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EFFECTS OF SPIRAL LONGITUDINAL
VORTICES ON TURBULENT BOUNDARY

LAYER SKIN FRICTION

By Jack G. Spangler and C. Sinclair Wells, Jr.

SUMMARY

| 2505~

As a part of an experimental investigation of the effects of ordered
mixing on turbulent skin friction, spiral longitudinal vortices were generated
in a turbulent boundary layer. The boundary layer was formed on the test sec-
tion wall of a facility designed especially for low-speed boundary layer studies.
Screening tests which resulted in the choice and optimization of standard rec-
tangular planform wall-mounted elements for producing this type of vortex are
described. Skin friction and velocity profiles were measured as a function of
longitudinal and transverse distance for several element configurations, and
for the same flow condition. Element heights of 2, 10, and 20 percent of the
boundary layer thickness were used. Effects on skin friction of the vortex-
producing elements were measured up to 87 element heights downstream. Direct z?\

measurement of the element form drag was also made. 041110;/’

INTRODUCTION

The characteristics of the turbulent boundary layer have long posed a
problem to those concerned with the efficiency of viscous flow. The relatively
high values of skin friction drag and heat transfer rate associated with a tur-
bulent boundary layer, compared to those for laminar flow, are well known.
There has been considerable study into the feasibility of extending the range
of laminar flow; that is, delaying the onset of turbulence. A certain degree
of success has resulted from these studies, but in most practical cases the
eventual transition to turbulent flow is inevitable. It would seem, therefore,
that, in addition to developing techniques to retard the onset of turbulence,
it is worthwhile to study the possibility of modifying the turbulent boundary
layer in such a way as to reduce the undesirable effects.

The interest in using vortices to modify the turbulent boundary layer
stems from somewhat fragmentary evidence (references 1, 2, 3) of their effects
on a boundary layer. In at least one case (reference 3) a marked decrease in
heat transfer resulted from the presence of the vortices implying a similar
reduction in skin friction.

The choice of spiral longitudinal vortices in the subject investigation
was due to theilr persistence, the desirabllity of extending any beneficial
effects being obvious. In addition, a great deal of information on the pro-
duction of this type of vortex in a shear layer is available. Finally, the



results; i.e., the effects of this common type of vortex-boundary layer inter-
action, would be of interest regardless of whether the effects are favorable.

This report presents the results of a set of experiments with spiral
longitudinal vortices in a turbulent boundary layer. The efforts to opti-
mize the experimental configuration are also described. The testing en-
vironment was created in the boundary layer facility of the LTV Research
Center. Skin friction was measured directly,as well as mean velocity pro-
files,to determine the effects of the vortices. The results of these experi-
ments were negative, in that no significant reduction in skin friction was
measured; however, the experimental data, which are presented in sufficient
detall to be useful, and the conclusions regarding the effects of the vortices
should be of general interest.

SYMBOLS
AR aspect ratio
Ce local skin friction coefficient, To/q
Qp pressure coefficient, P, - p/qlO (where subscript 10 refers to
X = 163.3 inches)
D element drag
K element height
P static pressure
po reservoir pressure
q dynamic pressure, % o Ui
r, boundary layer channel radius
™ momentum thickness Reynolds number, U;CVV
U local velocity
Uw free stream velocity
X longitudinal distance measured from origin of laminar boundary layer
X longitudinal distance downstream of element location
Yy distance normal to wall
a angle of attack
o) boundary layer thickness




e boundary layer momentum thickness for axisymmetric flow, defined by:
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d,) azimuthal nosition

® rotational speed in a vortex
v kinematic viscosity

o density

75 wall shear stress

U friction velocity, To/q

Note: subscript sw refers to smooth wall conditions

INITIAL STUDIES

A. LITERATURE SEARCH

The spiral longitudinal vortex in a turbulent boundary layer has been
dealt with by other experimenters on several occasions. The majority of this
work has been devoted to the use of vortices as a mixing mechanism. The in-
tent of the experiments has been to delay separation of boundary layer flow
from its bounding surface in the presence of an adverse pressure gradient,such
as exists in diffusers or on the aft portion of airfoil surfaces. The standard
technique is the production of arrays of vortices near the edge of the boundary
layer that mix the high energy fluid from the inviscid stream with the shear
layer near the surface. This can be done with numerous types of vortex genera-
tors. The result is a net increase in energy near the surface which allows the
flow to advance farther into an adverse pressure gradient before separation
than 1s possible when the vortices are absent. Extensive experiments of this
nature have been conducted at United Aircraft Corporation and the results can
be found in references 4, 5, 6, and 7. The same type of work has also been
done by the NACA and the National Bureau of Standards as reported in references
8, 9, and 10.

