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Report N-15038-1

Design Criteria For And Applications Of
The Vortex Generator Mixing Prineiple

Summary

There are at this date numerable projects, in wvarious Divisions of
U.4.C., either in progress or contemplated, which are employing the wvortex
generator mixing principle. This principle is defined as the method which
utilizes tip vortices gemerated by low aspect ratio airfoils for the
purpose of transverse mixing of the flow of a oconfined fluid medium where
the axis of the vortex is parallel to the directiom of flow. To date,
vorteox generator design oriteria have not bdeen published. Therefore, for
the assistance of those individuals comcerned and in the interest of the
vortex mixing principle, the following material (subject to modifications)
is presented in this memorandum report.

1. The principle of the vortex mixing method.

2, Optimum vortex arrangement with reference to stagger and direc-
tion of rotation.

3. Design oriteria for,

a. The vortex gemerating airfoil )
bs The configurations for various vortex mixing applications
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Introduction

The vortex generator mixing method was first conceived for the
purpose of eliminating the flow separation then existing in the U.A.C.
. 8=ft. tunnel diffuser. The results odbtained from this application (see
Reference 1) indicated that this mixing method proved to be an effective
means of energising a retarded boundary layer. Initially, the Wind Tunnel
Group was concerned with the development of the principle for applica-
tions to flow separation problems. During this development, members of
the Gas Dymamics Group applied the principle for the purpose of obtaining
greater fuel and air mixing in burcers. A seocond application made by the
Wind Tunnel Group to increase the efficiency of the root sections of the
UsAeC. main tunnel fan (see Reference 2) gave additional experimental
verification relative to the effectiveness of this mixing method.
Consequently, individuals of United Alroraft Corporation have conceived
the following possible applications.

le BEBliminating or delaying flow separation along the surface of a
~ confined fluid medium.

2. Increasing the efficiency of the tip and/or root seotions of
fan, compressor, or propeller blades.

3. Increasing a burner efficiency by obtaining greater air and fhol
mixing.

4, Inoreasing the rate of transfer of heat rron or to the flow of a
confined fluid medium.

5. Decreasing an undesirable transverse velocity, temperature, or
density gradient of the flow of a confined fluid medium.

Projeots are now in progress or are contemplated for the purpose of
developing design oriteria for the various appliocations. For the
assistance of those individuals concerned, the present report hn. been
written. The report has been subdivided as t‘onnu

Seotion I Principles of the vortex mixing method
Section 11 Arrangement of the vortices
S8eotion III Design oriteria for:

A. The iortbx‘gcneruting airfoil
Bs The configurations for various mixing applications

The design criteria contained im this report are based on information
obtained, to date, from flow separation applications being developed by
the Wind Tumnel Group. Since this work has not as yet been completed,
all design criteria are subject to modifications.

I. Principles of the Vortex Mixing Method

The vortex generator mixing n-thod 1s defined as the method which
utilises tip vortices generated by low aspect ratio airfoils for the
purpose of transverse mixing of the flow of a oconfined fluid medium where
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the axis of the vortex 1s parallel to the direcotion of flow,

It is often desirable to have, in the flow of a confined medium ocon-
taining two or more fluids, a state wherein the fluids are ocompletely
mixed, For a single fluid medium, it is somstimes advantageous to
oliminate or reduce an existing temperature, velocity or density gradieat,
or in the cage of heat transfer from or to the confined medium, it is
desiradble to increase the temperature gradient at the confining surface.
Thus, & mixing device is indicated having, inherently, low consumption of
energy, oase of fabrication, and being effective and efficient in opera-
tion. :

It is mown that a three-dimensional airfoil when immersed in a
flowing fluid will release a tralling vortex near its extremities. Such
a vortex is defined as a tip vortex. By choosing for a particular applica-
tion a proper arrangement of these tip vortices, fluid mixing will take
place. Thus, a method is suggested for obtaining the desired mixing as
mentioned i{n the previous parsgraph. Compared to the existing turbulisers
(e.g., soreens, etc.), the power consumption for equivaleant performance
is lower and the effectiveness is higher and better sontrolled.

