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ABSTRACT: The lift force on an isolated rotating sphere in a uniform flow was investigated by
means of a three-dimensional numerical simulation for low Reynolds numbers (based on the sphere
diameter) (Re < 68.4) and high dimensionless rotational speeds (I" < 5). The Navier-Stokes equa-
tions in Cartesian coordinate system were solved using a finite volume formulation based on SIMPLE
procedure. The accuracy of the numerical simulation was tested through a comparison with available
theoretical, numerical and experimental results at low Reynolds numbers, and it was found that they
were in close agreement under the above mentioned ranges of the Reynolds number and rotational
speed. From a detailed computation of the flow field around a rotational sphere in extended ranges
of the Reynolds number and rotational speed, the results show that, with increasing the rotational
speed or decreasing the Reynolds number, the lift coefficient increases. An empirical equation more
accurate than those obtained by previous studies was obtained to describe both effects of the rotational
speed and Reynolds number on the lift force on a sphere. It was found in calculations that the drag
coeficient is not significantly affected by the rotation of the sphere. The ratio of the lift force to the
drag force, both of which act on a sphere in a uniform flow at the same time, was investigated. For a
small spherical particle such as one of about 100 um in diameter, even if the rotational speed reaches

about 10° revolutions per minute, the lift force can be neglected as compared with the drag force.
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1 INTRODUCTION

The description of forces on a spherical parti-
cle could be considered to be the basis of a theo-
retical analysis in a gas-particle two-phase flow sys-
tem. Generally, the rotation of particles takes place
in many gas-particle cases and may be caused by a
velocity gradient or a particle-particle collision or a
particle-wall collision. The lift force developed due to
the rotation of the particle as shown in Fig.1 is called
the Magnus force in honor of its discoverer. Here,
I, is the lift force produced by the rotation of the
sphere, Fp the drag force, u, the flow velocity, and
w the angular velocity. The Magnus force is caused
by a pressure differential between the two sides of the
particle resulting from the velocity differential due to
the rotation. Magnus!!] and Newton [? discussed the
transverse force and gave an accepted explanation for
its existence many years ago. Up to now, most of
previous investigations on the lift force focused on a
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There were few studies concern-
ing the lift force on a rotating sphere. Rubinow and

rotating cylinder.

Keller® obtained the lift force on a rotating sphere
In their
analyses, the Reynolds number Re(= psdu,/p) was
assumed to be much less than unity. Here ps is the
fluid density, d is the diameter of the sphere, u, is the
relative fluid velocity between the sphere and the fluid
flow, and g is the fluid dynamics viscosity. Macolll4],

by using matched asymptotic expansions.
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Fig.1 Lift force on a rotating sphere
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Davies® | Barkle and Auchterloniel® and Tanaka et
al.l"l reported their experimental results of the lift
force on a rotating sphere at Reynolds numbers ex-
ceeding 2 x 103. Tsuji et al.[®l obtained the lift force
on a rotating sphere at Reynolds numbers from 550
to 1600 from trajectories of the sphere that impinged
on an inclined plate and bounced.

For most application cases of the gas-particle
two-phase flow, the Reynolds number based on the
particle diameter often is limited in the range Re <
100. Such are the cases in the formation of the pul-
verized coal combustion, in the agglomeration of fine
powders in gas flows, air filtration equipment, sewage
disposal devices, fast fluidized beds, and so on. Most
researches focused on the flow with higher Reynolds
number, and their results cannot be used directly to
solve the problem with a low Reynolds number. Re-
cently, a few studies have been conducted for the lift
force in the range of low Reynolds numbers. Oesterle
and Bui Dinh[® carried out the measurement of the
lift force on a rotating sphere in a uniform flow us-
ing the trajectography technique at 10 < Re < 140,
and in the range of dimensionless rotational speed I’
of between 1 and 6. Because of the difficulty in the
experimental measurement, the measured values for
the lift coefficient are not very accurate. Ben Salem
and Oesterlel!” numerically investigated the influ-
ence of combined shear and rotation on the lift, drag
and torque for the Reynolds number up to 20, and
—2 < I' < 4+2. The full Navier-Stokes equations in
a spherical polar coordinate system were solved using
a finite volume formulation based on a pressure cor-
rection procedure!!l]. In their study, the lift and drag
coeflicients were found to be significantly sensitive to
the grid parameters for a shear flow, so that reported
results were restricted to the Reynolds number up to
20. Therefore, an expression of the lift force on the ro-
tational sphere cannot be obtained from their results.
Kurose and Komoril'?l numerically studied the drag
and lift forces acting on a rotating rigid sphere in a
homogeneous linear shear flow by means of a three-
dimensional numerical simulation. The effect of both
the fluid shear and rotational speed of the sphere on
the drag and lift forces were estimated in the range of
the Reynolds number between 1 and 500, and of the
dimensionless rotational speed of the sphere I" < 0.25.
An approximate expressions for the lift force coefhi-
cient were proposed for Re < 500, I' < 0.25. Because
of the lack of the wide validation for this expression,
its accuracy remained a question.

