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Experimental Investigation of Flow Separation
Associated with a Step or a Groove
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Summary. Low-speed measurements were made on the flow separation associated with a
backward-facing step or a rectangular groove by determining the distribution of pressure
along the surface and the distributions of mean and fluctuating velocities across several
transverse sections. The pressure distribution was found to be rather insensitive to the
® changes in step height and thickness of the approaching boundary layer. This can be
understood by realizing that the cavity flow behind the step is maintained in equilibrium
such that the pressure exerted by the solid surface is balanced by the turbulent shear stress,
which is set up in the mixing region approximately independently of the step height and
the approaching boundary layer. The flow over a groove is markedly different according
E as it is deep or shallow, the demarcating value of depth-breadth ratio being around 0.7.
i The deep-groove type of flow is characterized by a comparatively smooth flow and a low
value of pressure drag. The converse is true of the shallow grooves. The cavity flow
region inside the groove is maintained in equilibrium similarly as in the case of flow over
i a step.

INTRODUCTION

In view of the importance of the base pressure problem at supersonic speeds,
considerable attention has been drawn to the mechanism of flow separation over
a sharp edge, the separation being characterized by the formation of reverse flows
N and vortices, namely cavity flows. In particular, Crocco and Lees [2] applied to
b the base pressure problem their general theory based on a flow model exhibiting

' interaction between the dissipative cavity flow region and the nearly isentropic
main flow. Their results could give the qualitative explanation for the observed
phenomena. More recently, Korst [6] and Chapman, Kuehn and Larson [7] inde-

i | pendently put forward a simple method of predicting the base pressure by dividing
the flow into the cavity flow region in which the pressure is assumed to be con-
stant and the reattachment zone in which the compression is assumed to be such
that not much total pressure is lost along the dividing streamline (Figure 1).
It appears from these theoretical investigations that the most essential and
intriguing part of the problem is concerned with the mixing process between the
11 dissipative cavity flow and the non-dissipative main flow. But there exists at

e
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present little quantitative information about the mechanism of the mixing process.
The models used in supersonic measurements have been too small to permit a
detailed investigation of the flow inside the mixing region.

This kind of interactive mixing is not confined to supersonic flows; it occurs
equally at subsonic speeds. Nevertheless, no ad hoc measurement seems to have
been made even at subsonic speeds. Some results are given for the subsonic flow
over a step, groove, or other surface irregularities in two papers by Wieghardt [ 3]
and Tillmann [4], where the principal interest centers around the drag increase
caused by the irregularities. The flow over a rectangular groove is described by
Roshko [ 5] by his results of pressure and mean-velocity measurements. The drag
increase is almost entirely accounted for by the pressures on the groove walls.
To all seeming the pressure forces being too large to be balanced by the shear
forces, Roshko has cast a doubt as to whether the fluid in the cavity flow might
be considered to be isolated from the main flow. However, no measurement was
made on the shear stress in the mixing region.
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FIGURE 1. Sketches illustrating the flow over a backward-facmg step
and the flow over a rectangular groove.

In view of these circumstances, the investigation described in this paper was
undertaken by determining at subsonic speeds the distribution of surface pressure
and that of mean and fluctuating velocities in the flow over a backward-facing
step and the flow over a rectangular groove. The work was conducted with the
financial support of the Ministry of Education by the Scientific Research Fund.
The authors wish to express their indebtedness to Mr. Y. Matsubara, Mr. L.
Shimizu and Mr. Y. Komatsu for their cooperation in carrying out the experi-
ments.

A shortened account of the investigation on the flow over a step was presented
by Tani at the Symposium on Boundary Layer Research held at Freiburg i. Br.,
Germany, in August of 1957 [8].

