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Abstract—The assumption of flow symmetry is made to investigate a supersonic flow (M, = 5) past a thin

circular cone with a half-angle 0, = 4° and an isothermal surface (7, = 0.5) by way of numerical integration

of unsteady-state three-dimensional Navier—Stokes and Reynolds equations. The calculations are performed

in a discrete range of variation of the Reynolds number (104 <Re< 108) and angle of attack (0° < o < 15°).
The effect of the determining parameters of the problem on the structure of flow field and on aerodynamic
heating of the body surface subjected to flow is demonstrated.

INTRODUCTION

Sharp-nose circular cones are often used as ele-
ments of flying vehicles; therefore, the investigation
of flow past these bodies is of scientific and applied
interest. In view of this, the flow past conical bodies
has been studied theoretically and experimentally in a
fairly wide range of variation of the determining
parameters of the problem. The results of these studies
are generalized in a number of monographs, for exam-
ple, in monographs [1, 2] devoted to supersonic and
hypersonic flows of gas past sharp-nose conical
bodies.

The experimental investigations cover two ranges
with respect to the Mach number. The first range
includes transonic and low supersonic velocities
(0.6 <M, < 3), and the second range — hypersonic

velocities at which the rarefied gas effects show up
(M., > 10). A typical example of investigations of the

first type is provided by studies [3, 4], and of those of
the second type — by study [5]. Note that the Mach
numbers in the first range were extensively employed
in aviation technologies, and those in the second range
— in space technologies. Experimental investigations
of sharp-nose conical bodies at high values of the
Mach number were performed as well; however, pref-
erence was given to the study of blunt conical bodies
under conditions of aerodynamic heating.

According to the results of investigations per-
formed at high values of the Reynolds number, the

structure of flow field in the vicinity of a thin circular
cone with a half-angle 0. located at an angle of attack

o in supersonic flow is largely defined by the angle of
attack.

At low angles of attack (o/0, < 0.8), the flow past

a cone is non-separation and symmetric. In so doing,
the line of spreading is located in the plane of symme-
try on the windward side of the cone, and the line of
runoff — on the leeward side. The pressure assumes
extreme values on these lines in the cone cross sec-
tion, namely, the maximal value on the spreading line
and the minimal value on the runoff line; consequent-
ly, the transverse flow in the boundary layer is direct-
ed from the spreading line to runoff line.

A transverse separation of the boundary layer is
observed on the leeward side of the cone at moderate
and high values of the angle of attack (0.8 < a/0,).

According to the experimental data, a symmetric
separation of flow is observed for the number M, =
= 1.8 [4] at angles of attack a/0, < 3.2, which causes
the symmetry of flow past the cone, and an asymmet-
ric separation of flow is observed at angles of attack
a/0,> 3.2, which causes the asymmetry of gas flow in
the vicinity of the cone and the emergence of a lateral

force. In so doing, the limiting value of the angle of
attack increases with the Mach number.

Theoretical investigations of supersonic flow past
sharp-nose cones involved an extensive use of the
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classical (asymptotic) formulation of the problem, in
which nonviscous flow plus noninteracting boundary
layer were treated.

Within the classical formulation of the problem, a
nonviscous flow in the vicinity of a sharp circular
cone is conical in the case of small and moderate
angles of attack, and the solution of equations of
three-dimensional boundary layer in the case of coni-
cal external flow is self-similar under certain condi-
tions and reduces to integrating the set of parabolic
two-dimensional equations. The flow of gas in turbu-
lent boundary layer is non-self-similar under any con-
ditions and retains a significantly three-dimensional
pattern.

In the case of asymptotic approach, only the flow
fields and local aerodynamic characteristics in the
region of non-separation flow past a body are deter-
mined. As is demonstrated by the results of theoretical
and experimental investigations, local “peaks” of heat
flux arise in separation flow regions, which have a sig-
nificant effect on aerodynamic heating of the surface
subjected to flow and are of much interest from the
standpoint of applied problems.

In view of this, it is necessary to solve the problem
using complete equations of viscous gas dynamics.

