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Summary..

Transient tip vortex-blade loadings are calculated from an inviscld steady mode!
in which the tip vortex is idealised as a discrete iine vortex whitle the blade loading is
reprosentad by a vortex lattice arrangement. Mach number eflects are neglected.

1. INTHRODUCTION

lip vortex—blade interaction Is an important ingredient in rotor aerodynamics.,
Locations of interactions are summarised in Fig. 1, taken from reference |, for a
four biaded rotor at two different advance ratios. It is sgen that there is a wide
range of conditions of vortex inciinations relalive to a blade and transverse velocities
across a blade.

An experimental and theoretical programme is being undertaken at Queen Mary
College into this area. This note describes some of the preliminary theoretical
developments.

2. MATHEMATICAL PROBLEM

The idealised problem described in this note is shown in Fig. 2. Conslder a
rectangular wing of high aspect ratio swept at an angle A to a uniform low speed
stream of velocity U, negiecting Mach number effects. note that the sweep anglse
can be either positive or negative. A line vortex of strength I', height A above the
wing, and paraliel to the plane of the wing is inclined at an angle 8 to the free
stroam. Since the line vortex Is free each element of the vortex convects in the
direction of the free stream at the free stream velocity U. The successive locations
of the free vortex at successive times t,, t, and t, are shown In Fig. 2. Thus there
is a transient loading across the span of the wing with time as the line vortex
traverses across the span.

This unsteady problem can be reduced to a steady problem by taking moving
axes Ox,y, travelling along the span of the wing with the line vortex, as shown in
Fig. 3. To determine the velocily of translation of the axes along the span conslider
the velocity vector diagram in Fig. 3; if AC is equal to the free stream velocity U
thus the velocity OC Is raquired.

Now
OR = ABtan@ = (U~-BC)tan8 = BCcoth

hence

Utan@tanh
BC = ————

1+tanBiani\



Then
UtanBgseach
OC = BCcosech = ————————,
J+tanfiani (t)

Egn. (1) gives the transiational velocity of the rnoving axes along the span. Note
that the axes do not move when 6=0, which Is consistent with the problem formulated
in Fig. 2, that the transiational velocity remains finiie as 62/, and that the
translational velocity apptroaches infinity as

T
0 > ~ + A,
2

i, @. as the iine vortex becomes parallel with wing leading edge.

Relative to the moving axes the problem reduces to a sisady state problem as
shown in Fig. 4. The relative free stream bacomes aligned with the line vortex, the
reiative free stream velogity becomes (UcosAsec(8-A)), and the line vortex and
free stream become Inclined at an angie (6-A) to the normal to the wing leading
edge.

The sp'anwise load distribution will be of the form

r
Ly > = %—puzcoszﬂta{?secz(s-—!&)f-‘((S—A), y /e, hie) (2)

Thus the steady problem naed only be soived for variabies (8-A) and h/c. Since
I' can be positiva or negative (l.e. clockwise or anticiockwise), the range of
variables can be either

n +7
I'>a¢, — € (8-A) & ~—
2 2

or

4
r>o, r<g, 0ses—.
2

The transient loading relative to fixed axes (x.y) . with the y axis along the wing
span, is obtained from egn. (2) by substituting

(3}

Ut anBsech
1+tan8tani ’

whera t is a time from a datum.

The raduction of the transient problem io a steady problam breaks down as
(8-A) approaches /2 because the transiational velocity of the axes along the span
(eqn. 1) approachas infinlty and the spanwise loading (eqn. (2)}) also apparently
tands to infinity. In the physical problem, as seen from Fig. 2. as 6 approaches
(m/2+7) the line vortex becomes parallel to the wing leading edge and passes in a
two dimensional manner across the chord of the wing. H Is impossible to reduce
this transient flow to a steady problem. Neverihelesgs this type of situation is a
possible practical one. Ii is shown in this note that the resuits from the steady three
dimensional problem do indeed tend to the correct iwo dimensional transient resulis
and (8-7A) iends to w/2.
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3. MATHEMATICAL MODEL FOR THE THREE DIMENSIONAL STEADY PROBLEM

The steady mathematical problem posed in Section 2, and shown in Fig. 4, Is
. 8olved by separating the etfects of wing proille, camber and vortex induced ioads on
the overall loads. For the vortex induced loads, the wing surface Is raplaced by a
planar systerm of vorticity whose sirength is such that it counteracts the flow field
across the wing surface induced by the tline vortex. The planar wing vorticity is
represented by a discrele vortex lattice arrangement, as shown in Fig. 5. The
vortices on the wing are arranged parallel and normal to the wing leading adge
while the shed vortices into the wake ait of the trailing edge are assumed io be
straight lying in the direction of the resuliant spanwise flow, due to the combined
affects of the free stream and the induced flald of the line vortex, in the region of
the wing tralling edge.

