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unknown variables are the streamwise momentum thickness, the shape param-

eter, and the streamline slope at the surface. The boundary-layer calcula-

tion method is combined with existing geometrical and inviscid potential-

flow computer codes for rotating blades to form an efficient turbulent

boundary-layer computer code. For a given potential-flow solution, a
typical boundary-layer computation requires less than 10 seconds computer

time on the Burroughs 7700 high-speed computer. Boundary-layer predictions

are presented for several rotating blades. Computed results are shown to be

in agreement with experimental data for a simple rotating body. For the

examples considered, displacement of the mid-chord point of a blade from a

straight radial line is predicted to reduce the computed values of local

skin friction coefficient, with an estimated increase in overall eff'c'iency

of about one percentage point.
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NOTATION

A Known coefficient matrix for streamwise partial derivatives in the numerical

solution procedure

B Known coefficient matrix for crosswise partial derivatives in the numerical

solution procedure

C Known right-hand side matrix in the numerical solution procedure

Cf1  Wall skin friction coefficient in the streamwise 4-direction,

cf, Lu- QuW) (-OU

(t, Wall skin friction coefficient in the crosswise rp-direction,

Cfj -- 7-, ) / 'QU 2)

1) Rotoi diameter

dN Element of length in orthogonal streamline coordinates,

ds 2 _1 h 1
2d, 2 _ h, 2dr72 , h12d4 2

V Dimensionless entrainment function,

I. - 0,025 ( _ I

G :unction of lhe shape parameter H,

G C, 2H1tI I)

V



H Streamwise shape parameter, H =d/Oi

hI  Metric coefficient for the 4-coordinate

h2  Metric coefficient for the ri-coordinate

h3  Metric coefficient for the 4-coordinate (taken to be unity)

i Superscript which references the crosswise (rI) direction in the numerical

solution procedure

J, Advance coefficient, J, = V/(nD)

Superscript which references the streamwise (4) direction in the numerical

solution procedure

K, Geodesic curvature of lines of constant 4,

I ahl
K- h-h 2 a?-

K, Geodesic curvature of lines of constant rj,

1 Oh
K-,-hh2 S

n Rotational speed

R Rotor tip radius

Rn  Revnold.s number based on 0.7-radius,

R,- hord)). V l 4- ±(7) -_7 /

k\ Local Reynolds number, RX = Ux/v

R0 1 1 Reynolds number based on the streamwisc moment urn thickness,

Re,, = UJOII/v

r Variable in the radial direction

U Speed along the streamline at the outer edge of the boundary layer

u Time-mean velocity component in tile 4-direction

vi



u' 'W' Time-averaged products of the turbulent fluctuating velocity components in

the 4 and ,1-directions, respectively (i.e., components Of the Reynolds

stresses)

V Reference speed

% Time-mean velocity component in the t7-directiofl

W Unknown vector in the numerical solution procedure

limie-mecan velocity component in the -directiofl

xC Fraction of chord, measured from leading edge

x ~Nondinmensiollal radius, fraction of tip radius

z Variation in thle axial direction

(3 Angle between tile direction of thle wall friction vector and thle in'siscid

streamline

6 Boundary-dyer thickness

61 StreamwNise displacement thickness.

61 f (I -)d

(- ro,,,,isk displacement tikes

0

D~istance along thle surface normlal

Independent variable along surface and not mal to thle st rcamhlnv

6 Independent cylindrical coordinate (see Figuire i)

6 St rcamlwise mnoment uni thickness,

6 I 1
f 0 )
0 

U

Vil



812 Crosswise momentum thickness,

812 fl U
0

821 Crosswise mjomenlt ur thick ness,

SU2

6 12

0 0 U2

f.-luid \iscosillY

K illemadic %iscO\.iIy of. filuid, v

1 depefldefll ,IIIvilabte alon)g streatliflCs

Q 1:106t dellsil\

w Rotatitonal sPeed, U) - 2M

\n;tL'1t1 \ Clocilv con1110flonc, Mn 111V drct o
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ABSTRACT

A general tformulation of the boundary-layer computation scheme on thle surface of" a

rotating blade is presented. Momnentumn-integral methods, together with thle three-dimensional

entrainment equation for a rotating disk, are used to calculate tile three-dimensional turbulent

hon idat v lay'er inl anl ort hogonal streamline coordinate system. [irst -order tinite-di fferenice

methlods are used it) solve thle resutingr boundar\'-lave r eqUatiotis. Thle in knowl ii ariables are

tie si reamw\iSe momen1~tLIurn thlick ness, tilie shape paramet er. and thle si earni ne slope at tile sllV-

face. Thie boundary-layer calculation met hod is Comb i ned \%ith li singL geometrical anld imi i sc~d

potential-flow Conmputer Codes for rotating blades to formll anl efficient turbulent boundar\-la\er

comlputer COdeC. [or aI gliven pOteilt ial-flow% solution0, at typical bounldary-layer compuLtationl Te-

lUi res less than 10 ()O1LI ecnscoM iuter' t ;me onl tlie Burrough ls 71700 hiighi-speed coin put er_

Boundary-layer pri-clt ionls are Presetted for sex~a eraloating blades. C'oin put ed r-esults alc

hlo\tIl to bie in aureciicit t x'ith ii\periint tal dat a t'or a sinmple rotating body. loi tilie evattipic,

conlsidereCd. islcretOf tilie tnlid-chord point of a blade from11 a Itrai cllt radial Hit ti

preldicted to reCduce tile computed1L valUes of' local skill frict ion coefficiett X~ itli all est nialcJ ill

crease inl oxcrall cfflicieticx of abouit one pcent iage poinit.

10I



NTRODUCTION

In ruLdent boundary layer,, occur in practice on tile rotating hMade,, of corprex',orx, imir h ue\

helicopters, or propirixors. ('enrritInL'aI,1 and Coriolis forces arc additiona.l t erri\ that arise inl Ihe

go xe r flig equatirons (Le to tihe blade rotation reltix ( tilhe LICSCeript ion Of 11on-rotatL "nietenlu.

lI heC t~lcee, aloneu %011 ithe pirexLure and %kicoux toiex, re"Ilt ill a coniple\ threc-diitetiomi

1(o\\ Coll tiuratioit

Sex eral prex io st udie a\ a been made o1 t urbulent hon ndar\ laver,, oil rot at inl b od ic\

)Ie of th[ rlie si Itidlc rexxxax b\ %oil lUrntimt l inl 1940 on 110x imt chd'ex. Bank, and

(ad-,in 1962, ixetardboth lainlar arid IInrh1tilent honndarx. lxer onl rotatille hladel .

rex iexx of inuch of' thie rceit C xxork kxgie b\ Mlnet) ( 1972).

11, 1969. (h iil nd ead(4 ) presettnIed experi~jnelM and t hcoret ICal urhulet.1ItI bhouudarl-lxc'

ru ton a rotat rig klik . Iti folloig irrzl eah.\ ey extndcd their tle()).. ito include thle tlo\\,

ox Ci a roratimne circular cy\Ilider :11 anl axial1 Ztea li)ad a rta Wiuill ix %ixx mlllct c odiI x*

threec of (haiti an1d H ead', ixtgait Uxd hie inonTenIItiul) iriteeralt ) \\ itll nriiel

IIet ho0d of' Iou Io le axxUtrted ciii raitirtleul tif~ iiion and WL\W th e 111act lrt iii the )lll 11io1en 1 ur

tgrla! eQuat 11on"~ x aied xxii Ittlie differineceric nL (10 iod aLC)Citiut i 101a11otid het xx ecu

ltexlckal plecki.10ix anid e~per-itital reIlltx lor (hari ari1(1 lecadlx rMixxirnannu.

