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Report )(•15038•1 

Deaip Criteria Por ucl Applioatioa.a ot

'ftle VOr1:ex Generator Jllxing Prinoiple 

summarz 

There are at this date numerable projeot•• in varioua D1v111ona ot 
u • .1,.c., either in progr••• or cont•plated, which are employing the wrtex
generator mixing principle. 'lhi• principle 11 detined a• the method which
utill••• tip vorticea generated by law aspect ratio airfoil• for the
purpoaa ot tran111erae mixing ot the flow ot • oontined tluid medium where
the axil ot the wrtex 11 parallel to the direction ot tlow. To date,
wrtex generator design criteria h&Te not been publiahed. 'Jheretore, tor
the aaei1tanoe of those iadinduala concerned and 1n the iDtereet ot the
TOrtex mixing principle, the tallowing -terial (eubject to moditioationa)
h preaented in thi• memorandum report.

1. The principle ot t.he vortex mixing method.
2. Optimua wrtex arrangement with reterenoe to stagger and direc•

tion ot rotation. 
3. Dee1gn criteria for,

a. 'Die vortex generating airfoil
b. The oont1guratioua tor T&rioua 'Y'Or'tex llixin.g applioatioa•
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Introduotion 

The Tortex generator mixing method wa• tiret oonoei wd tor the 
purpo•• or eliminating the tlow aeparation then existing in the u.A.c •

. 8•tt. tunnel dirtuaer. The reaul ta obtained trom thi• applioation ( aee 
Reterenoe 1) ind1oated that tM• llixing mthod pro'ftJd to be an erteoti,,. 
••an• ot energising a retarded boundar7 layer. Initially, the Wind Tunnel 
Group waa oonoerned with the dewlopment ot the prinoipl• tor applioa­
tiona to now aeparation problem•. Daring this dewlopnent, member• ot 
the Gae Dyn.t.aic1 Group applied the prinoipl• tor the purpose ot obt&iniD.g 
greater tuel and air aixing 1D burner•• A aeoond appltoation made by the 
Wind 'l\umel Group to inoreaH the ettioie1107 or the root Hotton• ot the 
u.1..c. •in twmel tan (aee Reterenoe 2) gan additional experaea:tal
writioati011 relati w to the etteot1 wneu or thi• mixing method.
Coaaequently, individuala ot tJn1ted 1.iroratt Corporation baw oonoeiffd
the tollowing poaaible appl1oationa.

1. SU.minating or delaying now aeparation along the •urtaoe ot a
confined tluld medium. 

2� Inoreaaing the ettioienc7 ot the tip and/or root aeotiona ot 
tan, oompreaaor, or propeller bladea. 

3. Increaaing a burner ettioienoy by obtaining greater air ud 1\iel
mixing. 

•• Inoreaaing the rate or tranater ot heat troa or to the tlow ot a
con.tined tluid medium. 

5. Deoreaaing an undeairable trananrae wlocity, temperature, or
demity- gradient or the now ot a confined tluid nediua. 

Projeot• an now in progreu or are 0011templated tor the purpoae ot 
dewloping design criteria tor the various applloationa. For the 
•••bta.aoe ot thoH 1nd1 viduah concerned, the pre■ent report baa b"n 
written. 'Die report hH beeu aubdi Tided a• toU01t• 1 

Seot1on I 
SeotioD II 
Seotion III 

Prlaciple• ot the TOl°'tex aixing aethod 
Arrangement ot the Tortio•• 
De•ign criteria tor, 

A. '!be vort'ex gmerating a1 rtoU
B. '!be conti'gun.tiom tor w.riou• aixing applicatlou

The deaign criteria contained 1u thi• report are baaed on intonation 
obtained, to date ., tr• tlaw aepara.tion applioatiou being dewloped b7 
the Wind Tw:mel Group. Sine• th1• work baa a.ot •• 19t bNn coapletecl, 
all dea1ga. criteria are aubjeot to aocl1t1catiou. 

I. Principle• ot the Vortex Kixing :119thocl

'Dae �rt• generator 111.xing: •thod .ia detinecl •• the method Which
ut111ae1 tip wrtloe1 genara.ted b7 low ••p•ot ratio a1rto11• tor the 
purpo•• ot tnna-..r•• llixing ot t.he tlow ot a �ntinecl f?.uid medlaaWher• 
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the uia ot the vortex la parallel to the direction or flow. 

It 11 otten dHirable to haw, in the floir of a confined medium oon• 
tainiDg two or aore tluid■, a state wherein the fluid• are oompletel7 
mixed. For a 1ingl• tluid mdiua, it 1a aomtiaea adw.nta.geoua to 
el1m1nate or reduce an exbting temperature, wlooity or density gradient, 
or 1n the ca,e ot heat traneter troa or to the oontined medium. 1 t 11 
de■irable to increa■e the temperature gradient at the oontining aurtaoe. 
Thu■, a a1.xing de�oe la indicated ba�ng, inherently-, low oon■waption ot 
aera, eaae ot fabrication, and being ettectin and etticient in opera• 
tlon. 

It 1• known that a tbree-dimenaional airfoil •hen immer■ed 1n a 
flowing fluid will release a trailing vortex near it■ extrellitie■• Suoh 
a vortex 11 defined a■ a tip vortex. By chooaing tor a particular applica­
tion a proper arrangement ot th••• tip -.orticea, tluid mixing will take 
plaoe. Thus, a method 1a 1ugges'ted tor obtainiiig the desired mixing a■ 
mentioned in the preTiou■ paragraph. Compared to the exi1ting turbuli1er■ 
(e.g., aoreen1, etc.), the power ooneuaption tor equiftlent pertoraanoe 
1• lower and the etteotiwn••• 11 higher and better controlled. 

