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ABSTRACT 

Heat transfer and stress analysis in metallic and coated exhaust valves are performed by an adaptive-
space-time finite element method. Results indicated that coatings of ordinary thickness cannot protect a 
coated valve operating in an uncooled engine. A new approach for designing the inner geometry of the 
metallic part in a coated hollow valve is presented. The purpose of the cavity is changed from cooling to 
insulating. Controlling the valve temperature and the heat flows out is done by changing the geometry of 
the cavity. The optimum is sought between the hollow geometry of the valve and its coating thickness 
while the outer geometry is that of an ordinary valve. Exhaust valves with optimal geometry are presented. 
A reduction of 40% of the heat flows out is obtained, compared to the heat flows out from a metallic 
valve operating in a cooled engine. By comparison, reduction of the heat flows out from a coated, ordinary 
geometry valve amounts to only 20%. 
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NOMENCLATURE 

A finite element assembly operator Q heat loss 
c specific heat r radial coordinate 
f right hand side vector t time 
G solution domain T exact solution for temperature 
h heat transfer coefficient; coating thickness w weighting function 
K coefficient matrix z axial coordinate 
L axial thickness (defining the geometry of 

the valve cavity) 
n unit normal vector Greek letters 
ndof number of degrees of freedom α 'switching' parameter in the analytic 
nel number of elements model 
nen number of element nodes ∆T temperature increment 
N basis function Φ angle (defining the geometry of the valve 
P1, P2 optimization parameters cavity) 
p polynomial degree in the time and space Γ boundary 

directions η refinement indicator 
q heat flux vector K thermal conductivity 
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ρ density m metal, refinement level 
Ω space domain in the meridional cross Ref reference value 

section ∞ surrounding temperature 

Subscript Superscripts 
air air cooled surfaces conditions ~ approximate value 
c coating e element level 
f, u water cooled surfaces conditions h finite element approximation 
gas valve head facing combustion chamber n nth time step 

conditions 0 initial condition 
s, j exhaust gas conditions - average value 

INTRODUCTION 

Intensive research for the insulation of internal combustion engines was done during the early 
1970s as part of the adiabatic engine concept. Insulation with ceramic coating enables a reduction 
of the metal parts temperature and increases the thermal efficiency of the engine. Ceramic coatings 
lead to temperature reduction in high engine loads, while in low engine loads it seems to have 
only a marginal effect on the temperature1. A fully insulated diesel engine was built by Cummins 
as part of the TACOM (Tank Automotive Command) project. The inner parts of the engine 
were coated with a 0.1 in layer of PSZ (Partially Stabilized Zirconia). This engine was operated 
without the cooling system2. 

One of the main disadvantages of the adiabatic engines concept is the limited coating thickness 
which can be obtained by present technology (1 mm approximately). In order to achieve good 
insulation a 5 mm coating thickness is required3. Analysis of the temperature field and the heat 
flows out from the inner parts of a diesel engine was carried out mainly in the following areas: 
(1) the iufluence of the ceramic coating on the temperature of metal parts and on the heat flows 
out through them; (2) the possibility of eliminating the cooling system by using ceramic coatings; 
(3) redesigning the metal parts together with ceramic coatings, in order to improve the mechanical 
performance of these parts. 

The purpose of the present work is to redesign a coated exhaust valve in order to minimize 
the heat flows out from it. An exhaust valve was chosen as a study case because it operates 
under difficult conditions. 

Thermal analysis, which includes heat flux and temperature field calculations at steady state 
from an uncooled valve, was performed using an electrical analogue4. The accuracy of the 
method was 2%. One of the earlier works dealing with numerical calculations of heat transfer 
through engine valves was carried out in Reference 5. A steady state thermal analysis of an 
uncoated regular valve was performed by a second order finite difference scheme. No optimal 
configurations were checked. Thermal analysis using a finite element method for the whole 
engine was carried out in Reference 6. 

Numerical work was carried out by Bertodo and Sivakumaran7 in order to evaluate the 
relation between the geometry of an uncoated valve and its stress field. An uncoated valve with 
an outer cavity in its centre was found to be a preferable configuration, and its maximum 
temperature was reduced by 50°C compared to a regular valve. The change in the heat transfer 
coefficient resulting from the change in geometry was not considered in that work. 

