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Abstract

The application of new standards of pollutant gas emission restrictions has forced the motor-car industry to improve their level of knowledge
on heat transfers occurring between intermittent gas flows and exhaust system pipes. In this paper we present a study that we carried out in order
to estimate the heat transfer coefficient in exhaust pipes. We developed an experimental device which re-creates engine working conditions. This
experiment set up has been designed in order to check all assumptions of the theoretical model. Measurements are carried out with heat flux sensor,
gas temperature probes and pressure sensor in the entrance zone of a cylindrical exhaust pipe. First results show that the heat transfer coefficient
estimated in the case of an intermittent gas flow is higher than the one measured on a continuous flow with identical inlet conditions: same mass
flow and inlet temperature. Measurements show that, for a given flow rate, the intensification of the heat transfer due to the flow intermittency
corresponds to the eigen frequency of the exhaust pipe.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The application of new standards of pollutant gas emission
restrictions has forced the motorcar industry to improve their
catalytic exhaust system. In order to reduce the noxious gas
emission, the exhaust gas temperature must be maintained into
a specific range. Therefore, it becomes necessary to the well-
know interaction between gas and inner wall along the whole
exhaust system (from combustion chamber to monolith). Such
local information can be obtained from numerical simulations
computed on fluid mechanic solvers that take into account heat
transfers between gas flow and solid wall. Due to the complex
geometry of exhaust manifolds and the intermittent feature of
the gas flow, the viability of numerical results is not guaranteed.
Therefore, the majority of the work carried out on this subject
was of experimental nature.
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Up to now, the study of the fundamental mechanisms of heat
transfers between an intermittent gas flow and a wall, in the
case of the established periodic state, did not arouse interest.
Thus, all the works listed in the literature are industrial ones.
They essentially relate to the study of engine exhaust systems
[1–3]. Most of the authors noted that the values of heat transfer
coefficients measured on intermittent flows are higher than the
ones given, for the same Reynolds number, by the traditional
laws of forced convection. Therefore these authors introduced
a new coefficient named CAF (Convective Augmentation Fac-
tor) that characterizes the intensification of heat transfers due
to the intermittency of the flow [4,5]. One can note that, al-
though the studied flows are periodic steady-state ones, all of
these authors have only estimated average values of the heat
transfer coefficient. Nevertheless it is expected that this coeffi-
cient will present the form of a periodic temporal law with an
average value and a fluctuating one. Therefore the originality of
the present study is mainly due to the instantaneous character
of the heat transfer coefficient estimation.

This paper is divided into three parts. The first one deals
with the presentation of the method we have selected in or-



1666 A. Sorin et al. / International Journal of Thermal Sciences 47 (2008) 1665–1675
Nomenclature

Cv specific heat capacity . . . . . . . . . . . . . . . J kg−1 K−1

D diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

h heat transfer coefficient . . . . . . . . . . . . . W m−2 K−1

L length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

r radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

T fluid temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . K

S pipe cross section . . . . . . . . . . . . . . . . . . . . . . . . . . m2

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s

u velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m s−1

x axial position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m−1

Greek symbols

λ thermal conductivity . . . . . . . . . . . . . . . W m−1 K−1

θ temperature of the tube . . . . . . . . . . . . . . . . . . . . . . K
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

τ period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s

Subscripts

i inner
o outer
g gas
c thermocouple
w wall
der to estimate the heat transfer coefficient. It is based on a
coupled model which takes into account both conduction and
convection phenomena. This model makes it possible to calcu-
late for each section of the tube both the temperature in the wall
and the mixed-temperature of the gas. In the second part, we
present the new experimental device we designed for the needs
of the study. In this section, we are going to pay here a partic-
ular attention on the thermal metrology we used. The last part
of this paper deals with the estimation of the heat transfer coef-
ficient in itself. We then present an example of results obtained
on thermal transfers occurring between an intermittent gas flow
and exhaust tube walls.

