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Abstract 

Keywords: Engine valve cooling, Thermal interfaces, Valve/seat thermal 

conductance, Seat/cylinder head thermal conductance, Heat flow analysis, Finite 

Element. 

Controlling the temperature of the exhaust valves is paramount for proper 

functioning of engines and for the long lifespan of valve train components. The 

majority of the heat outflow from the valve takes place along the valve-seat-cylinder 

head-coolant thermal path which is significantly influenced by the thermal contact 

resistance (TCR) present at the valve/seat and seat/head interfaces.  

A test rig facility and experimental procedure were successfully developed to assess 

the effect of the valve/seat and seat/head interfaces on heat outflow from the valve, 

in particular the effects of the valve/seat interface geometry, seat insert assembly 

method, i.e. press or shrink fit, and seat insert metallic coating on the operating 

temperature of the valve.  

The results of tests have shown that the degree of the valve-seat geometric 

conformity is more significant than the thermal conductivity of the insert: for low 

conforming assemblies, the mean valve head temperature recorded during tests on 

copper-infiltrated insert seats was higher than that recorded during tests on non-

infiltrated seats of higher conformance. 

The effect of the insert-cylinder head assembly method, i.e. shrink-fitted versus 

press-fitted inserts, has proved negligible: results have shown insignificant valve 

head temperature variations, for both tin-coated and uncoated inserts. On the other 

hand, coating the seat inserts with a layer of tin (20-22µm) reduced the mean valve 

head temperature by approximately 15°C as measured during tests on uncoated seats.  

The analysis of the valve/seat and seat/head interfaces has indicated that the surface 

asperities of the softer metal in contact would undergo plastic deformation. Suitable 

thermal contact conductance (TCC) models, available in the public domain, were 

used to evaluate the conductance for the valve/seat and seat/cylinder head interfaces.  

Finally, a FE thermal model of the test rig has been developed with a view to assess 

the quality of the calculated TCC values for the valve/seat and seat/head interfaces. 

The results of the thermal analysis have shown that predicted temperatures at chosen 

control points agree with those measured during tests on thermometric seats with an 

acceptable level of accuracy, proving the effectiveness of the used TCC models.  
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Chapter 1 - Introduction 

1.1 Background on Internal Combustion Engines 

At the present time, almost all current motor vehicles operate using what is referred 

to as a ‘four stroke internal combustion’ engine, converting chemical energy into 

mechanical energy [1, 2]. The main types of internal combustion engines, classified 

according to the type of fuel utilised, are: Spark Ignition (SI) engines which use 

petrol as fuel, and Compression Ignition (CI) engines which use diesel [1, 2].  

Both engine types go through the same cycle, beginning with the induction stroke, 

followed by compression and combustion, and ending with the exhaust stroke [1, 2]. 

However, they differ in two main aspects: the time at which fuel is injected into the 

cylinders, and the means by which the inducted fuel-air mixture is ignited. In SI 

engines, a mixture of air and fuel is drawn into the cylinder during the induction 

stroke, which is later ignited at the end of the compression stroke by a spark emitted 

by the spark plugs [1, 2]. Whereas in CI engines, only air is drawn into the cylinder 

during the induction stroke, and fuel is injected directly into the cylinder towards the 

end of the compression stroke, just before the combustion process is initiated [1, 2]. 

Ignition in CI engines occurs as a result of the high pressures and temperatures 

generated  in the cylinder during the compression stroke, typically of about 4MPa 

and 800K [1, 2].  

Engine valves play significant roles within the engine cycle, as they act as the 

combustion chamber doors [3]. During the induction stroke, the intake valves open 

to admit a fresh charge into the cylinders, whereas the exhaust valves open at the end 

of the combustion stroke to expel the produced exhaust gases [1-3]. 
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The increasing demands for engines with higher output and better fuel economy 

result in higher heat flux through the combustion chamber components, which 

consequently increase their operating temperatures [3-6]. Higher temperatures of 

critical components such as engine valves contribute to the poor performance and 

shorter life of the engine [3-5, 7, 8]. 

 

1.2 Engine Valve Operating Conditions 

During the combustion stroke, the fuel mixture inside the cylinders burns releasing 

exhaust gases at high temperatures and pressures [9]. In SI engines, which are the 

interest of this study, exhaust gases can reach temperatures of up to 900°C and 

pressures of up to 2MPa [1].  

The exhaust gases heat up the surrounding combustion chamber components, 

including the engine valves [9]. Although, the intake and exhaust valves are exposed 

to the same heat generated, however, the exhaust valves tend to operate at much 

higher temperatures compared to the inlet valves, due to their extensive contact with 

the exhaust gases as they flow passed them during the exhaust stroke [3]. 

Meanwhile, the inlet valves are cooled down by the incoming charge at the start of 

every cycle [3]. Typical temperature maps of both the inlet and exhaust valves are 

shown in Figure 1-1 [4]. It was not made clear whether these values were 

experimental or theoretical or whether the valve was from a diesel or petrol engine. 
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Figure 1-1: Typical inlet and exhaust valves temperature distribution 
(temperatures in °C) [4] 

 

With regards to the exhaust valve, roughly around 70% of its heat inflow takes place 

through the valve’s head when the valve is closed, with the remaining 30% through 

the neck when the valve opens to expel the exhaust gases [3, 10]. On the other hand, 

about 75-80% of the valve heat outflows via the contact with the seat insert when the 

valve is closed, with the rest through the valve guide [3, 4, 10-14]. A schematic 

diagram for the exhaust valve heat inflow and outflow is shown in Figure 1-2. 

 

Exhaust Valve Inlet Valve 
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Figure 1-2: Exhaust valve heat inflow and outflow, as [3, 4, 10-14] 

 

1.3 Statement of the Problem 

The increasing engine speeds and loads result in higher operating temperatures of 

critical combustion chamber components such as the exhaust valves [5]. While 

research has led to materials with improved performance at high temperatures [4, 6, 

8, 15, 16], the ability to remove heat from these components remains critical for their 

functionality and life expectancy and, ultimately, the maintenance of a smooth 

engine operation [3-8, 15-18]. According to [4, 16], the exhaust valves tend to 

operate at significantly high temperatures due to: 

Valve 

70% of heat inflow 

Seat Insert 

75-80% 

of heat 

outflow 
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20-25% of heat 

outflow 
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1. The prolonged exposure to the hot exhaust gases, 

2. The limited thermal conductivity of the valve material, restricting the heat 

flow away from the valve head towards the valve stem, 

3. The high ratio of heated to cooled surface area, typically 2.5 to 1 or higher, 

4. Valve bounce as a result of instable valve train dynamics, and 

5. Build up of seat face deposits from fuel and lubricating oil. 

In CI engines, hot exhaust valves may assist the initiation of the combustion process 

by providing a glowing spot, which does not affect the valve performance provided 

that the valve temperature is within the metallurgical capabilities of the valve 

material in use [16]. However, in SI engines, hot exhaust valves may collect and 

emit glowing particles causing ‘preignition’ [1, 2, 16, 19]. Preignition is the name of 

the phenomenon when the charge ignites before the occurrence of the ignition spark 

[1, 2, 5, 19]. When the charge explodes out of control, the reaction rate increases 

rapidly accompanied by pressure waves, forcing the cylinder walls to vibrate, 

creating an audible ‘pinking’ noise, this is referred to as ‘detonation’ [1, 2, 19]. 

Detonation and preignition excessively heat and distort the mating surfaces of the 

valve and the seat insert [5, 16, 19, 20].  

The increasing temperatures of the exhaust valves reduce their thermal strength and 

increase their liability to failure due to fatigue [21] and corrosion [13], especially 

when operating under combined thermal and mechanical loads [3, 6, 7, 14]. 

Exhaust valves operating at higher temperatures are likely to expand more than usual 

in both the radial and axial directions, increasing the risk of valve stem seizure in its 

guide [13], valve misalignment and the possibility of breakage through piston 

collision [3, 12]. 
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In addition, since most of the valve heat input is dissipated through the contact with 

the seat insert, any increase in the valve head temperature would result in a similar 

increase in the seat insert temperature. The seat inserts experience non-uniform 

temperature distribution due to the asymmetric nature of the surrounding boundary 

conditions [7, 8, 22], resulting in the distortion of the seat insert seating face and the 

improper valve seating when combined with the increasing operating temperatures 

[6]. Consequently, the rate of heat transfer away from the valve is reduced and its 

operating temperature is increased further as a result of the negative impact on the 

valve/seat contact area. The rising temperatures increase the magnitude of the 

thermal stresses experienced by the valve and the likelihood of valve head cracking 

[3, 7, 8, 12]. 

The improper seating of the valves increases the risk of failure due to burning and 

corrosion as a result of the escape of hot pressurised combustion gases [12, 13], or 

due to breakage as a result of the repeated hard seating and reversed bending under 

firing pressure [4, 23]. Moreover, valves operating on distorted seats are bound to 

leak, which results in the improper sealing of the combustion chamber and 

consequently loss in the engine power [8]. 

 

1.4 Aim and Objectives 

The aim of this study is to advance the understanding of the mechanics of heat 

outflow from exhaust valves along the valve-seat-cylinder head-coolant thermal 

path, particularly those aspects related to the contact conductance of the valve/seat 

and seat/cylinder head interfaces.  
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In achieving this aim a number of more specific objectives are to be realised: 

1. Review the main macro and tribological aspects of heat flow through contact 

interfaces, with a view to identify ways of improving the heat flow and assess 

their suitability for the valve/seat and seat/cylinder head interfaces. 

2. Build a test rig facility and conduct steady-state comparative tests on 

parametrically different sets of specimens to assess the efficiency of valve's 

cooling. 

3. Evaluate the thermal conductance of the valve/seat and seat/cylinder head 

interfaces. 

4. Employ numerical modelling and simulation to verify the calculated values 

of thermal contact conductance across the valve/seat and seat/cylinder head 

interfaces. 

 

1.5 Structure of the Thesis  

The thesis is organized into five chapters: 

Chapter 2 – Reviews the various methods that have been employed to reduce the 

exhaust valves operating temperature, and the main macro and tribological aspects of 

heat flow through contact interfaces, identifying the main parameters that influence 

the thermal contact resistance (TCR) and possible controlling methods.   

Chapter 3 – Presents the developed test rig facility and discusses the results of the 

undertaken tests.   
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Chapter 4 – Presents the attempt made to evaluate the TCC of the two interfaces of 

concern here, i.e. the valve/seat and seat/head interfaces using the reviewed TCC 

models.  

Chapter 5 – Presents the Finite Element (FE) model built for the test rig to assess the 

quality of the TCC estimations, calculated in Chapter 4. 

Chapter 6 – Concludes the work undertaken by drawing conclusions and making a 

number of recommendations for further work 
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Chapter 2 - Literature Review 

2.1 Introduction 

Over the years, engine operating temperatures and pressures have increased steadily 

to improve the operational efficiency, emission control and fuel consumption [4, 6]. 

Such increase worsened the operating conditions of the exhaust valves, which led the 

research into new valve materials able to withstand the higher operating 

temperatures and imposed stress levels, and the corrosive nature of the combustion 

products [4, 6, 15, 16]. 

The exhaust valve alloy 21-4N (commercial terminology), an iron-based alloy, has 

dominated the high performance market for many years [4, 15], as it offers an 

‘excellent balance of hot strength, corrosion resistances, creep, fatigue resistance and 

wear properties at acceptable cost as an alloy and in valve production’ [4]. However, 

for the case where the valve train demands could not be satisfied by iron-based 

alloys, nickel-based ones were used [4]. The wide use of nickel-based alloys, such as 

Nimonic 80A [4, 15], has been limited, due to the high costs of nickel, which 

represents more than 70% of the alloy content [4]. 

In addition, with most of the valve heat dissipated away through the seat contact [4, 

24], it is crucial to improve the seat and head thermal conductivities, and the heat 

transfer between them, in order to maintain a low seat face temperature [4]. For 

many years now, seat inserts have been produced using power metallurgy (PM) 

instead of the traditional cast alloys, as it enables the production of material 

compositions with unique metallurgical features [25-27], such as excellent thermal 

conductivity [25]. At the same time, aluminium alloys have replaced cast iron as a 
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traditional cylinder head material, due to their higher thermal conductivity of 

125W/mK compared to about 47W/mK of cast iron [4]. Although, aluminium 

cylinder heads possess higher expansion coefficients than those of the seat insert 

materials, they run at much cooler temperatures, and therefore the relative amounts 

of expansion are compatible [25]. 

This chapter reviews the various methods that have been employed to reduce the 

exhaust valves operating temperature, with special attention directed towards the 

effect of the thermal contact resistance (TCR) present at the valve/seat and seat/head 

interfaces on heat flow away from the valves. Parameters influencing the TCR, along 

with possible controlling methods are also reviewed.   

 

2.2 Methods Employed to Reduce the Exhaust Valve 

Temperature 

Effective cooling of the exhaust valves is critical for their durability and reliability of 

the associated components, the proper sealing of the combustion chamber, and the 

prevention of destructive combustion events, such as preignition and detonation. 

Hence, cooler valves would allow better fuel economy and additional power gain by 

increasing the compression ratios [16, 20, 28-30]. In addition, reduction in the 

metallurgical costs would be possible by downgrading the valve material to less 

expensive ones, still capable of delivering optimum valve functionality [3, 4, 15, 16]. 

Several methods have been employed to reduce the exhaust valve temperature, most 

of which were developed based on the understanding of the concept of heat transfer, 

which is characterised by [31]: 
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� = � � ∆  (2-1) 

where the heat flow rate � is a direct function of the heat transfer surface area �, the 

temperature drop ∆  across a given solid and the heat transfer coefficient �, which, 

in turn, is a function of the solid thickness � and thermal conductivity �, related in 

the form of [31]: � = � �?  (2-2) 
 

Hence, restricting the heat flow into the valve can be achieved by: 

• Minimizing the heat inflow areas, i.e. valve head and neck, either by 

modifying the shape of the valve or by extending the valve guide as close as 

possible to the valve head [3, 32], and/or 

• Usage of thermal barrier coatings on the heat inflow areas (low �) [3, 33, 34]. 

While the heat outflow can be enhanced by: 

• Modifying the design of the seat insert and valve guide to maximize the heat 

outflow areas [3, 16], 

• Minimizing the length of the thermal paths between the valve and cooling 

jacket in the cylinder head [3], via seat inserts and valve guides, and/or 

• Replacing the valve, seat and guide materials by others of better thermal 

conductivity [3]. 

In order to reduce the valve heat inflow areas, a common valid practice is to reduce 

the valve head diameter and add another exhaust valve to restore good breathing 

[16]. However, reducing the valve head diameter would negatively impact the 

magnitude of the valve/seat contact area and consequently reduce the rate of heat 

transfer between them. Therefore, an optimum valve head diameter needs to be 
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determined, at which the amount of heat input is reduced without affecting that 

transferred into the seat.  

Alternatively, heat flow into the valve can be restricted by coating the heat inflow 

areas with insulating materials [3, 8], whose thermal conductivities are lower than 

that of the valve base material, such as oxide-based ceramic [7] and electrophoretic 

glass [18]. The ceramic coatings yielded lower valve temperatures [7, 18], but when 

tested on a running engine the coating life was very low [3]. Therefore, Senthilkumar 

and Sridharan [3] decided to test nickel as an alternative coating material, since it has 

been successfully used on piston crown face of some race engines as a knock 

preventing method [3].  

Coating the combustion face of the valve head and the valve neck with a nickel 

layer, 50µm thick, reduced the peak valve head temperature by about 10% [3]. 

However, further reduction can be achieved by optimising the coating thickness [7]. 

Although the nickel coating proved effective, but endurance testing would have been 

required to assess the coating durability, which has not been performed by 

Senthilkumar and Sridharan [3]. 

On the other hand, lower valve operating temperatures can be achieved by enhancing 

the heat outflow from the valves. With most of the valve heat conducted away 

through the contact with the seat inserts, efforts [3, 4, 25] have been directed towards 

reducing the resistance of such a path. The resistance is characterised by the length 

of the thermal path between the valve face and the coolant in the cylinder head, 

thermal conductivities of the materials in use and the existing thermal barriers at 

both the valve/seat and seat/head interfaces.  
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With regards to sintered iron-base seat inserts, the addition of copper to the powder 

mix before sintering or by infiltration afterwards helped improve the thermal 

conductivity [4, 25, 35] and lower the valve temperature. Beddoes [4] tested the 

impact on the valve head operating temperature in response to using seat inserts 

made out of two different copper alloys. Significant temperature reduction of 

between 80ºC to 110ºC was experienced at the centre of the valve head [4].  

Senthilkumar and Sridharan [3] investigated the matter further by replacing cast iron 

seat inserts with others made just from copper. The thermal conductivity of copper at 

400ºC is about 393W/mK compared to 39W/mK of cast iron at the same 

temperature. The results of the engine test proved the superiority of the copper seats, 

where the peak valve head temperature dropped by about 25%, from 665 ºC to 

500ºC. However, to ensure that the copper seats did not fall out during the engine 

operation, they were fitted at a slightly higher interference with the cylinder head 

than that assigned for the case of cast iron seats [3]. The higher interference would 

result in a higher contact pressure, which, in turn, would enhance the thermal contact 

conductance at the seat/head interface, improving the heat flow rate away from the 

seat vicinity. Hence, the experienced drop in the valve temperature might not be 

solely due to the improved seat thermal conductivity, but partly due to the improved 

thermal conductance at the seat/head interface. Unfortunately, copper seat inserts 

suffer from a high wear rate compared to that of cast iron seats, as a result of their 

low hardness [3, 4]. Therefore, it was suggested [3] to abide by the commercially 

available copper enriched seat inserts or double layer seats, with copper as the base 

layer, as they help reduce the wear rate and sustain high thermal conductivity. 

The restricted heat exchange between the valve head and stem limits the amount of 

heat dissipated away from the valve through the contact with the valve guide. 
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Consequently, attempts to improve the conductivity of the valve-guide-head-coolant 

thermal path by the introduction of copper valve guides [3, 35] yielded only small 

reductions in the valve operating temperature [3]. However, a greater extent of such 

improvement could be realised in cases where more heat is conducted up the valve 

stem, such as the case of sodium filled hollow valves [3, 16].  

In cases where metallurgical improvement failed to provide the required valve 

durability, a common practice, yet expensive [3], is to replace the conventional solid 

valves by hollow valves partially-filled with an internal coolant, usually sodium [3, 

15, 17]. The reciprocating motion of the valve results in a ‘cocktail-shaking’ 

mechanism, causing the molten sodium to move rapidly from one end to the other, 

transferring heat away from the valve head and up the stem, where it is dissipated 

into the cylinder head through the contact with the valve guide. The enhancement in 

the axial thermal conductance of the valve consequently results in lower operating 

temperature of the valve head and eventually less heat transmission through the 

valve seat contact, which in turn reduces seat insert distortion, corrosion and 

improves the wear resistance of the mating surfaces of the valve and seat insert [4, 8, 

17, 23, 36]. 

Nevertheless, as more heat is transferred up the valve stem, it is likely to expand 

more than normal in response to the increase in its operating temperature. Therefore, 

sodium filled hollow valves need to be implemented in conjunction with methods of 

increasing the heat dissipation away from the valve stem, such as increasing the 

stem/guide contact area and/or the usage of better conductivity stem and guide 

materials; otherwise seizure of the valve stem in its guide is likely to occur.  
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Through the expansion of the valve seat contact width (Figure 2-1), Senthilkumar 

and Sridharan [3] managed to increase the valve seat contact area by 50% and tested 

the impact on the operating temperature of the valve. They concluded a moderate 

effect [3, 23], where the valve head temperature dropped by around 5%. However, 

the simplicity of this design feature makes it tempting to be incorporated into the 

engine, since it does not require any major changes, in addition to the fact that small 

reductions in the operating temperature yield better resistance to corrosion and 

material wear [3, 16, 26]. 

 

 

 

 

Figure 2-1: Sketch of valve seat contact width 

 

Further reduction in the valve operating temperature can be achieved by combining 

two or more of the valve temperature control methods. Senthilkumar and Sridharan 

[3] reported a drop in the peak valve head operating temperature by more than 30% 

in response to the use of nickel coating along with copper seat inserts.  

Attempting to reduce the build up of seat face deposits a valve rotation device was 

utilised, which helped maintain proper sealing of the combustion chamber and good 

thermal contact between the valve and the seat insert [4, 6, 8]. The constantly 

changing angular relationship of valve face to seat face breaks up and evens out 

Increased valve 

seat contact width 

Original valve seat 

contact width 
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deposits, maintaining an effective heat transfer and uniform valve temperature 

distribution. Consequently, reduces: 

1. Valve seat wear [8], 

2. Risk of seat insert distortion and local burning [6, 8], 

3. Occurrence of radial stresses and valve head cracking [8], and 

4. High temperature corrosion [6].  

Valve rotation is also advantageous in distributing lubricant around the valve stem, 

maintaining a consistent rate of heat transfer throughout the contact with the valve 

guide [4].   

 

2.3 Significance of the Valve/Seat and Seat/Head Interfaces on 

the Valve Temperature 

A typical thermal gradient existing along the thermal path from the centre of the 

valve to the coolant in the cylinder head, via the seat insert (iron-base and copper-

base), is shown in Figure 2-2 [4]. The sudden temperature drops occurring at both 

the valve/seat and seat/head interfaces indicate the presence of an additional 

resistance impairing the heat transfer process [37, 38].  
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Figure 2-2: Thermal gradient from valve centre to coolant [4] 

 

All practical solid surfaces are composed of microscopic and macroscopic 

irregularities. Microscopic irregularities are often referred to as surface roughness, 

whereas waviness, flatness deviations and out of roundness are forms of macroscopic 

irregularities [39, 40]. As a result, when two solids are brought together, contact only 

occurs at few discrete contact spots (Figure 2-3), limiting the real contact area to 

only a small fraction of the apparent contact area, even at relatively high contact 

pressures [13, 39-45]. Consequently, heat transfer taking place across the formed 

joint suffer from an additional resistance constraining most of the flow to occur 

through the existing contact spots. This resistance is referred to as the thermal 

contact resistance (TCR) and manifests itself as a sudden temperature drop at the 

interface [39, 41, 43, 46]. 
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Figure 2-3: Constriction of heat flow through a joint formed between two solids in 
contact [40] 

 

The formed contact spots are separated by relatively large gaps, which can be either 

evacuated (vacuum) or filled with a conducting medium, such as gas, liquid, grease, 

or another material [44]. The presence of a conducting medium within the interstitial 

voids helps reduce the magnitude of the contact resistance, allowing some of the heat 

flow lines to pass through it, instead of solely taking place through the solid contact 

(Figure 2-3) [39, 45]. 

 

2.3.1 Parameters Influencing Thermal Contact Resistance 

The dependency of the TCR on many geometrical, thermal and mechanical 

parameters is the reason behind the complexity associated with the heat transfer 

process across a joint [45]. These parameters include: 

1. Surface geometry of contacting solids [9, 13, 40, 44, 45, 47-50], i.e. 

roughness, asperity slope, waviness, flatness deviations and out of roundness, 

2. Gap thickness [44, 45, 48], 

3. Type of interstitial medium [40, 44, 45, 47-52], i.e. vacuum, gas, liquid, 

grease or any other material, and how well it wets the contact surfaces, 

4. Interstitial fluid pressure [44, 45, 48], 

5. Apparent contact pressure [13, 40, 44, 45, 47, 49, 50], 
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6. Thermal conductivities of the contacting solids and the interstitial fluid [13, 

40, 44, 45, 48, 50], 

7. Hardness of the substrate and contacting asperities [9, 13, 40, 44, 45, 47-50] 

(measures a material’s resistance to localised plastic deformation [46, 53, 

54]), 

8. Modulus of elasticity and Poisson’s ratio of the contacting solids [13, 40, 44, 

45, 48-50], 

9. Mean interface temperature [13, 45, 47-50]; influences the radiative 

contribution and the thermophysical properties of the solids and interstitial 

fluid [44], 

10. Mechanical loading history [13, 39, 50, 55-57], and 

11. Thermal rectification [39, 40, 47, 48, 58-61]; the magnitude of the thermal 

contact conductance differs according to the direction of heat flow through 

the interface of dissimilar metals, hence, could be used to determine the best 

metallic combinations and their arrangement relative to heat flow. However, 

in flat joints, the magnitude of the directional bias diminished with increasing 

contact pressure [58].  

For the case of the periodic contact between the valve and the seat, heat transfer 

depends upon several quantities beside the TCR present at the valve/seat interface, 

during the valve close period [13, 50]. These include: 

1. Frequency of the contact [13, 50]; function of engine speed and does not vary 

much for a given engine [13], 

2. Proportion of the cycle time spent in contact [13, 50]; determined by the 

engine’s design with a limited range available for modification [13]. In 
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addition, at high contact frequencies, heat transfer was found to be less 

sensitive to contact time [62], 

3. Valve head and seat insert materials; subject to the mechanical properties 

requirements [13], and 

4. Convection and radiation during the valve opening period [13, 50]. 

However, out of the aforementioned factors, the TCR is the most important 

parameter influencing heat transfer between the valve and the seat [13, 37], which in 

contrast to the other factors can be modified in several ways, for example, by 

changing the roughness of the contacting surfaces or the contact pressure [13].  

The contact pressure developed between the valve and the seat insert varies 

throughout the engine cycle. The exhaust valves are closed for about 2/3 of the cycle 

time [4, 13, 24], of which 40-45% the contact pressure developed is solely due to the 

action of the retaining valve spring [13]. Further increase in the cylinder pressure, 

during compression and combustion strokes, results in a proportional increase in the 

contact pressure [13]. In addition, the valves experience vibrations and rebounds on 

closure causing fluctuations in the contact pressure [13, 50, 63]. The occurrence and 

amplitude of these oscillations are characteristic features of the individual engine and 

valve gear design [13].  

Measurements of the valve/seat interfacial TCR under transient conditions are very 

difficult, because of the constant variation in the contact pressure and the rapid 

change in the boundary conditions as the valve and the seat (operating at different 

temperatures) come into contact [13, 21, 50, 64]. Therefore, for the proper 

calculation of the temperature distribution and heat fluxes in these components, one 

would require the knowledge of the steady-state TCR as a function of the contact 
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pressure, combined with information about the valve vibrations and motion during 

its apparent rest on the seat [13].  

With regards to the seat/head interface, effectively a cylindrical joint, the situation is 

more complex. In flat joints, the contact pressure is explicitly known and therefore, 

usually chosen, in both theoretical and experimental analyses, as the independent 

variable controlling the conductance [65-67]. However, in cylindrical joints, the 

contact pressure depends on the differential expansion of the two cylinders, which, in 

turn, is a function of the heat flux [65-67]. Therefore, the heat flux becomes the 

logical independent variable for the analysis of heat flow through cylindrical joints, 

rather than the indirectly estimated contact pressure [39, 40, 49, 65-67]. Moreover, 

cylindrical surfaces encounter additional irregularities to those present in flat 

surfaces, such as out of roundness, which must be taken into account [65, 67]. 

The interdependency between the contact pressure, contact conductance and 

interfacial temperature drop, in cylindrical contacts, clearly dictates the need for an 

iterative approach to evaluate any of these parameters [47, 51, 52, 59, 60, 68, 69]. 

The contact pressure depends upon the operational interference between the 

contacting cylinders, which consists of the initial degree of fit, the differential 

expansion due to the different temperature gradients across the cylinders; caused by 

heat flow and the temperature drop at the interface as a result of the present thermal 

contact resistance [40, 47, 52, 59, 60, 65, 66, 68].  

Studies carried out on cylindrical contacts have clearly indicated that by increasing 

the initial degree of fit, the contact pressure increase and so does the conductance as 

a consequence [47, 51, 59, 60, 68]. In addition, increasing the heat flux had a similar 

positive impact on both the contact pressure and contact conductance [47, 51, 52, 59, 
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60, 65, 68, 70]. Other interesting outcomes included the effect of the material 

combination employed and direction of heat flow [66]. Higher values of contact 

conductance were achieved by arranging for the inner cylinder to have high values of 

thermal expansion coefficients and low values of modulus of elasticity [51, 60, 65]. 

Moreover, material combinations with lower effective thermal conductivity can 

result in higher contact conductance, provided that the ratio of the inner cylinder’s 

thermal expansion coefficient to its Young’s modulus is higher than that of the outer 

cylinder [51, 65]. Experiments carried out in a conducting medium, such as air, 

significantly influenced the contact conductance [51, 65, 68] and in some cases the 

enhancement was nearly one order of magnitude [68].  

Attempts to reduce the resistance of the valve-seat-head-coolant thermal path have 

included the elimination of the seat/head mechanical interface by replacing the 

traditional seat inserts with a seat cladding, where a highly wear resistant material is 

thermally applied onto the aluminium cylinder head either by laser or electrical 

discharge [71-75]. Thermally spraying the clad material onto the aluminium head 

involves the formation of a metallurgical bond between both materials, which is 

thought to improve the rate of heat dissipation.  

 

2.3.2 Mechanism of Contact Heat Transfer 

The mechanism of heat transfer taking place through a joint formed between two 

solids brought into contact depend on the type of the joint, which in turn is 

characterised by nature of the contacting surfaces, whether they are [45]: 

1. Smooth and nonconforming; the joint will consist of a single macrocontact 

and a macrogap (Figure 2-4(a)), 
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2. Rough and nonconforming; the microcontacts and the associated microgaps 

are formed in a region called contour area (Figure 2-4(b)), or 

3. Rough and conforming; the joint is characterised by numerous discrete 

microcontacts separated by microgaps, spread throughout the apparent area 

(Figure 2-4(c)). 

Additional layers may also be present between the contacting solids, as shown in 

Figure 2-4(d)-(f).  

The contact pressure at the real contact area is much greater than that at the apparent 

contact area, thus, depending on the micro and macro hardness of the contacting 

solids, elastic, plastic or elastic-plastic deformation of the surface asperities and the 

substrate will occur to form the intimate solid-solid contact [45]. 

 



24 
 

 

Figure 2-4: Types of joints [45, 76] 

 

Machining processes results in the production of parts with some degree of surface 

roughness. Attempting to reduce the roughness level results in an exponential 

increase in the manufacturing costs, therefore, engineers need to decide upon an 

optimum roughness which balances performance and cost. In general, seat inserts are 

assembled into machined counterbores in the cylinder head, whose faces are later 

machined to a specific contact profile. Typically, the contact faces of the valve, seat 

insert and head are assigned a roughness (Ra) of 1.6µm or less [13]. 
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With regards to the valve/seat interface, a common practice is to design the mating 

surfaces of both the valve and the seat insert with a small difference in their seating 

angle, typically 0.5º, to allow a small amount of bedding-in to take place and ensure 

a perfect match [4]. Also the implementation of a valve rotating device helps 

maintain the conformity of the mating surfaces [4].  

In addition, in order to prevent the seat inserts from falling out of their counterbores, 

during the engine operation, a tight cylindrical interference fit is required, which in 

turn requires a high degree of conformance between the two components. The degree 

of conformance depends upon the assembly method used; press or shrink (cryogenic) 

fit. Lewis et al. [77] examined the influence of the assembly technique on the 

developed interfacial contact pressure and concluded that both processes result in 

similar average contact pressures. However, the pressure profile exhibited by the 

press fitted specimen was more uniform compared to that adopted by the shrink 

fitted specimen. In press fitting, the mating surfaces experience extensive shearing 

reducing the surface irregularities [77, 78], leading to a higher degree of surface 

conformance compared to shrink fit, where the surfaces come together gradually as 

their temperatures settle at that of surrounding environment. Consequently, the 

contact surfaces at both the valve/seat and seat/head interfaces were considered to be 

rough and conforming. Hence, the contact at the formed joints is expected to follow 

a similar pattern to that shown in Figure 2-4(c).  

Heat transfer through a joint formed between two solids in contact (Figure 2-5) may 

be considered to be made up of three components [13, 39, 40, 44, 45]: 

1. Conduction through the actual contact spots,  

2. Conduction through the interstitial medium, and 
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3. Radiation. 

 

 

Figure 2-5: Heat transfer paths through a formed joint; adapted from [40] 

 

Convection within the interstitial fluid is usually ruled out, as the thickness of the 

interfacial gap is generally in the order of 1µm, same as the surface roughness [39, 

40], which is too small for the occurrence of any fluid motion.  