With regard to the investigations on the lift force
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published in literatures, we think that what was said
in Crowe et al.[13 for the lift force is still correct at the
present time: “the lift coefficient due to rotation in re-
gions of interest to fluid-particle flows (1 < Re < 10%)
is still an open question”.

In order to accurately express the lift force for
low Reynolds numbers, we present a numerical study
of the flow over a rotating sphere in the range of
Re < 100 and I' < 5. The computational results
are validated with the available data in literatures.
Furthermore, an approximate expression for the lift
coeflicient against the rotational speed and Reynolds
number is derived from the numerical results. Finally,
in order to estimate the influence of the lift force on
the particle movement, the ratio of the drag force to
the lift force is discussed based on the computational
results.

2 NUMERICAL SIMULATION

Using the numerical method, we study a flow
with a uniform upstream over a rotating sphere in
the range of Re < 100. The flow can be described by
Navier-Stokes equations as follows

VU =0 (1)
V(pUU) = =Vp+ uViU (2)

where U and p represent the fluid velocity and pres-
sure, respectively. In the present study, external body
forces such as gravitation are ignored.

In the present numerical study of the lift force on
a rigid sphere, the computational domain is schemat-
ically shown in Fig.2. The sphere diameter is 100 gm
for all computational cases. Because of the symmetry
of the flow field with regard to the yz-plane in the
range of Reynolds numbers, only a half of the flow
over the sphere is considered in the calculations. The
sphere is rotating with a constant rotational speed
around a transverse axis through the center of the
sphere. The inlet velocity is in a uniform distribution,

outlet| | T
gas p—
inlet . =
Ya jw rotating wall
T
o) Az w
Ll L2

Fig.2 Coordinate system and computational domain
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and the fully developed flow is taken as the outlet
condition. Other faces are symmetrical boundaries.
The discussion of the computational accuracy will be
made in the next sections.

The present calculation employs a finite volume
method for the spatial discretization of the govern-
ing equations. Most of the meshes are unstructured in
the calculation, such as the tetrahedral mesh. Figure 3
displays the mesh distribution near the sphere. It can
be seen that the mesh was designed to have a non-
uniform distribution so that the mesh adjacent to the
sphere has a very fine resolution and the size of the
mesh increases as it moves away from the sphere. The
size of the grid adjacent to the sphere surface is the
smallest in the entire domain and is 5 pm; the max-
imum mesh size is 20 ym. The QUICK scheme with
a three-order discretization accuracy is used to avoid
the numerical diffusion and obtain an accurate flow
field. The SIMPLE algorithm('4 is used to deal with
the coupling between velocity and pressure, and the
convergent criteria for the residue for all variables are
set to be 1079, A typical case simulation requires
about 10h CPU time on a PC with Pentium II-400
processor.

Fig.3 Mesh distribution near the sphere

The hydrodynamic force on a rotating sphere in
a uniform flow is usually resolved into the drag force
Fp, in the direction of the relative motion, and the
lift force F,, which is orthogonal to the direction of
the relative motion. The drag and lift forces can be
obtained by summing both of the pressure and viscos-
ity forces in the z- and y-directions, respectively, and
in a dimensional form, are defined by

Fpb=Fpp+Fpy=-— // pe,ndS + // nre,dS
s s

(3)
F,=FLp+FLyf = _//s peyndS’-i—// nte,dS (4)
s

where n is the outward-pointing unit normal vector
at the particle surface, and 7 is the viscous stress ten-
sor. These force components are characterized by the
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dimensionless coefficients Cp and Cy,, defined by

1
Fp = CDgpfu%S (5)

1
= CL§pfu%S (6)

where py is the fluid density, u, the relative velocity
between the flow and sphere and S the projected sec-
tional area of the sphere. The rotational speed of the
sphere is usually represented by a ratio of the equato-
rial velocity of the sphere to the sphere-fluid relative
velocity, which is defined as

r— dw (7)

- 2U,

where w is the angular velocity of the sphere of diam-
eter d.