II. Arrangement ot the Vortices

'ftle wrtex generator arrangeaent, to date, baa been the choice ot a
nuaber ot vortex generator, looated in a plan• perpendicular to the ul■ 
ot tlow and 10 arranged tbat adjacent generator■ rel•••• oppoaitel7 
rotating vortioe■• 'lhe tollawi».g reaaona are giwn tor th11 ohoioe. 
Refer to Figure I. 

A B 

Figw-e I 

,c. • rf•Le,..,l�t ol' ,.&.,.no .r 
ti/I , /'1. J. �C v< �,S' �, l'l #IQ C 

Aaaume that it 1a desired to obtain by the TOrtex nd:dng method 
complete mixing at Station B between the moleoulea ·ot Fluid 1 and Fluid 2 
entering 1eparately at station A with equal wlooitiea, v. ObTiou■ly, 
to obtain the dedred 1tate at Station B, tor a mim.mun diet&noe. X, the 
mixing -.ortioea lhould be looated near or at Station A. The delired 
aixing will be obtained. b7 arranging the TOrtioea 10 that their uea an 
parallel to the uh ot tlow. Ina•uch a• tbe induoed Telooiti•• d1ae to 
the abing -.or1;io•• are.additin (notoriall7) .1n a plane perpeDd.ioular 
to the ui• ot nos• tll• · Optiaua arn.ng ... nt et tlw TOrtlo•• l• a. 

S Q QC ... lfr.? 

Jlool60S8•l 

I ,(IC/1./1. ,,c at I ! :~': ~: ~ ~ J( JI. JI ,t "~~ 
A 

,I( If,.,,_ >I .C IC, I '.(.JiOJl,..0)1. 

oououc, 
tJ I>< o;I( ox c, 

1 OCIQOO~~ 
JC.. Io 

oCJo•u 0 
u I "- ' 

Oo 000 0 I .>e I ., 

I I 
r' X .. , 

■...-•-·• .. l?.IZJQ.JC. 



· 11-15038-1

ROll••tauered arrang ... 11t1 tbat b, with all the TOrtioea originat1Dg 1A 
th• .... plaae. Reter to Figure II. 

I 

I 

y �: 
I 
I 

I 

I 

.ST/t.TloNe. 

Figure II 

Loo ,(Ill& DOW�..sT'lt�A,MI AS 1/IEWl!O 

,e,lfo/lf AHIAO oF STAT/ ,,v I 

It a plane is out through Station l (perpendioular to the direction ot

the wlocity, V), then the iDduoed wlooit1ea due to the vortex released 
by the 11..ngle airto11 a.t Station l will depend on!{ on the vortex at 
Station land lta 1-ge. A.t Station 2, the imuc Telocitiea •111 depend 
on the tip vortices generated by the tint two airtoila and their 1-gea, 
and ao on. Thu■, at Station 1, tor example, a ataggered arrangement ot 
the Tortioea will not re■ul t 1n an equal UlOunt ot mixing compared to a 
non•ataggered arrangement (all TOrtioe• located just upatreaa ot Station l)• 
A.t aOIN atatlon down.1tream ot all the TOrtloea the aaount ot mixing 
obtained b7 a ataggered arn.ngeaent will not equal tbat ot a non-atauered 
arrang••nt it the tirat Tertex 1a diaalpated; bJ the tillle 1t reaoh•• the 
la1t TOrtex atation or it the tir■t Tortex uia change• dlreotloa. It 1• 
ncce•ted tbl.t.a 1taggered arrangeMnt could be u■ed.it1 

1. '!'Iler• 11-110 di11lpation ot the tirat Tortex la the aerie• betore
. , 1 t reach•• the laat TOrtex. · 

2. '!'Iler• 11 no large ohange ot direotion ot the Tonex ut1 between
TOrtioeae 

'?he tirst TOrtex doe■ not produce ant'&Tora.ble now oonditiona 
tor the auooeeding TOrtex generatora. 

It hl.1 'been 1.tated that the mixing TOrtioea baw been arranged in a 
plan• perpendicular to the axia ot tlow with adjaoent TOrtioea oppoHd in 
direction. It 1• Jmown that a right-hand airtoU generate• a tip wrtex 
whoae direction ot rotation. ii olooklrl•• when obaened trom the leadiDC 
edge ot the generatl.ng airtoll. Conaeque11tl7, a lef't•h&lld airtoil 
generate• a oow:ater-oloobriae �rtu. Thua, a �rt•x mixiAg 1natallat1on 
oould ooa.taiA all right• (or left•) bud airtolla. wherein adJaoent TO"ioea 
would rotate dll1larl7 ( oo-rotatlng arrang-nt ), or 'b7 ohooa:lng al ten.ately 
l•tt- and ript•bud al.l'feUa, adjaoent airfoil• will generate oppoaed. 

I. 



"fO!'t1o•• (oouater rotating arrangement). To determine which arr�ement 
attect• the greater Ulount ot llixi�, let u■ e%8Jlline the wlooit7 rielda 
■et up bT tour TOrt1oe■ and their inag•• la a duct. These wlooity tleld•
••r• obtained•• a reault ot plotting the •treaali•• pattenaa tor tout'
equal TOrt1o•• IJJa9tricall7 placed ia a duct ot ualt radius. Reter to
Pigur•• X and XI on Page■ 20 and 21. The nlooi ty t1elda which -.y be
obtained troa theae plot, by the method gi wn oa the graph■ indicate the
amount ot aixiag •h1oh would take place between the tlu!d ia the center
and that near the outer portion• ot the duct. It 11 noticed that a
gr•t•r amount ot mixing may be obtained trom a couater rotatblg ooat1gun.•
tion. Experimental ooatin-.tioa ot thi■ f'aot may be obtaimd troa the
reaulta reported in Reterenoe 1.