I kkltinv i. ci alt9 1 piecutelid ()Iitx0 anll lexsi!gain Of 11he turbuIlen I)nIuL~III

ki~rxe onl at wtiatiti helicall blade iii N-'2. *\eaiiii the xolution xx ax haxel onl Ilie II)OI in I 11

CL1 rniethid. tilhe mtxerrtil eqitat iorv, xxereC xirnlitied Me t11e 0;ittp /t00 Pt'ICo pclk

2



gradient and the use of' thle orthogonal streamline coordinate system. Overall, their theoretical

predictions were inl acceptable agreement with their experimental results: measured %alues of' filie

streamwise momentum thickness were no miore than 2() percent less than predictions at

midradius and values of' the liitiing streamline \%cre inl - 2 degrees agreement with prediction".

Also inl 1972, NlieyneO-) presented theoretical and experimental results t'or boundary-layer

f'low onl rotating wegdsae surtaces. NMevue sought a generalized sinfilarits solutioni (reduc-

ing thle equations to an ordi narN diffe'renlt jl equatIionl ill tile nornial direction) and c.onsidered

bothI lainlar andI UrbUlentI flow. D~et ailed results are shlown for tilie pre[-dictedI bounldary-l e

paranieters f~or lainlar f~low%. However. his equations f'or tile utrbuICit tlo0k caIsCe rc idenitical

to those of' BllkS and (iadd(2) anld thuIs no nlew\ infmt0111ionl was obtaine~d.

I-he present \ork extends thlat of' thle pre~ious investigators by prox idinrg for theioret ical

conIpLu6 ' aiOof' tlie t nrbu 1lt bounda1kry lyer t hat dlCCopsI abotut more coniple\ geoniet ries . Inl

particular. tilie Current meitlhod \\a" designed to Compute t(lie t urbu lent b)oundaryll aver onl tle Sur

l~aces of' rot at inc, blades, \01t i thickness arid 0 loaing inl an axial sItreaml oprlat inI at( ). 7-radli in

Reynolds tnunilvirs greater than about 4 \ 1(06 t~ot. w Ii i t 1kr rb ilent1C HloM s" C\ peered

Althlough riot considered explicitly, tilie presel tCalculat ion miet hod coulld be mlod ihted sI iglli t lit)

pert'orrii filie latiinar calculation as \\elf.

Ilire til ee-dirilctiotial trbulentl houtidar\ laver inl streanlirtie coorditlits( n." i g0\C1ii

ed by\ fil-e eqirat torts. I htese are Ilie It and q miolIttuiII itegral equallions andlt t ile Cori i it

equat'lionl. I liese equations" are thie salie as those civ err hy Sui lit lit) arid 11\. uipt arid

Headt( 1 w\itl hrone additionall rernIrl (to account for thle totationl) ill h~otIl ot, [lie itolnireit uii in-

tegral equations. lit tlie integral1 Miethod, thle equatilions l'J moti601 are- i1N-inrted aIcross tile bonn-

datY la\er, produtcinrg tI isf-order partial di ffTetit ial eqinatlioris, .Inpirical iti l'oriialion is i "

porated itt tilie eqtrations' to acconit for Reytnolds, steses tile niuriiecrical ttien hod . dhiC ell, It ,

tmade of, file st realms'ise rulonrent tin htlickniess 011 aid thle shapeC parMeterC 1, tire 1\\0

patlljceer MsO hic0hi ritos redily ChiartriCeI tIhe behliasior of' turbulentII b)OMiniarL hsi t I lit'



use of streamline coordinates simplifies both the boundary conditions and the governing equa-

tions but requires the definition of a new coordinate system based on the flow field and blade

geometry.

Several assumptions, which are discussed in a later section of this paper, are made concern-

ing the behavior of the flow. These assumptions reduce the number of unknown quantities in

the three governing equations to three variables. These are the streamwise momentum thickness

011, the shape parameter H, and the tangent of 0, the angle between the direction of the wall

friction vector (or wall streamline) and the inviscid streamline.

When computing the turbulent boundary layer on a rotating blade with thickness and lift, a

potential-flow computer code(13 ) developed at DTNSRDC by Brocketi is used. This code con-

putes the potential flow velocities, slopes of the streamlines and crosswise-normal line,,, metric

coefficients, and the angular velocity component normal to the surface. All values are given ini

non-dimensional coordinates (xc, xR) where x, is the chord fraction, measUred from the leading

edge and xR is the fraction of' radius, measured from the axis of rotation.

Streamlines and crosswise-normal lines are determined from the given slopes using an luiler-

predictor/ trapczoidal-corrector method(14) . Potential-tiow velocities, metric coefficients, etc. arc

interpolated in the streamline coordinate system using a spline-under-tension metihod(15). .fir,,t-

order finite-difference approximation(16) is used to solxc the systlem for the tIh rce basic n1n kno\ n

cLuantit ics.

No interaction %%ith the hub is considered in the present analysis anrd 1he nllnr ol ttIc Itlo\

near ihe tip is assumed to be adequalel\ predicted by th1e pot ntial- flos model.

Results of the turbulent boundary-layer calculation are presented for seseral rolaitinv

geometries. The first body studied is the rolating, weakly helical, scgnlen imeiigaled C\-

perimentally and analytically by [.akshminarayana, ct al.". ('0111opl Cd i-esl It 1reiiC in aLiCC reClll

' ilhi the experimcntal data. the remaining geometries ate described adialvicallI\ ilh no pics,,u,

c\perimcntal or anal_ ical botndar,-layer data as ailabhe. I he effect o bl Mh .irp 1, ind 4 ev, on

4



the predicted values ot the local skin-friction cocffic~nt is investigated qualitatively using these

surfaces. Blade warp is defined as the angular displacemnent of thle midchord point from thle

reference line in thle plane of rotation and blade skew is defined as the displacement of thle mid-

chord point along thle pitch helix at constant radius.

COORDINATE REFERENCE FRAMES

Fle geoinet r% and bounldary\-layer characteristics of rotating blade,, ate decrClibed b% t "0

eoordin:ate systems, h\ed in the rotat ine surface. Brocketi (13) gi\Ces thle geConie t ad p)otent at

1flo,% Characteri sties, inl erms of, tilie non1-dimensionlal coor-dinates \, andu \R . ,cc I ivure I. I hese

are tioti-orthogonal . helical coordinates where x.L is tilie trlaCt ion of' chord all nicuedl~ from11 tile

LadingV edge! and \ R i tilie trlactionl of' radius, as measured tro011t tice a\is of' rotation.

VERTCALL UP BLADE-REFERENCE LINE

x

TOetr ITB c~ad (xcr -c 0.5)tct



The turbulent boundary-layer scheme uses an orthogonal, curvilinear coordinate systen bas-

ed on the potential-flow streamlines, but with explicit dependence on the xC and xR coordinates.

The use of the orthogonal coordinates simplifies the boundary conditions and, hence, the

boundary-layer equations governing the turbulent flow. The orthogonal ,treamline coordinates

on the surface are 4, which varies along streamlines, and P7, which is normal o to e streamline.

The 4 coordinate measures diszance along the surface normal.