A finite element analysis was carried out in order to define the steady heat flow and temperature 
fields in a valve with a zirconia layer applied to its head. This layer was covered by a thin layer 
of nickel alloy sheet metal. 50% of the heat flow from the combustion chamber side of the valve 
was blocked8. The main valves used today are summarized in Reference 9. 

The above mentioned numerical works can be divided into two groups: the first deals with 



THERMAL OPTIMIZATION OF COATED VALVES 191 

optimization of the geometry of metal valves; the second deals with the correlation between 
ceramic coatings and the performance of valves. 

In the present work, a combination of these two concepts is presented. This involves redesigning 
the metal geometry of a coated valve in order to minimize the heat flows out from it and thus 
to achieve an optimal valve. The optimum was carried out under maximum allowed temperature 
and stress constraints. 

MATHEMATICAL FORMULATION 

Weak formulation 
The problem of heat transfer in an exhaust valve was solved for an axisymmetric configuration, 

under axisymmetric thermal loading (Figure 1) defined on a domain G such that: 
G = {(r,z,t):(r,z) t>0t} (1) 

where Ω is an area domain with a piecewise smooth boundary Γ = Γq Γi, Γq is a portion 
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of the boundary over which convection boundary conditions are prescribed. Γi is a portion of 
the boundary which is thermally isolated. x = (r, z) is a set of cylindrical coordinates in Ω. It 
is assumed that the metal and coating materials are homogeneous and isotropic and that the 
heat transfer between the valve and surroundings occurs by convection only. 

The energy equation in a cylindrical system of coordinates is given by: 

(2) 

The initial and boundary conditions are: 
Initial condition 

T(x,0t) = 0T(x) in 0Ω (3) 
Convection boundary condition 

(4) 

Isolation boundary condition 

(5) 

Applying the weighted residual method to (2)-(5) and Green's theorem both in space and time 
directions leads to the following weak formulation: 
Given 0T, and find such that: 

(6) 

where: 
= {wє H1 (G) | w(r, z, t) = 0, (r, z)є 0Ω} 

єH1(G)| =0T,(r,z)є0Ω} 

Space-time finite elements 
Applying the finite element method in space and time10,11, we first define at the nth time step 

a computational domain 
nG:= { ( x , t ) : x є Ω n - 1 t ≤ t ≤ n t } n = 1,2,... 

which is a subdomain of G, nt — nt is the time length of nG; the computational domain nG is 
broken up into nel elements in the space direction and one element in the time direction. The 
elements are of order p in each direction. The lower and upper time boundaries of the eth element 
defined on nGe are n-1Ωe and nΩe, respectively. The global approximation, defined on G is 
replaced in each element by an approximate variable Th which is defined on nGe. 

The space of approximation of the solution Th is taken to be a subspace Sh of consisting 
of all piecewise polynomials of degree ≤p such that: 

Sh = {ΦєH1(G),Φ|nGeєFp(nGe)}∩H1/E(G)} 
where Fp(nGe) is the space of all polynomials of degree ≤p on the element nGe. 

A weighting function wh is chosen, whose space is taken to be the subspace Wh of 
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consisting of all piecewise polynomials of degree ≤p such that: 
Wh = {ΦєH1(G), ΦnGeєFP(nGe)}∩ 

The finite element method applied to the weak formulation, (6), is as follows: 
find an approximate solution ThєSh such that: 

(8) 

Approximating the temperature at the eth element level by: 

(9) 

letting and substituting these expressions into (8) leads to the finite element formulation 
in the time and space directions. The basis functions were chosen to be trilinear and 
triquadratic polynomials. The numerical evaluation of the integrations in (8) is performed by 
employing the Gauss-Lobatto quadrature. This formulation leads to a set of algebraic equations 
which for the nth time level can be written as: 

KTh = fh (10) 
here the vector Th includes all the nodal points temperature values which are located in the 
space-time domain "G; the temperature values at the nodal points which belong to n-1Ω are 
evaluated from the previous time step, n — 1, or from initial conditions for the case n = 1; and 

(11) 

A is the finite element assembly operator and 

(12) 

The solution of the set of linear algebraic equations (10) was performed using a frontal solver12. 
The efficiency of this algorithm depends in which order the elements are numbered. A program, 
using Pina's algorithm13, was written in order to achieve an optimal renumbering of the elements. 
The computations are performed by the finite element code FEAST14 which is based on an 
adaptive space-time finite element program. 

