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The Effect of Surface Roughness of a Body in the High
Reynolds Number Flow

TSUTOMU ADACHI
Faculty of Engineering, Osaka Sangyo University, 3-1-1, Nakagaito, Daito, Osaka, Japan(574)

In this paper, first, the principle, structures, operations, and performances of the cryogenic wind tunnel are described. By
changing the pressure, temperature and velocity of gas a high Reynolds number flow (5 104 < R < 107) can be obtained.
From the research results, a high Reynolds number flow with comparatively low power, LNz consumptions was attained.
It was with Mach number independent of each other.

To show some examples of high Reynolds number flow, the effects of surface roughness and grooves on the surface
of a cylinder on the flow are measured using models with various values of roughness and size. A model test of an airship
was also conducted. With the high Reynolds number flow, the thickness of the boundary layer becomes thinner. Then the
surface conditions of a body have great effect on the flow phenomena and on the drag of the body. Some attempts to reduce
the drag of the body were shown.
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n the flow around a large structure or high speed
wehicles, the Reynolds number becomes large. In

order to do wind tunnel measurements around bodies in
a stream with a geometrically similar model, the Rey-
nolds number must have the same value for the model
and for the prototype. Using the cryogenic wind tunnel
we can get a high Reynolds number flow by decreasing
the temperature and making the pressure high. As we can
make pressure high in the wind tunnel, we can get a high
Reynolds number flow at a comparatively low Mach
number. In this paper, first the special features of our
cryogenic wind tunnel are described.

Effects of the Reynolds number on the flow of a body
placed in a stream raise important problems because the
thickness of the boundary layers becomes thinner in high
Reynolds number ranges. For example, an increase in the
Reynolds number drag coefficient of a cylinder decreases
at the critical point and thereafter increases in the
supercritical Reynolds number range. The flow phenom-
ena have not been made clear because there have not
been so many apparatuses for high Reynolds number
flow. The flow phenomena around a cylinder vary with
the Reynolds number and they are influenced by the

surface conditionS. Then the drag coefficient and Strou-
hal number vary with the Reynolds number and surface
roughness. First the effects of surface roughness of a
circular cylinder with a wide range of Reynolds number
are measured with 8 cylinders with various homoge-
neous surface roughnesses. It was made clear that if the
roughness was not homogenous its roughness was
greater in the axial direction than in the circumferential
direction, i.e., if grooves were engraved around a cylin-
der, its drag coefficient showed some decrease in the
critical point and in the supercritical Reynolds number
range. Effects of the surface grooves on the drag and
Strouhal number were measured and showed some
decreases in drag, where the sizes of the grooves were
determined by the reference results of research on the
grooves along a flat plate placed parallel to the stream,
i.e., a riblet.

There is a plan for making an airship stay at one point
in the stratosphere. In order to make it stay at one point,
the drag on the body must be small. The flow around the
body are high Reynolds and low Mach number flows. It
was shown that its drag can be made smaller if suction is
applied to the boundary layer.
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SPECIAL CHARACTERERISTIC OF THE
CRYOGENIC WIND TUNNEL

The specifications and general view of our cryogenic
wind tunnel are shown in Table I and Fig. 1. The outer
surface was kept at atmospheric temperature in spite of
the cryogenic temperature on the inside. Insulating ma-
terials, i.e., rigid urethane, glass wool, plywood, veneer
board, etc., were placed between the inner and outer
surfaces. The test section had a cross-section of 500
:500 mm. By changing the velocity, pressure and tem-
perature of the gas, a flow of arbitrary Reynolds numbers
was independently attained as shown in Fig. 2. As the
maximum value of pressure in the tunnel was up to 8
MPa, a high Reynolds number flow with a low Mach-
number was attained. For operation, first the pressure
was increased and then the temperature was decreased. It
took about 30 minutes for both of ihose processes
respectively. Then the design conditions were obtained.
These conditions were measured for 30 minutes [Adachi
et al. 1990a, 1991 ].

