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The classical problem of linear stability of a regular N-gon of point vortices to infini-
tesimal space displacements from an equilibrium of the vortex configuration is gener-
alized to the one for N helical vortices (couple, triplet, etc., N > 1) for the first time.
As a consequence of this consideration, the analytical form for the stability boundaries
has been obtained. This solution allows an efficient analysis to be made of the existence
of stable helical vortex arrays, which were repeatedly observed in practice.

Such a stability problem was earlier considered in theory, but only for the case of a
plane polygonal array of N point vortices. As for helical vortices, owing to their com-
plexity, intensive study has been mainly on the self-induced motion of the vortex.

The algebraic representation for the velocity of motion of the N helical vortex array
was originally obtained as an additional intermediate result. The new formula allows
accurate calculations to be made within the whole range of helical pitch variations
and has a simpler form than the known asymptotic expressions.

Solution of these two classical problems of vortex dynamics has significance both
for theoretic and applied mechanics, as well as for many other areas of natural science,
where the rotor (vortex) concept is the basic one.

1. Introduction

The study of stability of some equilibrium vortex configurations is of special interest.
For instance, the system of N longitudinal vortex structures, situated uniformly on
a cylindrical surface with an identical angle displacement to the azimuth direction is
one such problem. Owing to the complexity of the problem, the simpler problem of
stability of stationary rotation of the point vortices (or rectilinear vortex filaments)
with equal intensity I', situated in the vertices of a regular N-gon (figure 1) was first
formulated by Thomson (Lord Kelvin) partially in view of his vortex atom theory. He
drew attention to the similarity of the current problem and the problem of equilibrium
for a system of uniform magnets floating in an external magnetic field (Thomson
1878). Obviously, in the state of equilibrium, the vortex polygonal array rotates,
keeping its shape invariable with the angular velocity £2 = I"(N — 1)/4na’, where a
is the radius of a circumference rounding the vortices. Later on, J. J. Thomson (who
discovered the electron) won the Adams prize for proof of the linear stability of
a vortex polygonal array for N <7 (Thomson 1883). The complete analysis of the
stability for point vortices was carried out by Havelock (1931), who determined
instability for N > 7 and considered N =7 as a special case, for which linear analysis
did not allow conclusions to be made on the stability of the system. He examined
even more complex problems, taking into account, for example, global rotation with
arbitrary tangentional velocity (not necessarily vortex free) and the presence of the
second circular vortex array. The review of these and further work can be found in
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FIGURE 1. Scheme of a circular equilibrium array of N rectilinear vortices or polygonal array
of N point vortices.

FIGURE 2. Scheme of a circular equilibrium array of N helical vortices.

Aref et al. (1988). Nonlinear stability analysis for the case of N =7 was carried out
by Kurakin & Yudovich (2002).

These results obtained for particular cases, such as point or rectilinear vortices,
essentially differ from practice, where vortices are usually turned into helical spirals
(figure 2). Indeed, a stable couple of helical vortices was observed many times in
various vortex flows (such as, tornado cores; after vortex breakdown over a delta
wing, and in tubes, in vortex chambers of various geometries and for various uses;
and as a model of the vortex couplings in turbulent flows). Triplets of helical vortices
in the flows is a far less frequent case, while configuration of four vortex structures
is an even more unstable phenomenon. In the preliminary experiments carried out in
a rectangular vortex chamber, described by Alekseenko et al. (1999), we were able
to observe four vortices within a very short time interval. Then, the structure was
destroyed. In other words, real vortex configurations represent much more unstable
objects than those predicted by point vortex models.
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Another situation appears behind propellers, wind turbines, etc. when the vorticity is
concentrated in N helical tip vortices and hub vortices of the negative sum circulation
lying along the system axis. This (N + 1)-vortex system is the simpler wake description
proposed in the basic previous investigations (see, e.g. Joukowski 1912). Again, the
problem of stability of the equilibrium circular configuration of the (N + 1)-vortex
system to infinitesimal space displacements was theoretically studied only for point
vortices. In contrast to stability of N-point vortices without hub vortex for N <7, the
(N + 1)-point vortex system with hub vortex is absolutely unstable (see e.g. Morikawa
& Swenson 1971). This result, obtained in the simplest plane case, is at variance
with the numerous visualizations of wind-turbine and propeller wakes too where the
helical tip vortices with small pitch usually exist with negligible changing in a long
trail behind the turbine. The stability problem of the (N + 1) helical vortices has been
studied by Okulov & Sorensen (2004) and the task is not considered here.

However, although stability of equilibrium configurations of N helical vortices is an
important issue for vortex structure descriptions in tornado cores, after vortex break-
down, in vortex chambers, etc., the problem has not yet been considered analytically.
So far, only part of the problem has been studied in detail — the problem of finding
the self-induced velocity of motion for a single helical vortex in unbounded space;
but, even this problem is complicated enough. The most significant achievements in
this field, made by Kelvin (1880), Levy & Forsdyke (1928), Moore & Saffman (1972),
Widnall (1972), etc., were reviewed by Ricca (1994). Two later papers were published
by Kuibin & Okulov (1998) and Boersma & Wood (1999); and in addition to this
Wood & Boersma (2001) considered motion of the N vortex system integrally. Finally,
to note the contributions made by Russian scientists in solving this problem we
must mention the paper published by Joukowski (1912). Notice also, that some of
the investigations, concerning the helical vortices, are devoted to linear stability to
infinitesimal sinusoidal disturbance of the helix form. Widnall (1972) describes the
three main instability mode shapes as a ‘short wave’, a low wavenumber’ and a ‘mutual
inductance’ mode for small helical pitch. The non-local influence of the entire
perturbed filament on the linear stability of a helix vortex is explored by Fukumoto &
Miyazaki (1991) with the help of the cutoff method valid to the second order, which
extends the first-order scheme developed by Widnall (1972). Gupta & Loewy (1974)
and Bhagwat & Leishman (2000) extend the analysis for multiple helical vortices,
though the vortex stability to sinusoidal perturbations of the helix form is not touched
upon here.

The main goal of the current work is to find the conditions for linear stability to
infinitesimal space displacements of equilibrium vortex configuration A, comprised of
N identical slender helical vortices with circulation I (figure 2) and with the common
pitch h or [=h/2n (we introduce further dimensionless pitch T =//a). The vortex
axes of the system A are given by helical lines

X, = (acos(0 +né); asin(@ +nd); at(6 + nd)), (1.1)

lying on a cylinder with radius a. The vortex central lines are azimuthally displaced
by the angle § =2n/N. The vortices have circular cores with the same radius (referred
to a) o < 1. The vortex cores are a superposition of the helical vortex filaments
which are collinear to central helical lines (1.1) and their vorticity is (instantaneously)
uniformly distributed across the core cross-section (see e.g. Ricca 1994). Besides, the
vortex system A under consideration should meet additional conditions: 20 < 7 and
N < m/o. Such a non-perturbed vortex system rotates and moves uniformly along the
axis of a cylinder. Incidentally, determination of the moving velocity of the circular
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equilibrium array of helical vortices still cannot be considered as a solved problem.
Indeed, Wood & Boersma (2001) have obtained the integral representation for
binormal velocity of the system motion; however, they wrote down a closed analytical
form of the solution only for velocity asymptotic expansions at large and small values
of dimensionless pitch, and only for some vortices in the system (N =2, 3 and 4).

