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ABSTRACT

The incompressible flow over a normal step in a channel was
investigated by making measurements of the static wall pressures
upstreand of the step, on the step face, and downstream of the step.
Several parameters were varied in order to determine their influence
on the pressure field. These parameters included the free stream
velocity, step height, channel height, and the boundary layer thick-
ness. Tests were made using water as the working medium.

The results indicate that the pressure field in the vicinity of
the step base is highly dependent on the ratio of step height to bound-~
ary layer thickne’ss, and that the far field is influenced strictly by
the ratio of channel height to step height. This distinction becomes
more clear when the step is at least two times the boundary layer

thickness.
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1. INTRODUCTION

The steady incompressible flow over a forward-facing normal
step in a channel may be divided into two regions. These regions are
the near field close to the step base and the far field, both upstream
and downstream of the step. There are several parameters which
may be used to describe and characterize the flow. These include
the free stream velocity, step height, channel height, boundary layer
thickness, and fluid properties. These dimensional variables may
be collected into three non-dimensional parameters which may be
used to characterize the preésure field:

1. the rétio of step height to boundary layer thickness (h/);

2. the ratio of channel height to step height, referred to as
the blockage (H/h) ; and

3. the Reynolds number (UOG/\)) .

One of the purposes for doing this experiment is to determine
the effects on the entire pressure field through the variation of the
above dimensionless parameters, and, if possible, to characterize
the pressure field in each flow region upstream and downstream of
the step by one or more of the above dimensionless parameters.

Since the literature did not contain much previous work on
this subject, it was felt that further ihvestigations were warranted.
Two sources of recent experiments were carefqlly studied in order
to determine which, if any, of the 'aboye-mentioned dimensionless
parameters might be the most significant.

Bradshawl conducted his tests in a 15 X 10 inch wind tunnel

- with the step mounted to give a channel height of 10 inches. He did not
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give the downstream length of the step. His step heights varied from
1.0 to 2. 25 inches with a boundary layer thickness of about 1.3 inches.
He concluded that the pressure distribution in front of the step scaled
with the boundary layer thickness. There was no consideration of the
interference effects on the pressure field; i.e., blockage (H/h) was
not considered as a significant parameter.

Taulbee'sz"conclusions were essentially the same. He con-
ducted the tests using an open jet with the step mounted 14 inches aft
of the leading edge of a 20-inch flat plate. The top of the step ex-
tended 6 inches downstream.  His step heights varied from 0.5 inc‘hes
to 2. 0 inches and ’the boundary layer thickness varied from 0. 4 to
0.9 inches. He also concluded that the pressure field could be char-
acterized by the ratio of step height to boundary layer thickness. Al-
though his tests were conducted under different external boundary
conditions, interﬁerence effects Would still be present; however, »he
did not discuss the influence of the parameter (H/h) and again con-
cluded that boundé.ry layer thickness was the important scale parame-~
ter,

After examination of the results of Bradshaw and Taulbee, it
seemed apparent that a very significant flow parameter for incom-
pressible flow was being overlooked. It seemed quite logical to as=~
‘sume that the flow ﬁeid in the vicinity of the step, say 1 or 2 step
heights, might be more s'ignifica.ntly influenced by the ratio of step
height to boundary layer thickness. However, one might also expect
that the far upstream pressure field would be fixed by the external

~ geometry. Very simple calculations for the potential flow solution of
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flow over a step in a channel show that the presence of the step is
felt far upstream and that the solution is dependent on the ratio of the
channel height to step height.

For these reasons, it was deemed necessary to further in-
vestigate the incompressible flow over a normal step in a channel in
order to determine what inﬂuences the ratio of step height to boundary
layer thickness, the ratio of channel height to step height, and the
Reynolds number had on the pressure field both upstream and down-

stream of the step.
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II. APPARATUS

A. General Description

The test models consisted of forward-facing normal steps

" mounted on a smooth flat plate.. The flat plate was constructed of %—
inch thick aluminum plate, 20 inches wide and 105 inches long. The
step face was constructed of l-inch thick aluminum, spanning the flat
plate, with step heights varying from l/4 inch to 4 inches. The top of
the step was copstructed of 1/2-inch lucite, 20 inches wide and 37
inches long. Centerline staﬁc—pressure taps were located on the flat
plate, step fa.c‘e,! and top of step, as shown in Tables I and II and Fig-
ure 1. There were also spanwise pressure taps located 5 inches
either side of centerline, 3/4, 12, and 25 inches in front of the step
face, and 1 3/4 and 12 1/4 inches aft of the step face. Probing ports
for obtaining velocity profiles were located 1 inch off centerline along
the length of the flat plate. No plrobing ports were placed on top of the
step. There were no pressure taps on the step face and step top for .
the 1/4-inch and 1/2-inch step heights.