TABLE
Specifications and main dimensions of the cryogenic wind tunnel

Type of Wind Tunnel G6ttingen Type Inner Insulated

Pressure 0.8 MPa
Temperature 112 K
Maximum velocity 65 rn/s
Maximum Reynolds number 107
Maximum Mach number 0.3
Velocity distribution Lower than +/- 1%
Turbulence 0.26 % (Atmospheric Temp., 0.1

MPa, 34m/s)
0.37 % (110 K, 0.2 MPa, 38 m/s)

0.2

10 10 10 10
Re

FIGURE 2 The Reynolds and Mach number in the operation range.

SOME EXAMPLES OF HIGH REYNOLDS
NUMBER FLOW EXPERIMENTS

Effects of the Surface Roughness on the Drag and
the Strouhal-Number of a Cylinder

An experimental investigation of the effects of the
relative roughness was carried for the Reynolds number
ranges 5 104 -< R 107 (Adachi et al. [1989a, b,
1990b). 8 cylinders 50 mm in diameter were used for this
purpose. Table II shows the values of surface roughness
of these cylinders. Figure 3 shows variations of drag
coefficient Ca with the Reynolds number for various
values of relative roughnesses. The flow behavior around
a cylinder placed in the test section was classified into 4
regions irrespective of relative roughness. They are
subcritical, transitional, supercritical and transcritical
Reynolds number ranges. These ranges were classified

FIGURE The general view of the cryogenic wind tunnel.
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TABLE II
Surface roughness of the cylinders

A B C D E F G H

Roughness (0.08 0.5) (0.3 0.5) (10 17) (20 30) (50 68) (70 90) (50 110) (130 150)
gst(m 10-6 10-6 10-6 X ]0-6 X 10-6 X 10-6 X 10-6 10-6

Roughness (0.03-- 0.5) (0.9--- 1.4) (9--- 15) (28---36) (60---75) (78---94) (62-- 110) (119--- 126)
gs,,(m 10-6 10-6 10-6 10-6 10-6 X 10-6 10-6 X 10-6

Ratio

(Ks,/Ks, 0.85 0.38 1.08 0.75 0.84 0.89 0.98 1.03
Relative
Roughness 4.54 8.57 2.54 500 1160 1600 1810 2540
(gst/d) 10-6 10-6 10-6 10-6 10-6 10-6 10-6 10-6

by the variations of the drag coefficient and Strouhal-
number. Indeed, the extent of the change became smaller
with an the increase in the relative surface roughness
(Ks but the appearance of variation had some simi-
larities.
The variations of the drag coefficient with the back

pressure coefficient could be summarized into two lines
of different inclinations, as shown in Fig. 4. In the
subcritical Reynolds number range, the relation moved
on the solid line in the direction of smaller absolute
values of Cd with an increase in the Reynolds number.
Then it transferred to the dotted line. It moved on this
line in direction of a smaller value of Cpb with an
increase in the Reynolds number. It took the minimum
absolute value of Cd at the critical point. Then it moved
on the dotted line in the opposite direction. The shifting
point between the transitional and supercritical Reynolds
number ranges is called the critical point. At this point
the drag coefficient had its the minimum value. On the
other hand, the Strouhal number had its maximum value.