For the abow aentioaed reaaona, we m.ve been oonoernecl With, and 
theretore •U&g••t using, the counter rot.ting oont1guration to obtalll th• 
maximum muing etreot. However, there •Y be cert&iA 1utallat1ona tor 
which the co-rotating oonf'igun.t1on. would prow superior. Such an arrange• 
aeat impart• to the tluid adJaoen.t to the oon.tim.ng •urtaoe ot the nos

a tlOIIF direction which -.y be up to 60 degrN1 relat1w to the axil ot 
m.1n. tlow, dependiAg upon th• wrtez 1trength. Therefore, the oo-rotatiag 
arrangement hae poeaible applioatioa1 to propeller, tan, or oompreaaor 
blade root or tip ,tall problems. 

It 11 pointed out that the &1"or911lentioaed argument which prowd a 
counter rotatlag ooat1gurat1011 the 1uperior lllixer •7 be applied, •• .. 11, 
to a wrtex affallg .. eat oonaieting ot two or aore 1erie1 ot geaerator■, 
i.e., where the 1uooeeding 1eriea are located dOW"D.1tream. relatin to th•
t1rat Hri•••

III - A. De11g• Cri�eria tor the Vortex GeMrating Airtoil 

A• ba• ben 1tated pre'rioualy, thia :mi:xi.Jlg method utilises the tip 
TOrtex generated by- a lOII' aepect ratio airto11 aoUDted cm the cOJlf'WAg 
aw-taoe ot the tlow. Obrtouely, a ••ll•detined, atroag, tip wrtex· ia 
eHeatial. It ia lau,w11 troa aerodyumical theory that the oiroulatioa 
1pamriae auet, 1A th11 oaae, be eeeentiall:, ooutant. 

The oiroalatioa, /7, about an &irto11 in tend ot the aeotion lift 
ooett1oie11t, CLJ the airtoil chord length, Cs and the tree 1treaa 
wlooit7, VJ ii gi"NII by the tollowiiag theoretical relatioa. 

CL CV 
._.,.2_ 

To •i11:tain 0011atant 1pamr11e circulation when the airfoil 1pau a 
wlooit:, gradient, it 1• :a.eoeHaey to eitber tri•t or taper the a1rtoil 
an .. 0Wl1. determined b7 the •gai tude ot the 1pamriee wlooi ty gradient. 
Dm to the taot tm.t twtat111g an airfoil to tide degree geurall:, would 
11ot be teaaible, it baa beea the praotio• to taper tba airfoil aa aaouai 
••tend.Md bJ" the 1p&Jar1ae wleoit:, gradleat. It 1• 111ce,eatecl tb&t a
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aoa•tapered airfoil •Y be used it the ape.mn■e wlooity gradiat does 
aot appreciably atteot thie a1rto11 pertorance relatiw to its generatiag 
a well-detiaed tip Tortex. To date, experi•nta oonducted w1 th aon• 
tapered airtoil■ 1D the tield ot a apanwiae ftlocity gradieat (a1rto11• 
■pulling a boUJldary layer) haw indicated that, compared to the tapered
airtoil. tbt noa•tapend airtoil baa a auoh earlier atall angle, coue­
queatl7 it will not gaerate a■ atroag a t1p Tortex.

In addition, the tollowing airfoil deaign criteria are ad.need. 
'tbe■e criteria are baaed on experimental reaulta obtained tro■ expertaenta 
with generator■ aounted ia the bouadary la7er. Optimml airto11 per• 
fOl"lllalloe •• re■ulted traa, 

(a) 
(b) 

(o) 

l'o .. eep ot the 1/• ohorcl line. 
Ro 1panwi1e twi1t (no experimental ffrit1cat1on other 

thaJl o0 twiat gaw 1atiataotory reeulte). 
All 1.&..c • .1. M1812 (a • o.3) airtoil 1eotion. 

By u1111g the 1ugge1ted •.&..c • .a.. 1eotion, a litt ooetticient ot approxi­
mately 0.85 ii obtained at an angle ot attack relati w to the mean tree 
atream dii-.otion ot 16°. 1h••• airtoil• were not obaerfld to atall until 
an angle ot attack ot appron•tely: so0 was reached. 'l'he critical lfaoh ·

auaber tor thia ■uggeated 1' • .1.c.&.. ■eotio11 when operatiJI& at a litt oo­
ettio1eat ot o.a& 1• approxiatel7 o.e. Therefore, when it 1■ de■tred 
to u■e thia mixing dettce 1a fiuid tl .. bariag a lllloh auaber greater tbaa 
o.e, it 1• auggeated that a nclge-■haped airtoU (trta:ag,alar in plu.tora)
be uaecl iuauob aa the wedge airfoil. ha■ better tran■oaic ch&noteriatio•
oapared to the conwntioaal airtotl. Further wedge airtoil iatonu.tloa
la coataiaed in Reterenoe a.

