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Heat exchangers are designed (configuration, flow rates, size and number of passage sections,..etc) for meeting given specifications based on space and energy constraints.

During operation, several events can degrade the thermal behavior of the heat exchanger. It can be the apparition of fouling, that is the deposition of solid insulating layers over the inner surface of its walls, which modifies the nominal operating point of the heat exchanger [START_REF] Bott | Fouling of heat exchangers[END_REF]. A non-uniform distribution of the flow between several parallel channels, a phenomenon defined as maldistribution [START_REF] Mueller | Review of various types of maldistribution in heat exchangers[END_REF], can also have negative effects on heat transfer. This stems either from design conditions with an improper header configuration, or from passage-to-passage manufacturing defects in the case of highly compact heat exchangers [START_REF] Dabrowski | Selected studies of flow maldistribution in a minichannel plate heat exchanger[END_REF], [START_REF] Wen | Study of flow distribution and its improvement on the header of plate-fin heat exchanger[END_REF]. In these types of exchangers, fouling by particle blocking can also generate maldistribution [START_REF] Schoenitz | Fouling in microstructured devices: a review[END_REF]. In a very obvious manner, a variation of the flowrate of one fluid may also affect the operation of the heat exchanger.

A major challenge in the management of heat exchangers is the early detection of the above described phenomena and of their consequences on heat transfer. Their quantification constitutes a further step. Quantification is always more difficult than detection because a model is required for defining a corresponding pertinent index that has to be calculated from experimental temperature and mass or volumetric flowrates.

One of the methods for detecting fouling, maldistribution or a flowrate decrease is based on the decrease of the overall heat transfer coefficient. In some configurations, this method is not precise enough. This can be explained by the fact that the transfer coefficient is associated with a model based on a strong assumption : the transfer is locally 1D, which consists in neglecting axial conduction in the solid walls.

This type of method also disregards the compensation that can take place between resistances to conduction and to advection for channels of small diameters. Presence of an insulating fouling layer on the wall makes the resistance to conduction increase. It also lowers the fluid cross-section which leads to an increase of the local velocity and, as a consequence, to an increase of the Nusselt number with a decrease of the resistance to convective heat transfer. So, the overall exchange coefficient does not always have a good sensitivity to fouling, see [START_REF] Hadad | Characterization of a heat exchanger by virtual temperature sensors based on identified transfer functions[END_REF]. Another traditional method of fouling detection or of maldistribution appearance, easy to perform, is based on the increase of the pressure losses when the flow rates are imposed. The effectiveness of this method depends on the type of exchanger [START_REF] Gudmundsson | Comparison of fouling detection methods using experimental data[END_REF]. However early detection by this technique is difficult for millimetric to sub-millimetric channels.

Another approach to detection of the malfunctioning of a system is based on the discrepancies between model predictions and what is measured. So, some authors use a transient model for flow and heat transfer in a given heat exchanger in order to estimate several of its parameters in a system dynamics approach (Kalman filtering or fuzzy observers). However these heat transfer models are based on very strong assumptions that are difficult to validate. So, presence of the wall is neglected in [START_REF] Jonsson | Use of extended Kalman filtering in detecting fouling in heat exchangers[END_REF], convection at each wall/fluid interface is modeled by uniform transfer coefficients and 1D heat transfer in the wall relies on the same assumptions in both fluids in [START_REF] Gudmundsson | Fouling detection in a cross-flow heat exchanger based on physical modeling[END_REF]. In this last paper the classical method of Number of Transfer Units (NTU) approach is implemented to get an effectiveness defined at steady state. Similar types of simplifying assumptions can be found in [START_REF] Delrot | Fouling detection in a heat exchanger by observer of takagi-sugeno type for systems with unknown polynomial inputs[END_REF].

We want to stress here the fact that the preceding thermal models used for simulating the operation of a reference clean exchanger operating in their design mode:

1) are just models, which mean that they cannot integrate completely the detailed geometrical structure of a heat exchanger as a system, as well as the exact thermophysical properties of its components and

2) the structure of these models can be criticized for several reasons.

We can detail here the structural weaknesses of these models (point 2 above) :

-the wall-to-fluid conjugate heat transfer is seldom taken into account: the heat flux vector inside a wall and at its parallel interfaces can have a component in the direction parallel to them, which means that local heat transfer is not always locally 1D, see [START_REF] Herwig | Flow and heat transfer in micro systems : Is everything different or just smaller ?[END_REF], [START_REF] Herwig | Critical view on "new results in microfluid mechanics" : an example[END_REF], [START_REF] Guo | Size effect on microscale single-phase flow and heat transfer[END_REF]. These effects are important in the case of a very conducting wall, or if the thickness of the wall cannot be neglected with respect to the hydraulic diameters (compact heat exchangers or micro-channels), or if the axial Peclet numbers of the fluids are low (low velocities and short channels).