In the orthogonal, curvilinear coordinates, the distance between tines of constant 4 or r

%aries from point to point on the surface. Metric coefficients, denoted by ItI, hi2 , and 113 for tile

4. r, and 4 coordinates, respcctivel., are required (o ,irrclatc surface distances to incrcmens of

tile streamline coordinates. Since thle boundary-layer thickness is assumed to be small and the

coordinate is assumed to measure distance along the surlace normal, the mICric 13 can be sel

eq ual to tinity vwith 1 no loss of generality. A general element of length ds in streamline coor-

dinates is then given by

ds 2  l i 2d4 2 + 1, 2d 2 + d 2  (11

\where hI and It2 are functions of 4 and r only.

BASIC EQUATIONS

\10111C1111t. r Eqtualiolls

The con tinlnity aid ioientuni equations for lamiliar tlo\\ iii a rolating svt ciii are readil.\

available in the literait rc, e.g., Moore ( 17 ). The t urbulent boundary-layer equations atc the

laminar equations plus additional teris duc to tile Reynolds stresses. In st reamliie coordinates.

thC equatioS for turbulent flos are

Slh~u) 5llv ___hlh'__)

(iontinuity: L 2(h 1v 2 . (2a
54 at 34a

u Sll v alt S I
\ oI I IhC (It4I lh f - 4 uvK - \2K, 2w v 1)NI  I ha P7 7

U St. I a ( Slt

hp 7 -Q T I T )hl 54 az, 6

- ' ", - • , " • : I1 i ': r ... . ...



-Mmnu:uav V 8v - 2v

w-I ha + +I uvK 2  (u 2 -U 2 )KI + 2w3(u-U) (20

Ill a, h - vw

where u, v, and w are the time-mean velocity components in the , r/and ¢ directions, respectively,

K, is the geodesic curvature of lines of constant ,

K I  I h

h1h2 atn

K, is the geodesic curvature of lines of constant rl,

I ah2K2 = -

hlh 2 -34

U is the speed along the streamline at the outer edge of the boundary layer,

is the viscosity of the fluid,

Q is thle density of the fluid,

c. is the angular velocity component in the .-direction (L-direction)

w 3 = fL = w I" 1)

u'w' and \'w' are the time averaged products of the turbulent fluctuating \elocii\ components

(i.e., components of the Reynolds stresses).

The integral boundary-layer equations are obtained by integrating the moieiltnl equations

with respect to / from the surface of the blade (0 0) to the edge of the boundary-layer (--).

ie conrtinuit, equation is used to eliminate all terms involving tile velocity component \\, nor-

real to the blade surface. The resulting equations It) arc:

I O11 I a-012
4-momentum integral: - + + K(011-022) + K1(201-86) (3a)

hI  a4 h2 arn

2 2 1 - 6 , SU 201,+d 1 aU 2w3  I
+ - +-d) C±

"I, Uh, ar Uhl at U

7



ri-momentum integral: 1 0021 1022 1 U(3b)hl '34 h2 ar)+(Uhl al, +

2w3 2022 a U
+ - 61 + _ I- 022+dl) =-Cf2U Uh 2 8 1

In equations 3a and 3b, 011, 012 , 021 , 022 , dl, and 62 are the momentum and displacement

thicknesses defined, respectively, by succeeding equations 5a through 51 and

Pu --' IW av

Ccr = I Q -and Cf2 N (4)

2'-U2

arc the turbulent %Nal! skn friction coefficient components in the , and Yj directions, rcspectivcly.

The momentum and displacement thicknesses are defined by:

Oil j - -d cl 5a)

012 = - )d (5b)

021 = -;U 2 d. (5c)

d2

022 - d4 (5d)
o U2

(I U ( d (5c)

0

otJ

The boundary conditions are u v- 0 at 0 t) and u L, 0 (at . 0, the edgc ot

the boundary-layer.

8



The two momentum integral equations are insufficient to define the boundary-layer

development. An additional equation (the entrainment equation) will be introduced in the next

section and several assumptions (for Cfl, Cf 2 , and mean velocity profile shapes) applied in order

to reduce the number of unknown quantities to three. These three quantities are the streamwise

momentum thickness, 0 11; the shape factor parameter, H; and the tangent of the angle between

surface streamline and external streamline directions, tang.

Entrainment Equation

The three-dimensional entrainment equation of Myring(8 ), which has also been used by

Cumptsy and Head( I I) and von Kerczek and Langan ( 18), is the additional equation used here to

describe the turbulent boundary-layer flow over the blade surface. This equation describes the

growth of the boundary layer with time as the turbulent mixing process spreads the general mo-

tion of turbulent flow( 19 ). The continuity equation is integrated with respect to 4 through the

boundary layer to obtain (in streamline coordinates) the entrainment equation:

I 8(6-6 1) 1 862 i 89U K2hI 84a h2  
+  ( I a + (6-di)

Ill a h2 9" Ul at(6a)

(h u~ + K,)-h

The right-hand side of equation (6a) is a measure of the rate at which fluid enters tile boundar.

layer. I)enoting this quantitv by F, where F is a dimensionless entrainment function, the cilrai'-

ment equation becomies:

I N(d-6l) I a62 I -U I aU + K F
hI  a4 h, ar + ( U h--- + K2 (6-6w)-62 ( h2U arl (61)

Details of the cntrainment function are given in a later section of this paper.

ADDITIONAL RELATIONSHIPS

Further assumptions are needed in order to solve tile two momentum integral equation" (3a

and 3b) and the entrainment equation (6a).

9



Skin Friction

The turbulent skin friction terms Cf1 and Cf 2 on the right-hand side of the 4 and i7 momen-

tum integral equations, respectively, are obtained from empirical data for the skin friction coef-

ficient Cf in the local inviscid streamline direction(1 8) by

Cf1 = Cf (7a)

and Cf 2 = Cf tang (7b)

v a/

where tang = lim lirn u(7c)
uo o0

By assuming that the component of boundary-layer flow in the inviscid streamline direction

is approximately two-dimensional, the skin friction coefficient Cf can be specified using a two-

dimensional skin friction formula. The skin friction relationship given by Thonpson( 20 ) and ap-

proximated by Head and Paiel( 2 1) is used in the present calculation method. The skin friction

coefficient is approximated by the analytic relation

C .exp (aH + b) (8a)

where a - 0.019521 - 0.386768c + 0.028345c 2 - 0.O)0701c 3  (8b)

b = 0.191511 - 0.834891c + 0.062588c 2 - 0.001953c 3  (8c)

c In Re,, (8d)

61

Oll

U = speed at the edge of boundary layer (8-)

v = kinernatic viscosity of water (8h)

Oil the dimensional streamline coniponeni of the nomenturn thickncs. (8i)

Both coefficients a and b decrease as @,I increases. Thus, for dec;'eases or "small" ilcreac, in

the shape factor H, lhe skin friction coefficient Cf decreases as 011 increascs.

10



Velocity Profiles

Assumptions involving the formulation of the streamnwise and crosswise velocity profiles are

made in order to relate the crosswise momentum and displacement thicknesses 012, 621, 622, and

62) to the streamnwise momentum and displacement thicknesses 01 and 6 1. Extreme accuracy is

not necessary in the representation of these velocity profiles since they are used only to relate in-

tegrated values of the crosswise and streamnwise momentum and displacement thicknesses.

The approximation for thle streamwise velocity profile is given by Cooke( 22) and by

flatcl( 23 ). This formulation, whi,.hI approximates thie experimental sAept- ing boundary-layer

data of' Wallace( 24), is

H-I

(9a)

Fhil o~ e \ elocii\ profiles are assumed to be related to the streamwise velocit\ profile,

by empirical formulation due to Nlager(25). This approximiationl, also -assumied b\ Cooke(22).