It •• been poiate.d eut that thie atoreaentloud deaip wa■ dewloped 
tor the gnentiag airtoil wb• laler■-4 1a the tlm.d boad&r7 lay.r. 
Reter to tbe followiA1-t1'111'.•• 

. 11.guN III 

-. al tena 1:le •thod ot 11011Atiag tlae geaeratiag air�oila i• iadioated 
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la 11pn■ IV &lld V whloh toli°'� _. Thi• ocaftgvatioa oouiata ot IIOllllt• 
1ng a coutan't ohord &lrtoil oa·a 1tnt1 ti. al.doll ot auoh aa arrugeaat 
tllu c•en•• wo oppo■..t wrilo••• 

,.A 
s 

---1' 

Su1pended Urteil1 Llttlag J.wa7 Pl"• Coatlalac Bvtaoe 

FlgUN IV 

u altenaw ooats.prati• ii ladloated la ft.pre y.

' ' . •  ... , 

.. I 

I 

Suapended Urtoil■ Lltt111g '1"0ward. Catillillg Sw-taoe 

Flgure V 

Bxper1-t• oarriecl out by the 10.Jld 2'wulel Group u.■i.ag th• •uapeDllecl 
&lrtoil ooat'1gvat1oa ladioat.d that th• atnat de■iga •• oritioal. im.1-
aaah aa both ooat1gva tlo• bad. -.rly ■tall oharaotor1■tio■• Reaul u 
troa· W• ooatiglll"atioa di4 not d'llflloate (with tho 1tnt■ teated) tlae 
otteottw ro■alta 0111:ahecl fNa 'Ibo oaan"pratioa ladloa'Mel 1a Flguro III. 
Bowwr, ta•• teat■ were. aot eatouiw and thu ahcnald aot bo ooa■idond 
a• ab1ol11M ofl.,oaoe t11at't1ao 1111peJlllled ooatlgvatl• 11 luttloioat. 
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III·• Be Deaip Criteria F•r·.var-iou 111x1ag &ppl1aat1011• 

The following poe•ible applioationa ot th• Tortes generator mixing 
pl'iaolpl• haw been ooaoeiwd. 

l., Bllml•ting or delayiag tl• Hparat1an aloag the •urtaoe. ot a 
ooatllled ftuid Mdl• 

2 .� Iacread.ag thl ettioieno;r ot the tlp and/or reot eeotiou ot tu, 
ocapre1aor, or propeller blade■• 

3.. I•reaaiag a burner ettiolenoy by obtalzdag. greater air and tuel 
mnag. 

'• Iaoreaaing the rate- or trauter of heat troa or to the tl• ot a 
ooati.Aed fluid mediua. 

6. Deorea11ng an \llldeairable tran1wr1e .... 1ooit1,· temperature, or 
denalt7 grad1at ot the flow ot a oollf'ined tluid media. 

De■iga criteria relatiw to the •pan and obord length■, the llumber, 
and the location (relatiw to the illitial tlow ■epuatian poi.at) ot the 
-.ortex generator• tor Applicat1ana 1 and 2, abow, are adftlloed b&Hd oa 
111tornation obtained trom result■ ot teata a■ ooatained in Reterenoe■ 1 
and 2 and troa teat■ with a 40° dlttuer. ror Applioatlona 3,, and&. 
de■lgn oriteria are adwnaed b'°aecl on la.foraation obtained tra the ■aa• 
tea ta. H••Ter, the ■uggested·: dHip criteria .tor. Jpplloatiou 3, , ud I· 
are intended tor the purpoH ot 1uggeatiag to the 1ad1 Ti dual ooaoenaed a 
-.ortex oontiguration tor the· 111:1 tlal te�t•• 

It 1• repeated that tlwae oriter1a are tonmlated from 1.Jltoraatia& 
obtaine4 to date &Ad are, therefore, IUbjeot to aoditioatioaa. 

1. Delign Criteria tor Application l (aa 1tated.abow)

Wh•• tluld tl•• pa■t a ooat1aiag aurtao• ia Yiaooua motion, 1t la
laaOIIII tba t 1A a thin layer next to tM ooafl.JWIC aurtao• the tluld. 
wloo1t7 ii reduced due to triotioa and shear tore••• . '1'he thin 1trat1a 
ot tluid 10 Hgregated i■ called the boundar7 layer. It this tluid mu■t · 
tl• agaia■t aa adnrae pr-■1ure gradient, the fiuid 1D the boadar;r lay-er 
•Y ban iuuttloieat eaero to mintaia flow. 'Dlu■, th.la tluid •1 atop
and reTerae dlreotlon, ar, ia o\ber word■, aepe.ration •J' eaaue. I.n order
to prennt or delay the ooourrno• ot Hparatloa lt ii desirable to
energise the boadary la7er. 'lb• tlow TelooitJ ot fluid ia thia thin
layer •1 be iaoreaaed bJ cauaing u intendxi.ng betnea the noa•retarded
tl'llld. la the •ln atr ... and the retarded nu1c1 iD th.e boaadary layer. Aa
hi.a been ■uggeated, Wa intendnag •1 be atteoted b7 a •thod eaployiag
the aotio.n of alxi.Dg wrtio••• B:sperl•lltal o0Dt1raatioa ot thia applio&•
ticm 1• ooatainecl 1A Reterenc• 1.