-other effects have been listed in [START_REF] Morini | Guidelines for the determination of single-phase forced convection coefficients in microchannels[END_REF] with the conditions where they can not be neglected. It concerns especially compact heat exchangers of millimeter-scale channels : entrance effects, flow compressibility, viscous dissipation, fluid axial conduction, surface roughness, temperature dependent thermophysical properties. A recent work [START_REF] Palmer | Optimal design of tests for heat exchanger fouling identification[END_REF] simulated heat transfer in the separation wall between the two fluids by a 2D thermal fin model, with no temperature gradient in its thickness. The heat transfer coefficients were supposed uniform in space and were derived from correlations based on Chiltron-Colburn analogy. However the pertinence of this classical analogy between heat and momentum transport, which does not take multi-dimensional conduction in the wall (conjugated heat transfer) into account, see [START_REF] Degiovanni | An alternative to heat transfer coefficient : A relevant model of heat transfer between a developed fluid flow and a non-isothermal wall in the transient regime[END_REF], can be questioned.

A way to prevent the often unjustified assumption that a detailed reference model can simulate the real thermal behavior of a heat exchanger operating in its design conditions (point 1 above) is to characterize the exchanger using an experimental identification. This means that the calibration of the temperature input to output relationships has to be implemented, using a reduced model of pertinent structure. Hence this identification procedure provides a quantitative experimental reference instead of a simulated one. So, either a similar quantitative non-destructive identification, or a comparison of the signals to their simulated counterparts using the original calibrated model, performed on a periodical basis could then allow to detect some kind of defective behavior (flowrate change, maldistribution or fouling) by a change with respect to this quantitative reference (a possible contrast).

Objective of this work

The above short review shows that a reference model of heat transfer in a given clean heat exchanger, which is compulsory for detecting and quantifying its possible malfunction, is not an easy task.

However, a general property that has not been used yet, to our knowledge, in the characterization of heat exchangers is that, under certain conditions, their thermal model is solution of a energy equation, with its boundary conditions, that form a Linear mathematical system with Time Independent coefficients (LTI). This is the case if the flow rates stay constant in a transient thermal regime with constant, but not uniform, conductivity and viscosity fields [START_REF] Hadad | Modeling unsteady diffusive and advective heat transfer for linear dynamical systems : A transfer function approach[END_REF], [START_REF] Hadad | Experimental transfer functions identification : Thermal impedance and transmittance in a channel heated by an upstream unsteady volumetric heat source[END_REF] (stationarity assumption). This also requires that the initial temperature field, prior to a unique transient thermal excitation (variation of a thermal input, that is a heat or temperature source), is at steady state. If these assumptions are met, the output (local temperature or heat flux at any location in the system) is a convolution product between the input and an impulse response.

We have shown, on a numerical basis, how fouling can be detected in a shell and tube heat exchanger [START_REF] Hadad | Fouling detection in a shell and tube heat exchanger using variation of its thermal impulse responses: Methodological approach and numerical verification[END_REF] using identification of its impulse responses. This corresponds to the reduction of a detailed numerical model where the transient temperature field is modeled in the fluid and solid without any need for correlations for the local heat transfer coefficient.

The same characterization procedure, through estimation of an impulse response, can be implemented using simultaneous measurements of both input and output. This replaces the input data and the calculation of the observed temperature output of a detailed model: it is a model identification procedure, that may require some regularization because of the presence of noise in the measurements, see the experimental results for a co-current plate and fin heat exchanger [START_REF] Hadad | Transient characterization of a heat exchanger through identification of its transfer functions[END_REF].

However, in the case of a counter-courant exchanger of the same type, with very conductive walls between channels, such as the one presented further down in this paper, identification of the impulse response becomes very difficult, even with regularization. So instead of a regularized deconvolution procedure, we will test another structure of input/output reduced model here, that is an Auto Regressive model with eXternal input, (ARX), which is a parametric model [START_REF] Ljung | System Identification[END_REF].

The paper is organized as follows : in section 2, we show how a reduced model of ARX structure can be identified in a transient experiment with noise present in the input and output signals. In section 3, the experimental bench and its operating conditions are presented. The calibration and the validation experiments are presented in section 4. Section 5 presents, in a theorical way, the links between the ARX model and the exchanger effectivenesses. Transient experiments with four types of perturbations of the operating conditions are presented in section 6, with qualitative and quantitative effects for heat transfer between both fluids. The last section summarizes and concludes this work.

ARX model presentation

An ARX model is used to relate one or more system state variables to external excitations (inputs). The output a r x y is related to the input u in a causal way. In the case of an impulse response model (in other word, the convolution product between the impulse response and the input [START_REF] Hadad | Modeling unsteady diffusive and advective heat transfer for linear dynamical systems : A transfer function approach[END_REF]), system responses are obtained using only the input history. In the case of auto-regressive models, the model output at a given time is completed with the output history at n a previous time steps, as well as with the input history at nb previous time steps. An ARX model reduces a complex physical modeling to a mathematical model that contains + na nb parameters only, see [START_REF] Ljung | System Identification[END_REF].

