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Abstract 

It is known that clue to rotation of the blade, lift coef
ficients on inboard sections may exceed the 2-D max
imum lift coefficient. A model to take this into ac
count was suggested by Snel [25]. Initial calculations 
with this model were reported by Snel and Houwink 
[27]. The model is further analysed and implemented 
in a 2-D viscous-in viscid interaction codet with a panel 
method for the in viscid flow 1 and an integral method 
for the boundary layer. Calculated pressure distribu
tions and lift coefficients are compared with experi
mental data and with the previously obtained results 
using a different 2-D flow solver. The two codes cap
ture the effects of blade rotation, but overpredict the 
increase in lift. The effect of Reynolds number and 
rotational speed is discussed 1 as well as the influence 
of transition on lift 1 drag and moment coefficient. A 
calculation will be presented showing the influence of 
blade rotation on a pitching airfoil in light stall. 

1. Nornenclature 

c chord 
fo nondimcnsional free-stream velocity: 

fo= W />lr 
p pressure 
q velocity vcetor (u,v,w) 
r radius in cylindrical coordinate system 
s arc length in cylindrical coordinate system 
u,v,w velocity components in cylindrical 

coordinate system (O,r,z) 
z height normal to airfoil chord, cylindrical 

coordinate system 
A cross- How parameter 
cd drag coefficient 
C, lift coefficient 
Cm moment coefficient 
Cr skin friction coefficient 
Cp pressure coefficient 
H shape factor, II= o' /0 
H, Head's shape factor, H, = (&- o')/0 
M Mach number 
R tip radius 
Re Reynolds number(= pWc/v) 

H.o H.ossby number(= for/c) 
W effective wind speed as seen by blade 

section 

Greek 
"' angle of attack 
{3 streamline angle 
o boundary layer thickness 
o' boundary layer displacement thickness 
0 (i) boundary layer momentum thickness 

(ii) angle in cylindrical coordinate system 
.\ tip speed ratio ( = mtjW) 
p molecular viscosity 
p density 
n angular velocity 

Subscripts 
e boundary layer edge 
w at the wall 
1 in 0 (chordwise) direction 
2 in radial direction 

2. Introduction 

Blade element theory is often used to calculate the per
formance and aeroelastic behaviour of wind turbines 
and helicopters. Use is made of 2-D a.erofoil data, 
supplemented with correction methods for unsteady 
effects, 3-D efl.ects and Reynolds number effects. A 3-
D effect of importance for (stall-regulated) wind tur
bines, tilt rotors and highly loaded helicopter rotors is 
the increase in maximum lift at sections located near 
the hub due to the rotation of the blade. 
The influence of blade rotation was first investigated 
by Himmelskamp (see Schlichting [24]), who measured 
very large lift coefficients, beyond the 2-D steady max
imum lift coefficient, on a rotating propeller. The ef
fect was attributed to the presence of a Coriolis force, 
having the same effect as a favourable pressure gradi
ent. In addition, the centrifugal force causes an out
ward displacement of fluid particles, through which the 
boundary layer becomes thinner compared to a non
rotating boundary layer. 
Fogarty [9] calculated the laminar boundary layer on a 
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Figure 1: Normal force coefficients measured by ECN 
at the 30% radius section 

rotating blade in attached flow. He concluded that dif
ferences compared to a non-rotating blade were small, 
but remarked that the situation may differ for sepa
rated flow. Experimental data up to 1973 was sum
marized by McCroskey [16]. In sepmated flow large 
skew angles (angle between surface streamline and cir
cular arc) were measured, and for attached flow small 
angles. Laminar attached flow showed larger skew an
gles than turbulent attached flow. 
More recent measurements on wind turbine blades 
showing a Iar·ge increase in lift at the inboard sections 
were reported by llruining et al. [6], Ronsten [22] and 
Paynter & Graham [20]. 
At ECN both non-rota.ting and rotating measurements 
have been made on a field rotor by Brand et al. [5]. 
Results for the rotating case (Re= 2.1 E6, NACA 4424 
airfoil) without yaw misalignment are seen in figure 1. 
Here an absence in maximum normal force is seen in 
stall on the inboard section for most negative pitch an
glesl but for the positive pitch angles 1·esults are quite 
different. No satisfactory explanation could be given 
so far for this pitch dependency. The increase in nor
rna! force was also influenced by the yaw misalignment 
of the wind turbine. 

3-D calculations on a wind turbine blade showing 
the increase in maximum lift explained by a delay of 
flow separation clue to Cm·iolis forces were made by 
S0rensen [28] using a 3-D viscous-inviscicl interaction 
method. These results were confirmed by an analysis 
using Navier-Stokes calculations by Narramore & Vcr
meland [19] on a Lilt rotor blade in stall. Hansen [10] 
used a :3-D Na.vier-St.okes method to analyse the flow 
ovcl' wind turbine blades in stall 1 and compared his re
sults with 2-D calculated results 1 clearly showing the 
increase itt sectional lift coefficients at inboard stations 
due to blade rotation. 
In order to include the increase in lift clue to blade rota
tion in blade element codcs 1 empirical correction meth
ods have been developed. Corrigan and Schillings [7] 
present a st(_tll dela.y angle of attack formulation based 
upon the results of Banks and Ga.dd [2]. Bessone and 

Petot [3] show the increase in lift at the retreating side 
ofa highly loaded helicopter rotor in fa.st forward flight 
usmg a correction model for blade rotation based upon 
the results of Snel and Houwink [27]. 