To obta111 the TOl"tez gemntor ocmtlguratiOD tor the purpoae ot 
ellld.atiDg. or delaJin& n111d 1eparatiOJ1 along a oOllftDiDg. ■urtaoe, it 1• 
tlrn n•o•H&J"7 to obtaiJI w1 th a r_.cmabl• clep-e• ot aonraoy tM point 
ot 1Dl ti&l 1eparatlon and bowadary layer wlooity protU•• ud tl• 
dlnotlcma at wrlou (geurally thr") •••tou. up■v-- ot the laitial 
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aeparation point. Reter to Figure lll on Page 22 which is an empirical 
wrtex generator dedgn chart. The deaign areaa of this chart were 
obtained rroa teata conciucted in the U.A,.C. 1/12-acale a-rt. tunnel model 
•1th a r' and a 40o d1ttuaer iutalled atter the teat aectioa. The 0011-

tin•• ot the design areaa were obtained from contigurationa g1Tillg,
within experimental error. the aame dittuaer tlcnr or efficiency reaulta. 
Por the� dittuaer, Tiaual reault1 were plotted because th••• re1ulta were 
■ore accurate am intonung than ••r• the dittu1er ettic1enc7 rewlta aiao•
thia ettioiency ftried only a tew peroent •1th or w1 thout aeparat1oa. Bo•­
enr, when aeparation wa1 delayed 1n the 40° d1ttuaer. the d1ttuaer
etttoieacy- 1ncreaaed by onr lc:>0% 1.11d t.hua the ettic1enc7 reaulta ••re
uaed •• a t1gure ot aerit.

A.a the orcU.D&t.a ot thla dedga chart. the paraatera X and 8/d an 
plotted. 'flle pvaater X 1• det1aed aa (Refer to 1'1.gure VI), 

� • d/.� •· dlatance the TOrtez oore lie• trora the 1urtaoe
o tlie &cfuiidar, ia79r thlolmeH 

- .. --- ---- -
s

Vo""T'lr1' AX Ii 

� Tl,. CH•"'Oi 
----- ·-·=-==-;.=-....--- --

f 
! 

Figure_ VI 

'ftle par ... ter 8/d 1• defined•• (Reter to the aketoh g1Ten on the deaign 
chart ot Figure XII) 1

distance between adjacent vortices 
S/d • dlata.nce the wrtex core Ilea froa the aurraca

A• the abaciua, the dlltanoe ahead ot the 1111. tial separation point in 
terma ot the local bowadary- layer thiolmeaa• 1a plotted. 

Aaa\1118 tbat the iA1 tial aeparation poiat and bouada.17 layer protil•• 
(and n .. direotiou) upatreaa .ot thia point, tor a tlow aepar1.tio11 
problem_ are aw.llable. (Refer_ to ll'igure VII, tollow1ng.) B7 trial and 

•1!11• 1a tbe thioJme•• ai; the TOri.ez �rator atatioa.

..... 

----·- -·----
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error oaloulat1ou. the 1tat1oa 1• obtained which 11•• a atreamline 
diatanoe ot 1a7 16 &"�uad ot the initial ••i--rati011 point (Station,). 

JrAT/ONf 

.x., 

Figure VII 

S7 Kr Io ltf 3 

It, tor instance, lSJ°2 • .12, then Station 2 ia chosen as the vortex 
generator station. If the boundary layer thiekneaaea in a plane are not 
aymmetrical, then the naximUJII thickneaa 11 chosen tor .r 1, .&' 2, or £ 3•
By ohooaing the 12 to 16 batation, the generator, are pl&ced at 
that atation which reaulta in presenting to Station 4 (the sep!l.ration 
poil1t), a tull boundary layerJ that ia, a layer which baa been energhed 
by the mixing action and which a poaitiT• preaaure gradient h&a not 
retarded. to any extent. This assumes (aaaumption baaed on experimental 
result■) that the mixizlg action is not continuoua •long the uci•J that ia,. 
the -.ortioea beoome diftuaed. If the 12-16,c5' atatioa ia not aoceaaible, 
phJdcally, then the choice trora 6 to 30 o 1• indicated by the design 
oharl*. P'or •luea ot S/d &nd X, the mldpoiat ot the deaig:a areas are 
ohoaen. 'l'hua tor the 16 & atation, an S/d ot 3 and a X ot 1.10 would be 
oho1en • 

.uaum, tor an eample, that the 16 � 1tation ooourNd at a duct 
1t&tiOll Where cS°max wae meaaured to be 1.0 in •. and the duet diameter, .l) • 
waa 10 ia. '%he number ot generator• &Ad the 1pan am chord length• would. 
be detendMd ... toll••· 

K • d/
.& 

• h10 troa oh&rt 
' • 

• 
I 

tb111 d • 1.10 (�,). • 1.10 (1.0') • 1.10 ,, 

•tn general, it haa been tb9 practice not to ohooae a atation l••• than
th• 12 S 1tati011 im•uoh &a it h quite d1tt1cul1: to obtaiD tlae im.t1&l
1ep&r&ti011 poizlt aoourately.

- 10 -
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••-t 11 8 ... d 1.10 1 ..,.,. (.a ,._ ,._..,) ..,. o pa.a. • • o.J • ,r.r • •- � • 0.9 'b•a v1 ezper �a1o 

a/d • 3.0 (rroa claan) 

''!'Ima 8 • 3.0 (d) • 3(1.10) • 3.30• 

� DlllllMr•\•• .ot generator• neoe••ary would be, 

1 .. � · Cil"cumterential dist&Doe ·� tr{D-d); _blafuce between genera.tors. 8 

I • 7r(l0-l.10} • 8_.,.8, S.3o � 

B7 rOUDding �t to the ma.rest •w• aUllllber (to giw a .,-trioal pattern), 
the nuaber ot generator• 1• detiniit'ned •. to be 8. The airtoll tip chord 1a 
determined troa the tollowing emperioal. rela ticm '. (BquatiOD ll•A. a• deri wd. 
la the Appadix). 

For th• euapl• at band, th• tip chord leagth ia {by aaauaing C
L. 

•�86 tor 
the !f • .t..c.4. 6'.;812 aeotl011 •et at 16•)•• 

The apa.mriae chord length• are obtaiud aa tollow• (using Equation x-.l
gi w11 ia th• Appendix). 

