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ABSTRACT

An experimental investigation of turbulent, incompressible flow separa-

tion over curved and sharp, backward-facing steps is presented with results

for various step heights. Mean velocities in the separating boundary layer

as well as the downstream shear layer were recorded. The static pressure in

the separated region was determined with a spherical probe.

With the curved step, the boundary layer separated at approximately

28 degrees: the reattachment lengths were somewhat less and the base press-

ures slightly higher than those with the sharp step.
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SEPARATION OF TURBULENT, INCOMPRESSIBLE FLOW

FROM A CURVED, BACKWARD-FACING STEP

by

Nice, Tseng and Moses

I. INTRODUCTION

Perhaps one of the most fundamental contributions in Prandtl's original

boundary layer theory was the realization that in many cases the viscous flow

near a solid surface could be treated independently of the outer, inviscid

flow. This procedure is possible when there is only a slight interaction be-

tween the two regions; thus an iterative calculation for the boundary layer

and pressure distribution will converge, and often the interaction is so

slight that iteration is not necessary.

However, in many other cases of practical importance, such as flows in-

volving separation, there is a strong interaction between the boundary layer

and the outer, inviscid region. Thus, as demonstrated in Reference (1), the

two regions cannot be treated independently in separated flow. Even when

there is danger of separation this procedure is at best questionable, which

very severely limits the practical value of present boundary layer and invis-

cid flow theory.

The concept of treating the two regions independently is not necessary

in simplifying the equations of motion; but it is highly advantageous, if not

necessary, in solving the equations. Only in a few special cases, such as

relatively narrow internal passages where a one-dimensional pressure assump-

tion is reasonable, can the interaction between the boundary layer and free

stream be easily approximated in subsonic flow (Ref. (1)). In supersonic

flow, the pressure can often be related to the boundary layer growth through

the turning angle of the free stream (as in Ref. (2)).

In general, however, the present understanding and ability to predict

the behavior of separated flow is far from satisfactory. Consider, for ex-

ample, the deceptively complicated flow about a circular cylinder, for which

an extensive review by Markovin indicates a continued challenge. A number

of problems associated with turbulent separation have been discussed by

(4)
Kline (

Perhaps one of the simplest examples of fully separated flow that has

practical significance is that about a backward-facing step, or abrupt expan-

sion. In this case, the separation is fixed by a sharp corner - only the

behavior of the separated flow itself needs to be considere.d. A number of

investigators have studied this problem, both in supersonic and subsonic flow.
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Work in compressible flow includes that of Crocco and Lees(5) , Chapman (6

Korst (7), Nash , and a number of others. In incompressible flow, which is

of primary interest in this report, studies have been made by Abbott and
(lie9),Ti (10) (11) (12) (13)

Kline , Ta , Hsu , Abramovich , and Mueller, et al

In most applications involving stall, the separation point is not fixed

by a sharp corner but occurs on a smooth surface, if at all. Thus, the sep-

aration point and resulting separated flow depends on the development of the

upstream boundary layer, which in turn depends on the pressure distribution

resulting from the separated flow. The difficulty in accounting for this

interaction is perhaps the most serious limitation in applying a boundary

layer analysis to practical engineering problems.

The present investigation was designed to provide experimental inform-

ation for a fully separated flow that was as simple as possible, and yet

retain the essential features of many practical applications. To this end,

a curved step, which could be compared with the simpler sharp step in the

same apparatus (and in the literature) was chosen. Curvature in the free

stream was an essential feature of the flow, thus eliminating the possibil-

ity of a one-dimensional pressure assumption that changes the nature of the

free stream equation.

II. EXPERIMENT

A. Experimental Apparatus and Equipment

A 27 inch by 17 inch channel was fitted to a low speed (100 ft/sec max-

imum) wind tunnel in the Gas Turbine Laboratory. The channel was fabricated

with 1/4 inch Plexiglas on the bottom wall and on one side wall, and with

1/4 inch fiber-board on the remaining surfaces (see Fig. 2). The bottom of

the channel was divided into two sections: a one foot long section to house

the step and another section of bottom wall (4 feet in length) whose position

or height between the side walls was adjustable, thus allowing for different

step heights. Two sliding panels were inserted in the side walls immediately

behind the step to provide support for a cylindrical probe. These panels

allowed the probe to maneuver throughout the entire vertical cross-section

at two x-positions and rotate about an axis perpendicular to the two-dimen-

sional plane of flow. A 3/16 inch wide slot was cut one inch away from the

bottom wall centerline 'o accommodate probes at any x-wise position. A row

of static pressure taps was placed along the centerline of the channel on

both the top and bottom walls. The side walls were also provided with static

pressure taps. The exit of the channel was equipped with a screen to raise

the pressure in the channel, so that the pressure at the beginning of the
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curved expansion was close to the ambient pressure. Thus, there was no

danger of fluid injection at the step due to a pressure differential. An

extra length of channel (18 inches) was fabricated to be inserted before the

section containing the step to thicken the upstream boundary layer.

