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Abstract-The objective of this study is to characterize a new heating process in fluids, chaotic advection. 
The main mechanism generating this flow is the production of spatially chaotic trajectories in an alternating 
Dean flow. The present work examines the effects of chaotic advection on heat transfer at low Reynolds 
numbers. In order to assess the enhancement of heat transfer by chaotic advection, a helical heat exchanger 
and a chaotic heat exchanger (both of shell-and-tube type) of the same heat-transfer surface area and the 
same tube length were tested. The coils were assembled from 90” bends, and the chaotic coil was produced 
merely by turning each bend at a k 90” angle with respect to the previous one. Experiments were performed 
for Reynolds numbers ranging from 60 to 200. Temperature profiles measured in the cross-section of the 
coils show that chaotic advection substantially homogenizes and enhances heating. Moreover, it is shown 
that the homogeneity of heating in chaotic flow is almost independent of the Reynolds number. Parallel to 
the temperature profiles measurements, axial velocity profiles were measured by laser Doppler velocimetry 
at the exit from the coils and used to characterize the flow in the isothermal regime and compare the 
temperature profiles to the velocity profiles. Global heat-transfer measurements show that the chaotic heat 
exchanger is more efficient than the helical one, with an efficiency enhancement between 13 and 27%. 

0 1997 Elsevier Science Ltd. 

1. INTRODUCTION 

The homogeneous heating of delicate and viscous flu- 
ids is a difficult operation. Conventional techniques 
are based either on increasing the heat-transfer surface 
area or augmenting mixing in the fluid. The former 
technique incurs extra pumping costs, since the fluid 
experiences higher shear stress due to the additional 
non-slip surfaces. Good fluid mixing can be achieved 
in turbulent flows, but once again the drawback is the 
higher shear stress, which increases the pressure drop 
and pumping cost. In addition, it becomes difficult to 
enhance heat transfer in cases where turbulence can- 
not be generated in the flow due to high viscosity. 

Some delicate fluids (such as human blood or food 
liquids) contain long chains of molecules that can 
easily be damaged by shear stresses. Such products 
are usually heated by mixing them in laminar flow 
through helical coiled heat exchangers. The transverse 
motion developed in laminar flow through coiled 
tubes (the Dean roll-cells) transports cold particles 
from the center of the tube to the hot regions close to 
the wall. This mechanism enhances global heat trans- 
fer and is commonly used for this purpose [l]. Numeri- 
cal and experimental studies with the helical geometry 
show that for the same heat-transfer surface area, the 
inner Nusselt number is greater than that in a straight 
tube [2-51. It is also found that the relative enhance- 
ment of the Nusselt number is greater than the relative 
increase in head loss due to additional momentum 
transport in the transverse direction. In fact, there 
is global heat-transfer enhancement, but Raju and 

Rathna [6] showed that in helical coiled tubes the 
isotherms of temperature for different kinds of fluids 
(Newtonian, pseudoplastic or dilatant) contain seg- 
regated cold and hot regions. The Dean roll-cells div- 
ide the cross-section into two zones in each of which 
the isotherms form closed curves. Fluid particles 
inside the Dean roll-cells are prevented from 
approaching the hot walls ; thus mixing is poor, giving 
rise to a heterogeneous temperature field. 

Recent studies [7-91 present an alternative regime 
in laminar flow that has dispersive properties close to 
a turbulent regime. This phenomenon, called chaotic 
advection or Lagrangian turbulence, is analogous to 
temporal chaos in which a small number of degrees of 
freedom can cause chaotic evolution over time. in 
chaotic advection, the fluid-particle trajectories are 
chaotic and enhance mixing, consequently increasing 
heat transfer. 

While temporal chaos has been the subject of many 
investigations, chaotic advection has been studied 
only recently. Aref [lo] established an analogy 
between a two-dimensional flow and a conservative 
dynamical system. In a two-dimensional stationary 
incompressible flow, the stream function is inde- 
pendent of time and invariant for each particle; the 
system is integrable. The streamline equations define 
a Hamiltonian system of one degree of freedom. In 
two-dimensional incompressible nonstationary flows, 
the streamlines follow a Hamiltonian system depen- 
dent on time that is in general non-integrable; the 
particle trajectories can become chaotic. 

Some ideal flows have been studied to verify the 
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NOMENCLATURE 

a mean curvature radius Greek symbols 

C, specific heat 6 radius ratio, D/2a 
D tube diameter 6 heat exchanger efficiency 
Dil Dean number, Rem 4 heat flux 

.I 

non-dimensional eccentricity ;’ shear rate 
fanning friction factor F dynamic viscosity 
viscosity coefficient \ kinematic viscosity, p/p 

L development or attenuation distance P fluid density 
VI rate index 

~(.x,_v) 
shear stress 

Pe P&let number stream function. 

e flow rate 
Re Reynolds number, VDjv Subscripts 
t time av average 
T temperature e entrance 
u, u, u instantaneous Eulerian velocity i intake 

field max maximum 
x, _r, 2 instantaneous position of a fluid min minimum 

particle in the plane (xy) and axial 0 exit 
direction s shell-side fluid 

V mean velocity. t tube-side fluid. 

existence of chaotic advection. Aref [lo] modeled a 
cylindrical mixing tank equipped with two agitators 
moving continuously or alternately with periodic dis- 
placement. Chaiken et al. [11] looked at the Stokes 
flow between two eccentric cylinders rotating alter- 
nately. Jones and Aref [ 121 analyzed a pulsed source- 
sink system. 