One can therefore express the total heat transfer through the joint as the sum of the 

contribution of the three different forms listed above [45]: �� = �� @ �� @ �
�� (2-3) 

where ��, ��, �� and �
�� represent the joint, solid contact, gap and radiative heat 

transfer rates, respectively. 

The radiation contribution to the overall heat transfer is usually small compared to 

the other two forms and can be neglected, especially if the temperatures at the 

interface are less than 600°C [45, 54] or if the interstitial medium is opaque, 

blocking the infrared radiation field [45]. Therefore, Equation 2-3 can be reduced to: �� = �� @ �� (2-4) 

 

The TCR and its reciprocal the thermal contact conductance (TCC) are considered to 

be measures of the heat transfer taking place across a joint formed between two solid 
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bodies in contact. The heat transfer coefficient "�# referred to in Equation 2-1, or the 

TCC in this case, is defined as the ratio of heat flux A� �? B to the additional 

temperature drop "∆ # due to the presence of the imperfect joint [39, 41, 42, 44, 45, 

54]; �� = ����  ∆  (2-5) 

 

The relationship stated in Equation 2-4 implies that [45]: �� = �� @ �� (2-6) 

 

Although the TCR is referred to as the reciprocal of the TCC, but many researchers 

define it as the ratio of the temperature drop "∆ # to the total heat flow "�# [39, 42, 

44, 54]; �� = ∆ ��  (2-7) 

Therefore, the TCR and the TCC can be related as [44, 54]: �� = 1���� (2-8) 

 

2.3.3 Theoretical Models Developed to Predict the Solid Contact, Gap and 

Joint Conductance 

The complex nature of the thermal contact resistance implies the need to develop 

simple theoretical models able to predict the joint thermophysical behaviour and can 

be verified experimentally to demonstrate quantitatively the validity of the 
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assumptions used. Several conductance correlations for rough conforming surfaces 

have been developed assuming [45]: 

1. The surfaces are microscopically rough and macroscopically conforming [79, 

80], 

2. The surface asperities possess a Gaussian height distribution and are 

randomly distributed over the apparent contact area [79, 80], 

3. Contacting solids are isotropic: thermal and physical properties are constant 

[44], 

4. The contact spots, and adjacent surfaces not in contact, are isothermal; each 

having the temperatures extrapolated from the body of the solids [80], 

5. Contacting solids are thick relative to the microscopic and macroscopic 

irregularities [44],  

6. Surfaces are clean: free of oxides [44, 80], 

7. Static contact, i.e. no vibration effects [44], 

8. First loading cycle only: no hysteresis effect [44, 69], 

9. Noncontinuum gas effects must be taken into account [79, 80], 

10. Interstitial fluid perfectly wets the contacting solids [44], 

11. Total heat flow can be separated into two independent heat flow rates: solid 

and gap flow rates [79, 80], 

12. Radiation heat transfer is negligible [44, 79, 80], 

13. With regards to cylindrical contacts, heat flow is radially outward [52, 59, 60, 

65, 67]. 

Regarding the second assumption listed above, Bahrami et al. [81] quoted that 

Williamson et al. [82] experimentally proved that many of the manufacturing 
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techniques used to generate engineering surfaces give a Gaussian distribution of the 

surface asperities.  

Several theoretical models and empirical correlations have been developed to predict 

the thermal contact conductance for flat joints [45, 58, 83-87], but were only suitable 

for certain conditions and geometries. Due to the complex nature of such a 

resistance, a general correlation has not yet been achieved [84, 88], primarily 

because there is no standard method of measuring and reporting the topography of 

the contacting surfaces [13]. The exact determination of a conductance value, in real 

cases, still relies on experimental measurements [13].  

Sridhar and Yovanovich [84, 89] compared most of the existing elastic and plastic 

models, developed for solid flat contacts, with conductance data points obtained 

from carefully controlled experiments on isotropic conforming rough surfaces for 

five different materials; nickel, stainless steel, two zirconium alloys and aluminium. 

The data were reduced to dimensionless forms assuming both elastic and plastic 

deformation. The data for four of these alloys were well represented by the plastic 

model developed by Yovanovich [79], while the elastic model developed by Mikic 

[90] showed a reasonable fit for asperities undergoing elastic deformation, compared 

to the other rather complicated elastic models.  

Sridhar and Yovanovich [84, 91, 92] later combined the models of Yovanovich [79] 

and Mikic [90] to allow for the elastoplastic deformation of the contacting surface 

asperities, believing that doing so would overcome the need to determine the mode 

of deformation in advance.  

Hegazy [84, 93] compared several empirical and semi-empirical correlations on the 

basis of two extreme cases of his extensive experimental work; a very rough pair of 
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specimens of low thermal conductivity and a fairly smooth pair of specimens of a 

moderately high conductivity. He concluded that the correlation of Yovanovich [79] 

agreed closely with the experimental data than the rest of the correlations considered. 

As a result of the complexities associated with cylindrical contacts, a limited number 

of investigations on heat flow across cylindrical joints have been conducted 

compared to those on flat joints, although both joints are just as common. Therefore, 

attempts [59, 69] were made to predict the contact conductance in cylindrical 

contacts using theoretical and empirical correlations that were initially developed for 

flat conforming rough surfaces, whose asperities are undergoing plastic deformation. 

The predictions of these correlations were compared against published experimental 

investigations on compound cylinders, to determine how well they represent the data 

in terms of magnitude and trend.  

Through an iterative scheme coupling the contact pressure and temperature 

distribution solutions, the results of the study conducted by Lemczyk and 

Yovanovich [69] have shown that the theoretical correlations proposed by 

Yovanovich [79] can accurately predict the experimental data of Hsu and Tam [70] 

to within 5%, while alternative models overestimated the cylindrical contact 

resistance, with error ranges from 25 to 100% for models of Ross and Stoute [94] 

and Shlykov and Ganin [85] and 100 to 200% for the model of Veziroglu [69, 86]. In 

addition, the correlation of Yovanovich [79] follows more closely the trend of the 

experimental contact resistance data in response to variation in the contact pressure 

developed, than any of the alternative models studied [69].  

The reason for the good agreement between Yovanovich [79] correlation and the 

experimental results lies in accurately measuring the surface parameters, i.e. 
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roughness, slope and effective microhardness, in addition to properly developed 

contact stresses, where thermally induced strain deformation is taken into 

consideration [69, 70].  

The theory presented by Madhusudana [59] showed a fair to reasonable agreement 

between the joint conductance calculated using the theoretical correlation of Mikic 

[90] and the experimental data of Madhusudana and Litvak [66] and Hsu and Tam 

[70], respectively. However, with regards to data of Hsu and Tam [70], the slopes of 

the theoretical and experimental conductance graphs did not match [59], unlike 

Yovanovich [79] correlation, suggesting that this might possibly be because of the 

certain existence of macroscopic deviations, i.e. out of roundness and waviness [59].  

Madhusudana [59] compared the contact conductance calculated using the empirical 

correlation developed by Tien [95] against those of Mikic’s [90], and concluded an 

almost identical behaviour. Hence, one would expect the correlation of Tien [95] to 

adopt a similar trend to that of Mikic’s [90] when compared to the Hsu and Tam [70] 

data. 

Ayers et al. [67] proposed an empirical correlation for dimensionless thermal contact 

conductance as a function of dimensionless heat flux based only on the experimental 

work of few authors. Therefore, the applicability of such a correlation remains 

restricted to specific geometries and material combinations. Consequently, the 

correlation of Yovanovich [79] proves to be a better candidate in estimating the 

contact conductance for cylindrical joints. 

Several models have been presented by a number of authors to predict the gap 

conductance [45, 96, 97], however, only the model proposed by Yovanovich et al. 
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[69, 80, 96] took into account the effect of mechanical load and physical properties 

of the contacting asperities on the effective gap thickness.  

The gap conductance was measured experimentally by Song et al. [96] for stainless 

steel and nickel pairs for a range of gas and contact pressures at a fixed mean 

interface temperature. The model of Yovanovich et al. [80] predicts well the trend of 

the data with respect to gas and contact pressure effects, however, the data were 

under predicted with increasing roughness of the contacting surfaces, suggesting the 

need for further experimental work. Therefore, later Song et al. [98] conducted 

another experimental study to measure the gap conductance for stainless steel 304 

and nickel 200 pairs over a range of surface roughness and gas pressures for three 

different gases; helium, argon and nitrogen. The experimental gap conductance 

values agreed well with the theoretical values, which were calculated using the 

model developed by Yovanovich et al. [80]. 

Bahrami et al. [81, 99] later developed another gap conductance model which was 

compared with the Yovanovich model [80]. The relative differences of the two 

models were dependent upon the mode of heat transfer through the interstitial gas. 

The relative differences were negligible for the slip to free molecular regimes of gas 

heat transfer but increased for the continuum regime at relatively high loads. 

However, when it is considered that the gap heat transfer is relatively small at higher 

loads, the relative differences between the models decreased.  

The plastic, elastic and elastoplastic solid contact and gap conductance models that 

best represent the published experimental data are reviewed in much more detail in 

the following section.  
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2.3.4 Selected Thermal Contact Conductance Models 

The development of predictive models for the TCC, with a decent level of accuracy, 

required the close examination and understanding of the triad influencing the thermal 

contact resistance, shown in Figure 2-6 [76]. The triad is composed of three basic 

problems: 

1. Geometry, 

2. Mechanics, and 

3. Thermal.  

 

Figure 2-6: Triad for thermal contact resistance or conductance [76] 

 

‘The intersection of geometry and mechanics constitutes the contact mechanics 

problem, the intersection of geometry and thermal constitutes the constriction 

resistance problem and the intersection of mechanics and thermal constitutes the 

thermal elastoplasticity problem. The intersection of geometry, mechanics and 

thermal constitutes the thermal contact resistance problem’ [76].  
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The fundamental difference between the developed TCC models was the contact 

deformation model used to solve the contact mechanics problem [45, 76, 100]. There 

were three possible solutions for the contact mechanics problem: 

1. Pure elastic contact, 

2. Pure plastic contact, and  

3. Elastic-plastic or elastoplastic contact.  

The mode of deformation of the surface asperities influence the number and size of 

the formed contact spots and, ultimately, the ratio of the real contact to apparent 

contact area "�
 ��⁄ # . As a result, few authors [39, 101-104] led the research 

towards the development of a ‘plasticity index’ able to differentiate between the 

occurring modes of deformation. The ‘plasticity index’ developed by Mikic [90] was 

more readily used throughout the reviewed literature [39, 101, 105]. 

Mikic [90] concluded that the mode of deformation was influenced by the physical 

properties of the materials in use and the shape of surface asperities, with no reaction 

towards the pressure level. He defined the ‘plasticity index’ ' as: ' = �
�� (2-9) 

where � is the hardness of the softer material in contact,  � is the effective asperity 

slope of the two surfaces in contact, defined as [39, 45, 79, 90, 106]: � = E��� @ ��� (2-10) 

and 
’ is the effective modulus of elasticity for the two materials in contact, defined 

as: 
� = 
� · 
�
�"1 4 0��# @ 
�"1 4 0��# (2-11) 
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The deformation would be predominantly elastic for values of ' H 3, predominantly 

plastic for ' J 1 3⁄  and a combination of the two for 1 3⁄ K ' K 3 [90]. 

For the three modes of deformation there was one solid TCC model, given as [45, 

79, 106]: �� = 2����M")#  (2-12) 

where �  is the contact spot density, �  is the mean contact spot radius and the 

effective thermal conductivity �� of the joint is calculated using the harmonic mean: �� = 2������ @ �� (2-13) 

and the spreading/constriction parameter M, based on isothermal contact spots, was 

approximated by: M")# = "1 4 )#�.� (2-14) 

for  0 K ) K 0.3, where the relative contact spot size ) = O�
 ��⁄ . The definition of 

the relative real contact area "�
 ��⁄ # depends upon the mode of deformation of the 

contacting asperities [44]. The geometric parameters �, � and �
/�� are related to 

the relative mean plane separation *, defined as: * = $/ (2-15) 

where $ is the distance separating the mean planes of the contacting surfaces (Figure 

2-7) and / is the effective surface roughness, defined as [39, 45, 79, 90, 106]: / = E/�� @ /�� (2-16) 
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Figure 2-7: Typical joint between flat conforming rough surfaces [45, 93] 

 

2.3.4.1 Plastic Solid Contact Conductance Model 

The plastic deformation model developed by Cooper et al. [106] assumed the pure 

plastic deformation of the softer surface in contact, which took place by either the 

penetration of the harder asperities into the softer surface or the flattening of the 

softer asperities [76, 78, 106].  

Assuming that the mean pressure across all the formed contact spots was equal to the 

maximum that can be sustained by the softer of the two materials in contact, 

therefore, an overall force balance on the joint yielded [106]: � = ��� = ���
 (2-17) 

where �  is the total force, �  is the apparent contact pressure, ��  is the contact 

microhardness of the softer material in contact undergoing plastic deformation, and �
  and ��  are the real and apparent contact areas, respectively. Using the force 

balance, a relation was deduced for the relative real contact area in terms of the 

apparent contact pressure and the contact microhardness: 
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�
�� = ��� (2-18) 

 

The relative contact pressure P� ��⁄ Q, defined as the ratio of the apparent contact 

pressure to the contact microhardness, determines the ratio of the real to apparent 

contact areas by influencing the number of contact spots, contact spot radius and the 

effective thickness of the interfacial gap, and thus controls the overall rate of heat 

transfer through a formed junction [107].  

The extent to which the harder asperities penetrate the softer surface affects the 

magnitude of the contact microhardness. Figure 2-8 shows the transition from micro 

to macro hardness as the indentation depth increased for four metal types. The four 

sets of data showed the same trend that as the load on the indenter increased, the 

indentation depth increased and Vickers microhardness decreased, converging 

towards the values of the bulk hardness [45, 76, 93].  

 

Figure 2-8: Vickers, Brinell and Rockwell hardness versus indentation depth for 
four metal types [93] 
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Engineering components undergo several machining processes to reach the desired 

form, in terms of shape and finish, required for their proper functioning. This results 

in the additional strengthening of the surfaces compared to the underlying substrate, 

referred to as ‘work hardening’ [93, 105] and evident by the higher magnitude of the 

surface microhardness over the bulk macrohardness, as shown in Figure 2-8.  

The plastic contact conductance model developed by Cooper et al. [106] (Equation 

2-19) has undergone few modifications over the years. Yovanovich [79] re-examined 

the model in 1981 and proposed a more accurate model for the solid contact 

conductance, shown in Equation 2-20. �� = 1.45�� U�/ V W ���X�.���
 (2-19) 

 �� = 1.25�� U�/ V W ���X�.��
 (2-20) 

 

Equation 2-20 expressed in the dimensionless form: /� ���� = 1.25 W ���X�.��
 (2-21) 

 

Yovanovich [79] correlation agrees with the theoretical values to within ±1.5% for 

the relative contact pressure in the range of 10�� J � �� J 2.2 Y 10��⁄  [107-109]. 

For plastic deformation, the relative mean plane separation * is related to the relative 

contact pressure term P� ��⁄ Q in the form of [45, 79]: * = 1.184 [4 ln W3.132 ���X^�.���
 (2-22) 

or, 
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* = 0.2591 4 0.5446 Wln ���X 4 0.02320 Wln ���X�4 0.0005308 Wln ���X�
 

(2-23) 

 

Song and Yovanovich [107] developed an explicit relationship for the relative 

contact pressure term P� ��⁄ Q, in which the contact microhardness was expressed in 

terms of the distribution of the surface asperities [69], i.e. surface roughness / and 

asperity slope �, and Vickers microhardness correlation coefficients. The explicit 

relationship was given by [107]: 

��� = a ��� U1.62//�� V��b � �!�.�����"
 (2-24) 

where /� is equal to 1 micron, provided that the surface roughness / is in microns as 

well, and the coefficients ��  and ��  are obtained from Vickers microhardness 

measurements. Sridhar and Yovanovich [108] developed correlation equations for 

Vickers microhardness coefficients, in the form of: �� = ���c4.0 4 5.77�� @ 4.0"��#� 4 0.61"��#�e (2-25) 
 �� = 40.370 @ 0.442 f��� g (2-26) 

where �  is the Brinell hardness, in MPa, ���  is the geometric mean of the 

minimum and maximum values of �  for the test materials and is equal to 3178 

MPa. ��  is the normalised Brinell hardness, expressed as: �� = � ���⁄  (2-27) 
 

The correlation equations (Equation 2-25 and Equation 2-26) are valid for the Brinell 

hardness range 1300 to 7600 MPa. 
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2.3.4.2 Elastic Solid Contact Conductance Model 

Mikic [90] developed an elastic contact conductance model based on the previous 

work of Cooper et al. [106] and the Hertzian theory [110], which relates the contact 

area to displacement. 

The Hertzian theory clearly indicates that for a given load or a given separation 

between contacting surfaces, the contact area in purely plastic deformation for any 

specific asperity would be twice that developed in case of elastic deformation [89, 

90]: �#$��%����$��%�� = 12 (2-28) 

 

Even for elastic deformation, the real area of contact is proportional to the applied 

load [39, 90, 102]. A correlation was developed relating the contact area to the 

contact pressure in the form of [39, 90]: �
�� = �√2
′�  (2-29) 

 

The equation for the solid conductance correlation derived by Mikic [90] for the 

elastic deformation of surface asperities is: �� = 1.55�� �/ f ��#g�.��
 (2-30) 

 

and in the dimensionless form is expressed as [45, 89]: /� ���� = 1.55 f ��#g�.��
 (2-31) 

where the elastic contact microhardness �# is defined as [90]: 
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�# = 
′�√2  (2-32) 

 

Mikic [90] correlation (Equation 2-30 and Equation 2-31) has an uncertainty of 

about ±2% for the relative contact pressure range 10�� J � �# J 0.2⁄  [45]. 

For elastic deformation, the relative mean plane separation * and the relative contact 

pressure "� �#⁄ # are related in the form of [45]: * = 40.5444 4 0.6636 fln ��#g 4 0.03204 fln ��#g�4 0.000771 fln ��#g� 

(2-33) 

 

2.3.4.3 Elastoplastic Solid Contact Conductance Model 

Sridhar and Yovanovich [45, 76, 91, 92] developed an elastoplastic contact model 

for conforming rough surfaces based on concepts developed for sphere-flat contact. 

The plastic and elastic contact conductance models reviewed in section 2.3.4.1 and 

section 2.3.4.2, respectively, provided the basis onto which Sridhar and Yovanovich 

[91] developed their elastoplastic model. ‘The proposed elastoplastic contact 

conductance model moves smoothly between the elastic and plastic contact 

conductance models’ [76].  

The elastoplastic contact model proposed by Sridhar and Yovanovich [91] may be 

approximated by the following correlations for the dimensionless contact 

conductance [45, 76, 92]: 
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�� = ��/��� = ijjk
jjl 1.54 W ��#�X�.��

1.245 �� W ��#�X&�1.25 W ��#�X�.�� m  

0 K )�� K 5 (2-34) 5 K )�� K 400 (2-35) 400 K )�� K ∞ (2-36) 

 

The RMS % errors between the actual model and these correlations varied between 

1.4% and 1.6% for the relative contact pressure range of 10�� J � �#� J 2 Y 10��⁄  

[92]. 

The amount of work hardening taking place is represented by the dimensionless 

contact strain term )��, defined as [45, 76, 91]: )�� = 1.67 W�
′�� X (2-37) 

where �� is the material yield or flow stress, defined as the instantaneous value of 

stress required to continue deforming the material [111]. The material flow stress �� 

is a ‘complex physical parameter, which must be obtained by contact experiments 

for each metal’ [76].  

In order to decide upon the right correlation (Equation 2-34 – Equation 2-36) that fits 

a given contact condition, it is crucial to calculate an accurate value for the 

dimensionless contact strain )�� . Consequently, the direct relation between the 

dimensionless contact strain and the effective mean surface asperity slope (Equation 

2-37) dictates the need to accurately determine the surface asperity slope [91, 92].  

The elastoplastic correlation coefficients, �� and �� (Equation 2-35), are related to 

the dimensionless contact strain )�� in the form of [45, 76]: 
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�� = n1 @ 46690.2")��#�.�� o ���
 (2-38) 

and,  �� = a 11 @ 2086.9")��#�.���b ����
 (2-39) 

 

Sridhar and Yovanovich [92] developed an approximate explicit relation for the 

elastoplastic relative contact pressure P� �#�⁄ Q (Equation 2-40) in terms of Vickers 

microhardness correlations coefficients ��  and �� , similar to the expression 

developed by Song and Yovanovich [107] for contacting surface asperities 

undergoing plastic deformation (Equation 2-24) [45, 76, 92]: 

��#� = a 0.9272��� U1.43/� V��b ��!�.�����
 (2-40) 

 

This expression for the relative contact pressure term gives a good approximation, 

provided that the magnitude of �� does not exceed |-0.28| [92].  

 

2.3.4.4 Gap conductance model 

Heat transfer across the gap formed between contacting rough surfaces is difficult to 

analyse, due to the fact that the gap thickness is constantly varying throughout the 

interface, affecting the mode of local heat flow, which can vary between free 

molecular, slip and continuum [44, 45, 80]. Yovanovich et al. [80] was able to 

overcome these difficulties by modelling the gap conductance from an overall point 

of view.  
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The model developed by Yovanovich et al. [44, 45, 54, 80] for the gap conductance 

was expressed in terms of an integral:   �� = ��/ �� (2-41) 

where �� is the gap conductance, �� is the thermal conductivity of the gas filling up 

the gap, / is the effective surface roughness of the joint and �� is the gap integral 

defined as [44, 45, 54, 80, 109]: �� = 1√2p q 2r3c4"$ /⁄ 4 8 /⁄ #� 2⁄ e"8 /⁄ @ � /⁄ #'� �"8 /⁄ # (2-42) 

 

In the gap integral equation (Equation 2-42), the local gap thickness 8 was expressed 

in a dimensionless form relative to the effective surface roughness /, and so was the 

case for the gas rarefaction parameter �, which is defined as [44, 45, 54, 80]: � = %&Λ (2-43) 

where the thermal accommodation coefficient (TAC) % accounts for the efficiency of 

gas-surface energy exchange [45, 112] and defined as [44, 45, 54, 80]: % = 2 4 %�%� @ 2 4 %�%�  (2-44) 

the subscripts 1 and 2 refer to the two surfaces in contact. 

The fluid property parameter & is defined as [44, 45, 54, 80]: & = 2'��"' @ 1# (2-45) 

where ' is the ratio of specific heats, i.e. ' = �� �(⁄  and �� is the Prandtl number.  

And, the molecular mean free path of the gas molecules Λ is a function of the gas 

pressure �� and gas temperature  � and the reference values of the mean free path 
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Λ�, gas pressure ��,� and gas temperature  �,�, respectively, which are related in the 

form of [44, 45, 54, 80]: Λ = Λ�  � �,� ��,���  (2-46) 

 

Song and Yovanovich [45, 112] developed a correlation for predicting the TAC % 

(Equation 2-44) of engineering surfaces, i.e. surfaces with absorbed layers of gases 

and oxides. The general form of the correlation applicable to all monatomic and 

diatomic/polyatomic gases for a wide temperature range was expressed as [45, 112]: % = 2r3 n�� f � 4  � � go W ����� @ ���X @ s1 4 2r3 n�� f � 4  � � got s 2.4u"1 @ u#�t (2-47) 

where ��� is equal to the gas molecular weight ��, for the case of monatomic gases, 

and equal to 1.4��  for diatomic/polyatomic gases. ��  is a dimensionless constant 

and is equal to -0.57, while the constant �� is equal to 6.8, in units of �� (g/mole). u 

is the ratio of gas to solid molecular weights, i.e. u = ���� .  �  is the reference 

temperature ( � = 273v#, while  � is the absolute temperature of the solid surface. 

The agreement between the experimental and predicted values of TAC for both 

monatomic and diatomic/polyatomic gases was within 25%, coinciding with the 

scatter of the data [45, 112]. 

Negus and Yovanovich [109] suggested an approximation for the gap integral �� in 

the form of: �� = ��$ /? @ � /?  (2-48) 
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Exact values for the integral correction factor ��  were generated by numerically 

integrating Equation 2-42 over a wide range of $ /⁄  and � /⁄ . 

For 2 J * = $ / J 4⁄ : 

�� = ikl1.063 @ 0.0471 f4 4 $/g�.�� Uw� /�V�.��1 @ 0.06 U /�V�.�                                           m  
0.01 J � / J 1⁄  (2-49) 1 J � / K ∞⁄  (2-50) 

 

The maximum error associated with these correlations is approximately 2% with 

respect to the numerically integrated results [109].  

The gap conductance model (Equation 2-41) can be calculated for the different 

contact models, i.e. plastic, elastic or elastoplastic, through the manipulation of the 

relative mean plane separation term "* = $ /⁄ #  definition in the gap integral 

(Equation 2-48), using any of the correlations presented in sections 2.3.4.1, 2.3.4.2, 

and 2.3.4.3. 
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2.3.5 Methods for Improving the Thermal Contact Conductance  

Several techniques have been implemented to improve the TCC across a given joint. 

The most obvious methods were those manipulating the magnitude of the dominant 

parameters within the proposed models for predicting the contact conductance, for 

example increasing the apparent contact pressure [47, 49] and/or specification of 

smoother surfaces will both enhance the joint thermal contact conductance. 

However, such approaches may not be technically or economically possible, due to 

limitations in the design, physical properties of the materials in use, load applied and 

expense associated with a finer finish [47, 49]. As a result, other alternatives were 

considered, mainly focusing on enhancing the joint conductance through improving 

the conductivity of the gaps separating the solid contact spots and increasing the 

actual contact area [47]. These alternatives were mainly developed for the 

microelectronics industry and included: 

1. Thermal greases [42, 49, 113], 

2. Metallic and non-metallic foils [42, 49, 113], 

3. Metallic and non-metallic coatings [42, 49], 

4. Polymeric matrices loaded with highly conducting filler particles [42], and 

5. Phase-change materials (PCM) [42, 113]. 

The operating conditions of a particular application, such as contact pressure and 

interface temperature, influence the choice of the conductance enhancement method 

and material to be used. Hence, each of the listed alternatives was analysed in 

reference to the engine operation. In addition, the constant reciprocating motion of 

the valves makes it impractical, if not impossible, to apply any of these enhancement 
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methods at the valve/seat interface, and therefore, they were only discussed with 

regards to the seat/head interface.  

The ease of application of thermal greases and their high thermal performance at low 

contact pressures makes them the most desirable, however, at high operating 

temperatures and contact pressures, they are likely to vaporise and migrate away 

from the interstitial gaps [41, 43, 105, 113, 114].  

Phase-change materials (PCMs) do not actually change phase during operation, but 

their viscosity decreases with temperature and start to flow, filling up the gaps [114]. 

PCMs are favourable to thermal greases, due to their viscosity preventing them from 

migrating out of an interface [113].  

An experimental study was conducted on PCMs with and without a supporting 

system, such as an aluminium foil or polyamide film [42]. A zero contact resistance 

was observed at zero thickness as the interstitial material completely wetted the 

contact surfaces [42]. However, the nominal melting temperature for these materials 

was in the range of 51°C to 60°C [115], which is not very practical in an engine 

situation. 

Polymers [115] are new interstitial materials used for the enhancement of thermal 

contact conductance, of which elastomers and thermoplastics are of special interest, 

due to their elastic deformations under large strains and their viscoelastic behaviour; 

whose mechanical properties may be functions of time and temperature. The extent 

of their conductance enhancement can be boosted by the additions of highly 

conductive fillers, such as boron nitride, aluminium and diamond [115]. However, 

the experimental investigations carried out so far, to assess the degree of 

enhancement of such polymers, had a limited range of contact pressures and 
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interfacial temperatures, which are rather low compared to those experienced at the 

seat/head interface in an internal combustion engine. Hence, additional tests are 

required to assess the behaviour of these polymers at elevated temperatures and 

pressures. 

Another method of enhancing the TCC of an interface is through increasing the 

number of contact spots, which can be achieved by the introduction of thin metallic 

or non-metallic foils between the contacting surfaces [113]. Extensive research [41, 

43, 116] has been done in the field of joint conductance enhancement through the 

use of thin foils. The main conclusions were: 

1. Foil hardness is of greater significance in determining the TCC than foil 

thermal conductivity [41, 43], 

2. The enhancement performance of various foils can be ranked according to 

the ratio of the thermal conductivity "�#  to the hardness "�#  of the foil 

material; the higher the value, the greater the enhancement [41, 116]. 

Peterson and Fletcher [43] tested four types of metallic foils; aluminium, 

copper, lead and tin. Out of which, tin had the highest U� �? V  ratio and 

demonstrated the highest percentage increase in the thermal contact 

conductance compared to the bare joint, 

3. For a given foil material, an optimum thickness exists [41] (Figure 2-9 and 

Figure 2-10 [116]), at which the maximum enhancement of the interface 

thermal conductance is realised [76, 116, 117], 

4. When an optimum foil thickness is used, as the surface roughness of the 

metal surfaces increase, the interfacial thermal contact conductance increases 

simultaneously[41], and 
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5. An optimum surface roughness exists, which results in the maximum 

deformation of the foil, and better filling of the voids [43]. 

 

Figure 2-9: Effect of tin foil thickness during first load [116] 

 

 

Figure 2-10: Effect of lead foil thickness during first load [116] 

 

Although the use of foils significantly improves the TCC, however, they must be 

very thin to be effective, which makes them very difficult to handle and if not 

properly applied, they possibly reduce the thermal contact conductance as previously 

experienced, due to the presence of folds and/or wrinkles [43, 88, 105, 113]. In 
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addition, Yovanovich [118] pointed out that the use of metallic foils is most effective 

in cases where the contact pressure is low and the joint is in vacuum, which makes 

them not suitable for an engine application due to the high pressure magnitudes 

experienced at the seat/head interface.  

Treatment of the contacting surfaces through plating, coatings and vapour deposited 

films are considered the most successful method for enhancing the TCC. This is due 

to the desirable characteristics they possess: 

1. Relatively easy to handle and apply [88, 105], 

2. Stable under normal operating conditions [88, 105], 

3. Vapour deposition, sputtering and/or electroplating processes [113] used to 

apply these coatings are well understood and capable of depositing a layer of 

any material combination in the desired thickness [88, 105]. In addition, 

Lambert and Fletcher [88] experienced hardness variation for the same 

coating material applied using different methods, they quoted ’electroplated 

silver coatings are typically harder than vapour deposited silver 

coatings’[88],  

4. Soft metallic coatings deform under load, increasing the contact area and the 

associated conductance [88, 119],  

5. High thermal conductivity coatings decrease the constriction resistance of the 

microcontacts, and thus enhance the conductance [119], and 

6. Ratio of the coating’s thermal conductivity to its hardness determines the 

degree of conductance improvement; an ideal coating material would possess 

a large ratio [119]. However, the experimental study conducted by Kang et 

al. [105] suggested that the coating hardness is the most significant parameter 

in ranking the effectiveness of a coating/substrate combination. 
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Coatings may be polymeric, ceramic, composite, metallic, non-metallic or oxidic in 

nature, with metallic coatings ranked at the top of the list as they typically have 

higher thermal conductivities and capable of achieving significant improvement in 

the TCC [119].  

Several investigations [88, 105, 113, 119] suggested the presence of an optimum 

coating thickness at which the conductance enhancement is at its peak. In general, 

the optimum coating thickness is expected to occur when the filler thickness is on the 

order of the RMS surface roughness  "/# . The specific optimum thickness is a 

function of the chosen coating material, the substrate material and the substrate 

surface characteristics. To date, there is no technique available to determine the 

specific coating thickness for a given coating/substrate combination. Hence, this 

needs to be determined experimentally. Increasing the coating thickness increases 

the conductance up to the optimal value, due to the increased plastic deformation of 

the coating resulting from the reduced effective macrohardness of the 

coating/substrate combination. Increasing the coating thickness beyond the optimal 

value results in an increased bulk resistance and thus adversely affects conductance. 

