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Abstract: One interesting application of system identification method is to identify and control the
heat transfer from the exhaust valve to the seat to keep away the valve from being damaged. In this
study, two co-axial cylindrical specimens are used as exhaust valve and its seat. Using the measured
temperatures at different locations of the specimens and with a semi-analytical method, the
temperature distribution of the specimens is calculated and consequently, the thermal contact
conductance is calculated. By applying the system identification method and having the temperatures
at both sides of the contact surface, the temperature transfer function is calculated. With regard to the
fact that the thermal contact has nonlinear behavior, two nonlinear black-box models called nonlinear
ARX and NLN Hammerstein-Wiener models are taken for accurate estimation. Results show that the
NLN Hammerstein-Wiener models with wavelet network nonlinear estimator is the best.
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INTRODUCTION

Internal combustion engines generate exhaust gases
with extremely high temperatures. When these hot
gases exit through the exhaust valve, the valve gets high
temperature. In order to avoid any damage to the
engine, the heat is removed from the exhaust valve and
led to the seat when they come into contact with each
other during the opening and the closing of the exhaust
valve. Furthermore, the exhaust valve temperature
distribution and the removed heat have a significant
effect on engine performance!").

The Engine Control Unit (ECU) monitors the
coolant temperature, engine load, throttle position,
engine speed and knock sensor to regulate the fuel and
cooling processes. To increase the engine's thermal
efficiency, the ECU requires a model that estimates the
thermal behavior of the engine cylinder components.
The ultimate goal for the researchers is to create a
model with higher operating within the cylinder without
damaging any components. Therefore a mathematical
model is necessary to describe the thermal behavior of
the exhaust valve with attention focused on periodic
contact resistance!' .

A theoretical study is made by Howard™, who
considered heat transfer in a mathematical model
comprising two identical bars of material of length, I,

whose longitudinal axes are in line and whose adjacent
ends could be brought into contact and separated
cyclically. An inverse heat conduction method for
determining the periodically time-varying thermal
contact conductance between two periodically
contacting surfaces is presented by Flach and Ozisik!!.
The technique is based on solving two single-region
inverse problems for the contact surface temperature
and heat flux of each solid. Vick and Ozisik"! utilized
the finite integral transform technique to obtain quasi-
steady-state solutions for the problem of two
periodically contacting finite regions with imperfect
thermal contact at the interface. This study focused on
the effects of contact duration, thermal contact
conductance, thermal conductivity and thermal
diffusivity on the temperature distribution across two
contacting  surfaces. ~ Moses and  Johnson!®
experimentally examined the problem of periodically
contacting similar metal surfaces and obtained results
that are comparable in both form and magnitude to
those of Vick and Ozisik. Moses and Johnson!”! also
experimentally examined the approach to the quasi-
steady-state condition for similar metallic surfaces in
periodic contact, focusing on the behavior of the
thermal contact conductance during the contact portion
of a cycle and on the number of cycles required to reach
a quasi-steady state condition. The experimentally
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obtained temperature distributions from Moses and
Johnson also are examined by Beck as an example of a
parameter and function estimation technique for the
inverse heat conduction problem. Dodd and Moses!™
extended this set of experiments to consider periodic
contacts between aluminum and stainless steel. Results
for this single case of periodic contact between
dissimilar metals indicated that the same transient
behavior of the thermal contact conductance is
observed for all metal pairs.

In internal combustion engine, Huang and Ju'”
employed the conjugate gradient method to solve the
inverse problem and determine the periodic thermal
contact conductance as a function of time between the
exhaust valve and seat. Couedel e al.!'” conducted an
experimental study, which measured in situ the
temperature field of an actual valve-seat configuration
under periodic contact. Their experimental parameters
included periodic frequencies that ranged between
5 and 25 Hz, which corresponds to engine speed
between 600 and 3000 rpm. The results from
experimental setup indicated that the thermal contact
conductance is highly dependent on the rotational
frequency of the internal combustion engine and that
the mean (time-averaged) and periodic temperature
field can be measured by the use of an integrating
voltmeter and some extremely fast instrumentation. In
addition, the thermocouples must be positioned close to
the valve-seat interface to obtain efficient
measurement of the oscillating temperature fields.
Shojacefard et al® used a new method as system
identification to estimate the valve temperature based
on seat temperature.

