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Thick, Two-Dimensional, Turbulent Boundary Layers Separated
by Steps and Slot Jets

RICHARD T. DRIFTMYER*
Naval Ordnance Laboratory, Silver Spring, Md.

The objective of this viscous interaction study was to investigate the separation phenomena which occur ahead
of two-dimensional steps and slot jets. This investigation was restricted to the case where the height, £, of the step or
jet was less than the boundary-layer thickness, 5. The boundary layer, itself, was turbulent and adiabatic. The
independent test variables selected were Re, and h/6. The tests were performed in a two-dimensional, Mach 4.9
half-nozzle boundary-layer channel. Two glass-ported side plates were used to split off the thick sidewall boundary
layers. The significance of two parameters, i.e., the Reynolds number and h/5, was revealed in the study ; the
degree of influence of either parameter decreased as its value increased. Three useful geometric scaling parameters
were defined with the first scaling the initial steep pressure rise region and the second scaling the separation
region of the total pressure profile. Use of these two distances permitted the development of a universal pressure
profile. The third distance scaled the physical system by defining the standoff position of the separation shock in

the freestream.

Nomenclature
b = jet nozzle slot width, in.
D = see Eqgs. (5) and (6), in.
F; = induced force, Ibf/unit width
F; = jet reaction force, Ibf/unit width
h = obstruction height, in.
L = length, ft
M = Mach number
P = pressure, psia
Pl = plateau pressure, psia
Re = Reynolds number
T = temperature, °R
XP = separation shock standoff distance, in.
XS = scale change point, in.
AXS = initial steep pressure rise distance, in.
AXS XS
<-X? o+ XP ﬁ) = pressure profile coefficient
o =J (P—P,)/(PI-P )d(X/AXS)
1.0
B =j (P—P,)/(PI- P, )d(X/XS)
1.0
o = boundary-layer thickness, in.

Subscripts and Superscripts

* = sonic reference
e = exit

J = jet

0 = stagnation

s = step

0 = freestream

Introduction

UPERSONIC viscous interactions became an important

area for study as the need for controlled supersonic flight
developed. The simplest control device was the deflected flap
which was modeled experimentally as a ramp of various angles.
Later on, a more sophisticated control system was developed
which used surface jets to deflect the freestream and thereby
provide a control force. Fundamental to the general operation
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of these and other controls, however, is a knowledge of the
viscous interactions—the separation and reattachment of the
boundary layer—which are complex phenomena usually found
to be three-dimensional in nature. Indeed, experimentalists have
found the two-dimensional boundary-layer separation extremely
difficult — if not impossible — to attain,'-? and hence, are forced to
accept something less which might better be classified as
“pseudo” two dimensional. However, even with this experimental
handicap, the knowledge gained in studying such an “almost”
two-dimensional separation problem seems to have made the
understanding of the more complex three-dimensional separation
problems easier, of which there seems to be a multitudinous
supply.?

Recently Zukoski* presented a comprehensive review of
turbulent boundary-layer separation ahead of forward-facing
steps. He limited his discussion to the two-dimensional
problem with turbulent boundary layers where the step height,
h,, exceeded the thickness of the boundary layer, 6. Based
upon this review, Zukoski was able to present a very simple
force model for step separation where

Fis/Poohszf(Mco) (1)

Werle® also searched the two-dimensional literature where
his primary concern was modeling the jet interaction pheno-
menon. In a subsequent paper,%’ Werle et al., compared the
step pressure data of Hahn® with their jet interaction pressure
distributions. Hahn’s data covered the Mach number range
from 2.5 to 4.0, while the jet interaction data were for Mach 4.0
alone. No significant difference was found to exist between the
step-induced or jet-induced separations except locally, in a minor
way, near the region of shear layer reattachment. This develop-
ment of a universal pressure distribution curve resulted by
normalizing the pressure rise with the plateau pressure rise, and
by normalizing the local distance with the separation distance.
Since several step and jet shock heights were involved, as well
as a range of Reynolds numbers from 6 x 10%/ft to 18 x 10¢/ft,
the independence of the universal pressure distribution with
Mach number, Reynolds number, and step or jet height was
adequately demonstrated. Indeed, the demonstrated existence
of this universal pressure distribution permitted Werle et al.,
to follow the concept of the step force model developed by
Zukoski and obtain similar results for control jets, i.e.,

Fi;/thjzf(Mw) V]
The results expressed by Egs. (1) and (2) were limited to
cases where h exceeded J. This present paper describes a logical
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Fig. 1 Boundary-layer thickness distribution along flat test plate.

extension by considering the problem where & is less than d.
The conclusion of this latest study was that Reynolds number
effects must be accounted for. That is

F /P h=f(M_, h/d,Re,) 3)
for cases with h less than 6.

