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The development of a laminar boundary layer on a twisted helical blade is described.
An appropriate co-ordinate system is developed in which the boundary-layer equations
have a relatively simple form. The choice of blade geometry and the free-stream
conditions result in a constant-pressure flow. This permits the flow to be considered
the analogue, in a rotating frame, of the zero-pressure-gradient flat-plate boundary
layer in a stationary frame. The boundary-layer equations are solved using a double
geries expansion in powers of distance from the leading edge and the cosine of the
blade twist angle. Chordwise and spanwise velocity profiles are calculated. The

variation in the skin friction coefficients is calculated as a function of position on the
blade.

1. Introduction

The simplest application of the boundary-layer equations is for the flow along a
thin flat plate in a uniform parallel stream. Owing to the simplicity of this solution it
has provided a basic flow to which various parametric perturbations may be applied.
One example is the understanding of the initial stages of transition from laminar to
turbulent flow in boundary layers obtained by applying linear perturbations to the
flat-plate boundary-layer flow and observing, or calculating, their subsequent growth
or decay. Further developments considering such effects as pressure gradients,
curvature, or compressibility have not altered the understanding gained by examining
the simplest primary flow.

Such simplicity is rarely offered in the study of three-dimensional boundary layers.
However the flow about a disk rotating in a fluid at rest or the boundary layer on a
yawed cylinder where the potential flow is a function of only one co-ordinate are
problems whose solutions may be obtained by solving systems of ordinary differential
equations. A number of solutions have been obtained for boundary layers on rotating
surfaces. Fogarty (1951) studied the boundary layer on a semi-infinite flat plate
rotating about an axis perpendicular to its plane and passing through its edge. The
solution obtained was valid far from the axis of rotation but was extended by Tan
(1953) to regions nearer this axis. The problem of boundary layers on rotating blades
such as those on rotors in axial flow compressors was considered by Horlock & Words-
worth (1965). Since such rotor blades are twisted about the leading edge such that the
angle of attack with the oncoming stream varies with radial position, Horlock &
Wordsworth introduced a co-ordinate system more suited to the geometry of their
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helical blade. In this co-ordinate system a point in the blade surface was specified by z,
the distance from the leading edge along a helical generator of the blade, and 2, the
radius of this helix. Points away from the surface were specified by ¥, their distance
from the surface along a helix orthogonal to the blade surface. The (z, ¥, z) co-ordinates
formed a non-orthogonal system. Though Horlock & Wordsworth obtained the
boundary-layer equations in this system, solutions were only obtained for a fixed
blade twist angle. Though this accounted for blade stagger it ignored the effects of
blade twist. Both Lakshminarayana, Jabbari & Yamaoka (1972) and Yamamoto &
Toyokura (1974) used the same non-orthogonal co-ordinate system in their momentum
integral studies of turbulent boundary layers on helical blades. Miyake & Fujita (1974)
considered a rotating blade which was twisted, with the centre of twist at the blade
leading edge, so that the angle of attack was zero along the leading edge. The co-
ordinate system used to analyse this problem was also non-orthogonal. The generators
of the blade in their model were straight lines subtended at the blade leading edge, so
that the blade had no streamwise curvature. For the simplest assumed free-stream
flow in which streamlines were helices whose angle equalled the blade twist angle at a
given radius the blade was slightly loaded. Miyake & Fujita noted that in order to
analyse the effect purely of three-dimensionality of a blade the best way would be to
adopt a helical blade with constant velocity along a blade element with the pressure
constant everywhere in the flow field. Such an analysis is provided by the present
paper.

In the present paper the laminar boundary layer on a twisted helical blade is con-
sidered. Though the blade geometry is the same as that proposed by Horlock &
Wordsworth (1965) the blade is twisted about the leading edge in the manner of
Miyake & Fujita (1974). This geometry is such that there is no spanwise or streamwise
pressure gradient for the free-stream flow described above. Thus the flow may be
considered to be the analogue, in a rotating reference frame, of the flat-plate boundary
layer in a stationary frame. It is shown that a co-ordinate system which is orthogonal
in the blade surface may be developed and with the appropriate scaling of the depen-
dent variables a solution for the boundary-layer flow is readily obtained.