2. The theoretical model: Measurement principle of heat
transfer coefficient

We develop a rather realistic model that deals with the char-
acteristic of the entry region of our experimental device for that
one controls the inlet conditions such as temperature and pres-
sure levels. The aim of this model is to apprehend the influence
of thermal and dynamical parameters of the experimental de-
vice on the heat transfer coefficient at the interface wall-flow in
the two different cases: the case of reference of a continuous gas
flow presenting some rate flow and the one of an established in-
termittent flow presenting a same mean rate flow. The estimated
value of heat transfer coefficient in the case of intermittent flow
is systematically compared to the convective heat transfer co-
efficient value measured on the continuous flow of reference
(same mean mass rate flow). The comparison is more appropri-
ate considering Nusselt number values. Before developing the
principle of measurement, we have some opening remarks to
make on the concept of heat transfer coefficient in the case of
intermittent flow.

2.1. Heat transfer at the interface wall–intermittent gas flow

In the case of periodic intermittent flows, one cannot find in
the literature a definition devoted to the heat transfer coefficient
at the wall that is the equivalent of the convection coefficient in
the case of continuous flows. In fact, there are no fundamental
studies on this kind of flows, neither in the field of the fluid me-
chanics nor on that of the heat transfer [6,7]. In the absence of
such a definition founded on theoretically established physical
bases or by the experimental observation, the authors retain the
model of conductance which allows the writing of a boundary
condition of third kind to characterize the transfer to the wall.
The few authors interested by the intermittent flows describe
the heat transfer at the wall by either a constant heat transfer
coefficient based on the mean mass flow rate or a heat transfer
coefficient depending of the crank angle. Indeed, the thermal
phenomena involved are highly dependent of the valve posi-
tion [3].

A heat transfer coefficient is defined in the case of the ther-
mal steady state. But it is commonly used for transient and
periodic regimes since the time-constant of boundary layer is
much smaller than the characteristic time of the studied system.
If it is not the case we can consider a time dependent thermal
conductance. It is the case in the present study. We do not need
to know what can be the mechanical and thermal events during
the share of the period when the valve is closed. These aspects
are difficult to control and in our priority, we are interested ini-
tially by the intensity of the heat transfer to the wall compared
to the transfer by convection having the same mean mass rate
flow. So, we simply define in the entrance zone a heat trans-
fer coefficient at the interface wall—intermittent flow h(x, t)

depending on time and axial position of dimension (W/m2/K)
such as:

h(x, t) = ϕ(x, t)

θ(ri , x, t) − Tf (x, t)
(1)

where ϕ(x, t) is the heat flux density (W/m2), θ(ri, t) the inner
surface temperature (K) and Tf (x, t) the reference temperature
that is the mixed-cup temperature of fluid (K) of the consid-
ered right section. Note that ϕ, θ and Tf are the main thermal
conditions at the interface and the difference temperature in the
denominator is always positive in the exhaust pipe application.
In established periodic regime, the heat flux density presents
two terms:

ϕ(x, t) = ϕ̄(x) + ϕ̃(x, t) (2)
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ϕ̄(x) is the mean term and ϕ̃(x, t) is the fluctuating one. This
last does not have a physical significance because its integral
over the period is null:

τ∫
0

ϕ̃(x, t)dt = 0 (3)

The coefficient h(x, t) is also periodic and present the same
characteristics:

h(x, t) = h̄(x) + h̃(x, t) (4)

where h̄(x) is the mean term and h̃(x, t) is the fluctuating one.
Starting from this consideration most of the authors are inter-
ested by the mean term h̄(x), which is used to define a mean
Nusselt number such as:

Nu = h̄D

λf

(5)

The definition of h̄(x) remains the same but can take another
form. Hemida [8] proposes the following expression:

h̄(x) = (λf /τ)

τ∫
0

ϕ dt/(T̄w − T̄g) (6)

where:

Tg = 1/τ

ṁ

τ∫
0

ϕ

(∫
S

ρf �nuT dS

)
dt (7)

on the basis of such a definition, h̄(x) is consistent with New-
ton’s law and with the resistance analogy developed for steady
state flows.