In contrast to rectilinear filaments (or point vortices) where the induced velocity has
a simple solution in the form of a pole, the Biot-Savart law for helical filaments cannot
be integrated in a closed form. Only asymptotic solutions can be written analytically,
but they cannot provide high accuracy within the whole range of variation of helical
vortex pitch, when calculating the velocity field necessary to solve the stability problem
(see for instance, Ricca 1994; Boersma & Wood 1999). Another form of the solution
based on infinite series from products of modified cylindrical functions (Kapteyn
series) was found by Hardin (1982) for a helical vortex filament in infinite fluid, and
generalized by Okulov (1993, 1995) for the filament in an cylindrical tube, coaxial to
the filament axis. This presentation of the solution does not simplify the calculation
technique because it is a divergent series on the vortex filaments. Therefore, to study
the problem we have to start by developing a simple procedure, accurate enough
for calculating the velocity field induced by helical vortex filaments. To simplify
calculations, we limit our study by considering only infinite fluid.

2. Velocity field induced by a circular array of helical vortex filaments

According to Hardin’s (1982) solution in cylindrical coordinates (r, 0, z), the
components of fluid velocity induced by the N vortices outside the vortex cores

are given as,
N 1,1
r H (r/l,a/l, x —2nn/N
u(ra, x) = —2m'y. 111( /1a/l. X /N (2.1a)
! H; " (a/l,r/l, x —2nn/N)

n=1

r (o Fa N (HY(r/1a/l, x —2mn/N)
s Uy = T + - 7 Re N 21b
uo(r a, x) =50 {N} i Re2 {Hll’o(a/l, r/l, x — 21n/N) (216)

n=1

N (H*(r/1,a)/l, x —27nn/N
v roa ) = r {N} _ F_czz Rez 11 0(r/ a/l, x —2nn/N) L@l
2nl | 0 Tl H; (a/l,r/l, x —2nn/N)

n=1

and the respective streamfunction is written in the following form,

I'N (r?/P—Ina®Y T N (Hy'(r/La/l, x —2nn/N
v = N {rz/ i naz} _ azr Rez 011(”/ all, x n/N) ’ (2.2)
4 |a*/lI* —Inr Tt Hy (a/l,r/l, x —2mn/N)

n=1
where x =6 —z/l, and the upper expression in braces corresponds to the case of

r <a, and the lower to r > a. The sum in these formulae all involve Kapteyn series
and is written as follows:

0
Hy'(x,y, 0 =Y m™ 1 (mx) K (my) exp(im ), (23)
n=1
where x<y,ln<10>(mx), K,§,0>(my) are the modified Bessel functions and I,,<11>(mx),

K,<,11>(my) are their respective derivatives.
Note that formulae (2.1)—(2.3) depend only upon two helical variables r and .
This means that the solution outside of A belongs to a class of flows with helical



Stability of multiple helical vortices 323

symmetry. It follows immediately from (2.1), that the tangential velocity to the helical
lines (1.1) remains constant

U, =u, +rug/l = I'N/2nl = const. (2.4)

Similar to the translation fluid motion with constant velocity in the whole space,
the fluid flow with helical symmetry satisfying condition (2.4) can be tentatively
called a flow with ‘translation motion’ along the helical lines. Analysing (2.1), we
can conclude that the considered class of flows can be regarded as a ‘translation
motion’ only conventionally. Indeed, the velocity components u,,us and u, can
take on arbitrary values in space, in fulfilling the relation (2.4), which bounds just
axial and circumferential velocity components. In an extreme case, when [/ — co, and
helical lines become straight, the flow towards the z-axis vanishes; the vortex filament
becomes rectilinear and induces only circular motion around its own axis, while the
axial component of the velocity becomes equal to zero. For the velocity component
uy, =up —ru,/l, which is orthogonal to u, and to u, , we obtain from (2.1):

TN [—r/P\  Ta(l  r Y (HP'(r/1,a/1, x —27n/N)
ux(r’a’X)_ﬁ{ 1/r }J“ﬁ (F+7) Re;{Hll’O(a/l,r/l,X—2Ttn/N) 29

We analyse in detail the flows with helical symmetry to prove a validation of the
relation (2.4) for all points of the flow field including the vortex cores of A. Using
helical variables r and x, the problem can be reduced formally to two-dimensional
continuity and Euler equations:

A(ruy) _ Quy

o~ T (2.64)
aautr + u,% + ux%’( - %7(# -1:12)2 Gu + ux>2 - —%g—’r’, (2.6b)
%ux +u,.%x+ux%+ ”Tr”’ =—%12;r2:§9—’;{, (2.6¢)
%u, + u,aa”r’ + ngx =0, (2.6d)

with velocity components u,, u, =u,+ruy/! and u, =uy —ru/l, which correspond
to those in cylindrical coordinates and with an analogue of the streamfunction by the
following equations:

19 ad
u = 10V, W (2.7a)
rox ar
12 r l2 r 8¢
U = 37 yE <7uf —l—ux> T2t <7M1 - 8_r> (2.7b)
12 r 12 r oy
u=30p ( - z> =5 r < + 75)' (2.7¢)

Equation (2.6d) defines a simple class of solutions with u, =const (Okulov 1993;
1995). The vorticity vector in helical coordinates for the given class of flows can be
written as

_ lour

w, = =0, (2.8a)
r oy
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2 2 2 2
wez_zaur_auzz_;FMgg( ri 8W>_2ur< l )] (2.85)

[ dyx or r2ax?  ror\r241%or I \r2412
1ou, 13(rug) 132 1d /[ rl> oy 2w, [ 12 \?
U AU LSO AR (L L e I G )
@2 rox +r or r? 8X2+r8r r2 412 9r I \r2 412 (2:8¢)

Condition u, = const for all points of the flow including the vortex cores of A shows
that a radial component of the vorticity field in (2.8a) is equal to zero, while the
analysis of (2.8b) and (2.8¢) allow us to get the correlation between the axial and
circumferential components of the vorticity vector

w, =0, wy/w,=r/l or wy=rw,/l. (2.9a—c)

From (2.8b) and (2.8¢) we find the equation to determine a streamfunction v based
on a given distribution of axial component of vorticity w,

i SO S UL Yk o N (R N i T
ar? r2H12) rar o rH2 axr 1 \r24 12 2o

(2.10)

which was used to solve the problem of a helical vortex filament in a cylindrical tube
(Okulov 1993, 1995).

Equations (2.8) mean that for the given class of flows with u, = const, the vorticity
vector is always directed tangentially to the helical lines. The opposite statement is also
true (Okulov 2002): if the vorticity field is collinear to helical lines (1.1), then condition
(2.4) holds true for all points of the flow field including the vortex cores of A. Indeed,
if we apply condition (2.9) to the vorticity field in the flows with helical symmetry,
then after integrating (2.9a) and taking into consideration the determination of w,,
we will find u, = f(r). According to (2.90) the difference wy —rw,/! is zero. Taking
into account (2.7) and (2.8), we obtain f’'(r)=0, i.e. u, =const. Thus, fulfilment of
the condition (2.4), applied to the whole of the velocity field, is equivalent to (2.9), i.e.
to the requirement of collinearity of the vorticity field with tangents directed to the
helical lines. In this case, any distribution of the vorticity, satisfying (2.9), including
the considered vortex configuration A of identical helical vortices, is described by
linear equation (2.10). Therefore, the superposition principle used in (2.1) and (2.2) to
determine the total induced velocity field outside the vortex cores is justified for the
whole of the flow field. So now it is enough to develop a calculation technique for
kinematic characteristics of the flow induced by a single filament.

