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Abstract-The interactions between a pair of spheres in a crossflow orientation was studied in a vertical wind
tunnel. The flow Reynold s number was approximately 104 with a turbulence inten sity of 1.1%.The spacing
between the sphere centres was varied from 1.04 to 2 diameters. Both the local surface pre ssures and heat
transfer coefficients were measured. The measurement technique allowed the fluctuating component of the
heat transfer to be measured as well as the time averaged values.The pre sent results indicate the formation of a
jet -like flow between the spheres. At close spacing. th isjet remained attached to one ofthe spheres giving rise to
crossflow forces. At very close spacings, the increased shear stress in the region bet ween the spheres resulted in a

decrease in the strength of the jet and the magnitude of the crossflow forces.

1. ll\'TRODUCTION

THE FLOW around suspensions of particles has been of
interest since the turn of the century but, as yet, it is not
well understood. The usual analysis of such systems is
based on flow mod els developed for a single sphere. At
low Reynolds numbers, the Stokes 'creeping flow'
equation provided a satisfactory description. By
including inertial terms in an asymptotic expansion of
the solution, the formation of a vortex ring wake can be
predicted. This model, however, breaks down when the
Reynolds number increases beyond a value of 40. At
higher Reynolds numbers, over the leading part of the
sphere, boundary layer models may be ' used
successfully, but these break down when the layer
leaves the surface of the sphere. The flow in this wake
regime has been the subject of many experimental
studies.

The flowaround the simplest form of cluster, a single
pair of spheres, has been the' subject of many studies
based on the classical simplifications of the Navier
Stokes equations. The first solution for the potential
flow around two similar spheres were presented by
Hicks [I] in 1880. The solution was built up by
superimposing a series of simple flow singularities.
Basset [2] and Herman [3] expanded the int egral of the
surface harmonics to obtain the kinetic energy of the
fluid. The velocity potential in the neighbourhood of
the spheres was then expanded by the 'Addition
Theorem'. In calculating the interaction between
particles in dilute suspensions, Peskin [4] used an
equation derived by Konig [5]. This model, however,
included only first-order terms. The spheres appear to
attract each other regardless of the orientation with
respect to the flowsince the forces are directed along the
displacement vector between the sph eres. Latta and
Hess [6] used the 'Inversion Theorem' to solve the case
of flow past two spheres in perpendicular flow. The
sphere boundarywas transformed into an infinite plane
one diameter away from the plane of symmetry. The
velocity potential was then expanded as harmonic
functions along the plane. To summarize these

potential flow solutions it is generally predicted that an
attraction force between the spheres exists. Because of
the symmetry of these solutions, no form drag was
predicted in potential flow.

The first analysis of the creeping flow around two
spheres was carried out by Smoluchowski [7]. Thedrag
forces against the direction of motion were shown to be
smaller than those predicted by Stokes law. Analyses of
this type have also been carried out by Burgers [8,9]
and by Faxen and Dahl [10].

The exact solutions for two equal spheres whose line
ofcentres was perpendicular to the flowwere developed
by Goldman and Brenner [11] and by Wakiya [12]
using bispherical co-ordinates. The drag in this
configuration decreased as the spheres approached.
However, additional forces causing the sph eres to
rotate were predicted. When boundary conditions
which permitted the rotation were used, the angular
velocity of the spheres was obtained.

These analyses , based on the creeping flow
equations, did not allow the consideration of any
inertial effects. Oseen [13] extended the analysis of
Smoluchowski [7] to higher Reynolds numbers
through an asymptotic expansion technique. The effect
of inertial force on two equal spheres was a tendency to
separate them.

Several measurements of the terminal velocity of
pairs of equal sph eres falling in viscous fluids were
carried out. Perhaps the first sufficiently accurate data
was published by Evesen et al. [14]. The results were
compared with the analyses ofSmoluchowski [7] , and
Burgers [8]. The prediction diverged upwards at a
separation of 1.8diameters and was followed by that of
Burgers at 1.3 diameters. This was attributed to the
series function error and in some part to the presence of
inertial effects.