The value of relative roughness affected the Reynolds
number range in which these four ranges exist. In the
subcritical range, the drag coefficient was 1.2 and the
Strouhal number was 0.2, irrespective of surface rough-
ness. The shifting point between these Reynolds number
ranges moved toward the lower Reynolds number with
an increase in (Ks Figure 5 shows variations of the
minimum value of drag coefficient Cdmin, i.e., the drag
coefficient at the critical point, with relative surface
roughness (Ks It is clear from this figure that Cdmin
decreased with a decrease in (Ks but it became
constant for the values smaller than (Ks 5 10-4.
Figure 6 also shows the variation of the Reynolds
number at the critical point, i.e., Re(Camin with (Ks
From these figures it became clear that there was a
limiting value of surface roughness (Ks which influ-
enced the value of the Reynolds number at the critical
point. If the relative surface roughness was smaller than
this. limiting value, the variations of Ca with the Rey-
nolds number showed the same trend. This limiting value
is called the critical surface roughness. Its value is
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FIGURE 3
number.
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FIGURE 4 Variations of the drag coefficient with the pressure
coefficient.
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FIGURE 5 Variations of minimum drag coefficient Cdmin with rela-
tive surface roughness (Ks
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FIGURE 7 Variations of drag coefficient Ca with relative roughness
(Ks in the transcritical Reynolds number range.

(gs/d)cri 5 )< 10-4. For a cylinder with a larger surface
roughness than (Ks/d)rit, the Reynolds number at the
critical point became smaller with an increase in (Ks/d ).
Fig. 7 shows variations of drag coefficient Ca with
relative roughness (Ks in the transcritical Reynolds
number range. The drag coefficient decreased with a
decrease in the surface roughness in the transcritical
Reynolds number range. No limiting values could be
seen. Then the flow phenomena in the super and trans-
critical Reynolds-number ranges were influenced by the
surface roughness.

The Universal Strouhal Number in the Wide Range
of Reynolds Number Flows

The universality of the Strouhal number in the wake of a
cylinder was considered. The universal Strouhal numbers
considered were Roshko’ s number (Roshko 1961), Bear-

10

1Old6 10
-5

10- 10.3 102 10-
Ks/d

FIGURE 6 Variations of the Reynolds number at critical point
Re(famin with relative roughness (Ks

man’s number (Bearman 1967), Griffin’s number (Griffin
1981) and that took the measured values of the width of
the wake vortex streets for the reference length. These
universal Strouhal numbers were calculated using the
measured values of vortex frequency, surface pressure
distributions and drag coefficients. Among these, the
Bearman’s number, which showed the most uniform
value throughout the Reynolds number range was de-
scribed.

Bearman’s number introduced by Bearman is defined
as:

SB=- (1)

where Us is the velocity of the irrotational flow at the
point of separation and is .assumed to be expressed by the
relationship

U=KU=(1-Cp,)/2 (2)

which may be obtained by applying Bernoulli’s Equation
to the flow just outside the boundary layer at separation.
Bearman proposed to evaluate h by means of Kronau-

er’s criterion, which states that the ratio of the lateral to
the longitudinal spacing of the vortices, (h/l), must be
such that the potential vortex street drag coefficient Cos
is at a minimum. Cos is defined as Cos Ds/(PU2l/2),
where D is the vortex street drag. At this point, the
assumption is made that the vortex street drag may be
equated to the cylinder drag. Thus it may be written:

Cos cod (3)

which, when multiplied by f/Us’ and rembering that fl
(Us u), may be reduced to the following:
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Cos 1--- ’-CdS (4)

Using this calculated value of Ca St[-- Cds(Uoo u)/Uoo]
and getting the corresponding value of [(U=- u)h/U=l]
in Figure of the reference (Simmons 1975), we can
calculate Bearman’s number by the following equation:

fh fl h h (Uoo u)
SB U K/Us K Uoo

(5)

Figure 8 shows relation of Bearman’s number with
Reynolds number. It shows the uniform value throughout
the Reynolds number range. It also shows that the
calculated values of Bearman’s number were indepen-
dent of the surface roughness (Ks

The Drag Reduction of the Circular Cylinder with
Grooves

See the variation and values of cylinder B in Fig. 4 and
Table II. The drag coefficient Ca of this cylinder was
smaller than any other cylinders in the range 3 105 <
Re < 108. The relative roughness of the cylinder B was
8.57 10-6 in the circumferential direction but about 2.5
times as large in the axial direction. Comparing its
relative roughness with that of cylinder A, it was about
twice as large in the circumferential direction but about
4 times as large in the axial direction. Nevertheless, its
drag coefficient took smaller values at the critical point
and supercritical Reynolds-number ranges, i.e., 4 105 <
Re -< 106. According to the researches about a fiat plate
placed parallel to the flow, the drag reduction as large as
8% was measured for a plate with longitudinal grooves
having some particular dimensions, i.e., h 8, s+ 16
(Walsh, et al [1980, 1982]). This is called a riblet.