A number of theoretical investigations of super-
sonic flow past conical bodies were performed assum-
ing the conical pattern of viscous gas flow, owing to
which the numerical integration of unsteady-state
three-dimensional Navier—Stokes or Reynolds equa-
tions reduces to solving an unsteady-state two-dimen-
sional problem (see, for example, [6]). The results of
calculations using this approximate approach agree
quite well with the respective experimental data. The
studies devoted to numerical simulation of supersonic
flow past sharp-nose cones using complete equations
of viscous gas dynamics are relatively few and, as a
rule, deal with the evaluation of numerical algorithm.

At present, the aviation and space technologies
involve ever higher supersonic velocities, and the
need arises for studying supersonic flows past sharp-
nose thin cones at high values of the Mach number at
the angle of attack using equations of viscous gas
dynamics.

Numerous different approaches to numerical solu-
tion of Navier—Stokes and Reynolds equations have
been developed within the framework of computa-
tional aerodynamics. These approaches include the
method based on the implicit finite-difference scheme
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of Beam and Warming [7] and its further modification
[8,9].

The use of implicit difference schemes with subse-
quent linearization and solution of the set of finite-dif-
ference equations by the Newton method [10] may be
regarded as the most complete from the mathematical
standpoint. This approach was developed for numeri-
cal integration of unsteady-state two-dimensional
Navier—Stokes equations [11] and Reynolds equations
[12] in the Boussinesq assumption of Reynolds stress-
es using a two-parameter differential model of turbu-
lence [13] and realized in a software package for per-
sonal computers (PC). It was further used to solve a
number of supersonic problems of external and inter-
nal aerodynamics such as those for circular cylinder,
sphere, and plane and axisymmetric channels [14].
The development of PC as regards the increase in their
speed and memory made it possible to generalize this
approach to the simulation of three-dimensional
supersonic flows using unsteady-state three-dimen-
sional equations of viscous gas dynamics [15, 16].
The procedure of numerical simulation using Navier—
Stokes equations is described in [15] and verified by
comparing the calculation results (M, = 10.4, 6, =

=15°,0<0/0,<1.2) with experimental data [17]. The

procedure of numerical simulation using Reynolds
equations is described in [16], and the calculation
results and experimental data (M, =4, 0, = 4°, 0 <

< a/0, < 2) are compared with respect to the integral

characteristics of a sharp cone. In both latter studies,
the calculations were performed on the assumption of
flow symmetry, and good quantitative and qualitative
agreement was observed between the theoretical and
experimental data. This fact enables one to use this
approach to investigate a supersonic flow of viscous
gas past sharp-nose conical bodies.

We have performed a numerical investigation of
aecrodynamic heating of a thin sharp-nose circular
cone in a supersonic flow of viscous perfect gas at
high values of the Reynolds number in some range of
values of the attack angle. Because the special fea-
tures of heat transfer on the cone surface subjected to
flow are defined by the structure of the flow field, the
study of the latter as a function of the angle of attack
and Reynolds number is likewise given considerable
attention. In the first section of this paper, the formu-
lation of the problem and the calculation conditions
are described briefly; the second section deals with the
effect of the angle of attack and Reynolds number on
the structure of flow field; in the third section, special
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features of heat transfer on the surface of a cone sub-
jected to flow are analyzed.

FORMULATION OF THE PROBLEM AND
CONDITIONS OF CALCULATION

Numerical integration of Navier—Stokes and Rey-
nolds equations by the procedure of [15, 16] was used
to study a supersonic (M, = 5) flow of a sharp-nose

circular cone with a half-angle 0, = 4° and isothermal
surface (T, =T,,/T,= 0.5, where T, and T, denote the

temperature of the surface subjected to flow and the
stagnation temperature of unperturbed flow, respec-
tively). A cone of finite length L was treated; this
length was taken to be the characteristic linear dimen-
sion. The outlet boundary of the computational
domain was located on the sharp edge of the bottom
section, so that the flow in the near wake behind the
cone was not calculated. This approach to the problem
corresponds to treatment of flow past a semi-infinite
cone.

Assuming the symmetry of flow, the calculations
were performed on a nonuniform 41x101x101 grid (in
the longitudinal, normal, and circumferential direc-
tions, respectively) in the case of laminar flow past the
cone and on a nonuniform 41x81x71 grid in the case
of laminar-turbulent flow.

