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The wake characteristic of groups of normal flat plates, consisting of two, three, or 
four plates placed side by side with slits in between, have been investigated 
experimentally. When the ratio of the slit width to the plate width (slit ratio) was 
small, the gap flows were observed to be biased either upward or downward in a stable 
way, leading to multiple, stable flow patterns far a single slit-ratio value. Some 
regularities were recognized in the gap-flow directions and the appearance of the flow 
patterns. The plates on the biased side showed high drag and regular vortex 
shedding, while those on the unbiased side showed the opposite. The origin of the 
biased flow has also been investigated with water-tank experiments, numerical 
calculations and wind-tunnel experiments. The -rpsults showed that the origin of 
biasing is strongly related to the vortex shedding of each plate of a row. 

1. Introduction 
When more than one bluff body is placed in 4. uniform flow, the aerodynamic 

parameters and vortex-shedding patterns are completely different from the case of 
a single body, because their wakes or vortex streets ipterfere in a complex manner, 
depending on the arrangement or spacing of the plates. 

Although this has been known for a long time, recent engineering problems such 
as the local strong wind around a group ofpskyscrapers, and the flow-induced 
vibration of tubes in heat exchangers, bridges, or marine structures have necessitated 
detailed investigations of flow patterns and aerodynamic characteristics about 
multiple bluff bodies. It is also an interesting example of nonlinear interaction 
problems in fluid dynamics. 

Many experimental investigations have been carried out, especially on flows around 
groups of circular cylinders. These include Biermann & Herrnstein (1933), Spivack 
(1946), Hori (1959), Ishigai et al. (1972), Bearman & Wadcock (1973), Honji 
(1973a, b), Zdravkovich (1977), Quadflieg (1977) and Okajima & Sugitani (1980). It is 
known, for example, that, when two circular cylinders are placed side by side in the 
approaching flow and the gap between them is small, the flow passing through the 
gap becomes biased to one side, and the two cylinders show different wakes, drags, 
lifts and vortex-shedding frequencies. Kamemoto (1976), Kamemoto & Bearman 
(1980) and Stansby (1981) carried out theoretical analyses of the wakes of two bluff 
bodies placed side by side, by modelling the flow with vortex sheets or point-vortex 
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rows. However, most of the aerodynamic interference phenomena around multiple 
bluff bodies and their origins still remain to be clarified. 

In the present experiment, normal flat plates were selected as typical of bluff bodies, 
and the wake interference behind a row of two, three, or four plates placed side by 
side in a uniform flow was investigated. 

The most striking feature observed in the flow behind multiple bluff bodies in the 
side-by-side arrangement is that the gap flow is biased to one side in a stable or 
unstable manner. Bearman & Wadcock (1973) suggested that the biasing of gap flow 
is due to a near-wake phenomenon rather than being related to the position of 
boundary-layer separation. Zdravkovich (1977) made a similar suggestion and stated 
that the bistable side-by-side arrangement for a pair of circular cylinders represents 
a transition between the two staggered arrangements, i.e. from the upstream to the 
downstream stagger (or vice versa). On the other hand, Quadflieg (1977) insisted that 
the gap flow becomes a jet-like flow, so the Coanda effect causes the biasing. 

Since the origin of the biasing is not yet clear, it is interesting to see if it also occurs 
in laminar, low-Reynolds-number flows. If so, the turbulence which is characteristic 
of the high-Reynolds-number wakes may be omitted from the principal causes of the 
biasing phenomenon. One of the objects of the present paper is, therefore, to 
investigate the wake interference of two normal flat plates arranged side by side to 
a uniform flow at low Reynolds numbers (below 100) with water-tank experiments 
and numerical calculations and to determine if the wake biasing occurs. 

The other object of this study is to give some physical insight into the origin of 
the biased gap flow by noting the vortex shedding of each plate of a row. When the 
vortex shedding of each plate of a flat-plate row is impeded by an artificial 
disturbance, like a guide vane or small fins attached to the plates of a row, it is also 
interesting to examine what kind of wake interference appears behind the flat-plate 
row. 