Here h denotes the distance in the law of the wall
variables
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FIGURE 8 Variations of Bearman’s number SB with Reynolds-
number Re.

h+ =hU/v (6)

U,=’V"r w/p (7)

where

Ur friction velocity
rw skin friction
p density

There are very few experimental results of skin
friction along the cylinder surface available. Achenbach
(1968, 1971) measured the local transition skin friction
of (’rw/pU) 0.005 at the critical point and in the
supercritical Reynolds number range. Using this value,
the height of groove h/ corresponding to the value of the
distance in the law of wall variables is inversely pro-
portional to the Reynolds number. Its value is 14 l.t m at
Re 5 <- 105 and 7 lam at Re 106. Then the relative
roughness corresponding to the diameter d 50 mm is
(h/d) 2.8 -< 10-5 and 1.4 -< 105, respectively. If
circumferential grooves having a width and depth of this
value are engraved along the surface of a cylinder, they
will serve as riblets and retard the transition of the flow.
Then the drag reduction is expected.
To make a cylinder model with such surface grooves

was difficult. The dimensions of the grooves engraved
were as shown in Table III, i.e., I, J, K, and L. We
designate the depth of the groove as h, and the width as
s. They were measured by tracing a stylus along the
surface using a roughness meter. The measurement of
roughness in circumferential direction gst is based on JIS
(Japanese Industrial Standard) B 0601: Definition and
Designation of the Surface Roughness.

Figure 9 shows the variations of the drag coefficient
with the Reynolds number. In the subcritical Reynolds
number range, i.e. Re <- 3.8 105, there couldn’t be seen
no difference in the pressure distributions and drag
coefficients. The effects of grooves were remarkable at
the critical Reynolds number and in the supercritical
Reynolds number range, i.e., 4 105 <- Re -< 106, as
shown in Fig. 10a, b. A marked drag reduction could be
seen in these ranges. Figure 11 shows the variations of
the ratio of the drag coefficient (Ca/Casmooth) with the
Reynolds number, where Casmooth denotes the drag coef-
ficient of the Cylinder A, i.e., the smoothest one. Reduc-
tion in the drag coefficient could be seen in the Reynolds
number range of 4 105 -< Re. The maximum drag
reduction ratio of each cylinder is 24% for B, 17% for I,
28% for J, 35% for K and 42% for L. As the depth of
grooves became shallower, the minimum values of the
drag coefficient became smaller in the same order of the
depth from I to L. It took the minimum value at L, and
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TABLE III
Dimensions of the grooved cylinders

A B J K L

diameter
d(m) 50 x 10-3 50 x 10-3 50 x 10-3 50.7 x 10-3 50 x 10-3 50.4 x 10-3

depth of
groove h(m) (0.03 ---0.5) X 10-6 (0.9-- 1.4) 10-6 8.39 10-6 6.89 10-6 4.49 10-6 1.06 X 10-6

pitch of
groove s(m) 47.5 X 10-6 35.5 X 10-6 35.4 x 10-6 38 x 10-6 24.4 x 10-6

relative
depth of
groove (h/d) 5.4 10-6 20 10-6 167.8 10-6 135.9 x 10-6 89.8 x 10-6 21 10-6

relative
pitch of
groove (s/d) 950 10-6 710 10-6 698.2 x 10-6 760 10-6 484.1 x 10-6

