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Abstract-This study concerns the dynamical and thermal fields downstream of a couple of cylinders. 
Different configurations are studied : cylinders with identical or different diameters, one being heated or 
not and the initial gap being variable. Firstly, parameters of similitude of the double wake flow are 
determined from the single cylinder wake laws. assuming a weak initial interaction and the linearization 
of the problem. From the definition of an equivalent diameter and an asymmetry coefficient, we are able 
to calculate the evolutions of the maximum velocity defect and of the mixing wake width. This analysis 
can be extended to the mixing of two plane perturbations such as the mixing of two plane jets in a uniform 
stream. Secondly the experimental part of the study presents measurements from hot-wire and visualizations 
in a hydrodynamical tunnel. The data concerning the mean dynamical field fit rather well the theoretical 
predictions in the similitude zone. Turbulent field measurements of the double and triple correlations 
between velocity and temperature fluctuations show the existence, in the asymmetrical case, of counter- 
gradient diffusions. These fluxes can be related to the largest eddies of the flow which create an important 

lateral diffusion from the small to the large cylinder. 

1. INTRODUCTION 

THIS EXPERIMENTAL study was realized in the complex 

turbulent shear iIows domain presenting asym- 
metrical initial conditions for which two subjects of 
interest exist. Firstly, in this kind of flow, it is well 
known [l-3] that counter-gradient diffusions can 

appear, their study is important to define models of 
turbulence including the effect of the large structures 
of the flow [4]. Secondly the asymmetrical turbulent 
flows are in continuous rearrangement ; for this reason 
they present interesting features from a theoretical 
point of view. 

One of these flows concerns the double wake mixing 
behind two cylinders with equal or different diameters. 

Zdravkovich [5] has given a general review of the 
literature concerning the wake of a twin cylinder with 

constant diameter and variable gap spacing. 

The evolutions of the drag coefficient and of the 
Strouhal number have been measured by Bearman 

and Wadcock [6]. 
Below a critical gap, mixing is unstable with two 

different values for the drag. Landweber [7] detected 

the existence of a single vortex street for r/4 = I- 
1.25 and of two vortex streets for e/4 > 1.5. This last 
author also noted a configuration with four vortex 
streets. Spivack [S] performed measurements of the 

vortex shedding by hot-wire anemometry in the range 

of Reynolds numbers Re = 1.5 x IO”-9.3 x 104. For 

small gap spacings, two frequencies can be measured : 
the highest corresponds to the Strouhal frequency of 
a single cylinder, the lowest can be associated to the 
couple of cylinders with a zero gap spacing. The fow 
is unstable with two solutions corresponding to an 
asymmetrical disposition of the BCnard-von K&man 
vortex shedding with one more important street. The 
oscillation between the two solutions seems to occur 

randomly [9]. This asymmetrical configuration can be 
found back in the double wake flow with cylinders of 

different diameters. In a previous study published by 
Palmer and Keffer [IO] the presence of a counter- 

gradient diffusion for the dynamic field has been noted 
from hot-wire measurements. To look in more detail 

at what is happening in this case, we performed an 
experimental network of the asymmetrical double 
wake flow by heating the small cylinder to include the 
diffusion of a scalar field. In our case, the temperature 
can be considered as a passive contaminant owing to 
the small Richardson numbers. So, we studied the 
dynamical turbulent field by different techniques : the 
hot-wire anemothermometry in an aerodynamic 

channel, one of the two cylinders being heated, and 
the laser-Doppler anemometry associated with visu- 
alizations in a water channel, with dye emission as a 
passive scalar contaminant. 

To distinguish a double wake flow with equal or 

different diameters, with or without a heated cylinder 
WC adopt the following nomenclature: the sym- 
metrical case will be called S,, and the asymmetrical 
case A,,,. The first subscript represents the number 
of cylinders, the second one the number of heated 
cylinders. Sometimes, this indication will be followed 

by three numbers in parentheses (c$,, L,,, 4?) giving 
in millimetres the diameter of the small cylinder, the 
distance between the axes of the two cylinders and the 

diameter of the large cylinder. 

2. SELF PRESERVATION PARAMETERS OF 

THE DOUBLE WAKE FLOW 

2. I Single wke luws 
To study the mixing of the two cylinder wakes, it is 

interesting to define the self preserving parameters of 
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NOMENCLATURE 

A j./ asymmetrical coupling of i cylinders, 

j being heated 
LI, h. C. tl dynamic wake coefficients 

CP calorific capacity 

c’, drag coefficient 

H cylinder length 

I A0 distance between the axes of two 

cylinders 

L(.Y) dynamic double wake width 

L, thermal double wake width 

I dynamic single wake width 

I I! thermal wake width 

(0. .Y. .r) mean section of the mixing 

11 turbulent kinetic energy 

(III initial heat flux 
I diameter ratto. 4, ;c,b2 
RC Reynolds number 

S Strouhal number 

St., symmetrical coupling of i cylinders. j 

being heated 

u, upstream velocity 
AU, centrc-line velocity defect 

.v* adimensional downstream distance of the 

double wake flow. s&,lLi. 