2.2. Model’s hypothesis

In order to estimate accurately h(xt) from temperature mea-
surements obtained on an experimental device that we have
designed and constructed, we consider a theoretical model that
describes the heat transfer in an exhaust pipe seat of an inter-
mittent or continuous hot gas flow. We retained the following
assumptions that are discussed farther:

1. The variations of the gas density are only due to the varia-
tions in its temperature.

2. The flow mixed-speed is the same in the whole tube.
3. The flow and heat transfers present an axial symmetry.
4. We neglect axial conduction in the flow.
5. We neglect axial conduction in the solid part of the model.

The temperature part θ depend on x only because h = h(x).
6. All materials present homogeneous and isotropic charac-

teristics.

Assumptions 1 and 2 were verified in [9,10] by solving a cou-
pled thermo-mechanic model. The 1D instantaneous compress-
ible Euler equations in the fluid and the energy equation in both
the fluid and the solid are solved. The solution of this prob-
lem shows that the pressure variation along the pipe represents
0.4% of the mean pressure value. Thus, the axial pressure gradi-
ent can be neglected. Hence, gas density variations are only due
to temperature variations. In the same way, it is shown that the
phase shift of the axial velocity is almost zero, and the amor-
tisement along the pipe is 1.8%. At any time, the axial velocity
along the pipe can be considered equal to the inlet velocity.

The experimental device has been conceived in order to cre-
ate an axisymmetric flow in the tube. So the third assumption is
experimentally verified.

Assumption 4 is consistent since the Peclet Number value
is greater than 200. That is the case when we consider the
mean value of the velocity to define the Reynolds number. The
range value of Reynolds number is between 17 000 and 30 000.
Prandlt number of air remains equal to 0.71. One can hold
another reasoning which consists in saying: when the valve
is closed, this assumption is still valid since the characteris-
tic diffusion time D2/a is greater than the intermittency period
τ : D2/a � τ .

Assumption 5 was validated in previous work. Bourouga et
al. [11] showed that in thermal entrance zone, in the restrictive
case of a lumped pipe insulated on the outside face, axial con-
duction is negligible as soon as the distance from the flow entry
is greater than one diameter. In the particular case of the present
study, this hypothesis remains valid: the test of validity was also
studied by Sorin and is presented in Ref. [9].

2.3. Model description

A general diagram of the model is represented on Fig. 1.
Considering the previous assumptions, the heat transfer in the
exhaust pipe can be modeled by the one-dimension conduction
equation in the solid part and by a one-dimension energy trans-
port equation in the gas flow. Considering the periodic regime
and these sets of equations are the following ones:

For ri � r � ro ∩ 0 � x � L

1

r

∂

∂r

(
λ(θ)

∂θ(r, x, t)

∂r

)
= Cρ(θ)

∂θ(r, x, t)

∂t
(8a)

λs(θ)
∂θ(r, x, t)

∂r

∣∣∣∣
r=ri

= hi(x, t)
(
θ(ri, x, t) − T (x, t)

)
(8b)

−λs(θ)
∂θ(r, x, t)

∂r

∣∣∣∣
r=ro

= ho(x)
(
θ(ro, x, t) − Tout

)
(8c)

θ(r, x, t + τ) = θ(r, x, t) Periodic condition (8d)

And for 0 � r � ri ∩ 0 � x � L

ρf

∂T (x, t)

∂t
+ ρf uinlet(t)

∂T (x, t)

∂x

= 4hi(x, t)

D(Cv)f

(
θ(ri, x, t) − T (x, t)

)
(8e)

T (0, t) = Tinlet (8f)

T (x, t + τ) = T (x, t) Periodic condition (8g)

The inlet velocity uinlet(t) imposes the periodicity of the prob-
lem. It is determined with the knowledge of the cross section
between the valve and its seat. The cross section depends on
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Fig. 1. Mathematic model.
the valve lift and the valve’s geometric parameters and can be
computed by formulas proposed by Heywood [3]. The valve lift
is measured in order to compute the cross section, and the gas
flow rate is considered proportional to this cross section.

