but no droplet 

disintegration.  

When the impact energy further increases, the droplet is deformed strongly during the 

impact on the hot wall. The receding fluid creates large internal fluid velocities at the end 

of the interaction process and in the following the surface tension is not able to maintain a 

closed surface; the droplet disintegrates. For even higher impact energies splashing 

occurs. The impacting droplets disintegrate into numerous satellite droplets and the 

interaction phenomena exhibit a statistical character. Usually many mesh-like structures 

can be observed after dry-off indicating that the film evaporates rather homogeneously.  
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6.3 Sprays 

6.3.1 Spray Characteristics 

In this statistical spray model, the modeling of the droplet impingement on the walls is 

based on the fundamentals of individual droplets. To determine whether an approaching 

droplet forms a spreading liquid layer on the wall or is reflected from it depends on spray 

characteristics. 

Important spray characteristics include mean droplet size, droplet size distribution, cone 

angle, velocity and penetration. Mean droplet size and droplet size distribution are the 

fundamental results of atomization and are mostly dependent on atomizer design. And 

cone angle and penetration are influenced partly by atomizer design and partly by the 

aerodynamic properties after atomization. 

The process of atomization can be described as a volume of liquid being converted into a 

multitude of droplets. The atomization model supplies the initial conditions for spray 

computations and has been under extensive study for many years, and reviews of liquid 

atomization mechanisms have been provided by Reitz [178]. Lefebvre  [179] gives a 

more complete description of all aspects of atomization including describing breakup of 

jets or ligaments as well as droplet size distribution. 

Olesen et al. [180] presents a model in conjunction with a Maximum Entropy Formalism 

to quantify the relationship between ligament breakup and droplet size distribution. More 

research on size or velocity distributions have been conducted to find the distribution 

function that provides the best fit to the measured data. Droplet diameters can range from 

below 40 µm to above 5 mm. The droplets distribution can be measured by laser beam 
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equipment known as Particle-Image-Velocimetry (PIV) and Phase Doppler Anemometer 

(PDA) [181], which is much more accurate and instant than measured by CCD camera, 

stroboscope, or microscope. 

Rosin and Rammler [182] proposed expression with two independent parameters, a 

representative diameter and a measure of dispersion to determine drop size distributions. 

Nukiyama and Tanasawa [183] developed a exponential function with four constants to 

represent drop size distribution. Mugele and Evans [184] developed an upper-limit 

function, as a modified expression of log-normal distribution function with empirical 

constants computed from the experimental distribution. In most CFD codes discrete 

droplet model is used to describe the distribution of a spray. In this approach the spray is 

discretized into droplet size groups, and a droplet of each size group is used to compute 

the heating, vaporization, and motion of the spray.

6.3.2 CFD Simulation 

In order to understand the CFD modeling in spray impingements FLUENT is investigated. 

FLUENT solves Navier-Stokes equations for mass and momentum and energy that 

describe the flow of incompressible fluid. A discrete second phase in a Lagrangian frame 

of reference which consists of spherical particles dispersed in the continuous phase is 

simulated. FLUENT computes the trajectories of these discrete phase entities, as well as 

heat and mass transfer to/from them based on the force balance on the particle and on the 

convective/radiative heat and mass transfer from the particle.  

Five atomizer models are available in FLUENT to predict the spray characteristics from 

the knowledge of global parameters such as nozzle type and liquid flow rate. Wave 
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breakup model simulates the stripping of droplets from the surface of the parent drop. 

With this method small new droplets are created while the large parent drops continually 

decrease in size. 

Figure 6.2: Spray impingement in FLUENT (Left: reflect, Right: wall-jet) 

In most of the commercial computer codes, the droplet/wall interaction is either 

considered as ideal reflection or ideal sticking. Fluent has built in trap, reflect, wall-jet, 

and wall-film models. Trap occurs when the droplet approaches the surface with a very 

low impinging We number. In the case of evaporating droplets, their entire mass 

instantaneously passes into the vapor phase and enters the cell adjacent to the boundary. 

Reflect (Fig. 6.2) apply for low temperature and high We condition, trap apply for low 

temperature and low We condition. The wall-jet boundary condition is appropriate for 

high-temperature walls where no significant liquid film is formed and in high Weber 

number impacts where the spray acts as a jet. The wall-film models the build-up of thin 

liquid films on wall surfaces. The model handles droplet splashing as well as film 
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transport and evaporation by conduction below boiling point. It is found that each model 

addresses one phenomenon depending on We number and the wall temperature. However 

no more in Fluent can properly describe the boiling heat transfer from nuclear boiling to 

film boiling, and none could represent the complexity of sprays with varying initial We 

number and transient wall temperature. 

FLUENT is still considered as a valid tool to provide the sprays distribution just before 

impingement. Its effectiveness can be seen when it comes to complex sprays 

configuration and impingement surfaces. It can provide samplings of sprays just before 

impingements and feed the fitted distribution to the followed statistical model. 

6.4 Statistical Model 

6.4.1 Problem Definition 

Based on empirical and theoretical modeling of droplet impingements and sprays 

distribution fitted from empirical data or FLUENT simulation results the statistical model 

is developed for spray cooling and lubricant film formation. In dilute sprays, the contact 

heat transfer is determined primarily by the dynamics of impinging droplet, and in turn, 

the droplet dynamics is controlled by the droplet size, the impinging velocity. In dense 

sprays, however, droplet dynamics apparently does not have a substantial effect on the 

contact heat transfer because of the significant interruption by other droplets. The contact 

heat transfer is mostly affected only by the liquid volume flux [185]. 



198

This study is focus on dilute sprays with volume flux in the range of 0.5-4 kg/m2s and 

droplet size from 20 µm to 300 µm. In order to simplify the modeling process the 

following assumptions have been made: 

� In dilute sprays no droplets simultaneously collide with each other on wall before 

the film is established. Since the average spacing between impingements is larger 

than the droplet size, the droplet interaction is ignored and their effects on heat 

transfer are decoupled. 