The initial conditions were taken as a uniform spatial distribution of the temperature, 
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0T = 20°C. The treatment of the average boundary conditions was carried out4 for a 
medium-load 4-stroke diesel engine at 1500 rev/min and presented in Figure 1. For the uncooled 
engine, the boundary conditions within the cooling system were treated as free convection 
conditions. Within the cavity, insulation boundary conditions were assumed. A detailed analysis 
can be found in many works4,15. 

The approximate temperature field was used to calculate the thermal stress field within the 
valve. Using the virtual work principle16, the displacement field was calculated at each time 
step. The stress field was obtained by using the Hook's law for isotropic homogeneous materials. 

ADAPTIVE MESH 

In order to save CPU time and computer storage an adaptive mesh was used. The adaptive 
mesh concept enables an automatic local refinement of the mesh in those domains in which the 
discretization error is high. The refinement procedure is based upon a refinement indicator which 
indicates on those elements to be refined. 

Two adaptive mesh refinements have been tested: one is based on spatial redistribution of 
the nodal points at each time level (r-convergence). This can be done since according to 
formulation (8) the temperature can be approximated by discontinuous time finite elements. 
However, this approach needs a complicated procedure for projecting the approximate solution 
from the previous mesh onto the newly refined mesh. This process can yield highly distorted 
meshes. Alternatively, one can refine the mesh through subdividing all those elements in which 
the error indicator is greater than a given tolerance (h-type convergence). This approach yields 
meshes of elements having the same element aspect ratio and therefore, it has been finally adopted 
in the present study. A typical adaptive mesh for the valve is shown in Figure 2. Transition 
elements must be used since according to formulation (8), C0 continuity is required for the 
spatial approximation of the temperature. Six transition elements have been used (Figure 3). 
The basis functions for these elements were chosen according to Reference 17. 

A simple and effective error estimator should be considered for that problem. Zhu and 
Zeinkiewicz18 showed for an elasticity problem an estimator based on the differences between a 
discontinuous calculated stress vector, and an interpolated continuous stress vector, σ*. The 
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approximating equation is achieved by a weighted residual requirement for equality between 
the two vectors18. The same procedure can also be employed in the present study for the heat 
flux. Other error estimators can be considered and more details on that subject can be found 
in References 19-21. 

The refinement indicator in the present study was chosen as: 

(12) 

where К is the conductivity matrix. The integral in (12) is calculated exactly by using the Gauss 
quadrature. 

The relation of the discretization error to the smoothness of the solution enables the use of 
a refinement indicator which is related to the heat flux and yields an automatic mesh refinement 
in the high heat flow regions. This is important in the present work where the optimization 
process of the valve is based upon the heat flux. 

The adaptive procedure, for each time level, can be described as19: 
1. Define an initial mesh mM and compute the finite element solution mTh for this mesh (m = 0). 
2. Using mTh from the previous step compute the refinement indicator mηe, e = 1,2,..., nel 

in Ωh. 
3. Calculate the mean and standard deviation ms. 
4. Define refinement intervals on the distribution of element indicators by considering the 

intervals: 

where β represents the fraction of a standard deviation in each refinement interval. In the 
present study only one refinement interval which includes all the elements with indicators 
above the mean has been used. 

5. Project the solution mTh on the newly refined mesh m+1M. 
6. Calculate the temperature field m+1Th for the new mesh and assign m←m+ 1. 
7. Return to the second step and repeat the sequence of calculations until the mth refinement 

indicator is uniformly distributed in the spatial domain and the difference in solutions on 
successive meshes is small compared with a specified tolerance. 