Greek symbols 
82 interaction drag coefficient. 

C I, I + 31, ‘(‘,ifC’,~ 

asymmetry paramctct 
intermittency factor 
eddy viscosity 
dynamic field similitude parameter. 

(.1’-Y1 ,,,,,,):‘U4 
thermal field similitude parameter. 

(!,~.I,.,,,,~)iL,,(.\-) 
absolute temperature [K] 

maximum temperature excess 
initial overheat 
kinematic viscosity 
turbulent production 

density 
cylinder diametct 
equivalent diamctcr of the double wake, 

(\/C/G +\.‘42)‘. 

the far tield where we can consider the turbulent flow 

is established at first approximation. 
A schematic diagram of the flow is presented on 

Fig. 1. The two axes of the cylinders are parallel and 
their plane is perpendicular to the upstream velocity 
C;,. The flow is considered as incompressible in the 
turbulent regime and two-dimensional in mean. 

In the mixing of the two wakes. and for a given 
initial spacing gap L,, between the two axes, it is poss- 
ible to identify three downstream regions. 

Firstly, just behind the cylinders the two wakes arc 
developing more or less independently, the interaction 

Fm. I Schematic diagram of the flow in the .3 ?I case 

Subscripts 

cil. ccntrc-line value 

II relative to the dynamic field 
0 relative to the thermal field. 

Superscripts 
mean time value 
fluctuation component 

J 

mean effects will be characterized by the coupling 
cocfficicnt x. 

Secondly, there is a region where the mixing is 
evolving from the meeting point, located in the inter- 
nal zone, to a downstream section far away, from 
which we can consider that the mixing is completely 
effective. This last section is the beginning of the third 
zone, characterized by the quasi self preservation 01 
the velocity profiles. and it presents the same behav- 
iour as a classical turbulent wake, driven by the 
approximated equations of motion, enthalpy and con- 
tinuity. i.e. 

L’,(j~Au/S.\-) - (iS;‘S>,)( - LI’/.‘) = 0 

L’,(~AO~&Y) - (6/bJ,)( -r’(Y) = 0 

(iiAui6.v) = (SI-/S_r) (I) 

where ALI = U- 0 is the mean velocity defect in the 
downstream direction OS and A@ the mean ovcrhcat ; 

d, I:’ and 0’ are respectively the turbulent fluctuations 
of the velocity, in the (O.r, Or) plane, and of the tem- 
perature. The self preservation conditions of the mean 
dynamic field can be expressed by 

AfijAU, (.\-) = f(n) with ‘1 = y/L(.u) 

where L(\-) and AIJ, (_u) are the conventional length 
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and velocity scales. Assuming a Boussinesq closure 
model for the Reynolds stresses as 

- U’U’ = E, * y[6(817/y)/6y] (2) 

where E, is the eddy viscosity and y the intermittency 
factor varying [I l] as 

Y = 11 +h%d’l-’ 

we obtain the following solution : 

.f’(rl) = ev [-Qs’(~ +WYl (3) 

where a and d are constants, which can be exper- 
imentally determined. To complete the determination 
of the wake it is necessary to introduce two other 
constants, h and c, to describe the evolution of the 
maximum velocity defect and the wake width vs the 
downstream distance .rJ$ 

AU,/& = b(r/#)- Is2 

L‘kj = (c_+#J) ‘l 2. (4) 

From different data in the literature we shall adopt 
the following different values [12, 131: 

a = 0.6619 ; b = 1.066 ; c = 0.0745 ; d = 0.04695. 

(5) 

By analogy to the mean dynamic field, it is possible 
to obtain an asymptotic solution for the mean tem- 
perature, when considered as a scalar field. Because 
there is the same intermittency factor for the dynamic 
and the thermal fields in the wake of a heated cylinder, 
we shall write 

A@/A& = gfq,,) with Q, = y/L,, 

Lf,J$ = (wIC/#) * (7) 

where A@,, = ~“~/~C~~= is the initial overheat, y0 
being the heat flux at the cylinder surface, From 
different data in the literature [IZ, 131, we chose the 
following values for the different constants of the 
mean thermal field : 

LI,, = 0.533; b,, = 1.452; cR = 0.142; u’,, = 0.300. 

(8) 

It is interesting to remark about the constants given 
above for the dynamic wake of a cylinder. 

For 2’ = L/2 we obtain exp -a(1 +Li) = l/Z that is 
~(1 +d) = In2 = 0.6931. 

In fact with the constants given by equation (5) we 
obtain n( 1 t-d) = 0.6930. 