The channel was fabricated to accept either a right angle step or one

with curvature. The sharp step consisted of two Plexiglas sections which

were cemented together at right angles. Static pressure taps were inserted

at x = -1/, 1, -2, -4 1/4, -6 1/2, and -8 3/4 inches with two others on

the face of the step. The curved step was fabricated in three parts: 1) an

upstream surface, 2) a cylinder of two inch radius to serve as the curved

surface, and 3) a step face wall; all were made of Plexiglas. The two plane

sections were joined to the cylinder (see Fig. 1) by knife edges which were

cemented to the plane section. Care was taken that the joint between the

Plexiglas and the metal of the knife edge was smooth. Care was also taken

in fitting the knife edge against the cylinder to insure that it was straight

in the transverse direction. The cylinder could be rotated through 900 and

was mounted on two circular guides outside of the channel to allow it com-

plete freedam to move along its axis. The cylinder was also fitted with one

adjustable total pressure probe with a 2 inch travel (see Fig. 2b) and with

two banks of static pressure taps (one .ink on either side of the total pres-

sure probe). Each bank contained three taps; one was on the same transverse

axis as the total pressure probe and the other two were displaced 150 on

either side.

The pressure probes included a cylindrical three-hole probe, a spherical

static pressure probe and total pressure probes. One total pressure tube

was inserted near the upper surface of the duct 8 inches from the step face

to measure the free stream total pressure. Another total pressure probe with

a tube of 0.060 inches O.D. was used on the bottom wall 8 3/4 inches from

the face of the step to determine the initial boundary layer profile. A

third total pressure tube (0.040 inches 0.D.) was used to study the develop-

ing boundary layer profiles on the curved surface. The latter two probes

were made with an elliptical cross-sectional opening to achieve the best

possible response while allowing the probe to be manipulated closer to the

wall. The three-hole directional probe consisted of a 1/4 inch cylindrical

tube which was inserted through the sliding panels in both side walls. A

shrouded total head probe (Keil probe) was also used to measure total pres-

sures in the shear layer. Static pressures were measured with a Flow Corp-

oration spherical probe.



14.

The, static pressure taps consisted of a small tube of 0.072 outer diam-

eter, which was pressed into a hole bored into the wall material. A small

drill (0.016 inch diameter) was passed through the tube cutting through the

wall material, ensuring a smooth hole with no irregularities in the surround-

ing wall material to influence the pressure readings. All pressure measure-

ments were made with an inclined manometer board.

B. Experimental Procedure

1. Nature of flow

In order to determine the two-dimensional character of the flow the fol-

lowing procedure was initiated. Early in the investigation small tufts were

introduced into the upstream and downstream sections to determine whether

any large transverse flow existed. The tufts produced no observable evid-

ence of mean three-dimensional flow. An aspect ratio (channel height to

step height) of three was considered necessary to ensure that the flow around

the step was essentially unaffected by the position of the top wall. Hence,

with the physical limitations imposed by the size of the wind tunnel, a max-

imum step height of approximately five inches was possible.

At this maximum step height, measurements were made of the total pres-

sures at several transverse positions on the cylinder at zero degrees for

y = 2 inches and 0.05 inches. Readings were also taken of the static pres-

sures along the cylinder at zero degrees and also of the upstream total pres-

sure distribution in the y-direction. The results of the measurements indi-

cate that in the center of the span there is less than 3% variation in total

pressure in the transverse direction at the cylinder and no observable vari-

ation in the upstream pressure in the y-direction. The static pressure on

the cylinder also indicated a center section with small pressure variation.

Therefore, all subsequent readings were taken in the center four inch section

of the channel to achieve the best results.

2. Curved step

Measurements were made for three step heights with the same upstream

boundary layer thickness at two different inlet velocities (95 and 70 fps),

and one run was repeated for a thicker upstream 6. It was noticed that the

free stream velocity varied slightly due to the back pressure of the screens

on the exit plane, but the variation was not significant enough to warrant

question.

In each of the above runs the velocity profiles were determined for the

upstream boundary layer and the developing boundary layer over the curved

surface. Traverses were taken at a = 00, 50, 200, 250 and 30* until separ-
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ation was indicated. The approximate separation point was determined by rot-

ating the cylinder until the total pressure just balanced the static pressure

with the total head probe pressed against the cylinder surface. Readings of

the streamline direction and total head were taken at two positions down-

stream of the step with the three-hole cylindrical probe, but these became

inaccurate as the probe moved down into the shear layer. Total and static

pressure profiles were measured at several x-positions downstream of the step,

including the reattachment point. In the recirculation region, the direction

giving the maximum total head was assumed to be the flow direction. The sta-

tic pressure in the flow was determined with a Flow Corporation spherical

static pressure probe using the calibration equation,

(P ) + 0.508(P )
sph.st, t

1 + 0.508

The wall static pressure measurements were recorded for each step height,

these included the top and bottom wall taps and the taps on the cylinder

rotated to various angular positions.

