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Abstract: This work is concerned with the derivation of the steady boundary layer equations that gives the laminar flow profile over
the outer surface of a paraboloid rotating in an otherwise still fluid. Also, the series solution formulation for the laminar flow equations
for a rotating paraboloid is given. The series solution were numerically calculated and the laminar flow profiles are visualized in detail.
Further, we showed that the formulation of the laminar flow equations for paraboloid has a mathematical flaw and this mistake led to

the work of P. D. Verma [1].
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1 Introduction

The history of three dimensional (3-D) boundary-layer
flow transition studies over the rotating disk is rather old
and has a huge associated literature (see, for example, [2,
3,4,5,6,7,8,9,10]). These studies served as the foremost
model problem for the subsequent investigations of the
3-D boundary-layer flows over axisymmetric bodies of
revolution.  Although, both  theoretically and
experimentally, the case of a flow field structure of the
laminar boundary-layer flow over rotating sphere had
been greatly clarified in the investigations of [11,12,13,
14,15,16,17]. The flow visualization studies led by
Kohama and Kobayashi [18,19,20,21,22,23,24] were
related to the transition of the laminar boundary-layer
flow over rotating sphere and cone.

The theoretical studies of in refs [25,26,27,28,29,30,
31,32] are related to the transition phenomena of the
laminar boundary-layer flow over various rotating
geometries like disk, sphere and cone were carried out in
such a way that the governing laminar flow equations
were first derived using some appropriate coordinate
system for each geometry. These laminar flow equations
are actually a set of simultaneous 3-D nonlinear partial
differential equations. These equations were solved using
advanced numerical methods. Subsequently the
perturbation equations that govern the transition of the
laminar boundary-layer, were derived for each body. The
solutions of the laminar flow equations are then used in

solving the related perturbation equations for each body.
Recently, in Refs [33,34,35], the authors used the
techniques in the aforementioned investigations and
successfully derived the laminar flow equations for the
general family of rotating prolate spheroids and oblate
spheroids. The solutions were then used in the transition
analysis of the laminar boundary-layer flow over the
general families of each type of spheroid.

2 The laminar boundary layer over a
rotating paraboloid

In this section, we give the derivation of the steady
boundary layer equations that gives the laminar flow
profile over the outer surface of a paraboloid rotating in
an otherwise still fluid. We can not fix an appropriate
coordinate system to model the laminar flow equations
within the boundary layer over rotating paraboloid in a
consistent way to the work related to other geometries, for
example, sphere, spheroids and cones. However, to our
knowledge the only existing work for the boundary layer
equations of rotating paraboloid is due to [1]. We
reproduce these equations in this section using the same
coordinate system with the intention to solve these by the
series solution method. However, we found major
inconsistency in the formulation of [1] and we will
elaborate this in detail. In §3, we derive the laminar flow
equations over rotating paraboloid in a similar way to P.
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D. Verma. In §4, we derive the series solution of the
laminar flow equations of paraboloid in a similar way to
that of [17,33]. In §5, we discuss the discrepancy in the
formulation. We also show in detail how the numerical
results of the series solution for the laminar flow
equations of paraboloid in the coordinates of P. D. Verma
[1] does not converge and that the results are not
consistent with other geometries.

3 Formulation of laminar boundary layer
flow over rotating paraboloid

A cartesian frame of reference is used, the paraboloid
rotates with constant angular velocity (2* about the
z-axis. We use the following transformation of the
coordinates system for paraboloid of revolution.

x* =1*af cosb,
y* =1*afsin,
o = %l*(aQ _ ﬁ2),

where o , (3 are non-dimensional variables, [* is a
dimensional quantity and @ is the variable through which
the paraboloid rotates. Further, 0 < 6 < 7 and o, 8 > 0.
Note that this coordinate system (a, 3, 0) is a simplified
form of that used by [1]. Further, we note that the new
coordinate system («,3,6) as introduced above is
orthogonal. We used the continuity and full Navier Stokes
equations derived by [33] in general orthogonal
curvilinear coordinates and transform them into the
aforementioned paraboloidal coordinate system. These
equations are shown in Appendix 6 as equations
(15)-(18).

