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Abstract-Transient techniques are widely used for the measurement of heat transfer coefficient in heat 
exchangers: using such methods generally leads to simplified experimental procedures. The measured 
coefficient is ,obtained by minimizing the distance between a model of the system and experimental data. 
In this paper, we use such a transient-state technique to measure the global heat exchange coefficient 
between a liquid and corrugated plates. The model usually employed in the heat exchangers area is based 
on the hypothesis that the fluid flow is similar to a plug flow. Axial dispersion is then considered by defining 
an apparent axial dispersion coefficient in the fluid and by considering axial or transversal heat conduction 
in the solid. We propose here to model the fluid flow by an equivalent flow pattern obtained by inert tracer 
experiments. Such a representation, similar to those used to model flows through chemical reactors, is then 
completed by the heat transfer model in the solid. In the latter, only transversal conduction is considered. 
The model that we derive is in fact similar to those used to model percolation processes through porous 
media. We give some experimental evidences based on pressure drop measurements that such a comparison 
is correct. The frequency response is then used to estimate the heat transfer coefficient between the fluid 
and the solid. The values obtained by this method are very close to that already known for such corrugated 

plates. 

INTRODUCTION 

Heat transfer between a fluid and a solid is a rather 
complicated phenomenon involving conduction in the 
solid as well as conduction and convection in the fluid. 
In order to describe precisely such a situation, one 
needs to solve simultaneously energy and momentum 
equations in the fluid and the energy equation in the 
solid. Consequently, heat transfer modelling in the 
fluid is often drastically simplified by defining a heat 
exchange coefficient h by reference to a given fluid 
temperature : in many practical applications, this sole 
coefficient is very useful [l]. Compared with the exact 
situation, one will frequently find that this coefficient 
varies according to time and space. For example, the 
problem of the time variation of h has been addressed 
in ref. [2] ; h may also vary because of fluid physical 
property variations due to large temperature changes. 

The measurement of such a global heat exchange 
coefficient is obtained from steady- or transient-state 
experiments. For example, one may estimate a global 
heat transfer coefficient in a heat exchanger from the 
steady-state heat balance of the system coupled with 
the classical DTLM model. Another way is to perform 
transient-state experiments and to estimate the heat 
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69622 Villeurbanne cedex, France. 

exchange coefficient by using a dynamical model of 
the system and a parameter estimation technique. 

In both cases, one may assume that the measured 
global heat exchange coefficient is sufficient to rep- 
resent the heat transfer between the fluid and the wall : 
we adopt that assumption here. 

The transient-state techniques have been widely 
used to measure heat exchange coefficients for differ- 
ent geometries and for gases and liquids. The principle 
of such techniques is to induce a transient state in a 
process comprising a fluid flowing through a solid 
system at a constant flow rate. To induce such a tran- 
sient state, one uses the inlet fluid temperature or the 
solid wall temperature, and measures a fluid (generally 
the outlet one) or a solid temperature. The nature of 
the input signal is also variable, but impulse, step and 
frequency responses are mainly employed. Finally, 
these techniques have been used to study two cat- 
egories of systems : heat exchangers and packed beds. 

Transient test techniques are generally quick and 
easy to work, mainly because one only needs one fluid 
circuit. Furthermore, they are performed under nearly 
isothermal conditions and the power requirements are 
small because only small temperature changes are 
required. In the case of packed beds, another decisive 
advantage is that the solid surface temperature does 
not need to be measured. 