EXPERIMENTAL PROCEDURES

The measurements were made in a closed channel of 1- by 1-meter cross section
placed within a 1.5-meter low-speed wind tunnel, in which the flat-plate transition
Reynolds number was 1.7X10% A two-dimensional plate 10 centimeters thick
and 190 centimeters long was spanned across the test section. A backward-facing
step of adjustable height ~ (up to 6 centimeters) was made on one side of the
plate at a distance of 80 centimeters from the leading edge (Figure 2).
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Experimental Investigation of Flow Separation Associated with a Step or a Groove 121

Most of the measurements were made at a main-flow reference velocity U, of
28 meters per second, which was actually determined by the static pressure hole
located 3 centimeters upstream of the step shoulder, the total pressure being
measured outside the boundary layer. Some additional measurements were made,
for comparison, at Uy=22, 16 and 10 meters per second. The boundary layer 3
centimeters upstream of the step was found to be laminar only at the lowest
velocity (Uy=10 meters per second), having a thickness of 0.6 centimeter. At the
higher velocities the boundary layer was turbulent, and the thickness was 1.1
centimeters for U,=28 meters per second. The boundary layer thickness could
be increased to 3 centimeters at U,=28 meters per second by placing a trip 0.5
centimeter high at the distance of 6 centimeters from the leading edge.
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FIGURE 2. Side view of arrangement of the plate with a backward-facing
step in the wind channel. Dotted lines are for the arrangement of a
rectangular groove. Dimensions in centimeters.

The static pressure was measured by the pressure holes on the model surface
and by a small static pressure probe within the mixing region. It was required
to aline the probe approximately with the flow direction in order to minimize
the error. The total pressure and flow direction were measured by the combined
use of two small pitot probes, the one with normal end and the other with slanted
end cut 45 degrees from the probe axis. The use of static pressure probe and the
slanted pitot probe being questioned in the highly turbulent region, the hot-wire
apparatus was also employed for determining mean and fluctuating velocities.
The magnitude of mean velocity and the longitudinal component of fluctuating
velocity were measured by the usual application of a hot-wire. The transverse
components of mean and fluctuating velocities were obtained by setting a hot-wire
inclined at two different angles with the flow direction. From these data, determi-
nation was made of the distribution of static pressure along the surface, and the
distributions of longitudinal mean velocity, mean flow direction, turbulence inten-
sity and turbulent shear stress across the mixing region. It was found that the
slanted pitot probe indicated the mean flow direction agreeing well with that
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122 I. Tani, M. Iuchi and H. Komoda

determined by the hot-wire in the outer part of the mixing region, where the
turbulence intensity was small, while the indication was somewhat excessive in
the highly turbulent central region. Therefore, only the hot-wire results were
adopted for the mean flow direction. It is moreover to be noted that the measure-
ments could not be extended into the interior of the cavity flow, where the mean
velocities were small, while the fluctuating velocities were comparatively large.

For visualizing the flow pattern, additional observations were made by towing
another model in a water tank 1.5 meters wide. The towing velocity was about
15 centimeters per second. The streamlines were made visible by strewing
aluminum powders over the water surface, and pictures were taken by a camera
moving with the model. £

A rectangular groove was made on the same plate in the wind tunnel as shown
in Figure 2. The depth 4 had a fixed value of 4 centimeters, while the breadth b
was varied from 2 to 10 centimeters to obtain the depth-breadth ratio #/b ranging
from 2 to 0.4. Measurements were made at a main-flow reference velocity U, of
28 meters per second, which is the velocity outside the boundary layer at the
station located 3 centimeters ahead of the upstream edge of the groove. The
boundary layer approaching the groove was turbulent, having a thickness of 1.1
centimeters at the reference station. Pressure holes were made on the model
surface to obtain the distribution of static pressure, while the hot-wire apparatus
was employed to determine the distributions of longitudinal mean velocity, mean
flow direction, turbulence intensity and turbulent shear stress across the mixing
region.