In most of these previous experiments the main objective has been to
determine the controlling parameters and to optimize the mixing effects. Some
of the important parameters have been found to be generator shape (i.e., Iifting
flat plates of various planforms, wedges, ramps, hemispheres, etc.) aspect
ratio, generator height in the boundary layer, generator spacing, angle of
attack to the flow (for lifting plates), and rotational sense of the vortices.
In addition to studies of these parameters Schubauer and Spangenberg (ref-
erence 10) have investigated the effects on forced boundary layer mixing of



elements that were designed to mix the flow by deflection and displacement
rather than through vortex action. A number of different mixing elements
designed to have weak or non-existent trailing vortices were tested. In
general these elements were of a wedge or plow-type shape. It was at first
thought that intentional suppression of trailing vortices would reduce the
momentum loss associated with the induced drag of the vortices. However, it
was found that the body shapes necessary for vortex suppression had such an
excessive surface area that the skin friction drag on the element itself
nullified any gain realized by eliminating the induced drag of the vortices.

B. CHOICE OF PARAMETERS

In order to conduct a meaningful and systematic study of the vortex-
boundary layer interaction phenomenon it was concluded that only a few of
the many parameters should be varied at first and the effects of these varia-
tions analyzed. Then, based on these findings, the need for and the type of
further experiments could be evaluated. The following paragraphs explain
the process by which certain parameters were fixed.

1. Element Type

Considering all of the results found in references 1 through 10
it can be concluded that for forced boundary layer mixing the simple lifting
flat plate element (plate in a plane normal to the surface) is an efficient
device and is by far the simplest type to fabricate and use. Based on this
conclusion the experiments described in this report were restricted to flat
plate elements.

2. Planform

It would be desirable to have all of the vorticity created by an
element concentrated into a single vortex which is released at the tip of the
element. To accomplish this the circulation over the element span must be
uniform and,for a non-uniform velocity field such as presented by a boundary
layer, this can be achieved only by an appropriate choice of planform. In
particular, the proper criterion is thought to be that the product of element
chord and velocity, as a function of distance normal to the wall, should be
held constant. Comparative tests (references 4 and 5) of elements tapered
to match the velocity profile, rectangular elements, and trapezoidal elements
(an approximation of the tapered case) have shown that the tip vortex strength,
as implied by mixing efficiency, is indeed increased when the planform is
tapered but the increase is small and from practical considerations the rec-
tangular elements are the more desirable. Accordingly a rectangular planform
was chosen for these experiments.

3+ Element Height

The most important parameter would seem to be the height of the
vortex-generating element as this determines the location of the vortex with
respect to the bounding surface of the flow. The importance of this parameter
lies in the fact that a shear flow will tend to dissipate any concentrated
vortex motion. Thus, due to the velocity gradient in the boundary layer, the




distance of the vortex from the surface will, to some extent, affect its
persistence in the flow. Also, little information is available in the litera-
ture concerning variations in this parameter, and it was obvious from the
purpose of the reported experiments on the delay of separation that the opti-
mum location for the vortices was at the edge of the boundary layer. For
these reasons the element height was set as the primary variable.