In this study, only the model with one input u and one output yis used. So, the structure of the model to be identified is written in the form: 

D + = = = - - + - = ≥ = = ≤ ∑ ∑ (1)
Here t is the time variable, with its origin 0 = t immediately before the start of the theoretical excitation Let us also note that, in a very general case, which is not considered here, a 0 b parameter can also appear in the second term in equation ( 1), with an upper bounds changed into 1

- b n , instead of b n .
The first term with the i a parameters in equation ( 1) is the autoregressive part of the output, while its second term is its exogeneous part. The corresponding structure of an ARX model is defined by the ( , , )

na nb nk triplet.

Identification of an ARX model requires at least two stages:

-processing a first set of input and output data, that will be provided by a calibration experiment. This consists in the coupling of an optimization procedure and of the solution of several parameter estimation problems. So, the 3 values of , and na nb nk have to be chosen first, and, once this triplet fixed, the values of its parameters , = + + n na nb nk parameters are estimated. The objective of the procedure is to obtain the lowest possible level for the residuals; -a second set of data, that will be measured here in another experiment, called a validation experiment.

This one is designed to show the intrinsic character of the precedent values and numbers of the previously estimated parameters, that is to assess the robustness of the model.

The calibration experiment consists in calibrating model (1) using sampling of both input and output at the m acquisition times -

-- = = = - + + ∑ ∑ na nb k i k i j k j nk k i j y a y b u e (3)
In the above equation, often called an equation error model in the control science literature [START_REF] Ljung | System Identification[END_REF], the error term k e is a consequence of the noises of the two signals and of a possible discrepancy between these data and the reduced structure (1).

In the case of our study, Superscript / hot cold refers to either the hot or the cold fluid outlet, and subscripts in or out to the inlet or outlet of one of the the channels of the counter-current heat exchanger, see figure 1 further down. The parameters are estimated here linearly using the library system identification toolbox of MATLAB, replacing 
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Here, the th k dose of input or output is defined as the difference between k U and

1 k U -, or between k Y and 1 k Y -respectively.
The above modification, that is changing temperature variations by their cumulative doses in model ( 1), allows a strong reduction of the measurement noise, while keeping the same set of values for the i a and j b parameters in the absence of noise. Here the ARX structure has been chosen because the detailed model describing heat transfer (conduction, advection and heat losses) inside the heat exchanger is supposed to be LTI with a single transient thermal source The deterministic part of the system response (3) can be estimated with a very low temperature least square residual when the number of parameters = + n na nb , with 0 = nk here, tends to the number of measured data. However, the larger the number of parameters, the more unstable the system of equations to be inverted becomes, for lack of parsimony reasons [START_REF] Ljung | System Identification[END_REF]. So, the quality of the least square fit has to be balanced with the number of parameters that can be looked for in order to prevent any over-adjustment.

In the context of this study, we use a criterion on the residuals (fit), as an indicator for the pertinence of the estimated parameters. We use the parametric fit , that is the adjustment percentage allowing to assess the quality of the estimations of the parameters for either the cold or the hot fluid exit temperature rise: . So, there are four fit values: a hot fit and a cold fit for calibration and a hot fit and a cold fit for validation.

In this study, an ARX model is identified by the number of parameters. For example, an ARX (2, 2, 0) corresponds to an ARX model described in equation [START_REF] Jonsson | Use of extended Kalman filtering in detecting fouling in heat exchangers[END_REF]. The first number corresponds to the number of poles , the second to the number of zeros and the last number corresponds to the possible delay between input and output . When there is no delay, nk is set by default to 0.
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Presentation of the experimental bench

The heat exchanger to be characterised is an aluminium fin-plate heat exchanger with serrated fins. Its structure consists successively, in the thickness direction, of a sealing plate, a non-homogeneous passage made up of fins in which a fluid circulates, an exchange surface, then we find again a passage made up of fins in which another fluid circulates and finally a sealing plate, see figure 1.