Although significant progress has been made to
estimate the heat transfer (thermal contact conductance)
between exhaust valve and its seat and the exhaust
valve temperature, we are still far from coherent,
calculated and accurate temperature distribution of the
exhaust valve. Note that all researchers have
investigated this study using two co-axial cylindrical
specimens. Thus, the obtained results are extremely
useful as a baseline to investigate the thermal contact
problem in a complex exhaust valve of internal
combustion engine.

The main challenge in the measurement of the
interface temperature and the calculation of heat
transfer from the exhaust valve into its seat is that
simulation of the thermocouple is very difficult at the
interface near the valve. Due to high temperature of the
valve and high motion, strong noise is produced. In this
case, the system identification method is found to be the
best method that can meet our need.

System identification is the process of developing
or improving a mathematical model of a physical
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system using experimental data. System identification
is especially useful for modeling systems that you
cannot easily represent in terms of first principles.
Therefore, the objective of this study is to estimate the
temperature of exhaust valve, the transient thermal
contact conductance or heat transfer in the contact
surfaces between the exhaust valve and its seat using
nonlinear models of system identification.

ESTIMATION PROCEDURE

The purpose of this study is to estimate the
temperatures at contact surface of two cylindrical
specimens using the system identification method and
then calculating the transient thermal contact
conductance, to calculate the heat transfer at contact
surface in transient process. In this case, the heat flux is
known at the boundary. The ultimate goal and the
extension of this work are to apply these results to
internal combustion engines. The measurement and
estimation of the exhaust valve temperature and thermal
contact conductance is extremely difficult in internal
combustion engines for thermal management. A
computational model can be created by finding transfer
function using the system identification method. By
applying the contact surface temperature of the seat as
input, the contact surface temperature of exhaust valve
can be estimated as output with high accuracy.
Accordingly, by applying the seat temperature as input,
the thermal contact conductance can be determined
with high accuracy.

To accomplish this, an experimental apparatus is
designed and developed to achieve the objective. To
model the surface temperature, thermal contact
conductance and heat flux values accurately, the spatial
measurements must be closed to the contact surfaces
since the transient effects are not accounted for by
extrapolation method. The minimum distance between
temperature sensor and the contact surface is limited by
manufacturing limitations. Also, care must be taken not
to disturb the surface characteristics by installing the
sensor too close to the surface. Due to rapid and
significant number of contacts, the temperature sensor
can not be mounted close to the contact surfaces'”.
Consequently, an improved method (system
identification) is needed to estimate the instantaneous
thermal contact conductance is needed to detect fast
periodic variation at the contact surface conditions!'").

MEASUREMENT PROCEDURE

The experimental apparatus shown in Fig. 1
consists of two specimens with one of the non-
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Fig. 1a: Test setup
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Fig. 1b: Schematic diagram of the apparatus

contacting ends held at a fixed temperature controlled
by an ice-water reservoir. The other non-contacting
ends held at constant heat flux using an electric heater.
The two specimens are suspended by a spring and are
free to slide along the two Teflon sleeves to reduce
friction and binding at the sliding contact. The Teflon is
cut to allow thermocouple to access and move freely in
a vertical direction as the surfaces come in and out of
contact. The adjacent ends are brought into contact and
are separated cyclically. This approach of a camshaft is
capable to change various rotational velocities by a
selectable speed DC electro-motor, which is located
above the upper specimen.