� The sprays are well-developed with size distribution in Rosin-Rammler format. 

� Vapor pressure, the affected saturation temperature, the saturation of vapor, and 

its impact on droplet rebound and splashing are ignored given the regime of dilute 

spray. Gravity effect on the moment of impingement is also ignored. However it 

will affect whether the secondary droplets after splashing or rebound re-impinge 

the surface or not. 

� The contact heat transfer differs by surface temperature and boiling regime 

considering the effect of vapor film. It lumps the effects from conduction, 

convection, and phase transfer. Radiant heating is not considered. Also the time 

from droplet impingement to droplet evaporation is assumed instant. The “unit of 

evaporation heat” is simplified as the heat required to increase the subcooling 

droplet from initial temperature to saturation and evaporation. No vapor and no 

liquid film superheating taken place. 

� In the film boiling regime, lubricant is hardly deposited onto hot surface. So 

lubricant deposition is only considered when temperature drops below Leidenfrost 

point. 



199

� Fluid and solid physical properties are constant. 

� Only macroscopic quantities are considered. Temperature at the surface and in the 

body of the droplet is uniform. Initial wall temperature is uniform. No liquid film 

dynamics on oblique walls. Effects from bubbling and surface roughness are not 

included. 

� Hot surface is treated as flat stationary wall. 

� The lubricant droplet is taken as two-component homogeneous mixture. The 

evaporation and dry-out occur at same step. The accumulated liquid and solid film 

does not affect the heat transfer. 

6.4.2 Sprays Generator 

The spray comes into contact with the solid surface in the form of discrete droplets and 

can be statistically characterized with respect to diameter and velocity. The rate of droplet 

arrival per unit area is governed by volumetric flux. For a statistical description of the 

spray system a distribution function is defined with the property: 

( ), , ,
r

N F r t d d dr
∆ ∆ ∆
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x v x v  (6.1) 

For a spray, a distribution function of the instantaneous diameter ( )f d  is typically used 

to describe a spray. This function gives the number of droplets processing a certain 

diameter. Often an average droplet diameter 
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Or in discrete format 
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Volume mean diameter 

30VMD d=  (6.4) 

And Sauter mean diameter 

32SMD d=  (6.5) 

And mass media diameter MMD which means 50% total volume of droplets are of 

smaller diameters than this value. Also 0.632D  is a characteristic diameter which means 

63.2% of total volume of droplets is of smaller diameters than this value. 

Rosin-Rammler distribution function is perhaps the most widely used one at present: 

( )
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d
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d

  
Φ = − −  

   

 (6.6) 

The q is a measure of the spread of droplet sizes. A larger value of q corresponds to a 

more uniform droplet size. For many droplet generation processes, q ranges from 1.5 to 4. 

This model assigns 2 to q. 

The shape of Rosin Rammler density distribution function is shown in Fig. 6.3. It is 
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With relations of: 
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 (6.9) 

The ratio MMD/SMD is generally recognized as a good measure of droplet size range. 

Volume mean diameter 
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With peak diameter which is corresponding to peak of droplet size frequency distribution 

curve: 
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Given the gamma function 
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∞
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Figure 6.3: Rosin Rammler density distribution function 

Rosin Rammler distribution function assumes an infinite range of droplet sizes and 

therefore allows data extrapolated down to the range of very small droplet sizes, where 

these droplets are dropped from the impingement queue when generated: 

min 100d SMD=  (6.13) 
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The empirical constants can be determined by plotting the cumulative distribution on log-

log coordinates. Taking the logarithm of Eq. (6.7) twice gives 

( )( ) 0.632ln ln 1 ln lnd q d q d − − Φ = −   (6.14) 

Lefebvre [186] provides droplet size distribution models for different atomizers such as 

pressure jet, pressure swirl, fan spray, air-assist, air-blast, rotary, and effervescent 

atomizers. These models describe the correlations between MMD or SMD with nozzle 

opening diameter, liquid density, liquid surface tension, liquid viscosity, and air and 

liquid mass flow. Saikai et al. [187] derived a simple model for internal mixing air-assist 

atomizer from water-air spray data at 30 100 kg/h
L

m = −�  and 5 100
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When it comes to a combination of multiple nozzles and complex surfaces FLUENT can 

help generate the sampling of spray impingements distribution by DDM simulation. 

Droplet impinging direction scatters from normal direction. Velocity and impact angle 

distribution has the form in multivariate normal distribution 
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where ρ  is the correlation between v  andθ , it has variance 
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m
v  is mass mean velocity. 0.5σ = . The joint distribution for droplet size, velocity, and 

impact angle is shown in Fig. 6.4. 

Figure 6.4: Joint density distribution for spray with SMD 1e-4 m, mean velocity 5 m/s, 

mean impact angle pi/2. 

The hot surface is divided into a L L×  lattice with length of l  for each square element. 

The lattice area is represent by 

( )
2

A L l= ×  (6.18) 

The impingement locations are generated in discrete uniform distribution 

( ) ( ) ( )

( ) ( ) ( )

1,2,...,

1,2,...,

1

1

L

L

f x L I x
L

f y L I y
L

=

=

 (6.19) 

When spray flux density in volume is V, droplet flux density can be calculated. In a 

single time step 
s

t , the average number of droplet impingements falling into this lattice is 

( )
3

6
s

m

VAt
N

VMDπ
=  (6.20) 
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In each time step, the impingements occur simultaneously and instantly and the number 

follows standard normal distribution 

( ) ( )( )21
exp

2
m

f n n N
π

= − −  (6.21) 

The spray generator is developed to produce a number of droplets with size, velocity, and 

impingement angle and the impingement location. Based on the spray pattern model 

relate to specific atomizer such as internal mixing air-assist atomizer the statistical model 

can represents the spray pattern. And it can also be applied to complex spray situations 

when experimental data is not available. 