C hami and Hlead( 4 ), and( \onl Kerciek and I angan(18), Is giveni by thle relation

u t~(--)angl(b

Th is approximiation is assumed to be adequate as long as it is not applied to crossio \ re\eiCai

An approximiation for thle boundary-laver t hick ness 0 is found b\' Subst itult ing thle assumed

tormi of' thle strcaniwise xelocity profile, equation (9a), into thle definition of thle streamxi tse

n1011itltLuIn1 thickiness 011 equation ( 5a). Inlt egrat ion and simpliflicat ion give thle approxi mat ion

d Of 2H

(ross~~ ise I hickncsscN

The expressions for strcanlisc is elocity prof ile, equation (9a), and thle crosswise \clocit\

protfiIe, equation ( 9h ) are su~bsi i t d ilto tile definiiit ions of' thle st reamwl\ise displacement

thickness, and tile cross\kisc miomnlttini and displacement thlicknesses, equal ions" ( b) throughfl



(5f, and integrated across the boundary layer. After considerable manipulations, the following

expressions result:

012 =011 M1 2  
(1Oa)

021 =011 M 21  (10b)

022 =011 M2 2  
(loc)

61 =Bjj Dj (10d)

62 =011 D2  (I Oc)

w here M 1 2  = -(G + H ) tang " &+"-" + 41 + 4 H 2 (la)

S I 2

M 2 1 =-(G+H)tang3 ( H + ' ) (ib)

1 4 6 4 1
M2 2  =-(G+H) tan 2  " H H +  H4) (2 HC)

Dl =H (lid)

D2  =-(G+H) tan ( 2 4 + 2 (lie)
+1 H-3 +H + 5

Entrainnent Function

The entrainment function F is assumLed to be determined uniquely by the circuniferential

\elocity profile in the same \way as proposed by Head(19) for a two-dimciisional boundary la\ci.

However. Chain and Head 14 ) found that if the entrainment fund ion is reduced to appoialclv

tvo-thirds of the flat plate value, then agreement betvseeii calculated turbulent boundar\-laycr

development on a rotating disk and experiments wNas excellent. Incorporating the rcsults of

Cjham and Head into the entrainment function presented by (ireen, et al.( 26 1 gi\c the lollos\sinc

universal expression for the function F:

0.025 1

12



G = H-I (1 2b)ZH

H =the shape factor parameter, H (12c)
Oil

The relationship between the boundary-layer thickness 6 and the streamwise momentum

thickness 011 given in equation (9c) can be rewritten using the definition of G as

6 = 011 (G + H) 12d)

-File three basic equations v, hich characterize tile turbulent llokw over tile surface of tlhc

rotating segment (tile monentun integral equations (3a) and (3b) and the entrainment equation

(6b)) are nox% expressed in terms of tle three basic unknown quantities: tile streamw isn omen-

turn thickness 011, the shape factor parameter H, and the tangent of the angle bet\%een ,urtacc

streamline and external streamline directions, t = tan(3.

NUMERI(A1 ANAl YSIS

In order to obtain a more compact form of tile three basic equations, (3a), (3h). and (6h

tile expressions for tile cross\kise mlomlenlml and displacement thicknesses and tile streallI, ,c

dkplacnen thickne,,, equations (10a) through (10c), are substituted into each of tiheC: cqua-

tions. After some manipulation, tie single hyperbolic equation in lctor form becomes

A(W4Q.'7) - - + B(W(4. ?7)) - C(W) (13

the un k nOW \ ector \W is gi\en bv

W ) = ( 1a1 
I

13



and the known coefficient matrices are

A(V) - (I 4h)

oi am, o oao, \

M21 0113NM21  01 3M 2 1
h, h, Oi h, aH

G + H-DI o il a(G 4 H-DI) 011 a(G H-D 1 )
h h hI  aH

1H(V) N112 01 3M1 2 01 aM1 2 (
hm t 2  OilaH 2 ola

\122 811 3N122 01 SM22
h 3, t h- H

)2 011 31) oil aD.,---i, h), at I b h--T

)- oi i2aI21 -D2 oL (at

( - t I - K 2 0 1  ( I -M 2 2 - K 1 0 1 1  2 M 1 -1 ) 2 ) - a l (., w -i( 1 4 a.

0 (2 + I)) aI 2- 1
U hl I a--4 l-

C I 1 4 K 2k - 2011 !M 2 o": 141

2 C-, - 011\121 h1 U 34 / - ) ., L'

+ K1011(l M-2 D)

I 31' I aL

14



Since equation (13) is hyperbolic, the entire solution between asymptotes could be determin-

ed once initiai conditions were specified along these limiting lines. Initial conditions, however,

are not readily available for the geometries of interest. Therefore, a solution procedure is

adopted which yields results only along one side of the bisector of the asymptotes and requires

initial conditions along only one asymptote.

A first-order finite difference approximation is used to solve equation (13) in the streamline

coordinates (4, r). The grid spacing is given by A4 in the sireamwise direclion and Atl in the

cro,,\e direction. Arclengths are approximated by the chordlength; hence, reasonably small in-

crements are required. Superscript i reters to the cross\ ise (YI) direction and superscript j refers

to the streaniise (4) direction. Forward differencing in 4 yields

(aV \v \\,j + I_ - '.i

5a)

a, d back \ard differencing in n yields

I1 tic alucs of H, t, H. and fan are known at the grid node (ij), the ',alue,, of these tlrlcc

\ariab1es call be found at Ohe node (ij 4 1) by lhe first order finire difference approximainOl

I t I ( Bi
i

AiA 1

It 11hC ., 1 nlari\ k n1onlltiikur, eqlUalion { 16) call be solke'd for \\u , ,:

N_ [(Ai,.i) -I BiJ 00 - -vi, \Vi-Ji]4 \Vi ,-i
)-

, .here A4 i s lgt)

and Ar1  r i 
- 1 i (

15



The streamline grid is shown on a typical sector rotating at a constant anigular sliced . it]

Figure 2. As experiments indicate( 3), streamlines (lines along which t varies) are shown to ap-

proximate constant radius lines and the crossflow- lines (lines along which ?I , arics) are shown f to

approximate radial lines. Streamlines are indicated by the variable j and crosstlo%% lines by the

variable i. The arclengths A4 and Arl are shown to vary from point to point onl the sector suir-

face. Urid nodes, wvhich are defined as intersections of streamlines and crossflo-, line,,, are label-

ed i j for i -I to N, j I to \1 %,.here N number of' streamlintes and MI num11ber ()t

cr~to~lines.