The test model was inserted in the free-surface water-tunnel
facility of the Hydrodynamics Laboratory. The free-surface water
tunngl is a closed-circuit tunnel capabie of speed 0 to 30 ft/sec with a
20-inch wide by 30-inch high by 96—inch long test section. The entrance
to the test section (which is also the upstream edge of the flat plate) is
fitted with a skimmer which removes the free-surface boundary layer
produced in the tunnel contractién section so thét the boundary ldyer

on the plate starts at the leading edge of the plate. The model was

placed inverted on the free surface rather than on the floor of the tunnel
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DISTANCE OF STEP FROM LEADING EDGE = 68 IN.

Number Spacing Schematic
of Taps (inches) Location
16 1/4 A  0<x<4 inch
4 1/2 B 4<x<6
1 1 C 6<x<7
o
& 2 11/2 D 7<x<10
'8
- 9 2 E 10sx<28
o
é 7 4 F  28<x<56
g 1 6 G 56<x<62
9 1/2 AA 02x=-4
Q.
8 7 1 BB -4=x=-11
n
3 6 2 CC -112x=2-23
8
B 3 4 DD -23=2x2-35
o oY 2 1/4
g9
Tk 1 1/2
<
S a8 pA 1/4
g 8 8
(\l] n 3 1/2
S o 2 1/4
S0 g
T 7 1/2
<
sk '
See Figure 1.
TABLE I. PRESSURE TAP DISTRIBUTION




DISTANCE OF STEP FROM LEADING

EDGE = 38 1/4 INCHES

Number Spacing
of Taps Inches
8 1/4
&' 1 1/2
+d
n
=
° 8 1
+3
q
R
& 4 2
&
2 4
3 2
TABLE II. PRESSURE TAP DISTRIBUTION
h L H/h | h/& U _ (ft/sec) Re=U L/v
. . (o] (o]
inches| inches
1/4 |68 80 .25 | 5,10,15 3 x 10°
1/2 68 40 . 50 5,10, 15
1 68 20 1.0 | 5,10, 15 to
1 68 10% | 1.0 | 5,10,15 7.8 % 10°
1 38 1/4]10% 1.33 | 5,10, 15
f
2 68 10 2.0 | 5,10, 15 or all
2 68 5% 2.0 5, 10 tests.
4 68 5 4.0 5,10, 15

“H reduced by use of image step on tunnel floor.

TABLE III. TEST CONFIGURATIONS
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in an attempt to eliminate the free surface effects and also for ease in
obtaining measurement of pressures. With the test model installed,
the cross section of the tunnel upstream of the step was 20 by 20 inch-
es, and, with the step at the rearmost pbsition, the model had a 68-
inch flat plate upstream of the step,and a 37-inch flat section formed
the step.

The flat plate model was positioned so as to obtain as nearly a
zero streamwise pressure gradient as possible with the step removed.
With the model fitted, the test section was vented to atmosphere at the
downstream end of the flat plate. Figure 1 shows a schematic of the
model in the water-tunnel test section and the location and detail of

the pressure taps. \

B. Measurements

All static wall pressures were measured by water manometers
located adjacent to the test section and referénced to atmosphere. A
tunnel static reference pressure was obtained from a static pressure
tap on the tunnel wall in the undisturbed flow at the entry to the test
section. Flat‘-plate total pressure profiles were measured with a flat
Pitot tube, the output of which was fedthrough a Wianko water-to-air
differential preséure transducer to a Non-Linear Systems digital volt-
mefgef. The static wall pressure at each probing station was also fed
to the voltmeter.

With the test model in the test section, the tunnel operated in
such a manner that the pressure level changed slightly in a periodic
manner. However, the period was long enough (seconds) that the

manometers had sufficient time to follow accurately the level changes.
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This condition existed for all configurations, including the flat plate
model, and had no observable influence on measured pressure coeffi~
cients.

The majority of the data was obtained with the step positioned
68 inches from the leading edge of the flat plate. This distance was
initially selected to avoid any upstream disturbances to the approach-
ing boundary layer and also to ensure that the boundary layer was
well-developed and of sufficient thickness. Similarly, the top of the
step extended to the downstream baffles at the test section exit in an
attempt to reduce the upstream effects of the rearward facing step
formed by the termination of the model. Data were also obtained with
the step moved forward to a position 38 inches aft of the leading edge. |

In order to demonstrate the effects of tunnel wall interference
effects, in some of of the tests a;’l "image' step was attached to the
bottom wall of the test section at a point exactly opposite the step on
the model. This effectively decreased the tunnel test-section depth by
a factor of one-half and increased interference effects by a factor of
two (i.e., H/h decreased by a factor of 2). By use of the image step
it was possible to hold the step height (h) constant and to vary the
blockage (H/h), or to hold the blockage constant and vary the step
height and step height -to - boundary layer thickness ratio (h/8) .
Table III contains the matrix of test configurations in which L repre-
sents the flat plate length from the leading edge to the step face and
U0 is the free stream velocity.