II. Arrangement of the Vortices

The vortex generator arrangement, to date, has been the cholice of a
number of vortex gemerators looated in & plane perpendicular to the axis
of flow and so arranged that adjacent generators release oppositely
rotating vortices. The following reasons are given for this ohoice.
Refer to Figure I.
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Figure I

Assume that it is desired to obtain by the vortex mixing method
complete mixing at Station B between the molecules of Fluid 1 and Fluid 2
entering separately at Station A with equal velocities, V. OGbviously,
to obtain the desired state at Station B, for a minimum distance, X, the
mixing vortices should be located near or at Station A. The desired
mixing will dbe obtained by arranging the vortices so that their axes are
parallel to the axis of flow. Inasmuch as the induced velocities due to
the mixing vortices are additive (vectorially) in a plane perpendicular
to the axis of flow, the optimum arrangement of the vortices is a

N
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non-staggered arrangement; that is, with all the vortices originating in
the same plame. Refer to Figure II.
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Figure II

If a plane is out through Station 1 (perpendiocular to the direction of
 the velocity, V), then the induced velocities due to the vortex released
by the single airfoil at Station 1 will depend only on the vortex at
Station 1 and its image. At Station 2, the induced velooities will depend
on the tip vortices generated by the first two airfoils and their images,
and so on. Thus, at Station 1, for example, a staggered arrangement of
the vortices will not result in an equal amount of mixing compared to a
non-staggered arrangement (all vortices located just upstream of Station 1).
At some station downstream of all the vortices the amount of mixing
obtained by a staggered arrangement will not equal that of a non-staggered
arrangement 1f the first vertex is dissipated dy the time it reaches the
last vortex station or if the first vortex axis changes direction. It is
suggested that a staggered arrangement could be used if; '

le There is no dissipation of the first vortex in the series before
;y it reaches the last vortex. °
2. There 1s no large change of direction of the vortex axis between
vortices,
3« The first vortex does not produce unfavorable flow sonditions
for the sucoeeding vortex gemerators.

It has been stated that the mixing vortices have been arranged in a
plane perpendicular to the axis of flow with adjacent vortioces opposed in
direction. It is known that a right-hand airfoll generates a tip vortex
whose direction of rotation 1s ocloockwise when observed from the leading
edge of the gemerating airfolil. Consequently, a left-hand airfoil
gonerates a counter-clookwise wvortex. Thus, a vortex mixing installation
could oontain all right- (or left-) hand airfoils wherein adjacent vortices
would rotate similarly (co-rotating arrangement), or by choosing al ternately
left~ and right-hand airfeils, adjacent airfoils will generate opposed

®o 4 o
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vortices (counter rotating arrangement). To determine which arrangement
affects the greater amount of mixing, let us examine the velocity flelds
set up by four vortices and their images in a duct., These vwelocity flelds
were obtained as a result of plotting the streamlime patterms for four
equal vortices symmetrically pleced im a duct of umit radius, Refer to
Figures X and XI on Pages 20 and 21. The velocity fields which may be
obtained from these plots by the method given om the graphs indicate the
amount of aiximg which would take place between the fluid ia the centsr
and that near the outer portions of the duct. It is noticed that a .
greater amount of mixing may be obtained from a coumter rotating coafigura-
tion. Experimental confirmation of this faot may be obtained from the
results reported in Reference 1.

For the above mentioned reasons, we have been concerned with, and
therefore suggest using, the counter rotating configuration to obtala the
maximum mixing effect. However, there may be certain installations for
which the co=rotating configuration would prove superior. Such an arrange-
ment imparts to the fluid adjacent to the confining surface of the flow
a flow direction which may be up to 60 degrees relative to the axis of
main flow, depending upon the vortex strength., Therefore, the co-rotating
arrangement has possible applications to propeller, fan, or compressor
blade root or tip stall problems.

It 1s pointed out that the aforementioned argument which proved a
counter rotatimg comfiguration the superior mixer may be applied, as well,
to a vortex arrangement consisting of two or more series of genmerators,
i.e., vhere the succeeding series are located downstrean relative to the
first seriles.

IITI - A. Desiga Criteria for the Vortex Gemsrating Airfoil

A8 has been stated previously, this mixing method utilizes the tip
vortex generated by a low aspect ratio airfoil mounted om the confining
surface of the flow., Obviously, a well-defined, strong, tip vortex ie
ossential, It is knowa from aesrodynamical theory that ths circulatioa
spanwise must, in this case, be sssentially constant.