Test Equipment and Test Program

The experimental tests were performed in the Naval Ordnance
Lab.’s (NOL) Boundary Layer Channel.® Figure 1 shows the
turbulent boundary-layer thickness distribution, measured along
the length of the flat test plate.t The intermediate boundary-
layer thicknesses, 6, for P, =2, 3, and 4 atm, were obtained
from Fig. 1 by interpolation.

Glass-ported side plates, which were mounted 8 in. apart
on the flat side of the two-dimensional wind-tunnel half-nozzle
and within the nozzle’s exit test rhombus, served to split off
the thick sidewall boundary layers. Full-span slot jets and
forward-facing steps were positioned between the side plates for
testing.

Table 1 presents the step test program and Table 2 presents
an outline of the jet interaction test program.

For both the step program and the jet interaction program,
adjustments in the test variable, Re, (or Re/L in the dimensional
form) were easily made by changing the wind-tunnei stagnation
pressure. For the step program changes in the dimensionless
step height variable, h /6 (or simply h, as presented in Table 1),
also proved to be straightforward. The jet shock height, h,,
however, was less amenable to direct control. This problem
was handled experimentally during testing by observing ihe
transducer output of a previously selected pressure tap which
was located on the flat plate a known distance ahead of the jet
slot. It was then a simple matter to increase the jet pressure
slowly during the test to locate the start of the separation

Table 1 Step test program®

Step height (in.)
Re/L x107¢ -
(1/ft) 1502 1400 1.205 0903 0603 0.247
4.0° X X X X X X
32 X
24 X
1.6 X ...
0.8 X X X X X
“To, = S90°R.

* An oil flow study was conducted for the 4.0 x 10%/ft step case only.

+ Minor changes in the boundary-layer displacement thickness, due
to changes in the wind-tunnel supply pressure, did produce small
variations in the test Mach number. These variations in Mach
number were accounted for in the data-reduction procedure.
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Table 2 Jet interaction test program®

Jet nozzle configuration
sonic nozzles

Re/Lx107% M, =289
(1/ft) b* = 0.0335 b* =0.0157 b* =0.0299 b* = 0.0599°
4.0 155-78°¢ 302-104 157-51 84-28
32 157 314 173
24 157 317-157 173
1.6 173 294 186
0.8 190-80 364-170 207-110

®To, = 590°R, To; = 500°R.
* b*, the sonic reference state (b = throat width in in.).
¢ The range of values of the jet strength, P, /P .

region’s pressure rise at the desired static pressure tap. By
selecting different “centerline” pressure taps for different test runs,
a reasonable distribution of experimental jet shock heights was
thus obtained. The actual jet shock height, k., was determined
later by direct measurement from photographic data.

Sixty-four static pressure taps were located on the flat test
plate ahead of the jet nozzle. The “centerline” pressure distri-