2. Wind-tunnel experiments 

2.1. Experimental methods 

A row of normal flat plates was placed in a wind tunnel of open section diameter 2 m. 
Each row consisted of two, three, or four normal flat plates placed side by side with 
equal slit width s as shown in figure 1 .  In most cases, the slit ratio, s/d, was altered 
by changing s while keeping the width of individual plate d constant at  30 mm. In 
the case of four-plate rows with s/d less than 1.5, however, s/d was altered by 
changing d while keeping the overall height h constant at 80 mm. Porosity /3 (the ratio 
of the sum of gaps s to the overall height h of a row) is defined as another parameter. 
Each plate was 700 mm long. The aspect ratios of flat plates ranged from 8.8 to 74. 
Glass end-plates 910 x 1490 mm were placed at the model ends to ensure an 
approximately two-dimensional flow field. Most experiments were carried out at  
free-stream velocity U, of 7-11 m/s, with corresponding Reynolds numbers of 
Re = (0.6-1.9) x lo4 in terms of d .  

The surface static pressure was measured using pressure taps of 0.3 mm diameter. 
The pressure was determined with a multitube alcohol manometer, and the mean 
pressure p was presented in the form of a pressure coefficient C,  = ( p - p o ) / ( i p q ) ,  
where p and po are respectively the air density and the mean static pressure of the 
free stream. The drag coefficient C ,  was obtained by integrating the pressure 
distribution. The velocity fluctuation was measured by a hot-wire anemometer. The 
Strouhal number, defined as St = fd/Uo, was estimated from the frequency of the 
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FIGURE 1. Rows of normal flat plates. 

u-component velocity fluctuation f. In the case of four-plate rows, a tandem hot-wire 
probe (Mizota 1978) that can measure the time-mean 2-component velocity even in 
the reversed-flow region was utilized. The flow field was visualized using the smoke-wire 
technique at a free-stream velocity of around 5 m/s, with Re approximately lo4. 

2.2.  Flow patterns around fit-plate rows 

When a row of multiple flat plates is placed normal to a free stream, the flows passing 
through the slits (called gap flows henceforth) are biased either upward or downward 
in a stable manner when the slit ratio s /d  is small. Once a biased gap-flow pattern 
appears, the direction of the biasing remains the same unless some forced disturbance 
is given. This phenomenon is apparently different from the case of a pair of circular 
cylinders, where the biased gap flow is not stable but changes direction abruptly a t  
irregular intervals (flip-flapping). In  the case of normal flat plates, however, it is only 
possible to change the direction of biasing by some definite perturbations, for 
example by inserting a cylinder in front of or behind the row of plates for a moment. 
Following the change, the new biased flow pattern is again stable. Thus, stable 
multiple flow patterns are observed at a single s / d  value. 

2.2.1. Classi$cation of $ow patterns 
The observed flow patterns are shown schematically in figure 2, taken from 

instantaneous and time-mean flow photographs (Ohya 1983). For future convenience, 
those in which all the gap flows are biased in the same direction are called pattern 
A, those in which not all are biased in the same direction, pattern B, and those 
in which no biasing is observed, pattern C, as shown. The mirror-image patterns 
occur with the same probability when they exist. The sequence of these flow patterns, 
which appear with an increasing s/d, is: A only+ both A and B+B only+C (A+C, 
for two-plate row). It should be noted that, among different flat-plate rows, the range 
in which the biased flow exists is almost the same and is about s/d < 2.0-2.25. Each 
plate in a row is given the symbol shown in figure 2. 

2.2.2. Rows of t w o f i t  plates 
When s/d is less than 2.0, the gap flow is biased either upward or downward 

(pattern A). Although this biasing is not stable at s / d  = 1.75 and a flip-flapping 
appears, it  becomes stable at smaller s/d.  
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FIGURE 2. Flow patterns around flat-plate rows. Arrows with broken 
lines show the  directions of the gap flows. 
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FIGURE 3. Flow visualization behind two-plate rows (instantaneous flow). (a) a /d  = 0.2, pattern 
A; (b)  s ld = 0.75, pattern A; (c) s ld  = 1.5, pattern A; (d) s l d  = 2.5, pattern C. 

When s/d is very small, for example 0.2, the gap flow is weak. Although the vortex 
shedding by an individual plate is not distinct, the separated shear layers on the 
outside of both plates interact with each other and roll up to  form a large-scale vortex 
as seen in figure 3 (a). Three- or four-plate rows with very small slit ratios also show 
the same phenomenon. Thus the wake behaves like one behind a single flat plate. 

