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Vortical Aerodynamic Force and Moment

11.1 Introduction

As an applied branch of fluid dynamics, aerodynamics (and hydrodynamics)
studies the force and moment experienced by solid bodies moving through
the fluid. In order to fully understand relevant mechanisms, aerodynamics
has a task in common to general fluid dynamics: investigating various flow
phenomena generated by the body motion. In addition, the ultimate concern
of aerodynamics, also its unique task, is expressing the force and moment in
a way that can precisely capture the key physical mechanisms contributing to
these integrated performances.

Low-speed aerodynamics is dominated by the shearing process, of which
the necessary physical knowledge has been discussed in preceding chapters.
Therefore, it is natural now to further identify those specific key shearing
processes that contribute most significantly to the force and moment for any
given body motion at low Mach numbers. This task requires developing some
special theories. We focus on incompressible flow, but some theories also cover
compressible flow. It can then be seen that, as the Mach number increases,
the compressing process is progressively important for the force and moment
and becomes dominant in supersonic flow.

The main concern of this chapter is a basic external-flow problem: a mate-
rial body of volume B moves arbitrarily in a viscous fluid. The body may have
arbitrarily deformable boundary, as encountered in several areas such as fish
swimming and insect flight in external biofluiddynamics, nonlinear fluid—solid
coupling, and flow control by flexible walls, etc.! Thus, we assume the body
surface OB has specified velocity distribution w = b(z,t). The fluid volume
V% is bounded internally by the material surface 9B and externally by a con-
trol surface X. The latter may have arbitrary velocity v(x,t) or extend to
infinity where the fluid is at rest or in uniform translation. The flow domain
is sketched in Fig. 11.1.

1 Some of the theories can also be applied to gas-liquid two-phase flow by adding
the surface tension effect.
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Fig. 11.1. Flow domain to be analyzed and notations

11.1.1 The Need for “Nonstandard” Theories

The general expressions of aerodynamic force and moment are “standard”
formulas (2.71) and (2.72). For an incompressible external flow defined in
Fig. 11.1, by the Reynolds transport theorem (2.37), these formulas take the
following alternative forms, based on (a) direct integrals of surface stresses
and their moments over 0B, (b) integrals of local balance of momentum and
angular momentum, and (c) the rate of change of total momentum and angular
momentum in a generic control volume:

F- —/aB(—anrT) ds (11.1a)

—p/ adV+/(—pn+T)dS (11.1b)
vy B>

d
:fp—/ uquL/[fanrTfpu(unfvn)]dS7 (11.1¢)
dt Jy, s

M = —/ x X (—pn+7)dS + Myp (11.2a)
oB

:—p/ :cxadV+/ x x (—pn+71)dS+ Ms (11.2b)
Vi b

—,0i :1:><udV+/:B><[—pn—l—T—pu(un—vn)]dS—i—Msg.
dt Vi b3
(11.2¢)

Here, a = Du /Dt is the fluid acceleration and we have used the triple decom-
position of the stress t = —pn+7+1t5, with 7 = pw xn and t, being the shear
stress and the stress due to surface deformation, respectively, see (2.149) and
(2.150). We have bypassed the need for calculating the local ts (which may
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be complicated on a deformable surface) as much as possible. The effect of
vanishes in (11.1), while that of & x #; in (11.2) has been integrated out, see
(2.153):

Mg = —QM/ nxbdS = —QM/ wpdV, (11.3a)
oB B

My = —ZM/ nxudS = —2/1/ wdV, (11.3b)
b v

where n = —mn is the outward normal of B and V = V; + B. The total
vorticity in B or V' can evidently be expressed by the total circulation in two
dimensions and by (3.14) in three dimensions. Of these alternative formulas,
forms (b) and (c) will be identical if V; is a material fluid volume. Form (a)
is most primary but may also be viewed as the special case of (b) or (¢): If X
shrinks to the body surface 9B so that V¢ = 0, then since the direction of n
on X' is opposite to that on 9B, (b) or (c) is reduced to (a).

These formulas, however, are not physically most revealing. What appear
in their integrand are variables like velocity, pressure, and density themselves,
but the mechanisms leading to their specific distribution in a flow field and
at the body surface are hidden. These mechanisms come from local dynamics
governed by

pa = —Vp+ uViu=—-Vp—pV x w, (11.4)
ow 9
an:§+Vx(wxu):wa, v=pu/p, (11.5)

where one sees the spatial and temporal derivatives of the relevant variables.
It is the interactions of these derivatives that form various flow structures
which at large Reynolds numbers are highly localized but may dominate the
integrated performance. Thus, there is a theoretical gap between standard
formulas and local dynamics. This gap cannot be eliminated by simply sub-
stituting (11.4) into (11.1b) and (11.2b), because the pressure p is a global
effect of all interactions; it is actually the quantity that one wishes most to
remove or replace by other local dynamic processes.