On the other hand, the drag coefficient C, can be 
written as 

a 

1 

I I I 

0 1 2 LO,K&J 

FIG. 2. Coupling coefficient vs axis gap spacing. ----. 
ref. [6]. 

r I- 

X X .f* d?+ ((;3-~“)/AL’;) dq 1 . 
J-X J-T - -I 

The order of magnitude of the turbulent term is about 
1% of the other terms, so it can be neglected. The 
values of the integrals of ,f and ,f” according to equa- 
tion (3) have been found equal to I .995 and I .475. So 
it is possible to write C, in the foliowing form : 

C, = 2(A~~~U~)(L/~)~l.995-(AU~,~~~)l.475] (9) 

C’, being constant and equal to 1.15 in the range 
of the studied Reynolds number of 104, the product 
(AU~/U~)(L~~) is not really constant and the self 
preservation is only asymptotically reached. However, 
at the limit we can write 

(AU,/U,)(L/&) = 0.2882 

while, from equations (4) we obtain that 

0.6 

5=v 

04 

0.2 

FIG. 3. Strouhal frequency. ----, ref. [6]. 



(AL’, /U,)(L/+) = hc = 0.2909. 

The difference, of only I “h between the two values. 
can be considered as acceptable as a first approxi- 
mation. 

2.2. Double puke hs 

We consider now two parallel cylinders with 4, 

and 41 as respective diameters, with a length L,, 
between the two axes. as shown on Fig. I. 

To define a self preservation zone in the double 
wake flow, we assume that L,, is large enough so that 

the initial interaction between the two cylinders is 
small and z lz I. Then the effective drag of the couple 
can be taken equal to the sum of the two drags of each 
cylinder when considered alone. 

To determine the mean dynamic field, we assume 
that in the third zone of the mixing. we can adopt 
a local hypothesis of linear interaction between the 

velocity of the two defects. that is 

(Au/I/,) = (Arl,,ju,).l’(vr,)+(AUZM/Ue).f’(~~). (TO) 

Then to study the mixing profile it is necessary to 
define the good physical frame for each wake. For 
that we define an asymmetry coefficient /j as : 

?‘, = y+[lL,, 

_I’> = J’-(1 -[j)L,,. 

From that definition and by considering equations 
(3) and (5), we obtain the following mean profile : 

AU/U, = (h/,/.u){J$, exp -[(u/~.u)(~+PL,,)‘/~,] 

x [(I +d)(Y+PL,,)j/(~.u~,)‘l 

+J&exp -[(cr/c.u){(.~(l -/I)L,,)z/$2J] 

x [I +{&,-(I -a)Lo)4/(c.Y~2)2)1). (1 I) 

I’ = 0 is the location where the velocity defect be- 
comes maximum. This condition is satisfied by taking 

/j=j&J(J&+J$2) =,~Cl,,iV’(l;=?i(l+tjl.) 

with 

(1 -B) = d412/cJa, l tj&) 

= J&/J& = l/(1 +Jr). (12) 

This maximum velocity defect will be noted as AU,. 
following the relation 

AU, /UC = 

(h/Jx*)($/LO) exp- {(cl/cx*)[l + ((il(c.~*)~)]). (13) 

In this expression we define the adimensional axis 
distance x* as 

0 x’ 2 

FIG. 4. Maximum velocity defect vs the downstream dis- 
tance: 0, SZOr r = I, L,, = 3/2(6,+4z); 0, A?,,, I’= 0.5, 

L,, = (9,+41)4/3: A, Ax. r = 0.6, L,, = 0.687(&+qbz); 
+. A?,). ref. [IO] ;--. UC/AU; = (I//J~)(.$c$,); -, cal- 

culation (12). 

So. by expressing the product [(AUG,/UC)(Lo/&] ’ 
vs .\.*, we obtain a universal function plotted as a 
dashed line on Fig. 4. For high values of .Y*, this 

function tends towards the single cylinder law, drawn 
as a full line on Fig. 4. The minimum of the function 
corresponds to .X * = 2ajc for which the first and the 

second derivatives of the mean velocity profile with 
respect to _J’* = r/Lo are simultaneously equal to zero. 

The corresponding profile is a typical ‘piston’ velocity 

profile with a plateau at the maximum value. Such a 
profile has effectively been experimentally measured 

[131. 
The asymptotic convergence towards the single 

wake law for large .Y* values is relatively slow, as 
the convergence towards the self preservation zone. 
However, we can estimate that the beginning of this 
zone occurs after the section .r* = 80 corresponding 
to the beginning of a quasi linear expansion of the 
mixing. 