Matthews and Smith [15] observed that spheres in a
non-axisymmetric configuration rotated and were
subject to inertia effects.These inertia effects, attracting
and repelling forces, were similar to those predicted by
Oseen [13]. Jayaweera et al. [16] carried out a series of
sedimentation experiments involving clusters of
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between two and seven spheres falling in a viscous fluid.
When two equal spheres were dropped side by side, no
separation or rotation was observed for Reynolds
numbers below 0.03, however an inwards rotation was
observed for Reynolds numbers greater than 0.05. The
rate of this rotation increased with the Reynolds
number, but decreased with increasing separation
distance.

The drag forces acting on a pair of spheres at high
Reynolds numbers were measured by Tsuji et al. [17]
and Lee [18]. As the spacing between the spheres was
decreased, the drag coefficient rose to approximately
1.5 times that of a single sphere. In addition, Lee
reported a separation force which also increased as the
spacing decreased. .

In summary, these studies reveal much of the flow
behaviour at relatively low Reynolds numbers, where
viscous forces dominate. At high Reynolds numbers
which are often encountered in practice, inertial forces
dominate the free-stream while the viscous forces are
confined to the boundary layer. It has been established
that the boundary layer and wake behaviour of a single
sphere observed in turbulent flow are greatly influenced
by the flow conditions. Therefore it may be expected to
have a great influence on the flow interaction between
two spheres and consequently the local heat and mass
transfer rates. No adequate mathematical models of
these phenomena, particularly the wake behaviour,
have been developed. Hence, the flow phenomena as
well as heat transfer rates must be studied
experimentally. The present study represents an
experimental investigation of two adjacent spheres in
turbulent flow.

deviation of 0.6%). The individual films were heated to
the same temperature electrically by a constant
temperature anemometer circuit. The inner film served
as the local heat transfer sensor while the outer film
minimized the tangential heat loss through the silica
surface. The remainder of the sphere surfaces were
heated to approximately the same temperature as the
platinum films by internal heaters consisting of 10m of
number 34 gauge magnet wire. The void space around
the wire was filled with a 55% slurry of powdered
aluminum in ethylene glycol.

A complete description of the experimental
equipment and the derivation of the necessary
relationship have been presented elsewhere [19,23].

3. DISCUSSION OF EXPERIMEl'..AL RESULTS

The present experimental study of the flow
behaviour around two spheres in the perpendicular
configuration consists of measurements of the local
surface pressures and both the average and fluctuating
components of the local heat transfer. The surface
pressures were measured at Reynolds numbers of
10800 and 7950. The heat transfer rates were obtained
at a Reynolds number of 8800. The free-stream
turbulence intensity was approximately 1.05%. Since
the flow over the surface of each sphere was not
symmetrical about an axis through the centre of each
sphere, the local measurements were taken in a series of
traverses along several meridians on the sphere
surfaces. The overall drag coefficients were integrated
from the local surface pressure data at the higher
Reynolds number shown in Fig . 1. The spacing

2. EXPERIl\IENTAL DESCRIPTION
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FIG. l. Overall drag coefficients of two spheres in
perpendicular configuration.
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The wind tunnel used in this study was a low speed,
closed loop system. The features of this system are a flat
velocity profile in the test section, a low level of
background turbulence and good temperature control.
The flow conditions were measured by hot-wire
anemometry.

The spheres were supported by crossflow stems
whose diameters were 0.18 that of the spheres. The
mountings allowed the spheres to be accurately
positioned in the test section and rotated about the
stem axis.

The sphere models used for the local surface pressure
measurements were two identical brass ball-bearings,
2.705 em in diameter. The surface pressure was sensed
through a hole 0.709 mm in diameter, located at 90° to
the stem axis . The pressure was measured to an
accuracy of 0.01 mm water by a projection-type
micromanometer. The surface pressure measurements
were taken at 100 intervals on the sphere surfaces and
integrated to give the overall drag coefficients.

The heat transfer measurements were obtained by a
technique analogous to hot-wire anemometry. Two
small platinum films were deposited onto each of two
hand-blown fused-silica spheres. The spheres were of
equal diameter (2.654 em with a measured standard



Local heat transfer rates from two adjacent spheres in turbulent flow 1549

parameter used was that of the bispherical co-ordinate
system. The scale expansion inherent in this system
allowed the interactions between the two spheres at
close spacing to be shown more clearly. The
integrations were performed such that the forces on the
spheres were resolved into three components, each
expressed in terms of a drag coefficient. The component
directed in the mean flow direction was the drag
analogous to that of a single sphere. The second,
directed inwards along the line of centres, represented
the attraction between the two spheres. The third
component, perpendicular to the other two, was found
to be negligible.