35 T T T 1 T T T T 1 T
sl @ Rell -4.0x 106 (1/FM N
"1 BARS - OFF § DATA S
X
PIP, 250 7838 gaxﬁeel-uﬁ *
o0 -~ h = 1.502 OO'D’ D‘g 8 r ﬁ
2.0t \ -2 - &
1.400 o125 ¢ o03 “oe s &
1.5F o 1903 . S .
N UNTONT
1 0 et o seefrcata o anonn = ol
(b) RelL = 0.8 x 108 (1/FT)
3.0 BARS - OFF G DATA
PIP s
o 2,5F 1,205 oot vg“’i" RF bt
20 h=150" =38 o A&&
A l.4m\\~: :un °0 983.‘; _ "
151 . 3%0 . \0 603
1.0 oo i ﬁigefgh » & -ghbnhhh
{c} h=1,400 INCH
301 Rer x 107 /1
2.5+ 4.0 sgaeedecs 4
e ;z\ ee%egggg.:::::g
- L. 8 AA b.bb .
2.0 1.6%}"2 R
- 0.8\ o
1.5 o®, " ae .
\8%\25"
1.0 1o RE2S | ! 1 | 1 L 1 ]
(11 -10 9 8 -7 6 5 -4 -3 -2 -1 0
X INCH
. h=1. 205
Lol (@ RelL - .0x 100 IR o s i
h=0, 603
2.5t 8
h=0, 247 h=1.400 h=1,502
e, 201 i
00 NOTE: DATA FROM FIG., (a).
THE PRESSURE DISTRIBUTIONS HAVE BEEN
1.5 r' SHIFTED TO A COMMON OIL FLOW
\ SEPARATION LINE.
1.0
EXPF.RIMENTAL OIL FLOW SEPARATION LINE
0.5F AT PIP_
Ll 1 i 1 1 1 1 1 1 1

0-11 -0 9 8 -7 6 -5 -4 -3 -2 -1 -0
X INCH

Fig. 2 Step pressure distribution upstream of the step face.
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Fig. 3 Jet pressure distributions upstream of the jet nozzle slot.

bution was obtained using 48 pressure taps aligned in a zigzag
fashion over the center 2 in. of the 8-in.-wide flow channel as
defined by the side plates. The 16 remaining pressure taps,
which were located off centerline near the side plates, served to
check the two-dimensionality of the flowfield. Some oil flow
data, as indicated in Table 1, were also taken as an alternate
check on the two dimensionality of the flowfield.®

Eight strain-gage pressure transducers, which were directly
connected to eight scanner valves, measured the static pressures.
Steady-state test conditions were maintained for at least 2 min
during which time period the various static pressures were
sequentially recorded.

Experimental Results

The primary experimental results were the upstream pressure
distributions. These distributions are presented in Fig. 2 for the
steps and in Fig. 3 for one sonic and one supersonic interaction
jet. Bars shown on these two figures indicate the range of
surface pressures measured transverse to the flowfield 2.75 in.
on either side of the centerline.

Step Pressure Distributions

Figures 2a, b, and c present three sets of step pressure
distributions. Figure 2d shows the data of Fig. 2a, shifted
horizontally to a common, experimentally determined oil-flow
separation line. Hence, for Fig. 2d only, the step face location,
X =0, has meaning for the pressure distribution of the
1.502-in.-high step alone.

The first two pressure distributions shown in Figs. 2a and
2b were obtained at Reynolds numbers per foot of 4.0 x 108
and 0.8 x 10°, respectively, for the family of step heights indicated
in Table 1. In contrast, Fig. 2c presents data at the constant
step height of 1.400 in., taken over the test range of Reynolds
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number per foot of 40x 10° through 0.8 x 10°. As indicated
by these data, in Figs. 2a and 2b, the step height influences
both the extent of separation and the value of the plateau
pressure, PI, whereas the Reynolds number per foot is observed
in Fig. 2c to influence the slope of the pressure profile in the
upstream region near the beginning of the pressure rise. The
independence of h with the slope of the pressure profile is given
in Fig. 2d.

Jet Pressure Distributions

Figure 3 presents four sets of jet interaction pressure distri-
butions. A sonic jet nozzle was used for the first two sets of
pressure distributions; a supersonic jet nozzle (Mach = 2.89)
was used for the last two sets of pressure distributions. Each
set includes data taken at Reynolds numbers per foot of
4.0 x 10° and 0.8 x 10% over a range of jet heights. No significant
difference is observed between the sonic and supersonic jet
nozzle data. The data in Fig. 3 also appear to be generally
consistent with the step data of Fig. 2. Note again that both
the extent of separation and the plateau pressure, Pl, vary
with the jet height, h;, and that the influence of Re/L is associated
with the initial slope of the pressure profile.