The oirculatiom, /7, about an airfoil in terms of the seotiom 1lift
coefficient, Cy; the airfolil chord length, C; and the free stream
velooity, Vi is given by the following theoretical relation.

cv
/"-_El.:r_

To maintain constant spamwise circulation when the airfoil spaams a
velocity gradient, it is necessary to either twist or taper the airfoil
an amount determined by the magnitude of the spamwise velooity gradiemt.
Due to the faot that twisting an airfoil to this degree generally would
not be feasible, it has beea the practice to taper the airfoil am amouat
determined by the spamwise velecity gradieat. It is suggested that a
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nor=-tapered airfoil may be used if the spanwise velocity gradient does
not appreciably affeoct the airfoil performance relative to its generating
e well-defined tip vortex. To date, experiments conducted with aon-
tapered airfoils in the field of a spanwise velocity gradieat (airfoils
spaaning a boumdary laysr) have indicated that, compared to the tapered
airfoil, the noa-tapered airfoil has a much earlier stall angle, oconse-
queatly it will not generate as strong a tip vortex.

In addition, the following airfoil design oriteria are adwanced.
These oriteria are based on experimental results obtained from experiments
with generators mounted in the boundary layer. Optimum airfoil per-
forumance has resulted from;

(a) No sweep of the 1/4 chord line.

(b) No spanwise twist (no experimental verification other
than 0° twist gawe satisfactory results).

(o) An N.A.C.A. 641812 (a = 0.3) airfoil section.

By using the suggested N.A.C.A. section, a 1ift coefficient of approxi-
mately 0.85 is obtained at an angle of attack relative to the mean free
stream direction of 16°, These airfoils were not observed to stall umtil
an angle of attack of approximately SO° was reached., The oritical Mach
number for this suggested N.A.C.A. seotion when operating at a 1ift co-
efficient of 0.85 is approximately 0.6, Therefore, whem it is desired

to use this mixing device ia fluid flow haviag a Mach number greater thaa
0.6, it is suggested that a wedge-shaped airfoll (triangular in planform)
be used imasmuch as the wedge airfoil has better transonic charscteristios
compared to the coaventional airfoll. Further wedge airfoil imformation
is coatained in Reference 3.

It bas been pointed eut that the aforementioned design was develeped

for the genmerating airfoil whem immersed in the fluid boumdary layer.
Refer to the fellowing figure.
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An altersate method of mounting the gemerating airfoils is imdicated
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in Figures IV and V which foli""qq., - This configuration consists of mount-
ing a constant chord airfoil on a strut; the airfoil of such an arrangement
" thus generates two opposed wrt}on.
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Suspended Airfeils Liftimg Away From Coafinimg Surface
FPigure 1V ‘ N

An altermate sonfiguration is hdiutod in FMigure V.
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Suspended Alrfoils Lifting Toward Confining Surface

Flgure V

Experiments carried out by the Wind Zunmel Group using the suspended
airfoil configuration imdicated that the strut desiga was oritiocal, inas-
msuch as both configuratioms bhad early stall characteristics. Results
from this comfiguratiom did not dupliocate (with the struts tested) the
offeotive results obtained from the comfiguration imdicated im Figure III.
However, these tests were not extensive and thus should mot be oomsidered
as absolute evidemoce that the suspended comfiguratiom is imeffiocient.

-




III - Bs Design Criteria Por Various Mixing Appliocations

The following possible applications of the vortex gensrator mixing
primciple have been conceived.

l. ERliminating or delaying flew separation along the surface of a
coafined fluid medium.

2.7 Increasing the effiociency of the tip and/or reot seotions of fan,
compressor, or propeller blades.

3. Increasing a burner efficienoy by obtainiag greater air and fuel
ll.lnng.

4. Increasing the rate of transfer of heat from or to the flew of a
oonfined fluid medium. _

5. Decreasing an uandesirable transverse veloocity, temperature, or
density gradient of the flow of a confined fluid medium.

Design criterla relative to the span and ohord lengths, the number,
and the location (relative to the initial flow separation point) of the
vortex genmerators for Applications 1 and 2, above, are advansed based on
information obtained from results of tests as contained in References 1
and 2 and from tests with a 40° diffuser. For Appliocations 3, 4 and 5,
design oriteria are advanced bdased on iaformation obtained from the same
tests. However, the suggested design criteria for Applications 3, 4 and 6
are intended for the purpose of suggesting to the individunl conoornod a
vortex oonfiguration for tho inititl toltl.