A series of random numbers for droplet size is generated by a the slicing sampling 

algorithm based on Markov chain. This algorithm draws samples from the region under 

the density function using a sequence of vertical and horizontal steps. It selects a height at 

random between 0 and the density function ( )f d  firstly. Then, it selects a new d value at 

random by sampling from the horizontal "slice" of the density above the selected height. 

With given f(d) (Eq. (6.7)), the following steps are used to generate droplet size sampling: 

1. Assume an initial value ( )d t SMD= . 

2. Within the domain of ( )f d .Draw a real value “y” uniformly from ( )( )( )0, f d t . 

Define a horizontal "slice" as ( ){ }:S d y f d= < . 

3. Find an interval around ( )d t  that contains the entire slice S. 

4. Draw the new point ( )1d t +  within this interval. 

5. Repeat steps 2 through 4 until the desired number of samples are obtained.  
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When the droplet size random number series is ready, the generation process is as follow 

at each time step: 

1. Randomly select the impingement events. 

2. For first impingement events, randomly select the impingement location. 

3. Randomly select the droplet size, velocity, and impingement angle. 

4. Repeat step 2 and 3 until the certain number of droplets are generated. Fig. 6.5 shows 

the samplings of droplet size, velocity, impact angle in a batch of 2000 from this 

generator. 

Figure 6.5: 2000 Random droplets generation (top: two samples of droplet sizes 

generated with SMD 3e-4 m , bottom left: a sample of droplet velocities with mean 5 m, 

bottom right: a sample of droplet impact angle with mean π/2) 
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Figure 6.6: Droplets generated in first 20 time step with around 20 droplets per step 

scatted by time (color mapping showing the velocity of the droplets) 

Figure 6.6 gives a 3D view of the droplets size, velocity, impingement time and location. 

The generated droplets are prepared for hydrodynamics and thermodynamics 

modification. The impingement is ruled by droplet-wall model. 

6.4.3 Droplet-Wall Model 

A serial of dimensionless number is defined here. Weber number and Reynolds number 

are evaluated with velocity at normal direction, which is 

cos
n

v v θ=  (6.22) 

Prandtl Number 

Pr
d p

d

c

k

µ
=  (6.23) 

Weber number 
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2

nWe n
v dρ

σ
=  (6.24) 

Reynolds number 

Re n d
n

d

v d ρ

µ
=  (6.25) 

Ohnesorge number 

Oh
d

µ

ρσ
=  (6.26) 

Figure 6.7: Droplet-wall modeling 

The complicacy of droplet impingement has been detailed in section 2 when temperature 

and droplet We and Re vary. Based on the experimental and theoretical studies, the 

impinging droplets are modeled either to rebound or to stick to the wall or spread to a 
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disk shape or to splash into a number of secondary droplets depending on the Weber 

number, Ohnesorge number, temperature, and surface condition. The modeling scheme is 

shown in Fig. 6.7.  

The boundary defining wet or dry impact is dynamic Leidenfrost point [188]. Regarding 

water it is fitted to: 

( )0.64162 24.3leid bT v C= + °  (6.27) 

The experiments by Shi et al. [189] show that when a liquid droplet impinges on a heated 

wall, the droplet spreads along the wall and momentary liquid-solid wetting contact can 

be achieved even if the wall temperature is higher than the Leidenfrost temperature. A 

transient heat conduction process occurs in the liquid in contact with the solid surface. 

The duration of this transient heat conduction process depends on the initial conditions of 

both the droplet and the solid surface. For time longer than this initial transient, the liquid 

will enter into nucleate, transition, or film boiling depending mainly on the surface 

temperature. 

So the hot surface would not affect the droplet rebound. The very first moment of stick 

and spreading regimes are treated as the same for both wet impact and dry impact. When 

the droplet comes to its maximum spreading diameter a vapor film starts to form between 

the droplet and wall at 
w Leid

T T≥ .  

The time required for the circular water film to reach the maximum spreading diameter 

from the moment of collision with a hot surface is [78]:  

( )0.46

max 0.27 Wen b bnt d v=  (6.28) 
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The time period of contact before being separated by vapor film surface has been 

suggested to be of the order of the vibration period of a freely oscillating droplet [55]: 

( )
1

3 216
r

t dπ ρ σ =    (6.29) 

In rebound regime, the residence time from the moment of collision to the moment of 

departure from the hot surface is  [78]: 

( )0.371.25Wer n b bnt d v=  (6.30) 

The time from impingement to splashing is defined as [153]: 

2
b

s

bn

d
t

v
=  (6.31) 

vm (m/s) SMD (m) tr spread (s) tr rebound (s) tr splashing (s)
tr film boiling 

(s) 

1 5.00E-05 1.22E-05 5.44E-05 1.00E-04 3.25E-05 

5 5.00E-05 5.82E-06 3.58E-05 2.00E-05 3.25E-05 

20 5.00E-05 3.07E-06 2.50E-05 5.00E-06 3.25E-05 

1 1.00E-04 2.94E-05 1.41E-04 2.00E-04 9.21E-05 

5 1.00E-04 1.40E-05 9.25E-05 4.00E-05 9.21E-05 

20 1.00E-04 7.42E-06 6.45E-05 1.00E-05 9.21E-05 

1 3.00E-04 1.19E-04 6.33E-04 6.00E-04 4.78E-04 

5 3.00E-04 5.66E-05 4.17E-04 1.20E-04 4.78E-04 

20 3.00E-04 2.99E-05 2.91E-04 3.00E-05 4.78E-04 

Table 6.1: Characteristic time of droplets exhibiting various phenomena 

Comparison in the table 6.1 indicates that the time for a droplet to become a film or for a 

droplet to fly away from the surface varies by a maximum scale of 10 in each group, and 
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even more between these groups. It tells that the characteristic time of each droplet varies 

by a large scale depending on its properties, and hence the dimensionless numbers. The 

simulation time step has to be case specific. 