2. Analysis

Consider the boundary layer developing on the surface of the helical blade shown
in the inset of figure 1. The corresponding co-ordinate systems are shown in figure 1.
A point on the surface may be described by

r = zsin 6i+x cos ¢j +z cos Uk, (1)

where z is the radial distance measured from the £, axis, 6 is the polar angle measured
about the &, axis in a clockwise sense with # = 0 coinciding with the £; axis, and z is
the distance measured along a helix of radius z and helix angle ¢. If the external flow
at the leading edge is U in the £, direction and the blade, whose leading edge is along
the £, axis, rotates with an angular velocity € in a counter-clockwise sense about the
£, axis, then for zero angle of incidence at the leading edge

tan¢ = Qz/U. (2)
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8=4in

Ficure 1. Blade surface co-ordinate system with inset showing sketch
of the twisted helical blade.

Using the relationship between # and ¢, 6 = xsin ¢/, a general point on the surface
is given by

r = 2z8in i + 20 cot ¢j + z cos OK. (3)
However,

zeot g = U/Q = a, (4)
where a is a constant. So that, finally,
r = zsin 6i + abfj + z cos Ok, (5)

The surface described by these points is called a ‘screw surface’. Tt is clear that, in
spite of the apparent complicated curvature of the surface, lines of constant 8 in the
blade surface are straight lines. The co-ordinate » is taken as normal to the surface.
It is then readily shown that a general point away from the blade is deseribed by

r = (28in 0 —ncosfcos p) 1+ (af +nsin @) j + (z cos O+ nsin G cos p) k. (6)

The (2,6, n) co-ordinate system is found to be orthogonal in the blade surface, n = 0,
and for cos¢ = 0, which corresponds to large radius. By this description alone the
present co-ordinate system may not appear to hold any advantages over that used by
Miyake & Fujita (1974); however, as will be seen below, the present system allows us
to describe a helical blade in co-ordinates which coincide with the directions of interest,
both streamwise and chordwise. The boundary-layer equations for this geometry may
then be readily obtained from either the boundary-layer equations in generalized
co-ordinates (see Michal 1947) or from their vector form with the stretching factors
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obtained from (5). It should be noted that in developing the boundary-layer equations
only a definition of a surface point is required.
The three-dimensional boundary-layer equations are found to be

ou, sindou, ou, u, .,
2t 7 @ =0 @
ou, sin ¢ du, ou, uf ., 10p . %y
2z hibec o Jt R 2 2
Uy Uy = 5ty = —sin ¢ 5% sin @ Qu,+ Q 2tV (8)
Oug sin ¢@ du, Ouy sin®¢ sin ¢ dp . 0%,
6 it b il Ak S B %
Uegy THeT, g Ty T oz 50 T osmeu v o, (9)

where u,, u,, 4, are the velocity components in the 2, », 8 directions, respectively.
Equation (7) is the continuity equation and (8) and (9) are the momentum equations
in the z and & directions after the boundary-layer assumptions have been applied.
The simplicity of the boundary-layer equations in this geometry should be noted.
This relative simplicity, in comparison with the analyses of Horlock & Wordsworth
(1965)and Miyake & Fujita (1974), is a result of the choice of an appropriate co-ordinate
system. Following Miyake & Fujita the velocity in the free-stream is taken to have
streamlines which are the intersection of the blade surface and a circular cylinder
whose axis is the axis of rotation. Thus the free-stream velocity has components

(W,, W, Wp) = (0,0, [U2+ (Qz)2)2). (10)

It is then readily shown that
op/éz = &p o0 = 0. (11)

Thus, as noted above, the static pressure is constant throughout the boundary layer
(to the order of the usual boundary-layer assumptions). For the purposes of solution
the §-momentum equation may be written more conveniently as

7 {u0 sir; ¢} +u, sir; $ 0 {uo sir; ¢} 0 {u0 sin ¢}

s 7z 06 " on 2
sin?¢ [ sing¢ _ O sing
+ 2u, ~ {u07—ﬂ} = V%-é{uo . } (12)
Following Miyake & Fujita, a solution is sought in the form
upsing/Qz = 3, G = 3 Ouy, (13a)
= E=0
5 «© - ©
U, [Qz = —= 3 05, = 3 Ok, (13d)
eL; = k=0
and
u,/Qz = § Ok@, = 3 OFwy, (13c)
K=1 E=1
where
0=el, n==6#, z=1L3 (14)

and quantities denoted by a tilde are of order unity. Thus ¢ is a measure of the distance
from the leading edge, & is a measure of the boundary-layer thickness (& ~ [ve/Q]?)
and L is a measure of the radial location. The quantity given by (13a) is the stream-
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wise velocity component in the boundary layer, u, divided by the free-stream
streamwise velocity. Substituting series expansions of the form (13) into the boundary-
layer equations gives