The work described here is a continuation of the model 
developed by Snel [25] and Snel and Houwink [27]. 
Followmg an order of magnitude analysis of the 3-
D boundary layer equations, leading terms could be 
identified in attached and separated flow. Neglecting 
lug~er order terms resulted in a system of equations 
whrch could be implemented in a 2-D flow solver while 
still retaining the essential terms due to blade ro~a.tion. 
The flow solver was based upon a viscous-inviscid in
teraction method. The inviscid flow was considered 
2-D. The principal parameter to determine blade ro
tational effects is the local chord divided by section 
radius, c/r. The model predicted qualitatively the de
lay in separation and increase in lift on inboard sec
tionsl but ~ correction had to be applied upon the c/r 
parameter m order to obtain the same increase in lift 
as measured. With this tuned moclel

1 
a simple correc

tion method for usc in blade element based computer 
codes was then devised to take rotational effects into 
account on wind turbine blades. Using this correction 
method) given also in this paper 1 the power prediction 
of wind turbines was improved. 
However, because the so-called Snel model for blade 
rotation lacked quantitative correlation with experi
ment, a cooperation between ECN, TU Delft and NLR 
was started to improve this. Two steps were proposed: 
Implementation in a computer code more suited for 
wind turbine airfoils which is used in the Dutch wind 
energy community) and extension of the model with 
higher order terms. The TU Delft [31] improved the 
lift. prediction and convergence behaviour of the code 

. I 

NLR Implemented the Snel model, and ECN will ,mal-
yse and validate calculations with the goal of deriving 
a more accurate correction formula for the effect of 
blade rotation. The project was financed by NOVEM. 
General results have been presented by Montgomerie 
[17]. 
The present paper will discuss some of the NLR results 
obtained in this project and in the EC DGXII Joule 
II project )1Dynamic Stall and Three-Dimensional Ef
fects", which was partly financed by NOVEM. First 
the order of magnitude analysis will be reviewed af
ter which some aspects of the resulting equations 

1 

will 
be discussed. Calculations will be compared with 
measurements and the N a vier-Stokes calculations of 
Hansen [10]. The influence of Reynolds number and 
wind speed will be shown. All results have been calcu
lated with fixed transition at the leading edge. When 
transition is not ftxccl) it might be enhanced by the 
cross-flow. Therefore the influence of transition on lift 
drag and moment coefficient will be discussed briefly: 
Finally unsteady calculations with and without the 
bh.tde rotational effects will be shown. 
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Figure 2: The coordinate system 

3. 3-D boundary layer equations 

The incompressible boundary layer equations for a ro
tating blade, using a cylindrical axis system attached 
to the blade [32], figure 2, are the 
continuity equation: 

ouvovow 
1"00 +;; + 01' + 7£ = o, (I) 

the 0 momentum equation: 

au ou au oq, I' 82u uv u-+v-+w- = q,-+--+2i1v--, (2) 
1·80 or oz rOO p 8z 2 1· 

and the r momentum equation: 

OV ov OV 
" ~o + v, + w, 

1·u u1' uz 
= 

oq, I' 82v q-+--
' 01' p 8z2 
u +- (1l- 2(21·). 
r 

(3) 

In the (] momentum equations the Coriolis term is 
given by 2Dv, in the r momentum equation it is 
given by 2nu. The pressure gradient has been elim
inated from the equations using the Bernouilli equa
tion) which reads for a rotating coordinate system: 

q ' (i11·)' I 
grad!-'-!- grad--= --gradp,. (4) 

2 2 p, 

3.1 Order of 1nagnitude analysis 

The order of magnitude analysis of Fogarty [9] for 
attached flow, and of Sncl [25] for separated flow is 
briefly reviewed here. 

3.1.1 Attached flow 
For attached flow it is assumed that the velocity com
ponent u scales with the local free-stream velocity, and 
that the radial acceleration is of the same order as the 
centrifugal force. This leads to: 

u o:: Or, 

v C< nc. 