When the spheres were far apart, the drag and
repulsion forces shown in Fig. 1 aeted equally on both
spheres . As the spheres were moved closer than 1.34
diameters between centres, the flow appeared to adhere
to one of the spheres. This resulted in unequal forces
acting on the two spheres. The measured forces were,
therefore, resolved into four components representing

. symmetri cal and antisymmetrical effects. These
: components, expressed in terms of drag coefficients, are
. shown in Fig. 2.

The resolved forces in the flowdirection consist of the
drag which acts equally on each sphere and the shear
which acts oppositely on each sphere . The equal of
symmetric forces were calculated by averaging the
individual measured drag coefficients and the opposite
or antisymmetric forces by taking half of the difference
between the individual values. The repulsion and side
slip forces are analogous to the drag and shear forces
but were directed inwards along the line of centres
between the spheres. The choice of these components
was arbitrary. However they represent the simplest
form which illustrates the flow behaviour.

The overall drag shown in Fig. 2 was approximately

16% lower than the corresponding drag on a single
sphere.The drag increased as the spheres were brought
together, becoming essentially constant at a value
slightly higher than the single sphere drag. The
repulsion increased as the spheres approached, from
13.5%ofthe drag at a spacing of 1.97diameters to 24.5%
ofthe drag at 1.34diameters. The antisymmetric forces
were negligible in this range of spacings.

When the spheres were brought closer together, the
flow appeared to adhere to one sphere, deflecting the
flow and giving rise to the antisymmetric forces. These
forces rose to amaximum at a spacing of 1.13diameters.
The side slip was the dominant feature of the
interaction, reaching a maximum of 19% of the drag.
The repulsion bet ween the spheres decreased to a
minimum at this point. At yet closer spacings, the
repulsion force increased quickly while the antisym
metric forces decreased. Apparently the flow resumed
its symmetrical character at very close spacings.

The apparent attachment of the flow between the
spheres to one of the spheres did not favour a particular
sphere but was observed to alternate between the
spheres. The change of the attachment from one sphere
to the other was not frequent, but occurred randomlyat
time intervals ranging from about 1 min to 1 h. When
the change occurred, the local surface pressures were
observed to be the same as those before the change but
on the opposite spheres.

If the flow in the test section was disturbed by the
insertion of an obstacle upstream from the spheres, the
attachment of the jet could be moved from one sphere to
the other. This suggests that turbulent eddies from the
free-stream are responsible for the observed shifts in the
flow attachment.

The overall Nusselt numbers are shown in Fig.3.The
value on the left-hand sphere was approximately 20%
higher than the overall Nusselt number of a single
sphere. A dip was noted in the range of spacings as the
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maximum antisymmetric forces were observed. The
heat transfer coefficients from the right-hand sphere
were lower than those of the other sphere, approxi
mately 10% higher than the single sphere value. The
heat transfer from the right-hand sphere rose at the
same spacing as the minimum heat transfer from the
other sphere and reached a maximum at a spacing of
1.08 diameters. This increase appeared to correspond
to the reduction of the flow deflection.

The flow interactions observed in this study were
similar to tho se predicted for creeping flow.The drag on
the spheres was less than that on a single sphere and a
repulsion force between the two spheres was observed .
The creeping flow models, however, predict a reduction
in the drag as the spheres are moved closer together.
The opposite was observed in the present study. The
antisymmetrical forees resulting from the attachment
of the flow between the spheres to one of the spheres was
not predicted by the creeping flow models, nor was it
observed experimentally at low Reynolds numbers.
The mechanism of these interactions is related to the
separation of the boundary layers from the spheres.

The surface pressure distributions on the two spheres
are shown in Fig. 4. When the spheres were far apart, at

a spacing of 1.97 diameters, the surface pressures on
both spheres were approximately the same. The
pressures on the inward side of the spheres (i.e. the
surface facing the other sphere) were higher than those
on the opposite side (facing away from the other
sphere) . This pressure difference resulted in the net
repulsion between the two spheres. As the spheres were
brought together, the pressure on the inward face
increased as the surface friction and the blockage due to
the wakes caused a greater deceleration of the flow
between the two spheres.The pressures on the outward
surfaces were not greatly affected.