3. Sharp step

Essentially the same procedure was followed for the sharp step except

that the boundary layer measurement on the step was omitted.

III. EXPERIMENTAL RESULTS

Complete experiments were carried out at two speeds (U = 90 and 70 fps.),

but since there was negligible difference between the two results only those

for the higher speed are included. For the main tests, the boundary layer

thickness was approximately 0.125 inches at a position 8 3/4 inches upstream

from the face of the step. With the additional constant area section in

place, the boundary layer at this point was approximately 0.400 inches thick.

As was mentioned previously, the separation point for the sharp step is

predetermined. Naturally, the logical objective of an experimental consider-

ation of the curved step should include an inference of the separation region.

The classic definition of stall was developed by Prandtl as a region of back

flow, and the separation point is defined as the point on the surface at

which (2-) = 0. In practical cases a consideration of the velocity pro-
ay y=0

files (see Figure 3) shows such a definition to be unwieldy. Physical limit-

ations, such as the diameter of the probe and the turbulent nature of the

flow disallow much accuracy in determining the velocity profile near the wall.

In Figure 3 it is evident that separation has occurred at approximately 280,

if only because the flow is attached at 250 and separated at 300. Separation

can also be defined as the point where C = 0, which can be determined by
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balancing the total pressure for a probe on the surface (Preston tube) with

the static pressure. By this method the separation point was found to occur

between.280 and 320 for step heights of 3 5/8 and 5 1/4 inches. However,

for a step height of 2 1/4 inches separation was found to occur betwen 240

and 280. Increasing the initial boundary layer thickness does not appreci-

ably affect the separation point.

Another method of indicating the separation point can be achieved

through a consideration of the shape factor, H. For turbulent flow, separ-

ation usually occurs at a value of the shape factor, H = 2.5. For a step

height of 5 1/4 inches (see Figure 4) the shape factor on the curved step

reaches the separation value in the vicinity of 270. This figure was inclu-

ded as typical of the shape factor trend in the other tests. Figure 4 (0

vs. arc length also indicates the growth of the boundary layer which is seen

to increase considerably near separation.

Figure 5 shows the pressure distribution for the curved step before and

on the step as well as on the downstream surface. The static pressure P has

been presented in the form of the pressure coefficient C = P - P /1/2 pU 2

where p is the air density and P and U are the static pressure and free
0 0

stream velocity determined at the top wall eight inches upstream of the step.

Positive values of x correspond to locations on the downstream surface and

values of x such that -2 < x < 0 lie on the curved surface of the step. This

figure presents results for step heights of h = 5 1/4", 3 1/4", 2 1/4".

In all cases before the step there exists a pressure drop which reaches

a minimum on the curved surface at a 100; since the points were very close

one curve was drawn through all of the data points in Figure 5. The pressure

distribution on the curved step is shown in more detail in Figures 6 and 7.

Throughout the separated region there is a slight negative pressure which

is followed by a rapid pressure rise indicating the reattachment of the sep-

arated flow. Figure 5 indicates that the pressure rise by reattachment and

the reattachment length increase as the step height is increased (see Figure

8). However, the base pressure and the pressure history over the step are

essentially the same for different step heights. Figure 5 also contains the

measurements for the case of a thicker boundary layer for a step height of

3 5/8 inches. No appreciable change is observed due to the thicker boundary

layer (except that the pressure variation is not as large) until the reattach-

ment is encountered. The thicker boundary layer is seen to reattach later

than its thinner counterpart. Tani's graphs indicate that the thicker bound-

ary layer attaches somewhat sooner for an abrupt expansion(10).
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Figure 9 shows the pressure distribution for the sharp step. The same

step heights were used. in taking these measurements. The nature of the
(10)

results agree very well with those taken by Tani . Upstream of the step

the pressure distribution experiences a negative pressure change to achieve

the base pressure on the step face. After the step there is a slight de-

crease in pressure followed by a region of high positive pressure gradient

which indicates reattachment. The results of measurements taken for a thicker

boundary layer reveal that the magnitude of the pressure variation is not

as great as for thin boundary layers and that reattachment length is greater.

In summation, it is seen that, except for the reattachment length, the pres-

sure distribution is rather insensitive to the changes in step height as

well as to changes in the boundary layer thickness.

Figure 10 shows the static pressure distribution in the y-direction as

determined by the spherical probe. The static pressure, P, is represented

in the form of the pressure coefficient C st P - P.w. /1/2 pU 2 where

P and P are at the same position in the x-direction. As can be seen

the static pressure is not constant in the y-direction; the maximum absolute

value of C st is about 0.1

Figures 11, 12, and 13 represent the velocity, u, after the curved ex-

pansion. The figures show the dimensic. ess velocity, u/U versus the dis-

tance from the wall at different values of x, downstream of the step. The

zero velocity of u is approximately on the straight line tangent to the cur-

ved surface at 250 < a <300. For the abrupt expansion (see Fig. 14) the zero

velocity is also on the straight line, y = Cx where C = 1.8 to 2.2. The

maximum back flow velocity, ub, in the stalled region is about 0.3 U for

both the abrupt expansion and the curved step. For the step height of 2 1/4

inches ub/U0 is only about 0.2. The maximum back velocity occurs at approx-

imately 3/4 of the reattachment length from the step face.