4, Sense of Rotation

Elements may be inclined to the flow in such a way as to produce
vortices that have the same rotational sense (co-rotating) or that will al-
ternately have opposite rotational sense (counter-rotating). Both situations
have been examined experimentally and analytically and compared for effective-
ness (references 4, 5, and 7). Experiments and potential flow analyses have
shown counter-rotating vortex arrays to be suprior mixers to co-rotating
arrays. Potential flow analysis also shows that vortices in a counter-rotating
array will tend to be attracted to or repelled from adjacent vortices in such
a way as to group themselves in pairs due to interference effects caused by
the induced velocity fields. However, experimental results show that this
effect is actually very weak or non-existent. This is probably explainable
by the fact that the true vortex motion damps out quickly downstream of the
elements. The effects of the vortex, such as local three-dimensional distor-
tion of the boundary layer, may persist quite a distance downstream, but the
regions of distortion will not be moved laterally because of the quick dissipa-
tion of the induced velocity fields. Based on the above information the ex-
periments reported herein have been restricted to counter-rotating vortex arrays.

5. Element Spacing

The choice of a spacing arrangement for the elements was somewhat
arbitrary. The data in reference 7 show that mixing effectiveness is increased
as the element spacing is decreased for equal spacing arrangements. Likewise
the momentum deficit in the flow resulting from the form drag of the elements
is increased due to the larger number of elements per transverse unit length.
The velocity profiles show this effect in thelr change relative to the smooth
wall profiles. The transversely averaged velocity near the wall is increased
indicating stronger mixing action and implying higher skin friction for the
closer spacings. Limited data for unequal spacings show that at spacing ratios
as great as four to one (ratio of distance between elements lifting toward
each other to distance between elements lifting away from each other) the
velocity near the wall is significantly decreased in the decelerated regions
and only slightly increased in the accelerated regions. This situation implies
the condition of lowest transversely averagelvelocity and hence lowest skin
friction for all of the experiments described in reference 7. Therefore, for
the experiments described herein, the element spacing parameter was fixed
such that the distance between elements in a pair lifting away from each other
vas two element heights and the distance between elements of adjacent pairs
was eight element heights, giving the four to one spacing ratio.

6. Aspect Ratio and Angle of Attack

The remaining parameters are element aspect ratio and angle of
attack. Due to the strong influence of these parameters for an element of a



given height it was decided to conduct a series of screening tests to determine
their optimum values. These tests along with the final detailed experiments
are described in the following section.

EXPERIMENTAL PROGRAM

A. EXPERIMENTAL FACILITY

A1l of the experiments in this study were performed in the LTV Boundary
ILayer Chamnel. A complete description of this facility and its operating char-
acteristics may be found in reference 1l. By way of brief explanation the boundary
layer channel is a straight circular tube having a test section 25 feet in length
and eight inches internal diameter made up of six clear plexiglass sections.
Operation is continuous and flow conditions are extremely steady. A vacuum
blower, isolated from the test section by a sonic throat, pulls air at atmos-
pheric pressure through a series of damping screens, a contraction section,
and the test section. The flow may be investigated in detail at any location
in the 25 foot test section. A sketch of the facility is shown in Figure 1.

The test enviromment for these experiments was a fully turbulent
boundary layer created by artifiecial tripping of the laminar boundary layer
near the entrance of the test section of the boundary layer channel. A con-
stant mass flow rate was maintained during all testing. Figure 2 presents the
rate of growth of the boundary layer, the free-stream velocity, and wall shear
stress with distance down the channel for this mass flow rate. The abscissa
in this figure is the distance in the downstream direction measured from the
fictitious origin of the initially laminar boundary layer (see reference 11).
The location of all elements tested in these experiments is also shown in this
figure. Figure 3 is a photograph of a portion of the boundary layer channel
showing the set-up for these experiments.

It has been pointed out in reference 11 that the boundary layer chan-
nel was designed for laminar boundary layer studies and for this case effec-
tively produces a two-dimensional flow field. However, it will be noticed
that the turbulent boundary layer thickness, shown in Figure 2, is not small
with respect to the channel radius and thus cannot be treated two-dimensionally.
In addition, the free stream conditions change according to the boundary layer
growth. The conditions are such that the nature of this particular flow places
it in the regime of pipe entrance flow rather than simple boundary layer flow
such as exists on a flat plate. Consequently any analysis of the flow must
take into account the longitudinal pressure gradient and three-dimensional
effects. This will be covered in more detail in the following sections.