It is repeated that thuo criteria are formulatsd from information
obtalned to date and are, therefore, sudjeot to modifications.

1. Design Criteria for Application 1 (as stated above)

When fluid flows past a coafiming surface in viscous motion, it is
known that in a thin layer next to the comfining surface the fluid
velocity is reduced due to friction and shear forces. The thin stratua
of fluid so segregated is called the boundary laysr. If this fluid must
flew against an adverse pressure gradieant, the fluid in the boundary layer
may have iasufficient emergy to maintain flow., Thus, this fluid may stop
and reverse direction, or, in other words, separation may emsue. In order
to prevent or delay the ocourrence of separation 1t is desirable to
energize the boundary layer. The flow velocity of fluid in this thin
layer may be increased by causing an intermixing between the non-retarded
fluid i{n the main stream and the retarded fluid in the boundary layer. As
has been suggested, this intermixing may be affected dy a method employing
the action of mixing vortices. Experimental confirmation of this applica-~
tion is contained in Reference l.

To obtain the vortex generator configuration for the purpose of
eliminating or delaying fluid separation along a confining surface, it is
first necessary to obtain with a reascnable degree of accuracy the point
of initial separation and doundary layer velooity profiles and flow
directions at various (generally three) stations upstream of the imitial
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separation point., Refer to Figure XII on Page 22 which is an empirical
vortex generator design chart. The design areas of this chart were
obtained from tests conducted in the U.A.C. 1/12-scale 8-ft, tunnel model
with a 7% and a 40° diffuser installed after the test section. The con-
fines of the design areas were obtained from configurations giving,

within experimental error, the same diffuser flow or efficiency results.
For the diffuser, visual results were plotted because these results were
more acocurate and informing than were the diffuser efficiency results since
this efficiency varied only a few percent with or without separation. How-
ever, when separation was delayed in the 40° diffuser, the diffuser
effioiency inoressed by over 100X and thus the officioncy results were
used as a figure of merit,

As the ordinates of this design chart, the parameters )§ and 8/d are
plotteds The paramster ){ 1s defined as (Refer to Figure VI

~distance the vortex core lies from the surfwoe

e s - o the boundary layer thickness
MAAS ,.’:
Ve ‘ | VoaTex Axi§
' h rrwcnauﬂ
? 7 g °
T el 7T 17’777 ’7/, Tre—————r ,é'_,_r_‘vr}'
Rou‘r CHORD ———————14
Figure VI F=0.94 (by errermen)

The parameter 8/d is defined as (Refer to the sketoh given on the design
chart of Figure XII)¢ A

/d distance between adjacent vortices
8 distance the vortex core lies from the surracs

As the absclssa, the distance ahead of the 1n1tia1 separation point in
 terms of the local boundary layer thickness® is plotted.

Assume that the initisl eeparation poiat and boumdary layer profiles
(and flew direotions) upstream .of this point, for a flow separation
problem, ere awvailable. (Rofer to Mgure VII, fonoving.) By trial and

“This ie¢ the thickness at thd vortex pﬁbutor station.

rl

-8 -
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error caloulations, the station fs odbtained which lies a streamline
distance of say 16 S abead of the initial separatiocn point (Station 4).

.,
“l' -
STATION | SrATIOn SyAT/0M3 STATIN 4
—r | Y
N ——*—-'% , ) N _m""”
p—— X
2
X, ™
Fligure VII

If, for instance, 156_2 = X2, then Station 2 is chosen as the vortex
generator station. If the boundary layer thicknesses in a plane are not
symmetrical, then the maximum thickness 1s chosen for £, £ ,, or < z.
By choosing the 12 to 15 & station, the gemerators are placed at
that station which results in presenting to Station 4 (the seraration
point), a full boundary layer; that is, a layer which has been snergized
by the mixing action and which a positive pressure gradient has not
retarded to any extent. This assumes (assumption based on experimental
results) that the mixing action is not continuous along the axis; that is, .
. the vortices become diffused. If the 12-15 & station is not eaccessible,
physically, then the choice from § to 30 § is indicated by the design
chart®, For values of 8/d and ){, the midpoint of the desiga areas are
chosen. Thus for the 16 S station, an S/d of 3 and & )< of 1.10 would be
chosen,