For example, at large Reynolds numbers, by (11.1a) we know that the
lift on an airfoil is dominated by the pressure difference on its both surfaces,
which is in turn explainable by the Bernoulli equation due to a larger fluid
speed on the upper surface. But a deeper physical question is: Why the fluid
runs faster on the upper surface?

A popular heuristic answer to this question is: The fluid particles that
separate at the front stagnation point have to meet again at the trailing edge.
This story is, however, wrong. The timelines (Sect.2.1) in Fig.11.2 indicate
that the fluid on the upper surface runs even faster than needed for meeting
the fluid from the lower surface at the trailing edge. No explanation can be
directly found from (11.1).
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Fig. 11.2. Potential flow over a Joukowski airfoil. Dashed lines are time lines.
Reproduced from Panton (1984)

More generally, the above theoretical gap exists between any integrated
performances and their key local contributors. It makes the physical under-
standing, flow diagnosis, and configuration design lose the most valuable guid-
ance. The awareness of this gap is becoming clearer as one’s strong pursuit
of carefully and optimally designed high-performance configurations. Suppose
one is given a set of finite-domain data for a viscous flow over a body. One can
then calculate the stress on the wall and apply (11.1a) to get the force. Then
one may look at various fields in the domain: streamlines, velocity vectors, the
contours of pressure and vorticity, etc. These together form a quite complete
physical picture of the flow. However, if one wishes to identify the physical
mechanisms that result in that force status, only some qualitative assessments
can be drawn from these plots. They are still insufficient to pinpoint what flow
structures have net contribution to the force, in what way, how, and why.

11.1.2 The Legacy of Pioneering Aerodynamicist

In fact, filling the aforementioned gap has been a long-term effort in the devel-
opment of aerodynamics, where the “standard” formulas are only a starting
point rather than the final form of the theory. Instead, a great milestone in
the development of classic aerodynamics is the well-known circulation theory,
where the aerodynamic force is expressed by elegant “nonstandard” formulas
in terms of the circulation I" of a wing section. The historical significance of
the circulation theory has been well described by Wu (2005):

“The task of finding theoretical solutions to practical aerodynamic flow
problems was (and still is) formidably difficult. Bypassing flow details as much
as possible was indeed the only strategy open to the pioneering aerodynami-
cist. Together with simplifications of the inviscid-fluid assumption, this strat-
egy served as the springboard for the dazzling developments of aerodynamics
a century ago by leading scholars in Furope: Kutta, Joukouski, Lanchester,
Prandtl, among others.”

To see how this strategy worked so successfully, let us briefly recall the
circulation theory for steady flow. This includes the Kutta—Joukowski formula
(see Joukowski 1931)

L=-pUr (11.6)
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for the lift of a two-dimensional airfoil, and Prandtl’s lifting-line theory for the
lift and induced drag of a three-dimensional wing (e.g., Prandtl and Tietjens
1934; Glauert 1947)%:

L~ pU/s I'(y) dy, (11.7a)

—S

S

D= —p [ w)I)dy, (11.7b)

where s is the semi-span and

L1 drGy) dy
dm J_s Ay y—vy

w(y) = <0 (11.8)

is the downwash velocity (usually estimated at the 1/4-chord point, i.e., the
aerodynamic center). Both theories are valid for streamlined wings in the
limit of Re — oo. Note that I' does not appear in (11.1) at all; but it is
this quantity that immediately reveals that the physical root of the force and
moment is the vorticity in wing boundary layers and vortical wake formed
thereby. In particular, the key to arriving at (11.7) was the ingenious insight
of Prandtl and Lanchester that, owing to Helmholtz’s vorticity theorems and
in linearized approximation, a finite-span wing produces a horseshoe vortex
system consisting of a bound line vortex (the lifting line) along the 1/4-chord
line of the wing and a flat wake vortex sheet with variable strength?

1(y) = exr(y) = —es L, (11.9)

dy
Fig.11.3.% Then, (11.8) is merely a simple application of the Biot—Savart for-
mula (3.31) to the horseshoe vortex system.

Evidently, the circulation theory has indeed bypassed the flow details as
much as possible, narrowing the unknowns down to a single circulation I" to
be solved for calculating the forces. In two dimensions, it is obtainable by
using complex variable and conformal mapping (e.g., Lighthill 1986b). On the
flow plane z = x 4 iy = re'? there exists analytical complex velocity potential
w(z) = ¢ + iy, and one maps the airfoil onto a unit circle ¢ = e on the

2 For two-dimensional flows we work on the (z,y)-plane, so that a clockwise circu-
lation is negative as in the case around an airfoil with positive lift. But for three-
dimensional flows we follow the convention that, in a wind-azis system, (z,y, z)
are along the oncoming flow, wing-span, and vertical up directions, respectively,
see Fig.7.18. Thus on an (z, z)-plane a clockwise circulation is positive.