Remaining scaling factors are: 

6 
w o:: u-, 

c 

(5) 

(6) 

(7) 

(8) 

(9) 
(10) 

in which the coordinates replaces B by using roO = os. 
In the following r' denotes the nondimensional radius, 
which is equal to one for this case. Other nondimen
sional parameters are used with the same symbols as 
the dimensional ones. Because blade sections at a dis
tance r from the hub are considered, r has been chosen 
as a scaling factor. The scaling factor for q, is the same 
as for u. Nondimensionalizing the equations with the 
scaling factors gives: 

O<t (c)' v (c)' ov ow 
OS + ;; -;:; + ;;:. or' + 7£ = o, (11) 

iJu (c)' o« ou oq, 
"as+ ;;:. vi)r' +waz =q,&; 

+..!:_ (:_) 2 8
2

1l + (:_) 2 2v _ (:_) 2 uv, 
Re 8 8z2 r· r r·' 

(12) 

ov (c)' ov OV oq, u-+ - v-+w-=qe-
i)s r 01'1 oz or' 

I (c)' 8
2
v u

2 

-1--R < ,--2 + - - 2u. 
e u vz 7'1 (13) 

It appears that for attached flow the ratio of the chord
wise acceleration to the Coriolis force is proportional 

to (f) 2 
Hence, for small c/r the influence of blade 

rotation will be very small. In fact it is seen that by 
neglecting the terms which scale with cfr the 3-D con
tinuity equation ( 11) and the chord wise momentum 
equation (12) are identical to the 2-D equations, and 
can by solved without solving the radial momentum 
equation. 

3.1.2 Separated flow 
For separated flow Snel assumed: 

Chord wise ace. cx Coriolis force(= nv), (14) 

Radial ace. cx Centrifugal force(= i12r) £ 15) 

which gives: 

u C< 

v C< 

(16) 

(17) 

In the equations given above the centrifugal force is 
hidden in the term wit.h the edge velocity. By assum
mg: 

(18) 

a centrifugal force term can be recovered. Remaining 
scaling factors are the same as in attached flow. 
The boundary layer equations now reacl: 

o« (c) if v (c) if iJv ow -+ - -+ - -+--0 Ds r r·' r Dr' Dz - ' 
(19) 
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i)u 
H-.-+ 

Os (c)* i!u i!u (c)% i!q, - ·o- + -w- = - qe-···-
'1' 81·' Dz r ds 

I (c)'iJ2u 2 (c)tuv +- - -+ v- - -
He 8 8z2 r 1·1 ' 

av (c)~ i!v av aq, u-+ - v-+w-- -as ,. a,., az - q, ar' 

1 (c)' a2
v (c)! u

2 (c)~ +- - -+ - -- - 2u. 
Re o az2 r r' ,. 

(20) 

(21) 

There arc still terms present in the equations which 
scale with c)r, but the order of magnitude is obviously 
less than for attached flow. If the terms which scale 
with c/r arc neglected for small cjr, the 3-D continu
ity equation reduces to the 2-D equation, the chord
wise momentum equation equals the 2-D equation with 
a Coriolis term (2v) added, and a radial momentum 
equation. So it is seen that for a separated flow the ra
dial flow due to blade rotation will influence the chord
wise flow by the Coriolis force. 

3.2 Nondiuwnsional equations 

If all terms arc neglected which scale with (c/r) in the 
equations ( 19) and (20) and only the first term which 
scales with (<)r) is neglected in equation (21), a sys
tem of cquatiow; appears which is designated the Sncl 
model for blade rotation. This model is valid for small 
values of (c/r) for both attached ;mel separated flow. 
The only rcrna.iuing gradient in radial direction is the 
gradient of the velocity at the edge of the boundary 
layer. However, using a proper nondirncusionalization, 
!.he most important krm can be captured, which elim
inates the need for a discretization in radial direction. 
The influence of !)lade rotation on the chord wise flow 
is seen only in the Coriolis force. 
lkcause t.hc scaling factors for for u and v in invis
cid outer flow are idcntieaJ to those for the attached 
boundary la,p~t· flow, the 2-D inviscicl equations can be 
used. \·Vith t·c~·qwcL t.o the 2-D boundary layer equa
tions, one extra. unknown (v) is addccl, with one addi
tional equation. The system of equations is therefore 
closed. 
The equation;:; arc now written into nondirnensional 
form using t.he chord c as a. length scrt!e, tip radius 
H. for the radial direction r, and fo~h· as the velocity 
scale. The parameter Jo determines the contribution 
of t.hc rotational speed to the t.ot.al frccstream veloc
ity at. radius r. For a wind turbine without yaw the 
magnitude is given hy: 

~
- -· 

u. :! ') }""'' ([1--aJ-) +(l-1-a'f, 
/\1' 

(22) 

where a and a1 arc t.hc axial and circumfuential in
d twt.ion fact.ors, and A the tip ::;peed ratio. The nondi
llH'n;.;ional radial distance is denoted with r' (=r/R), 
o!.hcr nondimcnsional symbols are identical to t.hc di
rncnsional symbols. 

The radial derivative of t.hc scaled velocity appears in 
the equations as: 

a(ufo>.l7·) _ Q r aJo" (
23

) 
ar - R &;/ + ufo>.l. 

The nondimensional equations now read: 

(24) 

i)u au 
u-+'u_)-as az = aq, 1 a'u c I 

q,---;;- + -1, --;;-, + 2--f v + 
vS t.C uz 1' 0 

(+0 

c { a, 1 a Jo } ) -Ji v a,., +fa a,., , (25) 

av av 
u- +w-

as az 

av (' 2)Iafo}) v-+ q -v -- . a,., ' fo a,., (26) 

In all these three equations the Snel model for blade 
rotation is given on the first line, while the second line 
gives a higher order term which scales with c/r, and 
the third line gives a. gradient in radial direction scaled 
with c/R. 