The direct problem (8) is solved numerically using the finite
volume method. The numerical resolution needs an initial con-
dition that can be unspecified and problem (8) is solved as a
transient problem. Periodicity conditions (8d) and (8g) are used
as stop criteria for the computation of the solution.

The model needs the knowledge of the convective coefficient
ho(x) that prevails on the outer side of the tube. Thus it has to
be previously estimated from temperature measurements in the
wall by means of a one-dimension conductive model in steady
state.

2.4. The measurement principle

The measurement principle is founded on the analysis in es-
tablished periodic regime of the measured temperature fields
in the channel part and in the flow. This analysis is based on
the resolution of the inverse problem (8) describing the coupled
heat transfer in the exhaust pipe. The parameter to estimate is
the function hi(x, t). This estimation needs temperature mea-
surements in the solid that are carried out by means of heat
flux sensors at some well-chosen locations along the channel.
It needs also the temperature in the flow that is in measured at
the inlet and in the channel at the same right sections where are
implanted the heat flux sensors.

The inverse problem used to estimate hi(x, t) present in
Eqs. (8b) and (8e) is solved thanks to the conjugated gradi-
ent method [13]. This last is a global method that considers the
measurement of inlet temperature of the gas and measurements
of temperature wall in different points of the entrance zone.
The inversion procedure is tested and validated in the case of
a continuous flow [12]. In the case of the intermittent flow, we
observed that the solution of the inverse problem is very sen-
sitive to the noise of measurement. Therefore we have to well
design the experimental device and particularly the temperature
sensors in order to get the highest measurement quality.
2.5. Measurement errors

Our estimation of the heat transfer coefficient, as any ex-
perimental measurement, meets all of its interest only if it is
accompanied by an error analysis. We do not develop here the
whole methodology that led to the results of this analysis. We
just present its main ideas. For this calculation we make the as-
sumption that all the error sources have the same probability of
altering the estimation of the heat transfer coefficient. The er-
ror on the estimated parameter �h can then be written in the
following form:

�h =
√√√√ n∑

i=1

(
∂h

∂Pi

�Pi

)2

(9)

In the expression (9), Pi is the ith parameter on that h depends,
�Pi is its uncertainty and n the number of parameters.

It is necessary to distinguish two categories in these pa-
rameters. The first one gathers the sources of error related to
measurement. They are mainly the error sources related to tem-
perature measurement. The second one gathers the sources of
error on data such as error on thermal conductivity, on specific
heat and on sensors position. This last category is associated to
the error due to the indirect character of the estimation.

3. Experimental device

The experimental device was designed in order to meet the
following conditions: to check the basic assumptions of the
theoretical model, to allow an accurate control of the inlet con-
ditions and to recreate the working conditions of a real engine.
This experimental device is divided in two parts. In the first
one, we create and control a source of hot compressed air that
is used as the thermal excitation when we carry out measure-
ments. The second one is an exhaust pipe that is instrumented
with heat flux sensors, gas thermocouple probes and pressure
sensors. A general view of the experimental device is shown on
Fig. 2.
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Fig. 2. General view of the experimental device.
The first part is mainly composed of an air compressor, a gas
heater and a tank. The gas flow is realized with a pressure tank
equipped with a valve dragged by a camshaft. The volume of
the tank was calculated in order to have negligible variations of
pressure during experimental process. It was also insulated to
have a constant entry temperature of the gas flow. Note that it
is really important to control all inlet conditions of the gas flow
in order to be able to estimate their influence on heat transfers
on the inner tube interface. Therefore we use two regulation
systems in order to control the temperature and the pressure
level at the entry of the tube.