Figure 3 ( b )  shows an instantaneous flow photograph a t  s /d  = 0.75. Thus, when s/d 
becomes larger than 0.5, the vortex shedding from the plate on the biased side 
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(4 (4 
FIGURE 4. Flow visualization behind three-plate rows (instantaneous flow). (a) s/d  = 0.5, 

pattern A;  (b) s/d = 0.5, pattern B; (c) s / d  = 1.0, pattern A ;  ( d )  s /d  = 1.0, pattern B. 

becomes distinct, and a small vortex street is formed behind it. No vortex street is 
observed behind the other plctte. The small vortex street on the biased side soon 
becomes indistinct and is engulfed by a large-scale vortex street formed by the two 
plates together further downstream. 

Up to some value of s/d, a large-scale Karman vortex street is formed by all plates 
together at some distance behind the plate row. This phenomenon is similar to that 
for bluff bodies with base-bleed, which causes the vortex street to be formed further 
downstream or to disappear (Wood 1964; Bearman 1967; Castro 1971). 

When s/d is between 1.25 and 1.75, the shear layers separated from the plate on 
the biased side roll up sharply behind the plate, as in figure 3 (c). On the other hand, 
the separated shear layer from the slit side of the plate on the unbiased side, though 
strongly influenced by the active vortex formation and shedding on the biased side, 
begins to roll up. This incipient vortex-street formation on the unbiased side 
becomes more distinct at s /d  = 1.75, and is considered to be the cause of the 
flip-flapping phenomenon observed in this case. 

When s/d exceeds 2.0, the flow through the slit no longer shows biasing 
(pattern C), and the two plates form their own vortex streets equally as in figure 3 (d). 
These vortex streets, however, soon deteriorate since the spacing between them is 
not wide enough for them to develop independently. 

2.2.3. Rows of three f i t  plates 
In  pattern A, as s/d  increases to the range 1.0 < s /d  < 1.5, the vortex formation 

of the middle plate as well as the plate on the biassed side becomes distinct, as in 
figure 4(c), where the two gap flows take part in the vortex formation of the middle 
plate and are subsequently biassed together either upward or downward. 

In  addition to pattern A, pattern B also appears in the range of s/d 2 0.4 as shown 
in figures 4(b, d). In this pattern, gap flows are biassed upward and downward in 
different directions and both outer plates shed distinct vortices. When s/d exceeds 
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FIGURE 5. Time-mean velocity distribution behind a four-plate row 
( s /d  = 0.39 (fi = 0.225)). (a) pattern A;  ( b )  pattern B. 

0.75, the vortex shedding from the two outer plates in pattern B is symmetric with 
respect to the x-axis, as in figure 4 (d) .  

2.2.4. Rows of four flat plates 
Figures 5(a,  b)  show the time-mean velocity distribution of both patterns A and 

B at  s l d  = 0.39 (/3 = 0.225). In both patterns, a large reversed-flow region is formed 
behind the plate on the unbiassed side. Figures 5(a, b )  correspond to the time-mean 
flow photographs, Egures 6(a ,  b ) .  The position at which the large-scale vortex is 
formed by the four plates as a whole in pattern B is closer to the plates than in 
pattern A. This is seen in the difference in the length of the reversed-flow region, which 
is plotted against s l d  in figure 7 .  The length in pattern B is always shorter than in 
pattern A. 
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(4 Q) 
FIGURE 6. Flow visualization behind four-plate rows (time-mean 

flow, s / d  = 0.39). (a) pattern A ;  (b )  pattern B. 
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FIGURE 7. The length of reversed-flow region behind four-plate rows. 
A, pattern A ;  0, pattern B; 8, single flat plate. 

2.2.5. Some rules of thumb on the existence of jlow patterns 
All observed flow patterns are shown schematically in figure 2, which suggests the 

existence of some rules of thumb on the appearance of flow patterns behind flat-plate 
rows. 

(i) Either all of the gap flows are biassed or none are. 
(ii) When the gap flow through one slit is biassed upward (downward), all the gap 

flows above (below) it are biassed upward (downward). This corresponds to the fact 
that a large developed back-flow region is attached to the back of only one plate in 
a row (e.g. figure 5) .  