1 0 0 . 10 sin®
L2 a4 L 0 = =2 ekt~ 08, TP (15)
k gm 0 Pl gm—1 o
2= { U, 30 (6k—mwk—m) + o™ Vm % (0k—mwk ) + 7 Wy, (9—2 (zek—mwk—m)}
v o GF1 26k-1 d.
=§;5‘ﬁ—2(5 )+‘“—( goumuk—m—l)_ uk-1+‘;11£ (16)
and
ko(gm I/j 0 0
mZ;: 0 {_ Uy 55 (0k~muk— ) + 6™ Vm a_ (0k_muk~—m) + 0m_1wm—-1 a_ (6k—muk~m)}

v 0 2 sin? k-1
= Qzont 75 (0% uk)—-—z'—? 0k_1{( % U wk—-m—l) wkﬂ}, (17)

=0
with w_; = w, = 0 and §;; being the Kronecker delta function. This system of equa-
tions has been solved for several values of k. Only k£ = 0, 1, 2 are given explicitly here.

Solution for k = 0
Equations (15) and (17) yield

(1/2) ouy/00 + dvy/on = O (18)
and
WPy BV O
200 "on T ot (19)
Introducing a stream function such that
Uy = 0tro/On, vy = —(04o/20)/2 (20)
and letting
Vo = (20/Q)Ef(n), 7 =n(Q/2v0) (21)
yields
fo +fofs =0, fo(0) =fo(0) =0, fo(c0)>1, (22)

where primes denote differentiation with respect to #. This is the Blasius problem
for the flat-plate boundary layer. Note that the solution is valid for all values of ¢.

Solution for k = 1
Equations (15), (16) and (17) become

(1/2) 0(Ou,) /26 + &(0v,) Jom = 0, (23)
Uy 9 0 (w12 oy B
60 (0w1) + v() a (6w1) 2 + = QZ a P (0% ) (24)
ug 0 Ouy du, _v .
?5@ (0“1) +— 2 60 +v 0 a (Oul) + 0?)1 a QZ anz (Oul)' (2‘))

As before a stream function is introduced such that

Ou, = &y fon, Ov, = —(0yr,/00) /. (26)
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Letting
Y= (2V03/Q)&f1(77), (27)
yields
fi” ‘*‘fofll/ - 2f|’3f1+ 3f8f1 =0, fi(0)= fi(O) =0, f{(oo)—>0. (28)
This problem has the unique solution f;(3) = 0, so that
ul = ’Ul = 0' (29)
It is found in general that
Uggr = Vopyy = 0,
£E=0,1,2,.... (30)
Wy, = 0,
Letting
wy = g1(1) (31)
and using (23), g,(») satisfies the problem
gi +fogi—2fo i+ 2(fo—1)2 =0, 4,(0) = g;(0) = 0, g;(c0)—>O. (32)

Note that the solution for ¢,(), which determines the lowest-order cross-flow velocity,
is also independent of the twist angle ¢.

Solution for k = 2
Equations (15) and (17) give

19 2 10 sin? ¢

2 2 ) = —— — - 3
~ o (0%g) + — (0P0y) = ——— (20,) ~ O (33)
and
%0 0_u_2 y 2. Po g
236(0 Uy) + =5 TY 06 (G%uy) + 6%, n+0w1 o
2sin? ¢ v o2
+ Ow (uy—1) = T (O%u,).  (34)
An expansion in powers of cos?¢ is introduced such that
Uy = Z Uy, %, (35a)
Vp = Z Vg 0% (35b)
1=0
in which ¢2 = cos?¢. To order (c?)° the equations are
(1/2) 0(6%uy4) /00 + &(0%vy) [On = — 20w, [z, (36)
Uy © 02 ou 0 ouy 20w v 02
?O'a‘é (Puge) + — > U0 300"' Yoz (0%uq) +02”20%2+ . Hup—1) = o ont (GPug).
(37)
Introducing a stream function so that
Oy = Orgo/0n, 02090 = — {00/ 00+ 2(200°/ Q) g} /2 (38)
with
Yoo = (2v0°/ Q) for ), (39)
means f,q(7) satisfies the problem
FRtboly4fiLat it = 4l =40 )
S20(0) = f34(0) = fio(c0) =
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This procedure may be repeated for higher orders of (c2) and higher values of k. The
definitions of the higher-order stream functions and the problems they satisfy are
given in the appendix. The streamwise velocity has been found to be of the form