The heat exchanger is 630 mm long and 125 mm wide. There are 63 longitudinally arranged fins in each passageway. The nominal cross section of each of the rectangular channels created by these fins is 1.0 mm wide for a 9.6 mm heigth. The fluids used are both water which is circulated in counter-current. The structure of the exchanger is made out of aluminium alloy whose conductivity is of the order of 150 W/(m/K). The heat exchanger is not thermally insulated from the ambient environment. The water is distributed within the heat exchanger through a manifold with four outlets, in order to distribute the fluid as uniformly as possible in each channel. The liquid volumetric flowrates in the cold and hot circuit are called

cold v Q and hot v Q respectively.
The inlet temperature rise of the hot fluid is provided by a Lauda RC 20CP thermostatic bath supplying a 2kW regulated heat power. For the validation experiment a 2kW extra electrical resistance was immersed in the Lauda thermostatic bath in order to get high enough temperature rises at the outlets of the two circuits. The inlet temperature of the cold fluid is stabilized by a 7kW Julabo FL7006 thermostatic bath. The two operating volume flowrates are fixed at

5 2 l mn = = hot cold v v Q Q . /
, except, of course, for experiments with reduced volume flowrates. In this study, the flows are laminar, with Reynolds numbers based on the hydraulic diameter of each inter-fin channel equal to 260 for the case of identical flowrates.

Temperatures are measured using type K thermocouples (Nickel Chrome / Nickel Aluminum) of 1mm in diameter, at the inlet ( ) inlet and outlet ( ) outlet of each pass, see figure 1. The thermocouples have been placed inside the upstream and downstream flexible connection, in such a way that only the hot junction of each thermocouple is in contact with the water flow. The thermocouples were calibrated in a calibration bath which two known temperature points. We work subsequently with temperature increases, with respect to the initial temperature at the four measurement points, for the input and the outputs. In addition, two IFM SM7000 electromagnetic flowmeters are positioned at the inlets of the circuits with a measuring precision of 0,3 l/min in our range of use.

These measuring instruments are plugged in a TC08 Pico-technology data logger. All signals (flow rates, temperatures) are recorded with a one second sampling period. The analog data are converted into numerical data through a PicoLog 6 logger software. The flowrate variations during the experiments stay below 1.5 %, as can be seen in a typical recording shown in figure 2a. 

Experimental characterization results: model calibration and validation under reference conditions

The first experiment (calibration) is to identify the system using ARX model (1) under reference conditions, that is for fixed levels of flowrates and without any apparent maldistribution. So, it is designed to show whether the experimental data fit the output of this type of reduced model: the linearity of the model output with respect to its output has to be checked: this allows to be sure that the response of the system is only dependent on its excitation. To ensure that the system is time-invariant, the output must match the input at time t , but also at times

D + t t D + t t , 2 D + t t , …, D + t m t .
So, the ARX models are then identified using a "least square" parameter estimation approach. There are several sets of coefficients, that allow to describe the system. The estimation results show that even low order models (ARX (1, 1, 0) for example) are able to reproduce the output. A set of low order coefficients brings a good description of this system. As a consequence, only low order models have been tested here, that have coefficients equal or less than 10. For each of the 100 sets of ARX model coefficients (with 1 10

≤ ≤ na and 1 10 ≤ ≤ nb
), the percentages of fit, see equation [START_REF] Gudmundsson | Comparison of fouling detection methods using experimental data[END_REF], have been calculated and the set that brings the best quality of the residuals (highest fit) has been kept to describe the system.

The results of the calibration of the exogenous and autoregressive coefficients are shown in figure 3. They have been obtained using model [START_REF] Dabrowski | Selected studies of flow maldistribution in a minichannel plate heat exchanger[END_REF], where cumulated doses have been used as input and output signals, see equations (5a,b) and (6a,b). In this figure four graphs are presented: one for the reconstruction of the hot calibration output (3a), one for the reconstruction of the cold calibration output (3b), one for the reconstruction of the hot validation output (3c), one for the reconstruction of the cold validation output (3d). On each graph several quantities are plotted: the input (solid line), the response of the real system (solid line), the response of the ARX model (circle markers) and either the residuals (calibration experiment, solid line) or the contrast. At time k t , both quantities correspond to the error term k e defined in equation ( 3), but this one is a residual in the calibration experiments where coefficients ˆi a and ˆj b have been estimated, while its is a contrast in the validation experiment. With only three parameters, the ARX model is able to reconstruct the hot output in hot T of the system, for the calibration experiment, see figure 3a. The second ARX model that establishes the similar relationship for the cold output is obtained with a larger number of parameters (10 coefficients), see figure 3b, but with a lower fit, that is larger residuals. There are several reasons for this: the first is that the output signal of the cold fluid is weaker than the output signal of the hot fluid, with a lower signal-to-noise ratio. The second is that the system is influenced by two sources: the cold fluid input is not rigorously constant and hence constitutes a second weak input with a larger influence on the lower output temperature, that is the cold fluid one. The results of the calibration are given in Table 1 below, keeping four significative figures only for the different parameters. The calibration results show that the models are able to correctly reproduce the outputs with only one input. So we have two ARX models, a hot ARX model and a cold ARX model (see Figure 3), which will serve as references. They characterize the heat exchanger in normal operation.

We have now references for defining the behavior of the system in transient regime. Afterwards, we will modify the structure of the system and observe the evolution of the residuals.