(iii) As s /d  increases, the gap flows which are biassed in different directions 
increase. 

2.3. Aerodynamic characteristics of $at-plate rows 

2.3.1. Drag and base pressure coeficients 
of the individual plates 

in flat-plate rows are plotted against s/d in figure 8. Figures 8 ( a ,  b) show the 
contribution of C,, to the variation in C,. In the two-plate rows of figure 8 (a) ,  the 
Cpb (or C,) value a t  s l d  = 1.75 changes from one steady value to another (plotted 
as and A in the figure) as the direction of the biassed gap flow changes. The 

The drag coefficient C, and the base-pressure coefficient C 
?b 
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FIGURE 9. Strouhal number v8 s /d .  @, a single flat plate; ( ) and iI:Ij correspond respectively to 
the second peak frequency and a broad peak in the power spectrum. (a) Two-plate rows. ( b )  
Three-plate rows. 

variation of C,, for the two-plate row (figure 8 a )  shows good agreement with 
Andrepoulos' result cited by Bearman & Wadcock (1973). 

With all flat-plate rows in any pattern, the plate to the biassed side of the gap flow 
shows a lower base pressure. This corresponds to the fact that the plate on the biassed 
side forms and sheds distinct vortices, except for very small slit ratios, as seen in the 
photographs in figures 3 , 4  and 6. 

2.3.2. Strouhal number 

(z = 12d to 204  downstream are plotted against s / d  in figures 9 (a ,  b) .  
The Strouhal numbers St for two- and three-plate rows, near (x = 2d)  and far 
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For the two-plate rows in figure 9 ( a ) ,  two sets of St values are seen in the range 
of s/d < 2.0 where a biassed flow is observed. The higher value is due to a small vortex 
street from the plate on the biassed side, as seen in figures 3(b, c ) .  The lower value 
is due to a large-scale KBrman vortex street formed further downstream when 
s /d  < 1.0, as seen in figures 3(a, b ) ,  and also due to the vortex street which is shed 
by the plate on the unbiassed side by itself, as seen in figure 3 ( c ) ,  when s /d  is between 
1.25 and 1.75. 

For the three-plate rows of figure 9(b), St varies with the flow pattern. In pattern 
A, which appears in the range of s / d  < 1.5, St due to the vortex street of the outer 
plate on the biassed side as seen in figures 4 ( a ,  c )  shows a high value, plotted as p .  
At 1 .O < s/d < 1.5 the vortex formation from the middle plate (figure 4 c )  also becomes 
distinct and St, plotted as h, shows a very high value and is almost twice that plotted 
as p .  

In pattern B, the high values of St, plotted as b and p, are due to the vortex 
shedding of the two outer plates on the biassed side, as seen in figures 4 ( b ,  d ) .  St of 
pattern C in the range of s/d > 2.25 is plotted as b and p and does not vary with s l d .  

The low value of St which is seen in the range of s / d  < 1.0 is due to the large-scale 
KLrman vortex street formed downstream, as shown in figures 4 (a ,  b) .  

2.3.3. Discussion of aerodynamic characteristics 
From figures 8 (a-c), it can be seen that the overall variation of c ,b  or CD with s/d 

is very similar for two-, three- and four-plate rows. This variation can be roughly 
divided into three parts, as shown in figure 10. First, when 0 < s/d < 0.75, the value 
of C increases gradually as s/d becomes larger. Next, when 0.75 < s/d < 2.0-2.25, 
the dfference in the Cpb value for individual plates in the row becomes very large. 
Finally, when s /d  > 2.0-2.25, biassed flows are not observed and the c,b value 
becomes almost constant. Thus, at  high slit ratios, the aerodynamic characteristic 
of each plate in a row becomes close to that of a single flat plate, as shown in 
figures 8 and 9. 

Moreover, the tendencies of C,, in each part are divided into some groups as shown 
by the circled numbers in figure 10. The individual plate belonging to each group 
shows a very similar variation of cpb. 

As with cpb, the variation in Strouhal number is also found to be independent of 
the number of plates in the row. For example, the variation (and also the value) of 
St of the plate on the biassed side in two-plate rows (figure 9a, plotted as p) agrees 
with that of the outer plates in pattern B for three-plate rows (figure 9b, plotted as 
'0 and p). 