The Reynolds number based on the sphere di-

ameter is
R.= 2 ®
7

With the selected sphere diameter, d = 100 pm,
the Reynolds number of from 0.5 up to 68.4 can be
obtained by varying the relative velocity u, between
0.073m/s and 10m/s.

According to the studies on the lift force on a
sphere in literature, the size of the computational do-
main strongly affects the accuracy of calculation. Ta-
ble 1 gives some sizes used by other studies and by the
present study. Here rp;, is the minimum distance be-
tween the center of the sphere and the outer boundary
location, and rephere is the radius of the sphere. Two
tests are carried out to examine the sensitivity of the
solution to the position of the outer boundary. Using
the same values of the Reynolds number Re = 68.4
and of the rotational speed I' = 5, and a similar
mesh size, we computed for both small and large do-
main sizes: (L1,L2,W,H) = (4d,12d,3.5d,7d) and
(104,204, 10d, 20d). In Table 2, the values of the drag
and lift forces obtained from the large and small do-
main simulations are compared. It can be seen that
the values of the drag and lift forces obtained by
the small domain simulations are larger than those
obtained by the corresponding simulations using the
larger domain. There are small discrepancies due to
the truncation of the domain. Because the number
of mesh is considerable for the large domain simu-
lation, the computational requirements (the number
of floating point operations and the memory require-
ments) are very large. Hence, we could not con-
duct simulations with larger domains, the values of
(L1,L2,W,H) = (4d,12d,3.5d,7d) are used in all
subsequent calculations.
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Table 1 Selections of the computational domain by some researchers

Dandy and Dwyer (5]

for linear shear flow, 0.1 < Re < 100,I" = 0.0

Tmin = 12.5d = 2575phere

Ben Salem and Oesterle [10]

for linear shear flow, Re < 20,1 < 2

Tmin = 55d = 1107'sphere
(for very small Re)

Cherukat et al.['6]
for linear shear flow, Re ~ O(1),I' = 0.0

Tmin = 37.5d = T5rgphere

Kurose and Komoril12]
for linear shear flow, 1 < Re < 500,I" < 0.25

Tmin = 5d = 10"'sphere

Lee and Wilczak(17)
for linear shear flow, 20 < Re < 500, = 0.0

Tmin = 6d = 12Tsphere

Present study
for uniform flow, Re < 68.4,I" < 5

Tmin = 3.5d = 77'sphere
(L1 =4d,L2 = 12d,W = 3.5d, H = 7d)

Table 2 Comparison between the results
obtained with small and large
computational domains

(L1,L2,W,H) Cp CL
(4d,12d,3.5d, 7d) 1.42 1.61
(10d, 20d, 10d, 20d) 1.3 1.5

3 RESULTS AND DISCUSSIONS

3.1 Accuracy of the Numerical Simulation

In order to test the accuracy, calculations were
made for two different cases: flows over a stationary
sphere at Re < 100 and over a rotating sphere at
Re < 1.

Figure 4 shows the comparison of the drag force
on a stationary sphere obtained by present simulation
with that reported by Schlichting!'®l. It is noted that
the agreement is reasonable at low Reynolds num-
bers. But it also can be seen that the discrepancy
increases for higher Reynolds numbers. This may
be due to the numerical diffusion in the calculation.
Because the mesh type selected in the present study
is tetrahedral, the flow can never be aligned with
the grid. It is clear that, at higher Reynolds num-
bers, the flow behind the sphere becomes more com-
plex. With increasing the Reynolds number, the wake

10 E‘
[
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O 1t
Schlichting I8}
a  present results
0.1 — -~ s
10 100

Re

Fig.4 Effects of Reynolds number on drag coefhi-
cient on a particle

size and separation angle increase. As a conse-
quence, the numerical diffusion becomes more notice-
able, which affects the computational accuracy.
Another validation is the calculation of the lift
force on a rotating sphere for the Reynolds number
Re = 0.5, with a comparison with the theoretical re-
sults of Rubinow and Keller®]. The theoretical solu-

tion of Rubinow and Keller was expressed by
CL=2I (9)

Values of some parameters used in the present
calculations are given in Table 3. Figure 5 shows a
comparison between the predicted lift coefficient and
the values calculated using Eq.(9) in the range of
Re < 1. Tt can be seen that a very good agreement
can be achieved.