Link between the identified coefficients of the ARX model and the exchanger effectivenesses

Because of the moderate temperature increases in the experiments described above, where the flowrates do not vary, one can assume that the effects, on the two fluid outlet temperatures, of the variation of the fluid viscosity and conductivity as well as of the variation of conductivity of the solid structure exchanger can be neglected. In the same way and in a first approach, the very low variation of the temperature of the fluid at the inlet of the cold circuit is also neglected, which means that there is only one heat source in the system, the temperature variation at the inlet of the hot fluid, which is imposed at the time

1 t t t D = =
on a system which is initially under steady state conditions, without being necessarily at thermal equilibrium. Under these assumptions, the mathematical system of equations that governs heat transfer in the heat exchanger (heat diffusion and advection) is Linear with Time Independent coefficients and is stimulated by a unique separable source.

In that case, the temperature increase ( ) conv y t at any point of the heat exchanger is a convolution product, noted using the star (*) operator here, between the source ( ) u t and a corresponding impulse response, a time transmittance ( ) w t here, see [START_REF] Hadad | Modeling unsteady diffusive and advective heat transfer for linear dynamical systems : A transfer function approach[END_REF]. This is written at the outlet of the hot and cold fluid circuits:

( ) 0 ( ) * ( ) ( ') ( ') d ' t conv y t w u t w t t u t t = = - ∫ (9)
where mo y is either the hot or the cold outlet temperature increase and w the corresponding impulse response, a transmittance here.

We show in Appendix 1 that, for steady state conditions, the output ss y the input ss u are linked by a proportionality relationship whose coefficient is the steady state transmittance In that case, the structure of equation ( 1) is changed, in order to make two different discrete convolution products appear, using an additional coefficient 0

(0) 1 a a = = : ( * ) ( ) ( * ) ( ) arx theo a y t b u t = (11) 
Let us also note that equation (1), written with the ( 0, , 0)

a b k n n n = = ∞ =
triplet corresponds to the numerical quadrature of a convolution product :

( ) 0 ( ) ( ) * ( ) ( ') ( ') d ' t arx conv y t y t w u t w t t u t t = = = - ∫ (12) 
If the Laplace transform of equation ( 11) is written, for a zero value of the Laplace parameter and using the notation depicted in Appendix 1, one shows :

1 1 (0) (0) 1 b a n j j ss n i i b b w a a = = = = + ∑ ∑ (13) 
Each of the instantaneous heat rates

h o t Q & and cold Q &
, that are lost by the hot fluid and won by the cold one respectively, can be decomposed into two components, a forced one, ( )

fo rc e d h o t Q t & or ( ) fo rc e d c o ld Q t &
, caused by the source ( ) u t , and a component 0 ( )

ss hot Q t & or 0 ( ) s s c o ld Q t &
caused by the initial temperature imbalance in each circuit. This second component stems from the initial steady state temperature field. Use of equations (4a) and (4b) yields:

hot hot forced ss hot hot in out hot hot Q t C T t T t Q t Q t = - = + 0 ( ) ( ( ) ( ) ) ( ) ( ) 
forced hot ss hot hot hot hot hot hot hot hot in out Q t C u t y t Q t C T T T T D D = - = = -( ) ( ( ) ( ) ) ( ) ( ) cold cold forced ss cold cold out in cold cold Q t C T t T t Q t Q t = - = + (14a) with ( ) 0 ( ) ( ) ( ) ; ( ) (0) , where (0) (0) (0) 
(0) (0) forced cold ss cold cold cold cold cold cold cold cold out in Q C y t Q t C T T T T D D = = = - (15a) with 0 ( ) ; ( ) (0) , w here (0) 
Here ( ) The above equations show that the instantaneous heat rates ( )

hot hot hot v C c Q ρ = & and ( ) cold cold cold v C c Q ρ = &
ho t Q t & and ( ) co ld Q t &
are caused by non-zero values of three quantities: the variation of temperature of the hot fluid in its inlet section ( ) u t and the initial steady state temperature differences in each circuit, . So, since ( ) u t can be considered as a transient perturbation of this initial steady state regime, without any change of the structural parameters of its heat transfer model, we are only interested here in the forced components ( )

forced hot Q t & and ( ) forced cold Q t &
the heat rates .