As shown schematically in figure 10, it  is evident that there are common features 
between flow fields around the plates belonging to the same group of C or St 
variations. In particular, the adjacent gap flows are biassed in the same direction 
within any group. 

According to Biermann & Herrnstein ( 1933), the total interference drag coefficient 
of each flat-plate row is defined as 

m 

pb 

?b 

C D ? - ~ C D ~  
; m =  2,3,  c -1 -1  

m Di - 

where C,, is the drag coefficient of the individual plate and CDm is that for a single 
plate. Figure 11 shows the variation of CD, with s l d .  In the range of s/d where biassed 
flows are observed, CD, is most negative, showing that the total drag of the flat-plate 
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FIGURE 1 1. Total interference drag coefficiewnbs s l d .  Two-plate row : A, pattern A ; , pattern 
C. Three-plate rows: A, pat>tern A ;  0 ,  pattern B, a, pattern C. 

row as a whole becomes small because of mutual interference. This suggests that  the 
gap flows play the role of a base-bleed (Wood 1964; Bearman 1967) which is often 
used as a method of drag reduction. Coi has a minimum value when s l d  is between 
0.5 and 0.75, showing that the slit ratio in this range is most effective for reducing 
the total drag of the flat-plate row. 

2.4, Wake characteristics of four-plate rows as a whole 

Castro (1971 ) experimentally investigated the wake formed behind two-dimensional 
perforated plates mounted normal to the air flow. He identified two basic types of 
wake flows: one in which regular vortex shedding is dominant for plates of low 
porosity; and the other in which the wake is fully turbulent for plates with high values 
of porosity. The transition between these two types occurs suddenly at porosity 
/? = 0.2, causing a kink in the C, vs p curves and a local reduction in St there. 

Figure 12 shows the total drag coefficient CD(h, (based on the overall height h) 
plotted against porosity /?( = 3s/h),  which was measured by a six-component balance. 
Circular end-plates of 700 mm diameter were used in this case only. Figure 13 shows 
the Strouhal number st(,) (based on the overall height h)  against porosity /3 in the 
far-downstream position where z / h  and y/h are 5-6 and - 1.5 to -2.0 respectively. 
The velocity fluctuation a t  this location is not caused by a vortex street shed from 
individual plates but by a large-scale Karman vortex street formed further 
downstream, as seen in figures 3 (a ,  b) and 4(a ,  b). Figures 12 and 13 show that pattern 
B gives rise to  higher Coo, and st!,) values than pattern A at the same porosity 8. 
Castro (1971) suggests a sudden disappearance of the Karman vortex street as the 
cause of the kink in C, and the singularity in St at /3 = 0.2 in his two-dimensional 
perforated-plate experiments. For four-plate rows, however, a KSrman vortex street 
is clearly observed up to  /? = 0.417 ( s /d  = 0.96). 

If the number of plates is increased beyond four, the two-dimensional characteristic 
of the wake behind the flat-plate row would remain. The number of the biassed flow 
patterns appearing would increase, as shown schematically in figure 2 for a five-plate 
row with sld = 0.32 (they are depicted from smoke photographs), and hence the 
flat-plate row would have a different value of CD(h, or St(,) according to  the biased 
flow patterns appearing. 
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FIGURE 13. Strouhal number of four-plate rows aa a whole (based on the overall height h ) ,  
Re(*, = 5 . 0 ~  104. A, pattern A;  0, pattern B;  -..-, Castro (1971), Re = 2.5 x lo4; ---, a single 
flat plate. 

3. Water-tank experiment 
3.1. Experimental apparatus 

The wake interference of two normal flat plates mounted side by side were 
experimentally investigated in a towing water tank. The tank was 0.45 m wide x 3 m 
long x 0.62 m deep. Each plate was made of brass 10 mm wide x 2 mm thick x 200 mm 
long. Four slit ratios, viz. s / d  = 0.5, 1.0, 1.5 and 2.0, were selected. The flow was 
visualized using aluminium dust and the electrolytic-precipitation method. The 
Reynolds number was defined as Re = Ud/v.  
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FIGURE 14. Flow visualization behind two-plate rows. (a) s / d  = 0.5, Re = 59; 
( b )  1.0, 100; (c) 1.5, 1 0 0 ;  ( d )  2.0, 1 0 0 ;  (e) 0.5, 30; (f) 1.0, 30. 