3. The evaluation of the Kapteyn series

Note that H,;’(x,y, x) series converge slowly, especially when approaching the
singularity (r —»a and x —0), which complicates the calculation of the kinematic
characteristics of the flow (2.1)—(2.2). Let us consider some methods used to calculate
series (2.3) in the problem of self-induced motion of a helical vortex filament (see
Ricca 1994; Boersma & Wood 1999). The binormal component of the velocity u,
in dimensionless form (i.e. dividing by I'/4ma) was calculated at the points situated
on a helical surface 6 —z// =0 at a small distance from the vortex filament o =¢R
(where R=(a’>+1%)/a=a(1+1?%) and 7 =1/a). Following Ricca’s (1994) notation in
the interior point, r =a — &R for v=u,R/a —2/e = u,(1 +1%)—2/e, we have:

_ 2(1 + )2 41—+ 72)3/2 Re{H]O'l (1 —e(1+1?) 1)} 2

Vint = T T2[1—8(1+T2)] —g, (31)

El

T T



Stability of multiple helical vortices 325
and in the exterior point, r =a + &R for V=u,R/a + 2/ =u,(1 + t%) +2/e,

2y1/2 213/2 2
eXt=_2'c(1—1—r )7 Al +e)(1 4177 Re Hll’o 1’ 14+e(1+7) +g. (32)
T+e(1+12) 2[14+e(l+12)] T €

Ricca attempted to calculate (3.1) and (3.2) by improving the accuracy of the
cylindrical functions, contained in the H;"' and H,"* series. The calculation results for
three ranges of helical pitch variations v = {0, 5=+4}, {5+ 12} and {29+ 37} at the
values of ¢ =0.1, 0.01 and 0.001, respectively, were presented graphically in his figure 6
(Ricca 1994). However, the necessity of terminating the series in these calculations
means that he cannot avoid the problem of error accumulation when calculation
points approach singular points (¢ —»0 and 7 — 0 or o0). In order to overcome this
difficulty, Boersma & Wood (1999) removed the singularities from the series (2.3) by
simply adding and subtracting the pole and logarithm in spatial variables for two
particular cases of the series (2.3) used in (3.1) and (3.2),

H10’1<71 —e(d 4+ 1,0) b (—% +1In(e) +In ( V1+t2>>

T T :Z(1+r2)3/2 2
2
T T
E—ZW(I)—FO(l), (3.3)
1 1+e(1+7?) 1 T2 2 J1+ 12
o2 20T g T (2 )1
! <r’ e YT aa s\ TE T T

T2
~ W@ o). (34)

where o(1) is Landau’s symbol for an expression that tends to 0 when ¢ — 0. Moreover,
Boersma & Wood (1999) employed an integral form found in Boersma & Yakubovich
(1998) for the difference W between series of the Kapteyn type in the form of (2.3)
and terms with singularities from (3.3)—(3.4):

0 : 2
W(t)=/0 {[ sin” ¢ 1 H(1/2—z‘)}d[’ (3.5)

202 +sin? 32 [0 4 1P t

where H(-) denotes the unit step function. The integral remainder (3.5) describes the
main effect of vortex torsion and is regular, but cannot be integrated in a closed form
just as the Biot-Savart law for the helical vortex filament. Therefore, it was numerically
calculated to six significant figures and given in table 1 of Boersma & Wood (1999)
for twenty-one values of the pitch 7. By means of (3.5), Boersma & Wood (1999)
specified the known asymptotic forms for large and small values of dimensionless
pitch 7 (Ricca 1994; Kuibin & Okulov 1998). Unfortunately, the asymptotic forms
are inaccurate in the practically important variation range of v from 0.5 to 3, even
after this improvement.

Another example of computation of series (2.3) concerns calculation of a binormal
velocity component on the cylinder containing the helical vortex filaments. This
calculation is associated with the determination of the moving velocity of an array
of N identical helical vortex filaments located on a cylinder with identical angle of
displacement § =2n/N. The dimensionless binormal velocity component in Wood &
Boersma (2001) was represented as

2T
(1 + )2’

4ma T
T (T4t

Uy = =(1+1)"W(a, 1) — (3.6)
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where « is the angular coordinate from a vortex filament to a reference point, while

integral

0 0200

Wia, 7) = / { Sm,(‘z o/2) } di, O0<a<2m (3.7)
o U[r2t2 +sin”(t — a/2)]3/2

just as the integral (3.5), could not be integrated in a closed form. Note that the
integral (3.7) was calculated for non-zero values of o« =ké (k=1,..., N —1), since
for o =0 this integral diverges. Moreover, Wood & Boersma (2001) ascertained the
relationship with the integral (3.5), by subtracting singularity from (3.7) within the
limit at « — 0, which can be considered as a finite part of (3.7) when o — 0. However,
for testing other computation methods, it is more important to note that the values
(3.7) were calculated to six significant figures and given in table 1 (Wood & Boersma
2001) at @ =m/2, 2r/3, © for twenty-one values of 7, the same way as in Boersma &
Wood (1999).

Let us consider another approach as a more effective evaluation procedure of
series of the Kapteyn type written in form of (2.3). This approach to determine the
velocity and streamfunction, gives the series (2.3) with direct extraction of singularities
in distorted spatial variables, expressly taking into consideration the vortex torsion
(Okulov 1993, 1995). In contrast to the above described methods, this approach allows
us to calculate the flow characteristics (2.1)—(2.2) for any point using elementary
functions. Further on, we will generalize this method for series (2.3) of any of their
types (ie. I and J =0 or 1), appearing in determinations of streamfunction (M =0),
velocity field (M =1), and its spatial derivatives (M =2), determined in Appendix A.
To this end, in series (2.3) we formally substitute cylindrical functions by their uniform
expansions at high orders (see Appendix B). The resulting series can be reduced to
the closed forms (see Appendix C), so that the main part of the series (2.3) S;;’ takes
the form:

eftix eix 1 .
= T oy In(l — e §tx)
e :

SIIV,I.I — ;VI,J bI,J ;
e J—

1,J
M0 (et —eix)? + 0y

+ bl Lip(e™547) 4 bl Lig(e ™) + b1/ Liy(e™+7) |, (3.8)

o e TT0 VIS TRy

1
yexp(v/T+y)(1+J1+x2) = 2 x!(—=y)!
0 0 1 Ol[’J ,BI’J 7/I,J
pl =10 1 o’ B yld 0 |,
1 o’ ,BI’J VI,J 0 0

where Liy(z)= >__, (z"/m"), |z| <1 are the polylogarithms, Liy(z)= In(1 —z); o/,
B17, y!) are the polynomials of 1-3 degree, obtained from ©; and v; functions
by multiplication of the uniform expansion from Appendix B. The possibility of
calculating the kinematic characteristics of (2.1)~(2.2) through replacing series H,;’
by their main part S;;’ was evaluated comparing with velocity values, calculated
based on W magnitudes, taken from table 1 of Wood & Boersma (2001). As a result,
it was determined that the maximum deviation takes place for v values from 0.5 to 3,
where asymptotics are not valid. This deviation is not significant — just around 2%,
which is acceptable for calculations of the velocity field for any points. Taking into