We present on Fig. 3, the second part of the experimental de-
vice that consists of a hollow cylinder made of aluminium that
has been instrumented. The instrumentation covers the entrance
region of the exhaust pipe over a length of ten diameters. The
geometric characteristics and properties of the pipe are given in
Table 1. Fluid properties are given in Table 2.

In order to estimate the heat transfer coefficient several sen-
sors and transducers are used to get the thermal information.
First, we use a mass flow transducer to measure the average
mass flow in the tube over a period. Next, we set up a temper-
ature and a pressure sensor in the cylinder in order to measure
the inlet conditions. A second pressure sensor next to the outlet
of the exhaust tube gives the measure of the average pressure in
the tube. A thermocouple is set up at the end of the tube next to
the diaphragm.
Both heat flux sensor and gas temperature probe have been
implanted in several suitable selected positions along the ex-
haust pipe. The measurements of the temperature in the solid
part and in the fluid flow are really fundamental. So we have
to choose the best way to realize these measurements. There-
fore we improve the temperature measurement in the solid part
by carrying out a theoretical study on the measurement error
due to the intrusive character of the thermal instrumentation by
thermocouple [9,10].

3.1. Heat flux and surface temperature measurement

A scheme of the heat flux sensor is given on Fig. 4. The sen-
sor is composed of two half cylinders made of the same material
as the channel. In order to estimate the heat flux that is assumed
to be one-dimensional according to the radius of the channel,
each sensor is equipped with three 50 µm diameter K-type ther-
mocouples. Hot junctions of thermocouples are located on the
axis of the sensor that follows the local radial direction of the
tube. The wires of thermocouples are in grooves of 120 µm
of width and depth. In order to minimize constriction effects,
the groove receiving the first thermocouple (nearest from the
surface to characterize) is machined at a distance of 8 groove di-
ameters away from the inner surface, as recommended by Sorin
et al. [14]. To reduce fin effects, the wires follow isothermal di-
rections normal to the radius of the tube on a distance of about
40 thermocouple diameters or more.
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Fig. 3. Instrumentation of the exhaust tube.

Table 1
Pipe properties

Diameter D

(m)
Length L

(m)
Thermal conductivity λ

(W m−1 K−1)

Density ρ

(kg m3)

Thermal diffusivity a

(m2 s−1)

0.03 0.6 200 2500 8.867e−5

Table 2
Gas properties

Thermal conductivity λ

(W m−1 K−1)

Density ρ

(kg m3)

Thermal diffusivity a

(m2 s−1)

Kinematic viscosity v

(m2 s−1)

0.04 0.73 5.4e−5 3.8e−5
3.2. Temperature flow measurement

In the same section where a heat flux sensor is implanted,
the mixed-temperature of the gas flow is measured on the axis
of the tube with a two-thermocouple probe. The temperature
measurement of the gas flow given by thermocouple is out of
phase and amortized compared to the real gas temperature. In
absence of radiation, the response of the thermocouple is a first
order filter that can be expressed by:

Tg = Tc + τ
dTc

dt
(10)

with

τ = ρccd
2

4Nuλg

= ρccd

4h

In order to compute the real gas temperature Tg , the time con-
stant τ must be estimated. τ varies with time throw h, and its
measurement remains difficult. Different techniques have been
set-up to evaluate τ , by means of two thermocouples probe
[15–17]. If two thermocouples with different sizes measure the
same temperature, their respective responses differ. For both
thermocouples it can be written that:{

Tg1 = Tc1 + τ1G1
Tg2 = Tc2 + τ2G2

(11)

with

Gi = ∂Tci

∂t
(i = 1,2)

Considering relation (11), we used Tagawa’s method that com-
putes the time constants of both thermocouples by minimizing
the standard deviation between the two estimated temperature
e = (Tg2 − Tg1)2. This can be expressed by:{

∂e
∂τ1

= 0
∂e = 0

(12)

∂τ2
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Fig. 4. Schema of the heat flux sensor.