FLOW OVER A STEP

Experimental results

Figures 3 to 6 show the pressure distribution on the step face as well as on the
bottom surface, plotted on the same abscissa. In these results, the distance
measured along the surface is expressed in terms of the step height s, and the
pressure p in the form of the pressure coefficient, C,=(p— p,)/30 U], where p is the
air density, and p, and U, are the static pressure and main-flow velocity, respec-
tively, at the location 3 centimeters ahead of the step. The values of x/h lying
between —1 and O correspond to the locations on the step face, while the positive
values of xz/h to those on the bottom surface.

A remark has to be made with reference to the stability of flow. In each single
run of measurement, the pressure observed on the manometer was comparatively
steady. But the repeated measurement sometimes yielded a slightly different
pressure distribution, indicating the possibility of more than one types of flow
pattern under the same boundary conditions. This appears to be typical of the flow
separation associated with a step. As a matter of fact, however, the difference in
pressure distribution was rather small. The results presented here are those
obtained by averaging the data of at least five runs of measurements.

Figures 3 and 4 show the pressure distribution for several different step heights
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FIGURE 3. Pressure distribution on the step face and the bottom surface
for various step heights. U/,=10 meters per second.

0.3F h cm
G, a 0.5
+ 1
0.2f o o T/ fE--
. 2 %
0.1p x 4
’ v 6
1 1 | |
-1 6 8 10 12 14
x
h

FIGURE 4. Pressure distribution on the step face and the bottom surface
for various step heights. U,=28 meters per second.

for Uy=10 and 28 meters per second, respectively. As mentioned above, the
boundary layer approaching the step is laminar at U,=10 meters per second and
turbulent at U,=28 meters per second. The results of similar measurements for
U,=16 and 22 meters per second are not shown, because they almost agree with
those for U,=28 meters per second. Figure 4 also includes measurements for the
case of artificially thickened boundary layer (thickness 3 centimeters). In all
cases, there is a negative pressure on the step face (negative base pressure), fol-
lowed initially by a slight drop in pressure downstream of the step, and then by
a rathef rapid rise of pressure indicating the reattachmant of separated flow.

It is seen from these results that the pressure distribution is rather insensitive
to the changes in the step height as well as in the thickness of the approaching
boundary layer. In particular, the base pressure is essentially the same for dif-
ferent step heights except for very low steps, and the pressure rise by reattachment
increases slightly as the height increases.

i
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124 L Tani, M. Iuchi and H. Komoda

FIGURE 5. Pressure distribution on the step with a triangular fillet.
h=4 centimeters, U/,=28 meters per second. P

FIGURE 6. Pressure distribution on the step with a fence on the bottom
surface, h=2 centimeters, U/,=28 meters per second.

Figure 5 shows the pressure distribution for the cases when a triangular fillet of
various heights is inserted behind the step. No appreciable change is observed in
=B the pressure distribution until the fillet height exceeds one half of the step height.
‘ Figure 6 shows the pressure distribution for the cases when a fence of the height
of one half the step height is placed at various positions on the bottom surface.
| The effect of the fence is most appreciable when it is placed at a distance of twice
[ the step height from the step.

| ] Figures 7 and 8 show the distribution of longitudinal component of mean velocity
‘ U across several transverse sections in the mixing region for U,=28 meters per
;‘ second and A=2 and 4 centimeters, respectively. The result also includes the
|
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Experimental Investigation of Flow Separation Associated with a Step or a Groove 129

distribution of longitudinal mean velocity in the reverse flow region immediately
close to the bottom surface. Only a rough estimate can be made for the velocity
distribution across the central part of cavity flow by joining the two regions of
measurement by dotted lines. From the distribution of mean longitudinal veloci-
ty, and also by taking into account of the mean flow direction determined by
hot-wire measurements, a mean streamline can be drawn that starts from the step
shoulder and approaches the bottom surface in the reattachment region. This
line can be considered as that dividing the cavity flow region from the main flow.