STREAMLINES

TRAILINGLEADING
EDGE EDGE

CROSSFLOW LINES

I iL'I)V 2. SHt reantlinC G~rid Onl a I \IptcalI kotatil SCctol

cuc 3 ',hk \k Ci I calulation ! euec b,~ Cfr te I I C b( leIIh rnI [I bOt I IL ill'\ ,1 onI 0 11 A i~

1 :olr cs i: enene te en -I d n)odes' used ill t he cadll ~li C~ulationC I I prIdr Ir tnntcr I c( I t HsIII

11i & lie I: tb I t~~lc .] is ainte11d t0at stairtine ines!C Of 611, II, iand t lati itc Li~ en

etStO\line. p)ointsl IIumbereId 1-7. 1ubln bouday-axerchrateIs C aie '"ok d aot

\IiCCSS\ C ~~sl ilnes as indicated by thle increasing numbers in Iiginre 3. l ot c\awlple. dai

at point - I and 2 are used t0 obtain predictions atl p)oint 8, datal ints 2 and( 3 1 ued Io

predictions, at point 9. etc. :is l can becenl frloni this simplified e\artlpleC ot th1e calcliilmionl 1,t0

kcdir. a tie erid is, ttiecirta thle hub of thle blade inl order to obtain slt near1h 1i te 11

ny, edlc.
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A blade is typically defined by a grid containing about 250 nodes. Experience to date inl-

dlicates that grid nodes should be distributed on the blade with a greater concentration near thle

inner radii and leading edge, and arclengths A4 and Atl should increase uniformly in the direc-

tions of tile trailing edge and tip of the blade. Using thle Burroughs 7700 high-speed computer.

the bouildarN-layer computation for this grid requires less than 10 seconds computer iime at a

cost of' less than one dollar.

TRAILING 2_ j LEADING
EDGE EG

I icuire 3. Points, at Which (alculattions lPerfornmeJ

COMPU [ATI()NAL RESULTS AND) [ISCUSSION

fihe coi pter code for calculating thle thiree-dimiens"ional t nrbulertt boo ndarv- lay~er ha,, beer.

evaluated using secral geometries for \ hich analyt ical and experimiental dlat a arc a~ ai lablc.

Atinon thesec arc at flat pltec, at m~o-dinliensional foil, at rotainei disk, anld at rotating helical

blade. [:\cllent atgreemencit \\ ithl test dailj ta as oud ill ca[ch case. [lIe t rbitletit1 bouidars lakc

was computed for thle rotat ingc helical blade assumingL both /.ero and noni/ero crossflo\\. .A, \N

anticipated, reso Its O f these twko computat ion,, showed agreemnt it itii 15 pecent . Res til, 11Ic

presened for onlyv thle more comlexC of' these geometries. tile rotaltineV helical b)1lde \\ithl tiouic

cr-osloss I lhe turbulent boundary -layer des elopmnl os Ci tile St ifce Of Wldc 1 , ait orCI o

3001 degrees, included anyle, \kias investigated experinieniallr\ and( anal icalls b\
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Lakshminarayana, et al.( 9 ). The small pitch of the sector was not included in their analysis, nor

is it included in the present investigation.

The effect of blade warp and skew is investigated using three blades: an unskewed Blade

2A, a 72 degree warped Blade 2B and a 72 degree skewed Blade 2C. Blades 2 are analytically-

defined lifting surfaces for which no previous experimental or analytical turbulent boundary-

layer data exist. Details of tile geometry and potential flow calculations are given in Reference

13. Initial conditions for this geometry are assumed to be flat plate and rotating disk \alues for

turbulent flow. The computed local skin friction coefficients are compared for these blades. At

present, only the skin friction coefficients are computed. In (he future, it is anticipated that tihe

force and moment values will also be computed, allowing a calculation of tile effect of viscous

drag on overall performance.

Blade I

The turbulent boundary-layer characteristics were investigated initially on a single non-

lifting rotating heli,:al sector of 92.6 cm (36.6 in.) diameter with a 300 degree included angle,

hence of a large chord length. Both experimental and analvtical data are a',ailable from

Lakshm inarayana, et al.(9) for comparison.

I he pitch of the helical s urface studied by l.akshminaravana, c1 al.() w, as 25.4 cm (1( in-

chces), for a pitch diameter ralio of 0.273. ilhus. the geometlrv can be approximated h\ a Ilat cir-

cular disk %ith a leadingL, and trailing edge 300 degrees apart. [he blade \\as moun t ed oil a 22.86

cim (0.75 hl) radius. ht.b and the inaxinliun radius of lhe blade \%as 46.48 cl ( 1.525 fl). The blade

was enclosed in a housing \wall \with a 0.20 ctn (0.08 in.) clearance bet ween the blade lip and tlhe

wall. The free-strean onset flow was /ero and the rotational speed of the blade, denoted ", re-

mained constant at 47 rad,,s (450 rev, iniii). Fhe geonetry of the sector is shown\ l fti [igure 4.

hie theoretical analysis of I ak shnin inaravana, et al. (9) is based on i rotating ,slenl describ-

ed ,ilh cvtindrical coordinales (r, 0, /) % here r varies in tihe radial direct ion. 0 \arics in thc

chird\ise direction (i.e., circuinterentlial dilection) and / \aries along the surface normal (a\ial

direction). These coordinates are indicated in Figure 4 and are used \when comparing tile c\-

perinental data %kith lhe results of tihe present theor\.

" -' - M - • i . . .. -ll " • • i - ,1 I



22.86c "I

"LEADING
EDGE

LEADING
EDGE

Figure 4. Geometry and Coordinates of Rotating Helical Seclor

-Tie potential-flow surface elocity fIor Blade I is simply wr along ihe chordlines. Tile

ilreallllilen are lines of contant radiu\ aloi 7  \\ hich lneilhcr tile potential fio\ \Clocity inor tile

inctric coefficient Ii R \aRic. The momenturn integral and entrainonl t equations for Ihis

scctor are thus ,implified to:

4-miiomIiet1 ulln integral:

12 Kt (20 1t - 62) 2 0 2t- 0, at 2 61
h1  34 hi 3r/ 1 h2 ar/ o - -(t (19a)

i7-11iOlclnl tui integral:

1 3 0 2t, 1 3022 2u, 2822 )1 IU.
I 1h2 ar/ dtl +1 L h KI ( 1 1 1  022 -31) (191-)

fmrainment:

• , <)l$ tl'  , d . ( 0t ' K I) 0 1
,I a hLJ h 2  o ( 190
-__ _ _ (19-c) (1

I he met ric coef'icients hI and h i are I lie chord hlngt i1 and nmaximun radius, rc,,pecti\cly and 4

and r are tihe changes in tlie fraction of chord and fraction of radit,,, re,,pecni\el. Substition

,,19



of these values into equations (19a) and (19b) yields the momientumn integral equations civen hN

Lakshminaravana, et al.(9 . In their analytical study, only the streamnwise miomentumn thickness

011 and the limiting streamline angle (1 varied. A general form of thle solution %%as assumed (011

sas assumed to vary with radius and chord and tang3 was assumned to vary with 01 only) and [tie

governing miomentum integral equations solved numnerically using the fourth-order Ru~nge-Kutta

met hod. [in referene (9). it was assumned that thle streatmise velocity profile aries a,, the 1 7

pmk~er of, (4, M and at sim ple friction form Lila wvas selected. The present Meithod also uISes thle citl-

11i a111i nI C(It q at ion anld a different solution met hod based onl assumed en trainiient and skin hicK-

on i 1,-Ltt iOlsh ips anld ZaNSIu rud velocity pro files. Th us, some differences occurI inl the I)ed let ed

fls aamers.

I aksluuinara~ ana, etc al .(9) presenlted experimwent al and theoretical reSLiItIs at a rotational

spIeed of 47 rad s (450) res miin). The kinematic \iscosity v' equialed 1 .486 x 10-5 m2 s (16t0 \ 10('

It sc )whih crreponed t ai a~2t) C 68 -). Trhese condit ions, for at Reynolds ii i a he

based onl 'itp radilii and fti otational speed ofi 7 x I 05 (or a 0.7-radius Reynolds nUmlber of 2.5

106 (,,CC nest sct~O~ o r deli nit ions)). are Used inl tle evaluiation of' thle present methiod.

