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Abstract

The near temperature ®eld downstream of a heated ribbon is investigated experimentally in air and in water in

the forced convection regime corresponding to the 2-D periodic wake. Previous measurements have shown that in a
such situation the structure of the velocity ®elds is found similar in the two ¯uids when the experiments are
performed at the same e�ective Reynolds number. When this condition is satis®ed it appears that the structure of
the corresponding temperature ®elds is found signi®cantly di�erent in relation with the Prandtl number values of the

two ¯uids. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The regular vortex street downstream of a blu�

body at low Reynolds numbers (30<Re=U1d/ng<80)

has always received much attention of researchers

because of its practical importance as well as theoreti-

cal interest. Here U1 is the free stream velocity, d is

the blu� body diameter and ng is the kinematic vis-

cosity calculated at the free stream temperature.

Although many aspects of the velocity ®eld have been

studied in detail, in both experimental and numerical

approaches in isothermal ¯ows, corresponding investi-

gations of the temperature ®eld in the forced and free

convection regimes have not yet been achieved over

this low Reynolds numbers range [1±3].

One of the main reason for this situation is linked to

the experimental di�culty of carrying out accurate

temperature measurements at low velocities in a wake

of small dimensions. Furthermore, preliminary work

carried out by the authors has shown that, over this

Reynolds numbers range, the structure of the wake
behind a heated blu� body was very sensitive to the
heat input and that, even in absence of buoyancy

e�ects, heat was never a passive contaminant. In fact
due to the thermal dependence of the kinematic vis-
cosity, it appears that heating the blu� body stabilizes

the ¯ow in a gas while it destabilizes the ¯ow in a
liquid [4±6]. This situation requires the use of an e�ec-
tive Reynolds number to characterize the ¯ow regime

downstream of a heated obstacle. This e�ective
Reynolds number was associated to an e�ective tem-
perature by Lecordier et al [4], Ezerski [5], and
ParanthoeÈ n et al. [7].

This e�ective temperature (Te�) was found to be for
a heated cylinder in air:

Teff � T1 � �0:2420:02�DTw �1�

where DTw=TwÿT1. The value of this e�ective tem-
perature is close to the hot recirculation zone tempera-
ture [8].

In this paper we present and discuss some recent
results concerning the temperature ®eld obtained suc-
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cessively in water and air in the near wake of a heated
¯at ribbon at the same e�ective Reynolds number. The
main motivation of this work is to investigate the in¯u-

ence of the Prandtl number on heat transport and mix-
ing in a ¯ow characterized by a laminar BeÂ nard±
KaÂ rmaÂ n vortex street.

2. Experimental set-up and procedures

The experiments, in air ¯ows, were carried out in air

in the potential core of a laminar plane jet which exits
normally to an end plate (17�35 cm) from a slit 1.5 cm
wide and 15 cm span centrally located in the plate.

The vortex shedding blu� body was a nichrome ribbon
(1�55 mm) mounted horizontally in the middle of the
jet, close to the exit plane. Similar experiments have

been made in a water channel by using a nichrome rib-
bon (3.2�75 mm). The critical Reynolds number Rec,
corresponding to the transition from a 2-D steady to a

2-D periodic wake, was found to be about 30 both in

air and in water. The corresponding upstream vel-

ocities were 50 cm sÿ1 and 1 cm sÿ1, respectively.

These obstacles were heated by Joule e�ect and the

heat input per unit length was about 20 W mÿ1. In

these conditions the ratio a=Gr/Re 2 was about 10ÿ4

in air and 0.05 in water corresponding to the

forced convection regime in this cross ¯ow geometry

[9,10]. Here Gr is the Grashof number de®ned as

Gr � gbDTwd
3=n2g, where g is the acceleration due to

the gravity, b is the temperature coe�cient for volume

expansion and DT is the temperature di�erence

between the obstacle and the upstream ¯ow.

The upstream velocity was measured in air and in

water using an LDA TSI system incorporating a 1.5 W

Spectra-Physics laser system, an integrated optical

transmission unit and a light collecting system for for-

ward scattering mode. The optical measuring volume

was 0.08�0.08�1 mm3.

Temperature measurements in the wake were made

Nomenclature

d diameter of the ribbon [m]
g gravitational acceleration [m sÿ2]
Gr Grashof number

I current intensity
L length of the ribbon [m]
Nu Nusselt number

P electric power [W]
Pe Peclet number
Pr Prandtl number

Re Reynolds number
T temperature [8C]
U longitudinal velocity [m sÿ1]
x coordinate for horizontal axis [m]

y coordinate for vertical axis [m]

Greek symbols
a non-dimensional parameter

b temperature coe�cient for volume expansion [8Cÿ1]
k thermal di�usivity [m2 sÿ1]
n kinematic viscosity [m2 sÿ1]
r density [kg mÿ3]

Subscripts
c critical
e� refers to conditions at e�ective temperature

g ¯uid
max maximum
1 free stream
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by using a cold wire in air and a thermocouple in
water. This cold wire, Pt±Rh 10% Wollaston, was

0.4 mm in length and 0.7 mm in diameter and operated
at constant current, I = 0.1 mA, using an inhouse
circuit.