Eqs. (11) leads to⎧⎪⎪⎨
⎪⎪⎩

τ1 = G1�T21G
2
2−G2�T21G1G2

G2
2G

2
1−G1G2

2

τ2 = G1�T21G1G2−G2�T21G
2
1

G2
2G

2
1−G1G2

2

(13)

with �T21 = Tc1 − Tc2.
Details of the calculation are given in Ref. [17]. Time con-

stants being known, the real gas temperature can be estimated.
We hence developed a gas temperature probe, composed of

two fine wire thermocouples of unequal diameter, which allow
us to estimate the real gas temperature without the systematic
error due to the thermal inertia of thermocouple. The diameters
of these thermocouples are 25 and 50 µm. They are placed in-
side a ceramic tube with a low thermal conductivity in order to
lower any fin effects. They are lead to the centre of the channel
by mean of a thin cylinder of 1 mm diameter.

4. Experimental process and first results

4.1. Measurement example

In this section devoted to experimental results, we present an
example of both solid and gas temperature measurements.

The following experiment was carried out for an average
mass airflow of 11 g/s. The thermal excitation period was set
to 0.08 s which corresponds to a camshaft speed of 750 Rpm.

On Fig. 5, we represent the temperature measurements ob-
tained thanks to the thermocouples we have set into the wall at
the axial position: x∗ = x/D = 2. D is the inner diameter of the
exhaust tube. These thermocouples are set up respectively at a
distance of 0.6, 2.5 and 4.4 mm from the inner surface of the
channel.

The fluctuations of temperature on the first thermocouple are
about 0.35 ◦C, one thus expects to note fluctuations of temper-
ature of about 0.5 ◦C at the surface. There is little noise in these
temperature measurements so one should be able to carry out
an estimation of the instantaneous heat transfer coefficient un-
der good conditions.

We also represented the position of the valve (opened/closed)
for the three periods. The x-axis represents the temporal vari-
able that was put in a dimensionless form as follows: t∗ = t/τ
where τ is the period of the excitation. One can note that the
deeper the thermocouple is, the more deadened and the more
out of phase its response is.

On Fig. 6, we represent the gas temperature we measured
on the axis of the tube in the same section as the previous one.
These measurements were carried out by means of a temper-
ature probe instrumented with two thermocouples of unequal
diameters. This figure shows how important the error due to the
thermal inertia of thermocouples is. Indeed, the thermocouple
that has the bigger diameter presents fluctuations which seem
to be more deadened and more out of phase than the other ther-
mocouple ones. Therefore, these results allow us to check well
that the thermocouple behaves as a low-pass filter [18]. We thus
use a technique that makes it possible to rebuild the instanta-
neous gas temperature suggested by Tagawa [17]. This rebuilt
temperature is represented with triangular shapes on the previ-
ous figure. Therefore we can conclude that if one carries out gas
temperature measurements by means of a single thermocouple
probe, he will obtain a level of error that can reach 10%.

From these measurements, the surface heat flux density and
surface temperature can be estimated. The surface heat flux
density and the surface temperature are respectively represented
on Figs. 7 and 8. As expected, a high increase in heat flux hap-
pens when the valve is open (dimensionless time <0.33). Note
that the mean value of heat flux density is about 40 kW/m2

and present a large peak-to-peak fluctuation going from 15
to 92 kW/m2. When the valve is closed (dimensionless time
>0.33), the heat flux decreases to a nearly constant heat flux.
The quality of this estimation is shown by the residuals at the
first thermocouple location, represented on Fig. 9. The resid-
uals are below 0.015 ◦C. This level value is very satisfactory
because it is lower than the temperature measurement accuracy.

