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Experimental values of drag coefficients of V-shaped notches have been measured and show
an anomalous behavior in the transonic regime since they reach maximum values at slightly

supersonic Mach numbers with moderate drag increases.
inviscid-viscid interaction controlling flow separation and reattachment.

This is shown to be caused by the
Besides Mach

number, the notch geometry and the boundary-layer thickness notch-length ratio were
found to be of significance while Reynolds number effects were mild. Results of Schlieren
photographs, pressure distribution measurements, and direct drag force measurements for
a wide range of flow and geometrical variables are presented.

Nomenclature
b = width of plate or notch
C = Crocco number, velocity /maximum velocity
Cp = drag coefficient, D3, UL
Cy = skin-friction coefficient, 75p.U?
Cry = experimental notch drag coeflicient, Fy /%0, U?bL
d = penetration depth, the vertical distance between top of
notch and the separation point
D = drag force
Duixing = drag force due to free shear layer mixing
Dyave = drag force due to pressure forces
F = drag force on flat plate of the same length as a notch
Fy = noteh drag force
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8 the speed of a body increases toward sonic veloeity and
into the supersonic regime the drag coefficient for surface
discontinuities such as protuberances, steps, and notches can
change by an order of magnitude. For this reason, accurate
information about local details in surface configurations is de-
sirable as is the knowledge of the detailed flow mechanisms
which determine aerodynamic stress distributions and heat-
transfer characteristics near such disturbances.

The subject of the present study is the magnification of the
drag force due to the presence of a V-shaped notch in a flat
surface. Figure 1a depicts the wall geometry together with
the freestream and approaching flow conditions in the bound-
ary layer.

The two-dimensional notches were always symmetrical so
that a single angle @ would completely determine their shape.
Freestream conditions could be varied over a range 0.6 < M <
1.14 in the trasonic regime with additional experiments con-
ducted at M ~2. Theapproaching fully developed boundary
layer was always turbulent and the momentum thickness
Reynolds number varied from 7,500-15,000. By wusing
notches of different lengths L the ratio of /L could be con-
trolled.

Recent literature survey reports! 2 reveal that no values of
direct measured drag force coefficients have been reported in
the open literature for symmetrical V-shaped notches exposed
to transonic or supersonic flows. However, some pertinent
analyses have been conducted which furnish useful direction
for dealing with the stated problem. Charwat et al. 4 investi-
gated separated flow regions near rectangular cutouts for a
supersonic external stream with an approaching turbulent
boundary layer and found that there was a critical value for
the ratio of the length of the separated free shear layer to the
depth of the cavity beyond which the cavity became two
separated regions. Kuehn’ investigated the generation of
pressure changes created by combinations of expansion cor-
ners and wedges. The results of these investigations were
useful only in a qualitative way since the wall geometry exerts
the major influence on the locations of the points of separation
and reattachment.

In contrast to rather well defined boundary conditions
(walls) for attached flows the occurrence of separation often
allows major adjustments in the flow geometry as a conse-
quence of small changes in flow conditions. Where flow
separation is a prominent feature, understanding has re-
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Fig.1 V-notch nomenclature and pressure distribution.

mained incomplete in spite of proposed flow models such as
‘those advanced by Crocco and Lees,’ Lees and Reeves,” Chap-
man,® and Korst.?

II. Qualitative Observations Concerning
Flow Geometry

Form drag is determined, within certain limitations arising
from viseous interactions, by the geometry of the walls. The
situation may change considerably, however when there is a
region of separated flow such as exists in a V-shaped notch
with the wall angle exceeding a limiting value which depends
upon approach Mach number and the upstream boundary-
layer configurations. For this case, the separation causes the
pressure drag to be strongly modified as a consequence of the
actual flow geometry (see Fig. 1) being at variance with the
wall boundary conditions. This is borne out by Fig. 1b
where three different static pressure distributions are shown:
1) the theoretical wall pressure distribution for linearized
supersonic flow (in absence of separation) due to Prandtl-
Meyer expansions and a shock located at the vertex of the
V-notch; 2) the theoretical shock-expansion pressure distri-
bution consistent with the flow model shown, aceounting for
flow separation; and 8) experimental values obtained for the
10° V-shaped notch. (

As noted before, the measured pressure distribution differs
greatly from curve 1. As a consequence of separation, the
pressure increase at the center of the notch is eased by the
interaction between the freestream and shear flow regions.
Consequently, it can be recognized that the form drag is not
directly related to the wall geometry, but rather to the flow

- geometry as affected by separation. In comparing 2-3, it is
also seen that the viscous layers by themselves are of major
interest and introduce an important modifying element to the
theoretical shock-expansion model. The qualitative effect of
the boundary layer when it is of significant thickness in com-
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parison to the length of the notch is to reduce the drag force.
For boundary layers that are thick relative to the notch di-
mension, the notch is buried under the shear layer. The
limiting ease for this situation would be when the notch ap-
pears only as a surface imperfection for very thick boundary
layers (6/L — ).