Testing of the adaptive algorithm 
A two-dimensional steady state heat conduction problem was examined. The boundary 

conditions and the forcing terms were chosen such that the exact solution of the problem is: 
T(x,y) = e - x -e - 1 0 y (x,y)є]0, 1[ x ]0, 1[ (13) 

This solution has low gradients in the x direction and steep gradients in the y-direction (Figure 
4). It was chosen due to the fact that the physical problem is expected to produce a similar 
temperature distribution near the coating layer. The initial mesh is constructed from sixteen 
trilinear elements. The automatic refinement of the mesh according to the present algorithm is 
shown in Figure 5. The error norms ||e||0,G, ||e||1,G of the approximate solution in each mesh 
are presented in Table 1 where ||e||0,G, ||e||1,G are defined as: 
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Table 1 Normalized error norms reran number of 
degrees of freedom for the test problem 

ndof 

25 
42 
75 

146 

Mesh no. 

initial 
first adaptation 
second adaptation 
third adaptation 

||e||1,Ω 

0.172 
0.099 
0.054 
0.041 

||T||0,Ω 

0.166 
0.054 
0.036 
0.028 
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RESULTS 

Temperature field in a valve: cooled engine 
Coated and uncoated valves were considered in order to evaluate the correlation between the 

valve temperature and the coating thickness. An adaptive finite element mesh of an uncoated 
valve is presented in Figure 2. Average boundary conditions in the combustion chamber were 
used (Figure 1). A time dependent solution was calculated until the steady state temperature 
field was developed. The temperature field in an uncoated valve at different time levels, is shown 
in Figure 7. The location of the maximum temperature varied as a function of time. At steady 
state, the maximum temperature, Max(Th) = 598°C, was found to be on top of the axis of 
symmetry, which is located far from the cooling system. This result is used in this work as a 
reference value. 

In a coated valve, the temperature field was calculated using a range of coating thickness 
between 0.1 and 2.0 mm. The temperature field of a 0.5 mm coated valve is depicted in Figure 
8. The maximum temperature of the metal was reduced by 70°C compared to an uncoated valve. 
Generally, the maximum ceramic temperature was observed to be on the edge of the valve, 
independent of time or coating thickness, since, at this point the right angle of the edge causes 
maximum thickness and the edge is exposed to heat flux from both r and z directions. This 
local high temperature creates a large thermal gradient which reduces the reliability of the 
ceramic coating and causes thermal singular stresses, which can result in failure of the coating. 
Reduction of the maximum temperature by 40°C was possible by recalculating the 0.5 mm 
coating configuration with a fillet corner. 

Numerical calculations of the temperature field in valves of different coating thicknesses were 
performed in a similar way. A plot of the maximum temperatures versus coating thickness is 
presented in Figure 9. 
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Temperature field in a valve: uncooled engine 
Numerical solution. Elimination of the cooling system causes an increase in the metal 

temperature and should be compensated. The temperature field in an uncoated valve, working 
under uncooled engine conditions, was calculated in order to evaluate the valve temperature 
and its heat loss and to use these values for comparison purposes. The coating thickness required 
for the valve to operate in an uncooled engine was calculated. This was done under the constraint 
of the maximum allowable metal temperature. 

The initial conditions are the same as those which had been used in the cooled engine. 
Boundary conditions of natural air convection were assumed in the cooling system. The maximum 
temperature at steady state in an uncooled and uncoated valve was found to be 757°C (Figure 10). 

In order to find the influence of the coating thickness on the reduction of the metal temperature 
of the valve, the temperature in a coated valve with coating thicknesses of between 0.1 and 
2.0 mm was calculated. The maximum metal temperature of a 0.7 mm coated valve was calculated 
to be 722°C. This value is still higher than the limit of 598°C. The correlation between the metal 
temperature and coating thickness in an uncooled engine is shown in Figure 11. The reduction 
rate of the metal temperature decreased as a function of coating thickness and after 1 mm its 
influence on the maximum temperature reduction was very small. 

Analytic solution. From Figure 10 it can be seen that the heat transfer in a valve, which 
operates in an uncooled engine, occurs mainly in the z direction. This fact was used to find an 
analytic model, simplifying the solution of the problem. The following two models are presented: 
one based on a one-dimensional model (α = 0) and the second based on a fin model (a = 1) 
(Figure 12). 