Firstly, the post-processing of the results of measurement of
temperature fields in the wall and the flow is carried out by two
different methods. The first that is a global method, considers
only temperature measurement the inlet temperature in the fluid
in addition to the temperature measurements in the wall. The
reference temperature of the flow T (xj , t) appearing in the for-
mula (1) is then calculated. The inverse technique used is that
of the conjugated gradient. In the second method that is local,
the real gas temperature T (xj , t) is rebuilt by Tagawa’s method
from the recordings obtained by the two thermocouples probe
implanted in each instrumented section. The surface heat flux
density and temperature are estimated by the inverse method of
Beck by considering the recordings of temperature carried out
in the wall, on the level of the same cross-section of the chan-
nel.

The objective of the comparison is to test the relevance of
the estimation results of the coefficient of transfer. It can be
checked on Fig. 10. The heat transfer coefficient estimated by
means the retained model and considering the inverse technique
of the conjugated gradient is represented with square symbols.
The continuous line represents the local estimation of the heat
transfer coefficient. On observes that the heat transfer coef-
ficient estimated indifferently by one or the other method is
presented in the form of a local periodic function. It can be split
into a mean value and a fluctuation one. The heat transfer fluc-
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Fig. 5. Temperature measurement example in the solid part of the exhaust tube.

Fig. 6. An example of gas temperature measurement via a two thermocouples probe.
tuations take values from 30% below to 60% above the mean
value. This implies a noticeable thermal penetration depth that
has a strong influence on thermal wear of the exhaust pipe.

Note that both estimations of h(x, t) coefficient are in good
agreements. The two curves presenting the same shape are su-
perimposed. The difference between the mean values the two
estimations of the heat transfer coefficient is about 1.7%. This
agreement between both methods characterizes a good rele-
vance of the experimental approach. The advantage of the re-
tained global model is that the reference temperature in the flow
is estimated, whereas for the local estimation, it is a local tem-
perature at the centre of the measurement section. Moreover,
the retained model is time and cost economic in instrumenta-
tion since gas temperature probe are easily damaged by cyclic
load of intermittent flow.

Beyond the relevance test, the second method appeared
heavier to implement because of the difficulty of the measure-
ment of the gas temperature. The reason is that the two ther-
mocouples probe presents a weak resistance to the mechanical
loads induced by the intermittency of the flow.

4.2. Estimation of the heat transfer coefficient for an
intermittent gas flow

In this last subsection, we present the intensity of heat trans-
fer at the interface wall-intermittent flow. To highlight the influ-
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Fig. 7. Surface heat flux density for sensor C.

Fig. 8. Inner surface temperature for sensor C.

Fig. 9. Residuals at the location of the first thermocouple of sensor C.

ence of the flow intermittency on heat transfer coefficient, we
carry out a measurement, for the same experiment conditions on
a continuous flow: same inlet temperature and mass flow. The
comparison of the values Nusselt number values allows appre-
ciating the role of the flow intermittency.
Fig. 10. Instantaneous heat transfer coefficient estimated by both global and
Beck methods.

Fig. 11. Comparison of the estimated heat transfer coefficient for both continu-
ous and intermittent flows.

First, the reliability of the experimental device is tested by
comparing on Fig. 11 some obtained results with those obtained
by Boelter et al. [19] for similar experimental conditions.

We note that our results are close to those referring to the
abrupt-contraction entrance. However, it is important to note
that the studied configuration is different from all of those stud-
ied by Boelter. Indeed, in present case, we have an obstacle at
the inlet of the flow: the valve. We observe that the results we
obtained for 0 < x/Dint < 1 are higher than those of Boelter.
This can be explained by the particular position of the measure-
ment points and by the dynamics of the flow. Indeed, the valve
that we use has a seat angle of 45◦. Consequently the inlet ve-
locity vector forms an angle close to 45◦ with the x-axis. The
impact zone of the flow with the wall is thus around the axial
position x = Dint where we have set up two heat flux sensors.
It is well known that heat transfers increase around the impact
area of a flow. This explains the higher values of the heat trans-
fer coefficient we obtained. To check this assumption, it would
be necessary to get a representation of the instantaneous speed
field in the tube by means of PIV or LDV.
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Fig. 12. Comparison of continuous flow results with Boelter et al. ones [13].