IV. DISCUSSION

The separation point was seen to occur at approximately a = 280 for all

step heights (thin or thick boundary layers) except for a step height of

2 1/4 inches. Figure T presents the distribution of the pressure coefficient

over the curved surface of the step. The zero mark corresponds to the zero

degree position on the step (x = -2 inches). The boundary layer for a step

height of 2 1/4 inches is seen to undergo a slightly more severe positive

pressure gradient than the boundary layer for any other step height; hence,

it separates earlier. Thus, although the step height seems to have little

importance in determining the separation point for large values of step
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height, it becomes important when small step heights are considered. Figure

7 also indicates that the points of minimum pressure (corresponding to points

of maximum velocity) occur downstream of the point where the area ratio

begins to increase and the values are much different from those on the top

wall. Hence, it appears that the upstream curvature of the streamlines anti-

cipating the curved expansion is important.

Figures 5 and 9 present the variation of the pressure coefficient for

the curved and sharp step. The primary difference between the two pressure

distributions occurs on the step surface. For an abrupt expansion, as cor-

roborated by Tani(10), there is a pressure drop on the step surface resulting

in the base pressure. However, for a curved step there is a severe initial

negative pressure gradient followed by an equally drastic positive gradient

after the effective throat to achieve the base pressure which is approxim-

ately the upstream pressure. From Figures 5 and 9 it is evident that the

reattachment length and the length of the free shear layer are smaller for

the curved expansion. This could be due to the intrinsic curvature of the

streamlines in rounding the curved expansion. Since a negative pressure grad-

ient exists in the shear layer region for the curved step, the streamline

cannot be regarded as straight (as in the abrupt expansion). This tends to

decrease the reattachment length. The pressure distribution along the top

wall is also presented in Figures 5 and 9, and it is nearly constant in the

upstream section for both configurations. At the reattachment point the cur-

ved geometry has experienced greater pressure rise on the top wall. This

may also be due to the effect of the curved streamlines.

(9)Abbott and Kline have presented an approximate expression for the re-

attachment length for an abrupt step. They state that separating the expan-
h h h

sions into three regimes by geometry (0 < < 0.2, 0.2 < h < 1.7, 1.7 < h
00 0

where W is the upstream channel height) the data follows essentially three

straight lines each with a different slope (0.167, 0.173, 0.255, respectively)

when plotting h/W versus m/W . But they advance the premise that h/W0 =

0.173 m/W is a good approximation in most problems. They also conclude that

the two-dimensional reattachment length, but not the other aspects of the flow

is independent of W . Figure 8 shows the variation of the present data with

the empirical relation of Kline and Abbott and the effect of curved expan-

sions and thick boundary layers. In both curved and abrupt expansions, thick-

ening the boundary layer varied the reattachment length measurably, and the

reattachment length for curved steps differs from the empirical relation of

Abbott and Kline. Hence, it is evident that any expression for the reattach-
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ment length must be a function of step height, curvature and boundary layer

thickness.

Comparison of the shear layer pressure profiles for abrupt and curved

expansions reveals that the thickness of the shear layer is greater by per-

haps a factor of 1/3 for the curved expansion. The profiles approach the

free stream total pressure at the same distance from the wall, but the curved

step shear layer profile extends deeper into the cavity region.

V. CONCLUSIONS

The experimental investigation of the flow over a curved backward-facing

step leads to the following conclusions:

1) For large step heights, the flow separates at approximately 28 degrees.

When the boundary layer thickness is much smaller than the step radius, sep-

aration can only result from a rapid increase in pressure. Since the base

pressure is not very different from the upstream value, the increase in pres-

sure must be preceded by a rapid decrease. The variations in pressure are

accompanied by curvature of the free streamline near the step.

2) Compared to the abrupt expansion, the curved step results in a

slightly higher base pressure and a somewhat shorter reattachment length.

The shear layer downstream of the step is approximately 1/3 thicker for the

curved step.

3) As determined with a spherical probe, the static pressure in the sep-

arated region is not constant for either step, but the variation is only about

10% of the free stream dynamic pressure.
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APPENDIX - Boundary Layer on Curved Step

As pointed out in the introductory remarks, the determination of the

pressure field is an essential part of any practical problem involving separ-

ated flow. Furthermore, near and downstream of the separation point, the

velocity must be determined simultaneously with the pressure . This inter-

action between the pressure and boundary layer is the essential difference

between the abrupt expansion and the curved step.