When temperature is under Leidenfrost point, the instant heat flux for water is defined by 

[103]: 

0.5 0.4Re Pr
2

w d
d

T T
q k

d

−
=  (6.32) 

As for 1:5 diluted water based graphite lubricant the model is based on the experimental 

results from Chapter 5 when superheat is between 100 °C to 200 °C: 

( )( )1.47 0.037
d w sat

k T T
h

d

+ −
=  (6.33) 

Because the heat removal in the region of film boiling is practically independent of 

thermal and physical properties of the wall, the thermal load in the case of film boiling 

can be estimated by droplet subcooling. Heat from the surface is conducted through the 

vapor liquid film and dissipated by evaporation at the liquid-gas interface. The radiation 

effect is ignored here. Lee et al. [190] calculated droplet heat transfer coefficient in film 

boiling by fitting experiments  

( )0.003 29084 10  W/m Ksat dT T
h

− −
= ×  (6.34) 

With Leidenfrost point at 180 °C. When transient simulation is considered the heat 

transfer coefficient for convection and conduction at contact temperature under water 

saturation temperature uses 350 W/m2K. The contact temperature is defined by 

d d w w
c

d w

T e T e
T

e e

+
=

+
 (6.35) 
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Where  Pe k cρ= . Based on contact temperature, Leidenfrost temperature, and droplet 

heat transfer below and above Leidenfrost point the temperature dependent heat flux is 

compiled in Fig. 6.8. As shown the curves follow the boiling heat transfer theory. 

Figure 6.8: Heat flux curve of water droplets heat transfer model 

The amount of heat removed by a single droplet in its life time can be determined from 

the relation 

0 0
2

c cR

d
Q qRd dR

τ

π τ= ∫ ∫  (6.36) 

Accompanying heat transfer, the boiling and evaporation of the droplet defines the mass 

transfer rate considering both specific heat and latent heat of evaporation. In the format of 

water volume it is represented by 

( )( )'
p sat d fg

V q c T T hρ= − +  (6.37) 
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In 5:1 water based graphite lubricant the water volume ratio is 93.9% (Note there is water 

in the lubricant prior to dilution). The lubricant droplet deposition completes when water 

fully evaporates, and the volume of the rest solid lubricant film is given by 

3

lub
lub 6.1%

6
graphite

d
V

π ρ

ρ
= ×  (6.38) 

In transient heat transfer simulation the proper heat transfer models should be chosen 

from above. 

Figure 6.9: A schematic of the hydrodynamics of droplet impingement 

Four regimes are assumed in droplet impingement (Fig. 6.9). In stick regime, 
bn

We <5, 

a
d and 

b
d  note the droplet diameter before and after impingement. The final droplet 

diameter is: 

a b
d d=  (6.39) 

The time between droplet impingement and settle down is ignored, which means the 

droplet sticks to the surface and flattens to a disk shape instantly. 

It has been mentioned above that the droplet spreads, shrinks and finally rebounds from 

the surface as a bowling pin-shaped mass, when the droplet has a low Weber number 

corresponding to a low impact energy. The relation between the Weber number and the 
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coefficient of restitution (droplet rebound) has been experimentally clarified in the range 

of We less than Wecri=30 by Hatta et al. [78]. They proposed an empirical formula for the 

coefficient of restitution: 

0.59

bn1 0.087We
n

e = −  (6.40) 

So in rebound regime, 
bn

We < 30, 

a b

at bt

an
n

bn

d d

v v

v
e

v

=

=

=

 (6.41) 

The splashing was found to be almost independent on the impact angle in the range 35° 

<θ < 87°.  

The transition We between the spread and splash regimes is reported by Bai and Gosman 

[59] as 

0.18We 1320La
b

−=  (6.42) 

where the Laplace number La is defined as 

2
La db

Dρσ

µ
=  (6.43) 

For the typical values of La quoted by Bai and Gosman, the transition We is more than 

300. This model is simply independent of surface temperature and liquid film thickness 

on the surface. 

The maximum spreading factor is defined by Akao’s model [154] which has been 

compared in Chapter 5. The relationship between maximum spreading factor with SMD 

and mean velocity is shown in Fig. 6.10. 

0.39

max 0.613Weβ =  (6.44) 
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Figure 6.10: Maximum spreading factor, the curves stop where the droplet splashes 

In splashing regime, Park’s model [75] is given as:

( )

( ) ( )

( )

1 2

, 0.5,1

,1 ,2 , 0,1

,1 ,2 , 0,1

,1 ,2

0.2

0.835 3.096 2

0.15

2

a a b G

t t bn U

an an bnG

a a b eject

d d d

v v v

v v v

N N N N

ξ

= = Ω

= − = − ⋅ ⋅Ω

= = − ⋅Ω ⋅

= = ⋅

 (6.45) 

Where ( ), 0,1U
Ω  is the uniform distribution in (0,1), ( ), 0.5,1G

Ω  is the gamma distribution with 

(0.5,1), and 1.28ξ = . Two parcels of droplets with identical size and normal velocity and 

opposite tangent velocity are identified. A modification of total secondary droplets 

number 
eject

N  was made to limit its maximum value:  

( )max 0.187 14,1  for We<300

40   for We>=300

eject bn

eject

N We

N

= −

=
 (6.46) 

The deposited volume can then be represented by 
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3 3

' max ,0
6 6

eject

b a
a

N

d d
V

π π 
= −  

 
∑  (6.47) 

And the spreading factor for the deposited part assumes Eq. (6.43).  

For each generated droplet combined with its impingement location the procedure to 

apply the impingement model is as follows: 

1. Determine temperature at impingement location. Calculate heat flux density. 

2. Calculate dimensionless number: We, Re, Oh, Pr, and La. 

3. Compare We with We
critical

 to determine stick or rebound or spread or splashing.  

4. Calculate resident time or splashing time or spreading time. Compare these times 

(impingement life) with time step and store the information to the droplet. Calculate heat 

transfer and film thickness and spreading. Update the information to the droplet and each 

element related in lattice.  