The flat plate velocity profiles are shown in Figures 2a, 2b,

and 2c. From these profiles, the boundary layer thickness was de-
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termined to be 3/4 inch at the forward step location (L = 38 inches) and
1 inch at the aft location of the step (L. = 68 inches). The Reynolds
number, based on the flat plate length (L), varied between 3 X 106 to
7.8X 106. Because of the nature of the velocity profiles, the range of
the Reynolds numbers, and visual obseryations, the boundary layer
was judged to be a fully-developed turbulent layer.

The boundary layer on the tunnel test-section side walls was
also of the order of 1 inch. Provisions were made for installing a
vertical fence extending upstream and downstream from the step face
inboard of each siderwall in order to reduce the degree of spanwise
flow. However, these were not used after visual inspection of the
flow indicated very litth spanwlise' flow. Results presented in Section
IV also indicate relatively good two-dimensionality, especially for the
2~ and 4-inch step height configurations.

Litﬂe emphasis was placed on an accurate determination of the
separation points in front of the step or on the reattachment point aft
of the step. However, some flow visualization was attempted using
air and dye, and photographs were taken of air injection cases. The

results of é.na.lyzing these photdgraphs and of visual observations are

presented and discussed in Section IV,
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III. THEORETICAL MODEL

A. Considerations

Attempts were made to construct a mathematical flow field
which would represent the actual flow as closely as possible. Three
different mathematical models were considered as possible represen=-
tations for the real flow field wh’ose principal features are shown
schematica.lly in Figure.-3. The approach stream separates at point A
and reattaches at B. Based on visual observations of tracer motions,
both separation and reattachment positions are very unsteady. The
flow separates agaiﬁ at C and reattaches at D. This reattachment is
also very unsteady,and large vortices are periodically shed from this
-region. Note that some of the notation used in the following discussion
is shown in this figure.

The first model was the flow over a forWard-facing normal
step in a channel. To modify this, a cavitat%ng flat plate in a channel
was considered. To further modify the model, a front stagnation re-
gion was added to the cavitating flat plate. Figure 4 illustrates the
three modgls considered (A, B, and C, respectively) and compares
the pressure fields produced upstream of the step and on the flat plate
- for a blockage of H/h = 5 the experimental results from the 4-inch
~ step height configura.tién are alsoshownhere. The third model, Model
C, discuésed extensiv_ely below, was more nearly representative of
of the far field region, especially for the step heights of 2 and 4 inches
(see Section IV). The figure shows the importance of the downstream
flow geometry in determining a."good matherhatical model for the actual

flow. This is also illustrated more clearly in Section IV.
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B. Mathematical Model

t

The two-dimensional model chosen for mathematical analysis

is the channel flow shown in Figure 4, and in more detail in Figure 5.
Initially, uniform flow v;rith a velocity u_ passes over a flat plate held
normal to the channel walls in the cénter of the channel. Upstream of
the plate at point A the cénterline streamline has a cusped bifurcation
point which is follcswed bf a constant pressure and constant velocity
segment bet\;veen A and B. The regionl is a constant pressure “cav-
- ity"'s and the bounding streamline (AD) is parallel to the plate at both
B and C. The pressure in the downstream cavity, region II, is con-
stant, and the constant pressure streamline bounding this region, CD,
becomes parallel to the undisturbed flow direction far downstream of
the plate at D. Finally, the velocity is again uniform at D.

In this model, points A and C correspond to separation points
and B to a reattac;hment point. The regions I and II correspond to the
separated regions up- and downstream of the step. The half heights
for the flat plate, the tunnel, and the dividing streamline at D are h,
H, and h', and these correspond to the real step height, tunnel
height, and effective step height, respectively.

The velocity and pressure fields for the flow described here
are fixed when u_, P, h/H, and one other suitable parameter are
- fixed. Fofthe present situation, the pressure in region I was chosen
as this additional parameter. |

The solution to the problem posed above was obtained by mak-
ing the standard hodograph transformation and by looking for a solu-

tion for the complex potential in the hodograph plane which satisfied
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the conditions specified above. A solution was found by the usual
technique of superposition of sources and sinks, and was transformed
to the real plane by an integral technique. . This integration gives the
velocity field in the real plane in terms of hon—tabulated elliptic func-
tions which could be expressed as rapidly converging infinite series
of theta functions. |

Numerical values of pressures, pressure coefficients, and the
location of the streamline ABCD were obtained from a computer pro-
gram. Although the author was involved in the development of this
analysis and carried out the calculations, the model was constructed
by Dr. Toshi Kubota and Mr. Robert Gran of the California Institute
of Technoloéy, and the computer programming was done by Mr. Gran.