Most of these methods are global input-output 
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NOMENCLATURE 

section area [m’] 
thermal diffusivity [m’ ss’] 
inert tracer concentration 
[mol m-‘1 
specific heat capacity [J kg-’ K-‘1 
hydraulic diameter [m] 
minimization criteria 
solid wall thickness [m] 
flow model transfer function 
friction factor 
global thermal model transfer function 
heat exchange coefficient [w me2 K-‘1 
imaginary part of a complex number 
purely imaginary number, j* = - 1 
number of CSTRs 
parameter in the friction factor 
equation 
plate length [m] 
plug flow reactor length [m] 
local thermal model transfer function 
or mass [dimensionless or kg] 
impulse response of the local thermal 
model 
specific mass flow rate [kg s-’ m-‘1 
pressure [Pa] 
volumic or mass flow rate 
[m’ s-’ or kg s-r] 

Re, Re Reynolds number or real part of a 
complex number 

s Laplace variable [ss’] 
t time [s] 
T dead time corresponding to a plug flow 

reactor or temperature [s or K] 
u fluid velocity [m s-l] 
V volume [m’] 
W sensitivity parameters set 

X axial coordinate [m] 

Y transversal coordinate [ml. 

Greek symbols 

1 
capacity factor 
channel roughness [m] 

: 
void fraction 
dimensionless conduction parameter 

1 thermal conductivity [w m-’ K-‘1 

p first-order moment of the local thermal 
model impulse response or dynamic 
viscosity [s or kg m-’ ss’] 

P mass density [kg m-‘1 
r first-order time constant 

corresponding to a CSTR or tortuosity 
factor [s or dimensionless] 

w pulsation [rad ss’]. 

Subscripts 
cstr 

exp 
f 

z 
m 

n 

0 

pfr 

S 

theo 

E; 

continuous stirred tank reactor 
experimental 
fluid 
inlet 
kth CSTR index 
mass flow rate 
nth measurement 
outlet 
plug flow reactor 
solid wall 
theoretical 
volumic flow rate 
plug flow reactor index. 

Superscripts 
i= spatial mean value of T 

related to the entire heat exchanger. 

1 

methods based on inlet and outlet fluid temperature 
measurements. The so called ‘single-blow transient 
test technique’ is then based on the step response of 
the system. It has been widely used to measure the heat 
transfer coefficient between gases and heat exchanger 
surfaces [3-61. Such step responses were also 
employed to measure heat transfer coefficient in 
packed beds [7,8]. Frequency response has also been 
used to study packed or fluidized beds [9-141. In some 
papers, authors propose estimating simultaneously up 
to three parameters, like the heat exchange coefficient, 
the fluid dispersion coefficient and the thermal con- 
ductivity of the solid packing [lO-141. Such multiple- 
parameter estimation has also been practised for heat 
exchangers area [ 151. 

On the contrary, local methods are based on tem- 
perature measurements inside or along the system. 
For example, in ref. [16], the inside heat exchange 
coefficient between gas flow and a tube wall is esti- 

mated from the impulse response obtained by sudden 
heat generation inside the tube. The gas and external 
wall temperatures are then measured along the tube 
during cooling. One can also measure these tem- 
peratures at only one point on the tube, the transient 
state being obtained by the fluid inlet temperature 
oscillations [17] or the wall temperature oscillations 

U81. 
All these methods need a model of the system. The 

physical properties of the fluid and the solid are gen- 
erally considered to be constant; the flow rate being 
kept constant, these models are linear. The fluid flow 
is assumed to be a plug flow with or without axial 
dispersion while heat conduction in the solid is some- 
times neglected. If some simplifications are not justi- 
fied, errors will then occur in the estimation of the 
heat exchange coefficient [3, 19, 201. It is particularly 
well known that axial dispersion in a fluid cannot be 
neglected at low Reynolds number [14, 201. The data 
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reduction method is also of great importance : it must 
be sensitive to the heat transfer coefficient. Many tech- 
niques have been used : a simple graphical exploitation 
of the step response like the maximum slope method 
[3], calculation of some function of the response based 
on its moments [21] and more sophisticated least- 
squares methods [6]. One will find a comparative study 
of these different techniques in ref. [22]. 