Ghosh et al. [ 131 used Stokes flow between eccentric 
counter-rotating cylinders to investigate the effect of 
slender recirculation region within the flow field on 
cross-stream heat or mass transfer. In this lubr- 
ification flow they limited their study to high Peclect 
number Pe where the enhancement is most 
pronounced. They found that enhancement over pure 
conduction varies as e”’ at infinite Pe, where e is the 
nondimensional eccentricity and e”’ is the charac- 
teristic width of the recirculation region. This 
enhancement decays at Pe-‘:2 from the asymptotic 
value. Time periodic forcing of the rotation of the 
cylinders caused a further enhancement of the cross- 
stream flux due to the generation of chaotic particle 
transport. A similar flow geometry, the annular region 
between two concentric, confocal ellipses, was exam- 
ined by Saadjian et al. [14, 151. They have shown that 
for steady counter-rotation of the two ellipses, the 
recirculation zones can lead to 80% heat transfer 
enhancement over pure conduction at high Peclect 
numbers. This enhancement can reach up to 100% if 
one of the ellipses follow an appropriate sinusoidal 
modulation of the angular velocity. 

In three-dimensional flow, chaotic regime does not 
even require a time-dependent system, since stationary 
three-dimensional flows are equivalent to two-dimen- 
sional flows depend on time (as can be observed by 

replacing one of the coordinates by a fictitious time). 
The necessary conditions for the existence of three- 
dimensional stationary flow with chaotic streamlines 
have been addressed by Arnold [ 161, who gave an 
example with the triply periodic solution of the Euler 
equation (ABC flow). Though this flow cannot be 
reproduced in laboratory, several designs suggested 
for using chaotic mixing in practical devices capture 
its essential features. One is the partitioned pipe mixer 
of Khakhar et a/. [17], in which a central partition 
and rotation of the pipe produce chaotic trajectories. 
The other is an alternating sequence of bends [7, I S]. 
The former authors showed numerically that mixing 
can be enhanced by inserting a geometrical per- 
turbation in the laminar flow. This perturbation is 
achieved by merely shifting each bend by an angle x 
between 0 and 90”. The resulting twisted-duct 
geometry produces laminar chaotic pathlines of par- 
ticles flowing inside the duct. Mixing is much more 
efficient in this case than in the helical coil. 

Le Guer et ul. [19] also studied the hydrodynamics 
of the flow in twisted bends. Their experimental results 
show that the flow produces a horseshoe map and 
pathlines are sensitive to the initial conditions. It has 
also been demonstrated that the flow produces very 
complex stretching and folding patterns in the 
material lines. In the zones where chaotic flow 
prevails, an exponential stretching rate is observed. It 
is well known that this behavior indicates that particle 
pathlines are chaotic [20]. Comparison of the variance 
of axial and transverse distribution of fly-time in the 
system showed that the increase due to the chaotic 
advection of the transverse variance is at least one 
order of magnitude greater than the decrease in the 
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variance of axial dispersion. Therefore, though from 
the Eulerian point of view the flow is locally a “reg- 
ular” Dean flow, an important modification of the 
flow topology has occurred. Peerhossaini et al. [9] 
designed a heat exchanger based on chaotic advection 
in order to apply this new concept. 

outer concave wall of the tube and generates another 
pair of counter-rotating vortices known as Dean vor- 
tices. 

The aim of the present study is to examine the 
effect of chaotic advection on heat transfer. Thus, we 
compare two kinds of heat exchangers : a helical-coil 
heat exchanger and a twisted pipe coil that generates 
chaotic advection (hereafter called the chaotic coil). 
The same bends are used to construct both the chaotic 
and the helical coils : they are assembled in one way 
to form a helical coil and in another way to produce 
chaotic pathlines of the fluid particles flowing inside 
the tubes. Thus the two coils have the same heat- 
transfer surface area. 

Our heat exchanger consists of the coils described 
above immersed (one at a time) in a polypropylene 
cubic shell. The secondary hot fluid (water) flows in 
the shell side whereas the primary cold fluid flows in 
the tube side. Our primary fluid is a non-Newtonian 
solution of carboxymethyl cellulose (CMC), one of 
the model fluids frequently used in food engineering. 
Experiments were performed for Reynolds numbers 
between 60 and 200. 

It is important to distinguish between Dean vortices 
and Dean roll-cells. The main difference is the mech- 
anism that gives rise to the two phenomena. Dean 
roll-cells are present even at the lowest Dean numbers 
and are due to the imbalance between centrifugal and 
viscous forces (similar to a box with differentially 
heated side walls). Dean vortices, on the other hand, 
are due to an instability phenomenon that appears 
only after an instability threshold is crossed (similar 
to Rayleigh-Bgnard convection). Figure 1 shows two 
typical flows in curved ducts. The first one occurs at 
lower Dean numbers; it consists of Dean roll-cells 
only. The second one appears once the critical Dean 
number is achieved and includes Dean roll-cells and 
Dean vortices. As shown in Fig. 1, the other major 
difference is the space domain in which the cellular 
structures appear. Dean roll-cells occupy almost the 
whole cross-section, while Dean vortices occupy only 
a small part of it. The roll-cells are larger than the 
vortices. More detailed studies of the hydrodynamics 
of Dean flow are reported in Berger et al. [24], Bara 
et al. [25] and Le Guer et al. 1191. 

Temperature profiles were measured at the exit of 
the coil in both configurations and velocity profiles 
were measured at the same positions in the isothermal 
case. In a second experiment, we measured heat- 
exchanger efficiency using the two coils so as to assess 
efficiency enhancement by chaotic advection. 

The Dean number is a nondimensional number that 
characterizes the flow in curved channels. It represents 
the ratio of centrifugal force to viscous and inertial 
forces and is defined as 

The remainder of the paper is organized as follows. 
Section 2 gives a brief introduction to Dean flow as a 
base line for the production of chaotic pathlines in 
twisted bends. The experimental facility is described 
in Section 3. Section 4 is devoted to the procedure 
and experimental results, and Section 5 contains some 
concluding remarks. 