In the coating, the temperature Tc satisfies: 

(15) 
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In the metal the temperature Tm satisfies: 

(16) 

On the interface between the metal and coating, where Ωm ∩ Ωc, the following conditions are 
imposed: 

(17) 

The maximum metal and coating temperatures were calculated using the above formulation. 
The results of the one-dimensional model were higher than expected because this model neglects 
the heat loss from the fillet surface of the valve. Better results were obtained by the fin model 
which takes into account this heat loss (Table 2). These results show the good correlation between 
the analytic and the numerical models for the uncooled valve conditions. The analytic solution 
can be used in a preliminary design process only (e.g. as a first estimate of the maximum 
temperature within a coated valve). 

OPTIMAL VALVE 

It can be seen from the above temperature results for a regular valve that a ceramic coating 
cannot provide thermal protection of the metal parts in an uncooled engine under the limitation 
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Table 2 Temperature comparison based upon analytic and numerical solutions 

Coating 
thickness 
(mm) 

0.5 
0.7 
1.2 
2.0 

TΩc∩m 

726 
722 
718 
710 

Numerical model 
temperatures (°C) 

TΓ1 

795 
810 
838 
869 

Analytic model temperatures (°C) 

TΩc∩m 

762 
752 
732 
729 

α = 1 

TΓ1 

820 
828 
843 
871 

α = 0 

TΩc∩m 

827 
815 
784 
740 

TΓ1 

860 
867 
870 
870 

of a 2 mm coating thickness. This result leads to the conclusion that the research on ceramic 
coatings must be concentrated in the following two main directions: 

(1) Use of ceramic coatings in cooled engines in order to reduce the metal temperature and 
thus enable the use of low quality metals. 

(2) Redesigning the metal configuration of a coated valve in order to reduce the flows out 
heat flux. This heat loss reduction will be in addition to that which was achieved by 
coating a regular valve. The temperature of this valve will not be reduced as compared 
to an uncoated valve. The latter aim can be achieved by using hollow values which exist 
in special kinds of engines. 

Usually the inner cavity is filled with sodium, which, by its motion, creates additional cooling15. 
The approach presented in this work is based on using hollow valves without sodium. Thus, 
the purpose of the cavity is changed from cooling to insulating. Controlling the valve temperature 
and the flows out heat flux is done by changing the geometry of the cavity. 

An optimal valve must satisfy the following conditions: (1) minimum heat loss through it; 
(2) changing the valve geometry will not cause any change in other parts of the engine; (3) the 
valve temperature will not exceed the temperature of the reference valve. The reference valve is 
defined as an uncoated valve without cavities which operates in a cooled engine (Figures 2 and 7). 
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Two parameters, P1 and P2, have been defined: 
P1.:= L/Rmax—the rate between the metal thickness of the upper part of the valve (L) and its 

maximum radius, Rmax (Figure 13). 
p2:= Φ/Φmax—the rate between the angle Φ and the angle of maximum closed cavity, Φmax 

(Figure 14). 

The analytic solution is based on a one-dimensional model which cannot take into account the 
geometrical complexity of the hollow valve. Therefore the present optimization process is based 
on the proposed finite element procedure. 

Variable P1 and P 2 = constant, h = 0.5 mm 
Variation of P1 was carried out in the range of 0.166-0.388. P2 was set at its minimal value 

(P2 =0.16) in order to reduce its influence on P1. The coating thickness, h, was set at 0.5 mm 
because this is the regular coating thickness which can be developed during one-pass spraying. 
First, a normalized heat flow was defined equal to the heat flows out from the valve divided by 
the heat flows out from the reference valve, i.e. Q/QRef. The normalized heat flow does not 
change with respect to P1. This can be explained by the fact that the heat transfer is mainly in 
the z direction, and changing P1 does not influence the length of the effective area for heat 
transfer. The maximum metal temperature (at point 4) versus P1 varies between 670°C and 700°C 
(Figure 13). These values, which are about 100°C higher than the temperature of the reference 
value, do not allow use of this configuration under the limitations of the optimization, as 
previously defined. 



202 U. ZRAHIA AND P. BAR-YOSEPH 

normalized heat loss (Q/QRef) was equal to 67%. For comparison, Q/QREF was equal to 80% 
in a regular coated valve without cavities (Figure 14b). The temperature field for an optimal 
valve is shown in Figure 15. 