5. If droplet impingement life is longer than the time step store the droplet to a stack.  

6. Iterate every droplet in the stack. If the droplet spreads to its maximum diameter or 

stick to the surface, convert the droplet film and add to the lattice film at related elements. 

If the droplet splashes or evaporated before fully spreading or the droplet rebounds, 

remove the droplet from stack. 

At the end of each time step, the liquid film on the lattice will be updated based on: 

1. Visit each element on lattice to check if it is active existing in liquid film. 

2. Update the evaporation for heat and mass for next time step. Update lubricant film 

thickness if it is applicable. 

3. If the mass of film in current element is reduced to zero reset this element to inactive. 

If not continue to next element on lattice in order. 
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6.4.4 Model Evaluation 

Three major parameters in this statistical model are: time step 
s

t , element size l , and 

lattice size L. Relasionships should consider the average droplet impingements at each 

time step in the lattice which is affected by 
s

t  and L, the relationship between resident 

time ( ) ( )
1

3 216rt SMDπ ρ σ =
 

, characteristic time of droplet 
m

SMD v  with time step, 

the relationship between droplet size with Sauter mean diameter of the sprays. 

Based on simulation efficiency and the dilute sprays used in our study, the parameters are 

defined as: 

( )min 4 ,0.001s rt t=  (6.48) 

l SMD=  (6.49) 

( )
3

2

20
max ,60

6 s

VMD
L

Vl t

π 
 =
 
 

 (6.50) 

Volume 
flux (m/s) 

SMD (m) Velocity 
(m/s) 

Time step 
(s) 

Element 
size (m) 

Lattice 
size 

Lattice 
area 
(m^2) 

3e-3 5e-5 10 1.3e-4 5e-5 72 1.3e-5 

1e-3 3e-4 5 0.001 3e-4 110 1.1e-3 

5e-4 5e-5 20 1.3e-4 5e-5 176 7.7e-5 

1e-3 1e-4 1 3.7e-4 1e-4 104 1.1e-4 

Table 6.2: Time and space definition 

Because the residence time is at least an order less than the evaporation time the time step 

is defined in Eq. (6.48). Eq. (6.49) means approximately 20 droplets impinge hot surface 
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at one time step 20
m

N = . This definition is evaluated in Table 6.2. The area, lattice size, 

element size, and time step are dynamically adjusted to the sprays’ pattern. The area 

increases with the increase of volume flux and droplet SMD. For lattice size of 72 the 

probability of two droplets impacting on the same element at the same time will be less 

than 0.4% and the longest simulation for 1 second transient cooling will be around 7700, 

which approximately takes 2.5 hour. 

Each element in the lattice redeemed as a uniform unit. It is judged by liquid film covered 

or not covered. The unit shares single value across the area. At each time step the liquid 

droplet deposited on the surface updates its spreading diameter and the diameter is 

compared with element size and hence adds liquid film thickness to the element if its 

center falls in the new coverage (Fig. 6.11). 

Figure 6.11: Conversion of droplet coverage 

In isothermal sprays, cooling the lattice is treated as a unit and the time resolved heat 

transfer coefficient, time averaged wetting area, and average liquid film thickness per 

wetting area is evaluated. Lubricant sprays with high dilution ratio lubricant 1:5 (water 
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based graphite lubricant) are evaluated under same definition with additional time 

averaged solid lubricant film growth rate. Time-resolved and space averaged heat transfer 

coefficient is based on every 10 time steps. This is represented in 

( ) ( ) ( )

( ) ( )
0 0

, ,

, , , 10

2
10

s

i j t

i j L t t t t

s w d

q

h t
t T T L l

∈ ∈ +
=

− ×

∑
 (6.51) 

Convergence is determined when the measurements enter steady state. The warm-up time 

is identified when the averaged heat transfer coefficient over the lattice converges to the 

error limits: 

( ) ( )
( )

1 0.01i i

i

h t h t

h t
ε + −

= <  (6.52) 

Figure 6.12: Heat transfer coefficient approaching steady state in isothermal simulation 
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The approach to convergence is shown in Fig. 6.12. This figure not only explicitly 

displays the effects of droplet size, velocity, and volume flux on the heat transfer but also 

shows the number of time steps and actual time in reaching the steady state. Sprays with 

lower velocity and larger droplet size have smoother transition but also take more time, 

whereas finer droplets help the cooling process reach steady state quicker. Theoretically 

the finer droplets should also show less vibration. The reason is that the time step for 

sprays with finer droplet is such smaller, and the time frame is fixed at 10 time steps the 

sprays have less uniform coverage in such period of time. Also warm-up time for steady 

state is noted in the figure. 

6.4.5 Monte Carlo simulation  

As the evolution of this spray cooling system is modeled by probability density function 

for distributions of droplet size, velocity, impingement angle, and impingement location, 

a simple Monte Carlo simulation is carried out by sampling from these PDF to verify the 

effectiveness of random number generation in achieving stable results in an economic 

way. Considering the droplet spray pattern just before impingement the economic way 

means the number of droplets, the simulated cooling time, and the lattice size are well 

controlled. This should be sufficient to provide reliable prediction of heat transfer 

because finer time step, longer cooling time, larger lattice size with smaller elements 

should always provide better information. 

The simulation is done with sprays pattern of volume flux 1e-3 m/s, SMD size 3e-4 m, 

and mean velocity 5 m/s. The hot surface is of 250 °C. In generating the droplet sizes 

based on the slicing sampling algorithm, the window size is set at 10. The first generated 
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1000 random numbers omitted in generated sequence are followed by 4 out 5 values 

omitted in the generation. 

Thirty Monte Carlo trials were done with 1200 effective sampling droplets in each trial. 

Three heat transfer coefficient curves are shown in Fig. 6.13. Accordingly the 

accumulated heat flux over the hot surface is shown for trial 8, 12, 17 in Fig. 6.14. Based 

on the 30 trials the crude Monte Carlo estimator heat transfer coefficient under steady 

state is 18685.86 W/m2 K with standard error 45.71. So no more steps are needed to 

reduce the uncertainty from the droplet sampling and simulation settings. 