Inl thli nicrical 'ku1lionl procedure. I, .akshmninaravana., c1 alt(9 ) perfrme 10 1C aCalcuaions' 01

lhe laminar boundar-\ Ia ~er ntiil thle flat -plate Criti cal Rev jolds ii iier Rk W1- 20 V

\%as Ireached. I hie \ allies of thle st reamwise miomentumn thickness, 0 and limit ieL sit eamni

.ii11 Je el then Lsed as inlitial con~ditionls for thle turlentIII Calculations. Ito\\ istali/aill C\-

I)t 1111iCnI1lsti a siblitialiotl ChiiqsLippe thle Lise Of' tIle flat plate Critical Rcs% HiOWd

nunibe1hT to determIinie tile trailsittoti Pointl.

With tlie p~reent schemei, calculations began at theC location a ().733 radians, and \ R

IR 0).492. tlie grid n1ode locationl closest to thle espetiIII Iimtll\ -deternIllined transitiOnl location1

hut lal conlditions for tile Strecalmise m1omenltumil thickness a, and thle tailnent Oflftle lifilitiliie

'Ireaiiiie 3 \cr'c obtainedL from11 thle esperIinuenItal data of I akshilinarav-ina, ci al.0()), butI ino

adial %ariatiotis \%ere considere-d. Iitial aluies \%ere taken Ito be 0 11i 0.24 mil (O.ttt08 it),

antl 0.2. and 11 1 .5 at each radial location along flie chlordw\ise posit ion 0 tt. -3

ddialtS.
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Figures 5 through 7 present the results of the turbulent boundary-layer calculation over the

surface of Blade 1. Both the experimental and analytical results ot Lakslhminarayana, etai(9

and flat plate predictions (adjusted for the region of' laminar flow prior to 6 = 0.733 radians)

are indicated in the figures for comparison. The variation inl the strearnwise MOmlenturi

thickness 011 is given in Figures 5a through 5c at the radial locations 'R -- r/R -~ 0.72, 0.82.

0.93, respectively. The momentum thickness is predicted ito be less thian tile flia-plate %alue g.iven

by Prandl's (27) appre)Xilnlionl I (a t)-.036 x R, %%. ithLi U-~ Wr and Ofr6. and less

than tihe predict ion of I 1aksh minaravana, et al .(9). Use of' thle present t heorv gi \ es sat islact orv

agreemient v ith ile c\periment al results.

F'lie corn pted \ariat ionl of' lie limiting st reaifline: angle 0 is show\n it: I-igu re 6a for i R

t0.74 and inl I-igure 6b for r R - 0.965. 'Fhe peak inl thle surf1ace tlo\ angle at thle leadi ng edeeI is

le result1 of, (aniliar f~low. The present calcul(at ions start at 6 - 0.733 radians (42 dIcgres . tie

nieasu red point ot trans.ition at iR 0.72. Thcse figur-es shIow\ that thle currenlt lv-appl icd

analytical imodel predicts 21reat er variations in thle limiting st ream:line angle thtan obscr~ ed tot thle

measuredI data. -Fhe laminlar sullIaVer- is no0t ;nlulded inl the presenClt calculations" and nlla\ be iml-

portan i ot his s ariahlc. \'aluies near. thle tip may be influenced by [lie annulllar \\ all.

The11 distr-ibutlion Of thle local sKiti tfnettion Coefficient for \ arving radial locations :,gcil n -n

ieirue -a at 0 2.04 radians andl I-igire 71b at () 4.76 radian,,. FHat plate pr(edictiows \%cre

mlade tisiuuL tilie Nsllcliltrri2Sl ciitc I'fo local skill fiction, () (10 It? li2RHi 2l(R)1

Ijeurell - slo~sthai the measured kaille of tilie ipeal skinl riction cofic!are Lig: er (Iial hie

blatl plate picdi '1otis aittl sittllcl t tan t ite e'sper-iinital plediciionl'.

Mades 2

Ill til, Sect ioul .11" 'sIl , are preeted for tile computed bomindat\-la\cr charactetiistics' onl

tre ialv acall deiid es ati :it'arped propuilsor, Blade 2AX (similar to NS-R FM

Mode&~I . a 111t211\ klat ped pio~ptiklo, Made 211 (siniilat to NSR I)(' Model 440i ), anid al

IPlLIdV a\ IppTostii,ttl) \\u~as, adtiisted tlti the riou ob latitiial Io\ h~ ntla Icli ti the \alies o I

batiitar and tnt iietut ituouteuut1till] thickness a,1I at thle loeatiott 6 0.733 adians.
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Figure 5. Variation of Momentu m Thickness, on Rotating Helical Meh.
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The geometry of the warped blade is given in Table 1. The geometry of the unwarped blade

is identical with the exception that the skew angles are zero. The blades rotate about a cylin-

drical hub at a constant angular velocity w in a constant axial onset stream of speed V.

TABLE I - GEOMETRY OF ROTATING BLADE 2B

Fraction Chord Pitch Skew Angle Thicknessof Radius Diameter iameter (radians)

0.20000 0.16500 1.49500 0.00000 0.24000
0.25000 0.19700 1.53500 0.07854 O.19800
0.30000 0.22900 1.54400 0.15708 0.15610
0.40000 0.27500 1.48700 0.31416 0.10680
0.50000 0.31200 1.38900 0.47124 0.07680
0.60000 0.33700 1.27700 0.62832 0.05650
0.70000 0.34700 1.15600 0.78540 0.04210
0.80000 0.33400 1.04200 0. 94248 0.03140
0.90000 0.28000 0.93400 1.09956 0. 02460I

0.95000 0.24000 0.87700 1.17810 0.0233(0
1.00000 0.00000 0.81200 1.25664 0.02461

Fraction Thickness Chordwise
of Chord Offset Loading

0.000000 0.000000 0.000000
0.007596 0.086824 0.912003
0.030154 0.171010 0.992645
0.066987 0.250000 1.040899
0.116978 0.321394 1.074103
0.178606 0.383022 1.097916
0.250000 0.433013 1.114882
0.328990 0.469846 1.126317
0.413176 0.492404 1.132938
0.500000 0.500000 1.135109
0.586824 0.492202 1.135109
0.671010 0.467219 1.135109
0.7500W0 0.421900 1.103578
0.821349 0.354824 0.949248
0.883022 0.269637 0.712632
0.933013 0.176665 0.450324
0.969846 0.091629 0.216717
0.992404 0.031655 0.056755 Number of Blades 5
1.000000 1.010000 0.000000 Design J, 0.889

Unpublished experimental results at DTNSRDC on a similar geometry indicate that the Io,\\

over the blades will be fully turbulent at a 0.7-radius Reynolds number of 4 x 10 6 . .\ 0.7-adiw,

Reynolds number is defined as:

(c) 0 .7 V I +

r 25
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where: (c0 .7  = blade chord at 0.7 radius
V = onset speed
J1 = advance coefficient, J, = V/(nD)
n = constant rotational speed, revolutions

per unit timle
I) rotor diameter
Vkinematic . iscosityV

The assumned flow conditions for turbulent flow are v -1.191 x 1()6 1,12 /,s (1.282 x LI 5 f12 sc,.

V =16.9 m/s (55.3 fi/sec), and w = 391.5 rad'/s.