By applying the Prandtl’s boundary-layer assumptions
to the continuity and Navier-Stokes equations in the
paraboloidal coordinate system for a particular body
surface 5 = [y, we obtained the following dimensional
laminar boundary layer flow equations for the paraboloid
rotating in an otherwise still incompressible fluid,

U* our  _ Wr  oUr V*2
a2+ B2 0 1x\ /a2 + B2 OB Ira\/a2+ B2
o 1 *u* )
l*z(a2+ﬁ§) 352

U* ov* + w* ov* n VU~
/a2 + B2 Oa *v/a2 + 32 0B Iay/a? + B2
N 1 o*v*
f— 2
14 1*2(052 +ﬁ§) 862 ( )

ou* ow™

1 1
+ +
*a2+pE 0o 1*\/a?+ B2 Of
«Q 1
-+ U*=0, @3
(l*(a2+ﬁg>2 *a /a2+ﬂ(2)> ( )

where U*, V* & W* are the dimensional velocities in the
«, 0 and [ directions respectively. These equations are
derived by assuming steady-state incompressible flow
with the assumption 0* /r* < 1. Further, we have applied
the boundary-layer assumptions that U* ~ O(1),
V* ~ O1), W* ~ O(5*) & (0/0c) ~ O(1) where
§* = (v*/£2*)'/? is the boundary-layer thickness and v*
is the coefficient of kinematic viscosity. Using these in the
continuity equation we can find that 9/93* ~ O(6* 1),
and from the normal component of Navier-Stokes
equations we find P* = P*(#). Since, the paraboloid is
rotating in an otherwise still fluid, P*=constant. Note that
r* is the local radius of the paraboloid and is given by
r* = [*afy. In the fixed frame of reference, the above
equations are subject to the following boundary
conditions,

Ur=W*=V*—=1*apyf2* =0 on 5 = fy, @)
Ur=V*=0 as f — oo.

In order to obtain the non-dimensional boundary-layer
equations we scale the velocities on the equatorial surface
speed of the paraboloid , as in equation below. The
dimensionless Similarity variables are defined as

- U* o * o wW*
U_ l*aﬁoQ*’V_ l*aﬁoﬁ*’W_ (V*Q*)l/Qﬂ (5)

n = (25 /v )2 By (B - Bo) -

In the above non-dimensionalization of the velocity
components was indeed carried on the maximum speed at
each local radius of the paraboloid. The non-dimensional
normal n has been taken as the difference between the
radii of the circles formed for « = S and a = [y. This
non-dimensionalization of 7 is similar to that of [1]. This
is indeed transforming the orthogonal coordinates
(a,0,8) into a non-orthogonal coordinate system
(a,0,m). In fact replacing {* 5 by the radii differences of
the two circles is what the formulation leads to
inconsistency with the other related geometries. We will
further discuss it in §5. We again note that our
formulation is completely consistent with that of P. D.
Verma [1].

The non-dimensional laminar flow equations of the
boundary layer flow over the paraboloid, are shown as,

ou oU o o By U
W8n+aUaa+U |4 _\/mf)UQ 6)
v ov Bo 0%V
- 49 ==
W&7 +alU 5 VU o 5 O @)

ow ou 2
a+048a+(2+ﬁg+1>[]—0. (8)
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Subject to the boundary conditions

U=W=V—-1=0o0nn=0, )
U=V =0asn — oo. (10)

These represent the non-slip boundary condition on the
paraboloid surface and the quiescent fluid condition at the
edge of the boundary layer.

4 Series solution for the laminar flow over
rotating paraboloid

In this section, we derive the series solutions for the
laminar flow equations (6)—(8) subject to the boundary
conditions (9) and (10), using the same techniques in the
existing literature.

To solve the above equations at some latitude, a series
expansion solution in powers of « is sought of the form,

U=F +o®F;+o*F5 + ..., (11)
V =G+ a?Gs + oG5 + ..., (12)
W =H, +a*Hs+ao*Hs + ... (13)
Here F,y1, Gpy1, Hpy1 are functions of the

non-dimensional variable,
n = (2 /)21 By (B — Bo).

The boundary conditions can be written as,

Fn+l(oo) = Gn+1 (OO) =0, (14)
forn =0,2,4,6,....

The corresponding series solutions for the laminar
flow equations of paraboloid are shown in Appendix 7 as
equations (19)—(30). These equations were tried to solve
numerically through the well known bvp 4c code in
MatLab.

We have observed that the results converge for a very
small range of parameters, however not shown here.
Further, for most of the parameters involved the results do
not converge. For a range of small number of parameters
where the solution converges, are such that the value of
1 < 4 and this seems consistent with that of P. D. Verma
results. However, these results are not physically sensible.
The no-convergence of the laminar flow profiles for the
broad range of parameters and where convergence
observed but not sensible, we conclude that it is because
of the inconsistency in the formulation of the governing
laminar flow equations. We will further discuss this in §5.