In this paper, we propose a global input-output 
method to measure the heat transfer coefficient 
between two parallel corrugated plates and a liquid 
flow. These corrugated plates are used for compact 
heat exchangers. In our model, we consider the fluid 
axial dispersion thanks to an equivalent flow pattern 
of the actual fluid -Row. The latter is obtained from 
tracer experiments leading to the well-known resi- 
dence time distribution (RTD) (see, for example, ref. 
[23]). Combined with a heat transfer model including 
the solid wall, this equivalent flow pattern gives the 
thermal model of lthe system: an experimental fre- 
quency response study leads to the estimation of the 
heat transfer coefficient by means of a least squares 
optimization method. This approach has already been 
used for packed [24.] or fluidized beds [25] but, as far 
as we know, never for heat exchangers. 

TRANSIENT-STATE MATHEMATICAL 

MODELLING 

A sketch of the heat exchanger section is shown in 
Fig. 1. Two isolated corrugated plates, between which 
the liquid flows (water in our case), forming what we 
call the heat exchange section, are connected to the 
tubes of the external circuit by two inlet and outlet 
adaptation sections. 

We plan to model transient heat transfer taking 
place between the corrugated plates and the fluid. 
Figure 2 shows a simplified scheme of the heat exch- 
ange section. The principle of our model is to assim- 
ilate the liquid flow to an equivalent flow pattern made 
of plug flows and perfectly mixed tanks [the classical 
PFR (plug flow reactor) and CSTR (continuous stir- 
red tank reactor), both used to model flows through 
chemical reactors [23]]. The transient heat transfer is 
then modelled on the basis of this flow pattern. 

Flow modelling 
Figure 3 gives an example of such an equivalent 

pattern, modelling the flow with a serial arrangement 
of one PFR of volume V,, and J identical CSTRs of 
volume V,. Such an arrangement, which will be pro- 
ved to fit our experimental results (see below), is 
obtained by measuring the outlet concentration of 
an inert tracer afte:r its sudden introduction into the 
system. This curve, in fact the impulse response of the 
flow, leads to the determination of the RTD of the 
fluid in the system. The equivalent flow pattern is then 
built in order to give the same RTD as the actual one. 

The transfer function of a given flow pattern is 
obtained by combining the transfer functions of 

I- 

Fig. 1. Heat exchanger. 

fluid 

t solid wall t 

Fig. 2. Simplified scheme of the heat exchanger section. 

continuous stirred tank reactors 

Fig. 3. Example of ilow pattern. 

the PFR, which correspond to a dead time 
E,(s) = emTo’, and of the CSTR, which corresponds 
to a first-order lag, Ek(s) = l/l +r,s. In the case of 
the flow pattern shown in Fig. 3, one can easily derive 
the following transfer function : 
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E(s) = 
e- To.7 

(1 +r,ss 
with 

To = 3 and rk =: 
Y” YV 

The total volume of the flow V being constant, 
the following relation between the volumes of all the 
elements of the pattern must be verified : 

E(s) gives the dynamic relation between the outlet 
tracer concentration and the inlet one, E(s) = C,(s)/ 
C,(s). If no heat transfer occurs between the fluid and 
the solid wall, E(s) also equals T,(s)/T,(s), where Ti 
and T, are, respectively, the fluid inlet and outlet 
temperatures. 

TRANSIENT HEAT TRANSFER MODELLING 

Hypothesis 
Our model is based on the following assumptions : 

?? the axial dispersion in the fluid is considered by 
means of the equivalent flow pattern described 
above, and particularly the CSTR cascade ; 

?? the heat transfer through the solid is supposed to 
be mainly transversal, as shown in Fig. 5. To justify 
such a hypothesis, we have computed the di- 
mensionless parameter A = (&A,)/(qmCpfL) for 
0.239 < qm < 0.480 kg SK’, the mass flow rate range 
that we have studied. We found 0.937 x 
lo-’ < A < 1.882 x lo-‘, which seems to be neg- 
ligible (see for example refs. [3] or [27]). 

The second assumption is similar to that considered 
to model heat or mass transfer in packed beds (see, 
for example refs. [20] and [26]). In fact, the flow 
through our system is very close to the flow through 
a porous matrix, due to the extreme compactness of 
the heat exchange channel. 