Assume, for an example, that the 15 S station occurred at a duct
station where S.,, was measured to be 1.0 in. and the dust diameter, D,
- was 10 in. The number of generators and the span and chord lengths would

‘ be determined as follews.
X = 4/ © 1.10 from chart

thus @ = 1.10 (S) * 1.10 (1.0) = 1.10"

*In general, it has been the practice not to choose a station less than
the 12 & station inmasmuch as it is quite difficult to obtain the initial
separation point accurately.

o1°-
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Alrfoll Span, b = '6%7 - -15'.—150- ® 1.22" (d = 0.9 b,, by experiment)

8/ = 3.0 (from chart)
‘Thus 8 = 3.0 (d) = 3(1.10) = 3.30"
The nubor.‘l. of generators necessary would bes

H‘: ‘Circumferential distance ', 77(D-d)
 Distance between generators.

g o Z7410:1.10) _ o

By rounding off to the nearest evem number (to give a symmetrical patteran),
the number of generators is determined.to be 8, The airfoil tip chord is
determined from the following emperical relation'(Bquation IX-A as derived
in the Appendix).

For the example at hand, the tip chord leagth is (by assuming C, =&86 for
the N.A«C.A. 647812 section set at 169)%

Cetp * Lot = 100

The spamwise chord lengths are obtaimed as follows (using Equation XeA
given in the Appendix).

Yo
cC= ctip (T)

By plotting the spamwise chord length distribution as determined by the
boundary layer velooity profile, V/V,, and fairing the curve for ease of
construction, the generator planform may be obtained.

The suggested experimental procedure would be to place the 8 generators
(counter rotating configuration - see Seotion II) at the 15 < station at
an angle of attack of 16°. The angle of attaok is then varied positively
and negatively uatil an optimum angle is obtained, If this configuratiom
does not give satisfaotory results, the span lengths are out by approxi-
mately 5X and the sbove experiments are repeated., Byarttimg the spaa

®Refer to 8e0. III-A, Item (C).



lengths, the optimum spen is obtained. This is necessary due to the fact
that, generally, the boundary layer thickness is not symmetrical in a plane
and that the effeotive boundary layer thickness at the 15 S station may not
be as large as the actual measured thickness, as in the case of a steep
velooity gredient (from the confiniag surface) up to a velocity ratio of
0.9 followed by a gradual greadient from a velooity ratio of 0.9 to 1.0.
Then cutting the span length, emough generators must be added to main-
tain a §/d factor of approximately 3 =0.5. It is suggested that, if
possible, a tuft survey of the flow about the vortex generator be made.
This will iadicate if a well-defined tip vortex is being released, if

the strength of the vortices are approximately the same, and 1f the aire
foll is or is not stalled. Obviously, if the generating airfoils are not
performing efficiemtly, measures should de takem to correct the design.

Notes It has been stated that the oritical Mach number for the
NeA.C.A. 641812 section operating at a 1ift coefficient of
0.85 is approximately 0.6, If the loocal lMach number at
the 16 & station is greater than 0.6, it is suggested
that a wedge-shaped airfoil dbe used. Refer to Reference 3.

If one series of generators does not eliminate or sufficiently delay
the flow separation, then additional series may possidly be used. To
date, there is very little information available relative to the desiga
for the multiple series configurations. It is suggested that a second
soeries is feasible 1f the first series succeeds in delaylng the separa-
tion by an amount which allews a second series to be located at least
10 first-series chord lengths downstream, The location of the second
series would be determined, presumably, by the same method as that of
the first series.

2, Design Criteria for Application 2 (See Page 8)

The sections of propeller, compressor, or fan blades near the con=-
fining surface of the flow of a fluid medium may operate at times at an
angle of attack greater than the section stall angle. This effect is due,
primarily, to the fact that at the confinimg surface there exists a
boundary layer with materially reduced veloocities due to friction. A
reduction of the stalled blade area and, as a result, an increase in the
efficiency of the blade section may be effected by employing the vortex
generator mixing principle to energize the boundary layer. By this method,
the boundary layer wvelocities are imoreased, the effeotive section blade
angle i{s reduced and the efficiency of the blade section is, therefore,
increased. Bxperimental confirmation for this application is comtained
in Reference 2.