5 Discussion

In this section we derived the full Navier-Stokdes
equations in the paraboloidal coordinate system which is
consistent with the work of [1]. We then showed the
non-dimensional laminar flow equations in this coordinate
system for the paraboloid. However, we can not fix the n
and took it similar to the one used by P. D. Verma. It is
showed as a difference of the radii of the local circles of
the paraboloid. The local radii of the circles are indeed
not normal at each «, 6 of the paraboloid. This leads to a
non-orthogonal system in 7. This is inconsistent with the
previous formulations in such geometries.

We suspect that the non-convergence of the laminar
flow profiles of the series solutions for a broad range of
the values of parameters involved is due to the incorrect
use of 7. Further, the convergent profiles for a very
limited range of values of the parameters the results are
not sensible. This lead us to conclude that a different
coordinate system to model the laminar flow equations
for paraboloid rotating in an otherwise still fluid, should
be used and which should be orthogonal till the non-
dimensional form of the laminar flow equations.

We at this moment could not sort out such a suitable
coordinate system for paraboloid, however, it is observed
in detail that the formulation of P. D. Verma is not
consistent for the problem of the laminar flow equations
for paraboloid.

6 Dimensional equations of rotating
paraboloid

Now we derive the continuity and full Navier Stokes
equations in the paraboloidal coordinate system as
discussed in §3 from the continuity and full Navier Stokes
equations in general orthogonal curvilinear coordinates
[33]. We get the continuity equation as:

ou~ oW~

1 1
+
/a2 + B2 0o [* /a2 + 32 OB

n 1 ov* +( o N 1 )U*
rap 96 (@2 +52)2  Ixay/a® + 2
)W* =0 (15)

+( ) + !
a2+ B2)2  Iray/a? + 32
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The oo component of the full Navier Stokes equations in paraboloidal coordinates is written as
ou~ + U~ ou~ + V* ou* n W ou~
ot I*\/a2 4+ 2 0a  I*afB 00 I*\/a2+ B2 08
|74 BU*W* aW**
- + + =
IFan/o? + B2 1*(a? + 52)% I*(a? + [32)%
_ 1 or* Lo 1 02U~ n 1 ou~
pl*\/a? + B2 Oa **(a2 4 f2) 0a?  1*a(a? + B2) O«

3 3(a? + %) 1 1 -
+ Z*Z(aQ —|—ﬁ2)% o 1*2(a2 +52)3 o 1*2((12 +52)2 + l*2a2(a2 Jrﬁz)

1 ) av* 28 oW+

1
_ N e
(WWW oo+ 52) 00 17 (a2 +5%)? da

3 ! N a W 2a ow*
FB(a?+B2)3 " 2 B(a? + 52)2 (a2 +B2)2 0B

H 1 n B )8U*+ 1 62U*+ 1 9?U* (16)
l*Q/B(QQ + /32) 1*2 (a2 + ﬂ2)2 3ﬁ l*2a2ﬂ2 002 1** (a2 + 62) 3ﬁ2
The 6 component of the full Navier Stokes equations in paraboloidal coordinates is written as
oV~ + U~ ov* n V> ov* + W ov*
ot I*\/a? 4+ 52 Oa I*aB 00 I*\/a?2 4+ 2 0B
n VU~ n VW~ _ 1 or*
P2 1B | B/t B plraB 08
o 2 ou~ n 1 9%v* n 1 ow*
Fa2By/a2 + 32 00 1**a?B? 902 x2qB2\/a2 + 52 00
1 9?V* 1 ov+ 1 1 .
+ + - 2 + 14
(a1 52) 02 | 17B(a2 1 p7) 88 \IPB(a2+ B7) | 1P (a2 + 7
1 o?v* o ov*
17
T 52 0a2 T (a2 1 7) da 1n
The /5 component of the full Navier Stokes equations in paraboloidal coordinates is written as
ow* n U~ ow* n V* ow* n 1% ow*
ot I*\/a? + 52 O« *ap 00 I*y/a2 + 32 0B
- pur L oUwr v 1 opP*
(a2 + ﬁQ)% I*(a? + 52)% *8 /a2 + 32 pl* /o2 + 32 0B
N 2c ou~ B B ) N
+ 3 — 5 + = | U
v I* (0[2 +/82)2 8/8 (l* O[(O[Q +/82)2 Z*2Oé<a2 +52>§
_ 20 ou* n 1 ow* n 1 B 3a?
o2+ P2 0 | 1PB(0?+57) OB | \1P(a2+ p0)F  17B(a? + )P
B 332 B 1 B 1 W 1 W
l*z(oz2 +/32)3 1*2(a2 +52)2 1*252(a2 +62) Z*Z(az +62) 852
L 1 W n 1 ow™ n 1 o9PwW (18)
**(a2+B2) 9a?2  Pala?+82) da  1**a282 002
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7 Details of the series solution for paraboloid