Although no attempt will be made to solve the entire problem here, it

is of interest to determine if the usual boundary layer approach would be

useful upstream of the separation point, using the experimental pressure

distribution. A number of approximate boundary layer methods were tried,

but since the results were all similar, only the well-known method of

Truckenbr6dt (see Ref. 14) will be discussed.

This method, as used here, consists of the momentum integral and kinetic

energy (or velocity moment) equations.

dO + (H + 2) O dU = f (A-1)
dx U dx 2

C
d.HdH = (H -- 2d (A-2)
dH dx U dx 2

where:

0 = f6 (1 - -u - dy
0 U U

6* = f 6 (1 -) dy (A-3)
0 U

6* = fS (1 - ) R dy
0 U2 U

H 6*

The dissipation integral has been determined empirically:

f 6 _T_ dy 0.0056 R 1/6 (A-4)
0 IOU2 y
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The skin friction is determined from the Ludweig-Tillman equation(16)

C =.0.246 R 26 8 10-.6 T8H (A-5)

and the two shape factors are related by the approximate relation (which

assumes a one-parameter family velocity profile)(lh)

H = l.269H 
(A-6)

H - 0.379

The results of the calculations based on the above equations are shown

in Figure 4 for a step height of 5 1/4 inches. The calculations were started

with initial values of e and H, 8 1/2 inches upstream of the step and contin-

ued to the separation point. As can be seen, the results are reasonably good

even though the ratio of boundary layer thickness to step radius was approx-

imately .25 to 1. This is somewhat surprising, since both the assumptions

of a one-parameter family and constant pressure across the boundary layer are

questionable under this condition. Thus it might be concluded that although

the pressure variation in the y-direction is important in the free stream,

it can be neglected in the boundary layer in most cases. This approximation

would have some noticeable effect near the separation point, but it is very

likely to be insignificant in determining the gross features of the flow.



TOP WALL

U

SCREENKNIFE EDGEPROBE

KNIF

CYLINDER - BOTTOM WALL

FIGURE 1. STEP CONSTRUCTION

EEDGE



FIGURE 2a. TEST SECTION

I
~- S

0

I



FIGURE 2b. CYLINDER WITH PROBE



.6

STEP HEIGHT

h = 5.25

.5
ANGULAR POSITION

o a =300

o 25

.4 A 15

o 5

n

(IN.)

.3

.2

.1

0
0 .2 .4 .6 .8 1.0

U

FIGURE 3. BOUNDARY LAYER ON CURVED SURFACE



.05

0

(IN.)

.03

.02

.01

STEP HEIGHT

h = 5.25 IN.

Experiment

2. -- Calculation (Appendix)

H

2.0

1.-5&---

1.0
0 5 10 15 20 25 30

ANGULAR POSITION, a (DEGREES)

FIGURE 4. BOUNDARY LAYER CURVED SURFACE



STEP HEIGHT TOP WALL

1.4 h = 2.25

0 = 3.6
1-C - 0 = 5.25 --

= 3.6
THICKER 6

1.2

1.0

0.8

0.6

0.4
-8 -4 0 4 8 12 16 20 24 28 32 36

DISTANCE FROM STEP, x (IN.)

FIGURE 5. PRESSURE DISTRIBUTION ON BOTTOM WALL FOR CURVED STEP



1.5 STEP HEIGHT

S 0 h = 2.25

A = 3.6
0 = 5.25

1.3

1-ccp

1.2

1.1-

1.0

0.9
0 1 2 3 4 5 6 7 8 9

SURFACE LENGTH, S (IN.)

FIGURE 6. WALL PRESSURE DISTRIBUTION ON CURVED STEP



1.5

STEP HEIGHT

1.4 -o h = 2.25

A = 3.6
o = 5.25

1.3

p

1.2

1.1

1.0

0.9
0 10 20 30 4o 50 60 70 80

ANGULAR POSITION, a DEGREES

FIGURE 7. PRESSURE DISTRIBUTION ON CURVED SURFACE

. . A*.--Aksw -- - , ., - 1- -11-----------l - -- - -- -- I



r

I I

0.8
II

1.0
IIIII I I I I

1.2 1.6
tm/W

FIGURE 8. REATTACHMENT LENGTH

I I

.35

0.3

h
w

0.25

0.2

0.15

0.1

CURVED STEP

0 13 SHARP STEP

0 CURVED STEP
THICKER 6

0 SHARP STEP
THICKER 6

h
0.173 m

O 0

I I

o.4

I I

o.6 1.8
I |



.40 -
STEP HEIGHT

o h 2.25

A 3.6
.30 ~ 0 5.25 -- TOP WALL

3.6 THICKER 6

.20 -

C
p

.10

-. 1 ...

-4 0 4 8 12 16 20 24 28 32

DISTANCE FROM STEP, x (IN.)