3 In linear approximation the rolling-up of vortex sheet due to self-induction, see
Sects. 4.4.4 and 7.3, is entirely ignored.

4 Ideally, the horseshoe vortex system becomes closed loop by the starting vortex
at downstream infinity that retreats continuously with velocity U.
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Fig. 11.3. The steady horseshoe vortex system of a thin wing

¢ plane. In that plane one considers the flow Ue!® over the circle at incidence
«a with arbitrary circulation I

d—w—u—iv—U e_io‘—eia -l-L
d¢ B 2 2mi¢’

which yields

d - r .
dié} = —je 1 {2U sin(a — 6) + 271_} at ¢ =e’.
The trailing edge of the airfoil can always be managed to map to ( = 1, thus
the Kutta condition (Sect.4.4.2) requires dw/d{ = 0 at § = 0. This gives
I' = —4nUsin a, so by (11.6) the lift coefficient is
L 8
Cl =1 = "sina, (11.10)
5pU%c c
where the chord length ¢ of the airfoil depends on the specific mapping func-
tion and equals 4 for a flat plate, which is almost true for any thin airfoil as
well. This leads to the well-known simple formula

Cy =2msina ~21a for a< 1. (11.11)

Then, for a large-span wing, (11.6) holds approximately at every wing section,
so I'(y) in (11.7) is known. However, the relative downwash w/U implies a
reduction of the effective angle of attack that reduces the circulation and
causes the induced drag (11.7b). This observation leads to an integral equation

1 / dr'(y') dy’
U J_o dy y—v

I'(y) = Uc(y) [a(y) } . a<kl, (11.12)

of which the solution can be obtained analytically (e.g., Glauert 1947; Ander-
son 1991), with the famous conclusion that a wing with elliptical load distri-



11.1 Introduction 593

bution has minimum induced-drag. Note that, remarkably, in the above en-
tire two- and three-dimensional circulation theory one only needs to find the
mapping function ¢ = f(z); no flow field needs to be solved at all.

Now, modern aerodynamics is facing many new challenging problems, in
which the flow complexity is far beyond the reach of any analytical solutions.
Meanwhile, advanced experimental and numerical techniques have made it
possible, at least in principle, to obtain detailed and complete data bases for
such complex flows. Thus, the force F' and moment M may follow at once
by substituting the data into (11.1) and (11.2) or their compressible version.
This being the case, then, is there still any need for “nonstandard” formulas as
those pioneers did to explicitly reveal the key physical mechanisms responsible
F and M?

The answer is positive. Modern aerodynamics is not merely a simple com-
bination of the flow data and standard formulas like (11.1) and (11.2). The
more complicated the flow is, the more important role will the key physical
factors play. “Bypassing flow details as much as possible” so as to reveal the
key physical factors to F' and M is actually the most valuable legacy of the
pioneering aerodynamicists, which should be continued and further enriched.
Modern versions of the “nonstandard” formulas are still highly desired, but
their integrand can now be obtained experimentally or numerically rather
than necessarily by approximate theories. Namely, the formulas should be
exact and general. They can serve not only as a basis for deducing various
approximate theories (including the circulation theory) but also as a powerful
tool in flow analysis, diagnosis, and optimal configuration design.

11.1.3 Exact Integral Theories with Local Dynamics

In order to bridge the theoretical gap between integral performance and local
dynamics, we need systematic approaches able to transform standard integral
formulas to nonstandard forms, so that the local dynamic processes that have
crucial net contribution to the force and moment can stand out explicitly.
Currently, there are two types of theories that fit this need, to which this
entire chapter is devoted.

One type is the projection theory to be presented in Sect.11.2, which
projects each term of the Navier—Stoke equation onto a vector space spanned
by properly chosen harmonic vectors. The force and moment due to nonlo-
cal pressure effect is replaced by other quantities describing local shearing
and compressing processes. The theory has been formulated for externally
unbounded flow problems.