Table 3 Computational conditions for testing
the numerical simulation

ur/(ms~1) 0.073
i/ (kg-(m-s)~1) 1.7894x107%
ps/(kg:m™3) 1.224
d/pm 100
Re 0.5
r 0.1,0.2,1.0,4.0
w/(rad-s~1) 146,292,1 460,5 480
107 ——— Rubinow and Keller !
sl ~#— present results '
Il /
) >
4} /
/
2 F
0 . " A —
0 1 2 3 4
I

Fig.5 Comparison between theoretical and com-
putational results for Re = 0.5
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Because most calculations in the present study
are for Re > 1, the accuracy at such Reynolds num-
bers should be paid more attentions. According to
the results reported by Ben Salem and Oesterlel!% at
a very small Reynolds number, a very large size of the
computational domain is required to obtain accurate
results, however, at a higher Reynolds number, this
value may be reduced without loss of accuracy. Thus
it can be seen that the size chosen in the present cal-
culation in the range of higher Reynolds numbers is
enough to provide reliable results regarding the hy-
drodynamic forces and flow patterns.

3.2 Effect of Reynolds Number Re and Rota-
tional Speed I' on Lift Coefficient C|,

In order to determine the relation of the lift co-
efficient against the Reynolds number and the rota-
tional speed, the detailed numerical simulations of the
lift force on a rotating sphere in a uniform flow are
carried out in the range of Re < 68.4 and I' < 5.

Figure 6 shows the lift coefficients of the rotating
sphere at different Reynolds numbers. With increas-
ing I' or decreasing Reynolds number, the increas-
ing trend for the lift coefficient is obviously observed.
Moreover, the results seem to indicate that the lift
coefficient decreases very slightly with increasing Re
at a fixed value of I', and the influence of I" gradually
vanishes at higher Reynolds numbers. Similar results
were obtained in the experimental study of Oesterle
and Bui Dinh®!. Figure 7 gives a comparison between
the present and Oesterle and Bui Dinh’s results. In
Oesterle and Bui Dinh’s experiments, the data were
much scattered. It is found from the rough compari-
son, the magnitude of the lift coefficient obtained by
the present numerical simulation is in a quantitative
agreement with that obtained experimentally. Fitting
the numerical results using the least square method,

19 & pe=o0s *
—8— Re=8
8} —&— Re=17.1 .
- Re=234.2 /
—%— Re=68.4
6r /
5 / .
4|' ] ./
* A
i
/o'/A/ "
2r oA A QR
P Snan
O 1 1 1 1 1
0 1 2 3 4 5
r

Fig.6 The computational values of the lift coeffi-
clent as a function of the rotational speed
at different Reynolds numbers

1<l'<2
2<I'<3
3<I'<4
4<rI

a» + O

100 150

I'ig.7 The computed lift coeflicient as a func-
tion of the Reynolds number Re. Present
results (solid line) are compared to the
experimental results by Oesterle and Bui
Dinh!® (symbols)

an empirical Eq.(10) is obtained to express the lift
coeflicient in terms of the Reynolds number and the
rotational speed, I’

C = A(l1 - BY)
A =151+ 5.69 exp(—Re/18.62)+
26.32 exp(—Re/3.65) (10)
Re —0.5
B = 0.56 + 0.37 exp ( — W>