Figures 7 and 8 also include the distribution of turbulence intensity %2 and tur-
bulent shear stress —puv made non-dimensional by U2 and pU;, respectively,
where % and v are the components of fluctuating velocity in the directions parallel
and normal to the mean streamline, respectively. It is seen that both the tur-
bulence and shear stress increase downstream in the mixing region and that the
positions of maximum turbulence and maximum shear stress approximately
coincide at the outset with the mean dividing streamline, but deviate outward as
the reattachment is approached.

Another point to be noticed from Figures 7 and 8 is that the distributions across
the mixing region of mean velocity, turbulence intensity and shear stress are
quite insensitive to the changes in the step height as well as in the thickness of
the approaching boundary layer.

Figure 9 shows the result of similar measurements extended to the more down-
stream stations for h=4 centimeters. The turbulence and shear stress set up by
the flow in the mixing region decrease downstream in the boundary layer initiated
by the reattachment of separated flow. On the other hand, a new system of tur-
bulence and shear stress grows up in the reattached layer, until a fully developed
turbulent boundary layer having a maximum shear stress at the surface is es-
tablished at some distance from the reattachment location.

Figure 10 shows the aluminum-powder pictures of streamlines for the step of
5-centimeter height, the exposure time being 0.5 and 5.0 seconds, respectively. The
picture of short exposure reveals the intermingling of distinct eddies in cavity
flow region, while that of long exposure indicates something like the mean divid-
ing streamline. The Reynolds number based on % and U, concerning the water-
tank experiments are one order of magnitude lower than those of the wind-tunnel
experiments. In view of the above mentioned small effect of Reynolds numbers,
however, the flow patterns indicated by aluminum powders are expected to be
not much different from those of the wind-tunnel experiments.

Discussions

As mentioned above, the base pressure is essentially the same for different
values of step height and boundary layer thickness. Even the difference in
character of the approaching boundary layer flow, laminar or turbulent, makes no
essential difference except for the step of very small height. This is conceivable
because the laminar boundary layer when separated becomes turbulent over a
very short distance. For h=2 centimeters and U,==10 meters per second, for
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130 I. Tani, M. Iuchi and H. Komoda

example, the transition to turbulence was observed to take place in the separated
layer over a distance of only 2 centimeters from the step shoulder.

The base pressure, and also the pressure rise by reattachment, are hardly
affected even by the insertion of a triangular fillet behind the step. This suggests
that the interaction between the cavity flow and the external flow remains un-
changed unless the cavity flow region is unduly oppressed. On the other hand, a
considerable change in pressure distribution is found when the reverse part of
the cavity flow is interrupted by means of a fence. It is to be noted that the
maximum velocity of the uninterrupted reverse flow is about one fourth of the
main-flow velocity.

The above mentioned approximate similarity and the comparatively steady
character of cavity flow seems to be typical of the flow separation associated
with a step. This has tempted one to calculate the flow pattern as the irrotational
motion of an inviscid fluid, the cavity flow being replaced by a point vortex
captured behind the step. The calculation has been carried out by transform-
ing the physical z-plane conformally into the auxiliary ¢-plane (Figure 11), and

T

C R D A VB C R D

z-plane t-plane

FIGURE 11. Flow pattern around a step based on the irrotational motion of
an inviscid fluid in the physical z-plane and the auxiliary ¢-plane.

requiring that the vortex is at rest and that the velocity at the visor tip V has a
nonzero finite value equal to the undisturbed velocity.* It is found that the vortex
is stable against small disturbances and that the required length of visor, BV, is
only one twentieth of the step height, BC. Yet the result of calculation is at
variance with the measurement; the streamline leaving the visor tip rises up-
ward considerably so that the distance to reattachment, CR, is predicted to be
only 1.67 times the step height, while the observed value is about 7 times the
step height.

A correct understanding may probably be obtained by realizing that the cavity
flow is chiefly maintained by the turbulent shear stress, which is set up in the
mixing region approximately independently of the characteristics of the approach-
ing boundary layer. This view seems to be supported by the observed result that
the distribution of —uwv/U; is hardly affected by the artificial thickening of the
approaching boundary layer (Figure 7). It is moreover to be remembered that the

* If there were no visor, the step shoulder B would become a stagnation point.
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distribution of —%w/U¢ for the step of 2-centimeter height is not appreciably
different from that for the step of 4-centimeter height (Figures 7 and 8).