The thermocouples were built with 70 mm diameter
Chromel and Alumel wires. The frequency responses
of the cold wire and thermocouple were about 3500 Hz
and 50 Hz, respectively and su�cient to measure the

temperature ¯uctuations generated in the heated wake
in air and in water. The vortex street frequencies were
about 120 Hz and 1 Hz, respectively.

As shown in Fig. 1 the origin of the coordinate sys-
tem was taken at the centre of the ribbon. The x axis
was measured in the direction of the ¯ow, the y axis

was perpendicular to the ¯ow. In our study all the
lengths are non-dimensionalized by the width of the
ribbon d. Re is the Reynolds number in isothermal
conditions, i.e. calculated with the viscosity of the

upstream ¯ow.

3. Results

3.1. E�ective Reynolds number

As already mentioned above, in the presence of a 2-
D periodic wake 30<Re<80, heating the ¯at ribbon is
found to stabilize or to destabilize the ¯ow in air and

in water, respectively. This e�ect is related to both
changes of the near wake dynamic viscosity and den-
sity with temperature and to the corresponding
decrease or increase of the e�ective Reynolds number.

In air, the e�ective Reynolds number (Ree�) is lower
than Re and in water Ree� is larger than Re, which
shows that over this Reynolds number range, the vel-

ocity ®eld downstream of a heated cylinder depends on
the level of heating. In the case of the cylinder, the use
of an e�ective Reynolds number, associated to an

e�ective temperature, Te� = T1 + (0.242 0.02)DTw

where DTw=TÿT1, takes account of this e�ect. Here
the ribbon temperature was not known and the e�ec-

tive Reynolds number (Ree�) could not be deduced

from the above relation. The e�ective Reynolds num-
ber was then deduced from the power density per unit
length (P/L ). It was assumed, as checked for the cylin-

der, that

Reÿ Reeff

Reÿ Rec

� P=L

P=Lcrit

�2�

where P/Lcrit is the power per unit length needed to
stabilize the wake.
In the case of water, the level of heating in our

operating conditions was always very low in order to

avoid buoyancy e�ects and the e�ective Reynolds
number was approximately always equal to the usual
Reynolds number, i.e. calculated in isothermal con-

dition.
In order to compare the temperature ®eld in the

same ¯ow regime, experiments were carried out in air

and in water in the wake of heated ribbon for the
same values of the e�ective Reynolds number: Ree�=
Rec+3.3 and Ree�=Rec+7.7. These cases have been

obtained for the following conditions:

Reeff � Rec � 3:3

�Re � Rec � 3:3, P=L � 0 W=m; Re � Rec � 7:8,

P=L � 20 W=m� in air

�Re � Rec � 3:3, P=L � 0 W=m; Re � Rec � 3:3,

P=L � 20 W=m� in water:

Fig. 2. Mean temperature pro®les in air, Ree�=Rec+7.7.

Fig. 1. Experimental set-up.

J.C. Lecordier et al. / Int. J. Heat Mass Transfer 42 (1999) 3131±3136 3133



Reeff � Rec � 7:7

�Re � Rc � 7:7, P=L � 0 W=m; Re � Rec � 12:8,

P=L � 20 W=m� in air

�Re � Rec � 7:7, P=L � 0 W=m; Re � Rec � 7:7,

P=L � 20 W=m� in water:

3.2. Temperature pro®les in air and in water

For an example, the mean temperature pro®les

measured in air in the heated wake of the ribbon at

Ree�=Rec+7.7 are presented in Fig. 2. The mean tem-
perature pro®les are nearly symmetrical about the

wake axis and are only strongly double peaked at all
the nearest sections, x �E4. The skewness of the mean
temperature pro®le measured at x �=2 could be due to

the perturbation of the probe. From x �=6 the mean
temperature is almost constant when ÿ1<y �<1. The
distributions of the corresponding values of r.m.s. tem-

perature ¯uctuations are presented in Fig. 3 at various
x � positions. These distributions are also double
peaked but with a centre line value increasing with x �

over the measured range.
The mean temperature pro®les measured in water in

the heated wake of the ribbon at Ree�=Rec+7.7 are
presented in Fig. 4. These pro®les are nearly symmetri-

cal about the wake axis and are always strongly double
peaked at all the sections. At x �=3, corresponding to
about the end of the recirculation zone, the mean tem-

perature pro®le has three peaks. The corresponding
pro®les of the r.m.s. of temperature ¯uctuations are
presented in Fig. 5. These distributions are also

strongly double peaked and nearly symmetrical about
the wake axis. It is worth noting that, on the center
line, the r.m.s. value of the temperature ¯uctuations is
almost zero while the maximum value is located at ap-

proximately y �=0.8±1.

3.3. Comparisons of characteristics of temperature

pro®les in air and in water

Di�erences between experimental results, obtained in

air and in water at the same e�ective Reynolds number
(Ree�=Rec+7.7), appear more clearly on the longi-
tudinal evolution of the characteristics of the tempera-

Fig. 3. R.m.s. temperature pro®les in air, Ree�=Rec+7.7.