W(t) W(n/2,t) W(3mn/2, 1) W(m, )
(3.5) (4.9) Difference (3.7) (4.5) Difference (3.7) (4.5) Difference (3.7) (4.5) Difference
T by WB  present data (%) by WB  present data (%) by WB  present data (%) by WB  present data (%)
0.01 95.7022 95.7022 0.0 99.6535 99.6535 0.0 99.4508 99.4508 0.0 99.3069 99.3069 0.0
0.05 17.3173 17.3173 0.0 19.6546 19.6546 0.0 19.4523 19.4523 0.0 19.3086 19.3086 0.0
0.1  8.01822 8.01822 0.0 9.65819 9.65819 0.0 9.45703 9.45703 0.0 9.31407 9.31407 0.0
0.2 3.70710 3.70711 —0.0005  4.67226 4.67226 0.0 4.47767 4.47767 0.0 4.33908 4.33908 0.0
0.3 239240 2.39257 —0.0173  3.02815 3.02801 0.0143  2.84996 2.84990 —0.0057  2.72379 2.72392 0.0134
04  1.74543 1.74601 —0.0579 222381 2.22333 0.0477  2.06975 2.06956 —0.0192 1.96213 1.96257 0.0437
0.5 134138 1.34214 —0.0759  1.75584 1.75524 0.0602  1.62671 1.62649 —0.0224 1.53777 1.53832 0.0551
0.6  1.05695 1.05730 —0.035 1.45425 1.45400 0.0250  1.34689 1.34681 —0.0081 1.27372 1.27393 0.0212
0.7  0.844909  0.844428 0.0481  1.24544 1.24587 —0.0425  1.15576 1.15594 0.0184 1.09502 1.09463 —0.0395
0.8  0.682350  0.681017 0.1333  1.09273 1.09382 —0.1092  1.01707 1.01749 0.0429  0.965957 0.964960 —0.0997
0.9 0555822  0.553923 0.1899 0976115 0977631 —0.1516 0911533 0912114 0.0581  0.867901 0.866524 —0.1377
1 0.456367  0.454283 0.2084  0.883919  0.885561  —0.1642 0.828167  0.828789 0.0622  0.790427 0.788942 —0.1485
2 0.092836  0.093583  —0.0746  0.468166  0.467590 0.0576  0.448986  0.448773  —0.0213  0.435385 0.435903 0.0518
3 0.030892  0.031366  —0.0475  0.321010  0.320630 0.0380  0.311638  0.311492 —0.0146  0.304712 0.305057 0.0345
4 0.013608  0.013752  —0.0144  0.244085  0.243964 0.0121  0.238716  0.238667  —0.0049  0.234623 0.234735 0.0112
5 0.007112  0.007131  —0.0019  0.196740  0.196720 0.0020  0.193348  0.193338  —0.0010  0.190702 0.190721 0.0019
6 0.004162  0.004142 0.0020  0.164690  0.164704  —0.0014  0.162397  0.162401 0.0004  0.160576 0.160564 —0.0012
7 0.002639  0.002609 0.0030  0.141572  0.141595 —0.0023  0.139943  0.139951 0.0008  0.138630 0.138610 —0.0020
8 0.001776  0.001746 0.0030  0.124120  0.124143  —0.0023  0.122917  0.122925 0.0008  0.121935 0.121914 —0.0021
9 0.001251  0.001225 0.0027 0.110482  0.110503  —0.0021  0.109567  0.109575 0.0008  0.108812 0.108793 —0.0019
10 0.000914  0.000891 0.0023  0.099536  0.099554 —0.0018 0.098821  0.098828 0.0007  0.098227 0.098210 —0.0017

TaBLE 1. Comparison of numerical evolution of W(tr) and W(e, t) for « =n/2, 3n/2, = and values of 7 indicated. The present data are based on
(4.5) and (4.9). The results for (3.5) and (3.7) were taken from Wood & Boersma (2001) — WB, table 1.
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consideration a few terms of the regular remainder we reduce even this error:

letéj()“ Y, X) = H/{j](x’ Y, X) - S}{/}J(-x’ Yy, X)v

where
o0 IBI J LI\ .
R =3 {m’”l,f,”(mx)K,ﬁ,”(my) — M (e ( P —)} e (39)
m=1
Figure 3 illustrates the analysis of the influence of the first three terms of the remainder
R,/
11<0>< K1<1> (l) 0.0 s(1+ao1+ﬁ01+y01)} /S?’l (5,17)()
T T T
AR(r,T, x) =< _

Q| =

ARy(r,T, x) =2

0,1 0,1 0,1
—A"<°»1>e35(1+“3 +ﬂ—+’/—) elix

-
L T
r 3 3 . 1,0 1,0 . 1
]3<1>(;) K}<o>(?r) _ 00 (1 + 5 + /39 _1_7)} eslx/Sll,o(?

divided by the main part S;;’ of the series in percentage. The presented data make it
clear that in order to reduce the error down to 0.2% it is sufficient to add the first
term (m = 1) of remainder (3.9) to S,

1)K (y) e — 20D X (1 4 ol 4 B 41, (3.10)

Thus, the evolution of the flow induced by helical vortex filaments reduces to
calculation of the main part S;;’, represented by elementary functions. Moreover, the
information on vortex torsion expressly includes singularities and their coefficients
in (3.8). Therefore, representation of series (2.3) by means of (3.8) even adding the
remainder (3.10) is more simple and effective for the solution of the problem, rather
than approaches by Ricca (1994) and Boersma & Wood (1999). Please note, that
as T — oo, when the helical filaments become rectilinear lines, which we consider as
point vortices, the coefficients o/, g7, 3 @J) tend to zero, and the solution reduces
to that for the plane case, i.e. it is described by the pole for velocity field, and by the
logarithm in terms for the streamfunction.

Q| =
=

S R
~ ~
N—— — 7

ARs(r, T, x) =3

4. On the motion of multiple helical vortices

To demonstrate the efficiency of the proposed procedure for velocity field evolution
via S1;/, let us determine the velocity of the considered helical vortex array (figure 2),
which uniformly moves along the cylinder axis with translation velocity V =u,(a, 0) =
(I'N/2ma —a$2)/t and rotates with angular velocity §2 =uy(a, 0)/a. Therefore, it is
enough to define one of the motion components, e.g. £2. Connection between transla-
tion and rotation velocities of the vortex configuration follows from (2.4) and conforms
to (4.13) from Ricca (1994), but both are at variance with the erroneous trigonometric
interpretation of (5.5) and (5.6) from Wood & Boersma (2001). The error was due to
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FiGure 3. Evaluation of the regular remainder (3.9) in per cent to the main part of (3.8) for
six values of helical pitch t =0.1, 0.5, 1.5, 2.5, 5.0, 10 and for the first three terms in the series
of (39): — m=1;-—-m=2;..., m=3.

the incorrect treatment of the helix’s tangential velocity u,. Note that in contrast to a
plane case, where vortex motion is determined by the total velocity, induced by other
vortices at the point of the considered vortex, for helical vortices the total velocity
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consists of two components:
2 = Qipa + L2sina, (4.1)

where £2;,, 1s a rotation velocity component of a fixed vortex, induced by other vor-
tices, and $£2g;,4 is the velocity of its self-induced motion (Saffman 1992; Ricca 1994;
Kuibin & Okulov 1998; Boersma & Wood 1999). If we fix a vortex with zero angular
coordinate for the considered vortex array and neglect the effect of the final core
size of other vortices, substituting them by filaments, according to the superposition
principle (see §2) and formula (2.1) for the tangential velocity component, the first
component of the rotation velocity (4.1) of the helical vortex array takes the form

dna’ 4= |y M N R o1 (1 1 2mn
P = o Re| S ml (), () e ZH (ee %)
(4.2)