Schlieren photographs' of flow over V-notches with in-
creasing notch angle Q at constant approaching external free-
stream Mach number M. = 1.14 and constant values of 6/L
and Rey are shown in Figs. 2a—d. One observes that as Q
increases, the separation point moves upstream while reat-
tachment moves downstream. For the approaching flow con-
ditions used in this investigation, the separation point S was
almost at the leading edge of the notch when the angle was
greater than 10°; however, the separation point never did
move completely down to the vertex of the notch even when
the notch angle was reduced to 7°.

The effect of a systematic change in Mach number through-
out the transonic regime with 6/L, Rer, and Q constant
(Schlieren photographs') disclosed that the separation point
was nearest the leading edge of the notch near a Mach number
equal to unity, while for larger or smaller Mach number the
separation point moved farther downstream.

The effect on the flow configuration when 6/L was changed
while maintaining a constant Mach number Rer and notch
angle was not noticeable for the relatively small range of
values of 8/L. Schlieren photographs were taken of the low
structure over 4-in.-long notches at a Mach number of two
and the flow structures were identical to those for 2-in.-long
notches even though 6/L was smaller by a factor of one-half.

TI1. Analysis

An attempt was made to incorporate the qualitative obser-
vations concerning flow geometry into a rather simple,
phenomenologically conceived model comprising the wave
drag of the inviscid streamline configuration and those shear
stresses contributed by the mixing shear layer. This concept
1s reasonably correct as long as the shear force due to the at-
tached boundary layers between Secs. 2 and 3 and between
Secs. 6 and 7 in Fig. 1a remain small as compared to the form
drag of the wall portions.

It should be noted that the exact locations of either the
separation point or the reattachment point are generally not
known nor can they be determined presently with sufficient
quantitative aceuracy by entirely analytical methods. For
this analysis, it was assumed that the separation streamline
remains practically parallel to the external flow such that a
single geometrical parameter, the penetration depth ratio
d/r, fully describes the flow geometry of the model (d/r = 1
corresponds to attached flow). This penetration depth ratio
was strongly dependent upon the parameters controlling the
problem and had to be obtained from experiments.

Several methods were used to locate the point of separation
inside the V-notches. Schlieren photographs were taken of
the flowfields in supersonic and transonic flow® for many of the
notches tested. From these photographs, approximate sepa-
ration locations were measured and recorded. For many of
the notch shapes, models were constructed with pressure taps
along the bottom of the notch so that static pressure distribu-
tions could be measured in the noteh. A typical notch pres-
sure distribution is shown in Fig. 1b for a 2-in., 10° notch with
M, = 1.96. A third method that was used to locate a point
of separation was the oil film technique. In this method, a
thin film of heavy oil was placed along the separating surface
before the test. During the test, a thin line of oil accumu-
lated at the separation point.

The results from all three methods are shown in Fig. 3 for a
2-in. noteh. The invididual results from the different tech-
niques are not differentiated in Fig. 3, but the three methods
were in close agreement. In the following, the viscous shear
forces in the attached boundary layer close to the separation
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b) @ = 10°

e) Q= 13°

da) @ = 18°

Fig. 2 Flow over V-notch (M, = 1.14, L = 2 in.).

and reattachment regions can be neglected when compared
to either the form drag D .. or the viscous drag contribution
of the free shear layer Dmixing:

A. Supersonic Flow (Linearized)

For the restriction that the Mach number is greater than
unity (but not close to unity) and less than ten, linearized
supersonic theory can be used to calculate the wave drag on
the model. The drag due to pressure forces on the notch is'

Dyave = 3pU2bL(d/L)[4 tanQ/(M 2 — 1)12] @)

The drag force contribution of the separated shear layer
(8—-R in Fig. 1a) was treated utilizing the method presented
by Lamb.* The drag force along the dividing streamline is
given by

Dmixing = b‘l:)x T; dx (2)
Lamb has shown that Eq. (2) can be rearranged to
Dutsins = p UL = €85 [YTiay @

The shear stress function J; is related to the integral Iy,
through a position parameter g, such that
Diixing = pU2b(1 — C2)(8:/n5) iy, 4)

Adding Dave and Duixing and substituting the resulting ex-
pression into the equation for notch drag coefficient defined