Dn = Re 
J 

D 
a 

where a is the mean curvature radius. 

2.2. Fluidparticle pathlines in twistedpipejloll 
In the Lagrangian representation of fluid motion, 

one searches for the trajectories of particles by for- 
mulating the velocity field as 

2. DESCRIPTION OF THE BASIC FLOW dx 
- = U(X, y, Z, t) 
dt The focus of this work is the flow in a twisted pipe 

that is an assembly of 90” bends. This section gives a 
brief description of the flow in curved channels and 
of the modifications arising in the flow due to the 
switch in curvature plane of the bends. 

dy - = v(x,y, z, t) 
dt 

2.1. Dean ,jow 
The flow in the tube side of the heat exchangers 

under study here is that through a succession of bends : 
the basic flow is thus the flow in a curved duct. In 
laminar flow through a curved duct, centrifugal forces 
give rise to a secondary flow that consists of a pair of 
counter-rotating roll-cells. These roll-cells are known 
as Dean roll-cells after W. R. Dean [21, 221, who 
developed a theory of this secondary flow, following 
the observations of Eustice [23] ; we thus call the flow 
through a curved duct “Dean flow”. For higher Dean 
numbers, a centrifugal instability appears close to the 

where (x, y, z) is the instantaneous position of a par- 
ticle and (u, c’, w) represents the instantaneous Eul- 
erian velocity field. If the flow is steady, the inde- 
pendent variable t (time) can be replaced by the 
streamwise space variable Z. This can be achieved by 
dividing the two first equations by the third, yielding 
a two-dimensional system. 

In two-dimensional steady systems, the incom- 
pressibility conditions define a stream function 
$(x,y). The problem can then be formulated as a 
Hamiltonian dynamical system : 

(1) 
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Dean number < Critical Dean number Dean number > Critical Dean number 

Fig. I Secondary flow in a curved duct. 

(3) 

where the stream function $ is the Hamiltonian. These 
equations describe a Hamiltonian system with one 
degree of freedom for which a solution in terms of 
regular functions is always possible. The fluid particle 
trajectories in this case are always non-chaotic. The 
analogy with Hamiltonian dynamics suggests that if 
the stream function is periodic in Z, :he laminar flow 
follows non-integrable Hamiltonian dynamics and 
gives rise to deterministic chaotic trajectories. in this 
sense the trajectories are complicated and sensitive to 
initial conditions. This phenomenon, which has been 
termed chaotic advection [lo], enhances mixing. 

Chaotic mixing becomes useful in practice in open 
flows, since many industrial devices involve flow in 
ducts. Chang and Sen [26] review previous work on 
the enhancement of heat transfer in fluids by chaotic 
mixing and describe several devices for practical appli- 
cations. Here we study heat-transfer enhancement in 
one of these devices : the chaotic coil. 

3. EXPERIMENTAL SETUP 

Figure 2 is a photograph of the two coils tested 
in the chaotic and regular configuration. The coils 
immersed in the rectangular reservoir constitute two 
shell-and-tube heat exchangers, one helical and the 
other chaotic. A primary concern in the coil design 
was the similarity of their external geometry, which 
affects the flow of the secondary fluid around the coils 
in the shell. The coils are assembled from bends and 
straight tubes. The bends are 90” curved tubes of cir- 
cular cross-section made of stainless steel; the inner 
and outer diameters of their cross-section are 23 and 
25 mm, respectively, and their mean radius of cur- 
vature is 126.5 mm. Each bend is separated from the 
next by a straight section that decouples roll-cell for- 
mation in the upstream bend from that in the down- 
stream bend. The bends and straight tubes are 
assembled using special connections that introduce no 
discontinuities a? the joints. 

The chaotic coil, obtained merely by rotating each 
bend by 90‘ with respect to the neighboring bend. 
consists of 33 bends and 11 straight tubes of 80 mm 
each. The helical coil is an assembly of the same 33 
bends and 16 straight tubes of 55 mm each. Thus the 
coils have the same heat-transfer surface area. 

A schematic diagram of the heat exchanger is shown 
in Fig. 3. It consists of the coils described above 
immersed (one at time) in a polypropylene cubic shell. 
All faces of the shell are insulated with panels of 
expanded polystyrene 4 cm thick in order to minimize 
heat loss to the surrounding air. 

Temperatures are measured by chromel-alumel 
thermocouples of 80 pm diameter located as shown in 
Fig. 3. Entrance and exit temperatures of the shell- 
side fluid are measured by the two thermocouples (3) 
and (4) fixed in the center of the tube cross-section. 
Two probes (1) and (2) allow measurement of the 
intake and exit temperature profiles of the tube-side 
fluid along the tube diameter by a micrometric dis- 
placement mechanism. 

A heat exchanger test facility, the schematic diag- 
ram of which appears in Fig. 4, was designed to test 
the two heat exchangers. It is made of a primary cold 
loop and a secondary hot loop. The heat exchanger 
under test is shown in the center. The cold loop is 
designed to operate with different types of fluids, 
especially delicate non-Newtonian and very viscous 
fluids. It consists of an overhead reservoir (1) of 160 1 
capacity that damps the temperature fluctuations. The 
fluid is continuously mixed in the reservoir in order to 
homogenize its temperature. The cold fluid is pumped 
through the loop using a helical shaft pump (Momeau 
pump) (2). These pumps are widely used in food- 
processing industries because they exert a low shear 
stress on the fluid. The flow rate is controlled by a 
valve (3) and measured by a electromagnetic flow- 
meter (Hendressf Hausser Picomag II) (4). In the 
range of the flow rates tested in this work, the accuracy 
of the instrument is within k 0.5%. The electro- 
magnetic flowmeter was chosen for its non-intrusive 
nature (the flow is not perturbed). This type of flow- 
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(4 