In addition, coating the smoother of the two surfaces in contact is more beneficial 

[88], since coating of the rougher surface would result in a large amount of the 

coating material to reside between the peaks of the surface asperities, where it will 

not contact the smoother surface. Moreover, depending on the coating material, 

greater enhancement in the TCC, for a given junction, was realised when both 

contacting surfaces were coated instead of only one [119]. 

Coated surfaces exhibit an increasing trend of microhardness as the indenter load 

increased (Figure 2-11 [120]). This is due to the fact that the indenter penetrates 
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through the coating material and starts to measure the hardness of the underlying 

substrate which is higher than that of the coating [120]. As a result, the thermal 

conductance enhancement decreases with increasing contact pressure [105, 119]. 

 

Figure 2-11: Vickers microhardness of silver layer on nickel substrate [120] 

 

Lambert and Fletcher [119] compiled a table of candidate coating metals with high 

ratios of thermal conductivity-to-hardness (Table 2-1). Kang et al. [105] conducted 

an experimental study to investigate the degree of enhancement of the top three 

candidates listed in Table 2-1, i.e. indium, lead and tin, of the TCC of a bare joint 

formed between contacting aluminium 6061 T6 surfaces.  The TCC increased by 
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factors of 7, 4 and 1.5 for indium, lead and tin, respectively [105]. However, out of 

the three metals, tin is the most practical option, since there is evidence that indium 

has a low level of toxicity and requires special handling care, whereas lead is not 

favourable due to its poisonous characteristics [119].  

Table 2-1: Hardness and thermal conductivities of candidate coating metals [119] 

Material 
Brinell 

Hardness, BHN 
(kg/mm

2
) 

Thermal 
conductivity, at 27°C 

(W/mK) 

Indium 1 81.7 

Lead 4 35.2 

Tin 5 66.6 

Aluminium 16 237 

Silver 25 427 

Gold 30 315 

Copper 35 398 

Cadmium 23 104 

Zinc 30 121 

Magnesium 30 156 

Palladium 40 75.5 

Platinum 40 71.4 

Cobalt 48 99.2 

Bismuth 11 7.86 

Rhodium 135 150 

Chromium 100 90.3 

Nickel 75 90.5 

Niobium 80 53.7 

Tantalum 60 57.5 

Vanadium 72 31.5 

 

With regards to cylindrical contacts, Cheng and Madhusudana [49] experimentally 

investigated the effect of four different coating metals; tin, zinc, silver and gold, on 

the thermal conductance of fin-tube interface, i.e. heat exchanger setup. The 

maximum conductance enhancement was obtained for the tin coated specimen, for 

experiments carried out in both vacuum and nitrogen (Table 2-2), indicating the 

significance of the coating hardness in increasing the contact conductance and the 

associated heat flow rate. The thermal conductivity of the coating material had a 
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more pronounced effect on heat transfer of tests carried out in vacuum, where silver, 

having the highest thermal conductivity, obtained the highest rate of heat transfer in 

vacuum [49].  

Table 2-2: Conductance enhancement of various coating metals in vacuum and 
nitrogen environments [49] 

Coating metal 
Conductance Enhancement

1
 

Vacuum Nitrogen 

Zinc 25% 21% 

Tin 146% 212% 

Silver 112% 60% 

Gold 108% 58% 

 

Marotta et al. [9] realised the presence of a significant thermal barrier at the interface 

between the seat insert and the cylinder head and proposed the solution of coating 

the seat inserts with sintered copper, with the expectation that the copper/aluminium 

junction will enhance the thermal contact conductance. Experiments were conducted 

for flat contacts at pressures from 2.5MPa to 25MPa and mean interface 

temperatures between 100°C and 200°C. For coating thicknesses of 0.2, 0.5, 1 and 

2mm, the contact conductance increased by factors of 2, 4, 5.5 and 15.5, 

respectively, at the higher interface pressures when compared to the uncoated 

junction.  

For a given coating material, the deposition time was observed by Jeng et al. [100] to 

highly influence the coating thickness and quality and the extent of the TCC 

enhancement. Jeng et al. [100] conducted an experimental study to investigate the 

effects of diamond film coatings on the TCC and concluded an optimum deposition 

time of 7.5 hours to achieve the best TCC enhancement and coating quality, which is 

                                                 
1 For the same coating metal, the enhancement in TCC should not be compared between the two 
tested environments, i.e. vacuum and nitrogen, as different heat flow rates were used.  
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rather a long time in regards to the automotive industry and specifically for the mass 

production of seat inserts.  

The effect of the mechanical loading history was investigated experimentally by Li 

et al. [55] followed by Wahid and Madhusudana [56]; in particular the number of 

load cycles and overloading pressure on the TCC, and the following conclusions 

were drawn: 

1. Hysteresis effect [9, 39, 55-57, 100, 101, 119] exists for the tested specimens; 

stainless steel-stainless steel and mild steel-mild steel contacts with different 

degrees of surface finish, where the TCC in the unloading process was higher 

than that in the loading process. This is due to the plastic deformation of the 

surface asperities during the loading process followed by their elastic 

deformation during the unloading process. For the same amount of 

deflection, elastic deformation sustain less load than the plastic deformation, 

thus more contact spots are required which in turn increases the contact area 

and the TCC, 

2. The number of loading cycles affected the magnitude of the TCC in a 

proportional manner [55, 56], but not indefinitely [113]. About 25-30 load 

cycles were found to be sufficient to reach the maximum benefit of repeated 

loading [55, 56], 

3. Further increase in the TCC, by up to 51% [55], can be achieved by 

overloading the contact surfaces beyond the normal operational pressure for a 

number of load cycles. Such an increase is believed to be a consequent of 

further deformation of the surface asperities. 

4. Pre-overloading can be used as a cost-effective tool to enhance the TCC [55].  
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The nature of the valve operation involves the repeated loading at the valve/seat 

interface, hence by the time the valve bedding-in process is complete, the TCC will 

be at its optimum. In addition, the increase in the valve/seat contact pressure during 

the compression and combustion strokes results in an overloading effect when the 

spring force is the only load acting at the valve/seat interface. 

 

2.4 Summary 

This chapter has reviewed the various methods that have been implemented to 

reduce the exhaust valve operating temperature. The most influencing methods 

included the addition of copper to seat insert powder mix before sintering or by 

infiltration afterwards and the use of sodium filled hollow valves. However, using 

copper enriched seat inserts is more cost effective in controlling the valve 

temperature, and therefore, is preferable to sodium filled hollow valves. 

Heat transfer away from the valve via the seat insert is hindered by the TCR present 

at the valve/seat and seat/head interfaces, even for the case where copper based seat 

inserts were used (Figure 2-2). This encouraged the research into the development of 

new seats using cladding, where a highly wear resistant material is thermally applied 

onto the aluminium cylinder, eliminating the seat/head interface and the associated 

TCR, as a result of the formed metallurgical bond. However, adopting such a new 

technology within the automotive industry would be very costly and manufacturers 

are reluctant to consider such a risky change, especially without a convincing 

evidence of the superiority of clad-seats over the traditional seat inserts.  
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As a result, the rest of the chapter focused on understanding the mechanism of heat 

transfer via interfaces, similar to those formed at the valve/seat and seat/head 

interfaces, the factors influencing the associated TCR and the methods that could be 

employed to reduce it.  

Several theoretical models developed to predict TCC in flat joints, of which some 

have proved effective in cylindrical contacts, have been reviewed. The models that 

best represented the published TCC experimental data were described in detail. 

These were classified according to the predominant mode of deformation (elastic, 

plastic, or elastoplastic) of the surface asperities of the softer metal in contact. These 

models were later used in chapter 4 to estimate the TCC of the valve/seat and 

seat/head interfaces.  

Several conductance enhancement methods were discussed in relation to the 

operating condition of the internal combustion engine, from which it was made clear 

that the enhancement of the interfacial TCC through the use of metallic coatings is 

the most practical option. Moreover, it has been found that tin as a coating material 

provides a favourable balance between the health and safety constraints and the 

degree of conductance enhancement [49, 119]. The concept studied by Marotta [9] 

was investigated further in this study, where soft metallic coatings coated were 

applied onto the seat inserts and tested in relation to the valve operating temperature.  
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Chapter 3 - Experimental Work 

3.1 Introduction 

A test rig facility was developed to carry out steady-state comparative tests on 

parametrically dissimilar seat/head assemblies, based on a reference engine; the 2L 

SI Ford Duratec. The outcome of the literature review and the technical and financial 

constraints of the experimental work suggested as suitable candidates for evaluation 

two of the seat/head interface parameters: the assembly method, i.e. press or shrink 

fit, and the metallic coating of the seat insert.  

An axisymmetric rig design with a single central valve was adopted to facilitate the 

experimental work and later to simplify the development and evaluation of the 

numerical model. Temperature measurements were made using thermocouples, 

which were embedded at several locations throughout the rig and especially along 

the thermal path between the valve and coolant (Figure 2-2). These measurements 

helped identify the mechanisms and routes through which heat flows through the test 

rig.  

 

3.2 Methodology 

Exhaust valves operating at excessively high temperatures are detrimental to smooth 

engine operation [5, 16, 19, 20] and are more liable to failure due to fatigue [21] and 

corrosion [13]. Therefore, it is crucial to understand the mechanics by which heat 

flows away from the valves and, consequently, develop effective cooling solutions, 

in order to enhance their durability and reliability.  
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Most of the valve heat input is expelled into the cooling jacket in the cylinder head 

via the contact with the seat insert [3, 4, 10-13]. Heat flow along the valve-seat-head-

coolant thermal path is influenced extensively by the TCR present at the valve/seat 

and seat/head interfaces, about which significant and sudden temperature drops 

occur [4]. Unlike the seat/head interface, heat transfer across the periodic contact 

between the valve and the seat insert is not only a function of interfacial TCR, but 

also a function of the engine design with limited room available for modification and 

improvement [13]. As a result, attention was directed towards the more flexible 

seat/head interface, which has been modified and assessed relative to the valve head 

operating temperature.  

Under transient conditions, the heat transfer at the valve/seat interface is significantly 

influenced by fluctuations in the contact pressure occurring as a result of the valve 

bounce and rebound [13, 64]. In addition, when the valve is closed, temperatures and 

heat fluxes change rapidly within thin surface layers of solids [13, 21, 64], whereas, 

when the valve is opened, some of the valve heat is transferred to the seat via 

radiation and convection, which in turn affects the overall temperature distribution 

within these components [13, 64]. Therefore, it was more reasonable to run steady-

state tests, rather than the troublesome transients. 

 

3.3 Test Rig and Instrumentation Layout 

This section presents a detailed description of the test rig setup, with regards to the 

adopted design, choice of materials and instrumentation. The engineering drawings 

of the exhaust valve and seat insert used can be found in Appendix A, whilst details 

of all the instrumentation used are listed in Appendix B. 
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Because a typical valve train assembly was beyond the scope of the planned steady-

state comparative tests, all the valve train components related to the valve’s 

reciprocating motion were eliminated from the test rig. 

The test rig (Figure 3-1) is composed of a test head containing the seat insert and a 

stationary central exhaust valve heated by a ceramic heater, supplied with controlled 

voltage and monitored current. The rig was cooled through a ring designed to slide 

over the test head and linked via pipes and fittings to a controlled water circulator. 

Load was applied onto the valve using a lever arm mechanism. During tests, the rig 

was enclosed within a thermal insulation box and data was logged using PICO® data 

loggers linked to a computer using USB connections. 

 

Figure 3-1: Overview of the test rig facilities 

 

3.3.1 Test Head 

The axisymmetric test heads accommodating the seat inserts and the exhaust valve 

were made from LM13 aluminium-silicon alloy, a typical cylinder head alloy 
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composition, and designed based on the reference engine (Figure 3-2). A cavity 

similar to that created by the exhaust manifold around the valve was incorporated 

into the test head internal design. In addition, the relative positioning of the seat 

inserts with respect to the cooling channel in the cooling ring was kept the same as 

the reference engine, where the test head outer diameter in the region around the seat 

insert was set at 50mm, keeping the cooling channel 10mm away from the seat 

inserts and through the design of a shoulder feature, on the test head exterior, the 

cooling channel was kept at 5mm below the bottom edge of the test head 

counterbores, within which the seat inserts were fitted. 

 

(a) 

Exhaust 

manifold 
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(b) 

Figure 3-2: Cross section through the reference engine cylinder head 

 

The amount of heat dissipated away from the test heads and into the circulating 

coolant and the surrounding was crucial for the validation of the test rig model. 

Therefore, the test head walls were fitted with thermocouples at different locations to 

measure their operating temperatures, which were later used to calculate the 

convective heat transfer coefficients. Fast response Teflon insulted Type K 

thermocouples of 0.2mm diameter tip were used, which are capable of operating up 

to temperatures of about 250°C [121]. 

Three lines were scribed along the entire length of the test head on the walls exposed 

to the surrounding. The lines were equally spaced round the circumference, 120° 

away from each other, one of which was aligned with the water inlet into the cooling 

ring. Thermocouples were placed at three locations along the scribed line 120° 

anticlockwise from the cooling ring water inlet; test head top chamfer, below cooling 

ring and test head base (Figure 3-3). Super glue was applied onto the tip of the 

Water jacket 

5mm 

10mm 
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thermocouples, which were pressed against the walls using match sticks and held in 

position until the super glue set (Figure 3-4).  

 

 

Figure 3-3: Thermocouples location on the test head walls 

 

 

Figure 3-4: Thermocouples fixed onto the test head wall using superglue and 
match sticks 
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As for the test head wall washed by the water stream, holes were drilled into the test 

heads and thermocouples embedded as shown in Figure 3-5. Each test head was 

instrumented with three thermocouples equally spaced round the circumference, 

positioned in the middle of the cooled surface. Silver solder was applied onto the 

thermocouple tip to form a ball-shaped tip that would fully fill the drilled holes. In 

addition, high temperature adhesive sealant, capable of operating up to temperatures 

of 350°C (Loctite 5399) [122], was applied onto the end of the holes facing the 

inside of the test heads to seal them against any water leakage.  

 

Figure 3-5: Instrumented test head with thermocouple to measure the wall 
temperature washed by the water stream 

 

3.3.2 Seat Insert 

The seat inserts were provided by Federal-Mogul Sintered Products Ltd., already 

fitted into the test heads, with their valve contact faces machined as specified in the 

drawings given in Appendix A.  

Thermocouple 

tip 
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Federal-Mogul Sintered Products Ltd. supplied seat inserts of two different material 

composition grades; both sintered copper-infiltrated tool steel-base alloys. Batches of 

non-infiltrated seats have been also supplied for conducting further evaluation tests.  

Several test head sets were prepared according to a laid out experimental plan, which 

aimed at establishing the influence of the seat insert assembly method and metallic 

coating on the operating temperature of the valve head. Regardless of the assembly 

method or the presence of metallic coating all specimens were manufactured within 

the limits of the same interference fit.  

 

3.3.3 Exhaust Valve 

The exhaust valve used throughout the tests, taken from the Duratec engine, is made 

out of a typical exhaust valve alloy known as UNS S63008 and commercially 

referred as 21-4N [123]. The valve surface hardness was enhanced by applying a soft 

nitride coating of thickness in the range of 0.003-0.042mm.  

The temperature of the valve head was measured with three equally spaced 

thermocouples fitted into drilled holes placed round its circumference as shown in 

Figure 3-6.  
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Figure 3-6: Valve head thermocouples holes (dimensions in mm) 

 

Semi-rigid Type K thermocouples capable of operating up to temperatures of 

1100°C [121], enclosed within a 1mm diameter 310 stainless steel sheath, were used 

to monitor and record the valve head temperature. Prior to insertion, the 

thermocouple tips were coated in a high temperature thermally conductive paste 

(CML0020) [124] to improve the heat transfer between the valve and the 

thermocouples.  

Valve guides were machined and assembled into the test heads, keeping the same 

clearance between the valve stem and guide, and a similar covered valve stem length 

as that in the reference engine (Figure 3-7). A heat transfer silicone compound was 

applied onto the valve guides prior to insertion, to improve heat transfer across the 

valve guide/test head interface. The silicone compound (HTS35SL) [125] has a 

thermal conductivity of 0.9W/mK.  
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Figure 3-7: Valve, seat and guide assembled into test head 

 

3.3.4 Ceramic Heater 

A custom made high performance ceramic heater was supplied by Watlow® [126] 

and placed over the valve head combustion face (Figure 3-8) to drive most of the 

heat supplied into the system by conduction through the valve/seat and seat/head 

interfaces. Such arrangement would help assess the degree of improvement or 

deterioration associated with each seat/head configuration with greater confidence, 

since in a real engine situation, most of the heat transferred into the exhaust valve 

takes place through the valve head when the valve is closed [3, 10].  

The ceramic heater was capable of providing extremely uniform temperatures over 

its entire surface, which can reach a maximum of 600°C within a short amount of 

time, due to its ultra fast ramp rate of up to 150°C/sec. The heater was fitted with an 

internally integrated thermocouple that constantly monitored its operating 

temperature. The heater was designed as a flat ring, 3mm thick, with an inner 

Valve guide 

Test head 

Valve 

Seat insert 
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diameter of 10mm and an outer of 30mm, which would exactly fit onto the flat part 

of the exhaust valve combustion face. 

 

Figure 3-8: Ceramic heater placed on top of the valve combustion face 

 

Voltage from the mains was supplied into the ceramic heater in a controlled fashion 

through a Variac™ transformer [125] (Figure 3-9), which was located at a 

reasonable distance away from the rig to prevent any electromagnetic interference 

with the installed data loggers.  

In order to control the power supplied into the system across all the tests carried out, 

the voltage from the Variac™ was monitored using a true RMS (Root Mean Square) 

digital multimeter [127] (Figure 3-9) and logged into the computer via an optical 

cable. In addition, the output current from the Variac™ was monitored using a 

10A/100mV current clamp [128] (Figure 3-9), whose signal was fed into the 
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computer through an 8 bit resolution PICOSCOPE 2202 [128] (Figure 3-9), linked 

via a USB connection.  

 

Figure 3-9: Power control instrumentation 

 

3.3.5 Cooling Ring and Circulator  

The rig was cooled using distilled water circulated through the cooling ring. The 

cooling ring was designed in such a way that when slid over the test head the cooling 

channel was formed, allowing the direct contact of the coolant with the test head.  

The coolant temperature was measured at four locations using semi-rigid, Type K, 

thermocouples enclosed within a 310 stainless steel sheath [121]. The average stream 

temperature next to the test head walls was measured using two thermocouples fitted 

into steel rods and inserted into holes drilled into the sides of the cooling ring (Figure 

3-10). While the other two thermocouples were inserted into the water inlet and 

outlet fittings (Figure 3-10) to measure the increase in the coolant temperature as it 
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gets in contact with the test head. These temperature measurements were later used 

to calculate the amount of heat dissipated into the flowing coolant.  

 

Figure 3-10: Cooling ring thermocouples 

 

The cooling ring was linked in a closed circuit to a temperature controlled water 

circulator [129] (Figure 3-11) with a cooling capacity of 1000W at 90°C and a 

maximum pumping capacity of 15l/min (Appendix B). The water temperature was 

set at 85°C to simulate cooling conditions comparable to those experienced in an 

engine situation. 
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Figure 3-11: Circulating unit (NESLAB RTE-740) 

 

The effective volume flow rate ��  through the cooling ring was determined using the 

‘bucket- stop watch’ technique, where water from the outlet pipe was directed into a 

graduated cylinder, instead of the circulating unit, for a given time and the collected 

volume was recorded. The procedure was repeated several times and the data 

recorded were plotted in Figure 3-12. 

 

Figure 3-12: Circulator volume flow rate measurement 
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The R2 value for the regression line added to the plotted data was 0.9633, indicating 

quite a good fit in approximating the plotted data. The gradient of the plotted 

regression line represents the volume flow rate, and in this case was equal to 

98.85ml/s. However, when water was directed into the graduated cylinder (opened 

circuit), the flow pressure (measured using a manometer) was higher than that when 

water was normally returned into the circulator (closed circuit), i.e. higher flow 

resistance than what would normally be experienced during the tests.  

Therefore, the measured volume flow rate was corrected for the additional resistance 

using the ratio of flow pressures for both cases. For an opened circuit, the flow 

pressure was 92in.H2O and 80in.H2O for a closed one. Hence, the closed circuit 

volume flow rate was evaluated using Equation 3-1, which came to 85.95ml/s.  ���$*�#� = ��*�#�#� Y �w792� �5���58 �w7y 3�299��2732�2� �5���58 �w7y 3�299��2 (3-1) 

 

3.3.6 Loading Mechanism and Ceramic Insulation  

For about 55-60% of the engine cycle [13], the valve is pressed against the seat face 

as a result of the combined action of both the pretension in the valve spring and the 

pressure developed inside the cylinders. With regards to SI engines, the maximum 

cylinder pressure occurs during the combustion phase and is typically around 2MPa 

[1]. An average cylinder pressure of about 1MPa was assumed to be representative 

for the steady-state tests performed on the rig.  

According to the engineering drawings of the valve and seat insert in Appendix A, 

the nominal valve sealing diameter is equal to 29.3mm, which results in a sealing 



74 
 

surface area of about 6.74e-4m2. Consequently, the average combustion force acting 

on the valve head was calculated to be about 674N. 

A total force of 859N was found to act on the valve head when the calculated 

combustion force was combined with the measured pretension of 185N in the 

installed valve spring. The loading mechanism was calibrated to deliver this amount 

of force through a constant load applied onto the end of a lever arm, which rests on 

the valve head via a ceramic insulator (Figure 3-13).  

 

Figure 3-13: Loading mechanism 

 

The ceramic insulator served two main purposes: act as a guide to accurately 

position the ceramic heater over the valve head combustion face, and restrict heat 

flow away from the heater. Therefore, the ceramic insulator was designed in a 

cylindrical form with a coaxial protrusion (Figure 3-14) that would fit into the 10mm 

hole in the ceramic heater.   

Load 

Ceramic 

insulation 

Lever arm 

Lever arm 

resting point 

PICO TC-08 
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Figure 3-14: Ceramic insulation 

 

The ceramic material [130] had a low thermal conductivity of 0.49W/mK at 750°C, 

which would help limit the amount of heat conducted away from the heater, and a 

high compressive strength of 55MPa, capable of withstanding the applied load.  

 

3.3.7 Base Plate and Insulation  

The rig and the loading mechanism were assembled over a wooden base plate that 

was fixed onto the working bench. The base plate was made out of two planks of 

wood assembled together. The top plank had a circular hole of 53mm diameter cut 

out, in which the test head was placed on top of a ceramic insulation (Figure 3-15). 

The base plate was placed at a reasonable height above the working bench allowing 

enough clearance for the hanging weight (Figure 3-13). 

Valve head 
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face 

Ceramic 

heater Ceramic 

insulation 
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Figure 3-15: Base plate cut out into which the test head is placed over a ceramic 
insulation 

 

A thermal insulation box was placed over the rig during the experiments, as shown 

in Figure 3-16, to reduce the effect of variations taking place in the test rig 

surrounding environment. The insulation box was built using a double layer of single 

bubble reflective aluminium foil, wrapped on a cardboard frame. The temperature of 

the air within the enclosure was measured and logged throughout all the tests, using 

a semi-rigid Type K thermocouple enclosed within a 310 stainless steel sheath [121].  

Test head 
Ceramic 

insulation 

Base plate cut out 
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Figure 3-16: Thermal insulation box  

 

3.3.8 Thermocouple Data Logger (PICO TC-08) 

All rig thermocouples were plugged into two USB computer-linked eight-channel 

temperature data loggers (PICO TC-08 [128]) with a 20 bit resolution (Figure 3-13 

and Figure 3-17), for continuously monitoring and logging the temperature at the 

points of interest.  

 

Figure 3-17: USB TC-08 thermocouple data logger [128] 

 

Several pre-test runs were performed to ensure that all instrumentation was operating 

within their specification.  
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3.4 Experimental Procedure 

Heat transfer between the valve and the coolant in cylinder head is significantly 

affected by the presence of the valve/seat and seat/head interfaces. Therefore, in 

order to quantify the effect of modification to any of the interfaces, the other 

interface had to be kept unchanged.  

Heat transfer across any interface is affected by the surface contact area and the 

interfacial contact conductance. Tests carried out in this study were directed towards 

assessing the effect of changing the properties of the seat/head interface on heat 

outflow from the valve. Therefore, the amount of heat transferred across the 

valve/seat interface must be kept unchanged between tests, through the use of the 

same material combination and maintaining the same contact area.  

The same valve was used across all the tests carried out, while different seat/head 

assemblies were compared for the same seat material. The valve/seat contact area is 

influenced primarily by the contact angle of both the valve and seat contact faces, 

and by the seat face contact width. However, the seat face profile is prone to 

machining variation, affecting the valve/seat contact area. Therefore, profile 

measurements of the seat inserts contact faces were carried out and compared in 

relation to the contact face profile of the used valve. These measurements helped 

understand the nature of the valve/seat contact, and whether the experienced 

variation in the valve head operating temperature was solely due to the variation of 

seat/head assemblies or partly affected by the heat transfer across the valve/seat 

interface.  

The ceramic heater installed over the valve head combustion face could take up to 

240V, however, its maximum permissible operating temperature was limited to 
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600°C [126]. In order to determine the maximum voltage at which the heater can 

safely operate, tests were first carried out for seat/head assemblies thought of 

resulting in the highest valve temperatures. Coated seats were believed to result in 

lower valve temperatures compared to uncoated ones, as some of the coating 

materials deform under load, filling up the gaps separating the solid contact spots at 

the interface, hence increase the real contact area and the associated conductance 

[88, 119].  

Therefore, uncoated seats were tested first, specifically a certain batch of press-fitted 

seat inserts. This particular batch was chosen based on profile measurements of the 

seat inserts contact faces, since it was concluded that they would result in the 

minimum valve/seat contact area, restricting heat flow away from the valve head, 

and hence high valve head operating temperatures.  

Voltage from the Variac™ transformer was ramped up in four steps of 50V, 

followed by one last step of 20V, reaching an overall of 220V, at which the system 

was left running for just over an hour. During the steady-state phase, the heater 

operating temperature was about 550°C, allowing a safety margin of 50°C away 

from the heater maximum permissible temperature. A step-by-step description of the 

test procedure is presented in Appendix C. 

During each test, temperature measurements from all the installed thermocouples 

were logged into the computer. However, significant temperatures such as those for 

the heater, valve head, coolant and enclosure were plotted as the tests progressed, 

indicating the time at which the rig had undergone the steady-state phase. In the 

following section, a typical history profile for these temperatures is shown. 
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For each set of results, tables listing the mean valve head and heater temperatures 

logged during the steady-state phase are presented, including also data for the mean 

heater power consumption. Given that the same amount of power was supplied into 

the heater, comparisons between the various seat/head assemblies were carried out 

based on the valve head operating temperature, with reference to the seat profile 

measurements and scanning electron microscope (SEM) images of the seat/head 

interface for some of the assemblies.  

 

3.5 Experimental Results and Discussion 

Test results are presented in three categories;  

1. Effect of valve/seat interface geometry, 

2. Effect of seat insert assembly method, and 

3. Effect of seat insert coating. 

 

3.5.1 Effect of Valve/Seat Interface Geometry 

For a given valve head diameter, the magnitude of the valve/seat contact area is 

greatly influenced by the degree of conformance between the valve and seat contact 

faces, in addition to the contact width of the seat face.  

According to the tolerances specified on the engineering drawings for the valve and 

seat (Appendix A), the angle formed between the valve contact face and the vertical 

may vary between 45° and 45.5° (Figure 3-18), whilst that of the seat contact face 

may vary between 44.5° and 45° (Figure 3-19). Hence, when both contact angles are 
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the same, i.e. 45°, this would result in a perfect match between the contact faces, 

yielding a maximum contact area. On the other hand, a valve face contact angle of 

45.5° combined with a seat face contact angle of 44.5° would yield a minimum 

contact area, in the form of a circle, i.e. ‘a line contact’. In practice, the valves are 

bedded-in and any size valve/seat contact areas between these two limits could 

develop. 

 

Figure 3-18: Valve face contact angle 

 

 

Figure 3-19: Seat face contact angle 

 

The effect of dissimilar valve/seat contact geometries (Table 3-1) on the operating 

temperature of the valve was exemplified by conducting comparative tests between 



82 
 

assemblies fitted with copper-infiltrated (Cu-I) and non-infiltrated (N-I) seats (same 

seat material, press-fitted). The data listed in Table 3-1 was obtained using the 

Mitutoyo SV-C500, fitted with a 25µm measuring tip (Accurate to within ±1µm). 

Table 3-1: Contact face profile of Cu-I and N-I press-fitted seats2 

 
Mean contact angle (deg) Mean contact width (mm) 

Copper-Infiltrated 44.13 1.411 

Non-Infiltrated 44.85 1.534 

Exhaust Valve 45.10 N/A 

 

A typical temperature history profiles recorded during these tests is shown in Figure 

3-20.  The test rig was assumed to have reached the steady-state condition for 

differences in the heater temperature of ±1°C within a time period of 5-10min.  

 

Figure 3-20: A typical temperature history profile from start to steady-state 

 

The mean valve head temperatures and heater data logged during the steady-state 

phase are listed in Table 3-2 to Table 3-5. 

                                                 
2 Detailed profile measurements are shown in Appendix D 
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Table 3-2: Valve temperatures for Cu-I press-fitted seats 

Head Code 
Valve head temperature (°C)

3
 

Mean STDV
4
 CV

5
 

1 2 3 

HSPN_11 433.1 451.1 453.9 446.1 1.13E+01 2.53% 

HSPN_12 428.6 449.8 446.8 441.7 1.15E+01 2.59% 

HSPN_10 431.2 440.4 448.7 440.1 8.76E+00 1.99% 

Mean 431.0 447.1 449.8 442.6 
  

STDV 2.26E+00 5.82E+00 3.68E+00 3.08E+00 
  

CV 0.53% 1.30% 0.82% 0.70% 
  

 

Table 3-3: Heater data for Cu-I press-fitted seats 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

HSPN_11 549.0 1.27 220.65 280.53 

HSPN_12 551.8 1.28 220.44 281.11 

HSPN_10 542.9 1.27 220.42 280.67 

Mean 547.9 1.27 220.50 280.77 

STDV 4.54E+00 1.92E-03 1.29E-01 3.02E-01 

CV 0.83% 0.15% 0.06% 0.11% 

 

Table 3-4: Valve temperatures for N-I press-fitted seats 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

HNISPN_77 383.4 388.4 429.8 400.5 2.55E+01 6.36% 

HNISPN_79 385.3 392.0 410.8 396.0 1.32E+01 3.34% 

HNISPN_80 381.1 400.9 403.6 395.2 1.23E+01 3.11% 

HNISPN_76 383.3 399.3 402.0 394.9 1.01E+01 2.56% 

HNISPN_78 376.5 395.6 409.2 393.8 1.64E+01 4.17% 

Mean 381.9 395.2 411.1 396.1 
  

STDV 3.37E+00 5.15E+00 1.11E+01 2.61E+00 
  

CV 0.88% 1.30% 2.70% 0.66% 
  

 

  

                                                 
3 Position 1 stands for the valve head thermocouple aligned with the inflow port, whilst positions 2 
and 3 are 120° anticlockwise and 120° clockwise circumferentially away from it. 
4 Standard Deviation 
5 Coefficient of Variation 
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Table 3-5: Heater data for N-I press-fitted seats 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

HNISPN_77 511.9 1.31 220.45 288.78 

HNISPN_79 524.9 1.31 220.57 288.97 

HNISPN_80 526.8 1.31 220.44 288.74 

HNISPN_76 520.5 1.31 220.62 289.04 

HNISPN_78 503.5 1.32 220.46 291.01 

Mean 517.5 1.31 220.51 289.31 

STDV 9.71E+00 4.47E-03 8.03E-02 9.60E-01 

CV 1.88% 0.34% 0.04% 0.33% 

 

Theoretically, one would expect lower valve head temperatures for the case of 

copper-infiltrated seats compared to non-infiltrated ones, due to the better thermal 

conductivity of copper-infiltrated seat inserts. However, the measured data have 

shown that the mean operating temperature of the valve was consistently lower for 

tests run on non-infiltrated seats (Figure 3-21). 