Now, to calculate the width of the mixing 

L* = L/L,,, we have to solve the equation 

(Au/U,.) = Il’2(AU,/l/,) 

We then obtain the following equation : 

[(L*/p)+I]‘-l = B (15) 

with 

B= [-(cs*/a) In j(l//j)(li2-(I-p) 

xexp -[(aic.l-*)I(L*i(l-B)-I)~~Ii] 

x [I +d/(c.r*)2 ;(L*/(l -P)- I)J 

+(L*/(l -P)- l)‘(L*/B+ l)‘+(L*i/l+ I)‘)] 

x [I + {d/(cY*)z) (L*/p+ I)” 

+(L*/p+I)‘+l] ’ 

To solve this equation, it is necessary to proceed 
by successive numerical iterations to obtain the two 
solutions LT and LT. Then we obtain L* = [(LT) 
+(LT)]/2 as a function of .Y* and Y as it can be seen 
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FIG. 5. Wake width laws: 0. S2”, r = 1, L, = 3/2(~$, +c$>); 

~,A2,,,r=0.5.LI, =(+,+$~~)4/3; +,Az,,ref.[lO];----, 
L’ = 1/4(.sqf~ ,) ; ----, present model. 

on Fig. 5, on which, two curves of L*(.u*) are drawn 
as dashed lines, corresponding to r = 1 and 0.5. We 

can note that these two curves are not very different 
and asymptotically tend to the single cylinder law 
drawn as a full line for high values of .x*. 

As previously noted, the convergence is slow, 
because of the exponential law. Also it is interesting 

to calculate an approximation of the linear law of 
L*(.Y*) for high values of .x*. 

For that we assume that d = 0 and choose 
K’ = Ku/C as the expansion coefficient, so that 
L* z K.Y*. In that case, it is easy to show that K’ 
obeys the equation 

l/2 = fiexp -(K’/[j’)+(I-fi)exp -(K’/(l-j?)‘) 

(16) 

which only depends on the variations of the asym- 
metry coefficient /j. 

This equation has no analytical solution but it can 
be approximated by K’ = fl’ In 28 for fi z 1 and 
K’ = /j2 In 2 for /I z 0.5. 

The exact solution is presented as a full line on Fig. 
6 for the variations of b(r) according to equations 

(12). 
A more complete determination of K’ shows that 

‘I 

00 0.5 T- 1 

FIG. 6. Asymmetry parameter and expansion coefficient : 0, 
mixing of two wakes : 0, mixing of two jets. 

K’(r) weakly depends on the type of perturbation. So 

it is possible to extend the previous analysis to the 
mixing of two velocity excesses such as the mixing of 

two plane jets. With the definition of new constants 

for the plane jet expansion [15-171 it is possible to 
calculate the values of K’ which are very close to those 
of the mixing of two cylinders plotted on Fig. 6. 

It is also possible to introduce the coupling 
coefficient in the previous analysis and to realize the 
calculation for smaller gaps. However, new phenom- 
ena occur in this case, particularly the increasing of 
the vortex shedding effect behind the two cylinders 

which modifies the second mixing zone and the 
location where the self preservation zone begins. 

On the other hand, to study the modifications of 
the single thermal wake by coupling another non- 
heated cylinder, we prefer to keep 4,, UC and A@, as 

the characteristic scales for the mean temperature field 

in the self preservation zone. The measuring section 
at X* = 72.2 corresponds to the dynamic field at the 
end of the second mixing zone. It also corresponds to 
.~/4, = 46.2 for the mean temperature field with the 

small heated cylinder. This section has been chosen 

to obtain a relatively good mixing and a sufficient 
overheat to measure temperature fluctuations with a 
good accuracy. 

3. EXPERIMENTAL PROCEDURE 

We performed measurements in air and water for 
Reynolds numbers of about 104. The cylinders used 
were built of brass. They were calibrated with a good 
constancy of the diameter all along the cylinder. Their 
surfaces were polished and lustred in order to get the 

same drag for cylinders with the same diameter and 
placed in the same flow conditions. 

Four cases with different coupling coefficients have 
been studied and the geometrical and aerodynamical 
conditions are reported in Table 1. 

Dynamically, the A *I case was identical to that of 
Palmer and Keffer [IO] with a maximum shift between 
the zeros of the mean velocity gradient and the tur- 
bulent shear stress. The Reynolds number range is 
2.5 x IO’-1.7 x 104. The initial overheat A@, = 7.7 K. 

In order to obtain a uniform heating for the cylinder 

in the air, a rolled up resistance was inserted in a 
quartz tube filled with sand. This quartz pipe was put 
in the brass tube and the resistance was electrically 
heated to obtain the studied temperature. However, 

Table I. Studied cases with initial conditions 

s,, s li, A 20 A 21 

4, (mm) 12 3 3 12 

L,, (mm) 0 9 9 22 

& (mm) 0 3 6 20 

r = 4,142 a I 0.5 0.6 

B (mm) 12 12 17.68 62.98 

A@, (K) 7.7 0 0 7.7 

G+)IlH 0.015 0.015 0.004 0.015 



it was necessary to get an absolute temperature 01 
about 500 K on the brass cylinder surface to obtain 
A@,, = 7.7 K. So. a change in cylinder diameter and 
gravity effects could occur in the boundary layer and 
radiative effects could occur between surfaces of the 
heated cylinder and the non-heated one. But with the 
velocity flow of I2 m s ’ we assumed that such effects 
were small enough and could be neglected. 