No pres bus analytical or experimental boundary-la,.er result,, exist for these speciftic hlades

Initial conditions are assumed to be determined by I'lat -plate \aIlues f'or turbulent floss t2 .29. 3m,

\%ith,2 all v U 0.0142 (k\)6 /7. Ct- 0.310, [lti2(2R e) + 21ni(2RO)], and HI -

I -4.67((Cf) 21, and by the rotating disk limiting, streamiline angle 3 alue10 4),(3- I

degrees onl thle blade suction Surface and (3-11 degrees onl thle blade pressure surf ace.

Because of' the unceriainltv in these starting \alUs, thie computed results are of' qualit at is e hill

not necessari lv quantitative. validity.

The computed potential-flow\ streamlines for- thle blade,, ate sho\s n inl Hllre 8. I-he

sti rnilnes Imthe~ warped M~ade 2B and the skd Blade 2C coincide anld hot h are shoim it lv\

thle dashled li tie ill Ficuire 8. Streamlines at increased radial s alues lie nlot i calf inboard of tlie

COnst ant r'adiuls linies Oit thle suctionl sr1face. Except necar thle tip, thle sameI trenld is es dCiii 011 he)

,rsufr lrface. Strecamlines 13 and 14 coinlcide Onl t ite pressureY sur f1ace of' the three blades.
I lie Computed boutlidar\ -la\e ch laracteristes oltile three blades 's11o\\ s1imilar enC~ds adlne-

cacti1 si eamlline. thecref'ore, theC results ss ill be presente(d 0111. along' Otie St rCa mljite, st ream i it

14. liiie 9 I troughl I "1h0%\ theC comlputed distributions of t t11 .tiMI(3 and 11. respect isJ lsl

cre'ased s altieS Of t lie streanmise monetllttutn ltlickFItes 01 aitd tile shape1) parameter II are

predicted for thle ss arped and skewed blades relati% is tilhe unsl'kessC edbade.

I ictire 12 slio\s s[the predicted (list rihui ion of'tile local skini f'rit ion coefticietii m as cii

pited h\ enmpirical relationships giketi inl Fluations (8). for Blades 2A, 213, atnd 2C . Ilie sicmiti

cantl result shllo~t inl This f'igure is that tile local skin friction coeff'icient is predicted to he iCIH

edI ott both thle suet ott and pressure surfaces, ss hn the blade is Imiflik~ \sarpcd oit skev. ed ReL

2 R\ (chorwd) triact ion of chord) U

27



SI' I !

ZERO WARP

. . . .- 72-DEGREE WARP

72-DEGREE SKEW COINCIDES

WITH 72-DEGREE WARP

4

3 -

000,

0 I 1I

0 0,2 0 4 0.6 0 .8 1.0
C

(a) SUCTION SURFACE

I I

ZERO WARP

72-DEGREE WARP

72-DEGREE SKEW

4

% 3

2

0
0 02 04 0.6 0.8 10

€,.-,

xC

(h) PRESSURE SURFACE

9. . (tlllt{,tlltd k)i,,r{'illutinOI o "'n" ThOI1CILIHU1 ick ,, 011 .,\.ln)jg StrCamllinC 14 ol \\ ilpcd

and Ui 1drped 1~ladc,. . ..

2F



0.7

____ZERO WARP

- - - 72-DEGREE WARP
0.6 *-72-DEGREE SKEW ZERO WARP

0.5

I <

0.4

,j72-DEG WARP

0.3

0.2
0 02 0.4 0.6 0.8 1.0

x c

(a) SUCTION SURFACE

-0.3

X 72-DEGREE WARP

-04

72-DEGRE \

ZERO WARP KW4,

-0.6

-0.7 I
0 0.2 04 0.6 0.8 1.0

xC

(b) PRESSURE SURFACE

I igi~c I 0. ( l;iplutcl IDi\IribiIlion of Flngent ot, I imiitinlg sit-calilhinc .. ngic fi Along sitvcaiiliic
14 tt Warped and ll iimarped Illadec\.



1.6 , I

-ZERO WARP

-- -- 72-DEGREE WARP

15 - 72-DEGREE SKEW

H 13 7 W

1 2 ZERO WARP

11

100 I ! I. 0
02 04 06 0.8 0

(a) SUCTION SURFACE

16

1 5

1.4 72-DEG WARP

72-DEGS K E V

H 1.3

1 2
ZERO WARP

0 10 0.2 0A 0 6 0.8 1 0
X
C

(b) PRESSURE SURFACE

I i t + I I o( lt~ilU I,.i l)istribl u iotl of '.hape€ 1l ualcclr I I .\!tt1u .t,I allm , 1-4 olt I; dl .+ .I

t In\ arlped !Iad

" i • i i "" i I : l - I ' i i - i -



II _ I - I . . I p_ I.

ZERO WARP

72-DEGREE WARP

72-DEGREE SKEW

4 ZERO WARP

S 72-DEG SKEW

o3
x 72-DEG WARP

2

1-

0 I I 

0 0.2 0.4 0.6 0.8 1.0
XC

() SUCTIONSURFr'CE
III

.4 - /ZERO WARP 7 D
72-DEG SKEW

(.)

1

I i I
0 0.2 0.4 0.6 0.8 1.0

" I xC

(b) PRESSURE SURFACE

lHigurc 12. (omputcd I)istribution of L.ocal Skin Friction (ocfficicnt ('f Along S'ra mlinw 14

Warped and ULnwarped Blade,,.

31



tiotis of tip to 30-percent are predicted ntear the trailing edge. Similar reductions are predicted

for each streamrline. Small variations in the predicted values of tile potential flow velocity for thle

Various blade designs do not significantly effect thlese results. Since insufficient data are com-

puted to permit a calculation of total blade drag, anl average reduction of' 15-percent %%ias

employed for thle average chordwise blade-section drag relative to at contiant drag coefficient of

0.0085. Thrust loading coefficienit and power coefficient increased by one-hal f-percent and

reduced by one-percent. epci ely.ence anl increase of' efficiency of about t o -pericent for a

\\,larped Or skewed blade. Hie act nal Change In efficiency %%as I per-cnt age point.

Several Calculations x\ crc made to identi lv' the factors, cotribut ing to tihe predicted red Ie-

ioin skinl friction s ith increZISCL bladte sx arp or ske\\ . ('alculat ions to date Seem to intdicatec

hat hlese differences arise fromt coniet rical effects. Relat i\ e to thle tinskes ed blade. thle p)ot en-

na i Ilo% \elocit v dcreas"es hy less, than 2 percent and the mectric coefficient ht decrcaes bxh\tW to

20 percent 1,0r hotl ile It igh vy-vsa rt~d and thle higl -skecc blades. Thle mtetric coefficient 1)

lc;asesC [I\ 10( to 15 percet Ifo thle N\Zlarped blalde anld by\ 2 to 1 pcent11 for (Ile 4ke cd Hlde.

A 1cdIiciiott is predicted ilt thle anciillar veClocit\ component of 9 ito 14 percent ltr (lit: \%iarped

hi .idc and of, ottI I to 3 percent for thle Ske\Cxed bladle. I hus, it dloes not appearl ast' thoughI all\

tic ~ris esposibe ftlie pre~diLcd ',kill fri ott eductionl x\itlt increased blalde xxm arIst

Ks Itad. thle interaction of x ariolts L'eotttetrtcal falctors scnts to conltibutec to tOw,

ICI.hitOtt.