Two series of calculations were performed. In the
first series, the effect of the angle of attack (0° < a <
< 15°) was investigated for the Reynolds numbers

Re = p V L/n, = 10° (laminar flow) and Re = 10’
(laminar-turbulent flow). In the second series of cal-
culations, the effect of the Reynolds number (104 <

<Re < 108) at an angle of attack o = 8° was investi-
gated. In so doing, numerical simulation of flow past
a thin cone involved the use of Navier—Stokes equa-

tions for numbers 10* < Re < 10° and of Reynolds

equations for numbers 10° <Re < 10%,
THE STRUCTURE OF FLOW FIELD

The effect of the determining parameters of the
problem on the structure of flow field in the vicinity
of the thin cone may be judged by the pattern of lim-
iting lines of flow on the surface subjected to flow.
The effect of the angle of attack for laminar flow

(Re= 105) is shown in Fig. 1 and that for laminar-tur-

bulent flow (Re = 107) past the cone — in Fig. 2, and
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the effect of the Reynolds number at a fixed angle of
attack (o = 8°) is shown in Fig. 3.

The Effect of the Angle of Attack

At zero angle of attack, the flow of gas in the vicin-
ity of the cone is axisymmetric, and the limiting lines
of flow are straight lines issuing from the sharp vertex
of the body (Figs. la and 2a).

One and the same flow pattern is observed on the
windward side of the cone for all treated angles of
attack: the line of spreading is located on the cone sur-
face in the plane of symmetry, and the gas flows from
the windward side to the leeward side. The structure
of flow field on the leeward side depends strongly on
the angle of attack and Reynolds number; in so doing,
the gas flow is non-separation flow at angles of attack
o < 4° and separation flow at o > 4°. In view of this,
the development of the structure of flow field on only
the leeward side of the cone is treated below.

At small angles of attack (o < 4°), the flow past the
cone is non-separation flow, and the line of runoff is
located in the plane of symmetry on the leeward side.
At o = 4°, a transverse separation of flow is initiated
in the neighborhood of the symmetry plane, which is
so insignificant that it is unnoticed in the patterns of
limiting lines of flow which are close to the respective
patterns at small angles of attack (Figs. 1b and 2b).

A developed region of transverse separation flow
is observed at moderate and large angles of attack
(o0 > 4°) on the leeward side of the cone for both val-
ues of the Reynolds number. The patterns of limiting
lines of flow indicate that the flow remains non-sepa-
ration in some neighborhood of the sharp vertex of the
body, and it is only at some distance downstream of
the vertex that a transverse separation is formed. The
size of the separation zone increases with the angle of
attack, and its beginning shifts upstream somewhat.
The development of the structure of separation flow is
seriously affected by the Reynolds number.

In the case of laminar flow (Re = 105), the structure
of the separation zone on the leeward side has one and
the same form for all angles of attack: the classical
flow pattern according to two-vortex scheme is real-
ized in its every cross section. An increase in the angle
of attack causes qualitative changes in the characteris-
tics of the separation zone.

In the case of laminar-turbulent flow past the cone
(Re= 107), a complex evolution of the separation zone

structure is observed as a function of the angle of
attack (Fig.2). At a = 4° (as was observed above),
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Fig. 1. The patterns of limiting lines of flow on the surface of a sharp-nose circular isothermal (7, = 0.5)

cone at M, = 5 and Re = 10° (front view, laminar flow): (a) o = 0°, (b) a = 4°, (c) a = 6°, (d) o = 8°, (e)
a = 10° (f) a = 15°.
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Fig. 2. The patterns of limiting lines of flow on the surface of a sharp-nose circular isothermal (7, = 0.5)

cone at M, = 5 and Re = 107 (front view, laminar-turbulent flow): (a) a = 0°, (b) o = 4°, (c) a = 6°, (d)
o =28°% (e) a =10° (f) a = 15°.
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Fig. 3. The patterns of limiting lines of flow on the surface of a sharp-nose circular cone with an isothermal
surface (T, = 0.5) at M, = 5 and angle of attack a. = 8° (front view): (a) Re = 104, (b) Re = 3><104, (©)
Re = 10°, (d) Re = 3x10°, () Re = 10°, (f) Re = 10° (laminar-turbulent flow), (g) Re = 3x10%, (h) Re = 10’
(i) Re = 3x10’, (j) Re = 10%.
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conditions for transverse separation of flow are devel-
oped on the leeward side of the cone (Fig. 2b). At o =
= 6°, a separation zone with transverse flow and two
vortexes of opposite rotation is formed in accordance
with the classical scheme (Fig. 2c). At the angle of
attack o = 8° (Fig. 2d), a secondary transverse separa-
tion and attachment of flow occur within the separa-
tion zone in its small initial region. With further
increase of the angle of attack, the extent of the region
of secondary separation and attachment of flow
increases (Fig. 2e) and, at the angle of attack o = 15°
(Fig. 21), it propagates along the entire leeward side of
the cone.