(4 

Fig. 2. Photographs of the two coils tested : (a) chaotic coil; (b) helical coil. 

meter is also very insensitive to variations in fluid returning to the overhead reservoir, the fluid is cooled 
density, viscosity, temperature and flow pressure. to its initial temperature in a compact heat exchanger 

The coil under test is preceded by a 4 m long straight (5), the coolant fluid of which is the laboratory cold- 
tube (about 170 diameters) in order to obtain a fully water network. The temperature of the test fluid (tube 
developed Poiseuille flow. The fluid is then heated in side) is controlled by the flow rate of the coolant fluid. 
the coil side of the heat exchanger under test. Before The hot loop, designed to operate with water as 
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exit of the tube stainless steel 

II : Thermocouple equiped with 
a micrometer 

I : Fixed thermocouple 
Fig. 3. Heat exchanger test facility. 

working fluid, is similar to the cold loop, consisting 
of an overhead reservoir (6) to damp the temperature 
fluctuations. The hot fluid is circulated by a centrifugal 
pump (Grundfos CR4) (7). The flow rate is measured 
by a bank of three calibrated flow meters with over- 
lapping ranges, arranged in parallel (8). The accuracy 
of the measurement is within 1.5%. The fluid is then 
cooled in the shell by the test heat exchanger. Before 
returning to the overhead reservoir. the fluid is heated 
to its initial temperature by an Etirex RLE 18 inline 
electric resistance heater (IO). A platinum probe mea- 
sures the fluid temperature at the exit of the heater, 
the power of which is regulated by an Etirex PID 
automatic regulator (model REPN). The precision at 
the exit of the resistance heater is within f 0.5 C. 

Since the two overhead reservoirs damp the tem- 
perature fluctuations, the temperatures at the entrance 
of the heat exchanger under test are obtained within 
+0.1 C. 

The primary (tube-side) working fluid in the exper- 
imental heat exchanger is a viscous non-Newtonian 
aqueous solution of carboxymethylcellulose (CMC). 
the shear stress of which is governed by a power law : 

T = k3” (4) 

where k is the viscosity coefficient, n is the rate index 
and : is the shear rate. CMC has been widely used as 
a model fluid for the thermal treatment of food liquids. 
It is opted as the working fluid here in order to inves- 
tigate the feasibility of chaotic convection for the ther- 
mal treatment of food liquids. At the solution con- 
centrations used in these experiments, the non- 
Newtonian behavior of CMC is very weak and, there- 
fore. at this stage was not taken into analysis. The 
coefficients k and IZ were measured with a Weissenberg 
Rheogoniometer at constant rotation speed ; the 
values obtained are plotted vs temperature in Fig. 5. 
Both curves show a nonlinear dependence of k and II 
with temperature. For all temperatures tested, n is less 
than 1 ; thus the fluid has pseudoplastic behavior (for 
a Newtonian fluid, n is a constant equal to I). 

4. RESULTS 

Experiments began by measuring axial velocity pro- 
files at the exit from the chaotic coil. We then mea- 
sured temperature profiles on a tube diameter at the 
exit from both the chaotic and helical coils. Com- 
parison between the chaotic and helicoidal tem- 
perature profiles reveals the effect of chaotic advec- 
tion. We then proceeded with the assessment of the 
effect of chaotic advection on global efficiency of the 
heat exchanger by comparing the heat-exchange 
efficiency of the two coils. Experiments were run for 
different flow rates corresponding to Reynolds num- 
bers between 60 and 200. 

When a pseudoplastic fluid flows in a circular tube. 

Overhd 

nekuork 

Centrifugnl pump 17) 

Fig. 4. Schematic diagram of the heat exchanger. 
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0.8 Q k : Viscc~sity coefficient 
c ?? n : Rafe index 

2 0.6 

Y 

10 15 20 25 30 35 40 45 50 

Temperature in “c 
Fig. 5. Variation of the viscosity coefficient k and the rate index n with temperature. 

the generalized Reynolds number is calculated from 
[27] : 

where D is the tube diameter, V is the mean flow 
velocity and p is the fluid density. The advantage of 
this definition of Reynolds number is that the defi- 
nition of fanning friction factor,ffor non-Newtonian 
fluids remains the same as that of Newtonian fluids ; 
,f‘= 16/Re. It is experimentally observed by Metzner 
and Reed [27] that transition from laminar to tur- 
bulent regime occurs at Re z 2100 for a pipe flow. We 
present the results below. 

4.1. Flow characterization 
Axial velocity profiles were measured by laser Dop- 

pler velocimetry at the exit from the chaotic heat 
exchanger. In order to measure the velocity profiles, 
a straight Plexiglas tube with external plane walls was 
inserted at the exit of the chaotic coil, 200 mm down- 
stream of the last bend. This is the position at which 
the temperature profiles were also measured. The dis- 
tance from entrance L, for development of the flow in 
curved ducts has been found to be 10% longer than 
that in a straight duct [28]. If we presume that the 
same length is also necessary for dissipation of Dean 
roll-cells once they leave a curved duct ( and arrive in 
a straight duct), this length L can be calculated from 

L = 1.1 F 
( > 

L was calculated for different experiments reported 
here and it was found that the distance from the 
curved pipe exit of the position of velocity measure- 
ments was always shorter than L. 