Numerical examples of pressure fields predicted from this
model are given later in discussions of the data. However, one gen-
leral result of the calculations is that the point B lies, within numeri-
cal accuracy, at the top of the flat plate or step. That is, the points
B and C coincide, and the radii‘ of curvature of the curves AB and CD
at B and C are much less than h.

One of the two inputs to the program was ii¢ pressure coeffi-
cient in the stagnation region forward of the step, znd this was taken
from experimental data. Since any discrepancy in this input might
significantly influence the results of the model, the curves shown on
Figure 6 are presented to illustrate the weak dependence of the pres-
sure field upstream on the pressure or pressure coefiicient in the up-
stream separated region, region I. The extremes of the i)ressure co-

- efficient obtained from the actual tests are shown, in addition to the
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effects when the pressure coefficient becomes unity; i.e., the stagna-
tion region in front of the step vanishes. The point at which the max-
imum pressure coefficient is first reached may be considered as the
separation point for the model. This location is also weakly dependent
on the pressure coefficient in region I

As indicated by comparison of Figures 3 and 5, the mathemati-
cal model selected does not represent the real flow field. The down-
stream conditions appear to be the primary source of error. The
real flow field has a cavity which is initially similar to the model, but
in the experimental case there exists a definite reattachment of the
flow downstream of the step, which is followed by a complex and highly.
turbulent mixing region extending far downstream.

Lighth"1114 has suggested a fourth model which is applicable to
flows for which H/h is infinite. In this model, the points B and C of
Figure 3 coincide; the streamline is not parallel to the plate at B or
C, and the speed along CD is taken to be the undisturbed flow speed.
Because in the real flow the reattachment point B lies about h/2 above
the centerline, and because interference effects (H/h < o) are im-
portant, the present model appears to be more realistic. In addition,
Lighthill's model predicts that the pressure disturbance propagates

much farther upstream than was observed experimentally.
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IV. RESULTS

A. Data Reduction

Photographic coverage of the large (83-tube) manometer bank
“was used to obtain the basic pressure data. This coverage was nec-
essary because of a slow variation in tunnel total pressure, AP =~ 1/4
incl*; water with a 2-to ‘4—second period, which had no effect on the re-
duced pressuresvbut which made visual monitoring of the tubes un-
feasi‘ﬁle. This photographic coverage actually facilitated the data re-
duction because these photographs were interpreted by means of a
film reader which was fitted with a potentiometer, which fed a signal
to a voltmeter whiéh was linearly proportional to the height of the
fluid in each manometer tube. The output of the voltmeter was fed to
| an IBM punch machine which recorded the data. A very simple com-
puter program was written to calculate the wall pressure coefficients
Cp = [(P-PO)/(%pOUOZ)] , and these results were also plotted
with the use of the computer. Because of the scale used by the com-
puterized plotter, the data are presented in terms of x/10 and x/10h
rather than as x or x/h.

Although great care was taken to position the model, without
the step, in the water tunnel to obtain a nearly zero streamline pres-~
sure gradient, data for the no-step configuration indicated that there
did exist a slight pressure gradient for each of the three tunnel speeds.
The flat-plate pressure gradient was essentially zero up to about 36
inches forward of the step, at which point there was a uniform rise to
a level of Cp = 0. 022 at about 28 inches for\_:vard of the step. The

pressure thereafter maintained this level with scatter of less than
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+ 0.004 qé. It was not obvious why this jump occurred on the flat plate,
but it appeared at all tunnel speeds, was not caused by‘ flat plate cur-
vature, and could not be removed by changes in plate alighment. Be-
cause of restrictions on testing time, tests were continued without
further attempts to correct this situation. It should be pointed out,
however, that with the exception of the 4-inch step configurations, the
upstream inﬂuenée had diminished to less than a few percent of g
pr‘iOI; to the small jurﬁp in the flat-plate pressure level.

Because of the inherent operating characteristics of the free-
surface water tunnel, it was not possible to control the water level at
any constant position for each set of runs. Consequently, for each
configuration -- that is, for each step height at the three tunnel
speeds -- the static reference pressure shifted according to the water
level maintained in the test section. Therefore, in order to place
each set of data in a common reference plane, the far-upstream pres-
sure coefficient level was designated as the zero level, and this level
was used as the zero pressure in computing values of pressure coef-
ficient. This selection of a final reference{ pressure was felt to be
valid as the upstream influence of the step configurations did not ex-
tend to the forward 32 inches of the plate. In summary, each final
set of calculations contains a correction due to the variation of the
flat-plate (i.e., no-step) pressure coefficient level, which was always
less than 0.022q, and a correction due to the general pressure level
in the tunnel far upstream of the step. With these corrections ap-
plied, all figures represent only the effects on the pressure field due

" to the step disturbance.
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B. Data Presentation

The incompressible, steady, and essentially two-dimensional
flow over a forward-facing normal step may be characterized by sev-
eral parameters including the free stream velocity (Uo), step height
(h), external geometry (H), boundary layer thickness (68), and fluid
properties (v). Dimensionless parameters derived from these vari-
ables are Reynolds number UOL/\) , H/h, and h/& ; these were the
three par‘ameters varied in the present test. Their ranges are shown
in Table III, page 7.