Generally, when a root or tip blade section stalls"pumping®™ will be
obtained; that is, reversed flow will result over ths stalled portions
of the blade. This pumping action may or may not cause flew separation
ahead of the blade section, If it is determined that such a problem
exists, then the vortex gemerator configuration 16 arrived at ia a similar
manner as the method given under the design fer Application 1. PFor the

- ]2 -
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case where mo pumping actiom results, but the blade section near the
oconfining surface is stalled, then the procedure to use for arriving at
the generator design is as follows:

(a) Assume that the stalled blade section station is the initial

separation point for a flow separation problem (with no fam). -

(b) With the assumption of (a), follow the design given for
Applicatioa 1. This results ia presenting to the fan root/or
tip sections the fullest (least retarded) boundary layer.

It is possible that the aforementioned design procedure may result
in a vortex generator imstallation located between pre-rotation vanes. If
this condition results, it is suggested that the vortex gemerator
configuration be ohosen whioch will generate vortices ia such a direotiea
as to sweep uaretarded ensrgy iato the relatively thick boundary layer
existing at the iaterseotion between the pre-rotation vame and the
oonfining surface. Refer to the following ti;uro.

- — L

—

Pigure VIII

For this application, 1t is possidble that a co-rotating vortex ar-
rangement aight prove superior to the coumter rotatiag arrangement
inasmuch as the co-rotating arrangement may result ia imparting to the
boundary layer a flow angle up to 60° relative to the main flow direc-
tion. The result of this directioming coupled with the mixing given dy
the co-rotating configuration may, in certain sush applioations, prove
superior to the counter rotating configuration. There is, at present, no
experimental verification of this poiat.

3-6, Design Criteria for Applications 3, 4 and 5 (See Page 8)

The design oriteria for these applications are based on ianformation
obtained from Applications 1 and 2, The main difference between these
epplications is the amount of fluid to be imtermixed.

Assume that the problem exists of obtaining at a predetermined duct
station (e. g., at the entrance to a turbime) a uniform tc-pmtm
distridbution. Refer to the following figure.
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This problem, then, may be treated ia a manner similar te the flew separa~

tion problem. For this case, Station 1 is analogous to the iaitial

separation point of the flow separation prodlem. The desiga chart of

Figure XII on Page 22 may de used with the following manipulation for the

purpou of obtainiang some informaticn relative to the imitial choice for
the generator station.

Suppose we cheose a design )X of 1.10, thus .

d/ & = 1.10, but simce d = 0.9b by experimental observation, we
ocan obtain S in terms of the span length, b, as

' 5-%%-0.8%

The design chart indicates that sufficient mixing is obtained by placing
the generators from § to 30 & ahead of the initial separation point or,
in this case, from approximately 4 to 25 span lengths ahead of the desired
Station 1. 8inoce the assumed velooity profile is uniform, a constant
ochord airfoil may be used. Equmtion IX-A of the Appendix indicates that
the following relation between the tip chord und airfoil span should ruult
in effective mixing.

C = 1.34b

EL
It is recommended that the iamitial span be no larger than approximately
1/2 the radius of the duct. Larger airfoil spans might easily cause
interference between airfoils. By choosimg am S/d factor of approximately
3, the number of generators necessary may be deteraimed. The followiag
experimental procedure is suggested.

(a) Choose a generator station betweea 4 and 25 span lemgths up-
stream of the point where the uniform temperature gradieat
is desired,

(b) Start with a spaa lemgth of approximately 1/2 the redius of
the ducty.

-1‘-
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(o) Set the even nunbor of generators (oounter rotating) at an angle
of attack of 16°. Vary the angle of attack positively and
negatively away from 16° until a maxizum effect is obtained.

(d) If the desired mixing effect is not obtained, then cut the spam
length by § to 10 peroent. 4dd sufficient generators to main-
tain §/d approximately S J.5. Vary the angle of attack as
outlined in (¢). Repeat the cutting procedure until a maximum
effect is obtained.

(e) Por a complete program, the value of S/d should also be wvaried
for each span length between 2-6, and finally the axial leoca-
tion of the generators should be investigated for the purpose
of checking the application of the design chart to the
particular problem.