3.2.  The wake flow patterns at low Reynolds numbers 

When the slit ratio is small, the gap flow passing through the slit between the plates 
in a side-by-side arrangement is biassed either upward or downward in a stable way, 
if the Reynolds number is above 40. Figures 14(a, b )  show the stable, biassed flow 
patterns with s/d = 0.5 at Re = 59 and with s/d = 1.0 at Re = 100, respectively. In 
these cases, the biassed gap flow is not stable for some time after the model is abruptly 
started but changes direction at  irregular intervals. Then it becomes biassed in one 
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direction as seen in figures 14(a, b ) .  The characteristic feature is the wide wake on 
the unbiassed side and the narrow wake on the biassed side. 

With s/d = 1.5 and 2.0, the slit is so large that the gap flow is not biassed and the 
wakes are found to behave independently. With s /d  = 1.5, vortex shedding is in-phase 
only for a short initial period and then becomes out-of-phase, as seen in figure 14 (c). 
Figure l4(c) shows that, in the out-of-phase arrangement, the vortex streets from the 
inner edges of the plates interact with each other and soon deteriorate. With 
s / d  = 2.0, an in-phase vortex arrangement, which is symmetric about the z-axis as 
seen in figure 14(d), is dominant. 

Below Re = 40, the biassedgap flow does not appear at any slit-ratio value, as shown 
in figures 14(e, f ). The fact that the biassed gap flow appears at Reynolds numbers 
above 40 suggests that the origin of the biassed flow is related to the vortex shedding 
of each plate, because the vortex shedding of a single flat plate also begins at Reynolds 
number just above 40 (Hayashi 1972). 

4. Numerical analysis 
The development, after impulsive start, of the flow around two normal flat plates 

placed between two parallel, stationary walls was considered. Mathematically, an 
initial-boundary-value problem for the two-dimensional Navier-Stokes equations 
must be solved. A finite-difference method was used for the numerical calculation 
(Hayashi, Sakurai BE Ohya 1983). 

To investigate the biassed flow pattern observed in the flow-visualization experi- 
ments in $3, a flow past two flat plates with s/d = 0.5 and the depth-to-height ratio 
of b/d = 0.2 was calculated at Re = 80, based on d. 

To promote the wake interference, an artificial disturbance with upward velocity 
was superimposed for a short time at the beginning of the calculation in some region 
behind the plates. As the time increases, first the gap flow becomes biassed in the 
direction of the artificially introduced disturbance, but then the bias direction 
changes a few times after the disturbance is removed until it  finally settles in one 
direction. Figure 15 shows the switching of the biassed gap flow from downward to 
upward. The calculated stream-function lines and the equi-vorticity lines in the figure 
suggest that the change in the bias direction occurs when two vortices with the same 
sign of vorticity come close to each other and are finally amalgamated as seen in 
figures 15(iii-v). Thus the biassed gap flow occurs because of the interaction of 
vortices shed by the two plates. 

Figure 16 shows the variations in C, and C, of each plate when the stable biassed 
flow is being established. Corresponding flow patterns are shown in figures 17 (a,  b ) ,  
which are very similar to those visualized in the water-tank experiments. Figures 16 
and 17 show that the two plates experience repulsive lift forces and that the period 
of C ,  and C,  variation differs between the two plates. The wider wake of the lower 
plate on the unbiassed side is associated with smaller values of mean drag and lift. 
The smaller vortices shed by the upper plate on the biassed side soon disappear 
because they are engulfed by the larger vortices from the lower plate. These large 
vortices develop into a KBrman vortex street formed by the two plates together 
further downstream. 
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(ii) 

(iii) 

(6) (0) 

FIGURE 15(i)-(iv). For caption see facing page. 
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(4 (b) 

F'IGURE 15. Switching of the bias direction of a gap flow: s /d  = 0.5, Re = 80. (a) streamlines; ( b )  
equi-vorticity lines. (i) t = 16.5; (ii) 18.1; (iii) 19.7; (iv) 21.3; (v) 22.9; (vi) 24.5. 
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FIGURE 16. Time variations of drag and lift coefficients for two plates with s /d  = 0.5 at Re = 80. 
The sketch shows the definition of fluid-dynamic forces. C,, and C,,, upper plate; C,, and CLL. 
lower plate. 
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(d (4 
FIGURE 18. Flow behind a Aat-plate row with small fins. (a) Two-plate row with s / d  = 1.0; (b) 
three-plate row with s /d  = 1.0; ( c )  four-plate row with s / d  = 1.25; (d) two-plate row with s /d  = 1.0. 