Fig. 4. Mean temperature pro®les in water, Ree�=Rec+7.7.

Fig. 5. R.m.s. temperature pro®les in water, Ree�=Rec+7.7.
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ture ®elds. In these comparisons measurements
obtained at Ree�=Rec+3.3 have also been included.

The global characteristics of the temperature ®eld
including the maximum mean temperature DTmax, the
width of the mean temperature pro®le L�T and the

maximum value of the intensity of temperature ¯uctu-
ations sTmax/DTmax are presented in Figs. 6±9. In Fig.
6 the longitudinal evolution of the normalized maxi-
mum mean temperature DTmax/T

� is presented by

using the temperature scale T � = P/rCpU1dL. It
appears that the normalized maximum mean tempera-
ture is about three times higher in water than in air.

The width L�T of the mean temperature pro®les,

de®ned as the location where DT(LT) = DTmax/2 are
shown in Fig. 7. In the near wake L�T is always larger
in air than in water, while after x �=8 the di�erence

between the widths of the mean temperature pro®les is
reduced. For comparison the longitudinal evolution
of the width L�u of the velocity pro®les, de®ned by
U(Lu) = (UmaxÿUcl)/2 is also presented Fig. 8. The

level of the intensity of temperature ¯uctuations
sTmax/DTmax obtained in these two cases are plotted in
Fig. 9. As shown in this ®gure, over the studied range

the intensity of temperature ¯uctuations in the heated
vortex street is always increasing and is found to be
about three to four times higher in water than in air.

Fig. 6. Longitudinal evolution of the maximum mean tem-

perature in air and in water; Ree�=Rec+3.3 and Rec+7.7.

Fig. 7. Longitudinal evolution of the width of mean tempera-

ture pro®les in air and in water; Ree�=Rec+3.3 and Rec+

7.7.

Fig. 8. Longitudinal evolution of the width of mean velocity

pro®les in air and in water; Ree�=Rec+3.3 and Rec+7.7.

Fig. 9. Longitudinal evolution of the maximum intensity of

temperature ¯uctuations in air and in water; Ree�=Rec+3.3

and Rec+7.7.
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5. Discussion

As presented in previous results [11,12], in air and in
water the velocity ®elds measured at the same e�ective
Reynolds number are found similar in the two ¯uids.

It appears that the corresponding temperature ®elds
are signi®cantly di�erent. For example, the maximum
mean temperature is found much higher than the cen-

treline mean temperature in water and close to the cen-
treline mean temperature in air. In parallel, the level of
the intensity of temperature ¯uctuations in air is much

lower than that obtained in the water ¯ow.
These di�erences can be explained by the larger

value of the Prandtl number Pr = ng/kg in water
(Pr17) than in air (Pr10.7), which shows that in ex-

periments being performed at the same Reynolds num-
ber, the Peclet numbers Pe=U1d/kg are signi®cantly
di�erent in air (Pe126) and in water (Pe1260). In the

case of the water ¯ow, due to the relative lower value of
the thermal di�usivity kg in comparison with the kin-
ematic viscosity, the heat is initially more concentrated

in the initial shear layers and then within the laminar
vortices of the wake. This explains the higher value of
the mean peak temperature and the lower values of the

width of the temperature ®eld. Furthermore, this lower
in¯uence of thermal di�usion in water increases the in-
termittent character of the temperature signal measured
in the wake and the stronger increase of the maximum

intensity of temperature ¯uctuations with the distance.
This result is similar to results obtained downstream an
heated line source located in turbulent ¯ow. In this latter

case the maximum intensity of temperature ¯uctuations
is dependent on the ratio between the instantaneous
plume width and the Lagrangian length scale of the ¯ow

[13,14]. In our case the velocity ®elds which carry on the
heat are similar while the instantaneous temperature
®elds have to be di�erent in air and in water. The instan-
taneous width of the temperature pro®le is always much

smaller in water than in air due to the respective values of
Prandtl numbers. It results that in similar ¯ow conditions
the level of temperature ¯uctuations is always higher in

water than in air.

5. Conclusion

Experimental study of temperature ®elds measured in

air and in water in the 2-D periodic near wake of a heated
ribbon has been carried out in absence of buoyancy
e�ects. The opposite thermal dependence of the kin-
ematic viscosity in a gas and in a liquid and the resulting

stabilizing and destabilizing character leads to use the
e�ective Reynolds number approach. When the exper-
iments are carried out in air and in water at the same

e�ective Reynolds number, i.e. in similar ¯ow conditions
in the wake, it appears that the temperature ®elds in these

two ¯uids are strongly di�erent. The shape of the tem-
perature pro®les is not the same. The peak value of the

mean temperature and the maximum intensity of tem-
perature ¯uctuations are much higher in water than in
air. Conversely the widths of the temperature pro®les are

much narrow in water than in air. These results can be re-
lated to the in¯uence of the Prandtl number of the two
¯uids on the di�usion of heat in the initial shear layers

and then within the vortices in the near wake of the
heated ribbon.
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