On Fig. 12, we present the heat transfer coefficient estimated
successively for a continuous flow and for an intermittent flow.
For this last, we consider the mean value. These two estima-
tions were carried out under the same inlet conditions and with a
same mean mass flow. The two curves present globally the same
form. Therefore we conclude that the axial variations of the
heat transfer coefficient only depend on the geometry of the en-
try. However, we note that the Nusselt number values obtained
in both cases are rather different. Indeed, there is an increase
of approximately 30% on the average value of the heat trans-
fer coefficient when the flow is intermittent. When the valve
is open, the intermittent flow has a higher speed than the one
of its equivalent continuous flow. Therefore, the thickness of
boundary layer is weaker in this case and there are higher heat
transfers towards the wall. When the valve is closed, it is dif-
ficult to predict the behavior of the fluid. Does the closing of
the valve induce an oscillation of the fluid in the channel? It is
not easy to answer to this question. But if the velocity vanishes,
the boundary layer vanishes also and heat transfers would be, in
this case, due to conductive phenomenon. Considering the es-
timation results, one can note, as Heywood [3] did, that these
latter are not negligible.

On Fig. 13, one observes that the curve of the intensifica-
tion of the heat transfers related to the intermittency of the flow
presents very significant variations according to the frequency
of the intermittency. In the considered field of value, if one ex-
cludes the result corresponding to 8.33 Hz, one observes that
intensification by intermittency in the flow grows, passes by a
maximum that is around 14 Hz then decrease until a frequency
of 25 Hz. This maximum of the increase of the heat transfer co-
efficient due to the intermittency in the flow is about 42% of the
value of the convection coefficient, estimated in the case of the
continuous flow.

This result confirms those of the bibliography concerning
heat transfer in intermittent flow [3,4] studied on real engines.
The original result of the present study is that the peak of in-
crease happens at the device mechanical resonance frequency.
This result differs from the results known for pulsating flow. In-
deed, the maximum of the increase of heat transfer for pulsating
Fig. 13. Comparison of the estimated Nusselt numbers for both continuous and
intermittent flows.

flow happen at the acoustic pulsating flow. This may be also the
case for intermittent flow, but the frequency range of interest
is far from the pipe acoustic resonance. Anyway, one can thus
suppose that if we use a thermal excitation which has a profile
no far from a crenel, we will excite almost all the spectrum of
the frequencies and, in particular, the device mechanical reso-
nance one. Finally, the higher the amplitude of the excitation
associated to the device resonance frequency is, the more the
heat transfers increase.

5. Conclusion

We presented an original experimental approach aimed to
study the solid–fluid interaction in the case of an intermittent
gas flow. The experimental device is designed and constructed
to re-create the main features of the compressible flow in en-
gines.

The direct model describing the coupled problem makes it
possible to develop an inverse problem in order to estimate heat
transfer coefficient without any extra temperature sensor in the
gas flow. We have carried out some experiments in order to
check the reliability of our experimental device. Our first es-
timation for a continuous flow shows agreements with Boelter
data. We have checked the relevance of our estimation by the
means of a second inverse method developed by Beck.

The present results show that the intermittent feature of the
flow does not change the repartition of the mean heat transfer
coefficient in the entry region. However, it begets an increase
of about 30% in its value. Measurements show that, for a given
flow rate, the intensification of the heat transfer due to the flow
intermittency corresponds to the eigen frequency of the exhaust
pipe.
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