C' = D/Lp U%L (5)
yields
Cp = 2r/L[4/(M 2 — 1)V*(d/L) +
(1 — €L /7:(6:/m)]  (6)

B. Low Supersonic Flow Regime

A simplified model for the analysis of the drag foree of a
V-shaped notch can be constructed for supersonic flow ap-
proaching the transonic flow regime (but with M, > 1) if
several assumptions are made. First it is assumed that the
noteh angle 1s small (less than 10°) so that there is little, if
any, separated flow near the vertex of the notch. Then, for
d/r equal to unity, a plane shock at the vertex of the notch,
and Prandtl-Meyer expansions at the front and rear of the
noteh, the drag coefficient is given by

Cp = [(Po/P) — 1(Py/Po(r/L)/(k/2)M 2 )

The gradual implementation of this flow model to include
separation effects can be demonstrated as the change in the
flowfield is considered when M is decreased from a supersonic
value of approximately two toward unity.

According to plane shock theory, when the approach Mach
number reaches a lower limiting value (greater than unity and
dependent on @), the shock wave which has assumed to be
located at the vertex of the noteh must detach and move up-

05 . :
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d/r = (2xgy/L) cos &
d/L =" (xgp/L) sin 0
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Fig. 3 Self-adjustment of the separation point.
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Fig. 4 Drag force balance.

stream. This is exactly the phenomenon which was observed
from Schlieren photographs! and the location of the separation
point, as affected by freestream Mach number and notch
angle, as shown in Fig. 3.

Either analysis depends on information concerning d/r
which, when extracted from experiments, should produce
quantitative drag values. Whether the analytical models are
conceptually correct can be borne out only by direct experi-
mental determination of drag coefficients. This has been
accomplished by direct drag force measurements in supersonic
and transonic wind tunnels which, of course, has been the
major objective of the study.

IV. Experimental Investigation

A. Test Facilities

The experimental work has conducted in the supersonic and
transonic blowdown wind tunnel operated jointly by the De-
partment of Mechanical and Industrial Engineering and the
Department of Aeronautical and Astronautical Engineering
at the University of Tlinois at Urbana-Champaign, Urbana,
Ilinois.

The supersonic test section had an area of 8 in.? and could
be operated with stagnation pressures between 13 and 60 psig.
The stagnation temperature varied between 50°F and 90°F
depending on ambient conditions, stagnation pressure, and
run time. The test section Mach number was 1.96, but
varied slightly with stagnation pressure. At a stagnation
pressure of about 30 psia and a stagnation temperature of
50°F, the tunnel had a Reynolds number per foot of 9 X 10¢.

The transonic rectangular test section had transparent side
walls for flow observation, while the top and bottom walls
were slotted. For the purpose of the present investigation,

5 T T T T T T
. M, = 196
Re, = (Reyr Rey,l/2
sl O Data i
~m
9 - 1Coles,[l4]
g et O T — =
2g9 "~ ~Spalding -
T Chi,[13]
Culick—HiII-HoweH,[lZ}f
1 [ R ! I
5 6 7 891D 20 30 40

Fig. 5 Flat plate skin friction drag.
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Fig. 6 Summary of supersonic notch drag.

the slotted wall at the bottom was replaced by a solid wall into
which the notch models or the balance could be installed.
The reduction in the wall permeability was permissible due to
the small effective blockage of the models. The Mach num-
ber at the test section could be varied from approximately
0.5-1.2 by changing the tunnel stagnation pressure. No
direct means of controlling the Reynolds number was possible
in this flow regime. The momentum thickness Reynolds
number at the beginning of the test section varied from 7800-

‘9500 for the stated Mach number variation. Experiments

were conducted using notches of various lengths between
0.375 and 3.5 in. and notch angles of 7, 10, 13, and 16°. All
notch models spanned the entire 4 in. width of the test section,
but drag forces were only determined for the floating mid-span
section of the models having a width of 2.5 in. A detailed
description of the modelcon figurations tested is given by
Howell.

B. Drag Force Balance

For the purpose of this study a drag force balance was de-
signed and constructed. A schematic diagram and a photo-
graph of the drag force balance taken prior to its installation
in the wind tunnel are shown in Fig. 4. "The balance consists
of a floating element with strain gages mounted on flexure
beams. The drag force balance was extensively tested for
preciseness and accuracy yielding a linear calibration curve
which passed through zero. The calibrations were repeatable
to within £=17.

The drag force balance was tested aerodynamically for ac-
curacy by using a flat plate model 4 in. long by 2.5 in. wide.
Average skin friction coefficients measured with this drag
balance!? compared well with typical ealculation methods for
skin-friction coefficients; e.g., Spalding-Chi,’* Coles,* and
Culick-Hill-Howell.?? These comparisons are shown in Fig.
5.