The data are presented and discussed separately for three re-
gions of the flow field: (1) upstream of the step; (2) step face; and (3)
on the step top. Although data exist for each of the three speeds tested,
only the 15 ft/sec results are presented. The reason for this will be
discussed below. However, for some configurations for which suffi-
cient data were not available at 15 ft/sec, the 10 ft/sec results have
been presented.

1. Forward of the Step. Figures 7 through 16 present the var-

iations of pressure coefficient with upstream location where x repre-
sents the distance measured from the base of the étep face. (Again
note that x/10 rather than x is used in these figures.) The data are
shown for increasing step heights, and h/& increases from 1/4 to 4
also. All ﬂpw conditions are similar with the exception of Figure 10,
which has a gas cavity on top of the step beginning at the leading edge
of the step face top and extending .fa.r downstream. For the other con-

figurations, the flow on top of the step is a recirculatory - mixing re-

gime extending far downstream.
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Evidence of the degree of two-dimensionality can be seen by
observing the data points blocked by the squares, which indicate data
obtained from spanwise pressure taps located 5 inches off the center-
-line or half way to the side walls. Note that the two-dimensionality
becomes much better for step heights greater than the boundary layer
thickness,and that for h = 4 inches the spanwise pressure gradient is
essentially zero. In addition, flow visualization by injection of per-
manganate solution dye and gas bubbles showed that lateral flows in
the recirculation region and farther upstream were too weak to ob-
serve for all test configurations. Thus, although lateral pressure
gradients were present and weak lateral flows were possible, neither
appeared to dominate the flow field.

The solid line in Figures 7 to 16 represents the pressure dis-
tribution based on the mathematical model as discussed in Section IIL
The data for the mathematical model were obtained with input parame-
ters of H/h and experimental values of separation pressure coefficient
which were taken to be the initial maximum pressure coefficient for
each configuration. The similarity of the mathematical model to the
actual data becomes increasingly better as the step height is increased,
that is, as the step height becomes much larger than the boundary layer
thickness. This is quite evident by comparing Figures 7 and 16. This
should be expected, since, for the larger step heights, the boundary
layer is less significant, proportionally, and the upstream flow is
more greatly influenced by the presence of the step. Thus, the effects
of the step propagate farther upstream and become more like a potential

flow field; whereas for step heights less than or of the order of the
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boundary layer thickness, the flow cannot detect the presence of the
step until much nearer the base. Consequently, agreement with the
mathematical model is poor.

Note also the difference in the upstream pressure distribution
for the l-inch step with the different downstream configurations (Fig-
ure 11). The far upstream influence is the same, and the initial
pressure rise is similar; however, the pressure for gas cavity con-
figuration commences a steeper gradient farther in front of the step
than does the pressure for the liquid cavity configuration and apparent-
ly is not as strongly influenced by the step. Again, this should not be
surprising, as the effective step height (based on height of the cavity)
for the gas cavity flow is greater than for the liquid cavity flow. For
example; h' = 1,30 inches for the liquid cavity and h' = 1.78 inches
for the gas cavity for H/h = 20. Both configurations attain about the
same maximum pressure. The agreement of the mathematical model
is excellent for the case of the downstream gas cavity, which further
demonstrates the importance of the downstream flow geometry in ob-
taining an appropriate mathematical representation for the upstream
flow. This point was also noted in Section IIl. Figure 11 shows that
the two cases agree up to about 6 inches in front of the step. This
will be discussed further when considering the effects of the various
parameters on the overall flow pattern.

As was i)ointed out previously, the 15 ft/sec data have been
presente‘d as representative of the three tunnel speeds for which tests
were made. As_ justification for this, Figure 17 shows the influence

"of velocity or Reynolds number for one configuration. The three sets
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of data represent a Re or Uo change of 160 percent with insignificant
change in the pressure field; the variations here are certainly within
experimental accuracy. The result is typical of all configurations
tested.

The effect of h/6 is shown on Figures 18 and 19. In Figure 18,
blockage (H/h) is held constant at H/h = 10, and h/6 varies from 1.0
to 2.0. For Figure 19, H/h =5, and h/§ varies from 2.0 to 4.0.