Figure 6 shows the axial velocity profiles measured 
on the symmetry plane of the last bend in the chaotic 
coil : they are asymmetric parabolic profiles with the 
maximum shifted to the outer radius of the bend. The 
shift is a function of the flow Reynolds number; for 
low Reynolds numbers and low curve angles (90^ 
here), the asymmetry is not very pronounced. 
However, Dean roll-cells are present, as shown by the 
conjugate flow visualization and LDV measurements 
of Castelain [29] in a transparent chaotic twisted duct. 
Evidently in a helical coil the shift of the velocity 
maximum toward the outer radius is more pro- 
nounced since the curvature effects in bends are addi- 
tive. Because of the curvature plane switch in the 
chaotic coil, the curvature effect in each bend is deco- 
upled from that in the neighboring bends. We con- 
clude from the above velocity profiles that in the chao- 
tic coil the flow locally resembles a curved-tube flow 
with two counter-rotating Dean roll-cells. This con- 
clusion is in agreement with the detailed measure- 
ments of le Guer et al. [19] in a twisted duct flow. 

4.2. Heat-transfer results 
In all experiments, intake temperatures of the fluid 

on the tube side and the shell side were regulated at 
20 and 46”C, respectively. Shell-side flow was main- 
tained at a fixed flow rate. Experiments were run for 17 
flow rates in the tube side corresponding to Reynolds 
numbers between 60 and 220. 

4.2.1. Temperature prqfiles. Local analysis. Tem- 
perature profiles were measured on a tube diameter 
for both helical and chaotic coils. The position of 
measurements is 200 mm downstream of the last bend 
exit. Only the temperature profiles that show a sig- 
nificant effect are given here. 

Figures 7-9 show fluid temperature profiles mea- 
sured at the exit from the coil side. For each tube-side 
flow rate, temperature profiles corresponding to the 
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Fig. 6. Axial velocity profiles measured on the symmetry plane of the last bend in the chaotic coil 
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Fig. 7. Temperature profile at the exit of rhe two coils for Reynolds number 63. 

helical and chaotic coils are plotted on the same graph. 
For the helical coil, profiles are measured per- 
pendicular to the curvature plane of the bends. For 
the chaotic coil, profiles are measured perpendicular 
to the curvature plane of the last bend. Profiles labeled 
“2nd mes.” are measurements repeated to verify 
reproducibility. 

For Reynolds numbers between 63 and 97, profiles 
in the helical coil are “double-U” shaped with the 
minimum temperatures corresponding to the center 
of the Dean roll-cells. The maximum temperatures are 
located close to the wall and in the centerline of the 
tube. The difference between the maximum and mini- 
mum temperatures in a cross-section is more than 
12°C. The “overheating” in the center region of the 
tube is due to the Dean roll-cells, which transport hot 
fluid particles from the region close to the wail to 
the centerline and vice versa. However, fluid particles 
inside the Dean roll-cells are much less heated. During 
their passage in the coil, particles are trapped between 

the regular streamlines of the Dean roll-cells and tra- 
vel on a spiral trajectory, always keeping the same 
distance from the tube wall. Only a small number 
of particles can escape from the Dean roll-cells by 
molecular diffusion. Thus transverse heat transfer 
inside the vertical structures occurs mainly by con- 
duction. Moreover, the maximum values in the longi- 
tudinal velocity profile are located in the center of the 
Dean roll-cells [l, 271. Hence, particles situated at 
these positions have smaller residence time in the coil 
and are less heated. 

For Reynolds numbers greater than 97, the tem- 
perature profiles for the helical coil are modified in 
the neighborbood of the symmetry plane of the Dean 
roll-cells. The deformation may be due to the appear- 
ance of Dean instability. Two additional vortices 
appear when the Dean number is above a critical 
value. Called “Dean vortices”, they are smaller than 
the Dean roll-cells and appear on the concave wall 
of the bends. Therefore they rotate in the opposite 
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Fig. 8. Temperature profile at the exit of the two coils for Reynolds number 97. 
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Fig. 9. Temperature profile at the exit of the two coils for Reynolds number 190. 

direction to the Dean roll-cells, as shown in Fig. I. 
The stagnation point of the Dean roll-cell streamlines 
is thus pushed away from the concave wall of the bend 
toward the tube center. The Dean vortices can appear 
at the origin of the temperature profile deformation, 
as shown in Fig. 9, corresponding to Reynolds number 
190. 

Experimental studies confirm the existence of a 
critical Dean number ; however, they do not agree on 
the critical value. In this study, Dean vortices seem to 
appear at a lower Dean number than those cited in 
the literature. This early appearance could occur for 
various reasons. In a detailed experimental study, 
Bara et al. [2.5] show that the smaller the Dean 

number, the greater the development length of Dean 
vortices. This length is usually given in angular units. 
Since the primary circuit of the heat exchanger is 
constituted of 33 90”-angle bends, the helical flow 
takes nearly 3000” to develop itself. But since the 
experiments of Bara et al. [25] were carried out in a 
300” torus, the fluid particles at the exit did not 
undergo as many rotations as in the present study. It 
then would be plausible that a larger Dean number is 
required to reach the threshold of Dean instability. 