In the series (4.2) we substitute H;"' by their main part S, adding (3.10) to improve
the accuracy. After a long calculation with summation of singularities and poly-
logarithms placed uniformly over a circumference (Appendix D), we obtain

4na®

T
T-and =N-—-3— W(IH(N) —1)

’ 21 4 /1 1
+ T [(f4—3f2+ 3 <N7g(3)— 1)} -~ <;) K (;> (43)

where ¢(-) is the Riemann zeta function. In (4.3), we additionally used the fact that
for x =y =1/t coefficients in (3.8) according to Appendix B, take a relatively simple
form:

1 T
o1 _ o _ L 0.0) _ (1L1) _
o = XIESEE o o 0,
2
0,0 1,1) -7 1.2 1 0,1) _ p(1,0) _
13( ) — ’3( (1 T2)3 (E _ §)’ ’3( ) — ’3( ) — 0

(10) _ 1 73

(0,1) _
e 2(1+ 02pn (¢

v 43724 3, p00 — 1 — g
Equation (4.3) can be applied with good approximation for all values of r and any
number of vortices in the vortex configuration. Let us prove the last statement by
comparing the integral remainders W, calculated by (3.7) in Wood & Boersma (2001)
and recalculated through the value of angular velocity (4.3). Thus, in accordance with
(2.4), (2.7) and (3.6), note that

4na? 0, _2N-1 T dna? o 2 T

roMT e T e T M T e T e
where u,,, is a binormal velocity of a fixed vortex, induced by other vortices, uy,,,
is the velocity of its self-induced motion, and the total binormal velocity is u, =u,;,, +
Uy, After substitution of (3.6) and (4.3) into (4.4) for the cases of N =2, 3 and
4 considered in Wood & Boersma (2001), and solution of the equations obtained
in relation to values of W(n/2, t), W(3n/2, t) and W(m, t), we define approximated
relationships for the calculation of W in the whole variation range of t,

T 1 In2 2 s 3
LI DU - 32432 c(3), (45
W(z”) e T G gaprlt T3R50 (45

(4.4)
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FIGURE 4. Comparison of the remainder term C for the self-induced motion of a helical
vortex: Crp, the asymptotic by Levy & Forsdyke (1928); Cyw, Widnall (1972); Cys, Ricca’s
asymptotic with applying the technique by Moore & Saffman (1972); Cy, Ricca’s calculation
based on Hardin’s solution (1982). Points are the calculation based on (3.5), tabulated by
Boersma & Wood (1999).

3n 2 I3—1  22Bc(3)-9[/ 3, 3 2 /1 1
w(Z )~ - - Lol 2V 202 )k =
(2 ’t> T 21+ 022 91+ 2R Kz 2" +16>]+r2 ‘<f) 1<z)’

(4.5b)

3 In2-1 2(3¢(3)—4 4 1 1
W(TC, r)z ; (11‘[2)3/2 o ."—451 j_(‘[l)g/z) [(14_3124—%)} —+ ?Il (;) Kl (;) . (45C)

As a result, (4.5a)—(4.5¢) take a simpler form than respective asymptotics from
Wood & Boersma (2001). So the proposed approach can be used for calculation of
both £ and Wwith a sufficient accuracy for any N (see comparisons between fifth
and sixth, eighth and ninth, eleventh and twelfth columns of table 1).

Determination of u,, or 25,4 (angular velocity of self-induced motion of every
single vortex from the considered helical vortex array) is a considerably more complex
problem, which has been examined by many famous workers in hydromechanics.
As was mentioned in §1, the most significant achievements in a definition of the
self-induced motion were described by Ricca (1994), Kuibin & Okulov (1998) and
Boersma & Wood (1999).

Let us consider the solution of the §2g;,,-problem based on the approach of velocity
field evolution, presented in the previous item. To this end, we will use (4.4). According
to Ricca (1994), the self-induced dimensionless binormal velocity u,,,, was defined as

1 1 Vit + Dex 1
has = 17 [m (g) S C(r)] where C(z) = % —2hn. @46
Thus, the solution of the problem is reduced to determination of C(7) using formulae
(3.1) and (3.2). Using these terms, Ricca (1994) compared all the previous results.
His comparison of C(t) using asymptotics by Levy & Forsdyke (1928), Crr; Widnall
(1972), Cw; Ricca’s asymptotic, Cys, derived by applying the technique of Moore &
Saffman (1972), and his calculations based on the Hardin solution, Cy, are reproduced
in figure 4. In addition to this, a new calculation of C(t) carried out with the help
of (3.3)—(3.4) via values of W tabulated by Boersma & Wood (1999) was indicated
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5 T T T

FIGURE 5. Evaluation of the remainder term C for self-induced motion of a helical vortex,
using different approximating levels for the main part S ,{,‘,] in (3.8): ——, calculations using only
the pole in (3.8); ---, pole and logarithm; - - -, pole, logarithm and polylogarithms; —, coincides
with the calculation according to formula (4.7) in full. Points are the calculation based on
(3.5), tabulated by Boersma & Wood (1999).

by points in the same figure. Though the new C(t) was calculated for sample points
only, it is the most accurate one, and the data in figure 4, as well as in the next figure,
should be considered as a standard for other asymptotics and theories. Owing to this
comparison, we conclude that of the calculations by Ricca, Cy are the closest to the
standard, although they were carried out numerically and for a limited number of
points just as the reference calculations via data of Boersma & Wood (1999). All
attempts to find an analytical form of solution (C.r, Cys, Cw) are not accurate
enough. To construct a new analytical solution, we will use (3.1) and (3.2) replacing
series H{"' and H;® on their principal parts ' and S[° with the first term of
the remainder (3.10) to improve the calculation accuracy. After complex algebra, we
obtain:

Colt)= 1n< ’ )—4(”’2)”2 I <1>K/ (1)_ NEE Nt

(14712)3/2 72 ) "\t

2

1
e |03 -2t ] @)

or using (4.6) and (4.4) we obtain for 2g;.,:
4na? T T T 4 1 1
= Qi =3 — — 1 “n( =)k =
T $sina Tt (1+12p7 n<(1+t2)3/2>+f 1(1) 1(1)
3
T

1 . |
3 4 4 2,3 .
it 3g+2t +;—(T —3t +g)§(3)]—m<ln (g)‘z)- (4.8)

Comparison of (4.7) in figure 5 (solid line) with the standard data (points) is in
excellent agreement with the standard data. An additional test of (4.7) was made by
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direct comparison of Wvalues. Using (3.1)—(3.4) and (4.5)—(4.7) in (4.3), we find the
approximation for W(rt):

W(z) ! LTI r a2) — A (N k(L
T) ~ —— =2t | —=I | - —
JI+t2 ot (1+12)32 2(1 4+ 12) 2\ 7 "\

72 1
+m [(r4—3r2+ He(3)—33 -2t — ﬁ], (4.9)

in the whole variation range of t (see comparison between the second and third
columns in table 1).