The Laplace transform of ( )

fo rc e d h o t Q t &
, written for the zero value of the Laplace parameter p, is also equal to the total quantity of heat lost by the hot fluid in a transient experiment when the final temperature rises at time m t t = is equal to zero, that is when the system has returned to the initial steady state at the final time. If equations (5b), (6b) and ( 10) are used, one gets :

( ) (0) (0) (0) ( 1 
)
forced forced hot ss hot hot hot hot m hot Q Q C u y C U w = = - = - & & & (16a) 
A similar calculation can be made for the quantity of heat won by the cold fluid:

forced ss cold hot m cold Q C U w = & (17)
Finally, in order to calculate the effectiveness of the exchange on each side of the wall that separates the two circuits, a reference heat rate ( )

ref Q t &
, and its integral ref Q , a reference heat quantity, are defined : (1 )

( ) min min ( ) ( ( ) (0)) ( ( ) (0)) ( ) min hot hot cold cold ref in in in in ref m Q t C T t T T t T C u t Q C U = - - - = ⇒ = (18 
hot ss hot v hot hot min ref v Q Q w Q Q η = = - and cold ss cold v cold cold min ref v Q Q w Q Q η = = (19a,b)
These effectivenesses, which characterize the steady state behavior of the exchanger in an experiment where the initial temperature field is uniform, depend on the two steady state transmittances ss 

Q Q Q = -
, scaled by the reference heat losses, are derived from equations (19a) and (19b):

( 1)

hot ss cold ss v hot v cold losses hot cold min v Q w Q w Q η η η - + = - = (20) 

Experiments with different types of perturbations

Reference experiments

In the calibration and validation experiments described above, the heat exchanger was working in a nominal regime, with equal flowrates. Since the effectiveness of the exchange in both hot and cold circuits are available, their difference [START_REF] Hadad | Transient characterization of a heat exchanger through identification of its transfer functions[END_REF], which characterizes the magnitude of the heat losses by conduction through the upstream and downstream parts of each circuit and by natural convection to the ambient air, have been calculated. The corresponding results are presented in the first two lines in Table 1. 10), except for the calibration case where equation ( 13) is used) One sees that index losses η is lower than 1 %, which means that the heat losses were very low, even if the exchanger was not insulated.

Experiments with external ventilation or forced thermal convection

In order to check the preceding point, two different experiments were run. A small ventilating and heating (2 kW) fan was set in front of the cold circuit side of the exchanger and it was activated without or with the electrical heating, see figure 4, the heat exchanger being activated prior to the fan using the procedure described in section 3. The corresponding experimental results are given in the 'ventilation' (no heating) and 'convection' (heating) lines in Table 1. It shows that for both experiments, the performances of the exchanger are practically unchanged, with a low index for the heat losses. This stems from the fact that, because of the high thermal conductivity of the Aluminium alloy used and of the low thickness of the walls, the Biot number of the external losses remain quite low. The fits in the convection experiment seem to be a little degraded: this may be a signature of the temperature increase of the blown air that constitutes a second temperature source, beside the temperature increase at the inlet of the hot fluid.

Experiments with maldistribution

Two maldistribution experiments have been run, with two different kinds of clogging. Some adhesive tape has been used to plug part of the channels of the hot circuit. In the first experiment, a simple clogging at the outlet sections of about 50 % of the hot channels was set, while in the second experiment, a similar clogging was also made at the inlet sections of the same channels, see figure 5. The temperature variations at the inlet of the hot circuit and at the outlets of both circuits are shown in figure 6a for the single hot outlet clogging. Figure 6b corresponds to the same temperature variations for the hot inlet and outlet clogging. In both figures, the reference temperature calculated with the corresponding ARX model and the measured hot inlet input are presented, as well as the associated contrast, that is the output difference between measurements and models.

Figures 7a and7b, as well as the two corresponding lines in table 1, show that there is a signature of the flowrate reduction because the contrast curves depart from zero in the two cases, with significant misfit levels. So, reduction of the hot fluid flowrate degrades the exchange, with respect to the reference case where the two flowrates were equal, but in a counterintuitive way, the degradation is more important for the 5 % flowrate reduction than for the 10 % one. The reduction of the exchange in the 5% case, measured by the decrease of the effectiveness in each circuit, is also very important, even if the effectiveness constitutes a thermodynamic criterion that has to be used with caution in optimization works, see [START_REF] Yan | A critique of effectiveness concept for heat exchangers; theoretical-experimental study[END_REF]. However, this non monotonic decrease of the exchange with the reduction of the hot circuit flowrate is the indication that an optimum for this quantity probably exists. 

Conclusions

It has been shown above that a transient temperature excitation at the inlet port of one of the hot or cold circuits (a temperature source) in a counter current plate-fin heat exchanger allows to get a characterization of its thermal behavior. This is made through identification of an ARX model in a calibration experiment using temperature measurements at its inlets and outlets. This gives access to the effectiveness in the hot and cold circuit of the same exchanger, in a virtual steady state experiment.