Figure 8 shows the flow patterns at different ro-
tational speeds in the yz-plane. As the no-slip bound-
ary condition is used on the surface, the flow velocity
near the sphere gradually increases with increasing
the sphere rotational speed. When the sphere is ro-
tated with a low spin speed, such as in the situation
of I' = 0.1, the wake can also be observed behind
the sphere. With continually increasing the rota-
tional speed, the tangential velocity of the fluid on
the surface of the sphere gradually weakens the wake
size until the wake behind the sphere is completely
destroyed, as shown in Fig.8 when I' = 1.0,3.0,5.0.
Figure 9 shows the distribution of z-component veloc-
ity along a vertical centreline. For such a flow case,
there is a large region beneath the particle where
the flow is reversed with regards to the upstream
flow. The distance between the bottom surface of the
sphere and the turning point approaches the sphere
diameter, 100 um. If this particle is located in a multi-
particle system, the spheres around it may be affected
by the reversed flow. On the other hand, it can be ob-
served that a considerable velocity gradient appears
near the sphere due to a considerable high rotational
speed. For such a flow, there is some doubt as to
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Fig.8 The flow patterns at different spin parameters I at Re = 34.2
(In order to avoid the vector arrows’ lap over, only parts of velocities are shown)
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—-25 -15 -5 5 15 25

velocity W/ m-s"!

Fig.9 The velocity distribution in a vertical cen-
treline at Re =34.2and I' =5

whether the Navier-Stokes equations can be reason-
ably used. The further investigations on the flow over
a sphere with a high rotational speed are required.
The lift force on a rotating sphere is equal to the
sum of the pressure and viscous force in the vertical
direction. Figure 10 gives the ratio of the pressure
CLp to the viscous force Cf, s as a function of the
rotational speed and the Reynolds number. It can
be seen that the pressure Cf, , contributes greatly to
the total lift Cy, as compared with the viscous force
CL,;. With increasing the rotational speed of the
sphere, the ratio of Cr,, to Cr ¢ rapidly decreases.
However, for higher Reynolds numbers, with increas-
ing the rotational speed, this ratio seems tend to
increase, as shown in the figure that, at Re = 68.4,
the ratio at I' = 5 is larger than that at I' = 3. For a

fixed rotational speed, with increasing the Reynolds
number, the ratio Cp, to Cr ¢ increases. A similar
trend has also been found by Kurose and Komoril'2,
who carried out the calculation of the lift force on a
rotating sphere in a uniform flow for I' < 0.25 and
a large Reynolds number range of from 1 to 500.
Figure 11 shows the comparison between the present
results at I' = 0.1 and Kurose and Komori’s results
at I' = 0.16. The qualitative agreement can be found
between them, whereas there exists an obvious quan-
titative difference. The comparison of the present lift
force expression (10) with that obtained by Kurose
and Komoril!?l (expression (3.11) in their paper) is
shown in Fig.12 for Re near unity. It shows a large dif-
ference between them, and the present result is close
to the Rubinow and Keller’s results obtained theoret-
ically for small values of the Reynolds number. To

107

9 —=— Re=8

8 —— Re=17.1
“ 7.\ —a— Re=34.2
S G-A\’ —+— Re=684
\R4 .
3 57 A
O 4%\

3] ———

1 T —T T T T

Fig.10 Ratio of contribution of pressure CL,p
to that of viscous force CL, s in the total
lift coefficient Cp,
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—=— (], (present results)
—e— (1, (present results)
0.2r —* OL, 5 (present results)
--o- O, (Kurose and Komori[121)
--o-- (', 5 (Kurose and Komori 21y
¢+ O, 5 (Kurose and Komori ' )
= ul

0.0 : 1

Fig.11 Comparisons of lift coeflicients CL, CL,p,
Cp s for a rotating sphere between the
present results for I’ = 0.1 and that by
Kurose and Komoril*? for I' = 0.16

—— Rubinow and Keller [} ( small Re)
- -~ Kurose and Komori ! (Re=1)
1----- expression (10) (Re=1)

CL
\
\

Fig.12 Comparisons of the expression (10) with
the Kurose and Komori’s result at Re =1

the best of our knowledge, the sudden flow change
would not happen from Re = 0.5, where the compu-
tation had been validated in section 3.1, to Re near
unity. Therefore, the value of the lift coefficient at
Re = 1 should be near that predicted by Rubinow
and Keller’s equation (9) for Re less than unity. It
means that the present relationship (10} is more ac-
curate than that obtained by Kurose and Komori.