The model of the flow pattern might be simplified if the cavity flow were con-
sidered to be isolated from the main flow by the above mentioned mean dividing
streamline. Aluminum-powder picture such as the lower part of Figure 10 ap-
pears more likely to favor the possibility of isolation. If this were the case, the
-normal and tangential stresses acting on the boundary of the cavity flow region
should be in equilibrium, because otherwise a certain amount of momentum should
be transported into or out of the region.

From the results of measurements for #=2 centimeters and U,=28 meters per
second, a rough examination can be made for the equilibrium of the stresses
acting on the fluid in cavity flow. The pressure force exerted by the step face is
—0.07, when made non-dimensional by the step height k& and the dynamic pres-

- sure 3pU;. Negative sign indicates that the force is against the direction of un-
disturbed main flow. Similarly, the pressure force acting on the dividing stream-
line is —0.03. The shear force exerted by the bottom surface is +0.01, which is
estimated from the velocity distribution of the reverse flow. Finally, the shear
force acting on the dividing streamline is +0.07. The sum of these force is not
exactly equal to zero, but sufficiently small so that the forces can be considered
to form approximately a system of equilibrium.

According to the experiments of Liepmann and Laufer [1], the turbulent shear
stress in a half jet increases at the outset, but tends to maintain a constant value
after a certain distance is covered. As indicated above, however, this is not the
case for the separated flow over a step, the shear stress continuing to increase in
the mixing region so as to make an equilibrium possible of the stresses acting on
the fluid in cavity flow. Undoubtedly the development of shear stress is considered
to be consequent upon the interaction between the dissipative cavity flow and the
non-dissipative main flow. '

FLow OVER A GROOVE

Experimental results

Figure 12 shows the pressure distribution on the groove walls as well as on the
bottom surface, plotted on the same abscissa, for the grooves of depth-breadth
ratios k/b=2.0, 1.0, 0.8, 0.5 and 0.4. In these results, the pressure p is made non-
dimensional in the form of the pressure coefficient, Co=(—0,)/4pU?, where p,
and U, are the static pressure and main-flow velocity, respectively, at the location
3 centimeters ahead of the upstream shoulder of the groove.

The pressure distributions are of rather mazy shape, indicating the complicated
structure of cavity flow inside the groove. The pressure is mostly negative on the
upstream wall and the bottom surface, while it is mostly positive or negative on
the downstream wall according as the groove is shallow or deep. In all cases
there is a steep rise in pressure near the downstream shoulder, consequent upon
the stagnation of the flow separated at the upstream shoulder. The maximum
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FIGURE 12. Pressure distribution on groove walls and bottom surface
for grooves of various depth-breadth ratios. h=4 centimeters,
U,=28 meters per second.
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Experimental Investigation of Flow Separation Associated with a Step or a Groove 133

pressure is located at the downstream shoulder for deep grooves, but displaced
slightly downward as the depth-breadth ratio is reduced.

Figure 13 show the integrated mean values of C, over the upstream and down-
stream walls, 6,,(,“ and C’\p(d), respectively, plotted against the depth-breadth ratio
k/b. The shear stress acting on the bottom surface being negligibly small, the
difference 8,,<d,—6'p(u) accounts for most of the drag experienced by the groove,
made non-dimensional by the depth % and the dynamic pressure 3pUZ2. This non-
dimensional drag coefficient, denoted by C,, is also shown in Figure 13.

These results of pressure measurements are in fair agreement with those pre-
viously obtained by Roshko [5]. The comparison is made for the drag coefficient
C, in Figure 13.

0.061-

0.041

0.02

-0.02

FIGURE 13. Pressure forces on groove walls for grooves of various
depth-breadth ratio. =4 centimeters, U,=28 meters per second.