( )\( I I'lMlN(I RE NIARKS

Ihis paper presents" atail\ sis mitd results lor comlputling, thIree-dilimsital t(irll t b olc it til-

Lim\ layers ott tile soirtace ol, a rotating blade using a1 mronteti nml-integral met hod . I Il arlillalsici

Mtid numerICicall pr-OCedIures for sol ilg tlie iontent um1-ititegr al bounldarx-Ia ver equat iotts hiaxc

been prewet ed and i mplenmen ted in) ati e fficient col pU ter COdeC. I \vpical bonn11darx\ -lit\ er Coi1

putat ion require less, thtan It) secotids (I'U ott t(he hligh-speed Ilirroughs 77t00 cottpiter t iia

1,~ ess tCS hil One dllar. I[le predicted bounldalry-lat\er parameiter areil slio\i t11o gix e I casott:31bic

agtee~itet ith C\itIt epeinl~iett l dat a for at simple bod\ . Assumnttg iniitial bound)Lar-hItvcr

characteristics det eri ted bN flt-plate values for t urblitl floxx, ittereasing blade xx,!I I,
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predict ed to decrease the local skin frict ion coefficient .I hec redulction ill skin rif 10on1 ilcr-casc

thle thrust coefficientI and reduces the torqjue coefficient vieldinig an i ncreascd cllicicnc\: o1 aboi

two percent (onle percent age point). H owe~e ,r tihe accu Iracy ot [t ie iniitilal %alties and thle Ctcc ee

their variation oil thle predicted results is [lt kiio~~kni

1:u111n1C work ill thlis area should Include anl iliplo\ d Clo th'im \ elociIt\ pt 0tile, betterI

eStililat ott of thle initial Conditions for tilie turbu111ln boudar\ - cI" cl k1Itl ionl, anid the ca LkuhL

ti 01O thili'd 1iid toI0I'ue to predict drag.c \1lliltlhlnal-a l(IN I 0111

a\\cN\ and iitpro\ e thle precsct ilytcls \otk. Iitir sork should also include'I thle p ict .1on

of laiiiar-Ilo~chrctrstc at [tie Icading cdgc, laia t-truec i atlIsistoti pikedict IlkIl

anld C\ enitial thle priTction1 ot sparti ott phietiouina both) ott t lie blade l ikxac and at Ill,

whIere a ii p-s ort\ formis. lPionceringe \\oik oil tile ipl IC11uIoI&i hCVit puuisied'1IC, h.% 'Ntatt IlI~~.
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APPENDIX

COM.PUTATIONAI, RESULTS FOR BLADES 2 AT A

FULI-SCALE REYNOLDS NUMBER
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The turbulent boundary layer results for Blades 2 (unskewed Blade 2A, 72 degree

warped Blade 2B, and 72 degree skewed Blade 2C) presented in the main text are com-

puted for a model-scale 0.7 radius Reynolds number of 4 x 10 . In this appendix,

similar results are presented for these blades for a full-scale 0.7 radius Reynolds
7 x -6 2number of 6 x 107. The assumed flow conditions are V = 1.191 × 10 m2/s (1.282

-5 o)
10 ft2/sec), V = 16.9 m/s (55.3 ft/sec), and u) = 26.1 rad/sec. The propeller

diameter is 4.572 m (15 ft).

A finer computation grid was selected for the full-scale computations. More

grid nodes were added in the radial direction in order to compute the boundary layer

characteristics closer to the hub at the trailing edge of the blade. The boundary

layer results on the model-scale blades were also recomputed using the finer grid.

Both full-scale and model-scale results are given in this appendix.

Again, initial conditions for the streamwise momentum thickness i and the

shape factor H are assumed to be determined by flat-plate values for turbulent

flow 2 8 ,29 ,3 0 as described in the main text. The value of the limiting streamline

angle is also given by the rotating disk value of = +11 degrees on the blade

suction surface and -11 degrees on the blade pressure surface. Since no previ-

otus analytical or experimental data exist for these blades and the starting condi-

tions are at best a guess, the computed results can be considered only qualitatively

valid.

Since the local skin friction coefficient Cf contributes to the overall drag,

it is, perhaps, the boundary layer result of most interest. Therefore, the only

comparison presented is that of the skin friction coefficient at the 0.73-radius for

tiie three blades at both model-scale and full-scale. Figure 13 shows the computed

percentage change in Cf for Blades 2B and 2C from the unskewed Blade 2A. The open

s ymbol.s represent the full-scale results and the solid symbols represent the model-

;cale results. As shown in Figure 13a, a decrease in the skin friction coefficient

is predicted on the suction surface at both scales for the warped and skewed blades.

The decrease in Cf continues to the trailing edge of the blades. There is also

little variation in the results for warp and skew at each scale. Slightly larcer

changes in Cf are predicted for the model-scale blades than for the full-scale hlad(, ;.

Figure 13b shows the changes in the local skin friction coefficient on the prcs;Ir,

surface of the blades. Again, a decrease in Cf is predicted at both full-scale and%f
model-scale for blade warp and blade skew. However, at the trailing edge of the
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blade, Cf varies little from the value predicted for the unskewed Blade 2A. Blade

skew is shown in Figure 13b to have a smaller effect on Cf than blade warp. Overall,

Figure 13 shows that blade warp and blade skew are predicted to decrease the local

skin friction coefficient Cf.
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Figure V3. Effect of Warp and Skew on Predicted Values of Vocal
Skin Friction Coefficient Cf

39



INITIAL DISTRIBUTION

Copies Copies

6 ONR
1 438 1 UNIV OF CA

1 492
i Power Branch I UNIV OF MI (T.J. Ogilvie)

1 (Branch Office, Pasadena,

CA) (R.J. Marcus) I UNIV OF 10 (L. Landweber)

I (Branch Office, Chicago, IL)

1 (Branch Office, Boston, MA) I UNIV OF MS (O.A. Fox)

I UJSNA ANNA 2 Webb Inst
1 L.W. Ward

I NAVPGSCOL (A.F. Fuhs) I Lib

3 NOSC I Hydrodynamics Research Assc

1 6342
1 2542 1 Hydronautics, Inc.

1 Lib

I NSWC/Lib CENTER DISTRIBUTION

12 NAVSEA Copies Code Name

I 03D 1 1500 W.E. Morgan
1 05H
1 09C32 (Lib) 1 1504 V.J. Monacella

1 31R 1 1507 D.S. Cieslowski
1 3121
1 32 1 152 W.C. Lin

1 3213 1 1524 W.G. Day

1 52B

1 52P 1 1528 M. Wilson

1. 521 1 154 ,.11. McCarthy

1 524
1 63R31 1 1543 R. Cumming

1 1544 T. Brockett
12 DTIC 1 1544 R. Boswell

1 1.544 (;.F. Lin

2 MIT 1 1544 D. Nigro

1 J. Kerwin 1 1544 G. Platzer

I P. Leehey 1 1544 S. Jessup

2 PSU/ARL 1 1552 T.T. Huang

1 R. Henderson 10 1552 N. Groves

1 W. Gearhart 1 1552 J. Libby
1 1552 Y. Shen

SIT 1 1556 G. Santor'

i 1. Breslin 1 1556 D. Coder

I Lib 1 1556 F. Rood

414



CENTER DISTRIBUTION (Continued)

Copies Code Name

1 1606 T.C. Tai

1 184 J. Schot

1 1843 H. Haussling

1 19 M. Sevik

1 1905.1 W.K. Blake

1 194 J. Shen

1 196 1). Felt

1 2721 J.G. Stricker

10 5211.1 Reports Distribution

1 522.1 Unclass lib (C)

.522.2 Vnclass Iihb (A)

; ,')





II