When the spheres were brought closer' than 1.13
diameters, the increase of the pressure on the inward
surfaces of both spheres continued. The flow between
the spheres, however, adhered to the right-hand sphere
resulting in reduced surface pressures on the rear part of
the inward surface or that sphere. The pressures on the
corresponding rear part of the surface of the other
sphere were somewhat higher than those obser ved
before the attachment. The magnitude of these pressure
changes increased as the spheres were brought closer,
up to a spacing of 1.05 diameters.

The unbalanced pressure forces caused by the flow
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attachment increased as the spheres were moved from a
spacing of 1.93 diameters to one of 1.05 diameters.
These forces became larger than the repulsion forces
resulting from the increase in pressure due to the
deceleration of the flow between the two spheres. As
shown in Fig. 1, the reduced pressure due to the flow
separation became greater than that causing the
repulsion, changing the direction of the overall lateral
force on the right-hand sphere.

At closer spacings, the attachment effect became
weaker as the pressures observed in the attachment
region ofthe right-hand sphere were not as low as those
observed at a spacing of 1.13diameters. The increase in
the pressure between the spheres caused by the flow
deceleration was much more pronounced. Again the
pressures on the rear part of the left-hand sphere were
not greatly changed as the spheres were brought
together.

The mechanism of the attachment of the flow
between the spheres to one of the spheres was
analogous to the Coanda effect [20, 21] where a jet
follows a curved wall. The flow constriction between
the two spheres produced a jet-like flow when the
boundary layers separated from both spheres. This jet
was, however, a 3-dim. structure which widened as the

distance between the sphere surfaces increased, that is,
as the angle from the plane parallel to themean flowand
the line of centres increased. The flow in the jet was
faster than that in the wake, hence the pressure in the jet
was lower and entrainment of the wake fluid into thejet
occurred. When the jet was pushed toward one of the
spheres by the turbulence, the wall inhibited the
entrainment of fluid into the jet, resulting in a reduced
pressure on that side of the jet. The resulting
unbalanced pressure forced the jet to the surface of the
sphere until the flow detached due to the adverse
surface pressure gradient and the wake flow.

The initial displacement of the jet towards one of the
spheres probably occurred as the result of the free
stream turbulence. Once attached, thejet configuration
was quite stable, however a large eddy from the free
stream turbulence could interact with thejet sufficiently
to cause it to leave the sphere and become attached to
the other sphere. The nature of the interaction between
the free-stream turbulence and the jet flow was not
studied In the present investigation.

The flow patterns were observed to be equivalent in
the two attachment configurations. The surface
pressures on the sphere with the attached jet did not
depend on which physical sphere was involved. This
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was also observed for the sphere without the attached
jet. This behaviour was analogous to that ofa bistable
wall attachment logic device used in fluidic control
systems [22].

The interaction between the two spheres was also
shown by the local heat transfer data presented in Fig. 5.
At the furthest spacing, 1.97diameters, the flows on the
two spheres were not completely similar. The heat
transfer from the laminar boundary layer region was
slightly higher than that observed on a single sphere.
Thelocal Nusselt numbers on the inward surfaces ofthe
spheres were higher than those on the surfaces facing
away from the opposite sphere. This increased as the
spheres were moved closer due to the greater
deceleration of the flow between the spheres. The
altered pressure distribution resulted in a thinner
thermal boundary layer.

The heat transfer from the turbulent boundary layer
and wake regions showed the most striking difference.
The heat transfer from the right-hand sphere was
similar to that from a single sphere although the
coefficients from the wake were slightly higher than
those of a single sphere. The values from the left-hand
sphere varied greatly with the traverse angle and were
higher than those from asingle sphere. Although part of
this increase may be attributed to the temperature
history effect observed in the single sphere trials, the
effect of the jet attachment was clearly noted at these
spacings. As the spheres were moved closer, the

turbulent separation point on the inward surface
moved forward. At 1.19 diameters spacing, the
turbulent boundary layer on the left-hand sphere was
observed only on the outward facing surface of the
sphere. It would appear that the deflection of the flow
caused by the attachment of the jet to the right-hand
sphere caused the turbulent separation from the inward
surface to occur earlier, and at closespacings, to prevent
the reattachment of a turbulent boundary layer after
the separation of the laminar boundary layer. This
behaviour continued as the spheres were moved to the
smaller spacing.