It 1s suggested that a probe of the vortex generator be made te
determine if a well-defined tip vortex is being obtained. If the section
Mach number is above 0.8, then: a wedge~shaped airfoil is suggested.

The configurations for other various applicatioms may be obtained by
following the procedure outlinad above, 38ince the drag of these low
aspect ratio airfoils is almost entirely induced drag, it may be discovered
that a greater overall efficiency will be obtained by using a greater
number of generators at a relatively low angle of attack to obtain the
same amount of mixing as afforded by a few generators at a high angle of
attack.

For any vortex generator appliocatiom, it is emphasised that the aero~
dynamic conditione at the generator station must be of such a nature as
to emable the airfoil to generate a stromng tip vortex. The assumption
camnot be made that a tip vortex is, in every case, gensrated by an
airfoil.
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Appendix

Development of the Bxpiriocal Equations to Determine
the Oonmting nrton Chord Lengths

The thooroti.cal rohtion 51v1ng the oirculation, /7, about an aire
foll is as follows,

/7 - % Cp CV (I-A)

where C; = section 1ift coefficlient
C = seotion chord lemgth (ft.)
V = free stream velocity (ft./sec.)

For a vortex gensrator mixing installation utilising more than
one tip vortex, the vortex strength per airfoll necessary te mia-
tain the required imduced velecities may be said te dopond
principally upoa the following.

le lagnitude of fluid velooity, V
2. The vortex gemerator pattern (ratio of distamce betweea
generators to span of gemsraters, 8/%).

Thus we may write
/7 *Kkvs . (I1-A)

where k) is an onpiriul constant (k] wvaries as the
generator pattern is varied). This equation reveals that if the
spacing is doubled with constant veleocity, them the circulation
about the airfoil must de doubled to give the required indused
velooities.

Combining equations (I-A) and (II-A) and solving for tho' ohord leagth,
we have ' . "

(I11-A)

" Por -the generator application to elimimate separation where all
but the tip section of the airfoil is ilnrud u tho houmhry
hy.r. thea oq\nti.on (III-A) becomes ) .

zx] s SR f. DB
' ™ ' . : B ; . o ".
- cuP_-.cL. : e ( A) ‘
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The parameter 8/d is defined as

8/d = distance between adjacent generators
dIstance of the vortex core from mm;

(Refer to the sketch given on Pigure XII.:)

Por optimum performance (based on results to date) we may set
8/d = k2 (v=-a)
where k2 is an empirical constaxst

. The parameter d may also be defined in terms of the spaa length, b, and
the boundary layer thickness,§ . a8

d = kb = & . (VI-A)
where kg is an empirical o’onli:’ui% based on experimental observa-

tion and kg is the empirical constant which has given optimum results
to date. Combine equations (IV-A), (V-A) eand (VI-A) and obtaia

é zklkzksb S (VII‘A)
tip * CL <
2k,kk, §
1%2%4
oF Cetp gy (VI11-A)

Based on results to date, the follewing values have been
assigned to the empirical comstants.

kl = 0,248
kz - 300
ks - 009
k‘ s 1.1

Substitutiag the above values iato equatioms (VII-A) and (VIII-A), the
following relations are obtained. .

J1.34b _1.64 8 ¢ | -A)
o . - (IX-A)

Ceip

where the second relation of equation (IX+A) is useful in flew separation
applications and the first relation is appropriate for entire duct

transverse mixing applicatioms, eto. Obviously, when the airfoil is not
in the field of a spanwise velocity gradient a constant chord airfoil may

e18 -
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be used, where the chord length is given by equation (IX=A).

When the generating airfoil is mounted in the fleld of a spanwise
velooity gradient, it is suggested that a tapered airfoil be used (to
obtain a well-defimed strong tip vortex). For constant ciroculation span-
wise, the chordwise distribution in terms of the tip chord length and the
velooity distribution may be obtained by using the relation of equation (I-A)
as

Yo

c=¢C (9 X-A
tip vy ( )
Where cup 1s given by equation (IX-1),

Vo is the local free stream velocity, and
V is the lecal boundary layer velooity.

At the edge ef the boundary layer, Vo/y becomes unity and thus
Ce 014’.
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