There are at least two lots of evidence for such a 
comparison : 

(1) The void fraction E is equal to 0.5, which is a 
value very close to that encountered for packed beds. 

(2) One of us, Grillot [28], has measured the pres- 
sure drop AP of a gas flow between the same cor- 
rugated plates that we use here : Fig. 4 gives the evol- 
ution of (p AP)/(L@) vs ti/p. It can be seen that this 
curve is linear, except for the higher values of h/p. 

This pressure drop behaviour is similar to that 
observed in the case of flow through porous media. 
For example, in ref. [29] six regimes of such flows 
through packed beds of spheres are described accord- 
ing to the Reynolds number : respectively pre-Darcy 
flow, Darcy flow, the transition from Darcy to For- 
chheimer flow, Forchheimer flow, the transition from 
Forchheimer to turbulent flow, and, finally, turbulent 
flow. The first linear part of the curve in Fig. 4 cor- 

responds to Forchheimer flow, also studied by Ergun 
[30]. For higher values of Ij?/p, we observe the tran- 
sition to turbulent flow. 

Many expressions similar to that of Ergun have 
been proposed to model Forchheimer Aow. For exam- 
ple, an expression of AP/L is proposed in ref. [31], 
leading to the following expression of the friction fac- 
torf[28] : 

16yz* f = Re +2kz3. 

From the experimental results shown in Fig. 4, 
Grillot [28] found r = 2 and k = 0.0461 withy = 1.22. 
If, as according to Comiti and Renaud [31], we accept 
assimilation of k with the friction factor given by 
the Nikuradse formula for the completely rough flow 
regime, then 

(4) 

We find that the roughness A of our channel is equal 
to 4.3 mm. This value corresponds approximately to 
the corrugation amplitude, and the value of the tor- 
tuosity factor (T = 2) indicates that the distance cov- 
ered by the fluid is twice as long as the channel length, 
which is also a good approximation. 

Let us now consider the heat transfer model of 
the PFR and CSTR elements of the equivalent flow 
pattern. 

PFRs and CSTRs transient heat transjkr modeling 
Let F5(x, t) and T(x, t) be the mean solid tem- 

perature and the fluid temperature along the solid 
wall, respectively. From the solid and fluid heat 
balance, one can derive the following equation : 

8T aT’. dT M,C a-+~-+-=() with t(=L 
ax at at Mf Cp, 

(5) 

c( is the ratio of the plate heat capacity to that of the 
fluid present in the channel. 

By taking the Laplace transform of equation (5) 
defining the local transfer function 

TJX, s) 
M(s) = ~ 

T (x, s) 

the inlet-outlet fluid temperature transfer function 
then occurs, after integration between the PFR inlet 
x = 0 and outlet x = 1: 

1 VII = e-T~‘(‘f’M(S)) with To = _ 
u 9” 

(6) 

In the case of the CSTR, the fluid temperature is 
only time-dependent and the corresponding heat bal- 
ance leads to 
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Fig. 4. @AP)/(Qti) vs ti/p for a gas flow between the same corrugated plates. 

The transfer function then, is the following : 

G(s) = 
1 

l+r,s(l+clM(s))’ 
(8) 

Local transient heat transfer modelling: M(s) deri- 
vation 

Figure 5 gives a schematic view of a wall section at 
an arbitrary axial coordinate x. At y = 0, the wall is 
in contact with the fluid at a temperature T, the fluid- 
solid heat exchange coefficient being h, and, at y = e, 
the wall is supposed to be perfectly insulated. 

The solid temperature T&I, t) is then the solution 
of the following equation : 

a’T, aT, 
aay,=at 

~0 and = h (T- T,). 

(9) 

By using the Laplace transform technique, one can 
derive the following expression of the local transfer 
function : 

Fig. 5. Local heat transfer modelling. 

where 

e 
Ts(t)e = 

s 
Ts (~3 t) dy 

0 

is the mean spatial solid temperature. 
From equation (lo), one can derive the expression 

of the first order moment of the impulse response m(t) 
corresponding to M(s) defined by 

p= * 
s 

tm(t) dt 
II 

i.e. 