The contact surfaces are clean. On the other hand,
the contact surfaces are free of coatings or surface
oxidation. Two K-type thermocouples are located on
the centerline of each specimen at 2.0 c¢cm intervals for
4.0 cm of each specimen adjacent to the contact
surface. One additional K-type thermocouple is located
on the specimen centerline at 0.05 cm from the contact
surface. These thermocoupleare selected because the
range of measurement of the K-type thermocouple is

Table 1: Measured temperatures

Time (min) TCL (°C) Tat(°C)  AT(°C)  AT/TCLx100
20 413 40.4 0.9 2.18
40 156.1 153.6 2.5 1.60
60 208.9 205.7 32 1.53
80 2242 2219 23 1.02
100 2759 271.1 48 1.74

wider and the percentage of its error is less than the
other such as T-type thermocouple. In this transient
heat transfer at the start of experiment, the hot specimen
is heated by an electrical heater (installed at the end of
specimen), then the cold specimen starting to warm up
by the hot specimen until it reaches steady state
condition. During the experiment, we used the variable
transformer device to control the heating power of
electric heater. The generated noises in experiment are
due to environment factors and apparatus such as
thermocouples, A/D board, electric current, etc. The
data acquisition system includes an Intel PC/Pentium II
computer, a monolithic thermocouple amplifier with
cold junction compensation (AD594A with 8 terminals)
and a signal DC power supply. AD544A board can
amplify 10 mvolt analog signals up to +5 to 15 Volts
and multiplex 8 differential analog signals to one A/D
input channel. The data-sampling program is written
using Borland C Programming language on the
windows platform.

The heat transfer through the specimens is assumed
to be one-dimensional by neglecting the transverse heat
transfer and perfect insulation of the specimens. Initial
results indicated that, the heat transfer down the
specimen was one dimensional. Some of these
temperature measurements are given in table 1 for the
case of measurements at a distance of 2.0 cm from the
contact surface. At this location on the test specimen, it
is seen that the maximum difference between the center
line temperature (TCL) and the surface temperature
(Tswp) is 4.8 (°C) on the heated specimen. This
difference represents up to 1.74% of any single
temperature measurement used in the computation.
Therefore, the heat flow in the test specimen is nearly
one-dimensional and the radial conduction heat losses
are negligible.

The test specimens are cylindrical in shape with a
diameter of 0.8 cm and a length of 20 cm. The holes are
drilled perpendicular to each specimen’s axis of
symmetry. They are located on the center line of each
specimen. The surfaces of the cylindrical test specimens
are machined in order to obtain surfaces having small
roughness about 4.7 pum for steel. Thermophysical
properties of specimens are shown in Table 2 at 300 K.
It should be noted that with increasing the temperature
to 800 K, these properties do not vary significantly.
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Table 2: Properties of specimens at 300 K

Material Steel
Conductivity [W/m® K] 37.7
Density [kg/m’ | 7822
Specific heat [J/kg.K] 444
Surface roughness (pm) 4.7
Length (m) 0.20
Reservoir temperature (°C) 0.0

Thus, properties of specimens at 300 K are used for
calculations.

The temperatures obtained from thermocouples,
which is located in each specimen, are used to estimate
the thermal contact conductance and heat flux at the
interface. It is assumed that the temperature drop on
both contact surfaces of the specimens (Fig. 1) is
defined by:

AT, =T, - T, (K) )

Thus, the thermal contact conductance is
determined using the following equation:

h=q/AT, (Wm?K) 2

where, q is the heat flux through contact surface. T
and T, are the temperatures of contact surfaces and
they are estimated by the nonlinear models of system
identification method.

The transient heat flux values can be calculated
using the temperature gradient and the thermal
conductivity of the heat flux meter material. Fourier’s
law of heat conduction is used to determine the thermal
conductivity of the test specimens from the measured
heat flux and the known specimen dimensions. The top
heat flux meter gives the heat supplied to the test
specimen and the bottom heat flux meter gives the heat
removed from the test specimen. It is observed that the
heat flux in the top flux meter is more than that in the
bottom flux meter. This is due to the radiation from the
specimen. Therefore, the average heat flux value across
the contact surface is used for calculations!'?),

The thermal power of heater is about 300 W. For
these experiments, the specimens are held together
under constant pressure. The mean interface pressure is
approximately equal to 50 kPa. Therefore, using the
obtained experiments data and system identification
method, the transfer function can be identified to
predict the contact surface temperatures and calculate
the thermal contact conductance.

IDENTIFICATION METHOD

Since the details of the method have already been
documented™, only a brief presentation of the notation
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Fig. 2: System identification flowchart

is given here in order to provide the starting point for
the present extended analysis.