Figure 6.13: HTC curves for trial 8, 12, and 17 
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A 

B 

C 

Figure 6.14: Accumulated heat flux for trial 8 (A), 12 (B), and 17 (C) 
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6.5 Simulations and Results  

Modeling activities are focused on the simulation of liquid lubricant droplet dynamics 

and the thermal behavior during spray processing especially spray impingement using the 

statistical model. Predictions of cooling rate and lubricant deposition rate are being 

compared and discussed. The parameters being used in this chapter is list in Table 6.3. 

 Water Water based graphite (1:5) 

sat
T  (°C) 100 100 

ρ (kg/m3) 1000 1037 (1600 for pure graphite) 

p
c  (J/kg K) 4190 3978 

fg
h  (J/kg) 2.58E+6 2.42E+6 

d
T  (°C) 30 30 

k (W/m K) 0.595 0.655 

σ (N m) 7.28E-2 5.6E-2 

µ (Pa s) 1E-3 3.9E-3 

SMD (m) 50, 100, 300 E-6 50, 100, 300 E-6 

m
v  (m/s) 1 to 20 1 to 20 

V (m3/ m2 s) 5E-4 to 3E-3 5E-4 to 3E-3 

Table 6.3: Simulation parameters for water and water based graphite sprays 



223

6.5.1. Isothermal and Steady State 

Heat transfer by phase change has long been an attractive method of cooling since large 

amounts of heat can be removed with relatively small temperature differences. The 

cooling heat transfer coefficient is able to be quantified based on known spray features 

with the help of statistical model. Cooling heat transfer varies with changing temperature, 

droplet size, spray flux, and spray velocity. Figure 6.15 to 6.17 has compared theirs 

relationships. 

Figure 6.15: Effect of volume flux density on water sprays heat transfer 
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Figure 6.16: Effect of SMD on water sprays heat transfer 

Figure 6.17: Effect of velocity on water sprays heat transfer 

Large volume of works has been done on modeling heat transfer coefficient represented 

by a empirical equation (Refer Appendix A). The four factors either have been hard 
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coded in the equation or occur as a part of dimensionless number. Mudawar [142] has 

provided a candidate model as: 

1.691 0.264 0.062

326.325 10 "

w d

h T Q d

T T T

−= × ∆

∆ = −
 (6.53) 

Where his model is based on 32d  in the range of 2e-4 to 5e-4 m and "Q  in the range of 

1e-5 to 1e-4 m3/m2s. Since Mudawar model shows a linear increase along with surface 

temperature, only the data in nuclear boiling regime is compared in the figures. Flow flux 

shows a dominant impact on heat transfer, and droplet velocity second to it with middle 

value giving higher cooling rate. The phenomena explains that stick and splash that 

happen under lower or higher impingement velocity have less effectiveness in spreading 

out and providing more cooling contact surface. Finer SMD does not guarantee better 

cooling because the spreading depends on the coupled effect from SMD and 

impingement velocity which are represent in We number. The heat transfer coefficient at 

temperatures higher than Leidenfrost is nearly independent of surface temperature and 

SMD but dependent on velocity.  

The simulations have been done with water based graphite lubricant at low dilution ratio 

(1:5 in volume). In order to avoid splashing and ensure strong adhesion to the surface the 

simulations are run for the wall temperature range from 120 ºC to 200 ºC. The 

comparisons are shown in Fig. 6.18 to Fig. 6.20.  The solid lubricant film growth rate is 

sharing the same step with heat transfer coefficient because of the constant dilution ratio 

assumption that results in the graphite depositing to the surface when the corresponding 

water portion evaporates. Apparently finer droplet size and higher volume flux will help 

the lubricant film build up. These figures provide an insight into lubricant film formation, 
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and information for spray time design for a particular lubricant ranges. Further, Fig. 6.21 

shows the averaged deposited film thickness on top of the wall surface. This information 

can be used to evaluate whether spray flux is excessive or whether it affects the dry-off 

before the new cycle of forging. 

Figure 6.18: Effect of volume flux density on lubricant heat transfer and film formation 

Figure 6.19: Effect of SMD on lubricant heat transfer and film formation 
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Figure 6.20: Effect of velocity on lubricant heat transfer and film formation 

Figure 6.21: Averaged water film in lubricant sprays (Volume flux 1e-3 m3/m2s, SMD 

5e-5 m, and velocity 5 m/s) 
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6.5.2 Transient Study – Two-step Spray 

The steady state simulation can be extended to transient study when both spray cooling 

simulation and heat conduction in hot body are coupled. Under transient spray cooling 

and film formation the whole set of droplets on the hot surface are approximated as a 

continuum producing a uniform heat flux and forming a uniform lubricant film. The one 

dimensional heat transfer simulation in the hot body and the cooling heat transfer at the 

hot surface are updated at every 10 time steps. The time resolved cooling heat transfer 

coefficient serves as an input for the calculation of temperature in the hot body. The one 

dimensional cooling in the hot body will renew the body temperature as well as the 

surface temperature for every 10 time step-period of heat conduction, which will be 

plugged into surface sprays cooling simulation for the whole lattice. The simulation will 

continue with the new wall temperature for the next 10 time steps. 

In order to show the applicability of two-step sprays, a segment temperature curve is 

taken from the FEA simulation case 2 of Chapter 3 where steady state forging is 

developed. The spray strategy is to have pure water sprays for 0.2 s with volume flux 5e-

4 m/s, SMD 3e-4 m, and velocity 10 m/s followed with 0.1 s natural air cooling. Then 

lubricant sprays continue with volume flux 5e-4 m/s, SMD 3e-4 m, and reduced velocity 

at 5 m/s. In this study the time step is given 1 ms. Temperature history of the hot plate is 

shown in Fig. 6.22. Figure 6.23 presents heat transfer coefficient history and lubricant 

film formation in the spray period. The coverage and variation of the lubricant film can 

be seen in Fig. 6.24. It is a promising approach to build up the relations between sprays 
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pattern, sprays strategy, and heat conduction in hot tool. The heat transfer between sprays 

at surface and conduction in tool depends on physical properties of tool material, water 

and lubricant, and spray characteristics and affects the evolution of both. 