Fluctuations in the Pressure Distributions

It is proper at this time to digress a moment and to comment
on the fluctuations observed in the pressure distributions of
Figs. 2 and 3. Considerably more pressure fluctuations occurred
with the interacting jets than with the steps. The steps, by
comparison, provided a fixed corner to which the separated
boundary layer could reattach itself. Since the jet is a deformable
fluid obstruction, its size is dependent upon both the local,
external flowfield properties and the jet supply properties. Of
these two influences, maintaining a constant jet supply condition
appeared to be the more difficult. Also, within the jet nozzle
supply chamber, transverse pressure gradients existed which
caused some fluctuations in the jet height along the 8-in. length
of the jet nozzle. These fluctuations were observed as double
and triple jet shock heights in the high-speed movies taken
of the interacting jet.

However, even considering these possibilities for error, the
pressure distribution data were found to be quite reasonable
and consistent. In the case of steps, repeated runs produced
no differences in the pressure distributions.

The Dimensionless Control Force, F;/P_ h

The control force results, obtained by integrating the experi-
mental pressure distributions, are presented in Figs. 4 and 5as a
function of h,/6 and h;/3, respectively. The step and jet data
exhibit similar trends with Re/L and h/é, namely, increasing
F./P_ h with increasing Re/L and h/d.

Control force values calculated for h > 1.56 for the step model
of Zukoski* and the jet interaction model of Werle et al.®
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Fig. 4 Dimensionless force, evaluated by integrating the pressure
distributions, compared with Zukoski’s approximation for h/6 = L.5.
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Fig. 5 Dimensionless force, evaluated by integrating the pressure
distributions, compared with Werle’s approximation for / /0 = 1.5.

are also presented, respectively, on Figs. 4 and 5. As mentioned
previously in the Introduetion, the essential difference between
these two force models is the step height to jet height ratio,
h,/h;. For h/6 > 1.5, Werle® found this ratio to be hy/h; = 1.36.
The four curves presented in Fig. 6 represent all of the experi-
mental results listed in Tables 1 and 2. These rewnlts indicate
that

hy = 1.5k, )
is a reasonable approximation which compares favorably with
the result of Ref. 6.

Discussion of Results

Werle et al.® demonstrated that for # > § a universal correla-
tion existed for step-induced and jet-induced separation pressure
distributions. In their correlation the fraction of plateau pressure
rise, (P—P_)/(PI—P,), was plotted against the fraction of
separation distance, X/XS. A similar correlation was sought for
the present data. Use of the oil flow separation data did not

100
RelLx 10| Jgrs  |sTeps E‘/D/
aFn  [M-10,2.8 n/'-
4.0 = 0 A7
0.8 o o en"
/
h
-~ 10
b
!
I 10 100
F.
|
9_b°

Fig. 6 Equivalent jet heights.

1 Since the results of Fig. 6 are independent of b*, the value of
b* = 0.1 in. was arbitrarily used by the author to shift the step
data to the same logarithmic range with the actual jet data.
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Fig. 7 Typical step pressure distribution.

produce the desired correlation distance. It was found, though,
that a (turbulent) separation criterion developed by Zukoski*
would correlate the present data between X =0 and X = XS,
the point defined by the criterion. According to this criterion,
the separation pressure rise (PS—P_) is 73% of the plateau
pressure rise (PI—P_).§ For values of X greater than XS, the
correlation scheme using XS failed to establish the desired
universal pressure profile. This failure naturally forces one to
consider the problem of finding a second normalizing distance
which has significance to the initial steep pressure rise region
(the upstream region where dP/dX begins to steepen rapidly
with distance and separation physically occurs).

A distance called AXS was found which proved to be satis-
factory. The graphical definition of AXS is presented in Fig. 7.
As seen, individual values of AXS are taken graphically from
each individual pressure distribution curve.

The use of XS and AXS as scaling lengths completed the
universal pressure distribution with the results shown in Fig. 8.
To permit both sets of normalizing distances to vary from 0
to 1.0, the point determined by Zukoski’s criterion was
established as the point X = 0. Figures 8a—8f are the normalized
results of Figs. 2 and 3 taken in sequence. The six distributions
appear to be of the same parent population and are adequately
represented by the single curve of Fig. 8g labeled “universal
curve.”