The boundary layer channel is instrumented with conventional flow
measuring apparatus such as total pressure probes, static pressure wall ports,
static pressure probes, and hot-wire anemometer probes. In addition a special,
and somevwhat unique, skin friction balance has been built for the channel that
allows very accurate measurements of local skin friction drag to be made. This
balance has been reported in detail in reference 12 and was used extensively
in these experiments. For these experiments all velocity profiles were measured
with a small total pressure probe having an opening 0.003 inches high by 0.040
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, inches wide, used in conjunction with a differential capacitance transducer
(Equibar Pressure Meter, manufactured by Transonics, Inc.).

B. SCREENING TESTS

As mentioned previously the variable parameters for the experiments
were reduced to three (element height, angle of attack, and aspect ratio)
from rconeclusions based con information in the iiterature. 1t was desired to
further narrow the number of variables to a single parameter which was picked
as the element height. In an attempt to determine the optimum values for
aspect ratio and angle of attack a series of screening tests were run with
measurements being made of the relative vortex strengths and the element form
drag as these parameters were varied. This was accomplished by measuring the
vortex strength with a rotating-vane vorticity meter and measuring the element
form drag by attaching the elements directly to the surface of the skin fric-~
tion balance disk. The ratio of rotational speed in the vortex to the drag
of the element was taken as the significant parameter for determining the
optimum values of aspect ratio and angle of attack for the vortex-generating
elements.

Several different elements were tried. Rectangular elements of height
0.81 inches with aspect ratios of 1.3, 1.5, and 2.0; height of 0.3l inches
with aspect ratios of 1.3 and 1.5; and height of 0.50 inches with aspect ratio
of 1.5 were tested. For comparison, some measurements were also made with
a trapezoidal element O0.31 inches in height with an aspect ratio of 0.65 and
a 0.50-inch high element with an aspect ratio of 1.5 tapered to match a
1/7-pover turbulent boundary layer profile.

The results of these tests are shown in Figure 4. Rotational speeds
in the vortices at a distance 18 inches downstream of the elements were de-
termined by measuring the speed of the vorticity meter with a stroboscope.
Even though the vorticity meter was mounted in jeweled instrument bearings
the slight friction was enough to prevent measurements being made for the
smaller elements at the lower angles of attack. The measured form drag, rota-

tional speed,and the ratio of rotational speed to form drag are shown. The data for
the larger elements show that a maximum of this ratio occurs near an angle of attack
of eight degrees;in addition,the rotational speed itself approaches a constant value
near eight degrees. The data for the smaller elements are insufficient to show this
but do indicate the same trends as the larger elements beyond eight degrees.

Some visual studies were also made by introducing a streamer of smoke
into the flow near the wall so that the elements were immersed in it. In this
way it was possible to see the shed vortices. These tests confirmed the fact
that there is little difference in the performance of rectangular and tapered
planform elements. An interesting observation was made when the elements
vere set such that a very slight clearance existed between them and the
wall. A very complicated pattern of multiple vortices would appear at the
wall which seemed to depend strongly on the amount of clearance and the angle
of attack of the elements.

As pointed out previously these screening tests were only for com-
parative purposes and, with the possible exceptions of the drag measurements



and optimum angle of attack the data should not be taken as absolute. The re-
sults were sufficient to allow a reasonable choice of angle of attack and as-
pect ratio to be made. These were picked as eight degrees and 1.3 respectively.

C. FINAL EXPERIMENTS

The final experiments were performed with three sizes of elements.
Rectangular elements measuring 0.500 inches by 0.770 inches, 0.250 inches by
0.385 inches, and 0.050 inches by 0.077 inches were mounted on the wall at a
fixed longitudinal station and spaced continuously around the inside circum-
ference of the boundary layer channel. In each case the aspect ratio was 1.3
and the angles of attack were fixed at plus and minus eight degrees. The
spacings for each array were two element heights between elements in a pair
lifting away from each other and eight element heights between elements of
adjacent pairs. The geometry of an elemental array is shown in Figure 5 ex-
pressed in terms of element height, K. This geometry was similar for each of
the three arrays.

The first test for each element size was the effect on longitudinal
pressure gradient in the flow. As mentioned previously the inviscid flow
enviromment was dependent on the boundary layer; therefore, it was necessary
to determine the effects of the elements on the boundary layer flow.