6 

Figure 3-21: Valve head steady-state temperature for Cu-I and N-I press-fitted 
seats 

                                                 
6 ACW: Anticlockwise, CW: Clockwise 
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The lower valve temperatures experienced during tests on non-infiltrated seat inserts 

indicate that the effect of the valve/seat contact area is of greater significance than 

the copper-infiltration of the seat. Therefore, in order to assess the effect of any 

changes taking place at the seat/head interface, it is crucial to control the variations 

in the valve/seat contact geometry.  

To confirm that for similar valve/seat interface geometries lower valve head 

temperatures should be measured for copper-infiltrated seats as opposed to non-

infiltrated ones, the contact faces of the copper-infiltrated seats were re-machined 

and re-tested. 

The average profile measurements of the re-faced copper-infiltrated seats are listed 

in Appendix D, which are compared against those of the non-infiltrated seats in 

Table 3-6.  

Table 3-6: Contact face profile of re-faced Cu-I and N-I press-fitted seats 

 
Mean contact angle (deg) Mean contact width (mm) 

Copper-infiltrated 44.71 1.511 

Non-infiltrated 44.85 1.534 

Exhaust valve 45.10 N/A 

 

The data in Table 3-6 indicate a better degree of agreement between the two sets, 

still in favour of the non-infiltrated seats as regards the value of the valve/seat 

interface conductance.  

Results of tests on the re-faced copper-infiltrated seats are listed in Table 3-7 and 

Table 3-8. 
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Table 3-7: Valve temperatures for re-faced Cu-I press-fitted seats 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

HSPN_08 386.3 384.4 403.5 391.4 1.05E+01 2.69% 

HSPN_07 377.9 390.4 404.0 390.8 1.30E+01 3.34% 

HSPN_11 378.6 391.1 392.8 387.5 7.77E+00 2.01% 

Mean 380.9 388.6 400.1 389.9 
  

STDV 4.63E+00 3.68E+00 6.30E+00 2.07E+00 
  

CV 1.21% 0.95% 1.57% 0.53% 
  

 

Table 3-8: Heater data for re-faced Cu-I press-fitted seats 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

HSPN_08 488.2 1.32 220.14 290.54 

HSPN_07 489.2 1.32 220.15 290.58 

HSPN_11 487.3 1.32 219.44 290.56 

Mean 488.2 1.32 219.91 290.56 

STDV 9.62E-01 2.45E-03 4.09E-01 2.30E-02 

CV 0.20% 0.19% 0.19% 0.01% 

 

For the same power input of about 290W (Table 3-5 and Table 3-8) and comparable 

seat contact face geometries (Table 3-6), the operating temperatures of the valve 

running on re-faced copper-infiltrated seats were lower than those obtained during 

tests on non-infiltrated seats. Such an outcome was expected as a result of the 

improved heat outflow from the valve in response to the higher thermal conductivity 

of the copper-infiltrated seats.  

 

3.5.2 Effect of Seat Insert Assembly Method 

The influence of the seat inserts assembly method on the valve head operating 

temperature was assessed through the preparation and testing of test heads with 

shrink and press-fitted Cu-I seats. In addition, the effect of the assembly method was 

further tested using test heads with tin-coated seat inserts.  
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3.5.2.1 Shrink-Fitted Versus Press-Fitted Cu-I Seats 

The mean of the detailed profile measurements of both shrink and press-fitted 

copper-infiltrated seats shown in Appendix D are listed in Table 3-9. 

Table 3-9: Contact face profile of Cu-I shrink and press-fitted seats 

 
Mean contact angle (deg) Mean contact width (mm) 

Shrink-Fitted 44.70 1.514 

Press-Fitted 44.71 1.511 

Exhaust Valve 45.10 N/A 

 

From the data listed in Table 3-9, both assembly methods had almost the same mean 

seat face contact angle and contact width, with slight variations of about 0.03% and 

0.20%, respectively. Hence, one can assume that the average heat transfer across the 

valve/seat interface would be the same for both assembly methods, and can therefore 

compare between the recorded valve temperatures with confidence.  

Table 3-10 and Table 3-11 list the mean valve head temperatures and heater data 

logged during the steady-state phase of tests on copper-infiltrated shrink-fitted seats. 

Whereas, the results of tests on copper-infiltrated press-fitted seats were displayed 

previously in Table 3-7 and Table 3-8. 

Table 3-10: Valve temperatures for Cu-I shrink-fitted seats 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

HSCN_G 384.5 392.6 393.0 390.1 4.78E+00 1.23% 

HSCN_C 387.0 388.9 394.4 390.1 3.84E+00 0.99% 

HSCN_F 382.0 393.2 400.7 392.0 9.42E+00 2.40% 

Mean 384.5 391.6 396.1 390.7 
  

STDV 2.50E+00 2.31E+00 4.13E+00 1.09E+00 
  

CV 0.65% 0.59% 1.04% 0.28% 
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Table 3-11: Heater data for Cu-I shrink-fitted seats 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

HSCN_G 486.7 1.32 220.25 290.68 

HSCN_C 494.4 1.31 220.72 289.17 

HSCN_F 488.9 1.32 219.56 289.90 

Mean 490.0 1.32 220.18 289.92 

STDV 3.98E+00 5.77E-03 5.87E-01 7.56E-01 

CV 0.81% 0.44% 0.27% 0.26% 

 

The valve head temperatures listed in Table 3-7 and Table 3-10 are plotted in Figure 

3-22, where it is shown with acceptable coefficients of variation that for the same 

power input of about 290W (Table 3-8 and Table 3-11) the valve head temperature 

was almost the same for both assembly methods. The average valve head 

temperature operating on shrink-fitted seats was about 390.7°C (Table 3-10) 

compared to an average of 389.9°C for that operating on press-fitted seats (Table 

3-7). The difference between the two averages of 0.8°C is within the accuracy of the 

used instrumentation. Hence, one can conclude that the assembly method of the seat 

inserts has no impact on the valve operating temperature.  
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Figure 3-22: Valve head steady-state temperatures for Cu-I shrink and press-fitted 
seats 

 

3.5.2.2 Shrink-Fitted Versus Press-Fitted Tin-Coated Cu-I Seats 

Ten tin-coated seat inserts were prepared, five of which were shrink-fitted into the 

test heads, while the other five were press-fitted. Tin was applied onto the seats with 

the aid of a nickel base layer. The thickness of the tin coating ranged between 20-

22µm, while the nickel interlayer was in the range of 3-5µm (Figure 3-23). 
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Figure 3-23: Tin coating layer on Cu-I seats 

 

Profile measurements of the seat inserts contact faces were carried out for some of 

the test heads. The detailed measurements can be found in Appendix D, whereas 

their mean are listed in Table 3-12. 

Table 3-12: Contact face profile of tin-coated Cu-I shrink and press-fitted seats 

 
Mean contact angle (deg) Mean contact width (mm) 

Shrink-Fitted 44.82 1.429 

Press-Fitted 44.78 1.437 

Exhaust Valve 45.10 N/A 

 

The data listed in Table 3-12 indicate that the average contact face of both assembly 

methods possess a similar degree of conformance to the exhaust valve, with a 

relative difference of 0.63% and 0.71% between the contact angles of the exhaust 

valve and the shrink and press-fitted seats, respectively. In addition, the contact 

Tin coating 

Nickel interlayer 

Seat insert material 
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width of the average contact face of press-fitted seats was only about 0.56% larger 

than that of the shrink-fitted ones.  

With slight differences observed in the seat contact face geometry between the two 

sets, one can therefore compare with confidence the effect of the assembly method of 

tin-coated seats on the valve head temperatures.  

The mean data logged during the steady-state phase of tests are listed in Table 3-13 

to Table 3-16. 

Table 3-13: Valve temperatures for tin-coated Cu-I shrink-fitted seats 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

HTCCN_23 368.4 375.3 386.4 376.7 9.11E+00 2.42% 

HTCCN_22 380.2 366.9 365.4 370.8 8.19E+00 2.21% 

HTCCN_24 377.6 383.5 379.3 380.1 3.03E+00 0.80% 

HTCCN_21 351.9 361.4 375.0 362.8 1.16E+01 3.20% 

HTCCN_25 390.5 396.2 380.0 388.9 8.21E+00 2.11% 

Mean 373.7 376.7 377.2 375.9 
  

STDV 1.45E+01 1.37E+01 7.78E+00 9.81E+00 
  

CV 3.89% 3.65% 2.06% 2.61% 
  

 

Table 3-14: Heater data for tin-coated Cu-I shrink-fitted seats 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

HTCCN_23 501.8 1.31 220.43 288.54 

HTCCN_22 500.9 1.31 220.49 288.85 

HTCCN_24 503.4 1.31 220.37 288.68 

HTCCN_21 494.4 1.32 220.48 291.00 

HTCCN_25 509.5 1.30 220.37 287.16 

Mean 502.0 1.31 220.43 288.85 

STDV 5.44E+00 5.99E-03 5.91E-02 1.38E+00 

CV 1.08% 0.46% 0.03% 0.48% 
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Table 3-15: Valve temperatures for tin-coated Cu-I press-fitted seats 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

HTCPN_27 362.2 382.6 374.3 373.0 1.02E+01 2.75% 

HTCPN_30 384.0 364.2 389.4 379.2 1.33E+01 3.50% 

HTCPN_28 353.1 362.9 379.0 365.0 1.31E+01 3.58% 

HTCPN_26 353.4 392.9 393.7 380.0 2.31E+01 6.07% 

HTCPN_29 373.3 379.6 371.5 374.8 4.26E+00 1.14% 

Mean 365.2 376.4 381.6 374.4 
  

STDV 1.33E+01 1.28E+01 9.61E+00 6.01E+00 
  

CV 3.65% 3.40% 2.52% 1.61% 
  

 

Table 3-16: Heater data for tin-coated Cu-I press-fitted seats 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

HTCPN_27 500.0 1.31 220.58 288.95 

HTCPN_30 500.1 1.30 220.41 286.42 

HTCPN_28 488.6 1.31 220.57 289.25 

HTCPN_26 493.1 1.31 220.40 288.72 

HTCPN_29 503.2 1.31 220.48 288.87 

Mean 497.0 1.31 220.49 288.44 

STDV 5.97E+00 4.89E-03 8.39E-02 1.14E+00 

CV 1.20% 0.37% 0.04% 0.40% 

 

For the same power of about 288W (Table 3-14 and Table 3-16) supplied into the 

heater during tests on tin-coated seats, similar valve head temperatures with 

acceptable coefficients of variation were experienced for both assembly methods as 

shown in Figure 3-24, which is based on data listed in Table 3-13 and Table 3-15. 

With regards to shrink-fitted seats, the average valve head temperature was about 

375.9°C compared to an average of 374.4°C for press-fitted ones. The difference of 

1.5°C between the two averages lies within the accuracy of the instrumentation used 

and therefore, it is valid to conclude further that the assembly method has no effect 

on the valve head temperature operating on tin-coated seats.  
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Figure 3-24: Valve head steady-state temperatures for tin-coated Cu-I shrink and 
press-fitted seats 

 

3.5.3 Effect of Seat Insert Coating 

The effect of coating the seat inserts with a thin metallic coating on the operating 

temperature of the valve head was assessed for two different coating metals. Tin and 

zinc coated seat inserts were prepared, fitted into the test heads and tested. The 

resultant valve head temperatures were compared against those obtained from tests 

on uncoated seat inserts of similar materials.  

The choice of tin and zinc was based on the table compiled by Lambert and Fletcher 

[119] of candidate coating metals with high ratios of thermal conductivity-to-

hardness and on results of experiments conducted by Cheng and Madhusudana [49], 

who tested the effect of electroplating the tubes of a heat exchanger using zinc, tin, 

silver and gold on the TCC of cylindrical contacts. In a nitrogen environment, the 

maximum conductance enhancement was obtained for the tin-coated specimen, 
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followed by silver, gold and zinc [49]. However, silver and gold were not used in the 

present study as a result of their high costs compared to tin and zinc. 

 

3.5.3.1 Tin-Coated Versus Uncoated Cu-I Seats 

In section 3.5.2, it was proved that the seat insert assembly method had no impact on 

the valve head operating temperature. Therefore, results from tests on shrink and 

press-fitted tin-coated Cu-I seats were grouped and compared against those obtained 

during tests on shrink and press-fitted uncoated Cu-I seats.  

The detailed profile measurements of the seat inserts contact faces shown in 

Appendix D for tin-coated Cu-I shrink and press-fitted seats were grouped, and their 

mean were compared against those of the grouped uncoated Cu-I shrink and press-

fitted seats in Table 3-17. 

Table 3-17: Contact face profile of tin-coated and uncoated Cu-I seats 

 
Mean contact angle (deg) Mean contact width (mm) 

Tin-Coated  44.80 1.433 

Uncoated 44.71 1.512 

Exhaust Valve 45.10 N/A 

 

The average seat face contact angles listed in Table 3-17 for both seat types were 

different by only 0.2%, indicating a similar degree of conformance to the exhaust 

valve contact face. However, the average seat face contact width of the uncoated 

specimens was about 5.5% larger than that of the tin-coated ones, which would result 

in relatively different valve/seat contact areas and, ultimately, different heat flow 

rates at the valve/seat interface in favour of the uncoated batch.  
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The mean data logged during the steady-state phase of tests on tin-coated and 

uncoated Cu-I shrink and press-fitted seats are grouped in Table 3-18 to Table 3-21.  

Table 3-18: Grouped valve temperatures for tin-coated Cu-I shrink and press-
fitted seats 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

Shrink-Fitted 

HTCCN_23 368.4 375.3 386.4 376.7 9.11E+00 2.42% 

HTCCN_22 380.2 366.9 365.4 370.8 8.19E+00 2.21% 

HTCCN_24 377.6 383.5 379.3 380.1 3.03E+00 0.80% 

HTCCN_21 351.9 361.4 375.0 362.8 1.16E+01 3.20% 

HTCCN_25 390.5 396.2 380.0 388.9 8.21E+00 2.11% 

Press-Fitted 

HTCPN_27 362.2 382.6 374.3 373.0 1.02E+01 2.75% 

HTCPN_30 384.0 364.2 389.4 379.2 1.33E+01 3.50% 

HTCPN_28 353.1 362.9 379.0 365.0 1.31E+01 3.58% 

HTCPN_26 353.4 392.9 393.7 380.0 2.31E+01 6.07% 

HTCPN_29 373.3 379.6 371.5 374.8 4.26E+00 1.14% 

Mean 369.5 376.5 379.4 375.1 
  

STDV 1.39E+01 1.25E+01 8.56E+00 7.71E+00 
  

CV 3.76% 3.32% 2.25% 2.05% 
  

 

Table 3-19: Grouped heater data for tin-coated Cu-I shrink and press-fitted seats 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

Shrink-Fitted 

HTCCN_23 501.8 1.31 220.43 288.54 

HTCCN_22 500.9 1.31 220.49 288.85 

HTCCN_24 503.4 1.31 220.37 288.68 

HTCCN_21 494.4 1.32 220.48 291.00 

HTCCN_25 509.5 1.30 220.37 287.16 

Press-Fitted 

HTCPN_27 500.0 1.31 220.58 288.95 

HTCPN_30 500.1 1.30 220.41 286.42 

HTCPN_28 488.6 1.31 220.57 289.25 

HTCPN_26 493.1 1.31 220.40 288.72 

HTCPN_29 503.2 1.31 220.48 288.87 

Mean 499.5 1.31 220.46 288.64 

STDV 6.00E+00 5.28E-03 7.51E-02 1.21E+00 

CV 1.20% 0.40% 0.03% 0.42% 
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Table 3-20: Grouped valve temperatures for uncoated Cu-I shrink and press-fitted 
seats 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

Shrink-Fitted 

HSCN_G 384.5 392.6 393.0 390.1 4.78E+00 1.23% 

HSCN_C 387.0 388.9 394.4 390.1 3.84E+00 0.99% 

HSCN_F 382.0 393.2 400.7 392.0 9.42E+00 2.40% 

Press-Fitted 

HSPN_08 386.3 384.4 403.5 391.4 1.05E+01 2.69% 

HSPN_07 377.9 390.4 404.0 390.8 1.30E+01 3.34% 

HSPN_11 378.6 391.1 392.8 387.5 7.77E+00 2.01% 

Mean 382.7 390.1 398.1 390.3 
  

STDV 3.86E+00 3.19E+00 5.26E+00 1.55E+00 
  

CV 1.01% 0.82% 1.32% 0.40% 
  

 

Table 3-21: Grouped heater data for uncoated Cu-I shrink and press-fitted seats  

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

Shrink-Fitted 

HSCN_G 486.7 1.32 220.25 290.68 

HSCN_C 494.4 1.31 220.72 289.17 

HSCN_F 488.9 1.32 219.56 289.90 

Press-Fitted 

HSPN_08 488.2 1.32 220.14 290.54 

HSPN_07 489.2 1.32 220.15 290.58 

HSPN_11 487.3 1.32 219.44 290.56 

Mean 489.1 1.32 220.05 290.24 

STDV 2.77E+00 4.67E-03 4.75E-01 5.93E-01 

CV 0.57% 0.35% 0.22% 0.20% 

 

For almost the same power input of about 289W (Table 3-19 and Table 3-21), Figure 

3-25 (based on data listed in Table 3-18 and Table 3-20) shows with acceptable 

coefficients of variation consistently lower valve head temperatures for the case of 

tin-coated seats compared to uncoated ones, with an overall average difference of 

about 15°C. However, if both types of seats had the same contact face profile, one 

would expect to measure a higher drop in the valve temperatures.  
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Figure 3-25: Valve head steady-state temperatures for tin-coated and uncoated 
Cu-I shrink and press-fitted seats 

 

3.5.3.2 Zinc-Coated Versus Uncoated Press-Fitted Cu-I Seats 

Eight test heads with Cu-I press-fitted seats were prepared and tested. Four of which 

were fitted with zinc-coated seats. The thickness of the zinc coating layer was in the 

range of 5-10µm. In addition, since it has been previously proven that the seat insert 

assembly method had no influence on the valve head operating temperature, seats 

were press-fitted into the test heads as it would save the cost of liquid nitrogen 

required for shrink (cryogenic) fitting. 

The mean of the detailed profile measurements of both zinc-coated and uncoated 

press-fitted copper-infiltrated seats shown in Appendix D are listed in Table 3-22. 
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Table 3-22: Contact face profile of zinc-coated and uncoated Cu-I press-fitted 
seats 

 
Mean contact angle (deg) Mean contact width (mm) 

Zinc-coated  44.73 1.521 

Uncoated 44.72 1.519 

Exhaust valve 45.10 N/A 

 

The data listed in Table 3-22 indicate that both sets of test heads have almost 

identical seat face contact profile, with a relative difference of only 0.03% and 

0.13% between the average contact face angles and contact face widths, respectively. 

Hence, it was fair to assume that similar rates of heat transfer across the valve/seat 

interface would exist for both sets, and therefore one can compare between the 

logged valve head temperatures with confidence.  

The data recorded during the steady-state phase of tests on zinc-coated and uncoated 

Cu-I press-fitted seats are listed in Table 3-23 to Table 3-26. 

Table 3-23: Valve temperatures for zinc-coated Cu-I press-fitted seats 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

HSNMZCPN_44 387.1 405.6 403.1 398.6 1.01E+01 2.52% 

HSNMZCPN_43 385.9 407.7 399.5 397.7 1.10E+01 2.78% 

HSNMZCPN_42 381.6 399.2 391.8 390.9 8.86E+00 2.27% 

HSNMZCPN_46 382.9 410.3 392.8 395.3 1.39E+01 3.51% 

Mean 384.4 405.7 396.8 395.6 
  

STDV 2.56E+00 4.72E+00 5.42E+00 3.46E+00 
  

CV 0.66% 1.16% 1.37% 0.87% 
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Table 3-24: Heater data for zinc-coated Cu-I press-fitted seats 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

HSNMZCPN_44 498.5 1.32 220.19 290.65 

HSNMZCPN_43 498.0 1.32 219.92 290.66 

HSNMZCPN_42 496.0 1.33 218.32 290.37 

HSNMZCPN_46 501.5 1.33 218.80 290.39 

Mean 498.5 1.32 219.31 290.52 

STDV 2.29E+00 4.68E-03 8.92E-01 1.61E-01 

CV 0.46% 0.35% 0.41% 0.06% 

 

Table 3-25: Valve temperatures for uncoated Cu-I press-fitted seats 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

HSNMPN_49 389.0 388.4 392.5 389.9 2.21E+00 0.57% 

HSNMPN_50 386.7 403.6 413.3 401.2 1.35E+01 3.36% 

HSNMPN_47 376.2 402.2 403.6 394.0 1.54E+01 3.92% 

HSNMPN_48 375.5 407.4 386.2 389.7 1.63E+01 4.17% 

Mean 381.8 400.4 398.9 393.7 
  

STDV 6.99E+00 8.29E+00 1.20E+01 5.36E+00 
  

CV 1.83% 2.07% 3.01% 1.36% 
  

 

Table 3-26: Heater data for uncoated Cu-I press-fitted seats 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

HSNMPN_49 492.8 1.32 220.34 290.91 

HSNMPN_50 497.4 1.32 220.35 290.46 

HSNMPN_47 497.4 1.32 220.19 290.79 

HSNMPN_48 495.5 1.32 219.88 290.49 

Mean 495.8 1.32 220.19 290.66 

STDV 2.20E+00 1.28E-03 2.15E-01 2.22E-01 

CV 0.44% 0.10% 0.10% 0.08% 

 

For the same power input of about 290W (Table 3-24 and Table 3-26), Figure 3-26 

shows with small coefficients of variation similar valve head operating temperatures 

for both zinc-coated and uncoated seats. The average valve head temperature 

operating on zinc-coated seats was about 395.6°C (Table 3-23) compared to an 

average of 393.7°C for that operating on uncoated seats (Table 3-25). The difference 

between the two averages of 1.9°C is within the accuracy of the instrumentation 
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used. Therefore, it is valid to conclude that, for the tested coating thickness in the 

range of 5-10µm, zinc-coated seats had no effect on the valve head operating 

temperature.  

 

Figure 3-26: Valve head steady-state temperatures for zinc-coated and uncoated 
Cu-I press-fitted seats 

 

Several investigations [88, 105, 113, 119] suggested the presence of an optimum 

coating thickness for each coating/substrate combination, at which the interfacial 

thermal contact conductance is at its peak. Increasing the coating thickness increases 

the contact conductance up to the optimal value, beyond which the bulk resistance 

increases and adversely affect the conductance. Therefore, further testing is required 

for different zinc-coating thicknesses to determine the optimum coating thickness at 

which the maximum enhancement in the interfacial contact conductance would 

occur.  
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3.5.4 Seat/head Interface Analysis 

Some of the test heads were sectioned to study the seat/head interface under 

scanning electron microscope (SEM; JE02 6400). The detailed procedure for SEM 

sample preparation is outlined in Appendix E. A sketch for the seat/head interface is 

shown in Figure 3-27 to help understand the later presented SEM images.  

 

Figure 3-27: Seat/head interface 

 

3.5.4.1 Uncoated Cu-I Shrink-Fitted and Press-Fitted Seats 

Figure 3-28 and Figure 3-29 visualise the seat/head interface for uncoated Cu-I 

shrink and press-fitted seats, respectively.  

Test head 

Seat/head 
interface top 

Seat/head 
interface base 

Seat insert 
back face Seat insert 

Seat insert 
contact face 
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(a) Top view of the seat/head interface 

 

 

(b) Middle view of the seat/head interface 

Seat insert Test head 

Seat insert Test head 

Magnification X300 

Magnification X300 
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(c) Base view of the seat/head interface 

Figure 3-28: Cross section through the seat/head interface for uncoated Cu-I 
shrink-fitted seat (HSCN_B) 

 

Figure 3-29: Cross section through the middle of the seat/head interface for 
uncoated Cu-I press-fitted seats (HSPN_12) 

Seat insert Test head 

Magnification X300 

Magnification X300 

Seat insert Test head 



104 
 

The displayed images clearly indicate that the seat and head contact faces are more 

conforming for the case of press-fitted seat inserts in comparison to shrink-fitted 

ones, which is expected due to the shearing action occurring during the assembly, 

plastically deforming and smoothing the surface asperities. This observation is 

supported by the work of Lewis et al. [77], who examined the influence of the 

assembly method on the developed contact pressure, for bearing and gears assembled 

onto shafts, and concluded a more uniform contact pressure profile in press-fitted 

joints in comparison to shrink-fitted ones. In addition, Lewis et al. [77] concluded 

similar average contact pressures for both assembly methods, indicating similar 

contact areas. Therefore, it would be fair to assume that the amount of heat 

transferred across the seat/head interface would be the same for both assembly 

methods. 

 

3.5.4.2 Tin-Coated Cu-I Shrink-Fitted and Press-Fitted Seats 

Images of the seat/head interface produced for Cu-I tin-coated shrink and press-fitted 

seats are shown in Figure 3-30 and Figure 3-31, respectively.  
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(a) Top view of the seat/head interface 

 

(b) Middle view of the seat/head interface 

 

Magnification X300 

Test head Seat insert 

Magnification X300 

Test head Seat insert 
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(c) Base view of the seat/head interface 

Figure 3-30: Cross section through the seat/head interface for tin-coated Cu-I 
shrink-fitted seats (HTCCN_23) 

 

(a) Top view of the seat/head interface 

Magnification X300 

Test head Seat insert 

Magnification X300 

Test head Seat insert 
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(b) Middle view of the seat/head interface 

 

(c) Base view of the seat/head interface 

Figure 3-31: Cross section through the seat/head interface for tin-coated Cu-I 
press-fitted seats (HTCPN_26) 

Magnification X300 

Test head Seat insert 

Magnification X300 

Test head Seat insert 
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Figure 3-30 and Figure 3-31 show a similar degree of conformance between the 

contact faces of both the seat insert and the test head for both assembly methods. The 

softness of the applied tin coating allowed it to deform under the load, filling up the 

interstitial gaps at the interface [88, 119], leading to the experienced similarity in the 

developed seat/head interfaces. Consequently, on the nature of the interface one 

could postulate similar contact pressure profiles for both tin-coated shrink and press-

fitted seat inserts, unlike the uncoated specimens (Figure 3-28 and Figure 3-29). 

The interstitial gaps were totally filled towards the top of the seat/head interface 

(Figure 3-30(a and b) and Figure 3-31 (a and b)), but not to same degree towards the 

base of the interface (Figure 3-30(c) and Figure 3-31(c)). This is believed to be a 

consequence of the temperature distribution along the interface. The seat contact face 

(Figure 3-27) normally operates at the highest temperatures compared to the rest of 

the seat insert, as a result of its contact with the hot valve. Hence, one would expect 

similar temperature profile along the seat/head interface, whereby the interface top 

being the closest to the seat contact face would therefore operate at temperatures 

higher than those experienced towards the base of the interface. 

Tin has a low melting point of about 232°C [131]. Hence, at temperatures close to its 

melting point, tin would soften allowing it to fill up the interstitial gaps at the top of 

the seat/head interface. However, as the temperatures dropped towards the base of 

the interface, tin maintained its stiffness, resulting in the presence of the observed 

gaps.  
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3.5.4.3 Tin-Coated Versus Uncoated Cu-I Shrink-Fitted and Press-Fitted Seats 

Images of the seat/head interface displayed for uncoated and tin-coated Cu-I shrink 

and press-fitted seats in section 3.5.4.1 and section 3.5.4.2, respectively, indicate a 

better degree of conformance between the seat and head contact faces for the case of 

tin-coated seats. Tin filled up most of the interstitial gaps at the interface, increasing 

the number of solid contact spots, the real contact area and the associated 

conductance [47], which consequently enhanced the heat flow rates away from the 

valve head and led to the experienced drop in its operating temperature.  

 

3.6 Summary 

A test rig facility was developed to carry out comparative steady-state tests to assess 

the effect of seat insert assembly method and seat metallic coating on valve’s 

operating temperature. Heat outflow from the valve along the valve-seat-head-

coolant thermal path is significantly influenced by the presence of the valve/seat and 

seat/head interfaces.  

Tests were carried out to assess the effect of the valve/seat interface geometry, where 

the mean valve head temperature obtained from tests on copper-infiltrated seats was 

compared against that obtained from tests on non-infiltrated seats, for the same seat 

insert material. As a result of the poor conformance level between the seat and valve 

contact faces, and contrary to expectations, higher valve head temperatures were 

recorded for tests on copper-infiltrated seats. 

This comparison showed the significant influence of the valve/seat interface 

geometry when evaluating the effect of any improvements made along the valve-
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seat-head-coolant thermal path. Therefore, it was mandatory to maintain a consistent 

profile of the seat insert contact faces throughout the comparative tests. The copper-

infiltrated seats were re-faced to correct the seat profile and subsequently retested; as 

expected, the new set of results show that the average valve head temperature was 

lower than the value obtained for non-infiltrated seats. 

The effect of the seat insert assembly method on the valve head operating 

temperature was tested for uncoated and tin-coated seats, where half of the seats 

were shrink-fitted into the test heads, while the other half was press-fitted. For 

similar seat insert contact profile, it was shown that the valve head temperature was 

almost equal for both tin-coated and uncoated seats, regardless of the assembly 

method.  

The effect of coating the seat inserts with a soft metallic coating was assessed by 

comparing the valve head temperatures operating on coated seats against those 

obtained from tests on uncoated seats, possessing similar seat contact face profile. 

Seats were coated either in tin or zinc. 

For tin-coated seats with thickness in the range of 20-22µm, the mean operating 

temperature of the valve head dropped by 15°C in comparison to uncoated ones. 

However, the seat contact face width of the uncoated specimens was about 5.5% on 

average larger than that of the tin-coated ones. Hence, one would expect to measure 

even larger temperature drops, if both sets had the same contact geometry. 

With regards to zinc-coated seats, where a zinc layer of 5-10µm thickness was 

applied, the valve head temperature was almost equal to that operating on uncoated 

seats, for almost identical seat face contact profile. However, it has been suggested in 

the literature that for each coating/substrate combination, there is an optimum 
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thickness, for which the enhancement in the contact conductance is a maximum. 

Therefore, further testing involving different zinc-coating thicknesses would be 

required to identify any potential benefit of zinc coating.  
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Chapter 4 - Conductance Evaluation 

4.1 Introduction 

As already shown by the results of the experimental work, the heat outflow from the 

valve along the valve-seat-head-coolant thermal path is significantly affected by the 

presence of the valve/seat and seat/head interfaces. 

After reviewing the main thermal contact conductance (TCC) interface models, 

which are available in the public domain, an attempt is made in this chapter to 

evaluate the TCC of the two interfaces of concern here, i.e. the valve/seat and 

seat/head interfaces. The resulting values of the TCC will be subsequently used in 

the numerical model of the rig, and the quality of the TCC prediction assessed by 

comparing the simulation results with the rig-based experiments. 

Although the interface formed between the valve and seat is conical in nature, the 

valve/seat contact was treated as a flat contact, since the developed contact pressure 

at the valve/seat interface could be independently controlled [65-67]. 

The seat/head interface, is cylindrical in nature and was therefore treated as such. 

However, at tribological level the TCC models developed for flat surface contacts 

were employed [79]. 

 

4.2 Valve/Seat and Seat/Head Interfaces Conductances 

The temperatures at which the valve/seat and seat/head interfaces operate are 

essential for the calculation of the associated TCC. For all the tests carried out, the 

valve head temperature was consistently measured at three fixed locations round its 
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circumference as shown in Chapter 3 (Figure 3-6). The average of these 

measurements was regarded as the operating temperature of the valve contact face, 

since the thermocouples were placed right under the valve contact face.  

The difficulties of embedding thermocouples to measure the operating temperatures 

of the seat’s valve and head contact faces led to the use of seat inserts made of a 

thermometric material. A thermometric material losses its hardness when subjected 

to high temperatures and subsequently allowed to cool slowly. Hence, by measuring 

the hardness of thermometric seats contact faces, one would be able to deduce their 

maximum operating temperatures during the tests. The tempering diagram of the 

thermometric material used in this study (Thyrodur 2510) is shown in Figure 4-1 

[132], where the hardness was plotted as a function of the tempering temperature. 