Another type of theories with wider versatility is based on various deriv-
ative moment transformations (DMT for short), which execute multidimen-
sional integration by parts to cast the original integrand to a moment of its
derivatives (see Appendix A.2), and of which we have seen a few kinematic
examples in Chap.3. Of this type of DMT-based force and moment theo-
ries, there first appeared the wvorticity moment theory, which expresses the
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total force and moment by the rate of change of vortical impulse and an-
gular impulse (the first- and second-order vorticity moments, respectively)
introduced in Sect. 3.4.1. The theory is valid for incompressible flow and con-
tains classic results like (11.6) and (11.7) as its direct corollaries. Then, after
this theory there appeared the boundary vorticity-fluz theory, which expresses
the total force and moment in terms of the first and second moments of the
stress-related boundary vorticity fluxes introduced in Sect.4.1.3. The theory
may cover viscous compressible flow over any deformable closed or open solid
surface or fluid interface, and has been applied to innovative aerodynamic di-
agnosis and configuration design in both external and internal flow problems.
Actually, the boundary vorticity-flux theory is a special case of a more gen-
eral DMT-based theory for an arbitrary domain, whose consistency with the
vorticity moment theory can also be easily verified.

DMT-based theories will be presented in Sects. 11.3-11.5. Typical appli-
cations of the projection theory and DMT-based theories in theoretical de-
velopment and flow diagnosis will be exemplified, and their linkage to classic
aerodynamics will be addressed. Whenever possible, we shall also point out
how to extend the theory to compressible flow with constant or variable p
governed by (2.134) or (2.160), respectively. Here we just mention that the
vortical form of (2.134) is®

1 1
pU L + pw X U — §q2Vp =—-VIlj -V x (uw), IIy=1+ §pq2. (11.13)

11.2 Projection Theory

Consider a set of basis vectors Vi; satisfying V2¢; =0,i=1,....,n, n = 2, 3.
Take the inner product of (11.13) and V4;, and integrate the result over V.
By using identities

Vi - VB =V - (BVi;), Vipi-(Vx A)=V-(Ax V)

for any scalars 8 and vector A, we obtain n scalar equations

0 1
/ pfu +pl — =¢°Vp ) - Vip; dV = (—Iyn + 1) - Vip; dS

—/ on - Vip;dS,  (11.14)
X

where I = w X u is the Lamb vector. The control surface X' is assumed fixed
and sufficiently large with w = 0 thereon. In (11.14) each term is a weighted
integral of a constituent of inertial or surface force. Depending on the specific
choice of 1;, two versions of the theory have been developed. We focus on the
total force; the total moment can be similarly treated by a different set of
basis vectors as will be briefly mentioned.

5 Unlike the analysis of vorticity evolution and interaction, in considering the force
and moment the equations for momentum and angular momentum have to be
expressed in terms of per unit volume.
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11.2.1 General Formulation

The primary goal of the projection theory is to re-express the integrated pres-
sure force over 0B by the integrations of vorticity and density gradient. The
approach was first introduced by Quartapelle and Napolitano (1983) for vis-
cous incompressible flow. For compressible flow considered by Chang and Lei
(1996a), we replace the total pressure force by that due to normal stress IT,
denoted by Fy7. Its difference from Fj, is small at large Reynolds numbers.
An inspection of (11.14) indicates that to construct the ith component of
Fp; we simply need n - Vi); = n - e; on OB, where e; is the unit vector along
the ith Cartesian coordinate, since then —Ilgn-V; = —IIyn;. To remove the
integral over X or make it able to be explicitly estimated, we need n - Vi),
to vanish at infinity. This pair of boundary conditions for v; is nothing but
(2.185) for the potential ¢; caused by the body motion with unit velocity
U = —e;. By (2.174), Vi, decays as O(Jz|™™) as |&| — oco. More precisely,
when the body moves with constant velocity, let X' be a big sphere of radius
|&| = = = R, then the boundary integral is negligible if (Chang and Lei 1996a)

1
= m9§(|ﬂ|, pq*, |tyis]) — 0 uniformly as R — oc. (11.15)
Chang et al. (1998) demonstrate that this condition imposes no strict limita-
tion to flows of practical interest. When the body has acceleration, somecon-
tribution from X will appear due to compressibility(Chang and Lei 1996a).
Thus, for a nonaccelerating body, from (11.14) and (2.185) it follows that

Fri = _/ <p%1: + pl — ;q2Vp> -V(;Aﬁi dVv +/ T VQAZ‘ ds.  (11.16)
Ve dB

Now the integral of u ; is well convergent. This effect can be further localized
in incompressible flow (Howe 1995). For example, for a linearly accelerating
body with velocity U (¢), since

/ Uyt V$1 dV = Uit nQAﬁl ds = Uj/ nj@- dS,
Vi oB

oB

the first term of (11.16) can be written in terms of the virtual mass tensor
defined by (2.186). Thus the total force due to pressure reads

(wxu)~V$idV+/ (uwxn)-VqASidS.