In the course of the work reported in reference 12 it was found that
the measured values of skin friction coefficient in the undisturbed turbulent
flow were less than those for either flat-plate boundary layers or fully
developed pipe flow at the same Reynolds number. The skin friction coefficient
was also found to be dependent upon the ratio of boundary layer momentum thick-
ness to channel radius. A relation was found which satisfactorily correlated
the smooth-wall data. In this correlation the skin friction coefficient was
found to be expressed as C, = C (Re@, CMro) where rs is the boundary layer
channel radius and @ is momentum ~thickness defined for axisymmetric flow.

It is obvious from this correlation that the interdependence of pressure
gradient, boundary layer growth, and three-dimensional effects is important
in determining the skin friction.

It was desirable to be able to directly compare skin friction measure-
ments made with and without the elements present. To do this the free stream
flow conditions (longitudinal pressure gradient and velocity distribution) must
remain unchanged for both configurations to avoid the introduction of extraneous
three-~dimensional effects that would affect the skin friction. Otherwise a
comparison of the skin friction would involve a more complicated analysis.

In order to determine whether or not this problem existed static pres-
sure measurements were made in the channel for each array of elements. The
longitudinal static pressure gradient was determined from measurements at the
wall and comparisons were made with static pressures determined with a probe
at various locatlons in the stream at the same longitudinal station. No
measurable differences in static pressure were found in either the direction
normal to the wall or in the azimuthal direction.

The longitudinal pressure gradient data are shown in Figure 6. The




solid curve in this figure represents the pressure gradient for the flow with
no elements present. The data for all sizes of elements are plotted for com-
parison with this curve. The data are presented non-dimensionally as the
local static pressure drop referenced to the entrance section of the boundary
layer channel divided by the free stream dynamic pressure at a station

(X = 163.3 inches) just upstream from the element location. The data show
that no significant effect in longitudinal pressure gradient exists. This
implies thal no measurable net eiffect results, although the boundary layer

is locally thickened or thinned by the action of the elements and vortices.
Consequently, free stream flow conditlons are the same with and without the
elements as is also shown in Figure 6, and skin friction measurements can be
compared directly.

The next step in the experimental program was a check of the symmetry
in the flow. Velocity profiles were measured at five azimuthal positions
covering one cycle of the element array. In all cases the symmetry was found
to be good,and for the final experiments profiles were measured only over one
half-cycle of an element array in order to conserve time.

The final step was the detailed measurement of velocity profiles and
skin friction drag for each array of elements. Velocity profiles were measured
at three azimuthal positions at each longitudinal station downstream of the
elements. These azimuthal positions are defined in Figure 5 as ¢]} 2 ¢3.
The velocity profiles are shown in Figures 7 through 11 compared to the ap-
propriate profiles for the flow with no elements. Figure 12 presents velocity
profiles for the 0.50-inch elements in the form of the universal law of the
wall parameters compared to Coles' (reference 13) curve determined empirically
for incompressible turbulent flow over a flat plate.

The skin friction data are shown in Figures 13 through 18 compared
to the skin friction on the wall of the channel with no elements. The
variation in wall shear stress with longitudinal and azimuthal positions are
shown as well as the longitudinal variation of the azimuthally integrated
average shear stress.

Interpretation and discussion of these results are covered in the
next section.

DISCUSSION OF RESULTS

Figures 7 through 15 give the velocity profiles and skin friction measure-
ments for the primary element configurations tested - fixed angle of attack,
aspect ratio, and spacing; and three element heights. It is well to note
the organization of these figures as they show the effect of the vortices
on the velocity profile - and the attendant effect on the skin friction - as
a function of both longitudinal and azimuthal position.

