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We report experimental results of the normal impact of a vortex ring in air on a vertical heated plate
at constant temperature. We address the case in which the natural convection boundary layer is
laminar and the vortex ring is stable. Vortex rings are created by pushing air through a circular exit
orifice of a cavity, using a piston-cylinder system. The impinging vortex ring perturbs both the
thermal and dynamical boundary layers where we measure the total heat flux exchanged by the
heated plate and visualize the vortex motion during the impact. This unsteady impingement process
is investigated for different vortex sizes and self-induced velocities, characterized by the Reynolds
number of the ring. As a result, a localized heat transfer enhancement is originated by the ring
impingement, which increases with the Reynolds number. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2759880]

I. INTRODUCTION

Vortex structures are known to play an important role in
convective heat transfer enhancement. Indeed, common
tricks to increase wall heat transfer consist in placing specific
obstacles, called vortex promoters, upstream a heated wall.
These obstacles are supposed to create horseshoe vortices
that interact with the thermal boundary layers.1 Evidence of
heat transfer enhancement is given in a significant mean heat
flux increase, but a detailed scenario of this mechanism,
based on experimental observation, is still lacking. To give a
clue on this problem, we address the case of a well studied
vortical structure, the vortex ring. Although different from
horseshoe vortices, there are various reasons for this choice:
vortex rings are easy to create, reproducible, and
well-documented;” their production can be totally indepen-
dent of the boundary layer flow close to the wall, which
allows their characteristic parameters to change freely; as
impinging jets are efficient for heat transfer enhancement,” in
particular in microsystems, it could be profitable to examine
the case of head-on vortex ring collision on a wall; finally, as
mentioned in Ref. 2, vortex rings admit invariant states and
are therefore candidates for elementary excitation in
turbulence.” As there is very poor agreement on the univer-
sality of heat transfer enhancement by incoming freestream
turbulence,5 it is interesting to focus on what could be an
elementary scenario for turbulence interaction with a heated
wall. Vortex ring head-on collision with a wall, with neither
thermal effects nor a mean flow (absence of boundary layer),
has already been studied both experimentally and
numeﬁcally.6’8’7’9 Depending on vortex ring velocity, the vor-
tex can be staying on the wall, slightly increasing its diam-
eter and vanishing by viscous dissipation. At higher initial
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velocities, the ejection of secondary ring, normal to the wall,
can be observed.’

In the present work, we report an experiment where a
stable vortex ring10 collides on a vertical boundary layer gen-
erated by natural convection. The interest of this study is to
understand what happens when the vortex meets a zone of
high vorticity like a boundary layer. We study in detail the
heat transfer enhancement occurring during the collision
with an isothermal heated vertical surface, which also be-
haves as a heat flux sensor. We can link the phenomenologi-
cal observations of the dynamical behavior of the ring with a
quantitative measurement of the global heat flux released by
the heated surface to the fluid. We focus particularly on the
ability for the vortex ring to increase convective heat trans-
fer. This paper is organized as follows. Section II describes
the experimental setup, the properties of the ring produced in
our experiment, and a characterization of the natural convec-
tion boundary layer. Results are presented in Sec. III. Con-
cluding remarks are summarized in Sec. IV.

Il. EXPERIMENTAL SETUP AND FLOW PROPERTIES
A. General description

Experiments were carried out at the LEAF-NL labora-
tory at the University of Chile. Figure 1 shows the complete
experimental apparatus. A vortex ring of diameter D and
self-induced velocity U, is created in a still air chamber,
itself in a closed room using a vortex ring generator made
with a flat circular piston driven by a loudspeaker pushing an
air-slug volume through the center hole of diameter D, of a
smooth plexiglass disk (Dy=13,15,17,20 mm in this work).
Different initial ring impulses are obtained by changing the
rising time (6.9 < 7,<51 ms) of a forcing (constant peak am-
plitude) signal, s(z), used to drive the speaker, where 7, is
defined as the time for the leading edge of the pulse s(¢) to
rise from 0 to 63% of its peak value after a TTL trigger