In figure 5, it is also shown how the solution may differ if the main part of (3.8) takes
into account pole solely; pole and logarithm; pole plus logarithm, and polylogarithms
without the first term of the remainder (3.10). Note that good comparison can be
obtained only if all components of (3.8) and the first term of (3.10) of the remainder
part of the series (2.3) are considered. Thus, it is impossible to reach the required
accuracy in calculation of angular velocity of self-induced motion §2g;,; and velocity
induced by other velocity vortices 2,4, if they are presented by elementary algebraic
functions only. In (4.3) and (4.8), just as in approximations (4.5) and (4.9), we must
consider the component presented via the product of special functions (modified Bessel
functions). However, in presentation of the total angular velocity 2 = £21,; + 25sina,
these components disappear. The formula for the angular moving velocity of N helical
vortex arrays takes the simple algebraic form:

4mta 4ma® T T T
2 = (2 + 2sia) =N — - In{ ————=7 ] +1
Ia & ( Ind + Slnd) N 1 ¥ ‘L’2 (1 + T2)3/2 < n (N(l + T2)3/2> + >
LT 5(3)
(1+12)°2 N2

1
i (1“ <E> B %) o

Note that according to (4.4) for total velocities and (5.7) from Wood & Boersma
(2001), the angular rotation velocity of a helical vortex array can be written using W:

4na’ 2N T il 2nn
TQWB=1+T2—mub=2N—r{W(r)+g < >}
- r2)3/2 (In2+27* = Ln(1 +7%)) — 2)3/2 < ( ) - %) (4.11)

[z + 372 +3+i—(r —377 43 )

Equation (4.11) allows us to test our result (4.10). In table 2, angular velocities
§2’ calculated without the last component in formula (4.10) are compared with the
values of 25,5 calculated also without the last identical components in (4.11). This
comparison was made for 21 values of t, for which integrals (3.5) and (3.7) were
calculated in Boersma & Wood (1999) and Wood & Boersma (2001). Note that for
the whole range of dimensionless pitch 7, maximal difference does not exceed 0.4%
for N =2 and the difference decreases with growth of N. In addition, we emphasize
that (4.10) takes a simpler form as compared with the asymptotic forms from Wood
& Boersma (2001).



N=2 N=3 N =4
(4.11) (4.10) Difference (4.11) (4.10) Difference (4.11) (4.10) Difference
T by WB present data (%) by WB present data (%) by WB present data (%)
0.01 2.04298 2.04298 0.0 3.04703 3.04703 0.0 4.04991 4.04991 0.0
0.05 2.13399 2.13399 0.0 3.15419 3.15419 0.0 4.16853 4.16853 0.0
0.1 2.19700 2.19700 0.0 3.23700 3.23700 0.0 4.26536 4.26536 0.0
0.2 2.24867 2.24867 0.0 3.32542 3.32541 0.0 4.37976 4.37976 0.0
0.3 2.24632 2.24623 —0.009 3.35348 3.35346 —0.002 4.42943 4.42943 0.0
0.4 2.21636 2.21596 —0.041 3.34541 3.34534 —0.008 4.43731 4.43729 —0.002
0.5 2.17347 2.17281 —0.065 3.31564 3.31549 —0.016 4.41763 4.41758 —0.005
0.6 2.12516 2.12482 —0.034 3.27312 3.27301 —0.011 4.38006 4.38002 —0.004
0.7 2.07484 2.07545 0.061 3.22329 3.22337 0.008 4.33122 433124 0.002
0.8 2.02398 2.02584 0.186 3.16943 3.16981 0.038 4.27561 4.27573 0.012
0.9 1.97337 1.97632 0.295 3.11372 3.11438 0.066 4.21636 421658 0.022
1 1.92357 1.92714 0.357 3.05766 3.05850 0.084 4.15573 4.15601 0.029
2 1.53243 1.52990 —0.253 2.60726 2.60662 —0.064 3.65977 3.65954 —0.023
3 1.32902 1.32656 —0.246 2.37333 2.37278 —0.055 3.40296 3.40278 —0.018
4 1.22221 1.22119 —0.102 2.25097 2.25079 —0.018 3.26953 3.26947 —0.006
5 1.16050 1.16031 —0.019 2.18053 2.18053 0.000 3.19310 3.19310 0.001
6 1.12175 1.12195 0.019 2.13645 2.13652 0.007 3.14547 3.14550 0.003
7 1.09582 1.09617 0.035 2.10703 2.10712 0.009 3.11381 3.11384 0.003
8 1.07757 1.07797 0.040 2.08638 2.08648 0.010 3.09165 3.09169 0.004
9 1.06421 1.06462 0.041 2.07131 2.07142 0.010 3.07553 3.07556 0.003
10 1.05413 1.05452 0.039 2.05998 2.06006 0.009 3.06341 3.06344 0.003

TaBLE 2. Comparison of angular velocities 4na®Q’/I" with the values of 4na2.Q/W /I for different numbers of helical vortices in the arrays and
several values of helical pitch 7 fixed in Wood & Boersma (2001). The results for (4.10) and (4.11) were calculated without the last identical
components.
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5. Stability of the multiple helical vortices

Clearly, there is an equilibrium in which the multiple helical vortices uniformly
move along the cylinder axis with translation velocity V =(I"N/2na —a$2)/t and
rotate with angular velocity £2. In order to formulate the problem on linear stability
of the equilibrium motion for multiple helical vortices, we introduced in §2 the helical
variables (r, x) and the corresponding velocity components (u,, u, =us —u./7). In
this case, the problem reduces to a two-dimensional task (Okulov 2002), which can
be solved according to the solution of a classical problem on linear stability of
equilibrium for a polygonal array of point vortices (Saffman 1992).

Let the kth vortex (k € [0, N — 1]) be displaced from the equilibrium position to the
point (a +ry, 2nk/N +t(uy/a)+ xi) or (a-+ry, 2nk/N 4 (82 —V /1)t + xi), then the
equations of motion of the kth disturbed vortex can be written as:

2n(n — k)

d
a(a‘l‘rk): Zur<a+rkaa+rnv N

- xn) . Gl
n(n#k)

d [2mk 2n(n —k
m+¢ma;(li+wﬂ ‘Uht+xa 2:Mx<a+ﬁna+mal&%—l+fk_xo-
n(n#k)

(5.1b)

The velocities are given by (2.1) and (2.5). Linearizing in ry, r,,, xx, X» and substituting
the velocity field derivatives (see Appendix A), a linear approximation of (5.1) for
motion of the kth vortex can be written after some algebra as:

drk 1.1 27[(” _k) 1,1 27‘C(n _k)
T E;Re{kaHz a,a, — _n(,,#)anz a,a, ——— |

(n#k)
(5.24)
ka F 1 Tz +1 1,1 2Tl'.(n _k)
aq = E;Re{rk Z { = H, a,a, ——
n(n#k)
S e ) e 2
n(nsk)
241 I'N
—< S 9_mwﬂ>” (5.2b)

Following Saffman (1992), we will look for the solution of system (5.2) in the following
form:
re = a(t) eZﬂ:km/N’ Xe = ,8([) eanm/N'