The measurement techniques are the hot-wire 

anemothermometry, for the instantaneous velocity 
and temperature fields, and the thermocouple for the 

mean temperature. Different hot-wire probes were 
used : x wires and a three wire probe to measure sim- 

ultaneously the fluctuating components of the velocity 
and of the temperature. The temperature fluctuations 
were obtained from a platinum wire of 1 Ann diamctet 

and 0.3 mm in length. It was compensated in the high 
frequency range and a constant current between 150 
and 500 ;tA was used. It has been found that the best 

value for the current was about 350 /tA to get a good 

signal/noise ratio and a weak velocity influence. How- 

ever, the hot-wire signal was corrected for the tem- 
perature contamination using special electronic cir- 
cuitry after the determination of the calibration curves 
[ 181. So the fluctuations u’, L” and 0’ were recorded 
on a magnetic tape and a numerical treatment was 

realized to determine the double correlations and the 

frequency analysis. 
Visualizations of the flow have been realized in 

similitude in a water channel of 20x20 cm square 
section, I .20 m in length and a 17 cm s ’ flow velocity. 

The technique of dye emission has been used from 
needles placed upstream in the convergent section of 
the channel to see the emission lines in the potential 
flow. and from the rear of the cylinder, in the recir- 

culating zone, to see the mixing wake. We also used 
LDA in the same water channel [9]. 

The information obtained by the two ways (hot- 
wire and visualization) is complementary and gives a 
better understanding of the different diffusive mech- 
anisms. 

4. EXPERltVlENTAL RESULTS 

Firstly we present results concerning the mean 
dynamic and thermal fields, secondly results con- 
cerning the fluctuating fields in the (_Y, J) frame. 

The single cylinder wake, the double mixing wakes, 
symmetrical and asymmetrical. are simultaneously 
studied by comparison. On Fig. 2 WC have plotted the 
coupling coefficient 2 vs the gap spacing L, in the 
A?,, and Sz,, cases. While two solutions occur for 
L,,/(c/I, + (b2) < 1.5 in the Sz,, cast, only one stable 
solution exists in the A?(, case; and J increases up to 
1.6 when the two cylinders are in contact. From the 
illustration shown on Fig. 14 the Row in the A?(, 

case is shown to be constituted by a Benarddvon Kar- 
man vortex street issued from the large cylinder, the 
other, downstream of the small cylinder, being almost 
completely destroyed. The curves of the Strouhal fre- 

FIG. 7(a). Decrease of the temperature excess with the 
tance .~/4, : 0. A2, ; 0, S,, 

O_ 

3- 

3_ 

3 

1 
1 

I 1 

50 IKI 

YD, 

dis- 

FIG. 7(b). Increase of the thermal wake width: 0, Al, ; 
0. s,,. 

quency, plotted on Fig. 3, vs L,/(4, + cJ2). show that 
in the asymmetrical case Azo. there is a single fre- 
quency for a given gap spacing which roughly cor- 

responds to the lower solution for the SJO case. 
On Figs. 4 and 5 the functions giving the maximum 

velocity defect in the double wake and the wake width 
vs the downstream distance x* defined by equation 
(13) are drawn as dashed lines. The single wake laws 
are plotted as full lines. We note that a rather good 
prediction from the linear analysis is obtained; the 
prediction being better for a symmetrical case with a 
sufficient spacing gap &,/(cJ, + c$?) > I .5, for which 
the coupling coefficient is close to I. However, for 
the other cases, the behaviour is satisfactory after a 
certain distance downstream. 

Figures 7(a) and (b) show the evolution of the 
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-4 -2 0 R 2 4 

FIG. 8. Mean velocity and shear stress profiles (A?,) case: 
.\.* = 72.2). 

temperature excess and the thermal wake width as a 

function of the downstream distance .x/d,. The data 

show that a strong increase of the thermal diffusion 
occurs in the asymmetrical double wake flow. The 

experiments were carried out in the geometrical con- 
figuration A :I (I 2, 22, 20). The thermal wake is more 
widely spread by a factor of 2 which can be interesting 
for applications. Principally this is due to the coherent 

structures of the flow generated behind the big cylin- 
der. These eddies drive an important lateral flux which 
is quantifiable by considering the fluctuating field. So, 
in Fig. 8 the mean velocity profiles and the Reynolds 
stresses are drawn, at s* = 72.2. A displacement 
between the zeros of the shear stress and of the velocity 

gradient, and then the presence of a counter-gradient 
diffusion zone can be noted. The turbulent intensity 
profiles of J(u”)/iJ, ; J(r”)/U, ; ,/(w”)/Uc and 
,i(r/‘)/l/, are plotted on Fig. 9. It can be seen that 
these profiles exhibit two maxima, the higher one 

occurring behind the big cylinder. The profiles of the 

second and of the third stress tensor invariants are 

presented on Fig. 10 

II = (U:u;/y”)‘-113 

III = [u:zr;31(q”)3] -II- l/9. 