5. The biassed flow behind a flat-plate row 
The water-tank experiments in $ 3  and numerical investigation in $4 show that the 

origin of biassed gap flows is strongly related to the vortex shedding of each plate 
of a flat-plate row. The objective of this section is to  investigate the origin of the 
biassed flow a t  high Reynolds numbers of about lo4, by noting the vortex shedding 
of each plate in the row. 

5.1. Introduction of three-dimensional disturbance 

Vortex shedding of each plate of a flat-plate row was suppressed by small spanwise 
fins attached to the plates with some separation in between, as depicted in figure 18. 
When all the plates of a row are prevented from shedding vortices, the gap flows are 
not biassed, as seen in figure 18(a) for a two-plate row with s / d  = 1.0 and in 18(b) 
for a three-plate row with s /d  = 1 .O. Figure 18 ( c )  shows the case of a four-plate row 
with s /d  = 1.25 that is prevented from shedding vortices from the inner plates. This 
flow pattern only appears when there is a disturbance. When the small fins (height 
0.33d) are attached only to  the upper plate of a two-plate row with s/d = 1.0, the 
gap flow is always biassed downward, as seen in figure lS(d).  

5.2. Attachment of a guide vane 

Aguide vane (length 2d) was attached to the base edge of the upper plate of a two-plate 
row, as shown in the sketches of figures 19(a, b ) .  Figure 19(a) shows the case of 
s/d = 0.2,  where the gap flow is biassed towards the upper plate with the guide vane, 
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(4 (4 

FIGURE 19. Flow behind a two-plate row with a guide vane 
attached to the upper plate. ( a )  s / d  = 0.2; (a) 1.0. 

(4 (4 

FIGURE 20. Flow behind two rectangular cylinders with different depth-to-height ratios, 
b / d  = 0.2 (upper) and 1.0 (lower). (a )  s /d  = 0.2; ( b )  1.0. 

while, in the case of s/d = 1.0, the gap flow is biassed towards the lower plate without 
the guide vane (figure 19b). 

5.3. Digerent rectangular shape 
It is widely known that the drag forces and the rolling up of the separated shear layers 
for rectangular cylinders vary with the depth-to-height ratio b/d of the sections 
(Nakaguchi, Hashimoto & Muto 1968; Bearman & Trueman 1973). Two rectangular 
cylinders with different depth-to-height ratios were placed side by side, aligning the 
front faces with respect to the approaching flow. One has b/d = 0.66 which shows 
the strong rolling-up of shear layers and very high drag, while the other has b/d = 0.2, 
which is aerodynamically similar to a normal flat plate. When the slit ratio is very 
small ( s /d  = 0.2), the gap flow is biassed towards the cylinder with b/d = 0.2 
(figure 20a) ;  on the other hand, when s/d = 1.0, the gap flow is biassed towards the 
cylinder with b/d = 0.66 (figure 20b) .  

5.4. Stability of a biassed gap flow 
The behaviour of the gap flow was also examined using a 16 mm high-speed cine 
camera in the visualized flow field around a two-plate row with s/d = 1.0. Figure 21 
is a time sequence of photographs of one cycle of vortex shedding of the lower plate 
on the biassed side, showing that the separated shear layer from the slit side of the 
upper plate (unbiassed side) is always engulfed into the vortices shed regularly by 
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FIGURE 21. Stable biassing of a gap flow for a two-plate row with s l d  = 1.0. 

the lower plate (biassed side). So it is difficult for the upper plate to produce vortices 
by itself. 