Figure 14 shows the distributions across several transverse sections for the square
groove (k/b=1) of longitudinal component of mean velocity U, turbulence inten-
sity u? and turbulent shear stress —ouv, made non-dimensional by U,, U} and
pUy, respectively, where u and v are the longitudinal and transverse components of
fluctuating velocity, respectively. Figure 15 shows the results of similar measure-
: ments for the groove of A/b=0.4. The important point to note in these figures is
that the turbulence and shear stress set up in the mixing region in the shallow
groove (h/b=0.4) are stronger than those in the square groove.
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FIGURE 14. Distribution across several transverse sections of flow over a groove
of longitudinal component of mean velocity, turbulence intensity and tur-
bulent shear stress. h/b=1.0, U,=28 meters per second.
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FIGURE 15. Distribution across several transverse sections of flow over a groove
of longitudinal component of mean velocity, turbulence intensity and tur-
bulent shear stress. #/b=0.4, U,=28 meters per second.
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In common with the flow over a step, there exists the possibility of more than
one types of flow pattern for a given groove. Each type of flow pattern yields a
definite pressure ‘distribu‘tion slightly different each other. The difference being
comparatively small, the results are presented that are obtained by averaging the
data of at least five runs of measurements.

Discussions

In the range of depth-breadth ratio /b covered by the present investigation, it
appears that the groove may be broadly divided into deep and shallow, the demar-
cating value of A/b lying around 0.7. In deep grooves, the maximum pressure on
the downstream wall is found at the shoulder, indicating a smooth flow passing
over the shoulder. The groove drag coefficient C,, is small and decreases as h/b
increases. In shallow grooves, the maximum pressure occurs slightly below the
shoulder of the downstream wall. This is indicative of a less smooth flow around
the shoulder and corroborated by the higher values of the drag coefficient C,,.

As mentioned above with the flow over a step, there is good reason for assuming
that the stresses acting on the fluid in cavity flow are in equilibrium. Then the
pressure force exerted by the groove walls, which is given by —C,, is to be
balanced by the shear force acting on the free side of cavity flow, namely the
mean dividing streamline. In the measurement of the shear stress distribution
along the normal to the groove bottom, however, there was a difficulty in locating
the transverse coordinate with sufficient accuracy. Moreover, the mean dividing
streamline could be drawn only in a loose sense, because of the difficulty of
determining the mean velocity distribution in the cavity flow region. For these
reasons, it is not easy to make a reliable estimate for the shear force acting on
the dividing streamline. Nevertheless, a brief examination of Figures 14 and 15
is sufficient to estimate the shear force to be of the proper order of magnitude
to balance the pressure force exerted by the walls. :

The flow over a shallow groove is less smooth ag compared with that of a deep
groove. This is corroborated by the increase in fluctuation of pressure observed
on the manometer. One is then liable to surmise that the fluid in a shallow groove
is not in equilibrium. But that is not a supposable case. When averaged over a
sufficient length of time, the transport of momentum into the groove is to be
balanced by the force exerted by the groove walls. The time average of mo-
mentum transport presents itself in the form of high shear stress in the mixing
region. It is the authors’ viewpoint that the turbulent shear stress is necessarily
set up in the mixing region in such a way that the forces acting on the fluid form
a system of equilibrium.

CONCLUSION

The low-speed measurements on the flow separation associated with a back-
ward-facing step or a rectangular groove bring out the following features:
1. Except for steps of very small height, the base pressure is essentially the
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136 1. Tani, M. Iuchi and H. Komoda

same for different values of step height and boundary layer thickness, and the
pressure rise by flow reattachment increases slightly as the step height is increased
or the boundary layer thickness is reduced.

2. The base pressure and the pressure rise by reattachment are almost un-
changed even when a triangular fillet is inserted behind the step. An appreciable
change in pressure distribution is found, however, when the reverse part of cavity
flow is interrupted by placing a fence on the bottom surface.