FIGURE 9. PRESSURE DISTRIBUTION ON BOTTOM WALL FOR SHARP STEP



+0.1-0.1
= Pst Pst.w

pst pU 2  -0.1
7 o

20

DISTANCE FROM STEP, x (IN.)

FIGURE 10. STATIC PRESSURE DISTRIBUTION DOWNSTREAM OF CURVED STEP

10

9

8

0

c.

c
y

7

+(.1

(IN.)

6

5

'4

3

2

1

0
0 3.1 8.7 14.7 29

C

C



STEP HEIGHT = 2.25 u
U

0

0 .5 1.00 .5 1.0

3

2

1

0
0 1.3 4.1 8.4

DISTANCE FROM STEP, x (IN.)

FIGURE 11. VELOCITY DISTRIBUTION OF CURVED STEP

8

7

6

y
(IN.) 5

12.1
I

---- 4mmlk I )



STEP HEIGHT = 3.6

11

10

9

8

7

y6

(IN.)
5

0 1.3

0 .5 1.00

5.3 8.4 12.1

DISTANCE FROM STEP, x (IN.)

16.1

FIGURE 12. VELOCITY DISTRIBUTION DOWNSTREAM OF CURVED STEP

U
UF

0

0 .5 1.

3

2

1

0 20.1

-

I 

I

. I -,- - -Aal

I 

I

I



STEP HEIGHT = 5.25

0 .5 1.0

8.7 14.7 20 24

U
U

0
11

10

9

8

7

29

DISTANCE FROM STEP, x (IN.)

FIGURE 13. VELOCITY DISTRIBUTION OF CURVED STEP

y
(IN.)

6

0 3.1
I

0 .5 1.0



STEP HEIGHT = 5.25

9

8

16 20

DISTANCE FROM STEP, x (IN.)

FIGURE 14. VELOCITY DISTRIBUTION OF SHARP STEP

0 .5 1.0

)7

6
y

(IN.)5

$

U

U
0

I
3

2

iF-

0
320 '4 8 12 28

I I I
0 .5 1.0



Dl.

INITIAL DISTRIBUTION LIST

pies Organization

50 Commanding Officer and Director
David Taylor Model Basin
Washington 7, D.C.
Attn: Code 513

7 Naval Ship Systems Command
Department of the Navy
Washington 25, D.C.
Attn: Technical Library

Codes: 2021-(3) 6420
03412 6421
0343

1 Office of Naval Research
Branch Office, Forrestal Research Center
Princeton, N.J.
Attn: Mr. J. Levy

Office of Naval Research
Department of the Navy
Washington 25, D.C.

1 Attn: Head, Fluid Dynamics Branch, Code 438
1 Attn: Head, Power Branch, Code 429

Massachusetts Institute of Technology
Cambridge, Mass. 02139

1 Attn: Prof. A. Shapiro
1 Prof. E.S. Taylor
1 Prof. P.G. Hill

The Johns Hopkins University
Baltimore, Maryland

1 Attn: Prof. F. Clauser
1 Prof. L.S.G. Kovasznay

Princeton University
Princeton, N.J.

1 Attn: Prof. S.M. Bogdonoff
1 Prof. W.D. Hayes
1 Prof. S.I. Cheng
1 Prof. L. Crocco
1 Prof. H. Lam
1 Prof. L. Brush
1 Prof. W.O. Criminale
1 Prof. D.C. Hazen
1 Engineering Library
1 Forrestal Library

Stanford University
Department of Mechanical Engineering
Stanford, California

1 Attn: Prof. S.J. Kline
1 Prof. J.P. Johnston



D2.

Copies Organization

University of California
Berkeley, California

1 Attn: Prof. G.M. Cocos

Harvard University
Cambridge 38, Massachusetts

1 Attn: Prof. R.E. Kronauer
1 Prof. H. Emmons

Dartmouth College
Hanover, New Hampshire

1 Attn: Prof. R.C. Dean, Jr.

1 Dr. H. Eichenberger
Ingersoll-Rand Co.
Research and Development
Bedminster, N.J.

Westinghouse Electric Corp.
Lester, Penna.

1 Attn: Mr. R.E. McNair
1 Mr. G. Howard

1 Dr. Howard Baum
Department R510
AVCO Research and Advanced Development
Wilmington, Mass.

1 Dr. D.C. Prince
General Electric Co.
Evendale, Ohio

1 Dr. D.M. Gibson
General Dynamics
Fort Worth, Texas

1 Dr. F.C.W. Olson
U.S. Naval Mine Defense Laboratory
Panama City, Florida

Iowa Institute of Hydraulic Research
University of Iowa
Iowa City, Iowa

2 Attn: Dr. Hunter Rouse
Dr. J.F. Kennedy

1 NASA
1512 H. Street, N.W.
Washington 25, D.C.

University of Chicago
Chicago, Illinois

1 Attn: Prof. J. Hartnett



D3

Copies Organization

1 Dr. J.A. Schetz
General Applied Science Lab., Inc.
Westbury, L.I., New York

University of Minnesota
St. Anthony Falls Hydraulic Laboratory
Minneapolis 14, Minn.