In contrast to flat plate friction drag measurements, de-
termination of notch drag forces brought into account the
pressure differentials arising on the model faces perpendicular
to the freestream. Also to be considered was the wall friction
force contributed by the flat plate approach length, especially
for the smaller notch length models. A detailed discussion of
design and ealibration of the drag balance is given by Howell.*
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Fig. 7 Effect of boundary-layer thickness on notch drag
in supersonic flow.

C.. Drag Force Measurements

For each of the notches tested two corrections were made in
the indicated drag force Fraiancee Lhe first one to account for
the effect of the pressure differential existing in the balance
gaps Fa, (measured with pressure taps) and the second to
account for the friction drag F;, acting on the flat plate portion
of the model (by use of the theoretical value). Thus, the
true drag force Fiy of the notch is given by

FN=Fbalance_FAp—Flsh
The drag coefficient of the notch is then

Fy

Crv = 10.0%L

®)

with
CFN = CFN(ME,WL,ReL,Q)

For each model tested in the supersonic test section, M,
was essentially constant and Rer, (and Reg) was the only con-
trolled variable. By seleeting different model sizes of length
L having the same notch angle , the effect of 6/L and Rey,
could be determined. A summary of these results is given in
Fig. 6. It is immediately observed that the effect of flow
separation not only strongly decreases the drag coeflicient be-
low the values representative for wedges corresponding in
geometry to the notches, but also that increasing 0/L leads to
a sizeable further reduction for notches submerged in bound-
ary layer. These conclusions are borne out by the results
given in Fig. 7.

For the transonic tests, the main controlled variable was
the Mach number, while the Reynolds number Rey variation
was coupled to the Mach number variation. - The effects of
6/L and Rer were again observed by using models of different
sizes L. Drag coefficients for 10° notches of different lengths
L are shown in Fig. 8 as functions of freestream Mach num-
ber. Figure 9 depicts the effects of /L with Mach number
chosen as a parameter.

V. Discussion

The results shown in Figs. 7 and 9 indicate that the Reyn-
olds number effect is of minor 1mportance when compared
with other variables. For the supersonic results depicted in
Tig. 7, it is elear that the notch angle is a significant factor in

the determmamon of the drag coefficient for 8/L < 0.02,
while, for 8/L > 0.02, it is independent of the notch angle.
A similar trend for transonic flow can be observed in Fig. 9;
however, the discriminating value of 8/L is a function of Mach
number.

For purposes of discussion, a thin boundary layer is one in
which 6/L is small enough so that the notch angle affects the
drag coefficient, while a thick approaching boundary layer is
one where the notch drag coefficient is independent of the
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Fig. 8 Transonic drag coefficient for 10° notch of various
lengths.

notch angle. For 1.1 < M, < 2,
(8/L) tnin < 0.02 < (8/L) thick
while, for M. = 0.6,

(0/L)nin < 0.09 < (/L) tniex

A. Thin Approaching Boundary Layers—M, ~ 2
All of the V-shaped notches tested in the supersonic regime

“with thin approaching boundary layers exhibited an increase

in the drag coefficient with increasing Reynolds number at a
constant value of 8/L and @ (Fig. 7).

The change in Cpy caused by a change in & can easily be
observed in Fig. 6. For this range of notch length, the notch
drag coefficient Cry increased with increasing notch angle for
a given rotch length. For comparison purposes, Cp estimates
are shown using inviscid linearized supersonic theory for half-
diamond-shaped profiles. The progressive deviation of the
drag coefficient from the linearized theory solution as £ was
increased demonstrated how the changing flow geometry re-
duced Cry from the theoretlca,l solution based on the wall
geometry.

A comparison of the experimental results with the solution
obtained by using Eq. (8) is displayed in Fig. 10. It is inter-
esting to note from these results that for a given L, the increase
of C'p for an increase in @ above 13° is negligible because the
flow separates close to the leading edge of the notch, making
the wave drag contribution small in comparison to the shear
drag in the developing shear layer region. For very thin
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Cp ¥10°

20 T T T T T
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(8]
T T T TT7

3 N B L TR S
2 3 10 50 100
(6/L)x10>

Fig. 9 Effect of boundary-layer thickness on notch drag
in transonic flow.
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Fig. 10 Comparison of semiempirical model with mea-
sured notch drag.

boundary layers (/L ~ 0.003 or L, = 3.5 in.), the theoretical
solution could be extrapolated to a maximum penetration
depth ratio (d/r = 1) indicating incipient separation for a 6°
notch angle.