Measuring temperatures using the ‘hardness relaxation technique’ is a simple, cost-

effective technique that gives accurate temperatures to ±10°C [3]. 

 

Figure 4-1: Thyrodur 2510 tempering diagram [132] 
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Five thermometric seats having the same geometry as FM seats were prepared and 

shrink-fitted into the test heads. Results of the conducted tests are presented in 

Appendix F, along with the average measurements carried out for some of the 

thermometric seat inserts contact profile. Two of the tested thermometric seats were 

sectioned to provide samples for the hardness measurements. Three samples were 

obtained from each seat, from three equally spaced locations round the 

circumference, 120° apart, one of which corresponded to the water entry point into 

the cooling ring. Results for the conducted hardness measurements and their 

corresponding temperatures are shown in Appendix F.  

The operating temperature of the test head contact face at the seat/head interface was 

determined using the average operating temperature of the seat-head contact face, 

obtained from hardness tests.  
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4.2.1 Valve/Seat Interface Conductance  

The heat transfer through the valve/seat interface is strongly influenced by the 

formed contact area.  For imperfectly conforming contact faces, one may assume that 

the heat transfer is composed of two separate components: heat transfer through the 

conforming region (A), and heat transfer through the non-conforming region (B), as 

shown in Figure 4-2. 

 

 

 

 

 

 

 

 

Figure 4-2: Heat transfer through the valve/seat interface of imperfectly 
conforming contact faces 

 

Within the conforming region (Figure 4-2), heat transfer may occur in three forms 

[13, 39, 40, 44, 45]; conduction through the solid contacts, conduction through air 

filling up the interstitial gaps, and radiation, which is negligible in this case. On the 

other hand, heat transfer occurring through the non-conforming region takes place 

through air filling up the gap.  
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In this section, conductances for components A and B were calculated for different 

degrees of conformance, since as illustrated earlier the valve/seat contact area can 

vary from a line contact to a perfect contact, depending on the contact angles of the 

valve and seat contact faces. The joint conductance for component A was calculated 

using the models reviewed in section 2.3.4. Whereas the conductance for component 

B was calculated as the ratio of air thermal conductivity, evaluated at the mean 

interface temperature, to the average gap thickness present between the non-

contacting regions of the valve and seat contact faces. 

 

4.2.1.1 Component A conductance 

First the plasticity index was calculated to determine the predominant mode of 

deformation of the contacting surface asperities and then the corresponding contact 

model (elastic, plastic or elastoplastic) was used; based on which the solid, gap and 

joint conductance were quantified.  

 

‘Plasticity Index’ for 21-4N Valve/Thermometric Seat Junction 

The contact faces of both the valve and seat were assigned the same RMS surface 

roughness / of 0.4µm (Appendix A), however, data for the mean surface asperity 

slope �, required to calculate the ‘plasticity index’, was not provided or measured. 

Therefore, empirical correlations, reported in the literature [45, 133-137], relating the 

asperity slope to the surface roughness were reviewed to determine the correlation 

that best predicted the reported surface texture data, which was later used to calculate 

the surface asperity slope of the valve and seat contact faces.  
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Figure 4-3 [133] shows that � = 0.076/�.�� [135] closely predicts the trend of the 

measured data and therefore was used in Table 4-1 to calculate the effective asperity 

slope at the valve/seat interface.  

 

Figure 4-3: Comparison between correlations for asperity slope � and 
experimental data, adapted from [133] 

Table 4-1: Valve/seat interface surface texture data 

Variable Symbol Value Units 

RMS surface roughness �� ��� � 4.00E-01 µm 

Mean surface asperity slope � � 0.076��.	
 
 

�� ��� � 4.72E-02 - 

Effective RMS surface roughness ��/� � ���
 	 ��
 
 

��/� 5.66E-01 µm 

Effective asperity slope ��/� � ���
 	��
 
 

��/� 6.67E-02 - 

 

The material properties of the 21-4N valve [123] and the thermometric seat [132, 

138] are listed in Table 4-2. The bulk hardness values were given in terms of either 

Brinell number (HB) or Rockwell (HRC), which were converted into the equivalent 

Vickers hardness (HV), since Vickers can be expressed in the SI units (MPa) through 

� � 0.152��.� � � 0.124��.��, for  � � 1.6�� � � 0.076��.	
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the multiplication by 9.81 [54, 139]. Even though Brinell hardness has the same 

units as that of Vickers, i.e. kgf/mm2, however, no reference was found that directly 

converts Brinell hardness number into SI units. In addition, for the same material 

under testing, the magnitude of Vickers hardness is slightly higher than the 

equivalent Brinell hardness. For example, the hardness of 21-4N valve material was 

reported in terms of Rockwell hardness, 39HRC, which when converted into the 

equivalent Vickers and Brinell hardness, using eFunda Inc. online hardness converter 

[140], resulted in 382HV and 362HB, respectively.  

Table 4-2: 21-4N valve and thermometric seat (Thyrodur 2510) thermo-physical 
properties 

Variable Symbol Value Units Temp. (°C) 

Valve UNS 63008/21-4N [123] 

Young's Modulus �� 2.05E+05 MPa RT
7
 

Poisson's ratio �� 0.25 - - 

Bulk hardness �� 5886 MPa RT 

Thermal conductivity �� 14.5 W/mK RT 

Thermometric seat (Thyrodur 2510) [132, 138] 

Young's Modulus ���� 1.90E+05 MPa RT 

  
1.85E+05 MPa 200 

  
1.70E+05 MPa 400 

Poisson's ratio ���� 0.30 - - 

Bulk hardness ���� 1962 MPa RT 

Thermal conductivity ���� 33.5 W/mK RT 

  
32.0 W/mK 350 

  
30.9 W/mK 700 

 

Ideally the material properties should be evaluated at the operating temperatures of 

the valve and seat contact faces for a sound judgement of the mode of deformation of 

the surface asperities, however, the material properties of the seat insert were the 

                                                 
7 The room temperature RT was taken as 20°C 
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only ones given as a function of high temperatures. Therefore, for a fair comparison 

the ‘plasticity index’ developed by Mikic [90] was evaluated at room temperature. 

Comparing the bulk hardness of the valve against that of the thermometric seat 

(Table 4-2), indicate that the thermometric seat material represent the softer metal in 

contact and therefore its hardness was used in calculating the ‘plasticity index’ in 

Table 4-3.  

Table 4-3: 21-4N valve/thermometric seat junction 'plasticity index' 

Variable Symbol Value  Units 

Effective modulus of elasticity ��/���� � �� · ���������1� ��
�	 ���1� ����
 � 
 

��/����  1.07E+05 MPa 

Plasticity index ��/��� � ������/����  ��/� 

 

��/��� 0.28 - 

 

The magnitude of the ‘plasticity index’ calculated in Table 4-3 was less than 1/3, 

suggesting that the surface asperities of the thermometric seat would undergo plastic 

deformation, according to the criteria set by Mikic [90]. Consequently, the plastic 

contact conductance model developed by Yovanovich [79] (Equation 2-20) was used 

to predict the valve/seat interface solid contact conductance and eventually the joint 

conductance. 

 

Solid Contact Conductance 

The average valve head temperature was about 418°C, while that of the seat face was 

about 188°C (Appendix F). Thermal conductivities of the valve and seat materials 
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listed in Table 4-2 were evaluated at these temperatures, and used in Table 4-4 to 

calculate the effective thermal conductivity of the valve/seat interface.  

Table 4-4: 21-4N valve/thermometric seat interface effective thermal conductivity 

Variable Symbol Value Units 

21-4N valve 

Thermal conductivity at 418°C �� 14.50 W/mK 

Thermometric seat (Thyrodur 2510) 

Thermal conductivity at 188°C ���� 32.74 W/mK 

21-4N valve/thermometric seat junction 

Effective thermal conductivity �� �/��� � 2�������� 	 ���� 

 

�� �/��� 20.10 W/mK 

 

The relative contact pressure term is dependent upon the developed contact pressure 

and Vickers microhardness coefficients of the softer metal in contact. For a given 

load, the contact pressure developed at the valve/seat interface is a function of the 

formed valve/seat contact area, which in turn is a function of the contact angles of 

the valve and seat contact faces and the seat face contact width.  

From the conducted profile measurements, the average contact angles of the valve 

and seat faces were 45.1° and 44.64° (Figure 4-2), respectively, while the seat face 

contact width was 1.428mm (Appendix F).The difference in the measured contact 

angles, indicate that the valve and seat contact faces were not perfectly conforming, 

and hence, the contact area at the valve/seat interface would be inclined towards that 

of a line contact, i.e. a circle. However, if one assumes that the contact faces of both 

the valve and the seat were in perfect contact, i.e. equal contact angles, and calculate 

the maximum possible valve/seat contact area, one would be able to calculate several 

other possibilities for the contact area as proportions of the calculated maximum. 

Consequently, one would be able to calculate several possibilities for the valve/seat 
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interface conductance spanning the entire contact area range from a line to a perfect 

contact.  

The maximum valve/seat contact area was calculated using [33]: �(/� = 	�p� (4-1) 

where � is the seat face contact width (Figure 4-4) and 	� is the mean diameter of 

the seat contact face (Figure 4-4). 

 

Figure 4-4: Seat face contact width and mean diameter 

 

The maximum valve/seat contact area is calculated in Table 4-5, using data for the 

seat contact face geometry in Appendix A and Appendix F.  

Table 4-5: Valve/seat maximum contact area 

Variable Symbol Value Units 

Seat contact face mean diameter �� 2.83E-02 m 

Seat face contact width � 1.43E-03 m 

Valve seat contact area ��/��� ��� � ���� 
 

��/��� ��� 1.27E-04 m
2
 

� 
Seat mean diameter �� 

Seat upper diameter �� 

Seat lower diameter �� 
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A wide range of possibilities for the valve/seat contact area is listed in Table 4-6, 

computed as percentages of the maximum contact area calculated in Table 4-5. 

Table 4-6: Possibilities for actual valve/seat contact area 

Maximum contact 
area proportion 

Actual contact 
area (m

2
) 

0.1 1.27E-05 

0.2 2.54E-05 

0.3 3.81E-05 

0.4 5.08E-05 

0.5 6.35E-05 

0.6 7.62E-05 

0.7 8.89E-05 

0.8 1.02E-04 

0.9 1.14E-04 

 

The calculation of the valve/seat interface contact pressure and the dependant contact 

conductance will be carried out for the case where the actual contact area was 

assumed to represent 10% of the maximum possible contact area, i.e. close to a line 

contact. However, towards the end of the section, a list for all the other investigated 

contact area possibilities will be compiled alongside their corresponding interfacial 

conductances.  

The contact pressure at the valve/seat interface was calculated using the equation 

proposed by Stotter et al. [33]: �(/� = sin %	�p� W��	(�p4 @ ���
���X (4-2) 

where the expression within the parenthesis represents the total force applied onto 

the valve head, resolved over the valve/seat contact area, 	�p�  (Equation 4-1). The 

total force expression is composed of two terms; the first terms stands for the force 

exerted on the valve head combustion face as a result of the pressure build up within 

the engine cylinders, in which the cylinder gas pressure is denoted by �� and the 
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valve sealing diameter is referred to as 	( . While the second term, ���
��� , 

represents the spring preload acting on the valve stem.  

The valve sealing diameter 	( is equal in magnitude to the point of initial contact 

between the valve and the seat, which is effectively the lower diameter 	� of the seat 

contact face (Figure 4-4). According to the seat insert engineering drawing in 

Appendix A and the seat face contact profile data listed in Appendix F, the average 

valve sealing diameter 	(  was found to be equal to 29.3mm, which was used in 

Table 4-7 to calculate the valve/seat contact pressure. The contact angle of the valve 

face was used in the calculation, since it was assumed that the seat face was more 

likely to conform to the valve face, given that the valve material was harder than that 

of the seat.  

Table 4-7: 21-4N valve/thermometric seat interface contact pressure 

Variable Symbol Value Units 

Spring preload ������� 185.00 N 

Cylinder pressure �� 1.00 MPa 

Valve sealing diameter �� 2.93E-02 m 

Valve face contact angle  � 45.10 deg 

Total force acting on the valve head ������ � ����
�4 	 ������� 

 

������ 8.59E+02 N 

Resolved force component normal to 
the valve/seat contact face ��/��� � ������ ! sin � 
 

��/��� 6.09E+02 N 

Valve/seat contact pressure ��/��� � ��/���0.1 · ��/��� ��� 
 

��/��� 4.79E+01 MPa 

 

Whenever possible, the contact microhardness of the softer metal in contact was 

evaluated using the technique proposed by Song and Yovanovich [107] rather than 

physical measurements, since prior to any hardness measurement, specimens require 
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polishing to a better surface finish [54], which results in a reduced magnitude of the 

joint effective surface roughness, and consequently lower values for the relative 

contact pressure term than what would be experienced for the originally specified 

surface finish. 

The Vickers microhardness coefficients were calculated in Table 4-8 using the 

reported correlations [108], which were then combined with the contact pressure 

calculated in Table 4-7 and the surface texture data listed in Table 4-1 to determine 

the corresponding relative contact pressure [107].  

Table 4-8: 21-4N valve/thermometric seat interface Vickers microhardness 
coefficients and relative contact pressure 

Variable Symbol Value Units 

Geometric mean of Brinell hardness ���� 3178 MPa 

Normalised Brinell hardness ��� � ���� ����⁄  
 

���  0.617 - 

Vickers microhardness correlation coefficients 

First coefficient &� � ����'4.0� 5.77��� 	 4.0�����
 � 0.61������( 
 

&� 5780 MPa 

Second coefficient &
 � �0.371	 0.442 *��&� + 
 

&
 -0.220 - 

Reference effective joint roughness �� 1.00 µm 

Relative contact pressure , ���-�/��� � .//0 ��/���&� *1.62 ��/�����/�+��1223 � �!�.����"
 

 

, ���-�/��� 1.38E-02 - 

 

The plastic solid contact conductance at the junction formed between the 21-4N 

valve and thermometric seat is calculated in Table 4-9, using the previously 

calculated values for the effective surface roughness /, effective asperity slope �, 

effective thermal conductivity ��, and the relative contact pressure f ,-�g.  
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Table 4-9: 21-4N valve/thermometric seat interface plastic solid contact 
conductance 

Variable Symbol Value Units 

Effective surface roughness ��/� 5.66E-01 µm 

  
5.66E-07 m 

Effective asperity slope ��/� 6.67E-02 - 

Effective thermal conductivity �� �/��� 20.10 W/mK 

Relative contact pressure , ���-�/��� 1.38E-02 - 

Plastic solid thermal contact conductance 4� �/��� � 1.25��/��� ,��/���/� -, ���-�/����.#	
 

 

4� �/��� 5.07E+04 W/m
2
K 

 

The magnitude of the relative contact pressure lies within the range specified by 

Yovanovich [79] of  10�� J � �� J 2.2 Y 10��⁄ , suggesting that the maximum 

uncertainty associated with the proposed conductance correlation is within ±1.5%.  

The plastic solid contact conductance developed at the valve/seat interface for all the 

other investigated contact area possibilities are listed in Table 4-10, together with the 

one calculated in Table 4-9.  

Table 4-10: 21-4N valve/thermometric seat interface plastic solid contact 
conductance for all the contact area possibilities  

Maximum contact 
area proportion 

Actual contact area 
(m

2
) 

Solid contact conductance 
(W/m

2
K) 

0.1 1.27E-05 5.07E+04 

0.2 2.54E-05 2.60E+04 

0.3 3.81E-05 1.76E+04 

0.4 5.08E-05 1.33E+04 

0.5 6.35E-05 1.07E+04 

0.6 7.62E-05 8.99E+03 

0.7 8.89E-05 7.75E+03 

0.8 1.02E-04 6.81E+03 

0.9 1.14E-04 6.08E+03 

1.0 1.27E-04 5.49E+03 
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The solid contact conductance data listed in Table 4-10 were plotted in Figure 4-5 

against the formed valve/seat contact area as a proportion of the maximum possible 

contact area. 

 

Figure 4-5: 21-4N valve/thermometric seat solid contact conductance relative to 
contact area proportion 

 

From Figure 4-5, it is evident that the solid contact conductance is highly influenced 

by the developed contact pressure, which is a function of the formed contact area. 

The smaller the proportion of the formed contact area, the higher the contact pressure 

and so was the solid contact conductance, and vice versa. The solid contact 

conductance dropped by an order of magnitude as the ratio of the formed contact 

area to the maximum increased from 0.1 to 1.0. 

  

0.00E+00

1.00E+04

2.00E+04

3.00E+04

4.00E+04

5.00E+04

6.00E+04

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

S
o

li
d

 c
o

n
ta

c
t 

c
o

n
d

u
c
ta

n
c
e
 (

W
/m

2
K

)

Maximum contact area proportion



127 
 

Gap Conductance 
The correlation derived for the gap conductance (section 2.3.4.4) is a function of the 

gap integral, which in turn is a function of two main terms; the relative mean plane 

separation $ /⁄  and the relative gas rarefaction parameter � /⁄ . Hence, these two 

terms were the first to be quantified within the gap conductance calculation process.  

The relative gas rarefaction parameter � /⁄  is dependent upon the gas filling up the 

interstitial voids. In regards to the experimental work carried out, the interstitial 

voids at the valve/seat interface were filled up with air. Hence, the air properties 

required for the calculation of the gap conductance were evaluated at the mean 

interface temperature. The mean interface temperature  � , was calculated as the 

average operating temperature of both the valve and seat contact faces:  � =  ( @  �%.2  (4-3) 

 

The operating temperature of the valve contact face was about 418°C, while that of 

the seat was about 188°C (Appendix F); resulting in a mean interface temperature of 

303°C, at which the air thermal conductivity, specific heat ratio and Prandtl number 

were evaluated [141], as shown in Table 4-11.  

Table 4-11: Air properties evaluated at the valve/seat mean interface temperature 
of 303°C [141] 

Air Properties Symbol Value Units 

Thermal Conductivity �� 0.0456 W/mK 

Specific Heat Ratio � 1.379 - 

Prandtl Number �5 0.680 - 

 

The molecular mean free path of air was calculated using the equation below, which 

was developed using the ideal gas law [142]: 
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Λ = � √2p����� (4-4) 

where   and � are the gas temperature and pressure, respectively. The universal gas 

constant �  is equal to 8.3145 J/mol K, while Avogadro’s number ��  is equal to 

6.0221E+23 /mol. The symbol � denotes the gas molecular diameter.  

Air is a mixture of different gases, mainly nitrogen (78%) and oxygen (21%), which 

in their gaseous state both have effective molecular diameters of about 3.00E-10m 

[143]; using such a value as the air molecular diameter will provide a reasonable 

approximation for the molecular mean free path [142]. 

At a mean interface temperature of 303°C and atmospheric pressure of 760mmHg, 

the molecular mean free path of air was found to be equal to 1.96E-07m. 

The molar weights of the 21-4N valve and thermometric seat alloys are calculated in 

Table 4-12 and Table 4-13, respectively, which were used in Table 4-14 to determine 

the magnitude of the accommodation coefficient at the valve/seat interface. The 

molecular weight of air was adjusted using the correction factor of 1.4, since 

nitrogen and oxygen, the main constituents of air, are diatomic.  

Table 4-12: 21-4N valve alloy molar weight 

Alloy chemical 
composition [123] 

Symbol 
Nominal 

percentage 

Molecular 
weight 
(g/mol) 

Relative 
weight 
(g/mol) 

Carbon C 0.53% 12.01 0.06 

Manganese Mn 9.00% 54.94 4.94 

Phosphorus P 0.05% 30.97 0.02 

Sulphur S 0.03% 32.06 0.01 

Silicon Si 0.25% 28.09 0.07 

Chromium Cr 21.00% 52.00 10.92 

Nickel Ni 3.88% 58.71 2.28 

Nitrogen N 0.43% 14.01 0.06 

Iron Fe 64.84% 55.85 36.21 

21-4N valve molar weight 6�   
18.36 
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Table 4-13: Thermometric seat (Thyrodur 2510) alloy molar weight 

Alloy chemical composition 
[132, 138] 

Symbol 
Nominal 

percentage 

Molecular 
weight 
(g/mol) 

Relative 
weight 
(g/mol) 

Carbon C 0.95% 12.01 0.11 

Silicon Si 0.20% 28.09 0.06 

Manganese Mn 1.10% 54.94 0.60 

Chromium Cr 0.60% 52.00 0.31 

Vanadium V 0.10% 50.94 0.05 

Tungsten W 0.60% 183.85 1.10 

Iron Fe 96.45% 55.85 53.87 

Thermometric seat molar weight 6��� 
  

56.11 

 

  



130 
 

Table 4-14: 21-4N valve/thermometric seat interface thermal accommodation 
coefficient 

Variable Symbol Value Units 

Constant 0 7� -0.57 - 

Constant 1 7� 6.8 g/mol 

Reference temperature 8� 273 K 

Absolute solid surface temperature 

Valve contact face 8�� � 8� 	 273 
 

8�� 691 K 

Seat contact face 8�� � 8� 	 273 
 

8�� 461 K 

Air molecular weight 6� 28.97 g/mol 

Adjusted air molecular weight  6�� � 1.4 !6� 
 

6�� 40.56 g/mol 

21-4N valve molar weight 6� 18.36 g/mol 

Thermometric seat molar weight 6��� 56.11 g/mol 

Ratio of molecular weights 

Air to 21-4N valve  �� � 6�6� 
 

�� 1.58 - 

Air to thermometric seat ���� � 6�6��� 

 

���� 0.52 - 

Thermal accommodation coefficient (TAC) 

21-4N Valve   � � 9:; <7� *8�� � 8�8� +=, 6��7� 	6��- 

 	 >1� 9:; <7� *8�� � 8�8� +=? > 2.4���1	 ���
? 
 

 � 0.69 - 

Thermometric seat  ��� � 9:; <7� *8�� � 8�8� +=, 6��7� 	6��- 

 	 >1� 9:; <7� *8�� � 8�8� +=? > 2.4�����1	 �����
? 
 

 ��� 0.76 - 

Valve/seat accommodation coefficient  �/��� � 2�  � � 	 2�  ��� ���  

 

 �/��� 3.56 - 
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The previously interpolated air properties in Table 4-11 were used in Table 4-15 to 

calculate the fluid property parameter &  and consequently the evaluation of the 

relative gas rarefaction parameter 
��/�
�/�/� .  

Table 4-15: 21-4N valve/thermometric seat interface relative gas rarefaction 
parameter 

Variable Symbol Value Units 

Fluid (air) property parameter @ � 2��5�� 	 1� 
 

@ 1.70 - 

Air molecular mean free path Λ 1.96E-07 m 

Valve/seat accommodation coefficient  �/��� 3.56 - 

Gas rarefaction parameter 6�/��� �  �/���@Λ 
 

6�/��� 1.19E-06 m 

Effective valve/seat surface roughness ��/� 5.66E-07 m 

Relative gas rarefaction parameter 
6�/�����/�  2.10 - 

 

For the relative contact pressure f ,-�g(/�%.of 1.38E-02 evaluated in Table 4-8, the 

relative mean plane separation *(/�%. was calculated using Equation 2-22, and was 

equal to 2.21, which lies within 2 J * = $ /⁄ J 4 . Hence, the gap integral 

correction factor ��  was calculated accurately to within 2% [109], in Table 4-16, 

using Equation 2-50, since the magnitude of the calculated relative gas rarefaction 

parameter 
��/�
�/�/�  was more than one (Table 4-15) [109]. The dependent gap integral 

and gap conductance were also calculated in Table 4-16. 
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Table 4-16: 21-4N valve/thermometric seat interface gap conductance  

Variable Symbol Value  Units 

Gap integral correction factor B� � 1 	 0.06 C�6D�.$
 

 

B� 1.033 - 

Gap integral E� � B�F �G 	6 �G  

 

E� 0.239 - 

Air thermal conductivity �� 0.0456 W/mK 

Effective valve/seat surface roughness ��/� 5.66E-07 m 

Gap conductance 4� �/��� � ����/� E� 

 

4� �/��� 1.93E+04 W/m
2
K 

 

The gap conductance at the valve/seat interface for all the investigated valve/seat 

contact area possibilities are listed in Table 4-17, and plotted in Figure 4-6.  

Table 4-17: 21-4N valve/thermometric seat interface gap conductance for all the 
contact area possibilities  

Maximum contact 
area proportion 

Actual contact 
area (m

2
) 

Gap conductance 
(W/m

2
K) 

0.1 1.27E-05 1.93E+04 

0.2 2.54E-05 1.82E+04 

0.3 3.81E-05 1.76E+04 

0.4 5.08E-05 1.73E+04 

0.5 6.35E-05 1.70E+04 

0.6 7.62E-05 1.68E+04 

0.7 8.89E-05 1.67E+04 

0.8 1.02E-04 1.65E+04 

0.9 1.14E-04 1.64E+04 

1.0 1.27E-04 1.63E+04 
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Figure 4-6: 21-4N valve/thermometric seat interface gap conductance relative to 
contact area proportion 

 

Figure 4-6 shows that the gap conductance follows a similar trend to that adopted by 

the solid contact conductance in Figure 4-5. Whereby, the magnitude of the gap 

conductance decreased as the proportion of the formed contact area increased. 

However, the gap conductance decreased at a much slower rate than that experienced 

by the solid contact conductance, indicating a lesser influence of the developed 

contact pressures.   

 

Joint Conductance (Component A Conductance) 

The valve/seat interface solid contact conductance and gap conductance calculated 

previously in Table 4-10 and Table 4-17, respectively, for all the investigated contact 

area possibilities were summed up in Table 4-18 to calculate the joint conductance of 

the conforming part of the interface (Component A).  
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Table 4-18: 21-4N valve/thermometric seat interface joint conductance 
(Component A conductance) for all contact area possibilities 

Maximum 
contact area 
proportion 

Actual 
contact area 

(m
2
) 

Solid contact 
conductance 

(W/m
2
K) 

Gap 
conductance 

(W/m
2
K) 

Joint 
conductance 

(W/m
2
K) 

0.1 1.27E-05 5.07E+04 1.93E+04 7.00E+04 

0.2 2.54E-05 2.60E+04 1.82E+04 4.42E+04 

0.3 3.81E-05 1.76E+04 1.76E+04 3.52E+04 

0.4 5.08E-05 1.33E+04 1.73E+04 3.06E+04 

0.5 6.35E-05 1.07E+04 1.70E+04 2.78E+04 

0.6 7.62E-05 8.99E+03 1.68E+04 2.58E+04 

0.7 8.89E-05 7.75E+03 1.67E+04 2.44E+04 

0.8 1.02E-04 6.81E+03 1.65E+04 2.33E+04 

0.9 1.14E-04 6.08E+03 1.64E+04 2.25E+04 

1.0 1.27E-04 5.49E+03 1.63E+04 2.18E+04 

 

Data for the solid contact, gap and joint conductance listed in Table 4-18 were 

plotted in Figure 4-7, where it is shown that at higher contact area proportions, i.e. 

lower contact pressures, the gap conductance was more significant than the solid 

contact conductance. This observation is supported by the work published in [144-

146], where the authors have concluded that at low contact pressures, conduction 

through the interstitial gaps was the dominant mode of heat transfer.   
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Figure 4-7: 21-4N valve/thermometric seat interface joint conductance relative to 
contact area proportion 

 

With regards to an engine situation, valves undergo lapping and bedding in 

processes, where the valve contact face is adapted to that of the seat, resulting in a 

contact area close to that calculated for a perfect match. Hence, the value for the 

associated joint conductance will be inclined towards that listed at the lower half of 

Table 4-18, which falls within the reported range for the valve/seat interface TCC, 

5000 to 35000 W/m2K [64]. 
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The conductance for heat transfer occurring between the non-contacting regions of 
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contact width. Hence, for a range of possibilities for the non-conforming portion of 

the seat face contact width, one can estimate several conductances for component B 

in a similar fashion to that carried out for component A conductance. 

Table 4-19 lists a range of possibilities for the non-conforming portion of the seat 

face, based on the average contact width measured for thermometric seats of about 

1.428mm (Appendix F).  

Table 4-19: Possibilities for non-conforming portion of the seat face contact width 

Non-contacting 
portion of seat 

face contact width 

Seat face 
contact width 

(m) 

0.9 1.29E-03 

0.8 1.14E-03 

0.7 1.00E-03 

0.6 8.57E-04 

0.5 7.14E-04 

0.4 5.71E-04 

0.3 4.28E-04 

0.2 2.86E-04 

0.1 1.43E-04 

0.0 0.00E+00 

 

Since the sum of both the conforming and non-conforming portions of the seat face 

contact width must be equal to unity, the possibilities listed in Table 4-19 were 

placed in this order, i.e. descending order, in accordance with these listed in Table 

4-6 for the formed valve/seat contact area, which is a direct function of the 

conforming portion of the seat face contact width (Equation 4-1).  

The calculation for component A conductance was carried out assuming that the 

formed valve/seat contact area was 10% of the maximum possible contact area, i.e. 

10% of the seat face contact width. Hence, in correspondence, the calculation for 

component B, outlined here, was carried out assuming that the non-conforming 



137 
 

portion of the seat face contact width was 90% of the total contact width of 

1.428mm. Similarly, towards the end of the section, a list for all the other contact 

width possibilities will be compiled against their corresponding conductances, 

including the outlined case of 90%. 

The non-conforming region shown in Figure 4-2 is presented in Figure 4-8 in much 

more detail, where a perpendicular was projected from the non-contacting portion of 

the seat face onto the valve face, so one would be able to calculate the average 

thickness "�# of the present air gap and consequently the conductance for component 

B, as shown in Table 4-20.  

 

 

 

Figure 4-8: Non-conforming portion of the valve/seat interface 

Table 4-20: Valve/seat interface component B conductance 

Variable Symbol Value Units 

Valve face contact angle  � 45.10 deg 

Seat face contact angle  � 44.64 deg 

Difference in contact angles  � �  � 0.46 deg 

Non-conforming portion of seat face 
contact width 

0.9� 1.29E-03 m 

Maximum thickness of air gap I � 0.9� !  tan� � �  �� 
 

I 1.03E-05 m 

Average thickness of air gap I 2G  5.16E-06 m 

Air thermal conductivity at 303°C [141] �� 0.0456 W/mK 

Component B Conductance 4� � ��I 2⁄  

 

4� 8.84E+03 W/m
2
K 

0.46° 

0.9 x 1.428mm � 

Non-contacting portion 
of the seat face 
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Component B conductances calculated for all the investigated contact width 

possibilities listed in Table 4-19 are given in Table 4-21 and plotted in Figure 4-9. 

Table 4-21: Valve/seat interface component B conductance for all contact width 
possibilities 

Non-contacting 
portion of seat 

face contact width 

Seat face 
contact width  

(m) 

Component B 
conductance 

(W/m
2
K) 

0.9 1.29E-03 8.87E+03 

0.8 1.14E-03 9.98E+03 

0.7 1.00E-03 1.14E+04 

0.6 8.57E-04 1.33E+04 

0.5 7.14E-04 1.60E+04 

0.4 5.71E-04 2.00E+04 

0.3 4.28E-04 2.66E+04 

0.2 2.86E-04 3.99E+04 

0.1 1.43E-04 7.99E+04 

0.0 0.00E+00 N/A 

 

 

Figure 4-9: Valve/seat interface component B conductance relative to non-
contacting portion of seat face contact width 
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Figure 4-9 shows that as the non-contacting portion of the seat face contact width 

increased, the thickness "�#  of the gap increased, decreasing the magnitude of 

component B conductance, as a result of the inversely proportional relation 

expressed in Table 4-20. 

 

4.2.1.3 Valve/Seat Interface Total Conductance 

Conductances for components A and B listed in Table 4-18 and Table 4-21, 

respectively, were added in Table 4-22 and plotted in Figure 4-10 with respect to the 

contact area formed as a proportion of the calculated maximum. 