© 2007 American Institute of Physics
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FIG. 1. (a) Sketch of the experimental setup. A plane wall (1) made of a 10X 20 cm and 5 mm thick plexiglass plate supports a thin resistive heater film (2)
placed at the center of the wall and facing the vortex ring generator (3). To avoid undesired heat losses, a styrofoam plate (4) was placed behind the wall. Both
the generator and the wall were mounted over an optic rail (5) for proper alignment. An arbitrary waveform generator HP33120A (6) sends a driving signal
to the vortex generator, previously amplified by an HSA 4011 high-speed power amplifier (7). This way, a known vortex ring is generated (with very good
repeatability) (8), moving toward the heater plate maintained at constant temperature 7,,. To do that, a Wheatstone bridge (9) reads the heater’s resistance R.
The bridge error e(t) is amplified with a SR-560 preamplifier (10) and then digitized with a DT-322 A/D system (11) at a sampling rate of 100 Hz. A software
PI controller computes the corrected output, which is amplified with a follower emitter circuit (12) and sent to the Wheatstone bridge in order to close the

control loop and bring back the bridge’s balance.

signal is received from the acquisition card (more details can
be found in Ref. 10). The just created ring approaches a
vertical flat heated plate centered in the axis of the ring at a
distance of 20 cm from the ring generator. The heated plate
is made of a 10 um thick Cermet film, deposited by serigra-
phy on a Kyocera substrate and heated by the Joule effect.
Two high conductivity metallic strips, deposited on both
sides of the film, provide a homogeneous electrical current
across the film, thus obtaining a constant surface temperature
on the film. Temperature homogeneity of the film was tested
by infrared thermography. Temperature differences on its
surface were not detectable with an IR camera (0.2 °C sen-
sitivity). The heated plate was maintained at constant tem-
perature by electronic feedback. By measuring the dc com-
ponent and power fluctuations necessary to maintain it at
constant temperature, we can determine the thermal flux re-
leased into the air flow surrounding the plate, and therefore
the heat transfer enhancement or gain produced by a single
or multiple vortex ring collisions.

B. Properties of produced vortex rings

Vortex rings were previously characterized using thermal
anemometrylo using a calibrated TSI hot-film probe (50 xm
in diameter) operated with a constant temperature anemom-
eter. Probe position (x,y,,z) was controlled by a two-axis
stepper motor system with resolution of 0.48 and
0.49 mm/rev in the x and z directions, respectively. The hot-
film velocity signal (absolute value) was lowpass filtered

(12 dB/Oct @ 300 Hz), amplified with a SR-560 preamp-
lifier, and then sampled by a DT-322 Data Translation
250 kHz and 16 bits acquisition card. The forcing signal
s(t) was generated by a function synthetizer HP33120A, then
amplified by a power amplifier HSA 4011. An external
trigger signal starts both the ring emission and the A/D
sampling.

Typical point measurements of the vortex ring velocity
profile, with a single probe, were obtained as shown in Fig.
2(a) for three diameters Dy=13,15,17 mm and different ini-
tial impulses. They display a characteristic high velocity cen-
tral zone bounded by two sharp lateral minima (the hot film
probe delivers the absolute value of flow velocity) followed
by a ~x~! decreasing region (irrotational region). The two
lateral minima correspond to the centers of rotation that we
observe in the image of Fig. 2(b), where we show a flow
visualization of a starting ring made with a laser light sheet
and smoke as a tracer. We illuminated an (x,y) midplane and
then we recorded these images with a CCD camera. This
stable velocity profile is very similar to those obtained for
thick-cored rings found in Ref. 11, where an estimation of
the vortex core using their method gives us a ratio of the
order of a/R~0.5, indicating that we are working with thick
rings.