The foregoing data are indicative of the significant
effect of the Reynolds number on the structure and
characteristics of the separation zone on the leeward
side of a thin cone. This effect was studied in more
detail for the angle of attack o = 8°, in the case of
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which a developed zone of separation flow forms on
the leeward side for large values of the Reynolds
number.

The Effect of the Reynolds Number

At Re = 10 (Fig. 3a), the flow past the leeward
side of the cone occurs without separation, and it is
only in the stern part that conditions for transverse

separation of flow are developed. At Re = 3x10%
(Fig. 3b), transverse separation and attachment of
flow is observed in the stern part of the body; with a
subsequent increase in Re, the size of the separation
zone increases, but the structure of separation flow
remains qualitatively unvaried (Figs. 3c and 3d). At

Re = 10° (Figs. 3e and 3f), qualitative changes occur
in the structure of separation flow: secondary separa-
tion and attachment of flow arise in the stern part of



Fig. 4. The effect of the angle of attack on the
distribution ¢° = ¢,/Re in the symmetry plane of
a sharp-nose circular cone with an isothermal sur-
face (T, = 0.5) at M, = 5 and Re = 10 (laminar
flow): (a) windward side, (b) leeward side; (/)
a=0%@2)a=2°%@0) a=4° ¢4 a=06°/()
o= 8% (6) a =10° (7) a = 15°.

the separation zone. Note that, with this value of the
Reynolds number, the calculations were performed
using both Navier—Stokes and Reynolds equations.
The calculation results almost coincide (cf., Figs. 3e
and 3f), which points to the absence of turbulization of

flow in the flow field being treated. At Re = 3x10°
(Fig. 3g), the zone of separation flow increases, and
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Fig. 5. The effect of the angle of attack on the
distribution ¢° = ¢, +/Re in the symmetry plane of
a sharp-nose circular cone with an isothermal sur-
face (T,,0 = 0.5) at M, = 5 and Re = 10’ (lami-

nar-turbulent flow): (a) windward side, (b)
leeward side; (/) to (7) as in Fig. 4.

tertiary separation and attachment of flow are formed
in this zone. Such a complication of the structure of
separation flow with increasing Reynolds number is

typical of the laminar mode of flow. At Re = 10’
(Fig. 3h), the structure of flow in the separation zone
is simplified compared to the previous case: the terti-
ary separation and attachment of flow disappear com-
pletely, and the region of secondary separation and
attachment of flow is reduced significantly and locat-
ed in the initial portion of the separation zone. In
addition, a significant reduction of the size of the sep-
aration zone is observed. All this points to the turbuli-
zation of flow in the stern part of the cone. With a fur-
ther increase in the Reynolds number (Figs. 3i and 3j),
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Fig. 6. The effect of the angle of attack on the
distribution ¢° = ¢,/Re in the cross section (x =
= 1) of a sharp-nose circular cone with an isother-
mal surface (7}, = 0.5) at M, = 5 and Re = 10°

(laminar flow): (a) windward side, (b) leeward
side; (/) to (7) as in Fig. 4.

the secondary separation and attachment of flow dis-
appear completely and a decrease in the size of the
separation zone is observed, which is indicative of the
expansion of the region of turbulent flow.

AERODYNAMIC HEATING

In analyzing the problem within the framework of
the theory of laminar boundary layer, the dependence
of the solution on the Reynolds number shows up
explicitly; in particular, the local aerodynamic charac-
teristics vary inversely with the square root of the
Reynolds number. Because we treat the flow past a
sharp cone at high values of the Reynolds number, the
results of calculations of heat transfer are represented
as the dependence of the dimensionless quantity
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Fig. 7. The effect of the angle of attack on the
distribution ¢° = ¢,/Re in the cross section (x =
= 1) of a sharp-nose circular cone with an isother-
mal surface (T, = 0.5) at M, = 5 and Re = 10

(laminar-turbulent flow): (a) windward side, (b)
leeward side; (/) to (7) as in Fig. 4.