1 Attn: Director

Aeronautical Research Associates at Princeton
Princeton N.J.

1 Attn: Dr. C. DuP. Donaldson, President

Dr. L. Landweber
Iowa Institute of Hydraulic Research
University of Iowa
Iowa City, Iowa

1 Mr. Neal Tetervin
Naval Ordnance Laboratory
White Oak
Silver Spring, Maryland

1 Dr. F.R. Hama
Jet Propulsion Laboratory
Pasadena, California

1 Dr. G.B. Schubauer
National Hydraulic Laboratory
Bureau of Standards
Washington, D.C.

1 Dr. D. Coles
California Institute of Technology
Pasadena, California

1 Dr. J.M. Robertson
University of Illinois
Urbana, Illinois

1 Mr. E.M. Uram
Davidson Laboratory
Stevens Institute of Technology
Hoboken, N.J.

1 Mr. W.B. Giles
Ordnance Department
General Electric Co.
Pittsfield, Mass.

1 Dr. J.J. Cornish, III
Lockheed-Marietta
Marietta, Georgia



D4.

Copies Organization

1 Head,
Department of Aerophysics
Mississippi State University
State College, Miss.

1 Dr. Paul Kaplan
Oceanics, Inc.
Technical Industrial Park
Plainview, L.I., New York

2 Illinois Institute of Technology
Technology Center
Chicago, Ill. 60616
Attn: Prof. Irving Michelson

Dr. T. Paul Tarda

1 Prof. D.A. Nesmith
Engineering Experiment Station
Kansas State University
Manhattan, Kansas 66504

1 Editor, Engineering Index
Engineering Societies Library
29 West 39th. Street
New York 18, N.Y.

1 Editor, Applied Mechanics Reviews
Southwest Research Institute
8500 Culebra Road
San Antonio 6, Texas

Office of Naval Research, Boston Branch
495 Summer Street
Boston, Mass. 02110

1 Attn: Commanding Officer
1 Dr. F.B. Gardner
1 Mr, T.B. Dowd

1 Resident Representative
Office of Naval Research, New York Area
207 West 24th. Street
New York 11, N.Y.

1 Commanding Officer
Office of Naval Research, Chicago Branch
219 S. Dearborn Street
Chicago, Ill. 60604

1 Commanding Officer
Office of Naval Research, San Francisco Branch
1076 Mission Street
San Francisco, Calif. 94103



D5.

Copies Organization

1 Commanding Officer
Office of Naval Research, Pasadena Branch
1030 East Green Street
Pasadena, Calif. 91101

1 Prof. G.L. Mellor
Department of Mechanical Engineering
Princeton University
Princeton, N.J.

1 Mr. M.P. Tulin
HYDRONAUTICS, Inc.
Pindell School Road, Laurel
Howard County, Maryland

1 Dr. D.L. Turcotte
Graduate School of Aeronautical Engineering
Cornell University
Ithaca, New York

1 Mr. A.M.O. Smith
Douglas Aircraft Company, Inc.
Aircraft Division
Long Beach, Calif.

1 Prof. G.H. Toebes
School of Engineering
Purdue University
Lafayette, Indiana

General Electric Company
570 Lexington Avenue
New York 22, N.Y.

1 Attn: Mr. F.P. McCune, Vice Pres. Engineering
Mr. C.H. Linder, Gen. Mgr. Turbine Div.

Large Steam Turbine Div.
General Electric Co.
Schenectady 5, N.Y.

1 Attn: Mr. Carl Shabtach, Mgr. Engineering
1 Mr. J.E. Fowler
1 Mr. K.C. Cotton
1 Mr. J. Herzog
1 Mr. R.E. Brandon

Gas Turbine Division
General Electric Co.
Schenectady 5, N.Y.

1 Attn: Mr. C. George, Mgr. Engineering
1 Mr. R.L. Hendrickson
1 Mr. B.D. Buckland
1 Mr. G.W. Schaper



D6.

Copies Organization

Large Steam Turbine-Generator Dept.
General Electric Co.
Schenectady 5, N.Y.

1 Attn: Mr. J.E. Downes, Mgr. Engineering
Mr. C.W. Elston, Gen. Manager

Flight Propulsion Division
General Electric Co.
Cincinnati 15, Ohio

1 Attn: Technical Information Center, Bldg. 100
1 Mr. D. Cochran, Gen. Manager
1 Mr. J.W. McBride, Devel. Plan. Group, Bldg. 300
1 Mr. R.G. Griffin
1 Dr. S.N. Suciu, Mgr. Appl. Res. Oper., Bldg. 300

Small Aircraft Engine Division
General Electric Co.
1000 Western Avenue
Lynn, Mass.