In order to get a complete velocity profile with a single
hot-film probe, the procedure is as follows: (i) we create a
single ring (realization), (ii) perform the velocity measure-
ment at an initial spatial position (xg,y,z), (iii) wait a cer-
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FIG. 2. (Color online) (a) Velocity
profile for Dy=13 mm at y,/D,
=70/13, r1,=151ms (O); D,
=15mm at y,/Dy=100/15 7,
=15.1 ms (0); Dy=17 mm at yy/D,
=150/17, 7,=11.2 ms (A). (b) A mid-
plane (x,y) visualization of a starting
ring for Dy=15 mm, 7,=35.4 ms. Ob-
serve the ring’s wake structure and di-
mensions. After a few milliseconds, a
wake pinch-off occurs leaving the vor-
tex ring with a thinner wake.

\ - —— ?I P ?ig

tain time (many seconds) until the perturbation associated
with the vortex ring wake vanishes, and (iv) then we must
change the probe (y,z) position without misalignments to
start again. This procedure can be repeated automatically to
make a complete scan in the x coordinate. The stability of
ring production was tested on the basis of successive mea-
surements of flow velocity at different spatial locations, pre-
viously programmed on our stepper motor system. Velocity
fluctuations of the order of 2% were found between measure-
ments performed one day and repeated after one week.

Typical hot-film velocity measurements were described
in detail in Ref. 10, where we recorded the evolution of basic
properties of the vortex ring, such as its strength or circula-
tion I', ring size D=2R during its motion, self-induced ve-
locity U,, and an estimation of the core size of the vortex
ring. In this work, we will consider the average self-induced
velocity of the ring U, and the diameter D, as the varying
parameters to evaluate the interaction between the ring
and the vertical boundary layer. Thus, the governing dimen-
sionless parameter is the Reynolds number, defined as
Re=U,Dy/v.

C. Properties of the natural convection
boundary layer

Typical properties of the boundary layer were deter-
mined before the ring interaction. The heated plate (dimen-
sions H=5.08, W=5.08 cm) is made of a resistive thin me-

tallic oxide (Cermet) film 10 wm thick, deposited in a
ceramic substrate and heated by the Joule effect at constant
temperature 7,, with a digital feedback PI controller. The
heated plate was bounded by a larger plexiglass smooth plate
(size 10X 20 cm) which was back-insulated with a plate of
Styrofoam of 20 mm width as indicated in Fig. 1. Between
the heater plate and back-insulation, a temperature sensor
(LM35DZ, accuracy +0.5 °C) was mounted flush in order to
have an average center temperature of the plate in the sta-
tionary regime.

The digital PI heater controller has a flat frequency re-
sponse up to 50 Hz, therefore allowing to sense fast and
small power fluctuations of the boundary layer associated
with ring collisions with an accuracy of £1 mW. It maintains
the heater resistance R constant, thus a constant wall tem-
perature 7,,, with a uniformity of 0.5 °C and stability better
than 0.05 °C. Room-temperature stability is of the order of
0.5 °C during 24 h.

Local temperature profiles of the boundary layer were
measured with a small NTC thermistor (0.5 mm in diameter
and 10 s of rising time) mounted on a two-axis stepper motor
system and sampled at 64 Hz with the DT322 A/D card.
Once the heated plate reached an operating and constant tem-
perature T,,=50 °C, temperature profiles 7(y) were obtained
automatically from the heated plate moving the temperature
sensor along the normal and vertical coordinates with incre-
ments of 6y=0.4 mm and dx=10 mm, respectively.
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FIG. 3. Dimensionless temperature profiles 6(7) for several values of the x
coordinate along the plate. Results show an adequate curve collapse for
0<7<4 (even though we are dealing with a finite-size heated plate)
in agreement with the standard scaling (solid line) found in many textbooks
(see, for instance, Ref. 12). All measurements shown were performed at
T,=50 °C.