upsin ¢ /Qz = ug+ O%uy+ Oluy+ ...
= fo+ O%(fa0+ ¥fa0) + 0% fao+ sz + g + ... (41)
and the spanwise or cross-flow velocity is found to be

u,/Qz = Ow, + Pwy + Pwg + ...
= 091+ 0°(g30 + *52) + 0°(g50 + €+ C'5a) + ... - (42)

Defining a streamwise skin-friction coefficient as
Cro = p{0ug/0n], _o/5p(Qz/sin ¢)*, (43)

and since Qz/sin ¢ = W, it is readily shown that
cro Ret = \/2{f(0) + O*f16(0) + W5 (0)]+ [ f1o(0) + ¢¥ia(0) + s (O)] + .. .} (44)

where the Reynolds number is based on the distance from the leading edge along a
helix of angle ¢. Thus the Reynolds number is given by

Re = Wya/v = 220/vsin®¢. (45)
Similarly the spanwise skin friction coefticient may be defined as
¢y, = plou/en), o/ bp(Qz/sin $)? (46)
and
o, Ret = /2 sin ${073(0) + 02[g50(0) + c?g52(0)]
+ 0°[g50(0) + €%g52(0) + 954 (0) + ...} (47)
3. Results

The systems of ordinary differential equations for the stream function of the
primary flow f,; » and the cross-flow g,;,; 5 have been solved numerically. The
numerical scheme and computer program used were those developed by Nachtsheim
& Swigert (1965). The equations were written as a system of first-order differential
equations and integrated with a predictor-corrector (Adams-Moulton) subroutine
using one correction per step and a fixed increment. The step-size, Az, was 0-0625 and
the asymptotic boundary conditions were applied at 3 = 6-0. The solution was pro-
grammed in double precision and the solutions up to k = 5 were obtained in 2-11
seconds of processing time on an IBM 3033 system. The unknown initial conditions
at the wall determining the slope of the velocity profiles are given in table 1.

The functions f,; o and gy, 5 are shown in figures 2 and 3, respectively. The
function f; is the Blasius solution for the flat-plate boundary-layer velocity. The
function g;, which determines the cross-flow velocity to its lowest order, is identical
with that obtained by Horlock & Wordsworth (1965) with sing =1 and
zQ/U = —1(P =1, = — 1, in their notation). This is also the solution to Fogarty’s
(1951) problem of the rotating flat plate although, as noted by Horlock & Wordsworth
(1965) the choice of co-ordinate system omits a term involving (f;)%. The mean velocity
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£5(0) 0-46960 7:(0) 0-94073
7 (0) 0-78997 72(0) —0-67246
F2(0) ~0-67202 Gra(0) 0-50130
fo(0) —1-28978 720(0) 1-32099
fi.(0) 1-82201 7a(0)  —1.73799
24(0) —0-56169 754(0) 0-48453

TaBrE 1. Initial boundary conditions at # = 0 to five decimal places.
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Ficure 2. Streamwise velocity profile shapes, f3, o foo O—O; fogr X — X3

Joor A= N5 fioy O—05 fiar O—CQ s fur +—+.