Figure 22, on the other hand, shows the case of sld  = 1.75, where the gap flow is 
not stable but changes direction a t  irregular intervals, similarly to the case of two 
circular cylinders. It is seen that, although the separated shear layer from the slit side 
of the upper plate (unbiassed side) is strongly affected by the vortex shedding of the 
lower plate (biassed side), it  can roll up into its own wake and shed distinct vortices. 
This seems to destabilize the biassing of the gap flow. 



Wake interference of side-by-side normal flat plates 23 

FIGURE 22. Unstable biassing of a gap flow for a two-plate row with s/d = 1.75. 

5.5. Discussion 

Experiments in suppressing vortex shedding at a high Reynolds number show two 
different types of wake interference. One is the case of a flat-plate row with a very 
small slit ratio, where the independent vortex shedding of each plate is weak. The 
gap flow is biassed towards the plate with a guide vane (figure 19a) or towards the 
rectangular cylinder with b / d  = 0 . 2  (figure 2 0 a ) .  This suggests that a kind of Coanda 
effect causes the biassing of the gap flow, since it becomes a jet-like flow through the 
narrow slit. Here, we assume that a ‘Coanda effect’ can also be applied to the case 
of a wall-attaching jet or attaching multiple jets, besides the case of the jet flow 
attached to a curved surface (Tritton 1977). Therefore, i t  seems that the biassing of 
gap flow for very small slit ratios as seen in figure 3 ( a )  is caused by a Coanda effect 
between the jet-like gap flow and the outside flow around the flat-plate row. 

The other type of wake interference appears with a flat-plate row with a moderate 
slit ratio, where each plate of a row is able to shed vortices. The gap flow is biassed 
towards the plate that sheds vortices more strongly and easily (figures 18d, 19b and 
20b) .  This suggests that the biassing of the gap flow is not caused by a Coanda effect 
but by the interaction of vortices shed by each plate of a row. That is, the gap flow 
is engulfed into the stronger vortices and becomes biassed. As seen in figures 18 (a, b) ,  
when all the plates of a row are suppressed from vortex shedding, biassing of the 
gap flow never appears. These results at  moderate slit ratios are consistent with the 
results from water-tank experiments and numerical calculations in low-Reynolds- 
number flows. 

The stability of a biassed flow appears to be particularly dependent on the stability 
of the separated shear layer from the slit side of the plate on the unbiassed side. A 
similar suggestion was made by Stansby (1981) in an analysis using a discrete-vortex 
method for the flow past two circular cylinders side by side. 

6. Conclusions 
Experimental investigations were made on the wake interference of a row of normal 

flat plates, consisting of two, three or four plates arranged side by side in a uniform 
flow with Reynolds numbers of about (1.3-1.9) x lo4 .  

When the slit ratio s/d (the ratio of slit width to plate width), of a row of flat plates 
is less than about 2.0,  the flows through the slits (gap flows) are biassed either upward 
or downward in a stable way (except for a two-plate row with s /d  = 1.75 which shows 
an unstable biassed flow), leading to multiple flow patterns for a single slit-ratio value. 
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Some regularities were recognized in the wake characteristics of flat-plate rows such 
as the gap-flow direction and the sequence of appearance of the flow patterns. 

The aerodynamic characteristics such as C,, C,, or St of individual plates vary 
with the difference in flow patterns. In  general, a plate on the biassed side shows higher 
drag and more regular vortex shedding, while one on the unbiassed side shows the 
opposite. 

Water-tank experiments and numerical calculations at  low Reynolds numbers, and 
wind-tunnel experiments a t  a high Reynolds number suggested that the origin of the 
biassed gap flow is related to  the interactions of vortices shed by each plate. When 
the slit ratio is moderate, where each plate of a row can shed vortices, the gap flow 
is engulfed into the stronger vortices and becomes biassed. The stability of biassed 
gap flow appears to be particularly dependent on the behaviour of the separated shear 
layer from the slit side of the plate on the unbiassed side. 

When the slit ratio is very small, whcrc the vortex shedding from each plate is weak, 
the biassing of gap flows a t  a high Reynolds number seems to be caused by a Coanda 
effect between the jet-like gap flow and the outside flow around the flat-plate row. 

The authors wish to express sincere gratitude to Mr Kiichiro Sada and Mr 
Katsuhiko Yoshida for the technical assistance in making the experiment. This work 
was partly supported by a grant from the Ministry of Education, Science and Culture 
of Japan. 
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