Figures 7 and 10 show the same velocity profile data for 0.50 - inch
elements with both longitudinal and azimuthal position, respectively, as
independent variables. The data are compared with the smooth wall velocity
profiles in both cases., In Figure 10 the distance from the wall is made



dimensionless by dividing by the appropriate smooth wall boundary layer thick-
ness, dgy, taken from Figure 2. Figure 13 gives the local shear stress as a
function of azimuthal position for the three different longitudinal stations
corresponding to the velocity profiles. The shear stress is normalized with
respect to the corresponding shear stress for the smooth wall taken from
Figure 2. Both the velocity profiles and the skin friction measurements show
locally strong transverse variations. These transverse variations damp more
quickly with longitudinal distance directly behind an element pair than
between pairs (see Figure 10). In addition, where the local velocity near the
wall is lower than that of the smooth wall the local shear stress is also
lower. In these figures, the boundary layer is not thickened measurably,

and the effects on the velocity profile and skin friction persist at least
81.6 element heights downstream.

Figures 8 and 11 show the velocity profiles and Figure 1l shows the local
shear stress for the 0.25 - inch elements. These data show the same general
pattern as seen for the 0.50-inch elements, although diminished in strength.
The effect is seen to persist at least 67.2 element heights downstream. Note
the difference in shape of the curves for azimuthal variation of shear stress
for the 0.50 and 0.25-inch elements. Part of this difference in shape is due
to the size of the two systems of vortices relative to the balance disk size
and planform. The balance disk averages the local effects differently for
the two systems; i.e., the data for the larger elements represent the local
effects more accuratly than do the data for the smaller elements.

Figures 9 and 15 give the velocity profiles and skin friction, respec-
tively, for the 0.05-inch elements. Since very little effect was noted at
the positions shown, no further tests were made with these elements. The
data prompt the question of whether there were vortices generated by these
small elements, or whether the effects of the vortices generated were simply
insignificant. Since flow visualization with these small elements was not
possible, the question remains unanswered.

Figure 12 presents the velocity profiles for the 0.50-inch elements in law
of the wall parameters. Comparison of turbulent velocity profile data with the
accepted incompressible correlation of Coles is one way of determining the resi-
dual effects of disturbances introduced into the turbulent boundary layer. This
relation emphasizes the profile near the wall, whereas the velocity defect re-
lation emphasizes the flow in the outer part of the profile. Both types include
the wall shear stress as a part of the correlation. The disturbed turbulent
boundary layer profile can be thought to approach a shape given by both correla-
tions as the disturbances dissipate. Figure 12 shows that the data deviate from
the law of the wall correlation at large values of yuT/v - as already seen in
Figures 7 through 11 - although the data near the wall agree well with the cor-
relation. This points out that this correlation applies near the wall for a
boundary layer disturbed in this manner - even for profiles very near the ele-

«

ments. The law of the wall profiles for the other elements exhibit the same trends.

Figure 16 is a compilation of the shear stress data from the previous fig-
ures. The azimuthally integrated average shear stress normalized with respect
to smooth wall shear stress, is shown as a function of x/K for the three element
heights. Except for measurements very near the elements the average shear stress
is increased. The values of average shear stress appear to reach a maximum and
approach an asymptote for large x/K.

10




The net increase in skin friction can be shown to be due primarily to the
added mixing, with no appreciable effect added by the form drag of the elements.
The remarks in the section about the experimental facility indicated that if
the momentum thickness is changed by the momentum losses of the elements (in-
dependent of the change in momentum thickness Reynolds number) the shear stress
will change accordingly. Direct measurement of element form drag, which is
listed in Figure 16, allowed the calculation of the increase in momentum
thickness due to form drag. For the 0.50-inch elements, this amounts to a
three percent change in momentum thickness, which causes an insignificant
change in shear stress. This fact, coupled with the unchanged free stream
conditions, made it possible to directly determine the effects of the vortices
on the skin friection.

Figures 17 and 18 show the effects of changes in element spacing for the
0.25-inch elements (keeping the aspect ratio, angle of attack and longitudinal
station constant). The configuration in Figure 17 amounts to reversing the
rotation of the vortices from that of the previous experiments. The azimuthal
pattern of shear stress variation is seen to change phase by one-half cycle
for the rotation reversal. This indicates little interaction of the vortices
with each other for this configuration. The normalized azimuthally integrated
average shear stress is 1.02 for the reversed rotation, as compared with 1.02
for the previous case.