profiles in the # and z directions for ¢ = 90° and ¢ = 45° are shown in figures 4 and 5,
respectively. ¢ = 90° represents the blade at large radius. As the polar distance from
the leading edge increases so the streamwise velocity gradient at the wall increases
and the magnitude of the cross-flow velocity increases. Since the differences with
radius or twist angle are small, changes are better seen by considering the functions
Jor, 21and ggp. 1, o infigures 2 and 3. If only terms of up to order 62 are considered for the
streamwise profiles then for ¢ = 90° the scaled velocity, u,sin ¢/Qz, is increased at
all values of 7 since f,, is positive. However as ¢ decreases this increase is reduced
since f;, is always negative. Close to ¢ = 0 there is almost complete cancellation of
the order-6% terms and the profile shape is nearly identical with the Blasius solution.
A similar behaviour is observed for the cross-flow velocity profile up to order 63;
however since g3, is negative and g, is positive the smallest scaled cross-flow velocities,
u,/Qz, occur for ¢ = 90°, at large radius. Thus the shape of the boundary-layer
profiles are seen to be slowly varying functions of 8 and z, since ¢ is only a function
of z. Variations with z only occur to order 6% for the streamwise velocity component
uy and to order 62 for the cross-flow or radial velocity component u,. However, it
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Fioure 4. Streamwise (uysin ¢/Qz) and radial (u,/Qz) velocity profiles for various polar
distances from the blade leading edge; ¢ = 80-0. —, § = 00; ————, 0 = 7/12; ———,
6 =m/86.
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FiGure 5. Streamwise (u,sin ¢/Qz) and radial (v,/Qz) velocity profiles for various polar
distances from the blade leading edge; ¢ = 45°. —, 0 = 0-0;-—~--,0 = 7/12; — - —, 0 = 7 /6.

should be emphasized that in these profiles the velocity components have been scaled
by the local free-stream velocity magnitude, Qz/sin ¢ in the case of u, and the azi-
muthal free-stream velocity component Qz in the case of u,. These variations in the
profile shapes are also seen if the skin friction coefficient variations, given by (44)
and (47), are examined. The streamwise skin friction coefficient, ¢4, is shown in figure 6.
At the blade leading edge it is independent of the twist angle ¢ and is that for the
Blasius flat-plate boundary layer, 0-6641. Its value increases with distance from the
leading edge as observed in the mean velocity profiles. The greatest increases occur
at large blade radius, ¢ = 90°. The distance from the leading edge along the blade
surface in the streamwise direction is related to 6 and ¢ by

x/z = 0/sin ¢. (48)

Thus for ¢ = 90°, x/z = 0. This enables comparison of the present results with those
of Miyake & Fujita (1974). For the range of parameters they considered their results
are the same as the present values since for ¢ = 90° the blade geometries are identical.
For ¢ = 90° Miyake & Fujita computed values for c;; up to 6 = 0-2. Only their
calculation for & = 0-2 and ¢ = 90° is shown for clarity. It should be noted that for a
fixed value of 0 the distance along a blade element at a given radius increases with
radius. Thus at a fixed value of z from the leading edge higher values of streamwise skin
friction coefficient occur at smaller radii. From equations (2) and (48) the value of ¢
for a fixed value of « is inversely proportional to cos¢. Thus, for example, with
¢ =60°and 0 = 0-2, v = 0-4(U/Q) and ¢;, = 0-69. With 2 = 0-4(U/Q) and ¢ = 45°
then 6 = 0-2828 and ¢y = 0-71. The variation of the cross-flow skin friction coefficient,
¢, is shown in figure 7. At the leading edge the value is zero since there is no cross-
flow. The value of c,, decreases with decreasing ¢. Though as noted above for the
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Fiaure 6. Variation of streamwise skin friction coefficient (cgg Ret) with polar distance from
the blade leading edge. —, ¢ = 90°; ———, ¢ = 60°; —— —, ¢ = 45°. @, Miyake & Fujita
(1974), ¢ = 90°, 0 = 0-2,
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FioUuRe 7. Variation of radial or cross-flow skin friction coefficient (cy, Re?) with polar distance
from the blade leading edge. —, ¢ = 90°% ————, ¢ = 60°; —— —, ¢ = 45°,

streamwise coefficient, the value increases with decreasing ¢ for fixed helical distances
z from the leading edge. The magnitude of c,, approaches the magnitude of the
streamwise coefficient, ¢;,, for values of & about 0-5.
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4, Conclusions

The analysis has shown that by appropriate choice of the co-ordinate system the
three-dimensional boundary layer on a rotating blade may be calculated without
restricting the results to blades with no twist as in Horlock & Wordsworth (1965), or
to twisted blades with no streamwise curvature as in Miyake & Fujita (1974), which
results in a non-zero pressure gradient. The twisted helical blade analysed in this
paper was shown to be a screw surface and the resulting boundary layer is the analogue,
in a rotating reference frame, of the zero-pressure-gradient flat plate boundary layer.
It should be emphasized that though the numerical results of the present paper are
similar to those obtained by Miyake & Fujita (1974) the choice of co-ordinate system
enables the effects of blade stagger and twist for a workless, or zero-pressure-gradient
blade boundary layer to be readily developed. The boundary-layer calculations in
this paper serve several purposes. They provide the initial conditions for the calcula-
tion of the wake behind a rotor blade of finite chord, with the geometry of the present
paper. They provide the basis for comparison as verification for other computational
methods which are more readily extended to variations of the present simple geo-
metry. If transition from laminar to turbulent flow in the boundary layer is taken to
be the result of small disturbances of the Tollmein-Schlichting type, rather than due
to disturbances in the free stream, then the present analysis provides a simple primary
flow which, in the limit of zero rotation, is the Blasius flat-plate boundary layer.