In all cases, the near field, i.e., x/h less than 2 or 3, is influenced
significantly by the step height to boundary layer thickness ratio. Up-
stream of x/h ~ 4 or 5, the various configurations are in good agree-
ment for fixed H/h values. There is some scatter; however, it is
reasonable to say that the influence of h/&é does not affect the far up-
stream pressure field.

In order to demonstrate the effects of the external geometry on
the pressure field, Figures 20, 21, and 22 are presented, which show
data for varying H/h with h/& held fixed. The circled data and the
crossed data on Figure 20 show a change from H/h = 10 to H/h = 20,
respectively, with h/& = 1.0, and the triangle data again indicate the
effect of a change in h/& with H/h = 10, Figure 21 shows a blockage
change from H/h = 5 for the crossed data to H/h = 10 for the circled
data, with h/6& remaining constant at 2. 0. As the interference of the
step is decreased (H/h becoming larger) for h/& constant, the step
influence rﬁoVes farther upstream, in terms of step heights, and af-
fects the ’fé.r upstream pressure field; the effect on the near field is
less significant.

The effects of blockage and h/& changes are summarized in
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Figure 22. The triangle data represent 'H/h = 20 and h/6 = 1 ; the
crossed data represent H/h = 10 and h/6§ = 2 ; and the circled data
represent H/h = 5 and h/6 = 4. Note that the far upstream pressure
field is governed by the external flow geometry and that the upstream
influence (in terms of step heights) varies inversely as the blockage.
But as the near field (x/h < 3) is approached, the boundary layer
interaction becomes dominant and controls the near-field pressure
level.

The influence of h/8& on the near-field pressure level has been
demonstrated above, but is more clearly demonstrated in Figure 23
where the effect of h/& on the maximum pressure coefficient is shown.
The value selected as the maximum pressure coefficient is the peak
value for the plateau region close to the step base but not in the re-
circulating region very near the corner where step and flat plate meet.
This value is close to, but larger than, the separation pressure coef-
ficient. Note in Figure 23 that as the h/& ratio increases, the maxi-
mum pressure also increases, but that the influence of a H/h change
does not significantly change the maximum values. (The flagged sym-
bols in Figure 23 indicate a change in blockage by a factor of two by
use of image steps but with no change in h/6.) Estimated maximum
pressure coefficients of Bradsha.wl, Taulbeez, and Chapman, et a1.3,
obtained by a data reduction technique similar to that used here, are
also shown, and these are in good agreement with the present data.
The value of maximum pressure coefficient appears to be approaching

an asymptotic value of roughly 0.5 as h/& increases above 4.
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The locations of the maximﬁm slope of the pressure coefficient
curves were determined and are shown on Figure 24. This location
scales approximately as twice the step height. Note that the pressure
coefficient variation has an approximately linear portion near the
point of maximum slope, and in picking the location of maximum
slope points, the position closest to the step face was picked when any
ambiguity existed. As was noticed by Bradsha,w1 and others, the sep-
aration point occurs shortly downstream of this inflection point. A
few visual observations indicated a separation point of about 1.3 to 1.6
step heights in front of the step, but these observations cannot be con-
- sidered accurate ’due to the very unsteady nature of the separation
proc;asso These estimates are to be compared with values of 1. 2 re-
ported by Bradsha.wl, 0. 84 to 1. 44 for the less directly applicable
results of Taulbeez, and 1. 04 by Chapman, et al. 3 for a very small
step.

Also, it appears that the separation point predicted by the
mathematical model is at least twice as far upstream as the actual
separation point. This again efnpha.sizes the influence of h/& on the
near field flow and emphasizes the inadequacy of the mathematical
model. |

2. Step Face. Fig\ires 25 through 29 show the variation of

the pressure coefficient on the step face with the distance above the
step base (y/h). Comparison of the data for changes in blockage and
step height to boundary layer thickness showed that there is no ap-
parent influence of these parameters on the step-face preésure field.

- In addition, Figure 30 presents data for the h = 2 inches configuration
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for each of the three tunnel speeds used, and these data show that
there is no significant Reynolds number effect.

From these figures it is seen that the pressure gradient is
roughly zero up to about y/h = 0.5, at which point the pressure coef-
ficient decreases rapidly as the flow approaches the sharp edge of
the step top. This, of course, suggests that the flow reattaches at
about y/h = 0.5, and this value is consistent with 'I‘a.ulbee'sz obser-
vation of y/h = 0. 6. Further visual observations also showed that the
reattachment point was near y/h = 0.5 ; however, the location of the
reattachment point is very unsteady as judged from visual observation
of dye and air injectants. In contrast, calculations performed using
the mathematical model show that the reattachment point is at the top
of the step face with the pressure coefficient staying constant at the
separation value.