roughness
Kst (0.08 0.5) 10.6 (0.3 0.5) 10-6 198 0-6 4.3 10-6 2.5 10-6 0.2 10-6

relative
surface
roughness
(Kst/d) 4.54 10-6 8.57 10-6 39.6 10-6 84.81 10-6 50 10-6 3.97 10-6

then took a larger value at B. Figure 12 shows the
variations of base pressure coefficient C,b with the
Reynolds number for these cylinders, where base pres-
sure was the average pressure value of 5 points which
were 5 apart taking that of 0 180 as the center. As
shown in this figure, a remarkable rise in the base
pressure coefficient could be seen for Cylinders I, J, L
and B. But for the Cylinder K, which showed a drag
reduction in the widest Reynolds number range, the
values of Cpb took somewhat lower values. Figure 13
shows the variations of Osp, i.e., the angle corresponds to
the separation point, with the Reynolds number. In
Figures 13, 14, 15, 16, the values in the ordinate show the
mean value of both sides of a cylinder. Figure 14 shows

0.5

A
B
K

10’
Re

FIGURE 9 Variations of drag coefficient Ca with Reynolds number
Re for the cylinder with grooves.

the variations of angle 0Cp__o, which corresponds to
pressure coefficient Cp 0, with the Reynolds number. In
the subcritical range, i.e., Re -> 2 105, no large
differences can be seen, i.e., the pressure coefficient takes
zero at 0 30 3.4. Cylinder K pressure coefficient
became zero at 0 30 in the wide range of supercritical
and transcritical Reynolds-number ranges. The pressure
distribution of Cylinder K shows a similar variation to
that of the potential flow. No differences were seen in
Cylinders I, J, L, and B, when compared to that ofA. Fig.
15 shows the variations of the minimum value of
pressure coefficient Cp min and Fig. 16 shows those of the
angle which corresponds to the minimum value of the
pressure coefficient with the Reynolds number.
From these it became clear that there were two causes

of drag reduction. One was remarkable for Cylinders I, J,
L, and B, as shown in Fig. 12. The rises in base pressure
often accompany a shift of separation point to down-
stream. These are seen in Cylinders I, L, B, and K. For
Cylinder K, the shift of the separation point to down-
stream could be seen in a comparatively wide Reynolds
number range, i.e., 5 105 -< Re -< 106. The other was the
drop of pressure along the cylindrical surface. These
characteristics were remarkable for Cylinder K. It could
be considered that the laminar boundary layers were kept
downstream along the surface in this case.
The fact that angle 0cp__o which corresponded to the

pressure coefficient Cp 0 took 30 when Re -> 5 105
and the minimum value of pressure coefficient Cp min

--2.8 in a wide Reynolds number range, i.e., this value
was very near to -3.0 of the potential flow, and the angle
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0cp=min, which corresponded to the minimum value of the
pressure coefficient, was several degrees upstream from
0 90 was remarkable for Cylinder K. Cylinders B, K,
I, J and L, the angle 0cp=min which corresponded to the
minimum value of the pressure coefficient were some-
what downstream from that of A. If the negative values
of the pressure coefficient were taken for 0 -> 90, the
drag increased. There were differences in the pressure
distribution of Cylinder K from that ofA in the transcriti-
cal Reynolds number range. Especially for Cylinder K,
the minimum value of the pressure coefficient became

/
/

" b ;" " o ;o" ;o" Io" o" o" ;o" ;o" o"

Re= g01000 Cd=0.26 Cpb=-0.30
Re= 395000 Cd=0.30 Cpb=-0.37
Re= 379000 Cd=0.25 Cpb=-0.36
Re= 410000 0d=0.t7 Cpb=-0.20

a) at the critical point

1.5

0.5

A O
B
K

FIGURE 11 Variations of the ratio of the drag coefficient ((Ca/
Cas th) with the Reynolds number.