Another reason for the early appearance of the 
Dean vortices in the present work could be the nature 
of the working fluid. The CMC solution used here is 
mildly pseudoplastic, a property that accelerates the 
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secondary flow in comparison with a Newtonian fluid 

[271. 
A striking contrast is visible between the tem- 

perature profiles at the exit from the helical and chao- 
tic coil. The temperature profiles at the exit of the 
chaotic coil are almost flat. For Reynolds numbers 
between 63 and 87, the temperature difference between 
the core flow and the region close to the wall is less 
than 4°C and is limited to the zones 2 mm from the 
wall. The flatness of the temperature profile is affected 
by chaotic advection. In fact, in this flow regime. while 
in laminar flow, fluid particles follow chaotic tra- 
jectories that make them visit a large number of trans- 
verse positions in the tube cross-section. This is in 
contrast to the helical configuration, in which fluid 
particles are locked on a regular streamline from 
entrance to exit from the coil. It is shown numerically 
[7. 301 by projection of fluid trajectories on the tube 
cross-section that in chaotic advection fluid particles 
cross the local transverse streamlines, while in the 
helical configuration transverse streamlines are bar- 
riers to free particle movement 

Superposed on the globally flat temperature profiles 
of chaotic coil, a small-amplitude spatial wave-form is 
observed. When the Reynolds number was increased 
more waves appeared, but in no cases did their ampli- 
tude exceed 3 C. From the present exit measurements 
it is difficult to decide on the cause of these wave- 
forms. One possible reason is the existence in the flow 
of KAM tori, which are closed stream tubes across 
which no fluid particle can pass. Thus if a KAM 

torus initially contains hot fluid particles, they do not 
transfer heat to cooler fluid particles and, thus, at the 
exit are hotter than their environment. The formation 
and behavior of KAM tori in the chaotic coil was 
numerically demonstrated in previous work [30]. 

The flow in the chaotic coil is three-dimensional. 
The effect of chaotic advection is verified by measure- 
ment of the temperature profile on a tube diameter 
perpendicular to that in Figs 779. In Fig. 10 tem- 
perature profiles along a horizontal and a vertical 
diameter of the chaotic coil are superposed on the 
temperature profile on a horizontal diameter of a heli- 
cal coil. The Reynolds number for the three measure- 
ments is 63. The similar form of the chaotic tem- 
perature profiles (horizontal and vertical) is readily 
discernible. suggesting that the temperature profiles 
on other diameters will behave similarly. 

In summary, the main difference between the helical 
and the chaotic coils can be qualitatively described 
from the local temperature measurements. In the heli- 
cal coil the Dean roll-cells transport hot particles from 
the neighborhood of the wall to the center of the 
tube and vice versa. However, particles trapped at 
the center of the Dean roll-cells are prevented from 
approaching the hot wall. Consequently the centerline 
of the tube is overheated and the center of the Dean 
roll-cells are not heated enough. Heating in the helical 
coil is thus nonhomogeneous. The Dean roll-cells are 
also locally present in the bends of the chaotic coil. but 
each curvature-plane switch reorients the centrifugal 
force, so the Dean roll-ceils of the previous bend van- 

Chaotic coil 

Fig. IO. Temperature profiles for the chaotic coil measured in the curvature plane of the last bend and in 
a plane perpendicular to the latter. Temperature profiles for the helical coil measured in the plane per- 

pendicular to the curvature plane. 
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ish and reappear in a plane perpendicular to the pre- 
vious plane. Fluid particles that were trapped in the 
Dean roll-cells of the previous bend are released and 
mixed in the Dean roll-cells of the next bend, so that 
more particles can visit hot regions close to the walls. 
The consequence of these phenomena is the homo- 
genization of heating in chaotic flow. 

Acharya et al. [8] have demonstrated the feasibility 
of heat-transfer enhancement by chaotic mixing. They 
have solved the problem numerically by using the 
analytical flow field obtained by Dean [21, 221. The 
energy equation, though linear, is solved numerically, 
using Dean’s velocity field, to give the temperature 
distributions and heat-transfer characteristics. They 
found also that in the alternating axis coil, the tem- 
perature field becomes flatter than in helical coil. 

Standard deviation of the profiles. Here we examine 
the standard deviation of the temperature distribution 
in order to give a rough quantitative criterion for 
heating homogeneity. The standard deviation, which 
indicates the scattering of the temperatures around 
their mean value, gives sufficient insight into the prob- 
lem: the smaller the standard deviation, the more 
homogeneous the heating. 

Figure 11 plots the standard deviation of the tem- 
perature profiles vs the Reynolds number of the tube- 
side flow. The values corresponding to the chaotic 
coil, of the order of 1 “C, do not vary significantly with 
Reynolds number : the homogeneity of heating seems 
to be independent of the Reynolds number. On the 
other hand, for the regular flow in the helical coil, the 
values decrease from 4.5”C to 3°C: increasing the 
Reynolds number seems to homogenize heating. 

These curves confirm that in chaotic flow, mixing 
in the cross-section of the tube is almost independent 
of the dynamics of the flow; instead, the chaotic 
behavior of the particles is inherent in the flow 

topology. On the contrary, in the regular flow, the 
strength of the secondary flow (characterized by the 
Reynolds or Dean number) plays a leading role in the 
mixing process. 

4.2.2. Effect of chaotic advection on global heat 
transfer. A series of experiments was carried out to 
examine the effect of chaotic advection on global heat 
transfer in the coils by assessing the efficiency of heat 
exchange in the chaotic and helical configurations. 
This requires measuring the bulk fluid temperatures 
at the entrance and exit of both the coils and the shell. 
Since important temperature variations are detected 
in the tube cross-section, as shown earlier, we used 
the mixing device described below to obtain a mixed 
mean fluid or bulk temperature. 

Measurement of the bulk temperature. The exit tem- 
perature of the tube-side fluid was measured using a 
SMX Sulzer static mixer. The model chosen has five 
elements. In order to verify the homogeneity of the 
temperature in the cross-section, we measured tem- 
perature profiles downstream of the mixer. The device 
used for this operation (see Fig. 12) consists of two 
thermocouples. The first is fixed in the center of the 
tube and measures the bulk temperature. This tem- 
perature is then compared to the local temperatures 
on the profile. Local temperatures are measured by a 
second thermocouple that is displaced by the mic- 
rometric traversing mechanism shown in Fig. 12. 