The author is grateful to Dr A. Solan and Dr M. Ungarish, Technion-Israel Insti-
tute of Technology, for noting an algebraic error in the original manuscript. The
support of NASA Lewis Research Centre under grant number NSG 3265 is also
acknowledged.

Appendix

The definitions of the higher-order stream functions and the problems they satisfy
are summarized below:

gy = Ofrgg /0, Oy = —{Ofryy /00 — (21’¢93/Q)if 91}/% (A1)
with
Yoy = (21’05/{2)1}]022 (A 2)
and " ’ 7] !
Jao+fofoo—4fo oo+ 3f0 for = —4(fo— 1) 91— 45 91, (A3)
S22(0) = f22(0) = fop(00) = 0; (A4)
Wy = Jag+ €3y (A 5)
where , )
a0+ fo30 — 6faGa0 = 2(91)2 — 49191 — 52091 + 2f2091 — 4(fo — 1) f2o, (A 6)
b gg’z*‘foggz"Gft; J32 = 20,91~ 5f2 g;+2f£29;—4(f6—1)f2,2: (A7)
wit
F30(0) = g10(0) = g32(0) = g32(0) = g30(%0) = gas(c0) = 0; (A 8)
Uy = Ugp+ CPrtyg + Clrty, (A 9a)
and

Uy = Ugq+ CHyg + €20y, (A 9b)
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gy = 0frgo/0m, Oy = _{51#40/3"4‘2(21’67/9)% 30}/ % (A 10)
with
Vi = (21’09/9)%]040(77)’ (A 11)
S+ o fio— 8 fio+ 90 fao = 4(fo — 1) 950~ Afy 930 — 491 foo + 491 fao — 5fa0fo0 + 4(f20)%,
(A 12)
and
J10(0) = fao(0) = fao(0) = 0; (A 13)
Olugy = O go/0n, O,y = ~{0Yrp/ 06 — (21’67/9)7‘lr a0}/ (A 14)
with
Vo = (2V09/Q)%f42(77)’ (A 15)
4/% +Jo 4;,2 - 8f6f4’2+ 9f(;’f42 = 4(fy—1) (932 — 930) + 2fg Ja0t+ 291(fzﬂo - 2f2"2)
—49) fao+ 8fs0 fo2 — 5fa0 fao — 5o fou (A 16)
and
S12(0) = fa3(0) = fga(c0) = 0; (A 17)
Ofugy = Ofrgy/Om, O%yg = ~ {04, /00 + (2007 Q) 935}/, (A 18)
with
Va = (2V09/Q)%f44(77), (A 19)
Jaa+fofis— 8o faa+ o faa = — 4(fo — 1) 940 — 2o 950
+29, for = Sfaafae + 4(f22)% (A 20)
and
J44(0) = f44(0) = fag(c0) = 0; (A21)
Wy = Gi0(7) + 3G52(n) + €*g54(n), (A 22)
where
950+ o 50— 10fs 950 = — 4(fo — 1) fio— 49, 920 + 491 G0+ 291 fao — 491 930
— 997 fa0— 5fa0950 — 2(f20)% + 6f20930, (A 23)
2+ fo Tk — 10f0 950 = —4(fg — 1) fia + 201050 — 49195 + 29, fio + 291930 — 991 f 12
— 520932 + 6fo0 932 — 4o for — 5faa 030 + 822 G30» (A 24)
Gaa +Fod50— 1003 Gsa = — 4(fo = 1) faa + 201 Gz + 491935 + 291 fis — 297 Fse
— 997 fas — 5f22 032 — 2(f22)? + 622 9305 (A 25)
950(0) = g50(0) = 952(0) = 52(0) = g54(0) = g54(0) = O, (A 26)
and
F50(00) = F52(0) = g54(c0) = 0. (A 27)
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