By plotting the 1pt.mr11e chord length diatr1but1on aa detenaiaed b7 the 
bo\D1dary layer velocity profile, V/v

0
• and tairing the curw tor ease ot 

conatruotion, the generator plantorm •1 be obtained. 

The auggeeted experialntal procedure would be to place the 8 generator■ 
(ooUDter rot&ting oonti�ation - ••e Seot1011 II) at th• 16 .£ atat1on at 
t.n ugle ot &ttaok ot 16°. The. angle ot attaok 1a then .,..ried poaith•lr 
and ugati..,.ly ua-til an optimua ugl• la obtained. It tll1• oontiguratioa 
doea aot ctw 1at1ataotol')" rHulta, th• •pea lagtha are ouiJ by approzi• 
•tely 6% and the abow experillnta are r•p•ted. ByCllttiag the •pea

�-t•r to Seo. Ill•A, Iwa (C >·

- 11 -



length•, the optimm 1pan 11 obtained. Thi• 11 nece11ary due to the taot 
that, generally, the bow:adary layer th10Jcne1e 1• not symmetrical in a plu• 
aDd that the etteot1n boundary layer thickneH at tbe 15 � etation ma7 aot 
be aa large aa the actual meaeured th1clcne11, aa in tbe case ot a steep 
wlooity gradient (troa the oontiniag aurtace) up to a -..looity ratio ot

0.9 tallowed by a gradual gradient trom a velooit7 ratio ot 0.9 to 1.0. 
When cv.ttiag the ■pan length, enough \•nen.tora muat be added to maia•
ta.in a S/d tactor ot approzi•tel7 3 .o.&. It 11 suggested tb&t, it 
poadbl•, a tul't 1urny or the tlow about the TOrtu genera tor be nade. 
Thi• will iadioate it a well•det1ned tip Tortes 1• being releaaed, it 
tbe atrength ot the TOrtioea are approx1•tely the aame, and it the air• 
toll 1• or 1• not atalled. Ob'fioualy, it the generat1Ag a1rto11• are ao� 
pertonli.ag ettioi•tl.7, aeanrea ahould be talcea to correct the deaiga. 

11ote1 
-

It baa been atated that tbe critical Kach number tor the 
H.A..C.&. 6'1812 aection operating at a 11tt ooetticient ot

o.a& 1• approximately o.e. It the local aoh number at
the l& o atation 1• greater than o.e, it 1a suggeated
tb&t a wedge•abaped airfoil be uaed. Refer to Reterenoe 3.

Ito� aerie• ot generator, does not eliminate or sutt1o1ently del&7 
the tlow separation, then additional aerie■ my po1aibly be used. To 
date, there 11 nry little intormation a•Uable relatiw to the dedga 
tor the multiple aerie• oontiguratione. It 1• auggeated that a second 
aeries 1• teaaible it the tirst aerie• 1uoceed•.1.D delaying the aepa.ra• 
tioa by an amount wh1oh allna a 1eoond aerie■ to be looated at lea.at 
10 tir1t-1eriea chord length• downatreu. 'lhe location of the ■econ.cl 
aer1H would be determiaed, preawaably,_ b7 the eame Mtbocl a• that o·t 
the tirat aerie■• 

2. Dedgn Criteria tor Application 2 (See Page 8)

'!'he aeotiona ot propeller, compreaaor, or tan bladea near the con•
tining aurtaoe of the now or a tluid mediua •Y' operate at ti•• at an 
angle ot attack greater than the aeotion atall angle. Thia ettect 11 due, 
primarily, t• the tact that at the oonfiniag aurtace there exiata a 
boundary layer with •teri&lly reduced nlooitiea due to triction. .l 
reduction ot the atalled blade are& and, aa a reault, an increaae in the 
etficieaoy ot tbe blade aectioa •7 be etteoted b7 employing the Tortes 
generator mixing principle to energi&e the boUZMiary layer. By thia aetbocl, 
the bow:adar7 layer nlooit1•• are iaoreaaed, tbe etteotiw section blade 
angle 1• reduced and the etticienc7 of the blade aectioa ia, therefore, 
inoreaaed. Bzperiaental 00Dfir-.tio11 tor tbia application h ooatained 
in Reference 2. 

General17 • when a root or tip blade aeot1011 •tall• •puaping• will be 
obtainecls that h, renraed now will re1ult onr the atalled portiou 
ot tbe blade. Thia pumping action •7 or •Y not oauae tl• aeparatioa . 
a.mad. ot th• 'blade aeotion. It it ia detendMd tbat •uoh a probl­
ex1•t•, then the TOrtez generator oont1gwat1oa 1• arr1w4 at 1a a •!ailar 
a&11Mr a• tile •thod giwa ad.er the deaip fer Applioat1oa 1. ror the 

- 12 •



oa1e where ao puapbg aotioa re1ult1, but the blade aeotion near the 
ooatiaiag 1urtaoe ii 1talled, then the procedure to uae for arri n.ng at 
the generator deaip 1• aa tollowea 

(a) 

(b) 

UIUM that the 1talled blade section atati011 1a the initial 
aeparation point tor a tJ.ow separation problem (with no tan). 

With the &HWllption ot (a), tollow the deeign ginn tor 
4pplioat1oa 1. Thia re1ult1 ia pre1entiag to the tan root/or 
tip aectione tM tulleat (lea■t retarded) boundary layer. 