Figure 13 shows three temperature profiles mea- 
sured for different Reynolds numbers. The straight 
lines indicate the values of bulk fluid temperature mea- 
sured by the fixed thermocouple and “0” symbols 
represent local temperatures in the tube cross-section, 
downstream of the static mixer, measured by the trav- 
ersing mechanism. Temperature profiles are very flat ; 
the difference between local and bulk temperatures is 
less than 0.25”C. Therefore, we can consider the fluid 
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temperature measured at the center of the tube as the 
bulk fluid temperature with satisfactory accuracy. 

Determination of the qfficiency qfthe heat exchaltger. 
The physical properties of the tube side fluid are cal- 
culated for its average temperature in the heat 
exchanger, determined as 

T,> = 
Tt + To, 

2 (7) 

where the subscript i refers to the intake, o to the 
exit and t to the tube-side fluid. The thermal energy 
received by the tube side fluid is calculated from 

4t = ~tQtC,,(Tot - TJ. (8) 

(PQC-phmn corresponds to the tube-side fluid. Thus 
calculating the efficiency of the heat exchanger reduces 
to calculating the ratio of two temperature differ- 
ences : 

(1()) 

Thermal equilibrium criterion. For each experiment, 
a criterion for thermal equilibrium was verified before 
recording the measurements : measurements were 
taken when the heat balance was within 5%. This 
takes into account the heat losses from the exchange 
among the six faces of the shell and the surrounding 
air. 

The following expression defines the efficiency of a 
To check the heat balance, we compare the primary 

heat exchanger : 
and secondary heat fluxes. The secondary (shell-side) 
heat flux is determined as 

For all experiments in the present work, the term where the subscript s refers to the shell-side fluid. Since 
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the shell side fluid is the hotter one, the secondary 
heat flux is negative. 

The criterion for thermal equilibrium-state is then 
written as 

4,-t& 
__ d 0.05. 

4, 
(12) 

The term on the left-hand side of the above criterion 
is plotted vs Reynolds number in Fig. 14. The graph 
represents the thermal equilibrium for different exper- 
iments in the present work. The values scatter within 
f5%, but most of them are contained between 
$_2.5%. 

l@ciency qf the heut exchanger. Figure 15 plots the 
efficiency of the heat exchanger vs Reynolds number 
for the two coil configurations, “ +” symbols cor- 
respond to the chaotic coil and “0” symbols to the 
helical coil. 

Vertical bars indicate the uncertainties of the values. 
The uncertainty interval for E is due to the errors 
in measuring the temperatures T,,, T,, and r,,. As 
mentioned in Section 3, 80 pm thermocouples were 
used. The uncertainties for temperature have been 
estimated to be equal to 0.1”C. Using the method 
described by Kline and McClintock [31] and Moffat 
[32], we have calculated the relative uncertainty inter- 
val for E. They vary from 1.2% for high values of E to 
2.5% for lower values. As can be seen on Fig. 15 this 
results to absolute uncertainty intervals approxi- 
mately constant and of the order of 0.006. 

The points follow two separate curves: the values 
corresponding to the chaotic coil are always higher 
than those for the helical coil. The efficiency of the 
chaotic heat exchanger is thus greater than that of the 
helical heat exchanger. 

In the chaotic flow, the cold fluid is no longer con- 
tained in the cold region. The location of the Dean 
roll-cells changes from one bend to the next. Thus, 
the fluid trapped in the Dean roll-cells is released at 
the change of the curvature plane. More cold particles 
of fluid thus visit hot regions close to the wall and 
global heat transfer is therefore improved. 

Figure 16 plots the efficiency enhancement, defined 
by the relative increase of the efficiency of the chaotic 
heat exchanger over the helical heat exchanger, versus 
the Reynolds number. The points follow a constant 
plateau (around 27%) for Reynolds numbers up to 
90 and then the efficiency enhancement decreases with 
Reynolds number. Its lowest value is 13%, which cor- 
responds to Re = 220, the largest Reynolds number 
considered here. Measurement of the friction 
coefficient at these low Reynolds numbers revealed no 
significant difference between chaotic and helical coils 

!91. 
Heating in chaotic advection is more advantageous 

at lower Reynolds numbers, as shown in Fig. 16. 
Indeed, in the chaotic flow, the complex behavior of 
the pathlines is independent of the dynamics of the 
flow and is instead due to kinematic effects. However, 
mixing in regular flow is directly governed by the 
dynamics of the flow. In chaotic flow, better mixing 
does not require higher Reynolds number if the sec- 
ondary flow has reached an invariant state. 

5. CONCLUSIONS AND DISCUSSION 

A new geometry for the tube coil in the shell-and- 
tube heat exchanger is presented. inspired by previous 
work of the authors on the generation of the spatially 
chaotic regime in dynamical systems. The basic 
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geometry of the tube coil is constituted from an ensem- 
ble of quarter-circle curved tubes or bends. The cur- 
vature plane of each bend makes a 90” angle with 
those of neighboring bends. Dean roll-cells generated 
in the bends are the building blocks of a stretching 
and folding process that increases mixing in the fluid, 
thus enhancing heat transfer. 

A chaotic shell-and-tube heat exchanger was 
designed on the basis of this geometry. The basic 
elements (bends) of the chaotic coil were reassembled 
to build a helical tube, which was in turn used to 
construct a helical shell-and-tube heat exchanger. The 
performance of the two heat exchangers was studied 
on a heat-exchanger test facility specifically designed 

for this purpose. The effect of chaotic advection in the 
chaotic heat exchanger on temperature uniformity, as 
well as on the overall efficiency of the heat exchanger, 
was assessed. 