As a result of using the graphical definition for AXS, the
universal curve of Fig. 8g does not pass through a zero point
at X/AXS =1. This introduces a very small error into the
integrated value for « (defined on Fig. 8g). To remove this
small error would require the redefinition of AXS, ie., by
redefining the distance AXS as starting at a point further up-
stream where the pressure rise first begins. Experimentally this
point is difficult to determine. Knowledge of the location of
the precise beginning of the pressure rise is not always known
or even available. On the other hand, the gross features of
most pressure distribution data would allow one to establish a
slope at the point of inflection and hence a value for AXS
as defined in Fig. 7. This graphical technique was in fact applied
to the published data of Bogdonoff.! The results are presented
in Fig. 8g as the shaded area. The agreement appears reason-
able, considering that Bogdonoff’s data was taken with steps
which extended to the wind-tunnel side walls as opposed to
steps with end plates. For these reasons the graphical definition
of AXS was used.

The existence of a universal pressure profile implies that the

§ A word of caution is necessary relative to the interpretation one
should apply to the distance, XS. XS as used with the present data
should not be considered to be anything other- than a definitive
“scale change point” for two reasons. First, the “true separation
point” was not experimentally measured by any means other than by
oil flow. Second, the original basis for the separation criterion of
Zukoski rests upon step separation data for which & > §.
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Fig. 8 Universal pressure profiles ahead of forward facing steps and
ahead of interacting jets.

functional dependence of the pressure distributions on Re/L
and h/o (see Figs. 2 and 3) is now incorporated in the scale
parameters AXS and XS. To investigate this functional
dependence, a third distance called the projected shock distance,
XP, was defined. As the name implies, the projected shock
distance is the distance measured from the step face (or jet slot)
to the point on the test plate where the straight-line projection
of that part of the separation shock, which is located in the
inviscid flowfield, strikes the flat-plate surface. Hence, XP is a
distance determined independently of AX'S and XS. The relation-
ship which exists between these three distances was first deter-
mined by investigating the equation

D= XP—(AXS+XS) )

for it was believed that the difference between these quantities
would be such that

D = D(Re/L, h, 6, n) (6)

where n is the exponent of the turbulent boundary-layer profile.
The experimental result of all step data and jet interaction
data turned out to be the single straight-line equation.

XP=AXS+XS+1(in) 7
which implied that this difference, D, is in fact independent of
Re/L and h within the range of values covered in this study.
Further, since 6 experienced only small changes throughout this

experimental study and n was nearly constant (see Appendix,
Ref. 10), it is logical to assume that

D = D(d, n) = const = 1.0 in. (8)
is a reasonable result.

With XP as a normalizing distance, the ratios AXS/XP and
X S/X P may be interpreted as the fraction of the shock projection
distance assigned to the initial steep pressure rise process and
the fraction of the shock projection distance assigned to the
separated region, respectively. For the case of the step, Fig. 9
shows the functional dependence of these fractional distances
on h/é for different values of Re/L. Figure 10 shows similar
results for the jets. One may reason that as h /6 increases
without limit, that is, either h; becomes large or & becomes
small or both, AXS/X P must approach a limit of zero. For the
same conditions, X'S/XP must approach unity. On the other
hand, as h,/6 decreases, X.S/X P must approach zero. An example
of this latter case is seen in the pressure distribution of Fig. 2a

ReiLx 10| JeTs
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1.0
4.0 o
0.8 . 2 xs
X g S G
XP - e
/f@(”
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Fig. 10 Functional dependence of the geometric parameters, XS/XP
and AXS/XP with h;/5 and Re/L.
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Fig. 11 Dimensionless distances correlated with unit Reynolds number.

for h; =0.247 in. The limiting behavior of AXS/XP as h_/S
approaches zero is not known. It is seen experimentally, within
the range of experimental data, that AXS/XP increases as h /3
decreases.

The variation in the biuntness of the pressure distributions
in the initial steep pressure rise region was observed previously
in Figs. 2 and 3. Since the magnitude of AXS is related to
this bluntness (see Fig. 7) by construction and the bluntness
appears to vary with Re/L, one would expect that AXS/XP
decreases with increasing Re/L (for constant h_/5). In the same
fashion, XS/XP increases with increasing Re/L (for constant
h,/5). These two facts are readily verified in Figs. 9 and 10.