In order to check self-similarity of the boundary layer
temperature profile, dimensionless temperature ¢ was plotted
versus a dimensionless coordinate 7 involving the Grashof
number G, and defined as

T-T, y(Gx>1/4
0=—7 n=_ - 9
T,-T, x\ 4
y : (1)
gx’(T,, - T,
G=——F—-, AT=(T,-T.),
+ 2T ( )

where T, v, and g are the room temperature, kinematic vis-
cosity of air, and gravitational acceleration, respectively. Fig-
ure 3 shows the temperature profiles for different vertical
positions along the heated plate. A fairly good collapse is
found using the dimensionless parameters described above,
which is in good agreement with the standard scaling (see,
for instance, Ref. 12). Such a typical characterization is con-
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FIG. 4. Temporal sequence of boundary layer perturbation occurring by the
impinging vortex ring. (1) Vortex ring approaching the heated plate. (2)
Once the vortex ring gets closer to the wall, the boundary layer begins to be
perturbed, increasing temperature and velocity gradients. (3) After that,
boundary layer separation and entrainment of hot fluid into the vortex ring
occurs. (4) Both the remanent ring and the perturbed boundary layer are
convected away from the heater, and the natural convection regime is
restored.
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FIG. 5. Temporal evolution of the electrical heater power consumption (un-
der PI feedback control at 7,,=50 °C) originated by the vortex ring collision
with the boundary layer. (a) A time series of four consecutive events
sampled at 100 Hz. (b) These events are then ensemble-averaged, obtaining
a representative and detailed power evolution of the unsteady heat transfer
process, where three time scales can be recognized (7, 75, 73).

sidered important in this work prior to the study of ring
impingement on the stationary boundary layer created along
this vertical heated plate of finite size and maintained at con-
stant temperature. Such a boundary layer permits us to esti-
mate the heat flux in the form of

q :HkNm(Tw_ TOO)’ (2)

where H is the heater plate length and k=0.0262 W/mK is
the molecular thermal conductivity of air at room
to:mperature.13 Therefore, the mean Nusselt number N,, can
be written as N,,=0.478-G'"4, where the Grashof number
here is G=g-H*(T,,~T.)/(V*-T.,).

According to the previous definitions, the thermal
boundary layer thickness &, verifies H-kN, AT
~ H?-kAT/ &,. Therefore, &, can be expressed in terms of the
Grashof number as §,~HG™ 4. In the present work, the
Grashof number reaches a maximum value of 10°, which
indicates that the natural convection flow is always laminar.

This natural convection regime has an associated dy-
namic boundary layer, and since the Prandtl number Pr~1,
both thermal and dynamic boundary layers have similar char-
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FIG. 6. (a) Dimensionless power gain P/P,, where P, is the unperturbed heat flux (without impinging vortex ring) for our vertical heated plate. (b)
Dimensionless dissipated energy e,/e,, where e, corresponds also to the dissipated energy by the heater in absence of impact. (c) Time derivative of the power
curve at zone I vs Reynolds number Re. (d) Dimensionless time 7, vs Reynolds number Re. (@) Dy=13 mm; (M) D,=15 mm; (€) Dy=17 mm; (#)

Dy=20 mm.

acteristic scales.'* The dynamic boundary layer has a self-
similar velocity profile, with a characteristic velocity which
obeys to Uy~ \ngAT/TOO.12

The conduction heat losses through the system can be
obtained by comparison with the electric power delivered by
the feedback controller to the heated plate. The heat flux is
obtained from the controller output such that

R

QW=IZZ_QC’ (3)
where [ is the electric current in the heating film, R is the
overall electric resistance of the heating film, A is the surface
or total heater area (A=H?), and g, is the conduction loss
through the insulation material. Note that radiation heat
losses can be neglected since the present experiment is con-
ducted with a surface temperature 7,,=50 °C. In our experi-
ments, heat losses were minimized mounting the heated plate
into the plexiglass wall with a small air gap in between. Heat
losses by conduction to the plate support represent a ~15%
of the steady-state ground power, P,, shown in Fig. 5. Heat
losses by conductive transients in the support and thermal
insulation take place only when the system starts, and it takes

several minutes until it reaches a stationary regime. Thus
these transients are too slow to be taken into account for the
power fluctuations associated with the ring impingement
process.