It is of interest to analyze the right-hand side of the ra
dial momentum equation. Neglecting the shear stress, 
it. is seen t.ha.t this term, given by 

"{'' ( 2)} ; Cfc ~ + U lt - J-;; , (27) 

is always positive (directed outwards) near the wall, 
and du.tnges t.o the value 

(28) 

at. the edge of the boundary layer. Taking fo:::: 1, and 
using t.hc relation for the pressure coeHicient Cp= l
c~e2, the t.crm becomes negative for Cp > 0 (qe < 1), 
<-tnd rernains positive for Cp < 0 (qc > 1). Therefore, 
a radial flow directed towards the huh might occur on 
t.hc pressure surface of Lhc airfoil, and the cross-flow 
velocity profiles will be S-shapcd. 
However, here also <.1.. Bon-physical behaviour of t.he 
model becomes apparent: At the edge of t.he boundary 

layer ~~, ~:~ -+ 0. V/ith q(~ f- 1, this is only possible 
when Vc f- 0, which is in contradiction with the ini
tial assurnplion of a 2-D inviscid flow. As the model 
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gradient 

assumes Ve = 0, ~~ # 0 at the edge of the boundary 
layer, which is physically unrealistic. 
The ratio fo7'/c Citll be interpreted as the H.ossby num
ber, which is the ratio between the inertia force and 
the Coriolis force: 

[U] Jon,. fo'' 
H.o = n [L] = l'k = -c . (29) 

The parameter fo may be interpreted as the ratio be
tween the centrifugal and Coriolis force, and c/r as the 
ratio between the centrifugal and inertia force. Within 
the present model, the c/r parameter can also be in
terpreted as the relative change in radial direction of 
the effective velocity: 

c c aw c w 
;: = w &;-:""" = w -;:-· 

with VV = f 0 0r, and fo is assumed constant. 

3.3 Exaet solutions 

(30) 

Using the same solution procedure as for the Falkner
Skan equations, exact solutions for the velocity profile 
can be obtained for the 3-D boundary layer equations 

Rotating blade, m~ -0.09, ue~ 1 
10,-----~==~~==~r-~~~~--y--, 

!~~ 8li •... 
8 /r- . 

' 

2 

0 0~~~~----~----oo~_,,---~oc"-.7,-----,~_j 
u/Ue 

Figure 5: Streamwise velocity profiles with pressure 
gradient U, "' <>s- 0 ·09 
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Figure 6: Cross-flow velocity profiles with pressure 
gradient Ue :::::::: as- 0·09 

for a rotating blade as given by the Snel model for 
blade rotation: 

" J'(ry), (31) 
u, 
v 

g' ( ry), (32) 
u, 

1J = zJ"':~. (33) 

u, asm. (34) 

A prime denotes a differentiation with respect to s. 
The nondimcnsional boundary layer equations may 
now be rewritten to: 

f'" +m (1- 1' 2
) + m + 

1 JJ" +2~--1 -g' = 0, (35) 
2 1' fo'lle 

rn + 1 
g'"- tnf' g' + ---fg" 

2 

+ sc (t + J' 2
- -

2
-J'- g'') = 0. (36) 

1· fo'lle 

For sc/r= 0 the equations reduce to the Falkner-Skan 
equations. The velocity profiles on a rotating blade 
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are no longer similar in s-direction. 
Boundary conditions are for 7] = 0: f= f'= g'= 0, and 
for 17-} co: f'= 1, g'= 0. 
The equations are solved using a linearisation and fi
nite difference scheme as given in Moran [18]. Note 
however that only for f 0 u, = 1 the term which scales 
with sc/r in equation 36 goes to zero at the edge of 
the boundary layer, which is discussed in the previous 
section. 
Solutions are given in figures 3 and 4 for m= 0 (ro
tating flat plate) and in figures 5 and 6 for m= -0.09 
(near separation). All cases have been calculated with 
s= 1 and fouc= 1. Due to b1ade rotation, the velocity 
profile in streamwise direction becomes fuller. VVith 
increasing c/r the cross-flow increases in magnitude. 
The influence of blade rotation increases under the 
presence of an adverse pressure gradient. The Falkner
Skctn bc\-<:>ed model does not allow the computation of 
a velocity profile in separated flow. 