Table 4-22: Valve/seat interface total conductance (Components A and B)  

Contact 

area 

ratio 

Component A 

conductance 

(W/m
2
K) 

Component B 

conductance 

(W/m
2
K) 

Total 

conductance 

(W/m
2
K) 

0.1 7.00E+04 8.87E+03 7.88E+04 

0.2 4.42E+04 9.98E+03 5.41E+04 

0.3 3.52E+04 1.14E+04 4.66E+04 

0.4 3.06E+04 1.33E+04 4.39E+04 

0.5 2.78E+04 1.60E+04 4.37E+04 

0.6 2.58E+04 2.00E+04 4.58E+04 

0.7 2.44E+04 2.66E+04 5.10E+04 

0.8 2.33E+04 3.99E+04 6.33E+04 

0.9 2.25E+04 7.99E+04 1.02E+05 
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Figure 4-10: Valve/seat interface total conductance 

 

Figure 4-10 shows that conductances calculated for components A and B react in an 

opposite manner to changes in the contact area ratio. Such behaviour helped 

maintain an almost steady value for the valve/seat interface conductance for contact 

area ratios in the range of 0.2 to 0.8.  

 

4.2.2 Seat/Head Interface Conductance 

In this section, the seat/head interface joint conductance was calculated in a similar 

fashion to the joint conductance of component A at the valve/seat interface, for data 

obtained during tests on thermometric seats. The solid contact and gap conductances 

were calculated separately and then added up to determine the overall seat/head joint 

conductance.  
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4.2.2.1 ‘Plasticity Index’ for Thermometric Seat/Aluminium Head Junction 

The mating faces of the seat and head were assigned different RMS surface 

roughness; 0.8µm and 1.6µm, respectively. The mean asperity slopes were not 

measured and therefore, were evaluated using � = 0.076/�.�� [133], as shown in 

Table 4-23. The effective RMS surface roughness and the effective asperity slope of 

the seat/head interface were also computed in Table 4-23. 

Table 4-23: Seat/head interface surface texture data 

Variable Symbol Value Units 

Seat 

RMS surface roughness �� 8.00E-01 µm 

Mean surface asperity slope � � 0.076��.	
 
 

�� 6.77E-02 - 

Test head 

RMS surface roughness �� 1.60 µm 

Mean surface asperity slope � � 0.076��.	
 
 

�� 9.70E-02 - 

Seat/head interface 

Effective RMS surface roughness ��/� � ���
 	 ��
 
 

��/� 1.79 µm 

Effective asperity slope ��/� � ���
 	��
 

 

��/� 1.18E-01 - 

 

The material properties for the thermometric seat and the aluminium test head are 

listed in Table 4-24.  
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Table 4-24: Thermometric seat (Thyrodur 2510) and Aluminium head (LM13 alloy) 
thermophysical properties 

Variable Symbol Value Units Temp. (°C) 

Thermometric seat (Thyrodur 2510) [132, 138] 

Young's Modulus ���� 1.90E+05 MPa RT 

  
1.85E+05 MPa 200 

  
1.70E+05 MPa 400 

Poisson's ratio ���� 0.30 - - 

Bulk hardness ���� 1962 MPa RT 

Thermal conductivity ���� 33.5 W/mK RT 

  
32.0 W/mK 350 

  
30.9 W/mK 700 

Thermal expansion coefficient  ��� 1.17E-05 1/K RT-200 

  
1.14E-05 1/K RT-400 

Aluminium head (LM13 alloy) [147] 

Young's Modulus �� 7.10E+04 MPa RT 

Poisson's ratio �� 0.33 - - 

Microhardness �� 659.1 MPa RT 

Thermal conductivity �� 121 W/mK RT-100 

Thermal expansion coefficient  � 1.90E-05 1/K RT-100 

 

Reliable data for the bulk hardness of the aluminium alloy LM13 was not found, and 

therefore hardness measurements were conducted to obtain a value for such a 

parameter. However, it was expected for the test head aluminium alloy to be softer 

than the thermometric seat, and therefore measurements were carried out for the 

microhardness and not the macrohardness, as this would allow one to calculate the 

relative contact pressure term directly, without the need to calculate the contact 

microhardness from a given bulk hardness using the correlation proposed by Song 

and Yovanovich [107] (Equation 2-24).  

Using Vickers indenters, microhardness measurements were carried out for the test 

head aluminium alloy for a wide load range, spanning the whole microhardness 

spectrum; data for which were listed in Table 4-25.  
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Table 4-25: Vickers microhardness measurements of the aluminium test head alloy 
LM13 

Load (kg) 0.01 0.025 0.05 0.1 0.2 0.3 0.5 1.0 

HV 56.3 68.6 73.7 68.2 65.4 71.6 66.2 67.5 

 

Data listed in Table 4-25 indicate clearly that the aluminium alloy microhardness 

fluctuate about a mean value of HV67.2, i.e. 659.1MPa. Such a value was used in 

Table 4-24 to represent the aluminium alloy microhardness.  

For given material, the surface microhardness is higher than its bulk hardness, as 

shown in Figure 2-8. Therefore, one would expect the bulk hardness of the 

aluminium alloy to be lower than the measured mean microhardness of 659.1MPa. 

Similarly, one would expect the microhardness of the thermometric seat material to 

be higher than the reported macrohardness of 1962MPa, listed in Table 4-24. Hence, 

it was clearly evident that the test head aluminium alloy was the softer metal in 

contact at the seat/head interface, and therefore its hardness was used in computing 

the ‘plasticity index’ in Table 4-26. The ‘plasticity index’ was evaluated at RT, 

similar to the valve/seat junction, since the thermophysical properties of the 

thermometric seat material were the only ones reported relative to high operating 

temperatures.  

Table 4-26: Thermometric seat /aluminium head junction ‘plasticity index’ 

Variable Symbol Value Units 

Effective modulus of elasticity ����/�� � ���� · �����1� ����
 �	 �����1� ��
� 
 

����/��  5.77E+04 MPa 

Plasticity index ����/� � ������/��  ��/� 

 

����/� 0.10 - 
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The magnitude of the seat/head junction ‘plasticity index’ calculated in Table 4-26 

was below 1/3, which according to the criteria set by Mikic [90] indicates that the 

asperities of aluminium test head would undergo plastic deformation, proving the 

validity of the theoretical cylindrical analyses carried out in the literature reviewed 

[52, 59, 65, 66, 69]. 

As illustrated in Chapter 2, the correlation of Yovanovich [79] (Equation 2-20) 

proved to be a better candidate in estimating the contact conductance for cylindrical 

joints and therefore, was used to predict the solid contact conductance at the 

seat/head interface.  

 

4.2.2.2 Thermometric Seat/Aluminium Head Plastic Solid Contact Conductance   

The contact pressure developed at the seat/head interface depends upon the 

differential expansion of the two components [40, 47, 52, 59, 60, 65, 66, 68], which, 

in turn, is influenced by their operating temperatures. The use of thermometric seats 

enabled the estimation of the temperature distribution across the seat insert and 

consequently the temperature drop at the seat/head interface, hence, the direct 

evaluation of the contact pressure was made feasible, overriding the need for an 

iterative scheme [47, 51, 52, 59, 60, 68, 69].   

The seat/head assembly represents a plane stress condition, where the magnitude of 

the stress acting in the axial direction is zero. Hence, plane stress equations were 

derived to determine the radial displacement of the inner and outer radii of a hollow 

cylinder as a result of an applied thermal load. The final equations are shown below, 

while their derivation is shown in detail in Appendix G: 
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�"��# = 2��%�*� 4 ��� |�*�2  
� 4 ���2  
 @  
� 4  
4 lnP�* ��? Q "��� 4 �*�#} (4-5) 

  �"�*# = 2�*%�*� 4 ��� |�*�2  
� 4 ���2  
 @  
� 4  
4 lnP�* ��? Q "��� 4 �*�#} (4-6) 

 

The displacements calculated from the above equations were then added onto the 

initial radii to determine the final magnitude of the radii, using: �̂� = �"��# @ �� (4-7) 
  �̂* = �"�*# @ �* (4-8) 
 

For a composite cylinder assembly exposed to a thermal load, the procedure was 

carried out for the radii of both cylinders, where the initial radii were taken as those 

prior to assemblage, in case there was an assigned interference. The newly calculated 

radii were then substituted into Equation 4-9 [148] to work out the contact pressure 

experienced during operation between thick cylinders: � = (�
* n�*� @ ���*� 4 �� @ 0*o @ �
� n�� @ ����� 4 ��� 4 0�o 
(4-9) 

where ( accounts for the operational interference present between the cylinders in 

assembly. The radius � refers to the common radius of the two cylinders, which was 

considered to be the same as the mean of the inner cylinder outer radius and the outer 

cylinder inner radius. The radius �* refers to the outer cylinder outer radius, while �� 
refers to the inner cylinder inner radius.  

The analytical approach outlined above was validated numerically for a given 

condition, where analytically calculated contact pressures were compared against 

others obtained using a Finite Element (FE) model, created on I-DEAS platform, for 
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the same geometry and boundary conditions. The relative difference between the two 

methods was below 0.7% (Appendix G).  

Consequently, the developed analytical approach was implemented with confidence 

to calculate the operating contact pressure at the seat/head interface. Equation 4-9 

was developed for thick cylinders, and therefore it was essential to check at first the 

cylindrical category within which the seat insert and test head fell into, i.e. whether 

they were thick or thin cylinders. Thin cylinders are defined as those whose wall 

thicknesses are about one-twentieth, or less, of their outer radii [148]. From the 

geometrical data listed in Table 4-27 and Table 4-28, the ratio of the seat wall 

thickness to its outer radius was 1.64E-01, while that of the test head was 3.80E-01, 

indicating that both can be classified as thick cylinders according to the criterion set 

by Shigley et al. [148].  

Equation 4-5 and Equation 4-6 require the determination of the seat and head inner 

and outer radii operating temperatures in order to calculate the dependent radial 

displacements. The average surface temperatures listed in Appendix F for the 

thermometric seats are plotted in Figure 4-11, where it is shown that the average 

operating temperature of the seat inner radius was lower than its outer radius. This is 

because heat is transferred into the seat insert through its valve contact face, not its 

internal diameter, and is dissipated through its outer diameter. However, such 

temperature distribution opposes the assumption made for analyses of cylindrical 

contact conductance, where heat was assumed to flow radially outward [52, 59, 60, 

65, 67]. Therefore, it was decided to consider a single temperature value to represent 

the overall seat temperature throughout the calculation of the seat/head contact 

pressure and conductance. This single value for the seat temperature was taken as the 

mean of the three temperatures displayed for the seat in Figure 4-11, i.e. 175°C. 
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Doing so would not affect the accuracy of the calculation significantly since the seat 

thickness was only 2.545mm.  

The operating temperature of the test head contact face was calculated using Figure 

2-2 to deduce an approximate value for the temperature drop occurring at the 

seat/head interface. Figure 2-2 shows a temperature drop at the valve/seat interface 

of about 260°C and another of about 80°C at the seat/head interface. In this study, 

the temperature drop at the valve/seat interface was about 230°C (418°C -188°C), 

hence, through simple cross multiplication, one can predict an approximate value for 

the temperature drop at the seat/head interface. The drop came to about 70°C, which 

when subtracted from the average seat operating temperature of 175°C resulted in an 

operating temperature of 105°C for the test head contact face (Figure 4-11).  

The operating temperature of the test head outer radius was measured during some of 

the conducted tests and came to about 95°C (Figure 4-11).  

 

 

 

 

 

Figure 4-11: Average operating temperatures of the seat and head inner and outer 
radii 

 

Table 4-27 lists the thermophysical properties for the thermometric seat material 

evaluated at 175°C and the seat insert geometry, whereas Table 4-28 lists the same 
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information but for the test head, in which the thermophysical properties of the 

aluminium alloy LM13 were evaluated at the mean test head temperature, i.e. 100°C. 

Table 4-27: Thermometric seat operational thermophysical properties and 
geometry 

Variable Symbol Value Units 

Thermometric seat material properties at 175°C 

Young's Modulus ���� 1.86E+05 MPa 

Poisson’s ratio ���� 0.30 - 

Thermal expansion coefficient  ��� 1.17E-05 1/K 

Geometry 

Inner radius 5� 0.013 m 

Outer radius 5� 0.015545 m 

Operating temperature 

Inner radius 8�� 175 °C 

Outer radius 8�� 175 °C 

 

Table 4-28: Aluminium test head operational thermophysical properties and 
geometry 

Variable Symbol Value Units 

Aluminium head material properties at 100°C 

Young's Modulus �� 7.10E+04 MPa 

Poisson’s ratio �� 0.33 - 

Thermal expansion coefficient  � 1.90E-05 1/K 

Geometry 

Inner radius 5� 0.01550625 m 

Outer radius 5� 0.025 m 

Operating temperature 

Inner radius 8�� 105 °C 

Outer radius 8�� 95 °C 

 

Table 4-29 lists the radial displacements calculated for the seat and head inner and 

outer radii using Equation 4-5 and Equation 4-6, along with the resultant magnitudes 

of their final radii, calculated using Equation 4-7 and Equation 4-8. 
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Table 4-29: Thermometric seat and aluminium head radial displacements and 
final radii 

Variable Symbol Value Units 

Radial displacements 

Thermometric seat inner radius L�5�� 2.36E-05 m 

 
outer radius L�5�� 2.82E-05 m 

Aluminium head inner radius L�5�� 2.33E-05 m 

 
outer radius L�5�� 3.76E-05 m 

Final radii 

Thermometric seat inner radius 5̂� 0.013024 m 

 
outer radius 5̂� 0.015573 m 

Aluminium head inner radius 5̂� 0.015530 m 

 
outer radius 5̂� 0.025038 m 

 

Material data from Table 4-27 and Table 4-28, along with the final radii calculated in 

Table 4-29 were substituted into Equation 4-9 to calculate the operational contact 

pressure at the seat/head interface, which came to 42.8MPa.  

The microhardness of the aluminium alloy LM13, i.e. the softer metal in contact at 

the seat/head interface, was measured and therefore the relative contact pressure was 

calculated directly through the division of the calculated contact pressure of 

42.8MPa by the average measured microhardness of 659.1MPa (Table 4-24). The 

magnitude of the relative contact pressure came to 6.50E-2, which lies outside the 

range specified by Yovanovich [79] of 10�� J � �� J 2.2 Y 10��⁄ , suggesting that 

the uncertainty associated with the proposed conductance correlation would be more 

than the reported ±1.5%  [79]. 

The effective thermal conductivity at the seat/head interface was calculated in Table 

4-30 using the seat thermal conductivity evaluated at the overall seat average 

temperature of 175°C and the test head thermal conductivity evaluated at the 

operating temperature of the test head contact face of 105°C (Figure 4-11).  
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Table 4-30: Thermometric seat/aluminium head interface effective thermal 
conductivity 

Variable Symbol Value Units 

Thermometric seat (Thyrodur 2510) 

Thermal conductivity at 175°C ���� 32.80 W/mK 

Aluminium head (LM13 alloy) 

Thermal conductivity at 105°C �� 121.00 W/mK 

Thermometric seat/Aluminium head junction 

Effective thermal conductivity �� ���/� � 2���������� 	 �� 

 

�� ���/� 51.60 W/mK 

 

The plastic solid contact conductance for the seat/head interface was calculated in 

Table 4-31, where all the parameters making up the correlation of Yovanovich [79] 

were listed.  

Table 4-31: Thermometric seat/aluminium head junction plastic solid contact 
conductance 

Variable Symbol Value Units 

Effective surface roughness ��/� 1.79E-06 m 

Effective asperity slope ��/� 1.18E-01 - 

Relative contact pressure , ���-���/� 6.50E-02 - 

Effective thermal conductivity �� ���/� 51.60 W/mK 

Plastic solid thermal contact conductance 4� ���/� � 1.25����/� ,��/���/� -, ���-���/��.#	
 

 

4� ���/� 3.18E+05 W/m
2
K 

 

4.2.2.3 Thermometric Seat/Aluminium Head Interface Gap Conductance 

Similar to the operating condition of the valve/seat interface, the interstitial voids of 

the seat/head interface were also filled with air. The air properties [141] were 

evaluated at the mean temperature of the seat/head interface, as shown in Table 4-32. 

The average temperatures of the seat-head  �%.  and head-seat  .  mating surfaces 
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were 175°C and 105°C, respectively, resulting in a mean seat/head interface 

temperature of 140°C.  

Table 4-32: Air properties evaluated at the seat/head mean interface temperature 
of 140°C [141] 

Air Properties Symbol Value Units 

Thermal Conductivity �� 0.0343 W/mK 

Specific Heat Ratio � 1.394 - 

Prandtl Number �5 0.695 - 

 

The molecular mean free path Λ  of air was evaluated at the mean interface 

temperature of 140°C and atmospheric pressure, as shown in Table 4-33.  

Table 4-33: Air molecular mean free path at seat/head interface 

Variable Symbol Value Units 

Universal gas constant N 8.3145 J/mol K 

Avogadro's number O% 6.02E+23 /mol 

Air molecular diameter P��� 3.00E-10 m 

Mean seat/head interface temperature 8�&�� �/� 140 °C 

Absolute gas temperature 8� � 8�&�� �/� 	 273 
  

8� 413 K 

Gas pressure � 1.01E+05 Pa 

Molecular mean free path Λ � N8√2�P
O%� 

 

Λ 1.41E-07 m 

 

The molar weight of the test head aluminium alloy (LM 13) was calculated below in 

Table 4-34, while that of the thermometric seat material was previously calculated in 

Table 4-13. Both molar weights were used in Table 4-35 to calculate the 

accommodation coefficient for the seat/head interface. Once again, the molecular 

weight of air was adjusted, using the correction factor of 1.4, to account for diatomic 

gases, since nitrogen and oxygen, the main constituents of air, are diatomic.  
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Table 4-34: Aluminium head alloy LM13 molar weight 

Alloy chemical 
composition [147] 

Symbol 
Nominal 

percentage 
Molecular weight 

(g/mol) 
Relative weight 

(g/mol) 

Silicon Si 12.00% 28.09 3.37 

Copper Cu 1.00% 63.54 0.64 

Magnesium Mg 1.00% 24.31 0.24 

Nickel Ni 2.00% 58.71 1.17 

Aluminium Al 84.00% 26.98 22.66 

LM13 molar weight 6� 
  

28.09 
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Table 4-35: Thermometric seat/aluminium head thermal accommodation 
coefficient 

Variable Symbol Value Units 

Constant 0 7� -0.57 - 

Constant 1 7� 6.8 g/mol 

Reference temperature 8� 273 K 

Absolute solid surface temperature 

Seat-head mating face 8�� � 8��� 	 273 
 

8�� 448 K 

Head-seat mating face 8�� � 8� 	 273 
 

8�� 378 K 

Air molecular weight 6� 28.97 g/mol 

Adjusted Air molecular weight (diatomic) 6�� � 1.4 !6� 
 

6�� 40.56 g/mol 

Thermometric seat molar weight 6��� 56.11 g/mol 

Aluminium head alloy molar weight 6� 28.09 g/mol 

Ratio of molecular weights 

air to thermometric seat ���� � 6�6��� 

 

���� 0.52 - 

air to aluminium head alloy �� � 6�6� 

 

�� 1.03 - 

Thermal accommodation coefficient (TAC) 

Thermometric seat  ��� � 9:; <7� *8�� � 8�8� +=, 6��7� 	6��- 

 	 >1� 9:; <7� *8�� � 8�8� +=? > 2.4�����1	 �����
? 
 

 ��� 0.76 - 

Aluminium head  � � 9:; <7� *8�� � 8�8� +=, 6��7� 	6��- 

 	 >1� 9:; <7� *8�� � 8�8� +=? > 2.4���1	 ���
? 
 

 � 0.81 - 

Seat/head accommodation coefficient  ���/� � 2�  ��� ��� 	 2�  � �  

 

 ���/� 3.12 - 
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The fluid property parameter & and the dependent relative gas rarefaction parameter ��
�/�/�
�/�  were calculated in Table 4-36, using the previously interpolated air properties 

in Table 4-32. 

Table 4-36: Thermometric seat/aluminium head interface relative gas rarefaction 
parameter 

Variable Symbol Value Units 

Fluid (air) property parameter @ � 2��5�� 	 1� 
 

@ 1.68 - 

Air molecular mean free path Λ 1.41E-07 m 

Seat/head accommodation coefficient  ���/� 3.12 - 

Gas rarefaction parameter 6���/� �  ���/�@Λ 
 

6���/� 7.35E-07 m 

Effective seat/head surface roughness ��/� 1.79E-06 m 

Relative gas rarefaction parameter 
6���/���/�  4.11E-01 - 

 

The seat/head interface relative mean plane separation, gap integral and gap 

conductance were calculated in Table 4-37. The magnitude of the relative gas 

rarefaction parameter (Table 4-36) lied within 0.01 J � /? J 1, and therefore the 

gap integral correlation factor was calculated using Equation 2-49 [109]. 
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Table 4-37: Thermometric seat/aluminium head interface gap conductance 

Variable Symbol Value Units 

Relative mean plane separation R���/� � F �G � 1.184 T�UV,3.132 ���-W�.	�
 

 

R���/� 1.53 - 

Gap integral correction factor B� � 1.063	 0.0471 *4� F�+�.'$ CUV �6D�.$�
 

 

B� 1.26 - 

Gap integral E� � B�R���/� 	6 �G  

 

E� 0.649 
 

Air thermal conductivity �� 0.0343 W/mK 

Effective seat/head surface roughness ����/� 1.79E-06 m 

Gap conductance 4� ���/� � ������/� E� 

 

4� ���/� 1.25E+04 W/m
2
K 

 

The magnitude of the calculated relative mean plane separation lies outside the range 

of 2 J $ /? J 4, suggesting that the maximum error associated with calculated gap 

integral correction factor would exceed the reported 2% [109]. 

 

4.2.2.4 Thermometric Seat/Aluminium Head Interface Joint Conductance 

The seat/head interface solid contact conductance and gap conductance calculated in 

Table 4-31 and Table 4-37 were added up in Table 4-38 to determine the overall 

interface joint conductance. The high contact pressure experienced at the seat/head 

interface resulted in the solid conductance to account for most of the joint 

conductance, more than 95%.  
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Table 4-38: Thermometric seat/aluminium head interface joint conductance 

Variable Symbol Value Units 

Solid contact conductance 4� ���/� 3.18E+05 W/m
2
K 

Gap conductance 4� ���/� 1.25E+04 W/m
2
K 

Joint conductance 4( ���/� � 4� ���/� 	 4� ���/� 
 

4( ���/� 3.30E+05 W/m
2
K 

 

4.3 Summary 

The ‘plasticity index’ was calculated for the softer materials at both the valve/seat 

and seat/head interfaces, and according to the criterion set by Mikic [90], it was 

suggested that the softer surface asperities would undergo plastic deformation. 

Hence, the corresponding contact models were used to predict the TCC.  

The heat transfer at the valve/seat interface was split into two components: A and B. 

Component A represented the conforming portion of the seat contact face, whose 

conductance was calculated using the models reviewed in Chapter 2, whereas 

component B represented the non-conforming portion of the seat contact face, whose 

conductance was calculated as a ratio of the air thermal conductivity to the average 

gap thickness formed between the non-contacting regions of the valve and seat 

contact faces. As a result of the possible variation in the valve/seat contact area, 

several conductances were calculated for components A and B to demonstrate the 

behaviour of the valve/seat interface conductance as the contact area varied from a 

line to a perfect contact.   

The conductance at the seat/head interface was calculated in a similar fashion to 

component A conductance at the valve/seat interface using the reviewed models. An 



157 
 

analytical technique, numerically validated, was developed to determine the 

operational contact pressure at the seat/head interface. 

The mean operating temperatures of both the valve/seat and seat/head interfaces 

were well below the cut off temperature of 600°C [45, 54], beyond which the 

radiation heat transfer contribution effect becomes significant. Therefore, it was fair 

to assume that heat transfer across both the valve/seat and seat/head interfaces would 

mainly occur by conduction through the solid contact and air filling up the interstitial 

gaps.  

The TCC calculated at the valve/seat and seat/head interfaces will be used in the 

numerical model of the rig to assess their appropriateness in predicting temperatures 

measured during tests on thermometric seats. Based on the conducted profile 

measurements of the valve and seat contact faces, the TCC calculated for the 

valve/seat interface whereby the contact area represented only 10% of the maximum 

possible contact area, i.e. close to a line contact, will be used.  
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Chapter 5 - Numerical Modelling 

5.1 Introduction 

A Finite Element (FE) model was built for the test rig to assess the quality of the 

TCC estimations, calculated in Chapter 4 for the valve/seat and seat/head interfaces, 

in predicting temperatures measured during tests on thermometric seats. The FE 

model was built using commercially available I-DEAS8 package and solved using 

the TMG thermal analysis tool. TMG is a heat transfer simulation package, 

incorporated within I-DEAS, that provides fast and accurate solutions to complex 

thermal problems [149].  

 

5.2 Building the FE Model 

The adopted axisymmetric rig design allowed the axisymmetric modelling of the FE 

model, where a revolved 3D part or assembly can be analyzed as a 2D model, 

reducing immensely the solution time and file size [150].  

The FE model consisted of geometries for the exhaust valve, seat insert, test head 

and the valve guide, while the cooling ring was replaced by an equivalent boundary 

condition that accounts for the convective action of the circulating coolant 

(explained later in detail in section 5.4.5). All parts were modelled in the first 

quartile of the XZ plane such that the Z-axis was the axis of symmetry [149, 150]. 

The parts were modelled using mean values for the specified dimensions and 

tolerances. However, at regions of interference, as for the seat/head interface, and 

clearance, as for the guide/head interface, nominal dimensions were used to avoid 

                                                 
8 Owned by Siemens PLM Software 
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any possible geometrical overlap or gap. Nevertheless, effects of such features were 

accounted for by assigning suitable values for the allocated ‘Thermal Coupling’.  

‘Thermal Coupling’ is one of the unique features of the TMG thermal tool capable of 

modelling heat flow between unconnected parts and components and between 

dissimilar element meshes [149, 151].  

Moreover, geometries for the valve and seat contact faces were modelled using data 

obtained from profile measurements conducted on the exhaust valve and the 

thermometric seats. In addition, design features that would not affect the temperature 

distribution significantly, such as corner fillets, were not modelled, aiming for a 

more consistent mesh, smooth analysis and robust set of results.  

The FE model was partitioned following a thorough study of the test rig to identify 

the major boundary conditions (Figure 5-1) that were likely to affect heat outflow 

from the valve. 
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1. Power in (Ceramic heater position) (BC9), 
2. Valve/seat interface (TC10), 
3. Valve/guide interface (TC), 
4. Seat/head interface (TC), 
5. Guide/head interface (TC), 
6. Cooling action of circulating water (BC), 
7. Convection to surrounding (BC), and 
8. Test head/cooling ring contact (BC). 

Figure 5-1: Test rig boundary conditions 

  

                                                 
9 BC: Boundary Condition 
10 TC: Thermal Coupling 

Test head 

Seat insert 

Exhaust valve 

Valve guide 
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5.3 Meshing the FE Model 

There are two meshing types available on the I-DEAS package: free meshing and 

mapped meshing. Free meshing was adopted, since it is more flexible than mapped 

meshing and has no geometry restrictions [150]. In addition, the algorithm used by 

the free mesh generator tries to keep the element distortion level to minimum [150].  

 

5.3.1 Free Meshing Methods 

I-DEAS package supports two free meshing methods: the ‘maximum area plane’ 

method, which is suitable for surfaces of curvature less than 120° and the ‘parameter 

space’ method, where the surfaces should not be degenerate [150]. 

‘Meshability Check’ is a command in I-DEAS Simulation that allows one to 

determine the suitable free meshing method for the model under study [150]. This 

command was run for all the model surfaces and I-DEAS recommended the use of 

the ‘maximum area plane’ method. 

  

5.3.2 The Mesh Defined 

A fine mesh was specified in regions of interest, where boundary conditions were 

applied and high temperature gradients were expected, whilst regions of less concern 

were assigned a relatively coarser mesh (Figure 5-2). The mesh density was 

controlled through the manipulation of the number of elements specified onto an 

edge and the global element size specified for a particular region.  
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Figure 5-2: FE model mesh 

 

Axisymmetric elements were used to mesh the model. Although axisymmetric solid 

elements are modelled like 2D elements and axisymmetric shells are modelled like 

beam elements, but they behave and deform as if each element was a solid ring [149, 

150]. 

The surfaces were meshed using ‘axisymmetric solid linear triangle’ elements, with a 

global length of 1mm in regions of interest and 1.5mm elsewhere. The ‘curvature-

based element length’ option was disabled for all the parts but the valve, where an 

absolute deviation of 1.5mm was specified to refine the mesh round the curve at the 

valve neck [150]. The edges were meshed using ‘axisymmetric thin linear shell’ 

elements of zero thickness, which were generated using the nodes of the previously 

L-shaped 

seat/head 

interface 
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laid solid elements planted on the edges. All free edges were meshed but that of the 

valve lying on the axis of revolution, since physically it lies on the inside of the 

valve and not exposed to surroundings. 

Each part was meshed separately within its own FE model. Then all four parts, i.e. 

the valve, seat, test head and guide, were placed in an assembly, along with their FE 

models, forming the overall FE model of the test rig. Some elements and nodes were 

placed into groups that were later used to allocate a boundary condition, assign a 

thermal connection or plot results. These groups are referred to in much more detail 

later in the chapter. 

A material database was created for each of the four parts used to represent the test 

rig, in which only the properties required to run a steady state TMG analysis were 

included [149] (Table 5-1). During the meshing process, these materials were 

assigned onto elements making up the corresponding parts.  

Table 5-1: TMG materials database 

Material 
Required properties 

Thermal conductivity 
(W/mK) 

Temp. 
(°C) 

Exhaust valve (21-4N) [123] 14.5 20 

Thermometric seat (Thyrodur 2510) [132, 138] 33.5 20 

 
32.0 350 

 
30.9 700 

Aluminium (LM13 ) test head [147] 121.0 100 

Valve guide (FM 5220) [152] 34.0 100 

 
32.0 200 
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5.4 Thermal Couplings and Boundary Conditions 

In this section, the calculation for all the Thermal Couplings and Boundary 

Conditions shown in Figure 5-1 is presented.  

 

5.4.1 Valve/Seat Interface Conductance 

Based on the conducted profile measurements of the valve and seat contact faces and 

the concluded poor level of conformance between them, the valve/seat interface 

conductance calculated, in Chapter 4, for the case where the conforming contact area 

was only 10% of the maximum possible contact area was used. The conductance was 

split into two components; A and B, shown in Table 5-2. 

Table 5-2: Valve/seat interface conductance used in the FE model 

Contact 
area 
ratio 

Component A 
conductance 

(W/m
2
K) 

Component B 
conductance 

(W/m
2
K) 

0.1 7.00E+04 8.87E+03 

The contact formed between the valve and seat was split according to the contact 

area ratio in Table 5-2 and the corresponding conductances were assigned as 

‘Constant Coefficient’ Thermal Couplings between elements of the ‘valve seat 

contact’ group and those of the ‘seat valve contact’ group.  

 

5.4.2 Valve/Guide Interface Conductance 

The thermal resistance between the valve and the valve guide was modelled as an 

annular ring of trapped air [21]. The resistance was calculated using the equation 

developed for 1-D radial heat flow in solids of a cylindrical form [21, 31]: 
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� = ln"� �⁄ #2p��  (5-1) 

where � is the valve stem radius, � is the inner radius of the valve guide, � is the 

length of the valve guide and � is the thermal conductivity of air, evaluated at the 

operating temperature.  

In Table 5-3, the resistance of the air ring was calculated assuming that the average 

temperature of the gap between the valve and the valve guide was 150°C11, at which 

the air thermal conductivity [141] was evaluated.  

Table 5-3: Valve/guide interface resistance 

Variable Symbol Value Units Temp. (°C) 

Valve stem radius X 2.74E-03 m 
 

Valve guide inner radius � 3.02E-03 m 
 

Valve guide length � 3.70E-02 m 
 

Air thermal conductivity [141] � 0.03505 W/mK 150 

Interface resistance N � ln�� X⁄ �2���  

 

N 12.11 K/W 
 

 

The calculated resistance was applied as a ‘Resistance’ Thermal Coupling between 

elements of the ‘valve guide contact’ group and those of the ‘valve guide valve 

contact’ group. The resistance value was later refined to conform to temperatures 

obtained from the analysis run.  