Variable P2, P1 = constant, h = 0.9 mm 
Under the limitation of coating thickness, it is impossible to reduce P2 below the value of 

0.388 or the resulting normalized heat loss under 67%. The next step is to increase the coating 
thickness in order to obtain an optimal valve with higher efficiency. Setting h = 0.9 mm and 
reducing P2 in the same way as above, enables better results (Figure 16). The normalized heat 
loss was reduced to a value of 62% and the maximum metal temperature was found to be 603°C. 

The main valves which were tested are presented in Table 3. Choosing one of these valves 
depends on the design consideration in the following way. Valve 2 is chosen in order to allow 
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Table 3 Summary of main valves 

No. 

1 
2 
3 
4 

Valve type 

reference valve 
regular coated valve 

P1 

— 
— 
0.222 
0.222 

Valve parameters 

P2 

— 
— 
0.388 
0.16 

h (mm) 

0.0 
0.5 
0.5 
0.9 

Heat flows 
out from 
valve 
divided by 
heat flows 
out from 
reference 
valve 
Q/QRef (%) 

100 
80 
67 
62 

Maximal temperature in the 
metal part of the valve 
Tmax (°C) 

598 
531 
593 
603 
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the use of low quality metals. Valves 3 and 4 will be chosen in order to obtain high efficiency 
without reducing the metal temperature. The choice of any of these valves depends on mechanical 
considerations, i.e. the maximum allowed equivalent stress. 

HEAT FLUX OPTIMIZATION STRATEGY 

The mechanical-thermal design of an exhaust valve is summarized in the following flow chart 
(see Appendix). This algorithm was applied for a valve with the same properties as the previous 
valves. The stress fields for the optimized valve are shown in Figures 17a and b for two time 
levels. It is shown that the effect of the cavity on the magnitude of the maximum equivalent stress 
is negligible. A plot of the maximum equivalent stress versus the time is shown in Figure 18. 
The maximum stress profile is very similar both for regular and hollow valves. This is due to 
the fact that the high stresses are located at the interface between the metal and coating. Therefore, 
these stresses are mostly influenced by the mismatch in material properties and not from the 
geometry of the cavity. 

CONCLUDING REMARKS 

The following conclusions can be drawn: 
(1) Coating thickness: coatings of ordinary thickness cannot protect an exhaust valve operating 

in an uncooled engine. Thus, an optimum must be sought between the inner geometry 
(cavity) of the metal and thickness of the coating. 

(2) Cavity geometry: P1 has a negligible influence on the normalized heat loss through the 
valve and on its temperature. Reducing P2 enables one to decrease the heat loss from the 
valve while its maximum temperature is similar to this in the reference valve. Reduction 
by 40% of the heat flows out from an optimal valve is obtained, compared to the heat 
flows out from a metallic valve operating in a cooled engine, is obtained. By comparison, 
reduction by 20% of the heat flows out from an ordinary coated valve is obtained. 

(3) Stress analysis was performed for all the valves which were considered during the 
optimization process. The cavity within the coated valve has a negligible effect on the 
magnitude of the maximum stress within it. The region of high stresses is located at the 
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interface between the coating layer and the steel. This value is mostly influenced by the 
mismatch in the material properties. 

(4) The redesign of metallic parts combined with the use of ceramic coating allows higher 
efficiency of the coating's properties. This approach can be applied to other engine parts 
such as pistons. 

(5) The numerical solution has the following features: 
— The space-time convergence of the numerical solution has been examined for several 

test cases having analytic solutions. In all those cases the theoretical rate of convergence 
was confirmed. 

— The mesh refinement procedure based on the proposed refinement indicator is found 
to be very efficient for generating adaptive meshes which are similar to the optimal 
one based on using the true error indicator. 

— The present approach can be naturally extended for high order approximations by 
using the space-time spectral elements22. 

— The computatioual efficiency of the mesh refinement procedure can be increased by 
employing the switching function approach23. 

(6) Radiation from the sooting flame is an important fraction of the thermal load on an 
exhaust valve and thus should be considered24. The present model can be modified by 
replacing the convective boundary conditions with convection-radiation ones. However, 
it seems that the optimization trend will be similar to the one presented in this work. 

(7) The high efficiency of the present approach makes it an important tool for designing 
internal combustion engines. 
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