smaller and the angle corresponding to zero value of the
pressure coefficient became 0 30. Then the pressure
distribution resembled that of the potential flow in shape.
By using the definition of pressure coefficient Cp, the

drag coefficient Ca can be written in the form

y,rrrCd Cpcos0d0 + CpCOSOdO
J 0 /2

=JO +fW/2 Cpd(sin O) Yrr/2 Cpd(sin O)
(8)

i,

" o" o" o" o" ;o" ;o" Io" io" o’ ;o" ;o" %0" o
Re= ’000000 Cd=0.8 Cpb=-0.62
Re= 903000 Cd=0.35 Cpb=-0.50
Re= !0!0000 Cd=0.32 Cb=-0.57
Re= 1010000 Cd=O.&2 Cpb=-O.C7

b) at the supercritical Reynolds-number range

FIGURE IO Prcssurcdistributionsaroundthccylindcrwithgroovcs.

Figures 17a, b show the variations of the average
values of the pressure coefficient of both sides in Fig. 10
with sin 0. The differences in the first and the second

0

-1.5

A 0
B
K

FIGURE 12 Variations of the base pressure coefficient, i.e., Cpb with

the Reynolds number.
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FIGURE 13 Variations of 0+p, i.e., the angle corresponding to the
separation point, with the Reynolds number.
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FIGURE 15 Variations of the minimum value of pressure coefficient,
i.e., Cpmin with the Reynolds number.

terms of Eq. (8) corresponded to the drag and thrust
(force directed forward), as shown in Fig. 17 by the
hatched areas, respectively. This figure shows the con-
tributions of the areas to the drag and to the thrust. In this
figure, dotted lines show the potential flow for 0 0
"rr/2. A decrease in drag corresponded to the increase in
area of the thrust compared to the drag. Comparing
Figures K and L, a decrease in drag was acquired, 1)
because the pressure distribution approached that of
potential flow for Cylinder K. 2) because the base
pressure rises for Cylinder L. Then the reduction in drag
was more remarkable at the critical point of Cylinder L,
and in the supercritical Reynolds number range of
cylinder K.

The effect of the riblet was to modify and reduce the
momentum exchange properties caused by the stream-
wise vortices developing near the surface beneath a
turbulent boundary layer with a consequent reduction in
the surface shear stress. This process enabled the riblet
surface to retard the development of the turbulent bound-
ary layer and then to retard the development of the
turbulent boundary layer and thus to reduce the surface
drag. The shifting of the separation point downstream
and the rising of base pressure of Cylinders I, J, L and B
was considered to be this effect. For Cylinder K to keep
laminar boundary layers along both sides and conse-
quently to make pressure lower were the causes of the
reduction in the drag. In this case, the reduction in drag

[10 10
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B
K

FIGURE 14 Variations of Angle 0Cp=O with the Reynolds number.
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FIGURE 16 Variations of the angle corresponding to the minimum

pressure coefficient, i.e., 0pmin with the Reynolds number.
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FIGURE 17 Drag and thrust.

has been acquired in a more wide Reynolds-number
range.

Reduction of the Drag on the HARLOP

Making an airship staying at a point in the stratsphere,
i.e., at the height of 20 km, was planned. It served as an
observation balloon to the environment, and a junction
point for the communication, etc.. The airship was called
HARLOP (High Altitude Long Range Observation Plat-
form). At this high altitude, the prevailing westerlines are
the most weak, but it sometimes becomes became 40
m/s. In order to make the balloon stay at a point, it must
have a motor driven by a solar battery, but the drag acting
on the body must be small. Figure 18 shows its general
view and Table IV shows its specifications. The flow
around the body is a high Reynolds and low Mach
number flow.

In order to study the mechanism of the drag acting on
the body, some measurements were made using a wind
tunnel model as shown in Fig. 19. Dividing the body into
two parts, i.e., from the top to the maximum diameter

FIGURE 18 General view of HARLOP.