It ia po111ble that the atorement1oned deaign procedure ..,y reault 
ia a -.ortex generator 1utallat1oa located betwHn pre•rotat10D. 'ftllea. It 
t.h11 oond.1 tioa re1ult1, 1 t 11 •uu�•ted that the TOl'te:E generator 
oont1gvat1oa. be ohoaen •hioll will guerate nrtioea ia 1uoh & direoti• 
•• to .... P mantarded enera 1ato the relatinl;r thick boUlldt.17 l1.79r 
edatlJlg at the iat.raeotion betweeA tbe pre-rotation -.au &Jl4 the 
oont�Din.g 1vtaoe. . Refer to tbe tollow1.ag tigure. 

� !  y 

� 

I y 
l°trEO•vtT10 ..Y VAN( 

_____ ·-- VoRTl;X, G' 6'.Nl'.8 AJ:oa, 

f ,.< 
'��.;r-'

Fipr• fflI 

For thi1 applioatioa. 1t 1• po111ble that a co-rotating TOrtex ar­
rangement might prow auperior to the oouater rot&tillg arra.n.gement 
inaa111Uoh •• the oo-rotating arrangement may re■ult ia iaparting to the 
boundary lar,r a tlow angle up to 60° relatiw to the maia tlow direc­
tion. The reaul t ot this directioJaUg coupled with the •inng gi ft1l by 
the co-rotating configuration ay, in certain ■uoh application•• prow 
auperior to the counter rotating oont1gurat1on. There 11, at preHJlt. 110 
experi•ntal Teriticat1011 ot thi• point. 

3-5. Delign Criteria tc,r ApplicatiOlll 3. 4 and S (See Page 8)

'lh• de1ign criteria tor th••• appl1oat1ou are baaed oa iator'llatiaa
obtaiDed troa l.ppl1oatio111 1 am 2. 'lh• m&in ditterence between the•• 
appl1oat1ona 11 the aaount ot tluid to be iatend.xed. 

Aaaume that the problea exi1t1 ot obtaim.:ag at & predetel"lliDed d1a0t 
atatioa ( e. I•, at the eatnnoe to a turbia) a um.tom teaperatve 
clietrtbutioa. Beter to the tollOlrilag t1gure. 

- . '·- - - - . ' -
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J,13r�1•u-r10.N 

Figure II 

Thie probl•, th1t1l., ma7 be treated la a .-aner aiailar to the tl• 1epara• 
tion problem. For thi• oaae, Statioza 1 ta &J1&logoua to the laitial 
aeparatlon point ot the tlow 1eparati011 problem. Th• dedp ohart ot 
Figure XII on Page 22 11JA7 be uHd With the tollowtng -.nip11latlon tor the 
purpo•• ot obta1A1ag aom lnt'onatioza relati.,.. to the la1 tial oboioe tor 
tbe generator atation. 

Supp••• •• chooH a design K ot 1.10, th11• 

d/ • • 1.10, but •l•o• d • 0.9b b7 experiaental ob••r•tion11 •• 

oan obtaiD � in term• ot the 1pan length, b, •• 

. & • t �g • 0.82b

Th• design ohart indloates that aut'tiolent mixing ii obtained by pb.cing 
the generator• t'roa 5 to 30 .S ahead ot the initial eepantlon point or, 
ln tb.11 ca1e, trom apprm:imatel7 4 to 25 lp&a len�• &head ot the de•ired 
Station 1. Sino• th• a•■laed ftloolty protil• 1• Ullitora, a oon■tant 
ohord airt'oil ay be uaed. Bquatlon ll•A. or the Appeudix 1nd1oate, that 
the following relation betwee the tlp ohord. aad airtoil apan should reault 
in etteot1'1'9 mixing. 

C • 1.34b
Ct 

It 11 reoomeDded that the iaitlal 1paa be llO larger than approxim&tel7 
1/l the radiu■ of the duot. Larger a1rto11 1pau might eadl7 oauae 
lDtertereaoe between airtoll1. By ohooalAg aa S/d taotor ot approxl-.tel7 
S, the nUllber ot generator• neoea1ary •7 be determ.ud. the tollowlAg 
esperiMD.tal prooedure 1a 111" .. ted. 

(a) Choo•• a generator at&tion between, and 2S 1paa lagtha up•
atreaa ot the point Where ta aitora teaperatwe gradiat 
11 deaired. 

(1>) Start Wi tb a apaa l•agtla ot approzl•tel1 1/l the n.diu ot 
· the duot-..



(o) 

(d) 

<•> 

Set the "911 aumber ot generator• (00UJ1ter rotating) at an angle 
ot attaolcot 16°. Vary the angle of attaok: poaiti Tel7 am 
negativel7 away from 16° until a maximm etteot 1• obtained. 

It the de1ired mixing etteot la not obtailled, then out the spaa 
length b7 5 to 10 peroent. l.dd 1ut'tioient generators to.naiJl­
taill S/d appro:dJ11&tel7 3 !.s. Vary- the angle ot attack aa 
outU.aed in (c). Repeat the cutting procedure _until a mnaua 
etrect 1• obtained. 

For a o«apl•te program. the ftlue ot S/d should alao be w.rled 
tor each ap11.11 length between 2-e, and ti.Dally the axial looa• 
tion ot the generator• should be inwatigatecl tor the purpo•• 
ot cbeold..ug the application ot the deai91 chart to the 
particular problem. 

It 1• auggeated that a prpbe of the 'VOrtex generator be mde t• 
determine it a well-defined tip;·_?Qrtex i■ being obtained. It the seotlon 
llach number ii aboff o.e, then_,_ a' wedge-1haped a.irtoil i • sugge■ted. 