Fyi = =M;;Uj - P/ g
B

Ve

Moreover, set uw = U + v such that v is the relative velocity (the velocity
viewed in the frame fixed to the body), since

(wxU)- Ve, = gb\i,k(Ujuk,j —u;,U;) = Uk,j<Uj$i,k - Uk(gi,j)
= [Ujurdir — Upujdir — Upurdi ;) 5,
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the volume integral of (w x U) - V(Ei can be cast to surface integral over 0B
with w = U thereon. Thus, what left is an integral of n - V¢, dS = n; dS by
(2.185a), which, however, vanishes on closed surface. Therefore, we have

(w x v) - Vi dV+/ (w x ) - V;ds, (11.17)

Vi
indicating that the contribution from the Lamb vector comes from the flow
region away from 0B. Equation (11.17) decomposes F, into a virtual mass
effect, an inviscid Lamb-vector integral, and a viscous surface-vorticity inte-
gral. Note that, however, in real viscous fluid the acyclic potential flow and
its associated virtual-mass effect must cause a vortex sheet ~y,., which holds
exactly in the asymptotic limit of v — 0 but is only an approximation at finite
Reynolds numbers (for further discussion see Sect.11.3.3).

The total moment due to the normal stress can be similarly expressed, of

which the details is omitted here. We just observe that since the i-component
of My is

Mniz/ 6i~(.’BX’I’l)HdS,
OB

one simply needs to replace the harmonic function 51 by a potential y; that
would be induced in an inviscid fluid by rotation of B at unit angular velocity
about an axis through the origin in the i-direction. Namely, ¥; satisfies the
boundary condition (Quartapelle and Napolitano 1983)

n-Vxi=(xxn)-e=n-(e;xx) at 0B. (11.18)

Note that for rotating and/or deforming body M contains an extra term Mj
due to the surface-deformation stress.

Alternative to the choice ¥; = ¢;, it is natural to consider taking v; in
(11.14) as the acyclic potential for the idealized irrotational flow over a body
with unit velocity e; = Vx; at infinity, viewed in a frame of reference fixed
to the center of B which has no angular momentum. The body surface 0B
may have arbitrary velocity b(x,t). Denote the harmonic basis vectors so
constructed by X; (not the Lagrangian coordinates in early chapters), then
instead of (2.185) we now have

n-VX; =0 at 0B, (11.19a)
n-VX; =n,; at infinity. (11.19b)

Evidently X; and (;ASZ are related by
X; =z — &;. (11.20)

This set of basis vectors has been used by Howe (1989, 1991, 1995), who
developed a projection theory for the total force F exerted to rigid body by
incompressible flow with uniform density.
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Set 1; = X;, the incompressible version of (11.14) reads

v Ot ) Vi oB

While (11.16) directly follows from the integral of normal stress over the body
surface, we now use (11.1c) instead, assuming that X is large enough to enclose
all vorticity with negligible |u|?:

i——pg/ uidV—/ pn; dS. (11.22)

A combination of (11.21) and (11.22) eliminates the pressure integral and in-
troduces F;. To simplify the result, we transform the unsteady term in (11.21).
After dropping all surface integrals over X', we find

d d ~ DX,
/ Xi,juN dV = 7/ (7 dV — — ¢iun ds — Unp dS,

where 51 is the potential used before. Thus, we arrive at a general force formula
found by Howe (1995):

d ~ DX;
Fi:—p—/ <z>iunds—,o/ undS+p/ LVXidV— [ 7-VX;dS.
dt Jop ap Dt Vi oB ( )
11.23

In particular, for a rigid body moving with uniform velocity b = U(t)
the second integral in (11.23) vanishes; thus we obtain a decomposition very
similar to (11.17) but now for the entire total force:

Fy = —My;Uj + p/ (wxwv) - VX;dV — (hw x n) - VX;dS. (11.24)
Vi oB
Subtracting (11.17) from (11.24) should give the force due to skin friction,
i.e., the integral of 7 over dB. This can indeed be verified.
For the total moment, similar to (11.18) but corresponding to X;, the basis
vectors for projection is taken as (Howe 1995)

VY, =e; x x — VX;. (11.25)

Howe (1995) has applied (11.23) to re-derive several classic results at high
and low Reynolds numbers. These include airfoil lift, induced drag, rolling and
yawing moment (within the lifting-line theory), drag due to Kdrmén vortex
street and on small sphere and bubble.