lll. RING IMPINGEMENT AND HEAT TRANSFER

A scheme of the ring interaction with the boundary layer
is illustrated in Fig. 4 based on flow visualizations. A single
ring approaches the boundary layer with an average self-
induced velocity U,, estimated as U,=L/ 7, where L is the
distance between the ring generator and the heated plate; 7 is
the time lag between the generation and the impingement
process. Once the vortex ring gets closer to the wall, both
boundary layers (thermal and dynamic) begin to be per-
turbed, increasing local temperature gradients. The circular
ring shape is almost preserved during a short time in front of
the heated plate. After that, entrainment of hot fluid into the
vortex ring begins to take place. Then both the perturbed
boundary layer and the ring are convected upstream from the
heater plate, and after a characteristic time, the natural con-
vection regime is restored. All characteristic times of the
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collision can be observed in the plot of power fluctuations
delivered by the feedback controller (Fig. 5). The thermal
unsteady response of the boundary layer during ring im-
pingement is illustrated in Fig. 5. Once the heated vertical
plate reaches a constant temperature 7,,=50 °C, which is
maintained by the PI feedback controller, we record the in-
stantaneous electrical power dissipated by the heater [see Eq.
(3)]. When the system is in steady state, the background
power dissipated by the boundary layer reaches a constant
value P,. If we send a single vortex ring to the wall across
the boundary layer, we get a positive peak of electric power
corresponding to a heat transfer enhancement originated by
the ring impingement on the heated plate. This procedure can
be repeated several times to get a characteristic average of
this unsteady heat transfer process, increasing signal-to-noise
ratio. We have plotted the temporal evolution of the heater
power consumption during feedback control originated by
the vortex ring impingement. The time series of Fig. 5(a)
represent four consecutive vortex ring collisions with the
heated plate. Such events are then ensemble-averaged (as we
know the time origin for each collision) obtaining a charac-
teristic power evolution such as that of Fig. 5(b).

The power signal reveals different stages in the collision
process as illustrated in Fig. 5(b). We recognized three time
scales involved. The first time scale 7 is the rising time of
the power fluctuation (region I). This time scale is defined by
the ratio between the boundary layer thickness and the ring
velocity, 71 ~ &,/ U,. The second time scale, 7, is the settling
time of the power fluctuation curve (region II). In this stage,
an almost linear decay of dissipated power can be observed,
which is related to the advection of the vortex ring by the
dynamic boundary layer. Thus, this time scale is defined by
the ratio between the size of the vertical heated plate and the
convective velocity of the boundary layer, n=H/Uy,. In-
deed, this time delay is not significantly dependent on the
Reynolds number of the incoming ring, as shown in Fig.
6(d). After the first part of vortex ring impingement (1~ 7;),
the remanent of the vortex ring is convected away (1~ 7,)
leaving the heated plate, and then the boundary layer begins
to be restored (£~ 73). This last time scale, written as
T3~ 5%/ v, corresponds to the time required by the boundary
layer to return to its unperturbed initial state. Our measure-
ments confirm that 73 does not significantly vary with the
range of AT considered here, and 73~0.8 s.

The transient response of the dissipated power demon-
strates that vortex ring impingement can be considered as a
heat transfer enhancement method. The amount of extra heat
released during the ring collision can be manipulated intro-
ducing changes in the vortex ring properties, such that the
self-induced velocity U,.

The power signal of Fig. 5(b) is the signature of the ring
collision in terms of heat transfer. From this signal, the
power peak height, defined just above the background con-
stant power P, is considered here as the characteristic power
gain of the process. Also, the power curve P(f) can be inte-
grated over time in order to obtain a measure of the thermal
energy released by ring impingement, e,= [ ig*A’[P(t) -P,]dz.
In the previous definition of e,, the power curve was inte-
grated in a constant time interval Az, which takes into ac-
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FIG. 7. Rising slope (a) and settling slope (b) at regions I and II for different
heater temperatures T,, and a constant surrounding temperature 7., giving
different values for AT. In this experiment, the vortex rings were generated
with Dy=17 mm, 7,=7.7 ms, where the Reynolds number is Re~600.
These results are in agreement with the fact that thermal boundary layer
thickness decreases and the dynamic boundary layer velocity increases as
AT increases.