The heat transfer from the right-hand sphere showed
considerable change when the jet attachment was
strong. The heat transfer from the laminar boundary
layer increased as the spheres were moved together,
particularly on the inward side of the sphere. The
separation of the laminar boundary layer was delayed
by the attachment of the jet. When the spheres were
moved to a spacing of 1.08 diameters, the turbulent
layer was not observed on the innermost part of the
surface. The laminar layer separated directly into the
wake at an angle of 1200 from the front stagnation
point. At the closest spacing, 1.04 diameters, the
turbulent boundary layer wasagain observed. The heat
transfer from the laminar boundary layer decreased
sharply at the separation point.

The flow on the outward surface was similar to that
on the inward surface of the opposite sphere. The

4 LEFT HAND SPHERE

'" NRE ·8728 Tu -1.05 '-I.z
0 (/0' '·04 a • 0.30
~
:>..
o
:>
~2...
0

1:,
;;;
z....
~ °0 20 40 180

!I LEFT HAND SPHERE
NRE • 8882 Tu· '.05 -I.
tiD -1.19 0·0.60

:>.....
:>
~2...
0.... ,
;;;
z...
~ °0 20 40 180

!:t LEFT HAND SPHERE
NRE • 8183 Tu • 1.05 -I.
flO .. 197 0'/.30

:>.....
:>
~2...
0.... ,
;;;
z...
~oo 20 40 160 180

RIGHT HAND
SPHERE

0
160 180

8L
RIGHT HAND

SPHERE

6

4

4

6

FIG. 6. Local heat transfer fluctuations on two spheres in perpendicular configuration.



Local heat transfer rates from two adjacent spheres in turbulent flow 1553

turbulent boundary layer separated much earlier from
the sphere surface. This was caused by the shift in the
wake resulting from the lateral flow developed by the
attached jet.

At the closest spacing, the flow on the right-hand
sphere was similar to that at much wider spacings,
although the heat transfer from the wake was large. The
left-hand sphere, however, did not return to the flow
configuration at wider spacings, but was similar to that
with the strong jet flow. It would appear that although
the jet attachment effects were not as pronounced on
the right-hand sphere, the effects in the space between
the spheres remained significant. The decrease in the
strength of the jet was due to the increased blockage of
the flow between the spheres by the combined wakes.

A qualitative description of the boundary layer
behaviour may be developed through an examination
of the intensity of the fluctuations observed in the local
heat transfer coefficients.These are shown in Fig. 6.The
fluctuations observed in the laminar boundary layer
regions of both spheres were equivalent to those of a
single sphere. The intensity of the fluctuations was
constant through this region and equal on both spheres.

Asspheres were brought together, the fluctuations in
the heat transfer from the outward surface of the left
hand sphere increased greatly in the turbulent
boundary layer region. This increase in activity may be
attributed to the lateral flow developed by the attached
jet which swept over this surface toward the other
sphere. The intensity of the fluctuations was observed
to decrease at the closest spacing. This was due to the
decrease in the lateral flow with the decrease in the
strength of the jet.

The fluctuations on the inward side of the left-hand
sphere did not increase as the spheres were brought
together, but remained comparable to those in the wake
of a single sphere. This is in agreement with the
separation of the laminar boundary layer directly into
the wake as observed from the local heat transfer
measurements.

The fluctuations in the turbulent boundary layer
region of the right-hand sphere were smallest in the
space between the spheres at wide spacings. This was
probably the result of the deceleration of the flow
between the spheres. When the jet was attached to the
sphere, the fluctuations were greatest in the attached
flow region which occurred at spacings closer than 1.19
diameters.

The behaviour of the outward surface of the right
hand sphere was similar to that of the inward surface of
the other sphere when the jet flow was strong. The
turbulent boundary layer was not as active as that on a
single sphere, although the reattachment of the
boundary layer was observed to occur after the laminar
separation point. The movement of the turbulent
separation point was also reflected in the fluctuation
data.