Here, m is the subharmonic wavenumber, taking integral values within the range
[0, N —1]. For m =0, all vortices behave in the same way.
As a result, we obtain the following system of equations:

o (1) = A(m)B(t),
B'(t) = B(m)(t),
from which it follows that « and 8 are proportional to exp(¢+/AB). Therefore, if there

is any m, for which AB >0, then the system is unstable. Substituting H,;’ for S},’ by
(3.8), and after time-consuming algebra, we were able to find an algebralc form for
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product AB:
167%a Ji+t2 t 4°-3 (N m
= {’““V ¥ S (W“‘"(‘ﬁm

\/1—1—12 T 3—12
[’”(N " N+W+W‘”m

+
3
(0 i)

e (= (1=30) (3 =< =¥(+7)))
3) 1
2)9/2[r—32 W—r4—3r2—3—;}
3(l—fz)

N2
m( — 3T + ) N2
where C =0.577215... is the Euler constant, and y(-) is the psi function. Note that
(5.3) at T — oo reduced to the formula for the case of point vortices (Saffman 1992),
16n’a’
2
Analysing (5.3) at various values of pitch t, we determined unstable modes (figure 6),
which are more realistic for analysing for the existence of equilibrium for real N-vortex
arrays in a tornado, after vortex breakdown, in vortex chambers etc. rather than the
solution for the point vortex array (Saffman 1992). In order to compare the arrays
with different numbers of vortices to keep total intensity in a system, the vortex size
was varied so that the total area of core cross-sections was constant, i.e. oy =0.4/ \/ﬁ .
Note, that decreasing the vortex pitch leads to loss of stability for fewer and fewer
vortices in the arrays, and at T < 1.5, the stable helical vortex arrays are completely
absent for the fixed vortex core. Qualitatively, these data agree with the results
of visual observations of the multiple helical vortices without hub vortex. Besides,
in order to evaluate the influence of vortex core sizes, neutral curves for several
equilibrium circular helical vortex arrays were plotted in figure 7. Experimental
results of Alekseenko et al. (1999) allow us to carry out quantitative comparison
as well. Alekseenko et al. (1999) describe the double vortex structure (N =2) with
dimensionless pitch T = 1.5. Though this pattern is close to the instability boundary
(see figure 7), it is still stable, i.e. such a vortex couple can exist. Proximity of the
vortex parameters to the boundary of unstable regimes is confirmed indirectly by the
fact that it was quite difficult to obtain such vortices during the experiment. Very fine
adjustment of the experimental set-up, as well as the flow regimes, was required to
obtain such a vortex couple.

g(3)} (5.3)

AB =m(N —m)[m(N —m) —2(N — 1)].

6. Conclusion

In the present work, a classical problem of stability of a circular equilibrium array
of Npoint vortices to infinitesimal space displacements is, for the first time, generalized
for the case of multiple N helical vortex arrays. Consequently, the analytical solution
has been obtained. This solution allows us to provide an efficient analysis of the
experimentally observed stable vortex arrays (couples, triplets, etc.)
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FIGURE 6. Diagrams of unstable subharmonic wavenumbers (m) for the circular equilibrium
array of N helical vortices with conservation of a total cross-section area for vortex cores, i.e.

ON :04/\/N

The algebraic presentation allowing us to carry out high-accuracy calculations
within the whole range of helical pitch alteration is obtained as an additional
intermediate result for the angular rotation velocity of the N helical vortex array. The
new formula has a simpler form as compared with the known asymptotics (Boersma
& Wood 1999; Wood & Boersma 2001).

Solution of the above two classical problems of vortex dynamics became possible
because of the discrimination in the velocity field of the principal part induced by
an infinitely slender vortex filament. The principal part was expressed in the form of
the sum of elementary algebraic functions: pole plus logarithm with a small regular
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FiGUure 7. Neutral stability curves for the circular equilibrium arrays of helical vortices: —,
N=2;--, N=3;—— N =4 (stable region above each curve).

remainder. Such an approach and the solution of the problems are important both
for theoretic and applied hydromechanics, as well as for many other areas of natural
science, where a rotor (vortex) concept is the basic idea.

The work has been supported by INTAS under grant 00-00232 and the Russian
Fund for Basic Research under grant 04-01-00124.

Appendix A. Derivatives of velocity field induced by helical vortex filament

Here are some forms of velocity field {u,, u,,} derivatives, induced in unbounded
space by infinitely slender helical vortex filament:

ou, _ Tar+ P [H'¢/La/lx=x)| _Ta  [H"(/La/l.x = x0)
or il I Ha/l, v/l x — xo)| Tl H'a/l,r/l x —x0) |’

du, I PP+ [H(r/la/l, x = X)
9a  rmal I Hy%a/l,r/l x —x0) |

T {Hzl'l(r/l, a/l, x — XO)}

ox  m2 | HM(a/lr/lx — o) |

ou, QRG{HJ’I(r/Z,a/l,X —XO)}

axo ™2 | HMa/lrjlx —xo) [

ou, r ﬁrz + 2 {Hzl’l(r/l,a/l, X _XO)}

ar w2 w2 HYYa/1,r/L, x — xo)
Fa rz_lzRe H]O’l(r/l’a/l’)(_xo)
PTRE Ha/1,r/l x —x0) [
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du, I r’40P a2+12R HY (r/1,a/l, x — xo)
HY(a/1,7/1, x = xo)

du,  Tar*+0  [H}(r/la/l, x — X)
Ix mrl 12 Hy (a/1,7/1, X — xo)

% Qr2+l2 Hzo’l(r/l,a/l,x—Xo)
dxo mrl I Ha/l,r/l x —xo0) [

The derivatives are obtained beyond the filament points by direct differentiation of
Hardin’s solution (Hardin 1982) employing recurrent relations between the modified
cylindrical functions (Abramovitz & Stegun 1964).

da nar 12 2

Appendix B. Asymptotic presentations of cylindrical functions

To complete the statement of §3, we present here the asymptotic expansion of
modified cylindrical functions at high orders according to formulae (9.7.7)-(9.7.10)
from Abramovitz & Stegun (1964):

1 N 1+—+—+—+—
m(mx) = \/7 s
, e (o () U,

f =——\l+—+S+—+— ,
n(mz) x 2Ttmt[ m  m? Poom }

1
Kp(mx) = 1/ 2 e {1——+———+—...
m

K,;(mx)=—e_mnﬁ[1—ﬂ 2—ﬁ+ﬂ...],
2mt
% = (3t — 5¢%)/24, vy = (=91 + 71%)/24,
= (811 — 462* 4 385%) /1152, v, = (—135¢2 + 594¢* — 455¢) /1152,
= (30375¢% — 3696031° 4+ 765765¢" — 425425¢%)/414720,
Uy = (—42525¢% + 45173717 — 883575¢7 4 475475¢°) /414720,
0y = (4465125¢* —941216761° 43499224301 — 4461857401 '° 4+ 185910725¢'%) /39813120,
vy = (—5740875¢* 4+ 111234708 — 396578754+ + 493152660¢°

—202076875¢'%)/39813120,

where

1

1—1t

14¢

Note the form of coefficients o/, 8"/, ¥/ from (3.8), which are obtained as a result
of multiplication of the above written uniform expansions:

a(x,y) = (1= )o(x) — (1 = j)0i(y) + ivi(x) — jui(y),
B (x,y) = (1—i)a(x) + (1 — j)da(y) + iva(x) + jua(y) — (1 —i)(1 — j)D1(x)D1(y)
— (L =) %i(x)vi(y) — i(1 = j)P(y)vi(x) = ijui(x)vi(y),

t=01+x)"" xory=

N|Q

r
or —.
l
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Y (e, y) = (1= i)03(x) — (1= j)93(y) + ivs(x) — jus(y) + (1 = i) (1 = j)[B1(x)Da(y)
— 02(x)01(9)] + (1 = D [D1(x)va(y) — D2 (x)vi(¥)] +i(1 = j)[D2(y)vi(x)
— 1(y)v2(x)] +ij[vi(x)va(y) — va(x)vr(y)].