H is seen from Fig. 5 that the vortex lattice mesh on the wing is more dense
spanwise the region of the line vortex interference but then spreads out spanwise at
distances removed from the line vortex. In these calculations there are 8 chordwise
vortices.

The unknown strengths are those of the wing vortices parallel 10 the leading
edge, (the so-called bound vortices) ! the strengths of the vortices normal to the
leading edge (the so—called tralliing vortices) and the strengths of the shed vortices
into the wake (aiso known as trailing voriices) are known In terms of the unknown
bound vortices because of the Halmholtz condition of contlinuity of vorticity. The
downwash field at the coliocation points, taken at the mid points of the vortex lattice
mash, due 10 the wing voriex lattice can be expressed in terms of a linsar
exprassion involving an influence coefficlent matrix and the unknown bound vortex
strangths. These wing downwash velocities cancel the induced downwash velocities
due to the line vortex al the collocation points so the unknown bound vortex
strengths can be calculated.

Once the strengths of all of the wing vortices are known, the loads on each
wing vortex, for both bound and trailing vortices, can be estimated. Loads arise
from the interaction of inclined free stream with both bound and trailing wing
vortices. there are additional non—linear loads assoclated with the Induced velocities
irom the line vortex acting on lthe wing bound and trailing vorticas.

4. MATHEMATICAL MODEL FOR TWO DIMENSIONAL TRANSIENT PROBLEM

The mathematical model for the two dirmansional transient problem shown in
Fig. 6 has been developed by adaptation of a general unsteady program developed
at Queen Mary College by Cheung. Flanar aerofoll and wake vorticity is treated as
piecewise linear betwesen nodes. The strengths of the vorticity at the nodes on the
aerotfoil are unknown, the strength of the wake vorticity Is related to the aserofoil
vorticity by the rate at which circulation is shed into the wake and convected
downstream. The problem is solved at successive intervals of time as the line
vortex approaches and passes over the aerofoll chord.

5. RESULTS AND DISCUSSION

Fig. 7 shows the spanwise lift distribution for the case when (8-A) is zero
(i.e. the line voriex ltes normal to the wing leading edge) for various values of the
height h/c of the line vortex above the wing and a fixed vaiue of I'/2wVh in a stream
with a refarence velocity V. The constant value of I'/2wVh for varying h/c implles
that the induced velocities underneath the vortex remain constant. the transverse
induced velocity at the wing surface is 0. 1V in Fig. 7.
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The variation of spanwise lift follows the wall known character. These numaerical
curves agree ciosely with some analytic results obiained by Hancock?) . Oons
feature is the non-finear effect which gives a larger negative peak C; than the
posittve peak C,. [t has been shown that this effect increases as the effective vortex
strength (I'/V) increases.

Fig. B shows the spanwise lift distributions for various vaiues of (8-A) with a
line vortex of fixed sirength and fixed height above the wing. As the effective sweep
angle (8-A) increases the peak values of C; increase and the load 'spreads’ itself
across the span. the difference in the positive and negative peak values of &; now
becomes more pronounced. The spanwise distribuiions for I' negative diifer only
stightly from those shown in Fig. 8 for the particular valus of (I'/Vh) however as
(T/Vh) increases there are subsiantial non-linear differences between the roesulis
for T positive and negative. There can be mathematical difficulties at large vatues
of (I'/Vh) for ihen the shed vortices from the tralling edge can be “blown’ back over
the wing.

Finally Fig. 9 shows a compariscn of transient loading from two calcdlations, in
the first calculation results are obtained from the above steady modsel with the line
vortex nearly paralle! to the leading edge, while in the second calculation resuits
are obtained from the two dimensional unsteady model. The agreement is
gralifying.

8. CONCLUSIONS

A vortex lattice model has besen iormulaied 1o astimate transient loads
associated with tip vortex—blade interference, neglecting Mach number effects. A
range of rasulls have been oblained.

This mode! is probably too complicaied to apply in the coniext of an overali
rotor aerodynamic praediction method but it is hoped to reduce the results obiained
in this note to an empirical form which can be applied more widely.