Figure 18 shows the shear stress variation for approximately equal spacing
of elements. The integrated average shear stress is 1.02, again showing little
mutual interaction of vortices. The implication is that the net effect on skin
friction depends only on the number of elements per unit transverse length and
not on the relative spacing. This behavior may not be generally true but the
results shown here indicate that further studies in this area might be beneficial
to those interested in vortex generators as mixing devices.

In regard to the mutual interaction of vortices, the direct measurement of
form drag also showed no interaction effects for elements spaced from two to
an infinite number of element heights apart.

CONCLUSIONS

Analysis of the experimental data resulted in the following conclusions:

1. For the configurations tested, designed to produce strong mixing in the
boundary layer, the skin friction is both decreased and increased )
locally, but the integrated effect, greater than a few element heights
downstream, is to increase the skin friction.

2. The major effect on skin friction is found to be due to the mixing
added by the vortices, whereas the effect of the form drag of the
elements is not significant.

3. Vortices generated well inside the turbulent boundary layer affect
the skin friction and velocity profile far downstream of the point of
origination.

11
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4, There is an indication from the limited data taken with the different
spacing arrangements that the average effect on skin friction depends
only on the number of elements per unit transverse length and not on
the spacing. This implies that the mutual interference effects of the
vortices are small for the spacings tested.

5. For the configurations tested, the ratio of angular velocity to form
drag is & maximum, and the angular velocity approaches a constant
value, near an element angle of attack of eight degrees. Therefore,
an unnecessary form drag penalty is incurred by operation of this
type of element at greater angles of attack, regardiess of the ap-
plication of the increased mixing.
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¢ = Centerline of Element Pair

-

£, = Centerline of Adjacent Pairs
K

= Element Height

o'
]

Boundary Layer Channel Radius

¢ = Azimuthal Iocation Measured from € of an Element Pair

Figure 5 Geometry of an elemental array,
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Figure 7 Azimuthal variation of boundary layer velocity
profiles downstream of 0.50 - inch elements.
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Figure T (Continued) Azimuthal variation of boundary layer velocity
profiles downstream of 0.50 - inch elements.
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velocity profiles downstream of 0.50 - inch elements.
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Figure 8 Azimuthal variation of boundary layer velocity
profiles downstream of 0.25 - inch elements.

23



2k

3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0

1.8

y
(inches)

Figure 8

[_
© - ¢ =o0
i o - (p! = 2K/ro
- o - ¢, = SK/r,
— smooth wall
1 1 1 ]
0 .2 1.0

(b) x/K = 44,1

(Continued) Azimuthal variation of boundary layer
velocity profiles downstream of 0.25 - inch elements.




3.4

3.0
2.8
2.6

2.4

2.0

1.8
1.6

y
(inches) 1.4

Figure 8

- o- ¢ =o
E-¢¢-Z(/r°
© - ¢, = 5K/

- -~ smooth wall

1 1 L 1 . |
0 .2 A .6 .8 1.0
(c) x/K = 67.2 u/u

(Concluded) Azimuthal variation of boundary layer
velocity profiles downstream of 0.25 - inch elements.

25



26

3.2 b o
3.0 ™
2.8 = ﬁ)
2.6 I~
2.k |-
2.2 I~
2.0 -

w8 B 27 §r= o
o - ¢s- SK/ro

l.6 P smooth wall

y
(inches)
1.4

1.2 1~

l.o [

.2 -

1.0

x/K = 46.0

Figure 9 Azimuthal variation of boundary layer velocity
profiles downstream of 0.05 - inch elements.




¥/8g

1.6

1.4

1.0

.8

Figure 10 Iongitudinal variation of boundary layer velocity

) ¢, = 0 u/u

O x/K = k.6
& X/K = 33.6

—— smooth wall

profiles downstream of 0.50 - inch elements.

27



28

1.6

1L
1.2
1.0
.8
¥/Bgy
Figure

o x/K = 4,6

— smooth wall

(v) ¢e = .21{/1«O u/u

10 (Continued) ILongitudinal variation of boundary layer

velocity profiles downstream of 0.50 - inch elements.