Figure 11 presents the geometric parameters AXS/h, XS/h,
and XP/h, as functions of Reynolds number per foot. A simple
interpretation of the last parameter, XP/h, may be made.
This parameter establishes the shock standoff distance relative
to the step and may be interpreted as the cotangent of the
turning angle necessary to produce the oblique shock found in
the inviscid flowfield. The proof of this statement is presented in
Fig. 12 where a comparison is made between the experimentally
measured plateau pressures and those computed using the
turning angle consistent with the experimental cotangent, X P/h_
The data comparison seems to support the interpretation given
XP/h,.
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Fig. 12 Experimental plateau pressures compared with calculated
values based upon arc ctn (X P/h).
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Returning to Fig. 11, the opposite slopes exhibited by
AXS/h,and XS/h, are such that XP/h_ is observed to be nearly
constant for a given value of h.—a result consistent with
Egs. (5) and (7).

Zukoski* reports that the wedge appears to be a reasonable
model for the separation region when h > 1.56. For this case,
the cotangent of the wedge angle is 4.2 (and constant) for
fully developed turbulent boundary-layer flow. Note in Fig. 11,
XP/h is approximately 6.8 for a step of height h; = 0.603 in.
(h/6 ~02%) and 63 for a step of height h =1.502 in.
(h,/6 ~0.57). Hence, the experimental trend of XP/h, tends to
agree with Zukoski’s prediction as h approaches 1.55.

Control Force Considerations

The induced control force due to flow separation may be
evaluated as

Fi=Jy(P-P,)dX ©)

By expanding and normalizing Eq. (9) and introducing the
pressure distribution constants, « and f, Eq. (9) can be cast into
the following form:

F, _(PI-P} AXP XS
oo ()5 )

Note that the first two terms of Eq. (10) are functions of h/é
alone based upon the previously mentioned results of Figs. 2, 3,
and 11, while the third term, the pressure profile coefficient,
is a function of both Re; and h/d. Experimentally, for h > J,
Eq. (10) must reduce to

F/Pw s—[(Pl“Poo)/PooJXP/hv (11)
as demonstrated by the results of Werle et al.® To proceed
from Eq. (10) to Eq. (11) requires the pressure profile coefficient
to assume the value of 1.0, i, become independent of Re; and
h/é. Figures 13 and 14 demonstrate this fact adequately for the
steps and jets, respectively.

Figure 15 demonstrates the over-ail accuracy of these control
force calculations. A direct comparison between values deter-
mined by integration of the pressure distributions, Figs. 2 and 3,
and those calculated using the experimental data and the force
model of Eq. (10) is shown for the jet interaction data. This
comparison is considered to be satisfactory in view of the fact
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that the jet data typically exhibited the greater amount of
experimental scatter.

Conclusions

The major result of this two-dimensional flowfield study is the
definition of a universal pressure distribution, valid for two-
dimensional steps and interacting jets. While this particular
study was performed within the dimensionless height range of
0.1 < h/6 0.6, it was demonstrated that the universal pressure
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Fig. 15 Comparison of dimensionless force data.
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distribution determined in this study includes as a special case
the previously reported work of Werle et al,® valid for
h/6 > 1.5.

The pressure distributions, (P/P_ vs X), measured in the
upstream separated region, were found to be functions of both
the dimensionless height ratio, h/9, and the freestream Reynolds
number, Re;, for the supersonic flow case where M = 4.90.

Three geometric lengths, AXS, XS and XP were defined.
The ratio, X P/h,, was interpreted as the cotangent of the wedge
angle necessary to produce the plateau pressure, Pl By
definition, X P locates the separation shock in the inviscid flow-
field relative to the step face or jet slot. Since the wedge
angle is known, the shock angle itself can be computed using
the two-dimensional oblique shock relations.

The ratios AXS/XP and XS/XP are indicative of the
fractional distances necessary for the occurrence of the initial
steep pressure rise and for the extent of the separated region,
respectively. This last point should again be qualified though
by emphasizing the fact the Zukoski’s separation criterion*
as used for this study locates a point on the pressure signature
which must be interpreted as a scale change point, not necessarily
a separation point as the title of this criterion would suggest.
The separation point per se is not known except by the oil flow.

The difference between X P and the sum (AXS + XS), while a
constant for this study, is believed to be functionally dependent
upon the actual boundary-layer thickness, d, and the turbulent
boundary-layer profile exponent, n.
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