11.2.2 Diagnosis of Pressure Force Constituents

Owing to the fast decay of V(;ASZ-, the projection theory for externally un-
bounded flow can be used to practically diagnose flow data obtained in a
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finite but sufficiently large domain. In addition to the replacement of pressure
force by local dynamic processes, this is another advantage of the projection
theory. Equation (11.16) has been applied by Chang et al. (1998) to analyze
the numerical results of several typical separated flows in transonic—supersonic
regime. In the frame fixed to the body moving with U = —Ue,, they found
that the dominant source elements of F; are

R(z) = —%qQVp -V, (11.26a)
V(z) =plwxu) Vo (11.26b)

with ¢ = Ui(gi, which contribute to 95% or more of the total drag and lift.
The positive or negative contributions to the lift and drag of major flow struc-
tures (shear layers, vortices, and shock waves) via V(x) and R(x) can be
clearly identified. We cite two examples here. The first is a steady supersonic
turbulent flow over a sphere, computed by Reynolds-average Navier—Stokes
equations. The key structures are shown in Fig. 11.4.

It was found that the computational domain needs a radius of 17-22 dia-
meters of the sphere to make the contribution to Fj; of the flow outside
the domain negligible. Denote the drag coefficients due to R(x) and V()
by Cpr and Cpy, respectively. Their variation as free-stream Mach number
Mo, is shown in Fig.11.5. As M., increases, R(x) due to density gradient

~

Separation point Secondary separation region

Boundary layer Shock wavelet
Shear layer
Sonic layer vd ; Neck
Flow / - / Wake

/— Trailing shock-wave

Shock wake
interaction

Subsonic/
transonic _ _
region Expansion/compression

. . inviscid supersonic region
Recirculation

region /
g Bow shock wave \

Fig. 11.4. Typical flow pattern of a supersonic flow around a sphere. Reproduced
from Chang and Lei (1996a)



11.3 Vorticity Moments and Classic Aerodynamics 599

08[

L Cp

r ====C

I

- I,'-‘

041 e

- ’f

- 7,
Cpo2f7 ./

o

L

L=,

\u

of e

B N

- ""--.__._.
-0.2} -
o4l L 1 1111111 |

091012141516 1.720253.03.3
M.,
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sphere. Based on Chang and Lei (1996a)

is progressively important relative to V(a) due to vorticity. It is well known
that the drag reaches a maximum at a transonic Mach number; remarkably,
Fig.11.5 provides an interpretation of this phenomenon: the decrease of Cp
as M, further increases is due to the fact that the contribution of the Lamb
vector to the axial force changes from a drag to a thrust.

The second numerical example is steady flow over a slender delta wing
with sweeping angle of 70° and an elliptic cross-section of the axis ratio 14:1.
M, varies from 0.6 to 1.8, and the angle of attack « varies from 5° to 19°.
The flow relative to the leading edge is still subsonic so in a transonic range
vortices may still be the major source of lift and drag, see the sketch of
Fig.7.6. Figure 11.6 shows the situation by plotting the variation of Cry
and CLgr as a at two values of M,. Also shown in the figure is the separate
contribution to Cry of the vorticity on windside (Cry (w)) and leeside (Cry))
of the wing surface, indicating that V() on windside always contributes a
negative vortical lift, which at a special Mach number M., = 1.2 just cancels
the positive contribution of V(x) at wing side and leads to Cry ~ 0. This
behavior involves the relative orientation of u, w, and V¢ in different regions
of the flow (for detailed analysis see Chang and Lei (1996b)).

11.3 Vorticity Moments and Classic Aerodynamics
The vorticity moment theory is the first version of the derivative-moment type

of theories in aerodynamics, applied to a moving body B in an incompressible
fluid with uniform density. Assuming the external boundary X' retreats to
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flow over a slender delta wing. (a) M = 0.6. (b) Mo = 1.2. Based on Figs. 8 and
11 of Chang and Lei (1996b)

infinity where the fluid is at rest, the theory casts F' and M to the rate of
change of the vortical impulse I and angular impulse L defined by (3.78) and
(3.79), respectively. Thus, it represents a global view. Since V¢ must include the
starting vortex system (cf. Fig. 3.5¢) and as the body keeps moving the wake
region must grow, the flow in V; is inherently unsteady. In this section we derive
the theory, discuss its physical implication and exemplify its application, and
then show how it reduces to the classic “inviscid” aerodynamics theory. Useful
identities for derivative-moment transformation are listed in Sect. A.2.2.