3. The insensitivity of base pressure to the step height and boundary layer
thickness can be explained by realizing that the cavity flow is chiefly maintained
by the turbulent shear stress, which is set up in the mixing region approximately
independently of the step height and the approaching boundary layer. The shear
stress amounts to a value large enough to balance the pressure force exerted by
the solid surface.

4. From the viewpoint of flow patterns, the rectangular groove may be broadly
divided into deep and shallow, the demarcating value of depth-breadth ratio be-
ing around 0.7. In deep grooves, the separated flow passes over smoothly and the
pressure drag experienced by the groove is small. The converse is true of the
shallow grooves. In any case, the shear stress developed in the mixing region
amounts to a value large enough to balance the pressure drag.

Department of Aerodynamics
Aeronautical Research Institute
University of Tokyo, Tokyo
February 22, 1961

REFERENCES

[/] Liepmann, H. W., and Laufer, J.: Investigations of Free Turbulent Mixing. N. A. C. A.
Tech. Note No. 1257, 1947.

[2] Crocco, L.,and Lees, L.: A Mixing Theory for the Interaction between Dissipative Flows
and Nearly Isentropic Streams. J. Aero. Sci., Vol. 19, pp. 649-676, 1952.

[{3] Wieghardt, K.: ErhShung des turbulenten Reibungswiderstandes durch Oberflichen- @

- storungen. Forschungshefte fiir Schiffstechnik, Heft 2, pp. 65-81, 1953.

[4] Tillmann, W.: Neue Widerstandsmessungen an Oberflichenstdrungen in der turbulenten
Reibungsschicht. Forschungshefte fiir Schiffstechnik, Heft 2, pp- 81-88, 1953.

[5] Roshko, A.: Some Measurements of Flow in a Rectangular Cutout. N. A. C. A. Tech.
Note No. 3488, 1955.

[6] Korst, H. H.: A Theory for Base Pressures in Transonic and Supersonic Flow. J. App.
Mech., Vol. 23, pp. 593-600, 1956.

[7] Chapman, D. R., Kuehn, D. M., and Larson, H. K.: Investigation of Separated Flows in
Supersonic and Subsonic Streams with Emphasis on the Effect of Transition. N. A. C. A.
Tech. Note No. 3869, 1957.

[8] Tani, I.: Experimental Investigation of Flow Separation over a Step. Grenzschicht-

- forschung, Symposium Freiburgi. Br., August 1957, pp. 377-386. Berlin-Géttingen-Heidel-
berg 1958.

This document,is provided by JAXA.



Experimental Investigation of Flow Separation Associated with a Step or a Groove 137

B =
ATy 7 E X EC X B o K0 ERIETE

T — B-HANRZMKHE 2

RIERT y 7E BB FEOEI X 2000 Qg oy ‘T, BEKBS BRGS0
V2 O DOREMTE TOFHE & Uimﬁﬁmﬁﬁéﬁﬁﬂ%'ciﬂﬂ%bt 2T v 7OEH
AL, ATy TOBIILERT 9 7 EROBRBOE OB L $oT, Iy ki
BELZTTDHI Eh, SHERT y 7ORITET B FATR T OF#isRE 1,
%nuutb<¥ﬁ®Eﬁt,x?wfoaéEIUX?wTLﬁGﬁREKRH%%%K
ﬁéﬁﬁn%iféﬁm%ﬁmﬁﬁ%é5:k&%i&&ﬂ%f%é.&Eﬁiémnu.
BOBCHERCIICE > TELC RieDM, TORBREBOES LEORIBIE 0.7 D
ﬁuaé.mw%w%ﬁuu,ﬁnu&&%nﬁmf,ﬁﬂﬁﬁuwév.ﬁvﬁfuﬁﬁ
f%&.%@¢@<&&ﬁhu,xivfm%éaﬁu;5m%®¥wﬁﬁtna

This document is provided by JAXA.