(11) 

The second term of this relation is the first moment 
of m(t) if heat conduction in the solid is negligible. In 
our case, e2/4a is very small compared to (p,C,,e)/h, 
and we assume here that the solid temperature is 
homogeneous, i.e. 

M(s) 
1 

x- 
1 +jU’ 

(12) 

Inlet-outlet modelling of the heat exchanger channel 
By combining the transfer functions described 

above according to a serial arrangement of one PFR 
and J identical CSTRs (see Fig. 3), the global transfer 
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Fig. 6. Schematic view of the experimental set-up. 

function between the fluid outlet and inlet tem- 
peratures is 

,-T,s(l+olM(s)) 

G(s) = [l +zks(l +&4(s))]” 
(13) 

It is well known that the frequency response of such 
a linear system is simply given by the complex number 
G(s =jo). 

Finally, one must notice the similarity between the 
two transfer functions (1) and (13) : G(s) [equation 
(13)] is obtained by replacing s with ~(1 +aM(s)) in 
E(s) [equation (I)]. 

This is in fact a particular application of a general 
theorem [32], allowing the modelling of linear per- 
colation processes through constant void fraction 
porous media. 

The flow is characterized by its RTD and can also 
be represented by a parallel arrangement of an infinity 
of elementary PFRs, of which residence time is dis- 
tributed according the experimental RTD. On this 
basis, one can associate a solid volume with each of 
the elementary PFRs, according to the global fluid- 
solid mass repartition [see the capacity factor defi- 
nition in equation (5)], leading to an input-output 
model similar to that derived for our system. 

EXPERIMENTAL SET-UP 

Figure 6 shows a schematic view of the experimental 
apparatus. The plates are made of stainless steel, Table 
1 gives the mains characteristics of the system. 

The fluid inlet temperature oscillations are obtained 
by using an induction heating system 1. This system 

Table 1. Main characteristics of the heat exchanger 

Plate thickness 
Plate width 
Plate length 
Heat exchange area 
Inlet section area 
Fluid volume between the plates 
Corrugation amplitude 
Corrugation period 
Corrugation angle 

0.0007 m 
0.133 m 
0.396 m 
0.1253 m* 
0.0005 m2 
0.27 x lo-’ m3 
0.0039 m 
0.013 m 
60” 

generates Foucault currents in a ferromagnetic steel 
element, and consequently heat by the Joule effect. A 
high Reynolds number fluid flow around this element 
leads to a high heat exchange coefficient. A tension 
modulation allows temperature oscillations of fre- 
quency between 0.1 and 1 .O Hz. 

The fluid temperatures are measured at the inlet 
and the outlet of the heat exchanger (2 and 5) and of 
the heat exchange section itself (3 and 4). We used 
0.25 mm diameter K thermocouples, directly in con- 
tact with the fluid. The time constant of such sensors 
is about 0.01 s, which is negligible. The inert tracer 
(an NaCl saturated solution) is injected at the inlet of 
the heat exchanger 2, from a pressurized tank. The 
injection time is controlled by an electrovalve. Con- 
ductivity measurements give the evolution of the 
tracer concentration at the outlet 5. The flow rate is 
measured with an electromagnetic flow meter 6. 

RESULTS AND DISCUSSION 

We did three experiments for three values of the 
Reynolds number, Re = 3100,469O and 6240, respec- 
tively. As an example, we show in Figs. 7 and 8 the 
RTD and the frequency response for Re = 6240. The 
frequency response is plotted in the Nyquist diagram 
which means Im (G(jo)) vs Re (G(jw)). 