For thin boundary layers, there is an effect on the drag
coefficient as the geometry of the noteh is changed. Results
in Fig. 7 indicate that, for each value of Q as 6 was reduced,
Cry approached a constant value.

In Fig. 11, the ratio of the drag force on different notches to
the drag force on a flat plate surface of the same length as the
notch D/F is shown for (2.25 in., except for “‘circular noteh’)
supersonic flow conditions. The 7° notch increased in drag
by a factor of five while the 10° and 13° notches have a ten-
fold increase in drag force. It is interesting to observe the
gradual transition from flat plate skin friction to drag of a rec-
tangular noteh. It is evident that, if the V-notch angle is
greater than 10°, it has practically the same drag force as a
rectangular noteh which is approximately ten times that of a
flat plate. The drag force of a circular cavity with a 0.51 in.
mixing length is also shown for comparison.

B. Thin Approaching Boundary Layers—M, ~ 0.6-1.18

An increase in notch angle resulted in an increase in the
drag coeflicient for the range of M. investigated. This effect
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Fig. 11 Ratio of notch—flat plate drag forces.
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Fig. 12 Ratio of notch—flat plate drag forces for drag
forces for transonic flow.

was indicated by the results in Fig. 8 for L = 3.5, 2.25, and
1.0 in. notehes, which are long enough to be classified as (6/L)
thin. For the transonic flow regime, the same qualitative
effect for 8 on Cry was observed; however, the results also
indicate that the value of 8 for which Cg, becomes indepen-
dent of Q increases for subsonic Mach numbers.

The Mach number effect observed in this investigation was
the most pronounced effect, and a portion of the results are
illustrated in Fig. 8. It is obvious from these results that a
maximum Cry oceurs for M, > 1 and that the value of M. for
maximum Cry is dependent on Q. In Fig. 12, the transition
from flat plate skin friction to transonic maximum drag is
clearly demonstrated as both the notch angle and size of
separated region (notch length) are increased. Again, al-
most a tenfold increase in drag force is observed.

C. Thick Approaching Boundary Layers—M, ~ 2

For this classification, there was still an increase in Cpy for
an increase in Rey; however, the change was not as great as
(6/L)smin. As stated previously, Cry was independent of Q
for (6/L)wia. For thick shear layers, the boundary layer
acted as a buffer region between the freestream and the solid
boundaries with the net effect of reducing the drag coefficient.
This reduction is quite obvious in Fig. 7 where as /L was in-
creased, Cry was reduced.

D. Thick Approaching Boundary Layers—M, ~ 0.6-1.18

The drag coefficient is independent of Q for (8/L)niex, while
for the range of M. > 1.1 the shear layer effects on Cry were
identical to those for (8/L)mi. The Mach number effect for
transonic thick approaching boundary layers was qualita-
tively the same as for the transonie thin approaching bound-
ary layers. ’

20

15
mO
% 10 -
Z
(]
M, = 1.96 .
Flat Plate L =2.25in.
fo) | 1 I\ [ [
0 6 12 18 24 30 36
£, degrees

Fig. 13 Flat plate—rectangular notch transition drag co-
efficient.
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VI. Conclusions

From the analytical and experimental results of this in-
vestigation, the following conclusions may be made about the
drag coefficients for V-shaped notches. 1) The drag force
arising from two-dimensional notches has been determined by
direct force measurements using a newly developed balance
employing strain gages. As depicted in Fig. 13, the effect of
notch angle at given M, and Reg is shown to produce a con-
tinuous variation from flat plate friction drag values through
combined wave drag and free jet mixing contribution to the
shear drag in fully separated (square notch) flow regions. 2)
A strong effect due to flow separation from the walls of
V-shaped notches on the overall flow configuration and drag
forces was observed. 3) The effect of the approaching bound-
ary layer can be discussed in two categories, namely, thin or
thick, depending on the degree to which the notch angle influ-
ences the value of Cry. 4) Reynolds number effects were
generally small. 5) Supersonic flow past V-notches with thin
approaching boundary layers can be analyzed on the basis of
a simplified flow model acecounting for the reduction in form
drag by introducing information on the penetration depth
ratio. 6) Drag values obtained for transonic flow show an
anomalous behavior near M. = 1 inasmuch as they reach
maximum values at slightly supersonic Mach numbers. 7)
The separation point inside the V-notch adjusts itself near M,
= 1 resulting in an effective geometry change which reduces
the expected notch drag coefficient. 8) Theoretical analysis
of the drag of shallow V-notches in the transonic flow regime
using empirical information on d/r resulted in good quantita-
tive agreement with measured values.
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