4. Ixnplmnentation in VII codes 

The Sncl boundary layer model for blade rotation was 
implemented in two viscous-inviscicl interaction codes, 
suited for angles of attack up to the stall angle. 
rrhc computer code ULTRAN-V was developed at 
NLR by Houwink for calculating the 2- D unsteady 
viscous flow about airfoils in steady or unsteady mo
tion. The code is based on the unsteady 'Il:ansonic 
Small Pertmbcttion (TSP) potential equation for the 
in viscid flow, and an integral method for the boundary 
layer. An unsteady version of the Green lag entrain
ment equation is used. Due to the strong interaction 
coupling between the boundary layer and the inviscid 
-flow the applicability of the code in practice covers a 
wide range of subsonic and transonic, attached and 
separated, steady and unsteady flow conditions (11], 
[12] ctnd [l:l]. For the radial flow a.dditiomtl closure 
relations were nceclccl, for which the velocity profile 
family of Lc Balleur & Lazereff [ 15] were used. For the 
integral relations the logarithmic pa,rt was neglected. 
Comparison with pressure distributions measured on a 
wind turbine in a wind tunnel by FFA [22] showed that 
qua1it<'.ttively the effect of blade rotation was captured 
well, but overprcdictcd in quantitative sense. In or
der to obtain for a rotating blade the same increase in 
lift clue t.o rotational effects as measured in the exper
iment, the input parameter c/r had to be multiplied 
with a factor 2/3. 
'The Snel model for blade rotation has then been im
plemcnlcd in the XFOIL code, developed by Drela [8], 
which consists of a panel method, coupled in strong 
interaction with an integral method for the boundary 
layer. Green )s lag entrainment equation is used for the 
Lurbulent boundary layer. For the 3-D equations the 
integral equations as given by Swafl'ord & Whitfwld 
[29] lmve been adopted. For the implementation of the 
radial flow the cross-flow velocity profile of ,Johnston 

[14] is used: 

v u 
= - tan/1 (near the wall), (37) u, tt, 

v 
A (1- :J (outer region). (38) = 

u, 

The inner and outer region are matched at a certain 
distance from the wall '7 = y+ = 14.1, which gives: 

taniJw=A( c 
1 

1 -1) (39) 
'7 ( fcosiJw)' 

Using only the relation for the outer region, the cross
flow integral quantities arc easily rewritten into chord
wise integral quantities and the cross-flow parameter 
A. The relations are given by Swafford & Whitfield. 
The radial dissipation coefficient) present in the kinetic 
energy equation, has been rewritten as a summation 
of an inner layer, for wich the formulation as given by 
Thomas [30] is used, and an outer layer, which can be 
related to the chordwise dissipation coefficient using 
the Johnston velocity profile, assuming isotropic eddy 
viscosity. No cross-flow corrections have been made in 
the Green lag entrainment formulation. The modified 
code has been named RFOIL. The integral relations 
for the chord wise and radial momentum equations may 
now be written as: 

I 

I 

II 

_s_ 8011 = ..!!_ Ch _ (H + 2) .!_au, 
011 as 011 2 tt, OS 

_'!.. ...'!:'!_HA 
r fouc 

+ 80
2A (2- H) 

1' 

IV + sc _1_ 8(f0 u,) A (2 _H) 
R. fou, uri 

v sc a0,1 sc Do; 
- 011R (h'l + 011R E!r1 (40) 

I -s E!A _ A..!!_ E!011 = ..!!_ C'h + 2A .!_ E!u, 
E!s 011 Ds 011 2 u, E!s 

I - sc (2H1 (1- -1 ) + H- 1) 
1' fotte 

+ sc (H- J)3A2 

/' 
II 

III _ sc (Hl +H) _l_E!f0 u, 
R. !ott, arl 

IV _ sr: 2A 2 ( 1 - H) _1_E!fou, 
R fott, Drl 

sc DOn 
-----

011ll Drl 
v ( 41) 

where the complete 3-D integral equations are now 
each divided into sevcrnl parts: 

I. equation as derived from simplified boundary 
layer equations (Snel formulation) without the 
radial non dimensional pressure coefficient gradi
ent 
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Figure 7: Influence of blade rotation at a= 20 deg, calculated with RFOIL 

II. extra terms, which can be implemented easily 
in the present Snel model: curvature terms and 
terms which arise due to nondimensionalization 
of the gradients in radial direction with the ro
tational speed. All these terms scale with c/r. 

III. radial nondimensional pressure coefficient gra
dient which is present in the Snel formulation, 
hence leading order term. This term is the gradi
ent in the right hand side of equation (23), where 
the radial pressure gradient has been split in two 
components. 

IV. remaining (higher order) terms of radial non di
mensional pressure coefficient gradient. 

V. radial gradients of integral quantities. 

Only term I was implemented in the ULTRAN-V code, 
while all terms have been implemented in the RFOIL 
code. The 3-D kinetic energy equation is a rather 
lengthy formulation which can be found in [29]. Note 
that the used cross-flow velocity profiles are not able 
to model an S-shaped profile. 

5. Steady calculations 

Calculations using the ULTRAN-V and RFOIL code 
will be discussed and compared with experimental re
sults and a Navier-Stokes solution. The influence of 
velocity variations a.nd transition is also discussed. 