 

5.4.3 Seat/Head Interface Conductance 

The seat/head interface conductance was previously calculated in Chapter 4 and was 

equal to 3.30E+05W/m2K, which was applied as a ‘Constant Coefficient’ Thermal 

                                                 
11 Based on temperatures measured for the valve during the tests and the temperature distribution 
shown in Figure 1-1 



166 
 

Coupling between elements of the ‘seat head contact’ group and those of the ‘head 

seat contact’ group.  

Although, a cross section of the seat/head interface (Figure 5-2) show that the 

contact between the seat and head extends in the form of an inverted ‘L-shape’, 

however, only elements on the side walls were included in the aforementioned 

groups, since the contact pressure at the flat part of the interface, if exists, was 

expected to be negligible compared to that acting on the side walls. Therefore, 

thermally connecting that part of the interface would hardly affect the amount of heat 

transferred across and the resultant temperature profile. This assumption was 

supported by the results of tests conducted to assess the effect of the seat insert 

assembly method. Similar valve head temperatures were experienced for both press 

and shrink-fitted seats, even though the shrink-fitted seats were not in contact with 

the counterbore base. 

 

5.4.4 Guide/Head Interface Conductance 

Based on the expertise gained from the calculation of the joint conductances at the 

valve/seat and seat/head interfaces, the joint conductance at the guide/head interface 

was expected to be in the range of 1000W/m2K, as a result of the specified clearance 

fit and the applied silicon compound.  

 

5.4.5 Coolant Forced Convection 

Inside the cooling ring, heat was dissipated away from the test head and into the 

flowing coolant by forced convection. Heat dissipated into a flowing gas or liquid 
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that is not undergoing a phase change results in an increase in the coolant 

temperature [153], as shown by Equation 5-2, governing such a condition.  � = ��  �� " *1% 4  ��# (5-2) 

where ��  is the mass flow rate of the coolant, ��  is specific heat capacity of the 

coolant at constant pressure and  ��  and  *1%  are the coolant inlet and outlet 

temperatures, respectively.  

The mass flow rate ��  of the circulating water was determined as the product of the 

circulating unit volume flow rate (calculated previously in Chapter 3) and the water 

density evaluated at the operating temperature: �� = �� Y .2�%#
 (5-3) 
 

The dependent mass flow rate ��  of water was calculated in Table 5-4, for the water 

density evaluated at the operating temperature of 85°C [141].  

Table 5-4: Coolant mass flow rate 

Variable Symbol Value Units Temp. (°C) 

Volume flow rate (closed circuit) Z[����&� 85.95 ml/s 
 

Water density [141] \)��&� 9.68E-04 kg/ml 85 

Mass flow rate �[ � Z[ ! \)��&� 
 

�[  8.32E-02 kg/s 
 

 

Throughout the tests on thermometric seats, a consistent difference of 0.5-0.6°C was 

recorded between the coolant outlet and inlet temperatures. Hence, one can 

determine the amount of heat dissipated into the coolant using Equation 5-2 for the 

average temperature difference, as shown in Table 5-5.  
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Table 5-5: Average heat dissipated into the circulating coolant 

Variable Symbol Value Units Temp. (°C) 

Mass flow rate �[  8.32E-02 kg/s 
 

Specific heat capacity of water &� 4203 J/kgK 85 

Mean temperature difference �8�*� � 8������ 0.55 K 
 

Mean heat dissipated into coolant ] � �[  &� �8�*� � 8������ 
 

] 1.92E+02 W 
 

 

The convective heat transfer coefficient � of the circulating water was determined 

using Equation 5-4 [31], re-arranged for � in Equation 5-5, and the heat dissipated � 

calculated in Table 5-5.  � = � � ∆  (5-4) 
 � = �� ∆  (5-5) 

where ∆  is the difference between the temperature of the test head wall next to the 

coolant and that of the coolant. Some of the test heads were instrumented with 

thermocouples to measure the wall temperature washed by the stream, which was 

94.5°C on average, whilst the average coolant temperature was about 84.5°C, across 

almost all the conducted tests. Whereas �, in Equation 5-5, is the surface area of the 

test head wall exposed to coolant, shown in Figure 5-3 and calculated in Table 5-6. 

Table 5-6 also presents the calculation for coolant convective heat transfer 

coefficient. 
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Figure 5-3: Test head wall surface area exposed to coolant 

Table 5-6: Coolant convective heat transfer coefficient 

Variable Symbol Value Units 

Average Heat dissipated into coolant ]��� 1.92E+02 W 

Height of the cooling channel � 1.20E-02 m 

Test head diameter at cooling channel � 5.00E-02 m 

Test head surface area exposed to coolant � � ��� 
 

� 1.88E-03 m
2
 

Test head wall temperature 8� 94.5 °C 

Coolant temperature 8� 84.5 °C 

Convective heat transfer coefficient 4 � ]���� �8� � 8�� 
 

4 1.02E+04 W/m
2
K 

 

The value for the heat transfer coefficient calculated in Table 5-6 was entered into 

the FE model as a ‘Convective’ Boundary Condition, applied onto the elements of 

the ‘cooling film’ group that represents the section of the test head wall washed by 

the coolant. The surrounding environment temperature was set to a constant of 

84.5°C, same as that of the coolant (Table 5-6).  

  

Test head Cooling ring 

Exposed surface 

area 

D 

H 
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5.4.6 Convection to Surrounding 

‘Convective’ Boundary Conditions were assigned on the exposed parts of the test rig 

to account for heat dissipated to the surrounding by natural convection. Most, if not 

all, of the rig exposed parts were represented by the test head and the cooling ring, 

for which the convective heat transfer coefficients were calculated.  

Heat transfer by natural convection on a surface depends on the surface geometry 

and orientation, as well as the operating temperature and the thermophysical 

properties of the fluid involved [154]. Therefore, the exposed sections of the test 

head and cooling ring were split into groups, as shown in Figure 5-4, and the 

corresponding convective heat transfer coefficients were calculated.   
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(b) 

Figure 5-4: Test head and cooling ring exposed regions to surrounding 

 

5.4.6.1 Test Head Convective Heat Transfer Coefficients 

The geometry for the test head 1st region (Figure 5-4(a)) was that of a vertical 

cylinder. For large values of 	/�, where 	 is the diameter of the cylinder and � is 

the height, the natural convection flow over vertical cylinders can be approximated 

as that over vertical flat plates, since the difference in the heat transfer solutions was 

less than 5%, given that [155, 156]: 	� H 35��-�.�� (5-6) 

where the Grashof number �� is a dimensionless parameter, representing the ratio of 

the buoyancy force to the viscous force acting on a fluid [31]. The average Grashof 

number based on cylinder height is defined as [31, 155, 157]: 
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��- = &��∆ -�  (5-7) 

where  is the acceleration due to gravity, and equal to 9.81m/s2. & and - are the 

fluid volumetric coefficient of thermal expansion and kinematic viscosity, 

respectively. Whilst ∆  is the difference in temperature between that of the surface 

and the fluid.  

Heat transfer in free convection is mostly correlated by another dimensionless 

parameter called the Rayleigh number ��  [31]. The transition from laminar to 

turbulent flow is governed by a critical value of the Rayleigh number, which was 

observed to take place in the range of 10� K ��- K 10� [31]. The Rayleigh number 

is defined as [31]: ��- = ��- · �� (5-8) 

where the Prandtl number �� is a dimensionless parameter, expressing the kinematic 

viscosity - of the fluid as a ratio relative to its thermal diffusivity % [31]: �� = -% (5-9) 

 

For an isothermal vertical flat plate, McAdams developed an empirical correlation of 

free convection for laminar and turbulent flow in the form of [31, 155]: ������-�3, = �"��- · ��#� = ���-�  (5-10) 

where ������-�3, is the average Nusselt number for a vertical flat plate of height �. 

Nusselt number is a dimensionless parameter, expressed as the ratio of heat transfer 

by convection to conduction [31]: ��- = ���  (5-11) 
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The recommended values for the constant � and the exponent � in Equation 5-10 are 

listed in Table 5-7 [31]. 

Table 5-7: Constant � and exponent � of Equation 5-10 [31] 

Type of flow Rayleigh number range ~ � 

Laminar 10
4
 to 10

9
 0.59 1/4 

Turbulent 10
9
 to 10

13
 0.10 1/3 

 

For cases where the ratio of the cylinder diameter to its height does not satisfy the 

criterion stated in Equation 5-6, the effect of surface curvature becomes pronounced, 

and Equation 5-10 can no longer be used to approximate free convection over 

vertical cylinders, unless a correction factor was applied [155]. 

For small values of 	/� , the ratio of the average Nusselt number for circular 

cylinder to that for flat plate was determined numerically for Prandtl number of 0.72, 

and can be approximated by Equation 5-12, which is accurate to within -0.8% and 

+0.37% [155].  ������-�4������-�3, = 1 @ 1.446 n"��-#��.�� f�	go�.���
 (5-12) 

 

Specific heat transfer calculation for the design feature at the base of the head 1st 

region, just before the base plate line (Figure 5-4(a)), was not carried out, and that is 

because the dimensions of such a feature were too small to significantly influence 

the heat transfer process. However, its height was included into the total height of the 

head 1st region. 

The head surface temperature below the cooling ring was measured at two different 

locations,  �  and  �  (Figure 5-4(a)). These two temperatures were averaged to 

represent the overall temperature of the head 1st region, and was eventually used to 
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calculate the local film temperature, at which the properties of the surrounding air 

were evaluated [141].  

The ratio of the test head 1st region diameter to its height did not meet the criterion in 

Equation 5-6, for the Grashof number calculated in Table 5-8. Hence, the surface 

curvature effect was accounted for by including the correction factor (Equation 5-12) 

into the calculation of the convective heat transfer coefficient, as shown in Table 5-8.  
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Table 5-8: Test head 1st region convective heat transfer coefficient 

Variable Symbol Value Units 

First surface temperature 8
 89.9 °C 

Second surface temperature 8� 87.7 °C 

Average surface temperature 8� � 8
 	 8�2  

 

8� 88.8 °C 

Surrounding (enclosure) temperature 8∞ 37.8 °C 

Film temperature 8+ � 8� 	 8∞2  

 

8+ 63.3 °C 

Air properties [141] at film temperature �� 

Volumetric coefficient of thermal expansion @ 2.972E-03 1/K 

Kinematic viscosity ^ 1.924E-05 m
2
/s 

Thermal conductivity � 0.0287 W/mK 

Prandtl number �5 0.7088 - 

Head 1
st
 region dimensions 

Diameter � 5.30E-02 m 

Height with design feature (6.7E-02+3.00E-03) � 7.00E-02 m 

Dimensionless parameters 

Grashof number _5, � `@��∆8^
  

 

_5, 1.378E+06 - 

Rayleigh number NX, � _5, · �5 
 

NX, 9.769E+05 - 

Nusselt number for vertical flat plate OLbbbb,-./ � 0.59NX,�/� 
 

OLbbbb,-./ 1.855E+01 - 

Nusselt number correction factor OLbbbb,-0OLbbbb,-./ � 1	 1.446 <�_5,�-�.
	 *��+=�.#��
 

 

OLbbbb,-0OLbbbb,-./ 1.076E+00 - 

Nusselt number for vertical cylinder OLbbbb,-0 � OLbbbb,-0OLbbbb,-./ !OLbbbb,-./ 

 

OLbbbb,-0 1.996E+01 - 

Convective heat transfer coefficient 4 � OLbbbb,-0 ��  

 

4 8.19 W/m
2
K 

 



176 
 

As for the test head 2nd region (Figure 5-4), the geometry was that of a hot horizontal 

plate facing upward, and was assumed to operate at a constant temperature, i.e. 

isothermal. The average Nusselt number ������  correlations developed for such a 

condition are shown below [154]. 

For Rayleigh number in the range of 104-107: ������5 = 0.54��5�/� (5-13) 
 

and for Rayleigh number in the range of 107-1011: ������5 = 0.15��5�/� (5-14) 

the subscript � refers to the characteristic length, which is defined as the ratio of the 

heat transfer surface area to its perimeter: � = �� (5-15) 

 

The properties of air [141] surrounding the test rig were evaluated locally at the film 

temperature, which was calculated using the mean operating temperature of the test 

head 2nd region,  � (Figure 5-4(a)), and the mean surrounding temperature, measured 

during tests on thermometric seats. The Rayleigh number was then deduced and the 

corresponding Nusselt number correlation was used to calculate the convective heat 

transfer coefficient shown in Table 5-9. 
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Table 5-9: Test head 2nd region convective heat transfer coefficient 

Variable Symbol Value Units 

Surface temperature 8� 105.3 °C 

Surrounding (enclosure) temperature 8∞ 37.8 °C 

Film temperature 8+ � 8� 	 8∞2  

 

8+ 71.6 °C 

Air properties [141] at film temperature �� 

Volumetric coefficient of thermal expansion @ 2.901E-03 1/K 

Kinematic viscosity ^ 2.008E-05 m
2
/s 

Thermal conductivity � 0.0293 W/mK 

Prandtl number �5 0.7084 - 

Head 2
nd

 region dimensions 

Outer radius 5� 2.42E-02 m 

inner radius 5� 1.55E-02 m 

Area � � �c5�
 � 5�
d 

 

� 1.09E-03 m
2
 

Perimeter � � 2�5� 
 

� 1.52E-01 m 

Characteristic length I � �� 

 

I 7.14E-03 m 

Dimensionless parameters 

Grashof number _51 � `@I�∆8^
  

 

_51 1.731E+03 - 

Rayleigh number NX1 � _51 · �5 
 

NX1 1.226E+03 - 

Nusselt number OLbbbb1 � 0.54NX1�/� 
 

OLbbbb1 3.196E+00 
 

Convective heat transfer coefficient 4 � OLbbbb1 �I  

 

4 13.13 W/m
2
K 

 

The convective heat transfer coefficients calculated in Table 5-8 and Table 5-9 were 

applied as ‘Convective’ Boundary Conditions onto the groups ‘head lower exposed 
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region’ and ‘head upper exposed region’, which represent the elements generated on 

the test head exposed regions 1 and 2, respectively.  

 

5.4.6.2 Cooling Ring Convective Heat Transfer Coefficients 

The cooling ring was divided up into three regions (Figure 5-4), the 1st and 3rd 

regions represented hot horizontal surfaces facing up and down, respectively, while 

the 2nd region was a vertical cylinder. The procedure followed to calculate the 

convective heat transfer coefficients was the same for all three regions. However, 

different Nusselt number correlations were used, depending on surface geometry and 

orientation. 

For a vertical cylinder, the average Nusselt number correlation developed [31, 155] 

for a vertically flat plate (Equation 5-10) may be used directly without any correction 

factor (Equation 5-12), provided that the ratio of the cylinder diameter to its height 

meets the criterion given by Equation 5-6 [155, 156].  

The average Nusselt number correlations for heat flow over hot horizontal surfaces 

facing upward were given by Equations 5-13 and 5-14 [154]. While that for hot 

horizontal surfaces facing downward is given by Equation 5-16 [154], based on the 

surface geometry characteristic length �, for Rayleigh number in the range of 105-

1011: ������5 = 0.27��5�/� (5-16) 
 

Since the experimental data were recorded for a steady-state condition, it was safe to 

assume that the operating temperature of the cooling ring was the same as that of the 

coolant flowing inside it, i.e. 84.5°C. Hence, the air properties would be the same for 
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all three regions, which were evaluated at the local film temperature of 61.2°C [141], 

as shown in Table 5-10.  

Table 5-10: Local air properties surrounding the cooling ring 

Variable Symbol Value Units 

Surface temperature 8� 84.5 °C 

Surrounding (enclosure) temperature 8∞ 37.8 °C 

Film temperature 8+ � 8� 	 8∞2  

 

8+ 61.2 °C 

Air properties [141] at film temperature �� 

Volumetric coefficient of thermal expansion @ 2.991E-03 1/K 

Kinematic viscosity ^ 1.901E-05 m
2
/s 

Thermal conductivity � 0.0286 W/mK 

Prandtl number �5 0.7089 - 

 

The calculation of the convective heat transfer coefficients for the cooling ring 

regions 1, 2 and 3 is shown in Table 5-11, Table 5-12, and Table 5-13, respectively.  
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Table 5-11: Cooling ring 1st region convective heat transfer coefficient 

Variable Symbol Value Units 

Cooling ring 1
st
 region dimensions 

Outer radius 5� 6.10E-02 m 

inner radius 5� 2.50E-02 m 

Area � � �c5�
 � 5�
d 

 

� 9.73E-03 m
2
 

Perimeter � � 2�5� 
 

� 3.83E-01 m 

Characteristic length I � �� 

 

I 2.54E-02 m 

Dimensionless parameters 

Grashof number _51 � `@I�∆8^
  

 

_51 6.181E+04 - 

Rayleigh number NX1 � _51 · �5 
 

NX1 4.382E+04 - 

Nusselt number OLbbbb1 � 0.54NX1�/� 
 

OLbbbb1 7.813E+00 - 

Convective heat transfer coefficient 4 � OLbbbb1 �I  

 

4 8.80 W/m
2
K 
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Table 5-12: Cooling ring 2nd region convective heat transfer coefficient  

Variable Symbol Value Units 

Cooling ring 2
nd

 region dimensions 

Diameter � 1.22E-01 m 

Height � 3.34E-02 m 

Dimensionless parameters 

Grashof number _5, � `@��∆8^
  

 

_5, 1.409E+05 - 

Rayleigh number NX, � _5, · �5 
 

NX, 9.991E+04 - 

Nusselt number OLbbbb, � 0.59NX,�/� 
 

OLbbbb, 1.049E+01 - 

Convective heat transfer coefficient 4 � OLbbbb, ��  

 

4 8.97 W/m
2
K 

 

The ratio of the cooling ring 2nd region diameter 	  to its height �  (Table 5-12) 

satisfied the criterion in Equation 5-6 and hence, the convective heat transfer 

coefficient was directly calculated using the average Nusselt number correlation for 

a vertical flat plate, without the curvature correction factor. 
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Table 5-13: Cooling ring 3rd region convective heat transfer coefficient 

Variable Symbol Value Units 

Cooling ring 3
rd

 region dimensions 

Outer radius 5� 6.10E-02 m 

inner radius 5� 2.65E-02 m 

Area � � �c5�
 � 5�
d 

 

� 9.48E-03 m2 

Perimeter � � 2�5� 
 

� 3.83E-01 m 

Characteristic length I � �� 

 

I 2.47E-02 m 

Dimensionless parameters 

Grashof number _51 � `@I�∆8^
  

 

_51 5.730E+04 - 

Rayleigh number NX1 � _51 · �5 
 

NX1 4.062E+04 - 

Nusselt number OLbbbb1 � 0.27NX1�/� 
 

OLbbbb1 3.833E+00 - 

Convective heat transfer coefficient 4 � OLbbbb1 �I  

 

4 4.43 W/m
2
K 

 

The cooling ring was not physically included in the FE model and therefore, heat lost 

from it to the surrounding was modelled as a ‘Total Load’ Boundary Condition, 

applied onto the test head shell elements facing the cooling ring, grouped under the 

name of ‘head cooling ring contact’. Using the previously calculated convective heat 

transfer coefficients (Table 5-11, Table 5-12 and Table 5-13), the magnitude of the 

total load was calculated using Equation 5-4, as shown in Table 5-14, and inserted 

into the created Boundary Condition as -11.3W, indicating heat outflow. 
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Table 5-14: Heat lost by natural convection from the cooling ring to the 
surrounding 

Variable Symbol Value Units 

Cooling ring 1
st
 region 

Outer radius 5� 6.10E-02 m 

Inner radius 5� 2.50E-02 m 

Surface area ���� � �c5�
 � 5�
d 
 

���� 9.73E-03 m
2
 

Convective heat transfer coefficient 4��� 8.80 W/m
2
K 

Temperature difference e8 � 84.4� 37.8 
 

e8 46.6 K 

Heat lost from the cooling ring 1
st
 region ]��� = 4��� ���� ∆  

 

]��� 3.99E+00 W 

Cooling ring 2
nd

 region 

Diameter � 1.22E-01 m 

Height � 3.34E-02 m 

Surface area �
�� � ��� 
 

�
�� 1.28E-02 m
2
 

Convective heat transfer coefficient 4
�� 8.97 W/m
2
K 

Temperature difference e8 � 84.4� 37.8 
 

e8 46.6 K 

Heat lost from the cooling ring 2
nd

 region ]
�� = 4
��  �
��  ∆  

 

]
�� 5.35E+00 W 

Cooling ring 3
rd

 region 

Outer radius 5� 6.10E-02 m 

Inner radius 5� 2.65E-02 m 

Surface area ���� � �c5�
 � 5�
d 
 

���� 9.48E-03 m
2
 

Convective heat transfer coefficient 4��� 4.43 W/m
2
K 

Temperature difference e8 � 84.4� 37.8 
 

e8 46.6 K 

Heat lost from the cooling ring 3
rd

 region ]��� = 4���  ����  ∆  

 

]��� 1.96E+00 W 

Total heat lost by natural convection ]����� � ]��� 	 ]
�� 	 ]��� 

 

]����� 1.13E+01 W 
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5.4.7 Power In 

The average power supplied into the heater during tests on thermometric seats was 

about 288W (Appendix F), however, only part of that was transferred into the valve 

due to losses occurring through other components, such as the ceramic insulation 

placed on top of the heater and the lever arm. Therefore, one first had to determine 

the portion of the measured power that was transferred into the valve, to identify the 

magnitude of the ‘power in’ Boundary Condition (Figure 5-1).  

For a steady-state analysis, the amount of heat inflow is the same as the outflow. 

Therefore, by calculating the amount of heat dissipated away from the test rig, one 

would be able to determine the portion of the measured heater power supplied into 

the rig through the valve. The test head and the cooling ring represented the regions 

of the test rig through which most, if not all, of the heat dissipated took place. As 

illustrated earlier, heat from the test head was mostly dissipated into the circulating 

coolant by forced convection, and to the surrounding by natural convection. Whilst 

heat lost from the cooling ring occurred mostly by natural convection to the 

surrounding. The quoted operating temperatures for both the test head and the 

cooling ring did not exceed the cut off temperature of 600°C [45, 54], above which 

the radiative heat transfer contribution becomes significant, and therefore it was safe 

to rule radiation out of the heat balance equation. Hence, the sum of the heat lost by 

convection from both the test head and the cooling ring would be equal to the 

magnitude of the ‘power in’ Boundary Condition.   

The total heat lost from the test head by natural convection to the surrounding is 

calculated in Table 5-15, using the heat transfer coefficients previously calculated in 

Table 5-8 and Table 5-9. Whereas, the heat lost from the test head by forced 
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convection and that lost from the cooling ring by natural convection were previously 

calculated in Table 5-5 and Table 5-14, respectively. The sum of the these three 

values was equal to 209W, which was assigned as a ‘total load’ Boundary Condition 

onto the shell elements of the valve head combustion face establishing the contact 

with the heater, grouped under the name of ‘valve ceramic heater contact’. 

Table 5-15: Heat lost by natural convection from the test head to the surrounding 

Variable Symbol Value Units 

Test head 1
st
 region 

Diameter � 5.30E-02 m 

Height � 7.00E-02 m 

Surface area ���� � ��� 

 

���� 1.17E-02 m
2
 

Convective heat transfer coefficient 4��� 8.19 W/m
2
K 

Temperature difference e8 � 88.8� 37.8 
 

e8 51.0 K 

Heat lost from the test head 1
st
 region ]��� = 4���  ���� ∆  

 

]��� 4.87E+00 W 

Test head 2
nd

 region 

Outer radius 5� 2.42E-02 m 

Inner radius 5� 1.55E-02 m 

Surface area �
�� � �c5�
 � 5�
d 

 

�
�� 1.09E-03 m
2
 

Convective heat transfer coefficient 4
�� 13.13 W/m
2
K 

Temperature difference e8 � 105.3� 37.8 
 

e8 67.5 K 

Heat lost from the test head 2
nd

 region ]
�� = 4
��  �
�� ∆  

 

]
�� 9.61E-01 W 

Total heat lost from the test head ]����� � ]��� 	 ]
�� 

 

]����� 5.83E+00 W 

 

  



186 
 

5.5 FE Model Solution and Post-Processing 

A summary of all the previously calculated Boundary Conditions and Thermal 

Couplings is shown in Table 5-16. 

Table 5-16: Summary of TMG Thermal Couplings and Boundary Conditions 

TMG study setup Value Units Temp. (°C) 

Thermal couplings 

Valve/seat conductance Check Table 5-2 W/m
2
K 

 
Valve/guide resistance 12.11 K/W 

 
Seat/head conductance 3.30E+05 W/m

2
K 

 
Guide/head conductance 1000 W/m

2
K 

 
Boundary Conditions 

Coolant forced convection 1.02E+04 W/m
2
K 84.5 

Head 1
st
 region convection 8.19 W/m

2
K 37.8 

Head 2
nd

 region convection 13.13 W/m
2
K 37.8 

Cooling ring heat loss -11.3 W 
 

Power in 209 W 
 

 

The FE model was solved using the data listed in Table 5-16, and the numerically 

computed temperatures are listed in Table 5-17, where they are compared against 

those measured during tests on thermometric seats. A contour plot produced for the 

FE model is shown in Figure 5-5.  

Table 5-17: Temperatures measured during tests on thermometric seats versus 
numerically computed ones 

Location 
Temperature (°C) Absolute 

relative 
difference Measured Computed 

(A)
12

 Valve head 418.3 425.4 1.7% 

(B) Seat face 188.4 167.8 10.9% 

(C) Test head 
   

-Top chamfer (1)
13

 105.3 110.5 5.0% 

-Below cooling ring (2) 89.9 94.1 4.7% 

-Bottom (3) 87.7 93.6 6.7% 

 

                                                 
12 Letters A, B and C denote locations on Figure 5-5 where computed temperatures were obtained. 
13 Numbers 1, 2 and 3 denote the thermocouple positions shown in Figure 5-3. 
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Figure 5-5: FE model contour plot 

 

The differences experienced between the computed and measured temperatures 

(Table 5-17) could be a result of the radiative heat exchange taking place between 

the parts and the surrounding, which has not been accounted for. In addition, the seat 

face temperatures were measured using the ‘hardness relaxation technique’, which is 

accurate to ±10°C [3], hence, for a more accurate measurement, one would expect a 

smaller difference than the one listed in Table 5-17.   

The average operating temperature computed for the gap between the valve and the 

guide was about 114.6°C, which is lower than the assumed temperature of 150°C. 

C (1) 

C (2) 

C (3) 

A 

B 
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Therefore, the valve/guide interface resistance was re-calculated (Table 5-18), and 

the model was solved again to check for any effects on the temperatures listed in 

Table 5-17. 

Table 5-18: Adjusted valve/guide interface resistance 

Variable Symbol Value Units Temp. (°C) 

Valve stem radius X 2.74E-03 m   

Valve guide inner radius � 3.02E-03 m   

Valve guide length � 3.70E-02 m   

Air thermal conductivity [141] � 0.03242 W/mK 114.6 

Interface resistance N � ln�� X⁄ �2���  

 

N 13.09 K/W   

 

Temperatures computed for the adjusted valve/guide interface resistance were 

exactly the same as those listed in Table 5-17 for all locations (temperatures were 

rounded up to 1d.p.). This indicates that the valve/guide interface 

resistance/conductance has little effect on the operating temperature of the valve, as 

most of the heat outflow from the valve takes place through the seat contact [3, 4, 

10-14]. Hence, further refinement of the valve/guide resistance was not essential. 

Nevertheless, the gap between the valve and guide was operating at an average 

temperature of 115.9°C, which was not far off from the previously computed 

114.6°C, and therefore, the magnitude of the valve/guide interface resistance would 

not have changed much. 

 

5.6 Summary 

A FE model was built for the test rig to assess the quality of the published TCC 

models in predicting the valve/seat and seat/head interface conductances by 
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comparing numerically computed temperatures against those experimentally 

measured during tests on thermometric seats. 

The FE model was built using I-DEAS package and solved using the incorporated 

TMG thermal analysis tool. The steps followed to build, mesh, restraint, solve and 

analyse the model were reviewed in detail.  

Data measured during tests on thermometric seats were used to compute the 

identified boundary conditions, whose values were entered into the FE model, along 

with the previously calculated valve/seat and seat/head interface conductances. The 

FE model was then solved and analysed.  

The numerically computed temperatures agreed with those measured during tests on 

thermometric seats with an acceptable level of accuracy, proving the effectiveness of 

the used TCC models. Therefore, the FE model could be used further to assess the 

ability of the existing TCC models in simulating a similar difference in the valve 

head temperatures to that measured between tests on tin-coated and uncoated copper-

infiltrated seats.  
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Chapter 6 - Conclusions 

A test rig facility and an experimental procedure were successfully developed to 

assess the effect of the valve seat insert on heat outflow from the valve. 

Tests for assessing the effect of the valve/seat interface geometry were performed on 

low and high conforming seat-valve geometry specimens, machined within the 

acceptable tolerance range. The results of these tests have shown that the degree of 

the valve-seat geometric conformity is more significant than the thermal conductivity 

of the insert: for low conforming assemblies, the mean valve head temperature 

recorded during tests on copper-infiltrated insert seats was higher than that recorded 

during tests on non-infiltrated seats of higher conformance. 

The effect of the insert-cylinder head assembly method, i.e. shrink-fitted versus 

press-fitted inserts, was evaluated by conducting tests with uncoated and tin-coated 

inserts. The results have shown insignificant valve head temperature variations, for 

both tin-coated and uncoated inserts, meaning that the assembly method is a low-

sensitivity parameter in the thermal path equation. 

The effect of applying a soft metallic coating on seat inserts was assessed by 

undertaking comparative tests between non-coated, tin-coated and zinc-coated 

specimens. The results have shown that using tin-coated seat inserts, with the 

thickness of the tin layer in the range of 20-22µm, leads to a reduction of 

approximate 15°C in the mean operating temperature of the valve head as recorded 

in tests using uncoated inserts. 

However, the results of tests using inserts coated with a zinc layer of 5-10µm 

thickness did not indicate any reduction in the valve head temperature by comparison 
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with values recorded in tests with uncoated inserts. Although these results might 

suggest that there is no gain from zinc-coating, further testing involving different 

zinc-coating thicknesses is advisable, as it has been suggested in the literature that, 

for each coating/substrate combination, there is an optimum coating thickness which 

reduces the thermal contact resistance.  

A comprehensive review of the main macro and tribological aspects of heat flow 

through contact interfaces, and of the theoretical models for predicting the value of 

the thermal contact conductance (TCC), has been undertaken, and has informed the 

adoption of suitable models to be applied for the valve/seat and seat/cylinder head 

interfaces. 

The analysis of the valve/seat interface has indicated the existence of conforming 

and nonconforming contact regions within the overall contact area; the ratio between 

these two distinctive regions is a function of the variability induced by machining, 

valve lapping and seat wear. For partially conforming valve and seat contact faces, 

heat transfer through the conforming portion occurs mostly by conduction through 

both the intimate solid contacts and the fluid trapped in the interstitial gaps 

separating the solid contacts, whereas heat transfer through the non-conforming 

portion takes place by conduction through the fluid confined in the gap between the 

non-contacting regions of the valve and seat contact faces. 

It has been found that, for common valve and insert materials and contact surface 

finishing, the value of the ‘plasticity index’ suggests that the surface asperities of the 

softer metal in contact (the insert) would undergo plastic deformation. Accordingly, 

the values of the thermal contact conductance for the conforming region of the 

valve-insert contact area was evaluated based on the plastic solid contact 
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conductance model of Yovanovich [79], and the gap conductance model of 

Yovanovich et al. [80]. This has led to the evaluation of the overall valve/seat 

interface conductance as a function of the degree of conformity between the valve 

and insert seat contact faces. 

The analysis of the insert/cylinder head interface has indicated that the operational 

contact pressure, conductance and interfacial temperature drop are interdependent, as 

a result of the cylindrical nature of the interface. However, the use of thermometric 

seats allowed the determination of the temperature distribution across the inserts and 

consequently the temperature drop at the insert/cylinder head interface. Hence, the 

direct evaluation of the contact pressure and consequently the interface conductance 

were made possible, without the need for an iterative scheme.  