7. REFERENCES

1. P. Brotherhood and C. Young. "The measurement and interpretation
of rotor blade pressures and loads on a PUMA helicopter in flight".  5th
European Rotorcraft and Powered Lift Aircraft Forum, 1879,

2. G.J. Hancock. “Aerodynamic loading induced on a two-dimensional wing
by a frge vortex In incompressible fiow". The Aeronautical Journal of
the Royal Asronautical Soclety, Vol. 75. June 1971.



Blade 1 with vx 2
~-——- Blade 1 with wx 3
— — Blade 1 with vx &
-— -~ Blade 1 with w 1

—n

(a) p=017

[~ N
\\‘ \\-
‘Q\L ‘g\\\ .
\\\‘
0 W

(b) P:Q32

Some Twnical Tin Vortex Rlade Geometries

Fig, 1



’
-

A A
! Fres stream « Une vortex + " Line vortex

) i

’

|

I L

+ Convection in ’
free sireom dJirection .

Travelling Line Vortex
Fig. 2

\

axes maving
along wirg span with

tha ling vorfax Q " B
velocity
. _Utang secA - T
1+tand kanA ;
Moving Axes
Fig. 3
/o

vl
i / ///
' UcmsA sacl8-A)

\\

U ——

/T

.
Fauivalent Steady Problem
Fig. 4




traiting vori“ex
beund vortex UcosA sec{B-A)

\/ f yf

¥

/
4

// //
oy
/ ///?f/ %/ /

/// shed {trailing)
i/ vortex

Three Dimensional Steady Vortex Model
Fig, 5

S
¥y
U
hi
i
v (DLDLYLN LN O LY O
DA A A B A

aerofoll vorticity wake vorticity

Two Dimensional Unsteady Mode]
Fig., 6



r/2nhv =0, 8.23, Sechian g
v h/c=n8 -; | } y
+ higanit 1204 / [ -
x hic=niz HESEAN cI wing s
1554
(&=ni=0 A i ;ﬂ'\ \x B
L] 20 S
Seanwisa dissanca /e
Spanwise Load Distribution for Varying Line Vortex Strenath
Fig. 7
3. Section ¢ .
F/ 200V =01 1 t ?g*‘///\,mwj
h/c = nith , ‘\' —
o Az 66° <| wing 7 1
+ §-A = LS5
2 geAs T 0'21 "7/ Lu
a g-A=¥8

n o
Spanwise disfarca /¢

1-a2

Spanwise Load Distrihbution for VYarying Anales of Sweep

Fig. 8
o %3 1 Sacton g Iy
e | e T
h z; i
L"'“;;m?rl x 02 ‘[ . '
_3“{ X

2-0 Unsteody ftow

[}
Streamwse detance x/¢

'
£

-3 3

Equivalence of Steady and Unsteady Models,
Fig.





 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (0.99 -5.93) Right top (823.90 70.14) points
      

        
     0
     0.9879 -5.9274 823.9049 70.1406 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 2 to page 2
     Mask co-ordinates: Left bottom (536.34 15.93) Right top (606.99 844.81) points
      

        
     0
     536.3403 15.925 606.9899 844.8145 
            
                
         2
         SubDoc
         2
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     1
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (3.02 25.18) Right top (67.49 854.21) points
      

        
     0
     3.022 25.1765 67.4912 854.2105 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 4 to page 4
     Mask co-ordinates: Left bottom (533.76 30.75) Right top (597.25 843.29) points
      

        
     0
     533.7567 30.7546 597.252 843.295 
            
                
         4
         SubDoc
         4
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     3
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (-1.98 19.75) Right top (68.19 843.03) points
      

        
     0
     -1.9767 19.751 68.1946 843.0278 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (4.94 535.44) Right top (798.22 596.69) points
      

        
     0
     4.9395 535.4394 798.2197 596.689 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (5.93 0.00) Right top (811.06 72.12) points
      

        
     0
     5.9274 0 811.0623 72.1164 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 8 to page 8
     Mask co-ordinates: Left bottom (12.95 544.77) Right top (792.76 606.52) points
      

        
     0
     12.9471 544.7723 792.7582 606.5198 
            
                
         8
         SubDoc
         8
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     7
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (5.93 -5.93) Right top (808.13 87.05) points
      

        
     0
     5.9349 -5.9349 808.1339 87.045 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     8
     1
      

   1
  

 HistoryList_V1
 qi2base