count all the power transients originated by the impingement
process. With these definitions, the power gain AP and en-
ergy e, were recorded in order to classify the effect of vortex
rings of different size D, and self-induced velocity U,. Both
the power gain AP and the dissipated energy e, were found
to increase with the ring Reynolds number Re=U,D,/v as
shown in Figs. 6(a) and 6(b). Note that the error bars on the
figure do not represent the accuracy of the measurement, but
the standard deviation on a set of experiments that are en-
semble averaged. In addition to the AP and e, versus Re
plots, we compute the time derivatives of heat flux at the
regions I and II as a function of the Reynolds number, as
shown in Figs. 6(c) and 6(d). It can be observed that both
dimensionless time derivatives at regions I and II increase
linearly with the Reynolds number. Since the rising time 7,
depends on the inverse of U,, it can be expected that dimen-
sionless time derivative at region I grows with Re at the early
stages of vortex ring/heater interaction.

The evolution of these time derivatives with AT was also
considered. In order to do that, at constant surrounding tem-
perature T, different values of T,, were considered. Figure 7
shows the results obtained for 6 <<AT<16 °C. It can be ob-
served that time derivatives for regions I and II increase as
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FIG. 8. Synchronized flow visualization and power data measurements. (a) Power fluctuations during the impingement process where four time instants are
indicated by symbols for flow visualization: (H) just before the impact, (@) at half-maximum peak, (V) at maximum peak, and (4 ) between regions II and
I (c,d) Flow visualization for each time instant. In (c), top and bottom interrogation windows are shown, which are used to follow the current position of
the upper and lower portions of the ring with time, using a PIV algorithm. These relative positions are plotted in (b), where (<, >) correspond to the horizontal
and vertical position for the upper portion and (O, [J) for the lower portion, respectively. It is observed that (1) at the early stages of the impact (ll and @),
the boundary layer has not been perturbed enough to increase the transfer rate and the ring diameter remains close to its initial size; (2) when the power
reaches its maximum value, the ring’s diameter increases considerably (V), thus increasing the heat transfer area; (3) as the ring is convected away from the
heater, dissipated power decreases almost linearly (between ¥ and 4 ); (4) after 4 the ring has left the heater and the boundary layer begins to be restored.

AT increases. The former can be explained on the basis of
the relationship §=HG™"4, so &, decreases as AT increases
and thus 7; decreases consequently. The latter occurs due to
the well known increase of the dynamic boundary layer ve-
locity with AT."

To better understand the measurements done on the av-
erage heat flux signal and to clarify the mechanism underly-
ing the impingement process, we performed flow visualiza-

Q

tions, using a laser sheet and smoke as a tracer, on typical
single vortex ring realizations.

Typical lateral views are shown in Fig. 8, where the laser
sheet was placed vertically to obtain a midplane view of the
ring during its trip to the heated plate. From Fig. 8, it is
possible to follow the current position of the ring by com-
puting the 2D correlation between two consecutive frames
(A(x,y,t),B(x,y,t+At)) computed as

® |z

FIG. 9. Front view visualization for D,=13,
7,=35.4 ms, U,=39.43 cm/s. An asymmetric growth
of the ring can be observed (V), as resulting from the
interaction between the ring and the dynamic boundary
layer generated by the heater. Since the sign of vorticity
at the lower region of the ring has the opposite sign of
L 4 the upper region, the wall vorticity increment generated
by the ring impingement is not symmetric, thus origi-
nating a slower expansion at the bottom of the ring.
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M N
CA,B(X,y)zz EA(%]J)B(X—%)’_]J"'A[) (4)

i=1 j=1

using Fourier transform methods according to the correlation
theorem. M and N are the dimensions of the interrogation
area (in pixels). To compute the spatial position
(Ax(r),Ay(1)) of the vortex ring, we define an interrogation
area that includes a side view around the vortex core
[see Fig. 8(c)]. After that, we use the Fourier version of Eq.
(4) to find out the cross-correlation maximum between con-
secutive frames to obtain relative positions in time of the
vortex ring and therefore the overall displacements in a given
time.