Once the parameters of this reduced model have been estimated, the outlet temperatures of the fluids can be modeled for any time shape of the source and compared to corresponding measurement, with construction of a contrast curve whose non-zero level is a signature of the variation of at least one of the structural coefficients of the detailed thermal model of the exchanger. This can be a change of one of its flowrates, a maldistribution, or a deposit somewhere in the system, even if this very last case has not been considered in the present work. This contrast can be quantified by a change of one of the effectivenesses, without the need of calibration of a new ARX model since it depends on the ratios of the cumulated doses of the outlet temperatures and of the source. This Non-Destructive Testing (NDT) technique has been validated in a calibration and in a validation experiment with equal hot and cold water flowrates. The effect of external air convection has been studied, as well as the consequences of a maldistribution. Reduction of one of the flowrates has experimentally shown that this NDT technique is very sensitive to this type of variation.

The advantages of this approach are listed below:

-The excitation of the transient calibration experiment is in fact a perturbation with respect to an initial steady state regime that is not necessarily a uniform one. So, the characterization procedure could be run online in practical industrial applications. In the calibration experiment, the initial temperature difference between the inlets of the two fluids was close to 2.4 °C, compared to an arithmetic average temperature increase of 4.5 °C at the inlet of the hot fluid in the duration of this experiment, see figure 2b. This shows that existence of initial steady state temperature differences inside the system does not prevent the application of the characterization method by transient experiments. They could be run online in practical industrial applications.

-the ARX model, and more generally the convolutive model it is based upon, only relies on the assumption that the modeled system is linear with time independent coefficients. In order for this assumption to be valid, the maximum temperature increase, here less than 10°C for the hot fluid inlet in the calibration experiment, has to be low enough in order to prevent a too high effect of the variation of the thermophysical properties of the fluids (conductivity, heat capacity, viscosity) and of the heat losses towards the environment (external heat transfer coefficients). This is not really a drawback for the proposed application of the identification method, see the point above.

-the ARX and convolutive models do not depend on any correlation for the internal heat transfer coefficients, because of their intrinsic character. In particular, they apply to short heat exchangers of high conductivities when conjugate heat transfer may appear [START_REF] Morini | Guidelines for the determination of single-phase forced convection coefficients in microchannels[END_REF], in particular for short length heat exchangers with millimetric or sub-millimetric channels. These models are very general and can be used a priori for NDT of any type of exchanger, see [START_REF] Hadad | Fouling detection in a shell and tube heat exchanger using variation of its thermal impulse responses: Methodological approach and numerical verification[END_REF] for example, provided that there is no phase change. Its possible application to exchangers with compressible fluids remains to be studied and tested.

-The above approach allows an assessment of the heat losses in steady state regime since the effectivenesses on each side of the wall separating the two fluids are calculated.

Its drawbacks are the following ones :

-there should be only one single transient thermal source during the experiment, which requires a good control of the external environment. Variation of the external ambient temperature during the transient experiment may bias the results.

-a return to the initial temperature levels at the four inlet and outlet sections at the end of the experiment is required, in order to get the two effectivenesses of the exchanger in the tested state and operating conditions, without any need for an additional new ARX calibration.
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 11 Nomenclature c heat capacity, J.kg -1 .K -1 e error in the output of the ARX model, °C fit parametric fit, % m number of measurement times,n a number of zeros of the ARX model,nb number of poles of the ARX model,of hot fluid, °C U cumulative dose of the inlet temperature of the hot fluid, °C.s y measured outlet temperature, °C Y cumulative dose of the outlet temperature of the hot fluid, °C.s w transmittance, s -1 ss w steady state transmittance, -1. The problem of characterization of a heat exchanger and of its possible malfunctioning

  is its departure from a zero level. Dt is the acquisition time step of the identification experiment designed for estimating the i a and j b parameters. This reduced model integrates a possible non-zero time lag of nk time steps because of too low initial levels of the model response ( ) arx y t .

y

  The definition of input and output depends on the problem at stake and is defined in terms of physical quantities further down. Because of presence of measurement noise in both signals, the experimental inputs and outputs are written as: are distributed random variables of zero mean and respective standard deviations a n d σ σ u y . So, the identification procedure is made through a least square parameter estimation procedure, that can be linear here and which can yields estimations ând i j a b and recalculated data at the same observation times, for a given value of the ( , , ) na nb nk triplet : 1 1

  temperature variation of the fluid at one inlet of the exchanger while ( ) mo y t is one of the two corresponding responses, that is the corresponding temperature variation at the outlet of either the same channel or of the other channel :

  k u and k y by their cumulative doses k U and k Y defined in equations (5a,b) and (6a,b) below.