Figure 6.22: Temperature history of hot plate with two-step spray 
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Figure 6.23: Heat transfer coefficient history and the formation of lubricant film 

Figure 6.24: Lubricant film coverage after sprays 
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6.5.3 Rebound Droplet and Secondary Droplet 

Some of the droplets that fly away from impingement location because of rebound and 

splashing will return to the hot surface and make subsequent contacts. They will either 

stay on the surface or make another trip to the atmosphere. When investigating the effect 

of surface orientation on the heat transfer and film formation it is found that above 

studies are valid for the surface, from vertical through top or alternately, spray in normal 

direction from bottom to top. The droplets that once leave the hot surface will hardly 

participate in another impingements and surface cooling. 

When it comes to spraying horizontal plates from top, the rebound droplets and re-

entered secondary droplets have to be understood for better assessment of sprays. By the 

model, the splashing droplet could generate 10 to 40 secondary droplets, which makes it 

computationally prohibitive to trace every secondary droplet together with the primary 

sprays. Alternative method is to sample secondary droplets distribution and evaluate them 

separately. In order to describe the distribution of secondary droplets, some researchers 

have tried to build relationships between the secondary droplet distribution and the 

primary sprays pattern. The secondary droplets distribution is a function of primary 

sprays pattern and liquid properties. 

The impact of re-entering droplets is to increase the actual volume flux density, reduce 

SMD number of sprays, and change the impingement angle and velocity. At one moment 

secondary droplets fly away from the surface and a portion of them will return to the 

surface at different times. In a steady state scenario at any moment secondary droplets 

atomized from previous time steps will impinge on the surface simultaneously with the 

primary droplets. The combination of droplet size and velocity will approximate the 
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secondary droplets pattern generated at one moment. Also the steady state will be delayed 

because of the involvement of secondary droplets. 

The approach to study rebound droplets and secondary droplets is suggested as: 

� The preliminary simulation is done to fit the distribution of droplet size and 

velocity, and to calculate the volume flux that re-impinge the hot surface. Built a 

new sprays description based on the sampling. 

� For each droplet subject to rebound, randomly generate its re-entering location 

and assign to a new droplet at time to bouncing off. The new droplet will have the 

same size when it rebounds, and the same horizontal velocity and a reduced 

velocity normal to the surface (Eq. (6.41)). 

� The secondary droplets are treated as a group of droplets re-entering the 

impingement area. In this treatment ejected droplets with surface impingement 

angle less than 15° are considered as “jetting” and are not considred for re-

impingement. Although other secondary droplets might not be constrained in this 

specific small area, the probability of droplet exchange provides the rule that the 

secondary droplets getting into this lattice are equal to the droplets flying away 

excluding the jetting ones. 

� In one time step, both primary sprays and secondary sprays generate certain 

number of droplets from their distribution description for impingement and heat 

transfer calculation. 

� The steady state condition for sprays heat transfer, considering droplet rebound 

and splashing, is thus achieved. 



233

This study has been done on a primary spray with volume flux 1e-3 m/s, SMD 3e-4 m, 

and mean velocity 5 m/s. The time step is 1 ms. Lattice size is 110 with area of 0.0011 m2. 

A population of 1005 droplets is preliminarily investigated. The number of droplets falls 

into each impingement regime, and the volume and number of droplets ejected and 

projected to re-enter are list in Table 6.4. It is noted in this case that 50% droplets in 

volume and 12.84% in number will splash, and 60% of its volume will be ejected into 

atmosphere excluding evaporation and deposition. Only 20% of volume of the splashing 

droplets or 10% of the primary spray in volume will re-enter the impingement area with 

two times the population of droplets. 

Volume flux 
density (m3/m2 s)

Droplet number ratio 
or number

Stick 2.27e-6 0.8%

Rebound 1.44e-5 4.78%

Spread 0.0005 81.59%

Splash 0.0005 12.84%

Ejected 0.0003 4730

Re-enter 0.0001 1960

Total 0.001 1005

Table 6.4: Compare secondary droplets with primary spray 

The density fitting of secondary droplets’ size, velocity, and impingement angle are 

shown in Fig. 6.25 and 6.26. Because of the inherent nature of this model Gamma 

distribution is taken to fit the droplet size. The sizes of re-impingement droplets have a 

mean of 7.8e-5 m which is slightly lower than the ejecting droplets’ mean 8.1e-5 m, and 
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more than one scale smaller than primary droplets. Good fit has been found for velocity 

using Weibull distribution with mean 1.8 m/s. Lognormal density function is used for 

impingement angle with mean at 46°. 

Figure 6.25: Fitting of size of secondary droplet subject to re-impingement 

Figure 6.26: Fitting of velocity and impingement angle of secondary droplets subject to 

re-impingement 
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In this specific wall-jetting case the secondary droplets have limited effects on heat 

transfer. Sampling has been made based on the fitted distribution and volume flux of 1e-4 

m3/m2 s. The modified spray simulation by including rebound droplets and secondary re-

impingement droplets are done for surface temperature at 250 °C. The heat transfer 

coefficient for bottom surface is 1561 W/m2 K higher than the coefficient for top surface 

which is 16563 W/m2 K in steady state. As primary droplet velocity increases it is 

believed that the difference will be even less. 

6.6 Summary 

To be able to describe sub-grid scale physics, it is necessary to introduce submodels into 

spray computations for processes that occur on time and length scales that are too short to 

be resolved. The use of submodels to describe unresolved physical processes necessarily 

introduces empiricism into computations. The statistical submodel for droplet/wall 

impingement is developed based on empirical and theoretical studies to address the heat 

transfer and film formation in the scheme of two-step sprays. This statistical model 

constitute the crucial link between fundamental single droplet experiment and heat 

transfer optimization and cooling design regarding hot forging in steady state. Diluted 

sprays of pure water and less diluted water based graphite lubricant are targeted in this 

study. The methods for transient study and secondary droplets impingement are also 

investigated. 