Table IV shows the comparison of the maximum pressure co-.
efficient in front of the step with the maximum pressure coefficient
on the step face. Differences vary from 0 to 22 percent, and with the
exception of the 4-inch step, the pressure coefficient on the step face
was higher than in front of the step. There does exist a reversed
circulatory region very near the step base,at which point the pressure
coefficient is higher than the upstream value near separation. There
was only one configuration with a wall pressure tap at the corner
which was close enough to the step base to accurately reflect this re-
gion, and it did show that the two pressure coefficients were the same.

3. Top of Step. Figures 31 through 35 present the variation

' of pressure coefficient with downstream location; where (-x) repre-
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Step U C C
Height (ft/sZc) 13ma.x Pmax
(inches) in front of on step

step face
h, = 1 14. 87 .35 .39
ht:1 , hb=1 12. 58 .28 .34
ht = 2 14. 87 .42 .42
ht=2 s hb=2 10. 26 . 40 . 49
ht = 4 13. 96 . 48 . 46

TABLE IV. MAXIMUM PRESSURE COEFFICIENT
IN FRONT OF STEP AND ON STEP

FACE
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sents the distance measured downstream from the leading edge of the
step. Due to limitations in the manometer set-up, some of the more
negative pressure readings were not collected; hence, some data |
points close to the leading edge of the step are not presented. No
pressure dafa were taken for the 1/4-inch and 1/2-inch step heights.
There were two sets of spanwise pressure taps on top of the step, and
these data are indicated by the bloéked points. For the larger step
heights, the differences between centerline and off-axis pressures
decreased, and hence the two-dimensionality on top of the step prob-
ably becomes much better. This >is commensuraté with the behavior
of the regions upstream of the step.

Computations were performed using the mathernatical model
described in Section III whichdescribe the dividing streamline for the
dead water region on top of the step. The geometry of the liquid cavity
was made visible by injection of air upstream of the step facé; the re-
sulting gas bubbles were swept over the step and éavity and gave a
rough outline of the cavity which could be photographed. Figure 36
shows the comparison of the actual cavity and the theoretical cavity;
the theoretical region is shown as a solid curve with the actual test
results as points. This comparison of the actual liQuid cavity with the
mathematical model indicates that the actual recirculating region is
not as high as the mathematical model would predict. The actual layer,
seems to 1eve} off and maintain a fixed height, highly turbule.nt, mixing
region far downstream.

Figures 36d and 36e indicate the extremely good agreement of

- the cavity shapes when the actual flow region was a gas cavity. Again,
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photographs were used to obtain the shape of the real cavity. As pre-
viously discussed for this case, the pressure field upstream of the
step also agreed very well with the mathematical model. (It must be
pointed out that the definition of the dividing streamline on the photo-
graphs is vague and that the points shown in Figure 36 are subject to
some error. )

Figure 37 shows the influence of velocity or Reynolds number
for one configuration. The three sets of data represent the same
Reynolds number or Uo change as for the upstream region (160 per-
cent), and again, ’there is no significant Reynolds number effect.
These results are typical of all the velocity change data.

The effect of h/& is shown with Figures 38 and 39. In Figure
38 the blockage is held constant at H/h = 10 and h/é varies from 1.0
to 2.0. For Figure 39, H/h =5 and h/&é varies from 2.0 to 4.0,
Note that the pressure coefficient of the plateau region far downstream
of the step is affected by a change in h/6‘. However, the region near
the leading edge of the step face is influenced by h/& variations. This
is best illustrated by Figure 3?; here, several data points for the 4-
inch step are missing since the readings were more negative than was
possible to record with the manometer éét-up. Even with the data
available, the pressure level in the region close to the step is more
negative than for the 2-inch step, indicating a direct influence of h/§.
Figure 38 indicates a like effect; here, the triangle data (h/6 = 1.0)
appe‘a.r to level off at a less negative pressure coefficient than the
crossed data (h/6 = 2. 0). Only three downstream data points were

"available for h/6 = 1.3 (indicated by circled points); however, these
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indicate that the value of h/& does not affect the far downstream (pla-
teau) region. However, the data are too incomplete to fix a bound-
ary layer thickness ratio influence on the near-field pressure level.

The effect of the external flow geometry on the downstream
pressure field is illustrated by Figures 40 and 41. For Figure 40,
"h/&=1.0, and H/h = 20 for the circled data and H/h = 10 for the
crossed data.. As the interference of the step is increased (H/h de-
creased), for h/6 helfi constant, the pressure coefficient level in the
plateau region far downstream becomes more negative with very little
effect on the field near the step-top leading edge. This effect on the
plateau region results from the increased velocity in this area due to
the increased interference produced by step and cavity.

The effects of blockage and h/8§ changes are summarized in
Figure 41. The crossed data represent H/h = 20 and h/6 =1 ; the
triangle data represent H/h = 10 and h/8& = 2 ; and the circled data
represent H/h = 5 and h/6 = 4. Note that the plateau pressure coef-
ficient becomes more negative as interference increases and that the
pressure coefficients in the area near the step-top leading edge be-
come much more negative as h/& increases.