TABLE IV
The specifications of HARLOP

iiitude 20,000 m
Length of body L 185 m
Flow velocity 40 m
Mach number 0.14
Reynolds number 1.85 -< 107

and hereafter, the form drag can be calculated for the
former part

/)i =’If’f2 (1/2)pU2Cp R2d(r/R)2

+ "rrf (1/2)pUZ=Cp R2d(r/R)2

and for the latter part

(9)

De 7r (1/2)9U 2=Cp Red(r/R)2

+ 7r (1/2)pU 2 C R2d(r/R)ep (10)

Figure 20 shows relation between Cp and (r/R)2 at

Reynolds number 2.09 106 and 3.34 106 for the
former and latter parts, respectively. The total form drag
consists of the two parts, i.e., De D1 + De. Then the
difference between the areas corresponds to the form

373
293

x-

FIGURE 19 The wind tunnel model of HARLOR
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1

--/ Re= 3.34X106
,__& Re= 2. 09X106

o (r/R)2 1

FIGURE 20 The drag and thrust of HARLOE

drag. In this figure, the broken line shows the. calculated
value by Goldschmied (1987). With suction, the pressure
distribution was denoted by the dotted line.

CONCLUSIONS

In this paper, first the special features of our cryogenic
wind tunnel were described. By making pressure in the
wind tunnel high and then making temperature low, we
attained a high Reynolds number, but a low Mach
number flow. Applying inner insulating principles, we
attained a high Reynolds number flow with a compara-
tively small consumption of liquid nitrogen.
The effects of surface roughness on the drag were

investigated using a circular cylinder with various sur-
face roughnesses. The value of relative roughness af-
fected the Reynolds number range in which flow ranges
existed. There was a limiting value of surface roughness
(Ks which influenced the value of the Reynolds
number at the critical point. If the relative surface
roughness was smaller than this limiting value, the
variation of Ca with the Reynolds number showed the
same trend in the smaller Reynolds number range than
the critical point. For a cylinder with larger surface
roughness than this critical value, the Reynolds number t:
at the critical point became smaller with an increase in :

(Ks In these super and transcritical Reynolds number
ranges, there was not such a limiting value.
The universality of the Strouhal number in the wake of

cylinders with various surface roughness was considered.
Using the measured values of frequency of the vortex
street, pressure distribution and drag coefficient, the
universal Strouhal numbers were calculated. It was made
clear that Bearman’s Number had the most uniform
value throughout the Reynolds number range. It was also
shown that Bearman’s number was independent from the
surface roughness.
A study of the effects of V-grooves on the drag

reduction of a circular cylinder was conducted. With
reference to the results about riblets, which were made
on the plate placed parallel to the stream, the size of the
V-groove was determined. Circular cylinders with vari-
ous V-grooves were tested and acquired the maximum
drag decrease of 42%. The effects of V-grooves were
classified into two cases. One case showed the original
effects of the riblet, i.e., to suppress bursting and turbu-
lent separation. In the other case, V-grooves contributed
to keeping a laminar boundary layer along the surface
and pressure distribution around the surface closely
resembling that of the potential flow.
A model test of HARLOP was planned. From the

results without suction, it is prospected to decrease the
drag with suction of the boundary layer.

Nomenclature

c:
c:
Cpb:
d:

h:
(h/d):

(Ks/d):

P:
Re:
s;

T:
U:
9:
p:

Subscripts

a:
b:
crit:
min:

drag coefficient 1/2) f02 Cp cos0 dO]
pressure coefficient [=(Po P-)/(pU2#2)]
back pressure coefficient
reference length or length of the model (for
cylinder: diameter)
depth of the grooves
relative depth of the grooves
roughness
relative roughness
vortex shedding frequency
pressure
Reynolds number (--Ud/v)
pitch of the grooves
temperature
velocity
density
viscosity
kinetic viscosity

axial direction
suction or back side
critical value
minimum value
circumferential direction
undisturbed flow
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