It was found that Dean roll-cells generated in the 
curved tubes are locally similar in chaotic and helical 
heat exchangers. However, their effects on convective 
heat transfer between the tube wall and fluid are quite 
different, even opposite. In the chaotic coil, the Dean 
roll-cells smear temperature differences in the tube 
cross-section and, therefore, render it uniform. On the 
contrary, in the helical or regular coil, they generate 
confined regions in the tube cross-section in which 
fluid particles trapped inside Dean roll-cells stay trap- 
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ped from the entrance to the exit of the helical coil; 
they can escape these closed zones only by diffusion. 
This segregation causes zones of overheating sep- 
arated by regions of no heating and hence a non- 
uniform temperature in the tube cross-section. 

The flatter temperature distribution in the chaotic 
coil is attributed to the chaotic trajectories of fluid 
particles due to the generation of the chaotic advection 
regime. This phenomenon contributes also to the 
enhancement of the global efficiency of the chaotic 
heat exchanger. The relative enhancement of the chao- 
tic heat exchanger, measured for tube Reynolds num- 
bers ranging between 60 and 200, was up to 28%. This 
increase occurred at Reynolds numbers as low as 60, 
where most enhancement techniques have enco- 
untered difficulties. The great efficiency of the chaotic 
heat exchanger makes it an attractive device for heat- 
ing very viscous or fragile Newtonian or non- 
Newtonian fluids. As a general rule, it can be stated 
that chaotic advection always improves the already 
high efficiency of helical coils. 

Previous studies on helical coils have shown that 
the secondary flow, though regular, improves global 
heat transfer compared with a straight tube, for the 
same heat-transfer surface area. The inner Nusselt 
number of a helical coil is higher than that of a straight 
tube [l-3]. Kalb and Seader [33] showed that the ratio 
of the relative enhancement of the Nusselt number to 
the relative augmentation of the friction factor 
increases with the Prandtl number of the fluid. This 
ratio lies between 1.5 and 2 for a Prandtl number of 
7. Indeed, in convective heat transfer, mixing is most 
important when conduction is weak compared to 
advection. Therefore, one can expect the chaotic heat 
exchanger to be more advantageous than the helical 
heat exchanger for higher Prandtl numbers, a result 
proved numerically by Acharya et al. [S]. 

In coiled tubes periferally averaged Nusselt number 
is found to undergo spatial oscillations before reach- 
ing an axially invariant fully developed value [34]. 
Acharya rt al. [34] showed that for unit Prandtl num- 
ber the Nusselt number goes through a minimum 
when the eccentricity (due to the development of the 
secondary flow) of the isotherms is of the same order 
that the boundary layer thickness developed on the 
tube walls. They also showed that the Nusselt number 
reaches a maximum value farther downstream and 
then begins to decrease again. The passage on 
maximum occurs at axial distance from the tube 
entrance Z,,,,, which scales as 

Z,,,,,6”4Re-“2 z 0.85. (13) 

Z,,,,, is approximately the axial distance necessary for 
a fluid particle at the tube center to reach the wall. 
Eventually the entrance length Z, is defined as the 
distance at which the Nusselt number becomes axially 

*We are indebted to one of the referees for this comment. 

invariant. The authors have found that Z, = 2Z,,, 
and that it is a function of the Prandtl number. For 
fluids with Pr > 1 the curve of the Nusselt number 
shows more than one oscillation. We have calculated 
Z, for the experimental cases reported here, using the 
estimation (13). It is found that even for the lowest 
Reynolds number the entrance length Z, is longer 
than the bend length. It implies that in the chaotic 
configuration the Nusselt number never reaches its 
fully developed asymptotic value. On the contrary, in 
the helically coiled configuration the tube length is 
more than 23 times the entrance length calculated for 
Pr = 1. The Prandtl number for CMC used in this 
work is 30, which is evidently higher than 1. However, 
it can be presumed that the entrance length cor- 
responding to Pr = 30 should be at most one order of 
magnitude longer than that of Pr = 1 and, therefore, 
the helical tube length is long enough to provide fully 
developed regime. The temperature profiles (Figs 7- 
9) somehow show this. 

The non-establishment of fully developed value of 
Nusselt number, in fact causes an underestimation 
effect of the heat transfer enhancement by chaotic 
advection. In other words one can consider the values 
of efficiency gain reported here as a lower bound for 
efficiency enhancement by chaotic advection. 

Mixing and heat transfer by chaotic advection can 
also be sensitive to the protocol of rotation of the 
curvature plane. Acharya et al. [8] studied heat-trans- 
fer enhancement in a coil by chaotic advection. In 
their case, the secondary flow was already established 
by a preconditioner helical coil before the flow entered 
the test coil, which was also followed by a post- 
conditioner coil. The test chaotic coil, made of 180” 
bends, was immersed in a constant-temperature bath. 
Experiments were run for Reynolds numbers ranging 
from 3000 to 10 000. The authors observed an increase 
of 68% of the inner heat-transfer coefficient at high 
Reynolds numbers. The corresponding pressure drop 
was 1.5-2.5%. 

The protocol of curvature plane switch in Acharya 
et a/. [8] was slightly different from that of this work : 
there, half circle elements are repeated with 90” angle 
between every two adjacent element. In this con- 
figuration the bent elements occupy two planes in 
the three-dimensional space. The authors numerically 
show that chaotic trajectories are produced in this 
configuration. We recall that in the work presented 
here, all bends rotate 90” with respect to their neigh- 
boring bends and are placed in three perpendicular 
planes in space. 

The difference between the enhancement observed 
in this work (13-28%) and that of Acharya et al. (& 
8%) is due to the low Reynolds number and high 
Prandtl number of the CMC fluid used here. The low 
Reynolds number amplifies the marginal mixing effect 
of chaotic advection. The Prandtl number also has the 
same effect as the viscous effect and is enlarged over 
the thermal diffusive effect*. 
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