F} + HiF{ — G} =F/ (19)
AF\F3 + H F}y 4+ H3F| — 2G1G3—
1/2532 (G% — HF| - Ff) =Fy  (20)
6F, Fs + 3F; + H,F} + H3F}+
H5F| — 2G1Gs — G2 — G1Gs/ B3+
1/88; (G% — H1F1’> +1/2433 (Hng + H3F1’) +

2F\ F3 /B3 — F7 /863 :%1 )

8F\F; + 8F3Fs + H,F} + HyF! + HsFj+

H7F| —2G1G7 — 2G3G5 — 1/24] <4F1F5+
8F} + G} + G} — HyF — HaFj - HSF{)

—F\F3/2B% + F1F5 /282 +1/165S (Fl2 + HlFl’> -

G1\G5/B5 + G1Gs /455~
1/85; (H1F:>/, + HsF{) = F;
(22)
2R Gy + HiGy =G (23)

AFG3 + 2F3Gy + H Gy + H3Gy + H G} /283
+FG1/B =G4 (24)

6F1G5 + 4F3G3 + 2F5G + HiGy + H3G4+

Hs5GY +1/53 <F1G3 + FgGl) — F1G4 /484 +
1/232 (Hlag + H3G3> — H\G /88y = GY  (25)

8F G7 + 6F3Gs + 4F5Gs + 2F;G1 + Hy /7-|-

H3Gy + H7Gh +1/2033 (HlG’5+

H3GY% + H5G’1> —1/83; (HlG’ng
H3G’1> + H,G' /1668 + 1/52 <3F1G5+
2F3G'3 + F5G1> —1/48; <2F1G3+

F3G1) + F1G1/8685 = G} (26)

Fi+H =0 7)
3530 Fs + B3 H + Fy =0 (28)
585Fs + 1 Fs+ H, — Fy /B3 + F3 =0 (29)

T3y + BSHY — Fi /By — F3/85 +2Fs =0 (30)

8 Conclusion

The equations of fluid motion within the boundary layer
can be simplified because of the layer’s thinness, and
exact or approximate solutions can be obtained in many
cases. The intent of this manuscript is discuss the laminar
flow profile over the outer surface of a paraboloid rotating
in an otherwise still fluid which arises from the steady
boundary layer equations. Moreover, the laminar flow
equations for a rotating paraboloid is derived. Ultimately,
we proved that the formulation of the laminar flow
equations for paraboloid has a mathematical flaw which
leads to the exciting work of P. D. Verma [1].

Conflict of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

References

[1]1 P. D. Verma, Boundary layer on rotating body of revolution
with or without suction, Proceedings of Indian National
Science Academy, National Institute of Sciences of India,
Physical sciences, Part 1, (1962) 483-514.

[2] Theodorsen and Regier, Experiments on drag of revolving
disks, cylinders and streamline rods at high speeds, National
Advisory Committee for aeronautics, Report no. 793,
Washington DC, USA (1945).

[3] N. H. Smith, Exploratory investigation of laminar-boundary-
layer oscillations on a rotating disk, National Advisory
Committee for aeronautics, Technical Note no. 1227,
Washington DC, USA, (1947).

[4] N. Gregory, J. T. Stuart and W. S. Walker, On the stability
of the three-dimensional boundary-layer with application to
the flow due to a rotating disk, Phil. Trans. Roy. Soc. A., 248
(1955) 155-199 .

[S1H. L. Reed and W. S. Saric, Stability of three-dimensional
boundary layers, Annu. Rev. Fluid Mech., 21 (1989) 235.

[6] W. S. Saric, H. L. Reed and E. B. White, Stability and
transition of three-dimensional boundary layers, Annu. Rev.
Fluid Mech., 35 (2003), 413.

[7]1 M. Wimmer, Viscous flows and instabilities near rotating
bodies, Prog. Aerospace Sci., 25(1), (1988) 43-103.

[81J. M. Owen and R. H. Rogers, Flow and heat transfer
in rotating-disc systems, Volume 1. Rotor—Stator Systems,
Wily, (1989).

© 2020 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

204 %N S\

R. Shah and H.A. Hammad: The laminar boundary layer over...

[9] M. R. Malik, The neutral curve for stationary disturbances in
rotating-disk flow, J. Fluid Mech., 164 (1986) 275-87.

[10] R. J. Lingwood, Absolute instability of the boundary layer
on a rotating disk, J. Fluid Mech., 299 (1995) 17-33.