It is observed that at the early stages of the impact [Fig.
8(c)], neither the boundary layer nor the vortex ring are per-
turbed enough to see an increase of the heat transfer. This is
confirmed in Fig. 8(b), where the vortex ring position
(Ax(r),Ay(r)) is shown at four time instants. The y position
of the ring increases linearly in time just before the impact,
showing that the self-induced velocity remains nearly con-
stant. However, the x position remains constant just before
the impact, indicating that the ring’s diameter does not
change.

At =1, [see Fig. 8(a)], the vortex ring position
(Ax(r),Ay(r)) changes abruptly, thus indicating the begin-
ning of the impingement process. The Ay(r) position for
t>t, remains constant with time as the vortex ring is stopped
by the wall and the ring’s diameter grows rapidly, increasing
the heat transfer area, as shown by the Ax(z) curve. Simulta-
neously [Fig. 8(a)], the heat flux reaches its maximum value.
After that, the ring is convected away from the heater, the
dissipated power decreases almost linearly, and when the
ring has quit the heater, the boundary layer begins to be
restored and the power signal approaches the stationary
power value.

It is interesting to note that after impingement, the vortex
is advected by the boundary layer flow, but the vertical ve-
locities corresponding to the top and bottom side views are
different. This can be explained by the sign of local vorticity
of the ring7’15 and that of the dynamic boundary layer. Front
view visualizations during the impingement (Fig. 9) confirm
an asymmetric ring development, where the upper ring por-
tion goes faster than the lower portion, and therefore the ring
expands faster along the vertical direction.

From these results, it has been possible to reveal a dual
mechanism, with different time scales, involved in the heat
transfer enhancement during ring impingement. A first part,
identified with the ring expansion, ends when the ring diam-
eter stops growing (saturated diameter). The second part,
characterized by the vertical advection of the vortex ring,
ends when the ring quits the heated plate.

IV. CONCLUSION AND PERSPECTIVES

The impact of vortex rings on a vertical heated plate, its
dynamical behavior, and the consequences on heat transfer
were studied in our experiments.

Phys. Fluids 19, 083603 (2007)

Different tests we carried out show the following. (i) In
the stationary regime, the heat flux remains nearly constant
and a laminar convective boundary layer is generated in the
flow surrounding the wall. (ii) When a vortex ring impacts
the heated plate, a sudden change of the heat flux occurs, in
the form of a positive peak of power that vanishes when the
ring is convected upstream the heated plate. Since the heated
plate temperature was maintained constant, this power peak
can only be explained by a localized heat transfer enhance-
ment originated by the ring impingement process, where a
dual mechanism explains the unsteady heat transfer peak.
(iii) Different vortex rings were generated, and it was found
that thermal energy released increases when the ring’s Rey-
nolds number increases. (iv) Synchronized flow visualiza-
tions of the impingement process allow us to conclude that
the mechanism increases mixing and distortion of the unper-
turbed boundary layer generated by the heater, resulting in an
enhancement of the heat transfer process. (v) The order of
magnitude of the kinetic energy of the vortex ring is
e,~ 107 (J) just before impact, and the amount of additional
thermal energy e, released during the impingement process
is of the order of e,~0.1 (J), therefore e,>e,. This ratio
provides some guidelines about the efficiency of this process.

As the impingement process is very localized in time, it
is possible to generate periodic series of vortex rings in order
to further increase the heat flux, improving the efficiency of
this heat transfer enhancement method. The absence of un-
desired acoustic noise, the low energy consumption, and the
ability to aim the ring in any direction make this method
attractive in some applications involving zero-gravity condi-
tions (work under progress) and at smaller scales as in the
framework of microfluidics and MEMS.
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