  0

  flow rates, stay constant and the thermal properties and viscosities are constant in time but can vary spatially.

  this equation, h o t y and cold y are the vectors of measured output data, in either the calibration or the validation experiment, while h o t a rx y and cold arx y are the corresponding modeled output quantities verifying equation (1). % h o t y and % cold y are the arithmetic averages of the m measured outputs h o t y and cold y

Figure 1 :

 1 Figure 1: Experimental setup of the heat exchanger in counter-current mode Initially, the two fluids flow through both circuits at a fixed temperature. Flow and temperature measurements start once the heat exchanger is in steady state. The exchanger is activated in transient thermal mode, by increasing the temperature set point of the hot bath. The system is then in thermal imbalance and the response of the heat exchanger is recorded. The temperature set point of the cold fluid and the flow rates do not change during this phase. Once the heat exchanger reaches a steady state again, the setpoint of the hot baths is lowered so that the hot fluid inlet temperature returns to its initial level, see figure 1b. The statistical standard deviations of the four recorded temperatures which characterize the noise level in both input and output signals, see equations (2a, b), calculated for a few tens of points prior to the start of excitation, stay in the [6 mK, 10 mK] range, see figure 2b.
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 3 Figure 3 -Input and outputs for the calibration (a and b) and (c and d) experiments and output residuals for the calibration experiment

  calculated as the ratio of the corresponding cumulated doses reached at the final time of measurement: also been expressed with the ARX model (1), if its coefficients i a and j b are considered as sampled values of two functions ( )

  are the rates of heat capacity of the hot and cold fluid flows and ( ) h o t c ρ and ( ) cold c ρ are the volumetric heat capacities of each flow, that are supposed to be equal to a common value c ρ , since this property does not vary very much with temperature for water.

  ) where min C & is the lowest of the two heat capacity rates h o t C & and cold C & . It corresponds to the minimum volumetric flowrate noted min v Q . So the two effectivenesses are defined in a classical way:

  hot and cold fluid temperatures at the outlet of each circuit respectively.The steady state heat losses loss hot cold

Table 1 -

 1 Characterization of the heat exchanger in terms of fit and steady state transmittances and effectivenesses on the hot and cold outlets and normalized heat losses, in normal mode (calibration and validation), with external air flow (ventilation) or heated air external flow (convection) and in one-side or clogging or with flow rate reduction in the hot fluid circuit (
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 4 Figure 4 -Scheme of the ventilation and convection experiments
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 5 Figure 5 -Experimental modification of the bench to get clogging either on the side of the hot fluid outlet or on both sides of the exchanger in counter-current mode

Figure 7 -

 7 Figure 7 -Effect of hot flowrate reduction (-5 % and -10%), with unchanged cold flowrate, on hot and cold fluid outlet temperature responses and on thermal contrast defined as deviation from the model calculated with the a and b ARX parameters estimated in the calibration experiment
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 1 Calibrated coefficients of the two ARX models
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This contrast is non-existent in the case of the simple clogging, see figure 6a. This is confirmed by the steady state transmittances and effectivenesses that are given in the corresponding line of table 1. This is probably due to two factors: the fluid pressure at the outlet of the hot channel had a tendency to unstuck the adhesive tapes, and the serrated nature of the hot channel fin (see figure 1) allowed to short-circuit the clogged part in its downstream region, without too much degradation of the local heat transfer. So, the previously calibrated ARX model almost correctly simulates the outputs of the heat exchanger when the heat exchanger outlet is partially obstructed. The contrast curve and the parametric fit (97,55% and 95,06%) do not change in a significant way. In other words, when the obstruction is low, the behavior of the system is not radically modified, the ARX model does not detect a slight mal-distribution, either at the outlet of the hot fluid or at the outlet of the cold fluid.

A contrast is clearly seen for the two outlet temperatures in figure 6b for the double clogging case. This is confirmed by the corresponding line in table 2: the induced maldistribution creates dead zones within the exchanger, that is zones where the fluid is not moving, with a local reduction of heat transfer through the wall separating the two fluids, because of the stagnant character of the hot fluid. Comparison with simple clogging shows that the dead zones have a larger extent (double obstruction, at both entry and exit) and a divergence of the contrast curves and of the parametric fits (87.54% 81.19%) is observed. The ARX model underestimates the outlet temperature of the hot fluid and overestimates the outlet temperature of the cold fluid. This is quite intuitive: The system has evolved: the area of the thermal exchange zones have decreased. The trend observed for a single obstruction is amplified in the case of a double obstruction. 

Appendix A -Steady state transmittance and time moments of zero order

Because of the linearity of the physical system, a steady state version of convolution model ( 9 

Here p, the Laplace parameter is a positive or zero real variable.

Equation (A2) allows to express ss w in terms of the asymptotic values of input and output, using the limit property of the Laplace transform for large times : 

This yields: This ratio of Laplace transforms, for the zero value of the Laplace parameter, corresponds to the ratio of the corresponding cumulated doses, defined in equations (5a) and (6a), for an infinite duration f t of the measurements :

In the particular case considered in section 4, the zero level for both input and output is met, within the noise levels, at the final time of measurement m t . So, the steady state transmittance is evaluated using the numerical quadrature given in equations (5b) and (6b), that is the ratio of the partial time moments of zero order m Y and m U :