5.1 Influence of blade rotation 

The effect of blade rotation on the pressure distribu
tion and boundary layer characteristics is discussed 
first. A calculation has been made using the RFOIL 
code for a NACA 4415 airfoil with blunt trailing edge, 
using 120 panels on the airfoil. Only terms I and 
II as given above have been used. The calculations 
have been made using fixed transition at 10% chord. 
Results for different c/r values are presented in fig
ure 7, The value c/r= 0 represents the non-rotating 
case. With increasing c/r value the separation point 
appears to move towards the trailing edge, which can 
be observed in the chordwise skin friction coefficient. 
Furthermore the pressure distribution in the separated 
flow region is no longer flat, but shows a. small gradi
ent. The increase in chorclwise displacement thickness 
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is reclucecl clue to the Coriolis force. At the leading 
edge a small laminar separation bubble is present. On 
the upper surface there is an increase in skin friction, 
whereas on the lower surface the skin friction is de
creased in value. Analysis of the results shows that 
from the stagnation point onwards on the upper sur
face, the radial displacement coefficient is positive for 
5 % chord lengths, after which it becomes negative. 
On the lower surface, however, the radial displacement 
thickness remains positive from the stagnation point 
to the trailing edge. The radial displacement thick
ness has a negative value for an outward directed flow. 
Therefore the average flow at the leading edge on the 
upper surface 1 and on the entire lower surface is di
rected inwards. Ncar the wall the radial flow should 
be directed outwards, which gives a positive Coriolis 
force, and therefore the skin friction should increase. 
Due to the inability of the used cross-flow model to 
model S-shapecl velocity profiles, this is not possible, 
and a decrease in skin friction is seen. It is also seen 
that the cross-flow displacement thickness on the up
per surface varies linearly, whereas the ULTRAN-V 
results presented in [27] showed a quadratic increase 
in the cross-flow displacement thickness. This is ex
plained by the addition of term II in the radial momen
turn equation, which damps the growth of the cross
flow. 
Although it is reeogni?-ed that the Prandtl boundary 
la.yer assumption is no longer valid beyond the static 
stall angle, it will still be used here from an engineer
ing point of view. 

5.2 Influence of higher order terrns 

The higher order terms III, IV and V have been im
plemented as explicitly given source terms. From two 
neighbouring sections the radial gradients were calcu
lated and stored in an additional input file. The sec
tions were then recalculated with the additional terms 
included. Term III appeared to change the radial flow 
significantly in scpaxated flow. However, as the radial 
Dow is only afl"cct.ecl by the chorclwise flow through 
the Coriolis forcc 1 the influence on the chord wise clis
placcrncnt thickness and lift coefficient was very small. 
Inclncling the higher order terms IV and V die! not 
change the solution for attached flow, as expected. Un
fortunat.ely, due to convergence problems, no solution 
has been obta.incd for separated flows. 

5.3 C(nuparison with expcrixnent 

There L-> only a limited amount of good experimen
tal data. sets rwa.ila.ble which can be used for valida
tion purposes. Most data for wind turbines have been 
measured Oil opcu air facilities, with all the unsteady 
variations in the wind velocity and direction included. 
Wind tunnel data of a rotating blade are available 
by the FF'A measurernents in the CAHDC wind tun
nel, located in China, including pressure distributions. 
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Figure 11: Comparison in results between ULTRAN-V 
and the :l-D Navier-Stokes solver EllipSys 

The blades were also measured in non-rotating concli
tions in an FFA tunnel. The rotor blades had a length 
of2.375 meter, and were equiped with NACA 44xx air
foils. Thickness varied from 22% chord at 30% radius 
to 14% chord at the tip. The blades, test campaign 
and analysis of the data are described in [4], [22] and 
[23]. At 30% radius of the rotating blade a large in
crease in lift coefficient was measured compared to the 
non-rotating test, and at 55% a small increase. At 
the tip the maximum lift was lower compared to the 
non-rotating test. For the present calculations only 
the airfoil section at 55% radius was used 1 with a fixed 
transition point and a Reynolds number of 0.5E6. An
gles of attack for the non-rotating case were calculated 
by FFA using a lifting line method. For the rotating 
case) a local blade element momentum theory was used 
to give an estimate of the angle of attack. The analy
sis is reported by Sncl [26]. Calculated results will be 
shown using both UI:fRAN-V and RFOIL. 
Some representative vressure distributions are pre
sented in figure 8 for the 55% section nonrota .. ting, fig
ure 9 for the 55% section rotating) and in figure 10 for 
the 30% section rotating. For ULTRAN-V the upper 
and lower surface pressure distribution have been plot
ted separatelyj ls stands for lower surface. All angles 
of attack are approximately 21 deg. For the rotating 
case the c/r used in the calculations was the geometric 
value of the secton multiplied with a correction factor 
of 2/3. Both calculations and experiment show a Hat 
pressure distribution in the separated flow region for 
the non-rotating case) and a linear increase in pres
sure in the separated Dow region for the rotating case. 
The linear change in the separated flow region is larger 
for the 30% section than for the 55% section. Lmgest 
differences between calculations and experiment are 
found in the leading edge region 1 indicating inaccu
racy in modelling. 