We recall that the RTD measurements are related 
to the entire heat exchanger, between points 2 and 
5, while the frequency response is measured between 
points 3 and 4 (see Fig. 6). In order to estimate the heat 
exchange coefficient, we planned to fit simultaneously 
our model to both the experimental RTD and the 
frequency response. The schedule for this procedure 
is the following : 

?? step l-heat exchanger flow modelling between 
points 2 and 5. It consists of the direct measurement 
of the total dead time T0 and the estimation of the 
number of CSTRs and their volume, in order to 
minimize 

D = c @‘(L)exp -E(&w)2 
n 

?? step 2-heat exchange channel flow modelling 
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Fig. 7. Experimental and theoretical RTDs for Re = 6240. 
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Fig. 8. Experimental and theoretical frequency responses for Re = 6240. 

between points 13 and 4. We extract the flow pattern D = 1 W(W,) [Re (G(jW,)exp) 
corresponding to this subsystem in order to respect n 

the total volume constraint [relation (2)] of this 
section and to qualitatively fit its experimental fre- -Re UWwJtheo)lZ+ Pm (GCiW&J 
quency response ; 

??step 3-heat exchange coefficient estimation. We 
obtain h by minimizing the following criteria 

- Im (Ww,heo)12. 
W(w,) is a set of sensitivity parameters arbitrarily 
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adaptation sections , heat exchange section 
? 

Fig. 9. Equivalent flow pattern of the heat exchanger 

Table 2. Comparison of our results with previous work [33] 

Reynolds h[Wm*K-‘1 h[Wm*K-‘1 
number Our results [331 Error [%] 

3100 13 670 13 910 2 
4790 18 970 18 620 2 
6240 23 850 22 770 5 

defined from a sensitivity study of the frequency 
response to h. 

Figures 7 and 8 show that our model correctly fits 
the experimental results. The corresponding flow 
modelling is shown in Fig. 9. The heat exchange sec- 
tion is equivalent to one PFR of volume V0 = 160 cm3 
and four identical CSTRs of volume Vk = 28 cm3, 
while the two adaptation sections are equivalent to 
one PFR of volume V0 = 940cm3 and one CSTR of 
volume V, = 250cm3. 

The equivalent flow pattern of the heat exchange 
section has proved to be constant in our range of 
Reynolds number. 

Table 2 shows a comparison between our results 
and those already known for such corrugated plates 

[331. 
We can see that these results are not significantly 

different. 
Remark : the theoretical curves shown here are cal- 

culated by using the Matlab Software (The Math 
Works, Inc., U.S.A.) on a personal computer. 

CONCLUSION 8. 

In many circumstances, transient-state techniques 
have proved their efficiency in order to measure heat 
transfer coefficients in packed beds or heat 
exchangers. The lack of accuracy that has sometimes 
been recorded is mainly due to model inadequacy, 
particularly in the case of low Reynolds numbers when 
axial dispersion is neglected in the fluid. 

In this paper, we use simultaneously two inde- 
pendent transient-state techniques. RTD measure- 
ment gives an equivalent flow pattern model of the 
flow, allowing the fluid axial dispersion modelling. 
The heat transfer model is then based on this equi- 
valent flow pattern, the frequency response leading to 
the global heat transfer coefficient. 

This general framework of analysis is adapted to 
systems in which the flow can be assimilated to a 
flow through a porous matrix; in this case, one can 
associate an amount of solid in the same ratio as that 
of the system to each element of the qquivalent flow 

9. 

10. 

11. 

12. 

13. 

14. 

pattern. We give some evidence based on pressure 
drop measurements that our system can be compared 
with a flow through a porous matrix. 

Finally, as far as mathematical treatments are con- 
cerned, we want to emphasize here the advantage of 
frequency analysis, which transforms the ordinary or 
partial differential equation resolution into simple 
algebraic computations. Even if experimental fre- 
quency analysis is not performed, in consideration 
of technical difficulties, one can use non-parametric 
estimation procedures based on Fourier transform. 
Particularly, the frequential representation of systems 
facilitates the sensitivity analysis of the measured vari- 
able to the estimated parameters. Such an analysis 
is necessary to design a transient-state measurement 
method. 

1 

2 

3 

4 

5. 

6. 

7. 
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