Concept: System identification is the process of
developing or improving a mathematical model of a
physical system using experimental data. System
identification is especially useful for modeling systems
that you cannot easily represent in terms of first
principles. This is accomplished by adjusting
parameters within a given model until the result
matches relatively well with the measured data. Model
validation can be carried out by using a separate set of
data, which differs from estimating data, to evaluate the
model's properties and for validation purpose. The
procedure to model a dynamical system is shown in
Fig. 2.

Shojaefard and  Noorpoor analytically
estimated the temperature of contact surfaces with
system identification method. They only used the linear
models that comprised the auto regressive (ARX) and
the auto regressive moving average (ARMAX) models
based on different equations and all types of linear
state-space models. They concluded that the ARMAX
model matches rather well.

The thermal contact problems such as thermal
contact between exhaust valve and its seat has nonlinear
behavior. To capture the significant dynamics of this
kind of physical system, nonlinear models are used. In
this paper, two nonlinear black-box models including
nonlinear ARX and Hammerstein-Wiener models for
accurate estimation are applied.

[2,12]

Models structure: For parametric models, the model
structure should be specified. If inputs, outputs and
disturbances are u, y and e, respectively, their
relationship can be shown in Fig. 3.
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l e(t)

System

} y(t)

Note that disturbance may be due to corrupted
input-output data and normally is entirely
unpredictable. They are swept sine and white noise.
Note that the white noise is a combination of different
frequencies.

All nonlinear dynamic input/output models can be
written in the form'*:

u(t) [

Fig. 3: Dynamic system

y(k) = F(u(k)) (3)
where, F is a nonlinear regression function and the
regression vector, u(k) can contain previous and
possibly current process inputs, previous process or
model outputs and previous prediction errors.

Nonlinear ARX structure: The nonlinear ARX
structure models dynamic systems using a parallel
combination of nonlinear and linear blocks (Fig. 4). The
nonlinear and linear functions are expressed in terms of
variables called regressors, which are functions of
measured input-output data. The predicted output y(t)
of a nonlinear model at time t is given by the following
general equation'':

y() = F(x(1)) 4
where, x(t) represents the regressors. F is a nonlinear
regression function, which is approximated by the
nonlinearity estimators. The function F can include both
linear and nonlinear functions of x(t). We can specify
which regressors to use inputs to the nonlinear block.

The following equation provides a general description
of F:

F(x) = ZakK(Bk x-7)) Q)

where, « is the unit nonlinear function, d is the number
of nonlinearity units and oy, Px and 7y, are the
parameters of the nonlinearity estimator. The model
orders n,, n, and n. must specify for computing
standard regressors.

Hammerstein-wiener structure: The Hammerstein-
Wiener structure models dynamic systems using up to
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Fig. 5: NLN hammerstein-wiener model

two static nonlinear blocks in series with a linear block
(Fig. 5). In a process control environment, this model
can be motivated by considering that the input
nonlinear block fj(u) represents actuator nonlinearity
and the output nonlinear block f|(u) represents process
nonlinearity. Mathematically, because the model
includes both the Hammerstein model and the Wiener
model™' as its special cases, it will approximate
nonlinear systems better than either of these two
models. Note that the disturbance e(t) enters the process
before the output nonlinearity.

The equations that describe the NLN model in
Fig. 5 are:

o(t) =F(u(t)) (6a)
_B@

x(t) = @ o(t) (6b)

y(t) =h(x(t)) (6¢)

where, u(t) and y(t) are the inputs and outputs for the
system, respectively. F and h are nonlinear functions
corresponding to the input and output nonlinearities,
respectively. w(t) and x(t) are internal variables. w(t)
has the same dimension as u(t). x(t) has the same
dimension as y(t). q is the shift operator and B(q) and
F(q) in the linear dynamic block are polynomials in the
backward shift operator, as described in definition of
polynomial models.