11.3.1 General Formulation

For generality and better understanding, we first examine the force and mo-
ment under a weaker assumption than that stated above: The flow is irrota-
tional at and near its external boundary X', so that w, V xw, and l = w x u
vanish on X¥. We then start from the standard force formula (11.1b), where
the acceleration integral can be expressed by identity (3.117a) or (3.117b),
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each representing a derivative-moment transformation. From both we have
obtained the rate of change of the vortical impulse for any material volume
V as given by (3.118). Now, set D = V; with 0V = 9B + X' in (3.117b) and
substitute the result into (11.1b). Since under the assumed condition on X
there is pa = —Vp there, by the derivative-moment transformation identity
(A.25) the pressure term in (11.1Db) is exactly canceled. Hence, it follows that

F=_" :cxwﬁth—/ ldV—i—B/ x X [nx(ag—1)]dS, (11.27)
k \ Ve k 0B

where and below £k =n — 1 and n = 2,3 is the spatial dimensionality, ap =
Db/Dt is the acceleration of the body surface due to adherence, and

n x l = wu, — uw,. (11.28)

Thus, by the Reynolds transport theorem (2.35b), we obtain

dr
F:—p—f—p/ ldv+3/ x X (ap + bw,)dS, (11.29)
where Iy is for volume V;. On the other hand, set D = B in (3.117b) and
notice that the outward unit normal of B is —n (Fig.11.1), since B is a
material body, by (2.35b) we have

d dIp 1
— [ bdV = — + — bw,,) dS.
a /., dt—l—k/anx(nxaB—i— W)

Comparing this with (11.29) yields

dIy d
F=—0pSY [ 1av+pS [ bav. 11.30
4 p/v +pdt/B : (11.30)

where V' = V; + B has only an external boundary Y. This “nonstandard”
formula tells that if X does not cut through any rotational-flow region then
the total force has three sources: the rate of change of the impulse of domain
Vi + B, the vortex force given by the Lamb-vector integral (which has long
been known; e.g., Saffman (1992)), and the inertial force of the virtual fluid
displaced by the body.

We now shift X to infinity so that V = V.. In this case the vortex force
vanishes due to the kinematic result (3.72).° Hence, (11.30) reduces to

drI

o d
F=—p—— — . 11.31
P +pdt/Bde (11.31)

6 Recall that in deriving (3.72) and (3.73) use has been made of the asymptotic
far-field behavior of the irrotational velocity.
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A similar approach to the moment based on (11.2b), using derivative-
moment transformation identities (A.24a) and (A.28a) as well as (3.73),
yields
~ dL
~TPa TPa ),
When B is a flexible body, its interior velocity distribution may not be easily
known. In that case, it is convenient to replace the body-volume integrals

in (11.31) and (11.32) by the rate of change of identities (3.80) and (3.81a)
applied to B. This yields

+ x x bdV. (11.32)

ar; pd/
= —p—+ = — b)d 11.

pdt+kdt 8Ba:x(nx)S, (11.33)
_pdLy pd

=Lt=_~f_ ’n x bd 11.34
3t 2dt T P (11.34)

where only the body-surface velocity needs to be known.

Equations (11.31-11.34) are the basic formulas of the vorticity-moment
theory (Wu 1981, 2005). Recall that at the end of Sect.3.5.2 we have shown
that I, and L, of an unbounded fluid at rest at infinity is time invariant,
even if the flow is not circulation-preserving. This invariance, however, was
obtained under an implicit assumption that no vorticity-creation mechanism
exists in V. Saffman (1992) has shown that a distributed nonconservative
body force in V., will make I, and L, no longer time-invariant. Now, V; is
bounded internally by the solid body B, of which the motion and deformation
is the only source of the vorticity in V,o; in this sense it has the same effect
as a nonconservative body force. Then the variation of I, and L, caused by
the body motion just implies a force and moment to B as reaction. A clearer
picture of this reaction to vorticity creation at body surface will be discussed
in Sect. 11.4.

An interesting property of the vorticity moment theory is the linear depen-
dence of F and M on w due to the disappearance of vortex force and moment.
Hence, they can be equally applied to the total force and moment acting to a
set of multiple moving bodies (Wu 1981), but not that on an individual body
of the set. This property makes the theory very similar to the corresponding
theory for potential flow, see (2.183) and (2.184), which by nature is always
linear. The analogy between (11.31) and (2.183), and likewise for the moment,
becomes perfect if b is constant so that in the former the integrals over B are
absent.

Except the unique property of linear dependence on vorticity, the vortic-
ity moment theory exhibits some features common to all derivative-moment
based theories. Firstly, owing to the integration by parts in derivative-moment
transformation, the new integrands (in the present theory, the first and second
moments of w) do not represent the local density of momentum and angular
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momentum. Rather, they are net contributors to F and M. The entire po-
tential flow, which occupies a much larger region in the space, is filtered out
by the transformation and no longer needs to be one’s concern (its effect on
the vorticity advection, of course, is included implicitly).

Secondly, the new integrands have significant peak values only in consid-
erably smaller local regions due to the exponential decay of vorticity at far
field. This is a remarkable focusing, a property also shared by the projection
theory.