Figure 42 illustrates the influence on the plateau pressure co-
efficient downstream of the step by the external geometry for the actu-
al data as compared with two possible mathematical models' discussed
in Section III. The inviscid case is for flow over a normal step with
no cavitation, and the cavitating case is for the flow discussed in Sec-
tion III, i.e., with dead water regions both upstream and downstream

" of the step. For the latter calculations, the single case for Cp =0.40
: s
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is shown. The crossed data indicate the plateau pressure coefficient
for'evach of the blockages tested. It is evident that the actual flow in
the downstream region must have a thinner mixing region than is pre-
dicted by the cavitating case. This was demonstrated earlier with
Figure 36. Calculations based on continuity of flow and experimental
values of the downstream plateau preésure show that the effective
height of the step h'is rouéhly 1.22 to 1.3 h and that this value is inde-
pendent of Reynolds number and blockage. Table V summarizes the
data obtained in the present tests and shows that as h/$ increases
the effecti\;e height decreases toward 1. 22h.

The location of the maximum negative slope of pressure coef-
ficient curves was determined and shown on Figure 43. Within the
accuracy of determrining points, it appéars that the location of the
maximum slope scales as twice the step height and is independent of
h/§ influence. A few visual observations indicated a reattachment
point of about 3. 5 to 4 step heights aft of the step leading edge.

Finally, note that the relaxation of the pressure to the plateau
value is insensitive to blockage effects and that the scale of the entire
downstream region appears to be the step height.. Figure 44 demon-
strates this very well for the 1-, 2-, and 4-inch step heights, where
EP = (Cp-Cp . )/(Cp -CP ' ) is plotted as a function of (-x/h) .

min max min
' Note that all three curves agree reasonably well even though H/h

changes from 5 to 20. The values for C and C are well
min max
defined for the 2- and 4-inch steps. Values for the l-inch step were

chosen as C. = «0.87 and C = -0,17 , and reasonable devia-
min max

tions from these values do not change the gross effect. As was ob-
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h L H/h U, h'/h
(inches) (inches) (ft/sec)
1 68 20 178 130
1 68 10 12758 %%
D e | w | e
’ 68 10 157 7T
2 ’ 68 5 10. 26 1,21
4 68 : 1356 =

TABLE V. RATIO OF EFFECTIVE STEP HEIGHT (h')
TO ACTUAL STEP HEIGHT (h)
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served visually, the reattachment point was about 3.5 to 4. 0 step
heights downstream, and at this location the C_p rise is about O.v 80 to
0.85. This is compatible with results that other authors have ob-
tained with rearward-facing steps.

In summary, the scale of the downstream pressure field ap-
pears to be h, and changes in either h/8§ or H/h ratios appear to
have very little influence on the scale. Of course, the blockage (H/h)
has a great effect .on pressure coefficient values in general, and the
initial boundary-layer thickness does appear to influence the minimum

value of pressure coefficient at the step corner.
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V. CONCLUSIONS

The results of the experimental data for incompressible flow
over a forward-facing normal step in a channel indicate that the pres-
sure field can be divided into two regions that are influenced by one or
more characteristic parameters.

Therpressure field in the base area upstream and downstream
of the step is primarily determined by the effects of boundary layer
interactions. These effects appear to depend in a systematic manner
on the step height - to - boundary layer thickness ratio. There also is
a lesser effect due to the external flow geometry, i.e., the ratio of
channel height to step height.

The pressure field far upstream of the step is determined by
the ratio of the channel height to step height. There, boundary layer
effects are insignificant, and the region of boundary layer influence
near the step decreases in size for increasing ratio of step height to
boundary layer thickness. This result, convincingly documented
here, is in marked contrast with that reported by Bra,dsha.vv1 and
Ta,ulbeez, who concluded that & was the dominant scale in fixing the
entire upstream pressure field.

The pressure field downstream of the step scales with the step
height. The effective step height in this region is about 1. 25 the actu-
al step height, i.e., the displacement thickness far downstream of the
step scales with the step height.

Although the measurements were crude and the location was
unsteady, the separation and reattachment points also scale with the

step height and are roughly independent of the ratio of channel height
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to step height. For example, the separation point occurs about 1.3 to
1.6 step heights forward of the step; the reattachment point on the step
face occurs about 0.5 step heights above the base; and the reatta.ch-
ment point on top of the step occurs about 3.5 to 4. 0 step heights
downstream of the step.

The pressure coefficients upstream, downstream, and on the
step face are not influenced by Reynolds number for the threefold -
change studied in these tests. The pressure coefficients in the far
downstream region are strongly influenced by the ratio of channel

height to step height.
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