1 Attn: Mr. Edward Woll, Mgr.

Aircraft Gas Turbine Division
General Electric Co.
Cincinnati 15, Ohio

1 Attn: Dr. LeR. Smith, Jr.
1 Mr. E. Perugi

Large Jet Engine Dept.
General Electric Co.
Evendale, Ohio

1 Attn: Mr. D.C. Berkey
Mr. W.R. Cornell
Mr. L. Wright

1 Mr. J.E. Knott, Director of Engineering
Aircraft Engine Operations
Allison Division - General Motors Corp.
Indianapolis 6, Ind.

1 Mr. E.B. Newill, General Manager
Allison Division - General Motors Corp.
Indianapolis 6, Ind.

Turbine Engine Dept.
Allison Division - General Motors Co.
Indianapolis 6, Ind.

1 Attn: Mr. J.N. Barney
1 Mr. B.A. Hopkins
1 Mr. C.R. Lowes

Engineering Development Dept.
General Motors Research Laboratories
12 Mile and Mound Roads
Warren, Michigan

1 Attn: Dr. Gino Sovran
1 Mr. C.A. Amann



DT.

Copies Organization

1 Librarian
General Motors Technical Center
Warren, Michigan

National Science Foundation
Washington 25, D.C.

1 Attn: Head, Engineering Section

1 Naval Liason Office
Massachusetts Institute of Technology
Building 20E, Room 232
Cambridge 39, Mass.

1 Library of Congress
Exchange and Gift Division
Washington 25, D.C.

1 Department of Aeronautical Engineering
Pennsylvania State University
233 Hammond Building
University Park, Pennsylvania 16802
Attn: Mr. Raphael D. Cahn

1 Professor J. Miller
U.S. Naval Postgraduate School
Monterey, California 93940

1 Dr. Bruce Johnson
Engineering Department
U.S. Naval Academy
Annapolis , Maryland

1 Dr. A. Fabula
Naval Ordnance Test Station
Pasadena, California

1 Mr. D.M. Nelson
Underwater Ordnance Department
Naval Ordnance Test Station
Pasadena, California



Unclassified
Security Classification

DOCUMENT CONTROL DATA- R&D
(Security classilication of title, body of abstract and indexing annotation must be entered when the overall report ia claeailied)

I . ORIGINA TIN G ACTIVITY (Cor rate author) 28. REPORT SECURI TY C LASSIFICA TION
Massachusetts Institute of Technology
Gas Turbine Laboratory 2b. GROUP
Cambridge,. Mass. 02139

3. REPORT TITLE
,Separation of Turbulent, Incompressible Plow from a Curved, Backward-

Facing Step"

4. DESCRIPTIVE NOTES (Type of report and inclusive date@)

Technical Report - April 1966 to July 1966
5. AUTHOR(S) (Last name, firet name, initial)

Nice, George R., Tseng, Wu-Yang and Moses, Hal L.

6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS

October 1966 40 16
Sa. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S)

Nonr 1841(91)
b. PROJECT NO. Gas Turbine Laboratory Report #87

DTMB - Bureau of Ships General
C. Hydromechanics Research Program 9 b. O TH E R R E P O R T N O(S) (A ny other numbere that may be assigned

S-R009-01 01 this report)

d.

10. AV A IL ABILITY/LIMITATION NOTICES

"Copies of this report may be obtained from the Clearing House for
Federal Scientific and Technical Information, Sills Building,
Springfield, Virginia 22151

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

None Bureau of Ships - David Taylor
Model Basin

13. ABSTRACT

An experimental investigation of turbulent, incompressible flow separ-

ation over curved and sharp backward-facing steps is presented with

results for various step heights. Mean velocities in the separating

boundary layer as well as the downstream shear layer were recorded.

The static pressure in the separated region was determined with a spher-

ical probe.

With the curved step, the boundary layer separated at approximately

28 degrees: the reattachment lengths were somewhat less and the base

pressure slightly higher than those with the sharp step.

L JAN 641473
-Un gii~

Security Classification



Unclassified
Security Classification

14. LINK A LINK B LINK C
KEY WORDS ROLE WT ROLE WT ROLE WT

Separated Flow

Turbulent Boundary Layers

INSTRUCTIONS
1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECUIUTY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate wHether
"Restricted Data" is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200. 10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4'as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a mraningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

5. A UTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank and branch of service. The name of
the principal anthor is an absolute minimum requirement.

6. REPORT DATE. Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e., enter the
number of pages containing information.

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, 8c, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other than those

imposed by security classification, using
such as:

(1) "Qualified requesters may
report from DDC."

standard statements

obtain copies of this

(2) "Foreign announcement and dissemination of this
report by DDC is not authorized."

(3) "U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

-"

(4) "U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

(5) "All distribution of this report is controlled. Qual-
ified DDC users shall request through

If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11. SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-
port. If additional space is required, a continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (S), (C), or (U).

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index- entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rules, and weights is optional.

DD I JAN 64 1473(BACK) Unclassified
Security Classification

- ow, - -__ ___ - __ - - . -