5.4 Coxnparison with Navier-Stokes results 

A comparison has been made with a 3-D Navier-Stokes 
solver 1 developed by Hansen of the Technical Univer
sity of Denmark [10]. The airfoil used is an NLF-0416 
airfoil as used on the open air facility of the TU Delft 
[6]. A rather coarse grid was applied, and the turbu
lence model was tuned in a 2~D calculation in order 
to obtain the sarne maxirnum lift coefHcient as mea
sured in a 2-D wind tunnel experiment. Figure 11 
shows the results of the 2-D calculations and the 3-D 
calculations. For the ULTRAN-V calculation the c/r 
ratio was again reduced with a factor 2/3. Both codes 
show very similar results. Due to blade rotation the 
Hat pressure distribution in separated flow no longer 
exists 1 and an increase in pressure peak at the leading 
edge is seen. Both codes show a forward movement of 
the separation point due to blade rotation 1 as seen in 
the forward movement of the kink in the pressure dis
tribution. The calcuhttions on the N ACA 4415 airfoil 
showed however a delay in the forward movement of 
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Figure 12: Influence of blade rotation on lift coeffi
cient, cakulations compared with measurements 

the separation point. At present, other airfoils have 
not been investigated. 

5.5 Influenee on lift 

Comparison of RFOIL and UI:l'IcAN-V data with ex
perimental results of FFA and ECN showed that the 
cjr input. value had to he nmltiplied with 2/3 in order 
to obtain the same incre<-:tsc in lift on a. rotating blade 
section with respect to a non-rotating blade section. 
The neglect. of the radial gradients of integral quanti
tics in the used boundary layer equations is probably 
the reason for this. Also the used cross-flow velocity 
profile might be inadequate for large separated flow 
regions, as known validations only consider a.tt.ached 
a!lcl slightly f:.cparatcd flow. 
The increase in lift eodTicicnt due to blade rotation 
is shmvn in figure 12. A comparison is made with 
the BOB-rotating data of FFA as measured at the 55% 
ocdion. The RFOIL code is not able to predict the 
flow well aft.cr t.he st.atic stall point, where the drop 
in lift. coefficient is too small, clue to the large suction 
peak al t.he nose. The difference bet.wccn RFOIL and 
U L'J.'lU\N- V is shown in figure l:L There is a good 
agrcenwnt for the large c/r value, while for the low 
c/r value the agrccruellt. is less due to the different be
ha.viom ill t.hc 2-D calcula.t.ion. U LTH.AN- V shows a 
much :arger decrease in lift after the stall point than 
iU'OlL. In eontmry to ur:rnAN-V results, !U'O!L 
calculat.iom; ::;uggest. that after a certain angle of attack 
the increase in lift rcrnains constant. Uecausc conver
gence problems prohibited the calculation of higher 
angles of at.t.ack, this can not be substantiated. 
On the basis of t.he U J:I'RAN- V calcnlat.ions a first 
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in lift coefficient due to 

crude correction factor for the effect of blade rotation 
was devised by Houwink and Snel [26] which is given 
by: 

(42) 

5.6 Influence of velocity variation 

'I' he freest ream velocity W (effective wind velocity as 
seen by blade section) may vary in two ways in the 
model. The absolute variation is seen as a Reynolds 
number effect. The relative contribution of the rota
tional speed and the wind speed is brought into the 
model by the fo parameter. 
The efl'cct of a varying Reynolds number is consid
ered ftrst. With increasing Reynolds number v1scous 
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effects will become less dominant. Therefore with in
creasing Reynolds number the radial flow will be less, 
and the increase in lift due to blade rotation will also 
be less. The delta values (3-D value minus 2-D value) 
are shown in figure 14. With increasing Reynolds num
ber the increase in lift is less 1 the decrease in drag is 
less 1 and also the separation point is less delayed. At 
the larger angles of attack the delta value starts to 
decrease. 
The inf-luence of a variation in the fo parameter ap
pears to be negligible on the lift coefficient for the 
range of values occurring at wind turbines without 
yaw, where fo varies between 1 and 1.3. The effect 
of an increase in fo is shown in figure 15. A small 
increase in fo gives a larger cross-flow when the How 
is attachecl 1 but decreases the cross-flow in separated 
flow regions. Due to the increase in the attached flow 
the ( ltordwise displacement thickness is reduced, and 
the lift has slightly increased. For values larger than 2 
the lift coefficient decreases noticably. 

5. 7 Influence of transition 

So far only the influence on the lift coefflcient has been 
considered, with the transition point fixed at the nose. 