3.3 Effect of Rotation on Drag Force

In the previous studies!1%:12]
Cp was found not significantly influenced by the ro-
tation of the sphere. In the present calculation of the
drag force at low Reynolds numbers, similar results
are also obtained. Figure 13 gives the computational
results of Cp at low Reynolds numbers. With in-
creasing the rotational speed for a fixed value of the
Reynolds number, the drag coefficient varies slightly.
However, with continuously increasing the rotational
speed such as more than I' = 5, Cp tends to decrease

, the drag coefficient

for all of Reynolds numbers used in the calculation.

e

~,

4r A
oA A \
3} A

e
PURTL S e,
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" *\*\:
1r —®—Re=—8 —&— Re=17.1
49— Re=34.2 —%— Re—=68.4
0 1 1 i3 1 A 1
0 1 2 3 4 5 6

r

Fig.13 The drag coefficient as a function of rota-
tional speed at different Reynolds numbers

3.4 Ratio of Lift Force to Drag Force

In theoretical analyses and numerical simula-
tions of the gas-particle two-phase flow, the ratio of
the lift force to the drag force is of interest. Some-
times, the lift force produced by the particle rotation
was neglected as compared with the corresponding
drag force on it. Because of lack of knowledge about
the lift force in the range of low Reynolds numbers,
this neglect of the lift force on a particle was not jus-
tified. On the other hand, because of the lack of the
relationship expressing the lift coefficient in terms of
the Reynolds number and rotational speed in the cor-
responding range of the Reynolds number to the prac-
tical case, the numerical simulations of the particle
motion can not be conducted using a relationship of
previous results, such as Rubinow and Keller’s equa-
tion (9). If the practical Reynolds number is not in
the range, where the lift relationship was obtained,
the calculation of the lift force will not be correct.

Figure 14 gives the ratio of the lift coefficient to
the drag coefficient at low Reynolds numbers. With
the increase of the rotational speed, this ratio rapidly
increases. Also, it can be seen that the data do not
have a very large scatter with the variation of the
Reynolds numbers. To estimate the value of the lift
force on a rotating sphere at low Reynolds numbers,

15¢
—0— Re=8

—&— Re=17.1 .
—€— Re=34.2 N
1.0F  —— Re=68.4

CL/Cp

Fig.14 The ratio of CL, to Cp as a function of I'
at different Reynolds numbers
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an empirical equation is obtained by fitting data
shown in Fig.14.

CL/Cp = 0.43884T" — 0.124 71" 4+ 0.01589I"% (11)

The results of the present study may be of inter-
est for the case of the particle motion in a pulverized
coal boiler or in a reactor of flue gas desulfurization.
The particle diameter is typically of order of 100 pm in
these cases. When the dimensionless rotational speed
I' approaches about 5, i.e., when the rotational speed
is about 4800000 rpm, the value of the lift force on
the sphere is close to that of the drag force. Gen-
erally, it is rarely the case for the sphere to come
up with such a considerable rotational speed. Shi et
al.['%] measured the rotational speed of a fine particle
fired in a practical industrial pulverized coal boiler
by using the multi-pulse laser holography. When a
particle came into collision with the wall surface, the
rotational speed approached only about 1800 cycle
per second (108000rpm). When a spherical particle
moves with that rotational speed, and the Reynolds
number also falls into the range less than 68.4, the
corresponding lift-to-drag ratio can be estimated to
be equal to about 0.01. Therefore, it is reasonable
neglecting the lift force in the theoretical analyses,
numerical simulations as well as experimental mea-
surements of a two-phase flow.

4 CONCLUSIONS

In the present study, the numerical simulations
of the flow over a rotating sphere in a uniform flow
are carried out at low Reynolds numbers. The con-
clusions can be drawn as follows:

(1) The lift force on a rotating sphere in a uniform flow
is successfully investigated by using numerical simula-
tion in the range of the Reynolds number Re < 68.4
and of the dimensionless rotational speed I' < 5.
Through comparing the computational results with
the theoretical data, the accuracy of the simulation
is tested, and a reasonable agreement is obtained.

(2) A relationship expressing the lift coefficient in terms
of the Reynolds number and rotational speed is ob-
tained, which is more accurate than those obtained by
previous studies.

(3) The drag force is slightly influenced by the sphere ro-
tation in the range of Re < 68.4 and 0 < I' < 5,
and its variation with the increasing rotational speed
mainly depends upon that of the pressure value on the
sphere surface.

(4) The ratio of the lift force to the drag force, both of
which act on a rotating sphere in a uniform flow at the
same time, is investigated. For a small particle such
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as one of about 100 pm in diameter, even when the ro-
tational speed approaches about 100 000 rpm, the lift
force can be neglected as compared with the corre-
sponding drag force.
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