At very close spacings, the intensity of the
fluctuations on the part ofthe right-hand sphere closest
to the other sphere were lower than those observed at a
traverse angle of 45°. This was in part caused by the
delayin the separation ofthe laminar boundary layer of
the attached jet, but also by the deceleration ofthe flow.
The fluctuations were largest at a traverse angle of 45°,
suggesting a split in the jet as it moved outward from the
space between the spheres.
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These observations may be summarized by
compiling detailed descriptions of the flow at several
spacings. Figure 7 shows the flow behaviour when the
spheres are separated by 1.97 diameters. Although the
flow was basically symmetrical, the flow in the space
between the spheres was decelerated by the combined
blockage of the two wakes. The increased pressure in
this region resulted in a net repulsion force which acted
equally on each of the spheres. The heat transfer from
the turbulent boundary layer of the left-hand sphere
indicated the presence of a slight crossflow toward the
other sphere. This behaviour became more significant
at closer spacings.

Figure 8 shows the flow patterns where the jet
attachment was strongest. The flow around the two
spheres was deflected to the right by the attachment of a
jet-like flow which formed between the spheres. The
mechanism of this attachment was the same as that of
the Coanda effect. The laminar and turbulent
separation points were moved to the rear in the region
of the attached jet. The turbulent separation points on
the right-hand surfaces of both spheres were shifted
forwards by the deflection of the wakes. This deflection
was strong enough in the space between the spheres to
prevent the reattachment ofa turbulent boundary layer
after the laminar layer separated from the left-hand
sphere. The deflection of the flow gave rise to a lateral
force pushing the two spheres to the left.This force was
greater than the repulsion, hence the right-hand sphere
was pushed to the left.The left-hand sphere experienced
both the repulsion and the deflection forces pushing it
to the left.

The heat transfer in the region between the two
spheres was increased by the deceleration of the mean
flow by the wake blockage. The secondary flowinduced

by the air moving out, around the spheres, resulted in a
thinner boundary layer than would exist in an
axisymmetrical flow.Some secondary flow,apparently
from the blockage resulting from the deflected wave,
was observed on the outward surface of the right-hand
sphere. This was not observed on the left-hand sphere
whose outer surface was not blocked.

At the closest spacings, as shown in Fig. 9, the
deceleration of the flow between the two spheres greatly
decreased the amount of flow through the jet. This, in
turn, reduced the wake deflection resulting in a gradual
return to a symmetrical flow. The secondary flow
resulting from the wake blockage became more
significant at the closer spacings, giving an increase in
the repulsion between the spheres and an increase in the
heat transfer from the inward surfaces of both spheres.
At the closest spacing, the secondary flow appeared to
become sufficiently strong to push the jet out of the
space between the spheres giving a 3-dim.jet structure.

The flow around two spheres whose common axis is
perpendicular to the mean flowmay be concluded to be
dominated by the interaction between the two wakes
and the free-stream. This interaction occurs at
Reynolds numbers of the order of 10000.

When the spheres are sufficientlyclose to interact, the
combined blockage of the two wakes results in a
reduced drag on both spheres, a repulsion between
them and higher heat transfer rates. At closer spacings,
the jet-like flow bounded by the separated boundary
layers become attached to one ofthe spheres, deflecting
the wakes. This deflection results in a lateral
antisymmetric force which causes the pair to move to
the side. The shift in the wakes causes an increase in the
heat transfer as the turbulent boundary layer regions
become smaller. At still closer spacings, the blockage
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FIG. 8. Schematic of perpendicular flow past two spheres.
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FIG. 9. Schematic of perpendicular flow past two spheres.

due to the wakes and the wall friction between the
spheres and the fluid decreases the jet flowsufficiently to
result in a partial return to symmetrical flow. The heat
transfer from the sphere with the attached jet decreases
as the turbulent boundary layer returns while the heat
transfer from the other sphere increases due to the
increased secondary flow resulting from the increased
blockage of the flow between the spheres. To
summarize, the forces generated by the interaction are
considerable, amounting to 20% of the normal drag
force. The increase in the heat transfer is also of
comparable magnitude.
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FLUX THERMIQUES LOCAUX POUR DEUX SPHERES ADJACENTES DANS UN
ECOULEMENT TURBULENT