Appendix C. Series development of poles, logarithms and polylogarithms

For convenience in reading the paper, we present here some expansions for the
elementary functions, which can be found in the readily available mathematical
reference books, such as Prudnikov, Brychkov & Marichev (1981, 1986).

(exp® — explin)) 2

= mexp[-m(& —ix)],
m=1

exp(é) — exp(i)()

= exp[—m(€ —ix)],
m=1

o0

In (1 —exp™+0) =3~ % exp[—m(§ —ix)],

Appendix D. Sum of the poles, logarithms and polylogarithms, situated on the
circumference with identical displacement

Here are several sums of peculiarities and polylogarithms in the points, situated on
the circumference with identical displacement:

Ni exp(i2nn/N) 1— N2 Z L exp[i2mn(l +m)/N] _1=N>  m(N —m)
—~[1- exp(i21tn/N)]2 12 “— [1— exp( (i2mn/N))? 12 2 ’
. exp(i2nn/N) 1—N NZ_I expli2rn(1 +m)/N] _1—N tm
—~1— exp2nn/N) 2 1 —exp(i2nn/N) 2 ’

. 2n
Zln {1 —exp (1%)} = In(N),

n=1

Jofo-on (3550 ()

NZ_ILi exp (121 )) = LN
2\ PN )T e N

Zexp(
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iLi ex i22 —n—zi Nex i21tnm Li; | ex i22 —i 2ﬂ
2\PA\N )TN P\ )2\ P UN )TN\ o )

N—1
2nn 1—N?
L i— || = —5—c(
S on () 0
N—1
2nnm )\ . .21n 1 m
Zexp (1 N ) Lis <exp (17)) =53 (3, N> —5(3),

n=1

N 21n 1 N 2nnm 21n 1 m
; Lis (exp (17» =750, ; exp (i N ) Lis <exp (17» =3¢ (3, ﬁ> ,

gex i2Tmm _[N—1 if m=N,
ZP\TNT) T i m#N.
The first four sums were used to study the problem of stability of polygonal arrays of
point vortices (Saffman 1992), the fifth and sixth sums can be found in, for example,

Prudnikov et al. (1981, 1986), while the sums with polylogarithms have been obtained
by the author independently.

REFERENCES

ABRAMOVITZ, M. & STEGUN, 1. A. 1964 Handbook of Mathematical Functions. Dover.

ALEKSEENKO, S. V., KuiBIN, P. A., OkuLov, V. L. & SHTORK, S. I. 1999 Helical vortices in swirl flow.
J. Fluid Mech. 382, 195-243.

AREF, H., KADTKE, J. B., ZAwADZKI, 1., CAMPBELL, L. J. & ECKHARGT, B. 1988 Point vortex dynamics:
recent results and open problems. Fluid Dyn. Res. 3, 63-74.

BHAGWAT, M. J. & LEIsHMAN, J. G. 2000 Stability analysis of helicopter rotor wakes in axial flight.
J. Am. Helicopter Ass. 45, 165-178.

Boersma, J. & Woob, D. H. 1999 On the self-induced motion of a helical vortex. J. Fluid Mech.
384, 263-280.

BoErsMA, J. & YAkuBovicH, S. B. 1998 Solution to problem 97-18*: the asymptotic sum of a
Kapteyn series. SIAM Rev. 40, 986-990.

FukumMmoro, Y. & Mivazaki, T. 1991 Three-dimensional distortions of a vortex filament with axial
velocity. J. Fluid Mech. 222, 369-416.

GUPTA, B. P. & Loewy, R. G. 1974 Theoretical analysis of the aerodynamic stability of multiple,
interdigitated helical vortices. AIAA J. 12, 1381-1387.

HarpIn, J. C. 1982 The velocity field induced by a helical vortex filament. Phys. Fluids 25, 1949—-1952.

Haverock, T. H. 1931 The stability of motion of rectilinear vortices in ring formation. Philos. Mag.
11, 617-633.

Joukowskl, N. E. 1912 Vortex theory of a rowing screw. Trudy Otdeleniya Fizicheskikh Nauk
Obshchestva Lubitelei Estestvoznaniya 16, 1 (in Russian).

KELvIN, LorD 1880 Vibrations of a columnar vortex. Phil. Mag. 10, 155-168.

KumBin, P. A. & Okurov, V. L. 1998 Self-induced motion and asymptotic expansion of the velocity
field in the vicinity of a helical vortex filament. Phys. Fluids 10, 607-614.

KurakiN, L. G. & Yupovich, V. I. 2002 The stability of stationary rotation of a regular vortex
polygon. Chaos 12, 574-595.

Levy, H. & ForsDYKE, A. G. 1928 The steady motion and stability of a helical vortex. Proc. Roc.
Soc. Lond. A 120, 670-690.

MOORE, D. W. & SAFFMAN, P. G. 1972 The motion of a vortex filament with axial flow. Phil. Trans.
R. Soc. Lond. A 272, 403-429.

Morikawa, G. K. & Swenson, E. V. 1971 Interacting motion of rectilinear geostrophic vortices.
Phys. Fluids 14, 1058-1073.



342 V. L. Okulov

Okutov, V. L. 1993 Resonance hydro-acoustic processes in the channels of machines and units with
intensive swirling of flows. Doctoral dissertation, Institute of Thermophysics, Novosibirsk (in
Russian).

Okutrov, V. L. 1995 The velocity field induced by vortex filaments with cylindrical and conic
supporting surface. Russian J. Engng Thermophys. 5, 63-75.

Oxkurov, V. L. 2002 Instability of an equilibrium circular configuration of helical vortices. Tech.
Phys. Lett. 28, 1060-1064.

Oxkutov, V. L. & SORENSEN, J. N. 2004 Instability of the far wake behind a wind turbine. Abs. 21th
ICTAM-2004, Warsaw, Poland (http://ictam04.ippt.gov.pl/).

PruUDNIKOV, A. P, BRYCHKOV, YU. A. & MARICHEV, O. 1. 1981 Integrals and Series: Elementary
Function. Nauka, Moscow (in Russian).

PrRUDNIKOV, A. P, BRYCHKOV, YU. A. & MARICHEVY, O. 1. 1986 Integrals and Series: Supplementary
Chapters. Nauka, Moscow (in Russian).

Ricca, R. L. 1994 The effect of torsion on the motion of a helical vortex filament. J. Fluid Mech.
273, 241-259.

SAFFMAN, P. G. 1992 Vortex Dynamics. Cambridge University Press.

THOMSON, J. J. 1883 A Treatise on the Motion of Vortex Rings. Macmillan.

TaomsoN, W. (Lord Kelvin) 1878 Floating magnets (illustrating vortex-systems). Nature 18, 13—14.

WIDNALL, S. E. 1972 The stability of helical vortex filament. J. Fluid Mech. 54, 641-663.

Woop, D. H. & BoErsMA, J. 2001 On the motion of multiple helical vortices. J. Fluid Mech. 447,
149-171.