These invariants are small behind the big cylinder, 

showing consequently that the turbulence is not com- 

-4 -2 0 2 nU 4 

FIG. 9. Velocity components of turbulent intensities (A,,, 
case ; .Y* = 72.2) : 0, v’(;z)/ue; 0, J(;;“)/U,; 9. 

,/(II;‘T)!c/,: A, J(7w,. 

FIG. 10. Second and third invariants of the Reynolds stress 
tensor (A 2o case: x* = 72.2). 

pletely established on this side and that the kinetic 

energy of turbulence is not a good parameter to rep- 
resent the turbulent state of the mixing. Here, the 
higher peak of J($‘) is the consequence of the quasi 
periodic vortex shedding while only random fluc- 
tuations due to a turbulence level exist behind the 
small cylinder. 

The diffusive effects of the large vortices can be seen 
on the mean temperature profile presented on Fig. 1 I. 
This profile exhibits two maxima corresponding, for 
the higher, to the longitudinal convection and, for the 
lower, to a lateral diffusion behind the large cylinder. 
So, in this asymmetrical case, the diffusive effects of 
the large eddies represent one of the most important 
features for this kind of flow. 

Figure 12 shows the double correlation coefficients 

between u’, P’ and O’, and the intensities of the tur- 
bulent kinetic-energy v/(q’-)iC’c and the temperature 

variance J(O”)/AO,. So, we can see also that a ther- 
mal counter-gradient diffusion zone occurs as well as 
a dynamical one, and that the two zones have a small 
common part between the relative minimum A@,,,,, 
and U,,,,,. The correlation Ru’O’ always exhibits nega- 

tive values corresponding to U’ and 0’ fluctuations 

with opposite sign. The curves of J(q’-)/U, and 
Vl(p)/AO, have two maxima not located on the 
same side of the wake. As noted before, this fact can 

0.10 

aB 
m 

005 

a00 

FIG. I I Mean velocity and temperature profiles (A z, case ; 
x* = 72.2 or S:C/J, = 46.16). 



FIG. 12. Double correlation coefficients and turbulent inten- 
sities of the dynamical and thermal fields (AZ, case; 

.Y,‘c$, = 46.16; here B’ and q’ denote the r.m.s. values). 

be related to the different turbulent states on each side 

of u,,,,,, 
On Fig. 13 we present the dynamic and thermal 

turbulence productions at the studied section. 

The reduced production n: and n$ are given by the 
expressions 

We only assume that the flow is two-dimensional 
in mean. As can be seen these two turbulent pro- 

ductions exhibit negative values in the corresponding 
counter-gradient diffusion zone. The negative values 
are more important for the thermal field than for the 
dynamic field and reach 14% of the maximum positive 
values of the production behind the small cylinder. 

-4 -2 0 2 %A 

2 

1 

0 

I-‘ICC. 13. DynamIcal and thermal turbulent productions (A,, 
case ; r:d, , = 46.16). 

FIG. 14. Scheme of the vortex shedding in the A?, case: 
shading. turbulent zone: ~ -. centre-line; -+. counter- 

gradient diffusion. 

Such results can bc also found in various types ot 
turbulent flows [ 191 or in free mixing shear flows [4]. 

The lateral heat flux responsible for this counter- 
gradient diffusion and to the negative turbulence pro- 

duction of the temperature variance, can be detected 
from flow visualization. A scheme of the diffusion is 

drawn on Fig. 14. This figure shows the two cylinders 
in the A?,, case placed in a water channel. The tem- 
perature is replaced by dye emitted from a hypodermic 
needle placed in the recirculation zone of the small 
cylinder and diffusing in its wake. From this visu- 

alization we can see how the contaminant is diffused 

in the mixing of the two wakes. and we rccognizc the 
two diffusive mechanisms contributing to the spread 
of the dye. The first one is due to the relatively high 
level of turbulence existing just behind the small cyl- 
inder. The second comes from the vortex shedding, 
i.e. from the large eddies of the flow generated behind 
the large cylinder. Thcsc large eddies roll up, on thcit 
top, the fluid coming from the small cylinder wake. 
This capture contributes to the second maximum of 
the mean temperature profile in the heated case. This 
phenomenon is due to the interaction of the large 
eddies on the mean scalar field carrying along an 
important lateral heat flux, from the small to the large 
cylinder. 