Resume- On etudie les interactions pour une paire de spheres en configuration d'ecoulement frontal dans une
souffierie vcrticale, Le nombre de Reynolds est approximativement 104 avec une intensite de turbulence de
1,1%. L'ecarterncnt des centres des spheres varic: de 1,04a 2 diametres. On mesure ala fois les pressions
parietales et les coefficients de transfert thermique locaux. La technique de mesure donne la composante
fluctuante du transfert thermique et la valeur moyenne temporelle. Les resultats indiquent la formation d'un
ecoulement semblable a unjet entre les deux spheres. A un ecarternent faible, cejet reste attache a l'une des
spheres et conduit aun accroissement des forces d'ecoulement transversal. Pour des ecartements tres reduits.le
cisaillement accru dans la region entre les spheres s'accompagne d'une diminution de la force du jet et de

I'amplitude des forces d'ecoulement transversal.

ORTLICHER WARMEOBERGANG AN ZWEI NEBENEINANDER ANGEORDNETEN
KUGELN IN EINER TURBULENTEN STROMUNG

Zusammenfassung-Die gegenseitige Beeinflussung eines quer angestr6mten Kugelpaares in einem
senkrechten Windkanal wurde untersucht. Die Reynolds-Zahl der Str6mung betrug etwa 104 bei einem
Turbulenzgrad von 1,1%. Der Abstand der Kugelrnitten wurde zwischen 1,04 und zwei Durchmessern
verandert, Es wurden sowohl die 6rtlichen Oberflachendrilcke als auch die Warmeubergangskoeffizienten
gemessen .Das Mel3verfahren erlaubt sowohl diezeitlich veranderliche Komponente des Warmeubergangs als
auch seinen zeitlichen Mittelwert zu messen. Die vorliegenden Ergebnisse deuten daraufhin, dal3 sich eine
strahiartigeStr6mungzwischen den Kugeln bildet. Wenn der Abstand klein ist, liegt dieser Strahl an einer der
Kugeln an, was zu Querstrdrnungen und entsprechenden Kraften ruhrl. Bei sehr kleinen Abstanden fiihrte d ie
erhohte Wandschubspannung imGebiet zwischen den Kugeln zu einer Abnahme der Strahlsliirke und der

Kriifte, die mit der Querstrornung zusarnmenhangen.

noxxm.nus CKOPOCTI1 nEPEHOCA TEnnA OT .QBYX IinH3KO I'ACnOnO)l{EHHbIX
OPEP npl1 OIiTEKAHI1I1 TYPliynEHTHblM nOTOKOM

AHHOTaUHIl-B seprnxansnoii aJpOlIlIHaMII'IeCKOii 'rpyfie uccnenoeamics BJall~lO.aeiiCTBllll ~lelKny

napoii opep, 06TeKaeMbiX nonepesusnr nOTOKml. 41lcJlO Peiuro.rsnca nOTOKa COCTaBJlIIJlO npusrepuo
104 npn IIllTeHCIlBlloCTII Typ6yneHTHoCTII B 1,1%. Paccrosnae MelKny uenrpasrn c¢ep In~leltll.lOCb

OT 1.02110 2 1lIIa~leTpOB . Ilpoaeneuu 1I:I~lepeHItIi noxansusrx JIla4ellllii naaneuua 113 nOBepXlloCTII II

KoJ<!xPIlUllefITOB rennonepeuoca. !1cno.lbJOBaHllall MeTOJlIlKa nOJBO.ll1.1a IlnlepllTb KaK nynsca
U110HHylO cOCTaB.l 1110WYf0 rennonepenoca. TaK II ocpeznreuuue no apexreuu Jlla4e/ll11i. Perynsraru
noxaastaajor, 'ITO MelKny c¢epa~m ofipaayercs erpyiiuoe rexeune, Ilpu 6.11lJKml pacnonoxennn
c¢ep crpys npll~lblKaeTK onnoii 113 III1X II COJJlaeT 06be~llIble nonepesusre cunu . Ilpn oxeus 6.1ItJKO~1

pacnonoxeunn c<jJep MelKny Illt~m IIJ·Ja yaennxeuna nanpaxeuna cnsura npoucxonur cunxeuue
CKOpOCTII Te'lellllll CTpyll II yxaaaunsrx CII.l .