In case of free transition the effect of blade rotation 
will be more complicated because transition might oc~ 
cur due to the cross-flow. The inflection point in the 
cross-flow velocity profile might lead to an unstable 
situation. Arnal [1] investigated cross-flow transition 
due to a yawed flow, and gave a criterion based upon 
the cross-flow displacement thickness Reynolds num
ber and the shape factor. 
As the model of Arnal has not been implemented yet, 
only exploratory calculations using the RFOIL code 
will be shown. Figure 16 shows a 2-D calculation 
with free transition, and 2-D and 3-D calculations with 
transition fixed at 1% upper surface and 50% lower 
surface. By fixing the transition at the leading edge 
the 1na.ximum lift coef-ficient is reduced in value for a 
non-rotating blade. For srnall values of c/r the reduc
tion in maximum lift due to a moving transition point 
is larger than the increase in lift clue to blade rotation. 
The drag coefiicient increases due to early transition 
for the rotating section and small angles of attack, un
til the pressure drag starts to dominate the drag co
efficient. The behaviour of the moment coefficient is 
also shown in figure 16. The moment coefficient on a 
rotating blade is more negative. However, as it was no
ticed already that the leading edge suction peak is too 
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Figure 16: Calculated influence of blade rotation 

large in the calculations, the calculated moment coef
ficient at the higher angles of attack is not considered 
reliable. 

6. Unsteady ealeulations 

The Snel boundary layer formulation for unsteady 
effects has been extended wlth the time-dependent 
terms in the ur;rRAN- V code. The most interesting 
case would be to calculate a dynamic stall loop, with 
angles of attack well above the static angle of attack. 
However, the UI:I'RAN-V code is unable to simuhtte 
the dynamic stall vortex which characterizes the deep 
dynamic stall loops, clue to the integral formulation of 
the boundary layer equations. Therefore only a case 
vvith lip;ht stall will be shown, in which some separa
tion is present. As a reference for the 2-D calculations, 
the NACA 0015 airfoil experiment by Piziali is used 
[21]. 'I'cst conditions were Rc= 2.E6, Mach= 0.3 and 
Lr<:tnsit.ion fixed at 10 % chord. Comparison with ex
pcrimcntaJ data showed that the calculated hysteresis 
loop was too large. 
'I'he influence of blade rotation on the unsteady lift 
variation is shown in figure 17. It is seen that during 

the upstroke the unsteady effects delay sep,.ration and 
rotational effects are small. After separation at the end 
of the upstroke, the flow remains separated during part 
of the downstroke and consequentlyis more sensitive 
to rotational effects. The maximum lift has increased, 
and the hysteresis loop has decreased in magnitude. 

7. Concluding ren1arks 

The Snel model for blade rotation has been imple
mented in an airfoil analysis code, consisting of a panel 
method describing the inviscid flow coupled in strong 
interaction with an integral method for the boundary 
layer. The new code was designated HFOIL. Previ
ously the model has been implemented into the airfoil 
analysis code ULTR.AN-V by Houwink [27], and re
sults showed that qualitatively the effect of blade ro
tation was well predicted, but the input c/r value had 
to be multiplied with 2/3 in order to obtain quantita
tive correlation. Comparison of RF'OIL results with 
ULTRAN-V results, experimental data of FFA and 
a 3-D Ntwier-Stokes solution of Hansen [10] showed 
that due to the Coriolis force in chordwise momen
tum thickness the chordwise displacement thickness 
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is reduced in separated flow, giving a linear increase 
in pressure instead of the constant pressure observed 
in separated flow on a non-rotating blade. However, 
despite the addition of some extra terms to the Snel 
model for blade rotation in the RFOIL code, the cor
rection factor of 2/3 to the c/r value still had to be 
applied. Possible reasons for this correction factor in
dude: 
- Radial gradients of the boundary layer integral quan
tities have not been taken into account, because of 
numerical convergence problems at angles of attack 
where the flow starts to separate. 
- The used cross-flow velocity profiles in UI:fRAN-V 
and RFOIL have not been validated for the large sep
arated flow regions which have been calculated. 
- It was shown using the Snel model for blade rotation 
that a cross-flow should also occur in the in viscid outer 
How. This velocity component has been neglected. 
- The calculated suction peak at the leading edge is 
too large comparee\ with experimental data. 
The calculated influence of blade rotation on the sepa
ration point was dependent on the airfoil: For a NACA 
4415 airfoil separation was delayed, but for a NLF0416 
airfoil separation was enhanced. 

A topic which has been addressed briefly is the in
fluence of transition. Transition may be enhanced due 
to th(' c:ross-flow 1 which causes a decrease in maximum 
lift and an increase in skin friction drag. This compli
cates the effect of blade rotation, which was initially 
thought to only increase lift and decrease drag for in
board sections. The calculated effect of blade rotation 
on the moment coefficient should be considered with 
some care clue to the large suction peaks at the leading 

edge. 
It has also been noticed that due to blade rotation S
shaped cross-flow velocity profiles might occur in the 
boundary layer, which can not be modelled by the used 
cross-flow velocity profiles. 
In practice, the effect of blade rotation is combined 
with a cross-flow velocity component in the inviscid 
flow due to yaw-misalignment of the wind turbine or 
a forward flight motion of the helicopter. This com
plicated issue has not been addressed yet, but needs 
more attention. 
The final conclusion is that there is a need for more 
accurate boundary layer data for separated flows on 
rotating blades, obtained either by experiment or by 
3-D calculations methods. 
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