q° = qWA/R76 on one or other independent variable
associated with the surface subjected to flow. Here,
g, = PoV,.H,q, is the local heat flux, and H_ is

the total enthalpy of unperturbed flow. For laminar-
turbulent flow past the cone, the calculation results are
given in the same form as for laminar flow for the pur-
pose of identifying the regions of transition and turbu-
lent flow. Note that the results given below make it
possible to judge the behavior of heat transfer coefti-
cient as a function of the determining parameters
of the problem; however, because of approximate
validity of the Reynolds analogy, the inferences will
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Fig. 8. The effect of the Reynolds number on the distribution ¢° = ¢,/Re in the symmetry plane of a sharp-
nose circular cone with an isothermal surface (7, = 0.5) at M, = 5 and angle of attack o = 8°: (a, b) wind-
ward side, (c, d) leeward side; (1) Re = 10%, (2) Re = 3x10%, (3) Re = 10°, (4) Re = 3x10°, (5) Re = 10°, (6)
Re = 10%, (7) Re = 3x10°%, (8) Re = 10, (9) Re = 3x10’, (10) Re = 10%; (/-5) laminar flow, (6-/0) laminar-

turbulent flow.

relate qualitatively to the longitudinal (radial) compo-
nent of local friction drag as well.

As was mentioned above, the line of spreading is
located on the windward side in the symmetry plane of
the sharp cone at all angles of attack. On this line, the
local values of heat flux (Fig. 4a) under conditions of

laminar flow past a body (Re = 105) decrease monot-
onically in the longitudinal direction at o = const and
increase monotonically with increasing angle of
attack at x = const. Here, x* = xL is the coordinate
directed along the cone axis and reckoned from its
vertex downstream. The line of runoff is located on
the leeward side of the cone in the flow symmetry
plane at small angles of attack; in the case of moderate
and large angles of attack, this line is replaced by the
line of spreading as the transverse separation and
attachment of flow is initiated and develops. There-
fore, the local heat fluxes in the cross section of the
cone being treated (Fig. 4b) vary nonmonotonically
both in the longitudinal direction and as a function of

the angle of attack. The nonmonotonicity of variation
of the heat flux in the longitudinal direction at o =
= const is observed for high values of the angle of
attack and leads to the emergence of a local minimum
located in the neighborhood of the point of initiation
of transverse separation. As a result of nonmonotonic-
ity of variation as a function of the angle of attack, the
values of local heat fluxes in the cross section of the
body on the leeward side become commensurable
with their values on the windward side.

Analogous calculation results for laminar-turbu-

lent flow past the cone (Re = 107) are given in Fig. 5.
According to these data, a laminar-turbulent transition
for the numbers Re and M, being treated is observed

in the neighborhood of the sharp vertex on both the
windward and leeward sides, so that the flow of gas in
the boundary layer on the larger part of the cone sur-
face subjected to flow is turbulent. The presence of
laminar-turbulent transition defines a higher degree of
nonmonotonicity of variation of local heat fluxes in

HIGH TEMPERATURE Vol. 43 No. 5 2005
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Fig. 9. The effect of the Reynolds number on the distribution ¢° = ¢, ~/Re in the cross section (x = 1) of a
sharp-nose circular cone with an isothermal surface (7,,, = 0.5) at M, = 5 and angle of attack o = 8°: (a)
windward side, (b, ¢) leeward side; (/) to (/0) as in Fig. 8.

the symmetry plane of flow compared to the case of
laminar flow past the cone.

We will analyze the effect of the angle of attack on
the distribution of heat flux in the cross section of the
cone. For this purpose, we will restrict ourselves to
treating the bottom cross section (x = 1), for which the
results of calculation for the case of laminar flow are
given in Fig. 6 and the results for the case of laminar-
turbulent flow — in Fig. 7. Here, 0 is the central angle
reckoned from the plane of symmetry on the wind-
ward side of the body.

In the case of laminar flow past the cone (Fig. 6) at
small angles of attack (0° < a < 4°), the heat flux
decreases monotonically during transition from the
windward to leeward side and, in the plane of symme-
try, assumes the maximal value on the windward side
and the minimal value on the leeward side. In the case
of moderate and large values of the angle of attack
(o> 4°), the heat flux varies nonmonotonically during
transition from the windward to leeward side because

HIGH TEMPERATURE Vol. 43 No. 5 2005

of the presence of transverse separation and assumes
local maximal values in symmetry plane of the body
and a local minimal value on the leeward side in the
neighborhood of the point of transverse separation.
The smooth variation of heat flux in the separation
zone is indicative of the simple structure of flow in the
separation zone.