The asymmetrical configuration shown on Fig. I4 
also exists in the double wake flow of two cylinders of 
the same diameter with a small gap [9] but it randomly 
oscillates between two positions with the vortex street 
on the left or on the right while it remains on one side 
in the present asymmetrical case with the vortex street 
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situated behind the large cylinder. On this point of 

view the asymmetrical vortex shedding is a more stable 
fluidic dynamical system. 

5. CONCLUSIONS 

From the experimental study of the asymmetrical 

dual wake with heat transfer, several results have been 
obtained. At first, for the mean dynamic field, it is 
possible to predict the variations of the maximum 

velocity defect and of the wake width, from the single 
wake laws, assuming a linear hypothesis. We conclude 
that a zone of quasi similitude can be obtained down- 
stream, beyond $.x/L; > 80 with 6 an equivalent 
diameter taking into account the initial geometry of the 

cylinder twin. Below a certain gap between the two 

cylinders, there are specific discrepancies between the 
symmetrical and the asymmetrical double wake flows. 
While the flow is oscillating between two solutions in 
the first case. the flow is relatively stable in the second 
case with only one vortex street behind the big cylin- 

der. In this asymmetrical dual wake the vortex street 
behind the small cylinder is almost completely 
destroyed and a rapid and large turbulent diffusion 

occurs. So a pollutant, or the heat coming from the 
surface of the small cylinder is more rapidly spread 
by a factor of two. It is then possible to detect counter- 
gradient diffusions and negative values for the 
dynamic and thermal productions of turbulence. This 

phenomenon can be related to a predominant lateral 
flux generated by the large eddies of the flow issued 
from the big cylinder. These eddies carrying along on 
their top the wake of the small cylinder, induce an 
important lateral flux and consequently a typical 
mean temperature profile with two maxima, one 
being due to the longitudinal advection and the other 
to this lateral flux. Visualizations of the flow confirm 
these explanations. From the asymmetry of the dual 
wake with a high level of turbulence behind the small 

cylinder and a vortex street behind the large cylinder, 
it is possible then to find again the sign of the counter- 

gradient diffusion as a function of the real turbulent 
intensity gradient [4]. 
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SILLAGE DOUBLE AVEC TRANSFERT DE ClIALELJR 

R&urn&-L’itude prtsentkc concerne I’kolution des champs dynamiquo ct thermique cn avnl d’un couple 

de cylindrcs. Difft-rentes configurations ont ktk btudikes IIWC dcs c)lindres de dlamktres itlontiqucs on 

diffkrents. I’un ktant chaull’k ou non et l’entraxe Ctant variable. Unc Etude des param&cs de similitude du 

ch;nnp dynamiyuc 21 d’ahord &tk rkalisk 2 partir des lois du silla?c simple, en suppos;tnt I’interaction 

initialc faibie et la iin~~~ris~iti~~l~ du prohll-mc. A p;irtir de la ~~~finltl(~ll d‘un tiiam&re ~qtli~~llct~t ct d‘un 
param&re dc dlssymktrie, on ;i pu d&crminer les lois de dCcroissancc du crkneau maximum de vitcsscs 
ainsi que I’evolution dc la lorgcur dc brassage du nr~lange en fonction de la distance aval. Les r&ultats 
obtenus pcu\-ent etre gCn&ralis& au ci\s de dcux perturbations planes et cn particulier au cas du mL:langc 
de deuxjets plans en &coulemcnt uniforme. La partic expPrimcnt:tle de cette Ctudc prksente des mcsurcs au 
61 chaud et des ~isu~lis~tio~~s en tunnel hydr~~dyn~niique. Les r&hats du champ d~n~lrllique moyen sent 
cn bon accord a+ec les calculs prkitdcnts de la ~onc dc similitude. Lcs mesure du champ turhulcnt. cn 

particulicr dcs corrklations doubles et triples cntrc les Iluctu:ttions de vitcssc ct de tempkaturc, montrenl 
I‘existence de flux ;I contrc-gradient dqnarniquc et thrrmique dans Ic cas du couple de cylindres de di:tmL:trcs 
difI?rents ct $ faible entr’axe. C‘es Hux pcuvcnt Strc relits aus grosses qtructurcs tourbillonnaires criant unc 