It has been found that, for the given insert and cylinder head materials and contact 

surface finishing, the value of the ‘plasticity index’ suggests that the surface 

asperities of the softer metal in contact (the cylinder head) would undergo plastic 

deformation. The model of Yovanovich [79] was used to evaluate the plastic solid 

contact conductance, based on findings of Lemczyk and Yovanovich [69] proving 

the applicability of such model in cylindrical joints. The conductance at the 

insert/cylinder head interface was evaluated using the operational contact pressure 

calculated for the test rig.  

Finally, a FE thermal model of the test rig has been developed with a view to assess 

the quality of the calculated TCC values for the valve/seat and seat/head interfaces. 

The results of the thermal analysis have shown that predicted temperatures at chosen 

control points agree with those measured during tests on thermometric seats with an 

acceptable level of accuracy. However, the inclusion of radiative heat exchange into 
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the FE thermal model would improve the accuracy further, since most of the 

numerically computed temperatures were higher than those experimentally 

measured. Nevertheless, the results of the FE thermal model have proved the 

effectiveness of the used TCC models in predicting the conductance for the 

valve/seat and seat/cylinder head interfaces.  

Immediate possibilities of further work that may be continued as a direct result of 

this study are summarised as follows; 

1. Further study involving cost/TCC-enhancement optimisation of the tin-

coating thickness, 

2. Investigations involving different zinc-coating thicknesses to identify any 

potential benefit of zinc coating, and 

3. Develop FE modelling capabilities to include coating effects in the existing 

TCC models. 
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Appendix B – Instrumentation Details 

1. Ceramic Heater (Watlow Ltd., Ultramic™ 600) [126] 

Material Aluminium Nitride (AlN) 

Thermal properties 

Thermal conductivity 140W/mK 

Coefficient of thermal expansion 4.5ppm/°C 

Maximum surface temperature 600°C (1112°F) 

Maximum terminal temperature 400°C (752°F) 

Maximum watt density 155W/cm
2 
(1000W/in

2
) 

Physical properties 

Density 3.26g/cm
2
 

Hardness 1050 HV@500g 

Flexural strength >250MPa 

Surface finish 

Flatness <0.05mm (0.002in.) 

Surface roughness (Ra) <0.8µm (32µ-in.) 

Thermal performance 

- Geometrically stable due to low coefficient of thermal expansion 
- Fast temperature ramp rate of up to 150°C (302°F) per second 
- Allows for quick cool-down 
- Provides extremely uniform temperatures over the heater surface 

Electrical performance 

- Input voltage in the range of 24 to 480V 
- Low leakage current of less than 0.1mA 
- Breakdown voltage >2000V~(dc) 

Thermocouple 

- Fitted with an integrated Type K thermocouple 

 

2. Variac™ transformer (RS Ltd., CMV 5E-1) [125] 

VA rating continuous 1200 

Input voltage 230/240Vac 

Output voltage 0 - 112% of Vin 

Output current 5A 
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3. Digital mutlimeter (INTEC Ltd., true RMS converter, #K-24) [127] 

Input AC range 10-250V, 50-60Hz 

Output DC voltage 

Overall accuracy 1% 

 

4. Current Clamp (Pico Technology Limited, PP264 60A AC/DC) [128] 

Input range 10mA to 60A 

Calibration settings  

- For currents up to 20A 1mV/10mA (100mV = 1A) 

- For currents up to 60A 1mV/100mA (10mV = 1A) 

Connection terminal BNC connector 

 

5. PICOSCOPE 2202 (Pico Technology Limited, PicoScope 2202 

Oscilloscope) [128] 

Analog bandwidth 2MHz 

Channels 2 

Vertical resolution 8 bits 

Accuracy ±3% 

Input ranges (full scale) ±50mV to ±20V 

Input characteristics (impedance) 1MΩ in parallel with 20pF 

Overload protection ±100V (signal input) 

Input type Single-ended, BNC connecter 

Input coupling Software selectable AC/DC 

Maximum sampling rate (single shot) 
20MS/s (single channel) 
10MS/s (dual channel) 

Buffer size 
32kS (single channel) 
16kS (dual channel) 

Waveform buffer Up to 1000 waveforms 

Operating environment  

- Temperature 
+20°C to +30°C for quoted accuracy, 
 0°C to +70°C overall 

- Humidity 20 to 90% RH 

PC connection and power supply USB powered connection 
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Terminology: 

a. Analog bandwidth 

 The input frequency at which the signal amplitude has fallen by 3dB from its 

 nominal value. 

b. Resolution or Vertical Resolution 

 A value in bits, related to the number of increments of an analog input signal 

 that can be detected by a digital measurement system. A high-resolution 

 measurement system detects smaller signal increments than a low-resolution 

 measurement system.  

c. Input impedance 

 The resistance measured between the input terminals of a circuit. 

d. Overvoltage protection 

 The maximum input voltage that can be applied without damaging the unit. 

e. Buffer size 

 The size of the oscilloscope buffer memory. The buffer memory is used by 

 the oscilloscope to store data temporarily. This allows the oscilloscope to 

 sample data independently of the speed at which it can transfer data to the 

 computer. 
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6. Circulator unit (Thermo Fisher Scientific Inc., NESLAB RTE-740, 

230V/50Hz, Digital Plus Refrigerated Bath) [129] 

Temperature range -40°C to +200°C 

Temperature stability  ±0.01°C 

Cooling Capacity 700W@ 20°C fluid temperature 

Heater wattage 2000W 

Pump flow (maximum) 15Liters per minute 

Pump pressure (maximum) 4.9 metres 

Reservoir volume 7 Litres 

 Cooling Capacity 

14 
 Figure B-1: Cooling capacity curve [129]  

                                                 
14 The 230V/50Hz RTE 740 units refers to the circulating unit used in the test rig 
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 Pumping Capacity 

 
 Figure B-2: Pumping capacity curve [129] 

 

7. Ceramic insulation (Technical Glass Co., Machinable Duratec 750®) [130] 

Material Duratec 750
®
 based on calcium silicate 

Physical properties 

- Density 1.4g/cm
3
 

- Porosity Slightly porous 

- Compressive strength 55MPa, 10% compaction 

- Flexural strength 23MPa 

Thermal properties 

- Thermal conductivity 0.49W/mK @ 750°C 

- Coefficient of thermal expansion 6.6E-06/°C @ 100 - 750°C 

- Maximum operating temperature 1000°C 
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8. PICO TC-08 (Pico Technology Limited, USB TC-08 Thermocouple Data 

Logger) [128] 

Number of channels 8 

Conversion time 
100ms (thermocouple and cold junction 
compensation) 

Temperature accuracy Sum of ±0.2% of reading and ±0.5°C 

Voltage accuracy Sum of ±0.2% of reading and ±10µV 

Overload protection ±30V 

Maximum common mode voltage ±7.5V 

Input impedance 2MΩ 

Input range (voltage) ±70mV 

Resolution 20 bits 

Noise free resolution 16.25 bits 

Thermocouple types supported B, E, J, K, N, R, S and T 

Input connectors miniature thermocouple 

Output connector and power 
supply 

USB cable 

Operating environment  

- Temperature 
20°C to 30°C for quoted accuracy, 
0°C to 50°C overall 

- Humidity 25% to 75% RH 

Note: The resolution and accuracy depend upon the thermocouple type and the 

temperature range. Thermocouple Type-K was the only type used throughout the rig, 

made from Chromel and Alumel and its sensitivity is approximately 41µV/°C. The 

measurable temperature range supported by Type K is between -270°C to 1370°C. 

 Terminology: 

a. CJC (Cold Junction Compensation) 

 A method of compensating for ambient temperature variations in 

 thermocouple circuits. 
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b. Common mode range 

 The voltage range, relative to the ground of the data logger, within which 

 both inputs of a differential measurement must lie in order to achieve an 

 accurate measurement.  

c. Thermocouple 

 A device consisting of two dissimilar metals joined together. The 

 thermoelectric voltage developed between the two junctions is proportional 

 to the temperature difference between the junctions. 
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Appendix C – Experimental Procedure 

1. Apply some of the heat transfer silicon compound (HTS35SL) onto the valve 

guide, 

2. Insert the valve guide into the test head and leave to set overnight, 

3. Wash and grease the O-rings and place them inside their housings in the 

cooler ring, 

4. Push the cooler ring onto the test head awaiting testing, 

5. Align one of the scribed lines along the test head with the cooling ring water 

entry point and mark it using a permanent marker for future reference/testing,  

6. Place the test head into the designated hole in the wooden base plate, 

7. Apply superglue onto the tips of three Teflon insulted Type K thermocouples 

and press them against the test head walls using match sticks, at the specified 

locations along the scribed line 120° anticlockwise away from the cooling 

ring water inlet, and leave to dry overnight, 

8. With the aid of superglue and adhesive thermopad, fit one of the Teflon 

insulted Type K thermocouples into the hole drilled to the side of the ceramic 

insulation placed on top of the valve head, and leave overnight to dry, 

9. Using a damp cloth, clean the contact faces of both the valve and the seat 

insert in the test head, 

10. Permanently mark one of the thermocouple holes in the valve head, 

11. Assemble the valve into the test head,  

12. Align the marked valve head thermocouple hole with the cooler ring flow-

entry, 

13. Clean, paste (using CML0020) and insert the tips of three semi-rigid Type K 

thermocouples into the holes drilled into the valve head,  
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14. Place the ceramic heater onto the valve head and position it accurately using 

the ceramic insulation,  

15. Align the ceramic insulation fitted thermocouple with the valve head 

thermocouple placed at 120° anticlockwise away from the cooling ring water 

entry point, 

16. Place the ceramic heater earth connection inside of the jubilee clip placed 

round the test head and tighten its screw,  

17. Lower the lever arm onto the ceramic, with the steel washer placed in 

between, guiding the lever arm loading point towards the centre of the rig, 

18. Load the lever arm with the calibrated weights, 

19. Connect and adjust the enclosure temperature measuring semi-rigid 

thermocouple to be located over the lever arm, 

20. Insert the stream measuring probes into the designated holes in the cooler 

ring, 

21. Connect extensions to the cooling ring thermocouples fitted into the inlet and 

outlet fittings, 

22. Connect all the thermocouples’ miniature plugs to the PICO TC-08 

interfaces, 

23. Connect the cooling ring pipes to the circulating unit, 

24. Check the water level in the circulating unit and top up if necessary. The 

water level got to lie within the two 1-inch horizontal slits markers, 

25. Turn on the circulating unit, set the temperature to 85°C, and activate the 

“Full Range Cooling” option. Once these settings are set, no further adjusting 

is required,  
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26. The circulating unit heats up the water and eventually reaches the desired set 

temperature, 

27. Leave the circulating unit to stabilise for about 10 minutes, 

28. Place the insulation box on top of the rig,  

29. Check the Variac™ power connection and ensure its dial is pointing towards 

zero before turning on the mains switch, 

30. Connect the multimeter to both the Variac™ and the computer, 

31. Turn on the multimeter and set it to read AC voltage, 

32. Clamp the PICO current clamp onto the heater cable and set it to log currents 

up to 20A (100mV/Amp), 

33. Check the current clamp connection with the PICOSCOPE 2202 and the 

computer, 

34. Switch on the computer and run ‘PicoLog Recorder’ program. Name all the 

used PICO TC-08 and PICOSCOPE 2202 channels and set the sampling rate 

to once every 2 seconds. Save these settings under a unique name to be used 

throughout all the tests, 

35. Run the voltage logger program ‘300 Virtual DMM’, adjust the sampling 

update period to 3 seconds and press connect. The logger should read 

whatever is displayed on the multimeter screen, 

36. Start the experiment by pressing the start button on the voltage logger 

window and the record button on the Pico Logger, 

37. In the Pico Logger, display the real-time graph of the acquired data, to check 

for any instability in the measurements,  

38. Ramp up the Variac™ voltage in increments of 50V and repeat until the 

multimeter reads 200V, then step up the voltage one last time to 220V. Leave 
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the heater temperature to settle first before moving on to the next voltage step 

up, 

39. Allow the rig to reach a steady state and leave it to run for about an hour to 

acquire enough data for each test head.  

40. After the test has been running for just over 6000s, stop further data 

acquisition by the Pico and voltage loggers, 

41. Save the logged data according to a coding system that include the type and 

number of the test head, date and start time, 

42. Take the Variac™ voltage down to zero and turn off the mains switch, 

43. Turn off the multimeter and the Current Clamp, 

44. Switch off the circulating unit, 

45. Remove the insulation box,  

46. Take the weights off the lever arm, 

47. Leave the rig to cool down for a couple of hours before dismantling,  

48. Raise the lever arm and remove all the connected thermocouples, apart from 

the ones measuring the stream temperature inside the cooling ring, 

49. Unscrew the jubilee clip holding the heater earth connection, 

50. Remove the steel washer, ceramic insulation and the heater off the valve 

head,  

51. Take all the wiring away from the rig, 

52. Disconnect the pipes from the circulating unit and hold them up, 

53. Drain the water from the pipes into the provided bucket, 

54. Remove the stream temperature measuring probes from the cooler ring, 

55. Push the cooling ring off the test head and put it aside, 
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56. Prepare the next test head for testing and repeat the same procedure all over 

again. 
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Appendix D – Detailed Profile Measurements 

Table D-1: Profile measurement of Cu-I press-fitted seats 

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

HSPN_07 44.15 2.16E-02 0.05% 1.445 3.98E-02 2.75% 

HSPN_08 44.10 4.73E-02 0.10% 1.396 7.15E-02 5.12% 

HSPN_11 44.13 7.57E-02 0.17% 1.392 2.31E-02 1.66% 

Mean 44.13 
  

1.411 
  

STDV 2.33E-02 
  

2.93E-02 
  

CV 0.05% 
  

2.08% 
  

 

Table D-2: Profile measurement of N-I press-fitted seats 

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

HNISPN _76 44.85 2.83E-02 0.06% 1.586 1.41E-02 0.89% 

HNISPN _77 44.87 0.00E+00 0.00% 1.424 1.41E-03 0.10% 

HNISPN _78 44.84 2.31E-02 0.05% 1.546 9.81E-03 0.63% 

HNISPN _79 44.84 7.07E-03 0.02% 1.580 7.07E-03 0.45% 

HNISPN _80 44.85 4.24E-02 0.09% 1.533 1.20E-02 0.78% 

Mean 44.85 
  

1.534 
  

STDV 1.40E-02 
  

6.53E-02 
  

CV 0.03% 
  

4.26% 
  

 

Table D-3: Profile measurement of re-faced Cu-I press-fitted seats 

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

HSPN_8 44.72 2.00E-02 0.04% 1.513 5.77E-04 0.04% 

HSPN_11 44.74 1.15E-02 0.03% 1.503 1.15E-03 0.08% 

HSPN_7 44.68 2.65E-02 0.06% 1.516 3.79E-03 0.25% 

Mean 44.71 
  

1.511 
  

STDV 3.20E-02 
  

6.81E-03 
  

CV 0.07% 
  

0.45% 
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Table D-4: Profile measurement of Cu-I shrink-fitted seats 

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

HSCN_G 44.71 2.65E-02 0.06% 1.515 4.93E-03 0.33% 

HSCN_F 44.69 1.73E-02 0.04% 1.511 2.31E-03 0.15% 

HSCN_C 44.70 6.51E-02 0.14% 1.516 4.00E-03 0.26% 

Mean 44.70 
  

1.514 
  

STDV 1.02E-02 
  

2.78E-03 
  

CV 0.02% 
  

0.18% 
  

 

Table D-5: Profile measurement of tin-coated Cu-I shrink-fitted seats 

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

HTCCN_21 44.84 4.58E-02 0.10% 1.426 3.06E-03 0.21% 

HTCCN_22 44.82 1.40E-01 0.31% 1.428 2.65E-03 0.19% 

HTCCN_25 44.80 1.34E-01 0.30% 1.435 2.52E-03 0.18% 

Mean 44.82 
  

1.429 
  

STDV 2.17E-02 
  

4.67E-03 
  

CV 0.05% 
  

0.33% 
  

 

Table D-6: Profile measurement of tin-coated Cu-I press-fitted seats 

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

HTCPN_27 44.79 2.52E-02 0.06% 1.434 3.79E-03 0.26% 

HTCPN_28 44.76 5.13E-02 0.11% 1.434 4.51E-03 0.31% 

HTCPN_30 44.80 8.74E-02 0.19% 1.443 5.86E-03 0.41% 

Mean 44.78 
  

1.437 
  

STDV 2.08E-02 
  

5.01E-03 
  

CV 0.05% 
  

0.35% 
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Table D-7: Grouped profile measurement of tin-coated Cu-I shrink and press-
fitted seats 

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

Shrink-fitted 

HTCCN_21 44.84 4.58E-02 0.10% 1.426 3.06E-03 0.21% 

HTCCN_22 44.82 1.40E-01 0.31% 1.428 2.65E-03 0.19% 

HTCCN_25 44.80 1.34E-01 0.30% 1.435 2.52E-03 0.18% 

Press-Fitted 

HTCPN_27 44.79 2.52E-02 0.06% 1.434 3.79E-03 0.26% 

HTCPN_28 44.76 5.13E-02 0.11% 1.434 4.51E-03 0.31% 

HTCPN_30 44.80 8.74E-02 0.19% 1.443 5.86E-03 0.41% 

Mean 44.80 
  

1.433 
  

STDV 2.81E-02 
  

5.95E-03 
  

CV 0.06% 
  

0.42% 
  

 

Table D-8: Grouped profile measurement of uncoated Cu-I shrink and press-fitted 
seats 

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

Shrink-fitted 

HSCN_G 44.71 2.65E-02 0.06% 1.515 4.93E-03 0.33% 

HSCN_F 44.69 1.73E-02 0.04% 1.511 2.31E-03 0.15% 

HSCN_C 44.70 6.51E-02 0.14% 1.516 4.00E-03 0.26% 

Press-Fitted 

HSPN_8 44.72 2.00E-02 0.04% 1.513 5.77E-04 0.04% 

HSPN_11 44.74 1.15E-02 0.03% 1.503 1.15E-03 0.08% 

HSPN_7 44.68 2.65E-02 0.06% 1.516 3.79E-03 0.25% 

Mean 44.71 
  

1.512 
  

STDV 2.25E-02 
  

4.89E-03 
  

CV 0.05% 
  

0.32% 
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Table D-9: Profile measurement of zinc-coated Cu-I press-fitted seats  

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

HSNMZCPN_42 44.73 2.00E-02 0.04% 1.522 1.73E-03 0.11% 

HSNMZCPN_43 44.75 2.31E-02 0.05% 1.520 2.52E-03 0.17% 

HSNMZCPN_44 44.73 2.00E-02 0.04% 1.520 1.53E-03 0.10% 

HSNMZCPN_46 44.72 5.77E-03 0.01% 1.520 2.08E-03 0.14% 

Mean 44.73 
  

1.521 
  

STDV 1.32E-02 
  

9.95E-04 
  

CV 0.03% 
  

0.07% 
  

 

Table D-10: Profile measurement of uncoated Cu-I press-fitted seats  

Head Code 
Contact angle (deg) Contact width (mm) 

Mean STDV CV Mean STDV CV 

HSNMPN_47 44.72 3.00E-02 0.07% 1.519 5.77E-04 0.04% 

HSNMPN_48 44.71 2.65E-02 0.06% 1.520 1.53E-03 0.10% 

HSNMPN_49 44.71 1.53E-02 0.03% 1.520 5.77E-04 0.04% 

HSNMPN_50 44.73 1.53E-02 0.03% 1.518 5.77E-04 0.04% 

Mean 44.72 
  

1.519 
  

STDV 1.03E-02 
  

8.33E-04 
  

CV 0.02% 
  

0.05% 
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Appendix E – SEM Sample Preparation Procedure 

1. The test head was cut at 15mm from the top end; the end where the seat insert 

is, 

2. The seat insert inner diameter was measured accurately, 

3. Specifically machined stainless-steel plug was fitted into the seat insert and 

held in place using Loctite 603, to avoid relaxation of the hoop stress, 

4. Using spark erosion, 1/3 of the test head section containing the seat insert and 

the plug was cut off, 

5. The remaining 2/3 of the specimen was polished and studied under the SEM. 

 

Figure E-1: SEM sample 

 

 

  

Stainless steel 

plug 

Seat insert 

Test head 
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Appendix F – Thermometric Seats Test Results 

Table F-1: Profile measurement of shrink-fitted thermometric seat inserts 

Head Code 
Contact angle (deg) Contact width (mm) 

Average STDV CV Average STDV CV 

HTSN_61 44.77 1.15E-02 0.03% 1.266 6.71E-02 5.30% 

HTSN_62 44.76 2.89E-02 0.06% 1.388 7.07E-02 5.10% 

HTSN_65 44.40 7.23E-02 0.16% 1.629 8.05E-02 4.94% 

Mean 44.64 
  

1.428 
  

STDV 2.07E-01 
  

1.85E-01 
  

CV 0.46% 
  

12.94% 
  

 

Table F-2: Valve temperatures for shrink-fitted thermometric seat inserts 

Head Code 
Valve head temperature (°C) 

Mean STDV CV 
1 2 3 

HTSN_62 404.2 424.0 415.4 414.5 9.95E+00 2.40% 

HTSN_61 408.1 434.1 390.2 410.8 2.20E+01 5.37% 

HTSN_60 423.0 449.8 435.3 436.0 1.34E+01 3.08% 

HTSN_63 409.2 422.2 404.0 411.8 9.38E+00 2.28% 

Mean 411.1 432.5 411.2 418.3 
  

STDV 8.21E+00 1.27E+01 1.91E+01 1.19E+01 
  

CV 2.00% 2.93% 4.63% 2.85% 
  

 

Table F-3: Heater data for shrink-fitted thermometric seat inserts 

Head Code Heater (°C) Current (Amp) Voltage (V) Power (W) 

HTSN_62 526.8 1.31 220.41 288.76 

HTSN_61 534.1 1.32 220.42 290.50 

HTSN_60 538.5 1.30 220.38 286.47 

HTSN_63 534.3 1.31 220.49 288.93 

Mean 533.4 1.31 220.43 288.66 

STDV 4.86E+00 7.42E-03 4.59E-02 1.66E+00 

CV 0.91% 0.57% 0.02% 0.57% 
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Microhardness measurements on Thyrodur 2510 thermometric material were 

performed using 1kg load for 10s and the indents were 150µm apart and 150µm 

away from the each face. The sketch in Figure F-1 shows the location at which the 

measurements listed in Table F-4 and Table F-5 were made.  

 

 

 

 

Figure F-1: Sketch showing hardness measurement locations 

  

0-1mm 

Seat face 

2-3mm Throat 
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Table F-4: Vickers Hardness measurements and operating temperatures for 
HTSN_60 

Sample position Flow-entry point +120° CW -120° ACW 

Measurement Location HV Temp (°C) HV Temp (°C) HV Temp (°C) 

0-1mm 760 
 

772 
 

763 
 

 
768 

 
792 

 
757 

 

 
754 

 
782 

 
763 

 

 
766 

 
772 

 
766 

 

 
769 

 
772 

 
760 

 
Mean hardness 763 180°C 778 162°C 762 185°C 

2-3mm 751 
 

779 
 

757 
 

 
766 

 
769 

 
766 

 

 
766 

 
766 

 
760 

 

 
763 

 
769 

 
754 

 

 
754 

 
785 

 
751 

 
Mean hardness 760 186°C 774 168°C 758 188°C 

Seat face 757 
 

768 
 

769 
 

 
757 

 
751 

 
769 

 

 
745 

 
754 

 
769 

 

 
760 

 
745 

 
769 

 

 
754 

 
748 

 
766 

 

 
757 

 
757 

 
769 

 

 
754 

 
748 

 
757 

 
Mean hardness 755 194°C 753 194°C 767 182°C 

Throat 772 
 

776 
 

772 
 

 
766 

 
766 

 
788 

 

 
788 

 
772 

 
782 

 

 
782 

 
769 

 
776 

 

 
785 

 
766 

 
788 

 

 
779 

 
795 

 
727 

 
Mean hardness 779 160°C 774 169°C 772 174°C 
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Table F-5: Vickers Hardness measurements and operating temperatures for 
HTSN_63 

Sample position Flow-entry point +120° CW -120° ACW 

Measurement Location HV Temp (°C) HV Temp (°C)  HV Temp (°C) 

0-1mm 779 
 

772 
 

772 
 

 
779 

 
782 

 
769 

 

 
772 

 
772 

 
757 

 

 
766 

 
779 

 
769 

 

 
782 

 
788 

 
782 

 
Mean hardness 776 168°C 779 162°C 770 174°C 

2-3mm 776 
 

785 
 

792 
 

 
769 

 
788 

 
779 

 

 
776 

 
772 

 
788 

 

 
772 

 
785 

 
782 

 

 
772 

 
772 

 
779 

 
Mean hardness 773 170°C 780 162°C 784 158°C 

Seat face 782 
 

754 
 

757 
 

 
788 

 
754 

 
754 

 

 
779 

 
763 

 
751 

 

 
766 

 
778 

 
757 

 

 
782 

 
766 

 
751 

 

 
782 

 
766 

 
772 

 

 
798 

 
766 

 
763 

 
Mean hardness 782 160°C 764 183°C 758 189°C 

Throat 782 
 

782 
 

785 
 

 
772 

 
785 

 
785 

 

 
795 

 
795 

 
792 

 

 
785 

 
795 

 
779 

 

 
772 

 
782 

 
795 

 

 
785 

 
792 

 
795 

 
Mean hardness 782 160°C 789 146°C 789 148°C 

 

Table F-6: Mean of seat temperatures listed in Table F-4 and Table F-5 

  Seat temperature (°C) 

Position Inner diameter Outer diameter Face Mean 

Mean 165.8 173.2 188.4 175.8 

STDV 6.95E+00 1.00E+01 5.77E+00   

CV 4.19% 5.80% 3.06%   
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Appendix G – Radial Displacement (Plane Stress) 

Derivation of the radial displacement equations as a result of an applied thermal 

load, for a plane stress condition [110]: 

Equation for radial displacement, � = "1 @ 0#% 1� q  "�#� ��

 @ ��� @ ���  (G-1) 

 

Equation for radial stress, /
 = 4%
 1�� q  "�#� �� @ 
1 4 0� f��"1 @ 0# 4 ��"1 4 0# 1��g

  (G-2) 

The constants �� and �� are determined using the boundary conditions. For a hollow 

cylinder with no pressure applied, the radial stress is zero at the inner and outer radii, �� and �*, respectively.  

At � = ��, 
The integral in Equation G-2 reduces to zero, therefore; ��"1 @ 0# = ����� "1 4 0# (G-3) 

 

and at � = �*, 

/
� = 4%
 1�*� q  "�#� ��
�
 @ 
1 4 0� f��"1 @ 0# 4 ��"1 4 0# 1�*�g = 0 (G-4) 
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Substitute Equation (G-3) into Equation (G-4), and simplify; 

4 %
�*� q  "�#� ��
�
 @ 
"1 @ 0# �� W�*� 4 ������ �*� X = 0 (G-5) 

 

Solve Equation (G-5) for ��; 

�� = %"1 @ 0# W ����*� 4 ���X q  "�#� ��
�
  (G-6) 

 

From Equation (G-3), �� = ����� "1 4 0#"1 @ 0# 

Therefore; 

�� = %"1 4 0# W 1�*� 4 ���X q  "�#� ��
�
  (G-7) 

 

Substitute for the constants �� and �� in the radial displacement equation (Equation 

(G-1)) using Equation (G-6) and Equation (G-7), and simplify, � = %"1 @ 0#� q  "�#� ��

@ %�*� 4 ��� q  "�#� ��
�
 [��"1 4 0# @ ���"1 @ 0#� ^ 

(G-8) 

 

The integrals in Equation (G-8) are solved next. First, one needs to determine the 

temperature distribution relative to the radius �. The 1D steady-state temperature 

distribution in a cylinder is expressed as [31]: 
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 "�# = 	� ln � @ 	� (G-9) 
 

 

 

 

Figure G-1: Hollow cylinder 

 

For a hollow cylinder, if the inner and outer radii, ��  and �*  (Figure G-1), are 

maintained at uniform temperatures   
 and  
�, respectively, one can hence deduce 

expressions for the constants 	� and 	� in Equation G-9. Applying these boundary 

conditions gives:  
 = 	� ln �� @ 	� (G-10) 
  
� = 	� ln �* @ 	� (G-11) 
 

Solving Equation (G-10) and Equation (G-11) simultaneously gives: 	� =  
� 4  
lnP�* ��? Q  

 	� =  
 4  
� 4  
lnP�* ��? Q ln ��  

 

Substitute the expressions for 	� and 	� into Equation (G-9), and simplify;  "�# =  
 @  
� 4  
lnP�* ��? Q lnP� ��? Q (G-12) 

 

  

�* �� 
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Hence, the first integral in Equation (G-8) can be replaced by the following: q  "�#� ��

 = q | 
 @  
� 4  
lnP�* ��? Q lnP� ��? Q} � ��

  (G-13) 

 

The term 
6���6�789
� 
: ; is a constant in regards to integration with respect to � and hence 

for simplicity will be replaced with a letter � in Equation G-13; q  "�#� ��

 = q� 
 @ � lnP� ��? Q�� ��

   

Hence, q  "�#� ��

 = q� 
� @ � ln � · � 4 � ln �� · �� ��

  (G-14) 

 

Integrate Equation (G-14) with respect to �, and simplify; q  "�#� ��

 = [��2 f 
 @ � ln � 4 �2 4 � ln ��g^

  (G-15) 

 

For � = ��, the integral is zero, 

q  "�#� ��

 = 0  

 

And for � = �*,  

q  "�#� ��
�
 = [��2 f 
 @ � lnP� ��? Q 4 �2g^

�  
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Substitute in the limits to evaluate the integral: 

q  "�#� ��
�
 = �*�2 f 
 @ � lnP�* ��? Q 4 �2g 4 ���2 f 
 4 �2g  

 

Replace the letter � back with the original term, 
6���6�789
� 
: ;, and simplify; 

q  "�#� ��
�
 = �*�2  
� 4 ���2  
 @  
� 4  
4 lnP�* ��? Q "��� 4 �*�# (G-16) 

 

Recalling the radial displacement equation (Equation G-8), � = %"1 @ 0#� q  "�#� ��

@ %�*� 4 ��� q  "�#� ��
�
 [��"1 4 0# @ ���"1 @ 0#� ^ 

(G-8) 

 

For � = ��, the radial displacement is: 

�
 = %�*� 4 ��� q  "�#� ��
�
 [���"1 4 0# @ ���"1 @ 0#�� ^  

 

Simplify; 

�
 = 2%���*� 4 ��� q  "�#� ��
�
  (G-17) 

 

Substitute Equation (G-16) into Equation (G-17), �
 = 2%���*� 4 ��� |�*�2  
� 4 ���2  
 @  
� 4  
4 lnP�* ��? Q "��� 4 �*�#} (G-18) 
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And For � = �*, the radial displacement (Equation (G-8)) is: 

�
� = %"1 @ 0#�* q  "�#� ��
�
@ %�*� 4 ��� q  "�#� ��
�
 [�*�"1 4 0# @ ���"1 @ 0#�* ^ 

 

 

Simplify; 

�
� = 2%�*�*� 4 ��� q  "�#� ��
�
  (G-19) 

 

Substitute Equation (G-16) into Equation (G-19): �
� = 2%�*�*� 4 ��� |�*�2  
� 4 ���2  
 @  
� 4  
4 lnP�* ��? Q "��� 4 �*�#} (G-20) 

 

Equation (G-18) and Equation (G-20) are used to calculate the radial displacements 

of the inner and outer radii, respectively, of a hollow cylinder exposed to a thermal 

load.  

 

Numerical validation of the outlined analytical approach 

Table G-1: Numerical versus analytical contact pressure 

Contact pressure Numerical Analytical Relative error 

Inner cylinder 1.029E+03 1.022E+03 0.70% 

Outer cylinder 1.028E+03 1.022E+03 0.62% 
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