The nonlinear functions will be parameterized
using cubic splines and the linear block with the
disturbance will be parameterized using a Box-Jenkins
model*,

RESULTS AND DISCUSSION
In this research, we carry out this procedure for

estimating thermal contact conductance using nonlinear
models.
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Fig. 6: The system with two-input and two-output for
estimating h,
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Fig. 7b: Input 2 and output signal

Two temperatures away from contact surfaces as
inputs and thermal contact conductance as output are
considered, their relationship can be shown in Fig. 6.

In Fig. 6, To and T as input signals are
instantaneous temperatures away from contact surfaces
of A and B specimens respectively, h, as output signal
is time varying thermal contact conductance (Fig. 6).
Also, the input and output signal plots for choosing best
model are shown in Fig. 7.
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Fig. 8b: Comparisons between several different models
for estimation thermal contact conductance

Table 3: Models properties and comparison between the measured
and estimated results

Model Loss function FPE Best fit %
Nonlinear ARX 544.18 585.1 86.08
Hammerstein 12066.2 1.262x10* 86.52
Wiener 1.09%x10* 1.129x10* 87.65
Hammerstein-wiener 9825 1.129x10* 87.84

Thermal contact conductance is obtained from
nonlinear models in comparison with results of other
researchers shown in Fig. 8. Table 3 shows model
properties such as loss function, FPE and the
percentage of the difference between the model
structure and measured data.

According to Table 3, in comparison between the
percentage of the difference of the model structures and
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Table 4: Comparison of the model validation (the system with two-
input and one-output)

The percentage of the output that the

Input signal model reproduces (Best fit %)

Estimation data (q; =300 W)
Validation data (q, = 400 W)

87.19
86.37

measured data, the Hammerstein-Wiener model has
best fit with 87.84% and the nonlinear ARX model has
lowest fit with 86.08% between the measured and
estimated results. It is clear that the difference between
the percentages of the different models is not very high,
therefore, we can use all the above-mentioned models
for estimating surface temperatures.

Finally, the Hammerstein-Wiener model with
Wavelet Network nonlinearity estimator is chosen.
According to the linear block, orders B, F and the first
and second input delays of the linear model are n, = 2,
ne=3, ny; = 1 and ny, = 1, respectively.

The last step of the system identification procedure
is the wvalidation of the estimated model. After
estimating, the model should be validated to determine
whether the model can reproduce system behavior by
estimating within acceptable bounds.

The selection of model structure and their orders is
the main purpose. The selection of model structure
depends on nonlinear effects in the system, system
properties and prior knowledge of the system. The
second purpose is selection of the model orders. The
model orders were determined by some tests before and
after estimation. In this paper, the second approach or
tests after estimation is used. After estimation the best
model by using the series of experimental data, another
series of data is used for validating. In fact, another
input data is given to the system and the model and
their outputs are compared. The model is validated
using a new data set, this process is called cross-
validation. In other words, by using the Hammerstein-
Wiener model (the best model) and the new input
signals, T, and Ty and comparing new estimated
output, h,, with the measured outputs. Results are
shown in Table 4. According to Table 4, the
Hammerstein-Wiener model estimates the thermal
contact conductance with high accuracy and has an
agreement with results of actual output of experiment.

CONCLUSION

The system identification method is an excellent
method to estimate the heat transfer across the contact
surfaces or thermal contact conductance with high
accuracy. In this method, using the calculated transfer
function and knowing the temperatures of specimens,
the thermal contact conductance is estimated. One of
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the advantages of this method is that no prior
information of the variation of the unknown quantities
is needed since the solution automatically determines
the functional forms over a specified domain. The most
common nonlinear block-box parametric models,
Hammerstein-Wiener and Nonlinear ARX, are
examined.

This method can be utilized for the estimation of
thermal contact conductance, which is extremely
difficult to measure. By using the calculated transfer
function, a computational model can be created. By
assigning the temperatures of specimens as inputs, the
heat transfer across contact surfaces can be estimated.
The ultimate results are shown that the Hammerstein-
Wiener models have the great ability to control heat
flux through contacting surfaces.

Therefore, this method can be used efficiently for
estimating online heat flux across contacting surfaces
especially in thermal contact between exhaust valve and
its seat of internal combustion engines.
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