- ·  

'!he cont'igurationa tor ot.h_er w.rioua applicat1o•• •7 be obtaiaed bJ' 
tollowlng the procedure outlined. abon. Slnoe the drag ot these l• 
aapect ratio alrtoil• ta alao1t entirely induced drag, it may be dlacowred 
that a greater owrall ettiolncy.will b• obtained by ualag a greater 
number ot generator• at a relati�ly low angle ot attaok to obtain the 
aaae aaOUDt ot aixlag aa attorded by a f•• generator• at a high angle ot

attack. 

For &DJ wrtex generator appUoatioa, it -la empha1bed that the aero­
dynamic oolld.itlon1 at the generator station muat be ot 1uoh a ature aa 
to em.ble the airtoll to generate a atrong t.l.p -,ortex. the &Huaptloa 
oamot be •de that a tip -,ortex la• 1a enry •&H, purated by &A

airto1l. 

- 15 •
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Appendiz 

Dewlopae11t ot the Blllp1r1oal lquat1ou to l>etend.M 
t!M OelleratiDg Airfoil Chord·Lengtha 

'lh• theoretical relatiozt, Jin.zag tb• oiroulatioa1 /', about aa air-
toll 1a •• tollowa, 

where CL • ••ct1oD 11tt coettioient 
C • section chord length (tt.) 
V • tree atreu wlooit7 (tt./1eo.) 

For a ftrtez generator 111.ziDg 1utallat1011 utilising aor• thaa 
one tip ·nrtex, th• �rtex 1trength per alrto1l 11eoeHa17 te •ia• 
taia the required 1aduoed w-leo1t1e• -.y be aa1d te depelld 
priaoipall7 upoa the toll•1nc• 

l. '111.gllitude ot fiuid nloo1ty, T
2. The wrtez gemrator pattern (ratio ot diataao• betw.ea

generator a to apaa ot geuratera, 1/b ). 

(II•A) 

where t1 1a 1u(e11pirioal ooaatu.t (k:1 ,viea •• the 
gezaerator pe.ttem 1• -.ar,ied). 'lhia •q•tioa rewal• that it the 
ape.cing 1a doubled with. oo.11•tant .,.1ooit71 the11 th• ciroul.atioa 
about th• airtoU aut be doubled to giw the. required iAdueed 
wlooiti••• 

CombiJwlg equatiozaa (I•A) and (II•A) &DC:l aol�ng tor � chord leagth, 
.. baff 

· Por •tb• generator application to ella1Mte ••paratioa where all
'but the tip aeotioa ot the airtoil 1• 111Mrae4 la tM. 'b..adary
la,er, the� equatioa (Ill•f.) beocae1

2t1 I 
Cup• Ci; 

• lT •

flald we -.7 111"1 te 

fT • k1V 8 

, (rt-A) 



!be .-,...ter 8/4 1a det'illecl aa 

:/d. • 
dl ■tanoe 'betw.en ad�aou.t gmeraton 1 dlafuoe ol the wr\ex ooreroa tlie ooiillidag aur&oe

(Refer to the ■atoll g1 wa an Pigur• XII.·) 

ror optl .. pertorauoo (baHd OJI re1ult1 to date) w •1 Ht 

8/d • kz (V-A) 

•here kz 1a an eapirioal ooutan

. flla panaeur 4 •7 alao be 4etbed 1A tera■ ot· tile 1paa l••gth., b, &JIii. 
th• b0Ulldar1 la111r thicJmeH, 5, aa 

(VI•A) 

•here ta h aza empirical oou�t- ·.'ba1ecl oa ezporiM11tal o'beer .... -
tion azacl q 11 the emp1r1oal ooaataat Whloh haa g1 ffll optiaa reaul t•
to date. CoablM equatiou (IY.-4), (V•A) and (ff•A) ud obt&ia 

1 2k1 lczlca'b 
lltip • 

CL 

2Jc1lczlct � 
or Ctip • C

i,

(VII•A) 

Baaed oa reault• to dau, the tolltllriag w.luea ba• 'bNa 
aa■ igaed to tbe aaplrioal ooutaat•• 

t1 • 0.2•1 
t2 • 3.0 
ta • o.9 
q • 1.1 

Sub■titatiag ta abo'ft •luH 1ato equatioa■ ( VII•A) u.d (VIII•.l), the 
tollawlng relatlcma are obtal•ecl• 

(IX-A) 

Wb8re ta.. HOcml relatioa ot equatioa ( II•.A.) 1a uHtul 1a tl• ,.paratlon 
applloatlou and 'th• t1r■t relatlOD 1• appropriate tor ·.eutire duot 
trauwr■- Iii.zing applloatiou, eto. ObT1ou■l7, wha the airtoil l■ aot 
la the t1e14 ot a •p&IISl•e wloo1t7 grad1eat a o011atant chord airtoll •7 

• 18 •
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be uaed, where the chord length 1• gi ffD by equation ( IX-A). 

When the genera ting airtoil ia moUDted 111 the t1eld ot & 1pamri1e 
nlooit7 gradient, it 11 auggeated that a tapered airtoil be u1ed (to 
obtain a well-detiaed strong tip Tortez). For ooutant oiroul&tion ■pan• 
wiae, the ohordwi•• di1tribution in tenu ot th• tip ohord length and the 
nlooi't7 diltribution ma7 be obtained b7 uaing the relation ot equation (I-A) 
... 

C • Ct1p (Vo)
V 

llbere C
tip 1a giTea by equation (IX-A),.

V0 1a th• looal �•• �tn.. Yelooi ty, &Dd 
V 11 the leoal · bo\llld�y .layer qloott7. 

(X•A) 

At the edge et tlle.bou:aduy 't.yer, v.1-, beooae• \IJl.1ty ud th111

c•c-•
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