The heat flux behavior in the bottom cross section
in the case of laminar-turbulent flow past the cone
(Fig. 7) is largely similar; however, some differences
are observed caused by the structure of flow in the
separation zone. During transition from the windward
to leeward side, the heat flux at small angles of attack
(0° < a < 4°) decreases monotonically exhibiting
extrema in the symmetry plane and, at moderate and
large angles of attack (o > 4°), it varies nonmonoton-
ically exhibiting a number of local extrema. The pres-
ence of several extrema in the separation zone is
indicative of the complex structure of flow in this
zone.
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Fig. 10. The effect of the angle of attack

on Q° = 0,/Re of a sharp-nose circular isother-
mal (T, = 0.5) cone at M, = 5 and a fixed value
of Re.

The effect of the Reynolds number on the local aer-
odynamic characteristics of a sharp cone was investi-
gated in detail for the angle of attack o = 8°. The
results of calculations of local values of heat flux are
given in Figs. 8 and 9. According to these data, it was
for the first time that a laminar-turbulent transition
was observed on the cone surface subjected to flow at

10% < Re < 3><106; with further increase in the Rey-
nolds number, the point of transition shifts upstream,
which fact defines the increase in the heat fluxes and
the simplification of the structure of flow field on the
leeward side of the body.

The variation of the Reynolds number does not
affect the overall structure of flow field on the wind-
ward side of the cone. As a result, on the windward

side of the body the results of calculation of qo for dif-
ferent values of Re in the case of laminar flow fit a
unified dependence curve (Figs. 8a, 8b, and 9a), and
the prediction data corresponding to turbulent flow in
the boundary layer deviate from this dependence
curve and indicate the position of the transition point
and the degree of increase in the local heat flux due to
turbulization of flow.

On the leeward side of the cone, the variation of the
Reynolds number has a significant effect on the over-
all structure of flow field; therefore, the distribution of
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Fig. 11. The effect of the Reynolds number on
Q" = Q,.Re of a sharp-nose circular isothermal
(T,,0 = 0.5) cone at M, = 5 and angle of attack

o = 8°: (/) results of calculations using Navier—
Stokes equations, (2) Reynolds equations.
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qo in both the symmetry plane and cross section of the
body is more complex compared to that on the wind-
ward side (Figs. 8c, 8d, 9b, and 9c).

Of certain applied interest is the total heat flux
delivered from the cone surface subjected to flow into
a flying vehicle. Therefore, the known distribution of
local heat flux along the surface subjected to flow was
used to calculate its total value. The results of these
calculations, which demonstrate the effect of Re and
angle of attack on the overall heat flux, are given in
Figs. 10 and 11.

CONCLUSIONS

The aerodynamic heating of a thin sharp-nose circu-
lar cone with a half-angle 0, = 4° in a supersonic flow

(M, = 5) of perfect gas was investigated for low, mod-

erate, and high values of angle of attack. The calcula-
tions on the assumption of flow symmetry were per-
formed using Navier—Stokes equations for Reynolds

number values of 10* < Re < 10 and Reynolds equa-

tions for Reynolds number values of 10°<Re <105 In
the absence of transverse separation, the local heat flux
in the cone cross section decreases monotonically dur-
ing transition from the windward to leeward side exhib-
iting extreme values in the symmetry plane, namely, a
maximum on the windward side and a minimum on the
leeward side. The presence of transverse separation
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causes a qualitative variation of the distribution of heat
flux in the cross section of the body. This distribution
becomes nonmonotonic, exhibiting local maxima in the
symmetry plane and a local minimum in the neighbor-
hood of the point of transverse separation; depending
on the structure of flow in the separation zone, addi-
tional extrema of heat flux may arise on the leeward
side. As regards aerodynamic heating, note that in the
majority of cases the absolute maximum of heat flux in
the cone cross section is observed on the windward side
of the cone; however, at high values of the Reynolds
number and attack angle, the local maximum on the
leeward side comes to be of the same order of magni-
tude as its value on the windward side.
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