¥/d,

1.6

1.k

1.2

1.0

o
©x/K = L.6
- Bx/K = 33.6
— smooth wall
oW v J
0 .2 L .6 .8 1.0

(c) ¢ = sK/z, /U,

Figure 10 (Concluded) Iongitudinal variation of boundary layer

velocity profiles downstream of 0.50 - inch elements.



30

1.6

1.k

1.0

Figure

O x/K = L6
gx/K = 33.6
= O x/K = 8l.6

~ smooth wall

11 Iongitudinal variation of boundary layer velocity
profiles downstream of 0.25 - inch elements.




1.6 [

1.4

1.2 B~

l.o =

—
-8 - o X/K = 903
Y/asw B x/K = Ukl
.6 — smooth wall

(®) ¢ = 2&/r u/u

Figure 11 (Continued) Iongitudinal variation of boundary layer
velocity profiles downstream of 0.25 - inch elements.

31



1.6

1.k

1.2

1.0

y/ssw

Figure 11

32

©@ x/kK = 9.3
O x/K = ki1

— smooth wall

(Concluded) Iongitudinal variation of boundary layer
velocity profiles downstream of 0.25 - inch elements.




o <
o x/K = 4.6 (0} 08
- @  x/K = 33.6 ° =
o x/K =816
20 (reference 13)
U
Ur
10
0 1 1 i i 1 i 1 1 1 1 J
1 2 5 10 2 5 102 Z 5 4_03 2 4
yU
T
(a) ¢ =0 ~
*r o0 O
o ¢ = o op % B
- a ¢ = XE/r,
© @y = K/x,
20 b — Coles (reference 13)
U (0]
Uy
10
o] 1 1 1 i 1 ln ] 1 1 1 J
1 2 5 10 2 5 10° 2 5 103 2 L

(v) x/k = 33.6 yu

Figure 12 ILaw of the wall velocity profiles for 0.50 - inch elements.

33



*SqUBWSTa YoUul - 0G°0 JI0J SSaIls
Jeays TTeM JO UOI1BIIBA asgaasuey] €T

2/ 1P
0 1- 2-

2In314

I

c6*

96°

00°1

ho't

g0°T

ST T

L/a

3k




*SIUBWATS YdUT = ¢2°0 J0J SSaJ3s
IBaUS TTBM JO UOTIBILBA 3SIIASUBIL, H#T SJnI1g

STy

-
-

L

98"

26’

96°

00°T 3mb\h

Ho° T

g0° 1

el 1

35




*SqUaWATD YoUl - (0°Q J0J SSadys
JeaYys Tl&M JO UOT}BTIJIBA 9SJaasuml] G oJnd1g

38/ 1

9% = N/x O

88"

96°

Bm.r\._‘

00°T

7o*'1

80°T

eT 1

36




*SS3J9S JBAYS TTBMA 98BJISAB JO UOTH}BIJIBA TBUTPNITBUCT 9T SINnITd
A/x
08 oL 09 (024 o of e ot 0
T T T T T T T T T T T T T 7 0
- @0
b MS
1
Yo
— 6 @ 1)o@ f
Kﬁw
0 = Y Go*'0= Yy
|/ K’ ] o 0°T
D— o - ——
o—_ =
05°0= I
o= Ny
L c'T

‘qT
*qT
*qt

£2€00°0 Youi=-50°0
0L200°0 youi=-Gg o
€.4700°0 YouT-05°0

DVHT LNIWTTE TVIOL

37




*gquUaWSTS UYOUT - GZ2°Q JOJ UOTINQTI}STIP $S33S
Jesys TTEM UO UOT}08.Tp TBUOTIBIOL X3310A JO 303118 LT 2JanI T4

/0 &

-3

MS

-1 00°T

- 170°T

4 go't

neen o= /X 42ttt

38




*SQUSWATE YOUT -~ G20 JOJ UOTINQTJIISTP SSauaqs
Iways TTem uo afBusyo Butoeds Jo 40837 QT oInBTd

2/ g
% 2 0 2- 4~ 9- 9- oT-

<o

T I | T v v 1 1 ¥ | I ] Ll 1 1

4 no°'t

-1 go0°'1

fenh o= /X

4 ST°1

39

CR-145

NASA -Langley, 1964