[11] L. Howarth, Note on the boundary layer on a rotating sphere,
Phil. Mag. Ser.7, 42 (1951) 1308-1315.

[12] S. D. Nigam, Note on the boundary layer on a rotating
sphere, J. Appl. Math. Phys., 5 (1954) 151-155.

[13] Y. Kobayashi, Measurements of boundary layer of a rotating
sphere, J. Sci., Hiroshima Univ. A., 20 (1957) 149-157.

[14] W. H. H. Banks, The boundary layer on a rotating sphere,
Q. J. Mech. Appl. Math., 48 (1965) 443-454.

[15] R. Manohar, The boundary on a rotating sphere, Z.angew.
Math. Phys., 18 (1967) 320.

[16] O. Sawatzki, Das Stromungsfeld un eine rotiernde kugel,
Acta Mech., 9 (1970) 159-214.

[17] W. H. H. Banks, The laminar boundary layer on a rotating
sphere, Acta Mech., 24 (1976) 273-287.

[18] Y. P. Kohama, Three-dimensional boundary layer transition
study, Current Science 79(6) (2000) 800-807.

[19] H. Taniguchi, T. Kobayashi and Y. Fukunishi, Stability of
the boundary layer on a sphere rotating in still fluid, Acta
Mech., 129 (1998) 243-253.

[20] Y. P. Kohama and R. Kobayashi, Boundary-layer transition
and the behavior of spiral vortices on rotating spheres, J.
Fluid Mech., 137 (1983) 153-164.

[21]R. Kobayashi and T. Arai, Spiral vortex behaviour
in transition region and separation of three-dimensional
boundary layers on spheres rotating in axial flow, In Laminar
Turbulent Transition’, IUTAM Symposium Toulouse, France,
ed. D. Arnal & R. Michel, (1990) 51-57.

[22] Y. P. Kohama, Turbulent transition process of the spiral
vortices appearing in the laminar boundary layer of a rotating
cone, Phys.-Chem. Hydrodyn, 6(5) (1985) 659.

[23] R. Kobayashi, Y. Kohama and M. Kurosawa, Boundary-
layer transition on a rotating cone in axial flow, J. Fluid
Mech., 127 (1983) 341-52.

[24] R. Kobayashi and H. Izumi, Boundary-layer transition on a
rotating cone in still fluid, J. Fluid Mech., 127 (1983) 353-64.

[25] S. J. Garrett, The stability and transition of the boundary
layer on rotating bodies, PhD thesis, Cambridge University
(2002).

[26] S. J. Garrett and N. Peake, The stability and transition of
the boundary layer on a rotating sphere, J. Fluid Mech., 456
(2002) 199-217.

[27]1 S. J. Garrett and N. Peake, The stability of the boundary
layer on a rotating sphere in a uniform axial flow, European
J. Mech., B, 23 (2004) 241-253.

[28] S. J. Garrett, Vortex-speed selection in the rotating-disk
boundary layer, Journal of Algorithms & Computational
Technology, 4(1) (2010) 71-88.

[29] S. J. Garrett, Linear growth rates of type I & II convective
modes within the rotating-cone boundary layer, Fluid Dyn.
Res., 42 (2010) 025504.

[30] S. J. Garrett, Z. Hussain and S. O. Stephen, The cross flow
instability of the boundary layer on a rotating cone, J. Fluid
Mech., 622 (2009) 209-32.

[31] S. J. Garrett, Z. Hussain and S. O. Stephen, Boundary-layer
transition on broad cones rotating in an imposed axial flow,
AIAA Journal, 48(6) (2009) 1-15 .

[32] S. J. Garrett and N. Peake, The absolute instability of the
boundary layer on a rotating cone, European. J. Mech. B., 26
(2007) 344-53.

[33] A. Samad, The convective instability of the boundary-layer,
PhD thesis, University of Leicester, U.K. (2010).

[34] A. Samad and S. J. Garrett, The convective instability of
boundary-layer flows over rotating spheroids, Proceedings
of Fluids Engineering Summer Meeting, Vail, Co, 1 (2009)
2295-2303.

[35] A. Samad and S. J. Garrett, On the laminar boundary-layer
flow over rotating spheroids, Int. J. Engineering Sciences, 48
(2010) 2015-2027.

© 2020 NSP
Natural Sciences Publishing Cor.



	Introduction
	The laminar boundary layer over a rotating paraboloid
	Formulation of laminar boundary layer flow over rotating paraboloid
	Series solution for the laminar flow over rotating paraboloid
	Discussion
	Dimensional equations of rotating paraboloid
	Details of the series solution for paraboloid
	Conclusion