ZWEIFACHE WIRBELSCHLEPPE MIT W~RME~3ERTRAGUNG 

Zusammenfasung--In dieser Arbcit werden die Geschwindigkeits- und Temperaturfelder im Nachlauf eines 
umstrijmten Zylinderpaares behandelt. Unterschiedliche Anordnungen werden untersucht : Die Zylinder 
besitzen gleichen oder unterschiedlichen Durchmesser. einer der Zylinder ist beheizt oder such nicht, der 
Abstand ist variabel. Zuerst werden aus den Geset~m~Bigkeiten fiir den Einzelzylinder die Ahnlichkeits- 
kennzahlen fiir die zweifkhe Wirbelsclllcppe bestimmt, wobei ~n~en~~mrnell wird, da8 die anf~ngliche 
Wechseiwirkung schwach und das Problem linearisierbar ist. Es wlrd ein aquivalenter Durchmesser und 
tin Koeffizient fiir die Asymmetric definiert. Damit ist es mfiglich, die Fortpflanzung des Geschwindig- 
keitsdefekts und die Breite des vermischenden Nachlaufs zu berechnen. Die analytische Betrachtung kann 
auf die Vermischung zweier ebener Stiirungen, wie 7. B. die Vermischung zweier ebener Strahlen, in 
einer g~eichf~rmige~~ Strijmung ausgedchnt werden. Im experiinentellelt Teii der Untersuehung werden 
Ergebnisse von Hitzdrahtmessungen sowie die Sichtbarmachung der Vorgange in einem hydrodynamischen 
Strtimungskanal vorgestellt. Die Ergebnisse fiir das Feld der mittleren Geschwindigkeit stimmen recht 
gut mit theorctischen Berechnungen im Ahnlichkeitsgebiet iiberein. Die Messungen bei turbulenter 
Striimung zeigen bei zweifacher und dreifacher Korrelation zwischen den Geschwindigkeits- und Tem- 
peratursch~~~lkungeil fiir den asymlnctrischen Fall die Existcnz von Di~usionsvorg~ngen entgegen dem 
Gradienten. Diese Striime kiinnen auf die griiliten Wirbel in der Strdmung zurtickgefiihrt werden, die einen 

wesentlichen Beitrag zur seitlichen DiRusinn vom kleinen zum groBen Zylinder leisten. 

TE9EHME C ABOfiHbIM CJIEAOM l-IPM TEIIJIOI’IEPEHOCE 

AUllOT9QUS-kkCJle~)'lOTCll IIHHaMHWCKHe H TeNIOBbIe ITOAK BWH3 ITO TVWBiiO OT IlapbI UHJlHH~pOB. 

PacchiaTpaaatoTcn pa3sieriibie KoH~~ypa~~: u~~~np~ c 0x~Ha~oa~Mn KRII pa3nHSHblMH iUta%eT- 
paME, omifi ~3 KOTOPMX HarpeT HUB He carpet, a ~CxOmbxB 3a3op k53MeHKeTcR. CHaqana no 3axoHahI 

CAeAa 38 t?JlBHH’fHbIM UHJUWnpOF.4 OU~AeAKloTCK XpHTepHH UOAO6HK TeWHKII C ABOfiHbIM CJEAOM B 

npennonoxemH cna6oro HaqanbHoro ssaaMone&xBHn H nmieapsi3aumi 3anavH. Pi3 onpenenemm 

3KBHBEUWiTHOI-0 AHaMeTpa H K03+$HIWHTa aCHMMeTpHH MOXHO paCC9HTaTb 3BOAKWHH MaKCWMaJIb- 
HOE.0 Ae+XT&i CKOpOCTH H UISfpHHy CMeIUeHHP CJIe.Il,OB. ~peACTaBslf%ibld aHZWHi3 MOxeT 6bITb pEtCllpOCT- 

paHeR xacnyliaii chseuiemix ABYX myMepHbTx Bo3My~eHH~,TaKHxKaK chseureeaemyx nnocKHxcfpyE B 

pamohiepfioM noToKe.3aTeM B 3KcnepmeHTanbHoZi YacTkt wccneAoBaHax ~~HB~AST~R Aamble sshtepe- 

HHii TepMOUieMOMeTpH'leCKHM MeTOAOM W BH3yaJlH3ilUHH B WlpOAHHaMHW’XOfi Tp)fk. &lHHbI’S II0 
Cpi?AHeMy ~UHaMH’ieCKOMYUOJIIO BeCbMa yAOLUETBOpHT~bHOCO~AaCyEOTC~CTeO~TH'f~K~MH p3ynb- 

TaTaM B aBTOMOAenbHOii o6nacrw. ti3MepeHHR B Typ6yJEZfTHOM none ABOihIbiX H TpOihIbIX KOppeJIK- 

UHfi MemAy U)‘JUGlUEi~MH CKOpOGTA A TeMUepaTypbi lTOLa3MBZGOT HZlJIHYEie B aC~MMeTp~Y~OM CJIySae 

npOTBBOrJMAW%THMX XSV$+y3HOHHbIX UOTOKOB. 3TH nOTOKB MOryT 6biTb CBR3aHbI C MaKCHManbHblMH 
BklXpXMH TBYCHHII, CO3AZXOWMH CyIl.ltXTBeHH)‘IO nOI,epWH)‘M AR44Y3BIO OT MiLXOI-0 UllAHHApa K 

6OnbWOMy. 