The design of this model has been proved in efficiency and reliability in steady state 

study. Uniformity of wetting, cooling, and film formation has been verified. The random 



236

droplet generation is proved to be effective. The compromise between accuracy and 

feasibility of computation is justified by Monte Carlo evaluation. Transient study of heat 

transfer and film formation shows that it is an advanced tool in spray design comparing 

with the flow flux based cooling model referred in section 2 of Chapter 3. This model 

will be able to apply in cooling optimization and spray design. Additionally the depth of 

technical detail built in this model could be easily adapted with better understandings in 

droplet impingement and heat transfer. 
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CHAPTER 7 

CONCLUSION 

7.1 Summary and Conclusion 

In the forging process, heat transfer and friction between tool and part, consistency of 

friction from part to part, and consistency of tool temperature all affect not only the part 

quality and part tolerances, but also tool life, and hence operating efficiency and 

operating costs. The research of sprays modeling in hot metal working is break down to 

two parallel approaches. The first approach is to study heat transfer in the forging cycle, 

the relationship between cooling control with forging performance, and the optimal 

design of cooling rate. The second one takes steps from macro view on traditional spray 

systems to a micro view on small droplet impingement by focusing on the role of 

material being sprayed and spray parameters. In the effort to bring sprays design and 

cooling management together a statistical model is developed to address the gap between 

hydrodynamic and thermodynamics of droplet impingement and the macro results in 

cooling rate and lubricant film formation.  

Although interfacial heat transfer coefficient during forging is a dominant factor in the 

flow stability, load, wear, and die chilling because of the intense heating and pressure in 

that period precisely controlled and discrete spray being used to control cooling rate has 
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been proved to be an effective way in improving the forging performance with results 

from simulation test on titanium alloy Ti-6Al-4V forging which is especially sensitive to 

the change of temperature and strain rate. 

Design of forging process should be implemented for thermal-steady state to present 

actual and actuate scenario. However it was a trouble to identify the optimum cooling 

rate to achieve desired thermal steady state in a way of searching in a black box. 

Thermal-Steady State Balance method is developed combining one dimensional heat 

conduction algorithm with FEA simulation to help predict temperature evolution and 

thermal steady state temperature distribution and optimize cooling rate consider the full 

forging cycle. The results show that this upfront method can make quick evaluation of 

heat transfer and removes the needs of tens of iteration in searching for cooling rate by 

using computer simulation. 

Following the second approach experiments has been done to test the traditional spray 

system and a feasible approach to identify heat transfer coefficient in spray cooling is 

introduced. The limited capability of traditional spray system and the limited applicability 

of the experimental results in process design enlighten the idea to separate lubrication 

from cooling. A two-step (water and lubricant) spray approach is recommended and the 

research continues on the modeling of this approach. 

Water based graphite lubricant and synthetic lubricant are tested and compared with low 

volume dilution ratio of 1: 1 and 1:5. The phenomenon of a single lubricant droplet 

impact, spreading, evaporation, dry-off, and solid lubricant film formation is summarized. 

Evolution of the surface temperature during evaporation was measured. The film 

formation, dry-off time are modeled by a two-stage evaporation model which assumes 
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constant equivalent heat transfer coefficient at first stage and linear decaying heat transfer 

coefficient at second stage. The study of lubricant droplet spreading, heat transfer, and 

film formation builds up the base for statistical modeling. 

By sampling droplets size, velocity, impingement location and angle with given density 

distribution and the sub-model which describing droplet-wall impingement dilute sprays 

on hot surface is statistically investigated. The results from steady state simulation and 

transient simulation have shown that the heat transfer coefficient and film formation rate 

prediction reveal some important implications on the statistical modeling of water and 

lubricant sprays in hot metal working such as hot forging. This work illustrated the 

possibility in both forward and backward design route from spray system to forging 

process. 

7.2 Future Work 

The trade-off always exists in order to have efficiency and accuracy all together in 

developing engineering solutions. Simplification and assumption have been made to 

compromise the cost in experimental and computational work. Further work will help 

justify the assumption been made or make modification to enhance the modeling when 

making progress in understanding the physical world. It is such a complexity that several 

fields will attract researcher’s eyesight in improving this model. 

Firstly, it is taken for grated that polished and flat surface is under investigation. When it 

comes to complicate geometries and overlapping sprays advanced method is required to 

address it. Leidenfrost point, droplet boiling and spreading and splashing will change 
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depending on surface roughness in certain situation. Evan scales from workpiece and 

residual contamination will affect heat transfer. With the application of advanced surface 

technology the change of surface structure will affect sprays cooling, lubricant 

entrapment, and heat conduction in the body.  

Secondly no only spray pattern but also liquid being sprayed determines the cooling. 

Coolant with adjusted surface tension, viscosity, and contact angle will enhance the 

cooling capability of sprays. Additional air blowing, orientation of sprays, overlapping 

sprays all have found their impact in hot metal working. To further implement the water 

and lubricant spray approach techniques to atomize such colloid with high fraction of 

graphite should be investigated. 

The third field is about the modeling method itself such like spray pattern could be 

possible represent in a joint density function of size, velocity, and impingement angle if 

the studied population of samples are large enough. Although the secondary droplets 

generation is developed in a description of distribution a lot of uncertainties exist in the 

spreading, boiling, and splashing and would make the clear-cut submodel complicate. 

Lastly the practical application of the methods proposed in this dissertation will suggest 

the implementation in FEA or CFD code in order to have direct tool in forging process 

and spray strategy design. 
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APPENDIX A 

HEAT TRANSFER COEFFICIENT MODEL OF SPRAY COOLING 
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Jacobi [196]: more than 5 models have been mensioned in Jacobi’s work. Such like 
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