Thirdly, since the derivative-moment transformation makes the new lo-
cal integrands x-dependent, if the same amount of vorticity, say, locates
at larger |x|, then its effect is amplified, and vice versa. This amplification
effect by x further picks up fewer vortical structures that are crucial to F'
and M."

11.3.2 Force, Moment, and Vortex Loop Evolution

The core physics of vorticity moment theory and its special forms have been
known to many researchers for long time (cf. Lighthill 1986a,b). Because under
the assumed condition the total vorticity (total circulation if n = 2) is zero,
the vorticity tubes created by the body motion and deformation must form
closed loops (vortex couples for n = 2). Thus, if the circulation I and motion
of a vortex loop or couple are known, then so is their contribution to the
force and moment. The problem is particularly simple in the Euler limit with
dr/dt=o.

von Kédrman and Burgers (1935) have essentially used (11.31) to give a
simple derivation of the Kutta—Joukwski formula (11.6). Consider the two-
dimensional vortex couple introduced in Sect.3.4.1, see (3.87) and Fig.3.12.
Let I' < 0 be the circulation of the bound wvorter of the airfoil in an on-
coming flow U = Ue,, and assume the near-field flow is steady. As shown
in Sect.4.4.2, in this case no vortex wake sheds off. Thus, —I" > 0 must be
the circulation of the starting vortex alone, which retreats with speed U. The
separation r of the vortex couple then increases with the rate dr/dt = U, and
hence (11.6) follows at once.

In three dimensions, as shown by (3.88), (3.89), and Fig. 3.13, the impulse
and angular impulse caused by a thin vortex loop C of circulation I" are pre-
cisely the vectorial area spanned by the loop and the moment of vectorial

7 The origin of the position vector (which has been set zero here and below) can be
arbitrarily chosen (a general proof is given in Sect. A.2.3). Hence whether a local
vortical structure has favorable contribution to total force also depends on the
subjective choice of the origin. But one can always make a convenient choice such
that the flow diagnosis is most intuitive. See the footnote following (11.54a,b)
below.
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surface element, respectively. Hence a single evolving vortex loop will con-
tribute a force and moment

d
F=—prs [a 11.

S S, (11.35)

M= 2Fi/:cxds (11.36)
-3 ar s ' '

For a flow over a three-dimensional wing of span b with constant velocity U =
Ue,, a remote observer will see such a single vortex loop sketched in Fig. 3.5¢.
Then the rate of change of S equals —bUe,, solely due to the continuous
generation of the vorticity from the body surface. Therefore, (11.35) gives

F ~ pU x I'b, (11.37)

which is asymptotically accurate for a rectangular wing with constant chord
¢ and b — o00; each wing section of unit thickness will then have a lift given
by (11.6).

Better than (11.37), we may replace the single pair of vorticity tubes with
distance b by distributed w,(y, z) in the wake vortices, which correspond to a
bundle of vortex loops. This leads to

L~ pU/ Yw, dS, (11.38)
w

where W is a (y, z)-plane cutting through the wake (cf. Fig. 11.20). Then, if w,
is confined in a thin flat vortex sheet with strength v(y) as in the lifting-line
theory (Fig.11.3), by a one-dimensional derivative-moment transformation
and (11.9) there is
~dl)
dy

Substituting this into (11.38) and noticing I' = 0 at y = +s, we recover
(11.7a) at once.

The multiple vortex-loop argument has been used by Wu et al. (2002) in
analyzing various constituents of the force and moment on a helicopter rotor.
An interesting application of (11.31) is given by Sun and Wu (2004) in a
simulation of insect flight. Insects may fly at a Reynolds number as small as of
100, for which the lift predicted by classic steady wing theory is far lower than
needed for supporting the insect weight. The crucial role of unsteady motion
of lifting vortices was experimentally discovered only recently (e.g., Ellington
et al. 1996). To further understand the physics, Sun and Wu conducted a
Navier—Stokes computation of a thin wing which rotates azimuthally by 160°
at constant angular velocity and angle of attack after an initial start, see
Fig.11.7. Numerical tests have confirmed that to a great extent this model
can well mimic a down- or upstroke of the flapping motion of insect wings,
yielding lift L and drag D in good agreement with experimental results.
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Fig. 11.7. Rotating wing; fixed (x,y, z) frame and rotating (z’,y’, 2’) frame. From
Sun and Wu (2004)

Leading-edge
vortex Tip vortex

The WingStartlng vortex

(@) r=1.2 (b) 7=2.4

(c) 7=3.6 (d) z=4.8

Fig. 11.8. Time evolution of isovorticity surface (left) around the wing and contours
of w,s at wing section 0.6R. From Sun and Wu (2004)

Sun and Wu (2004) found that L and D computed from (11.31) is in
excellent agreement with that obtained by (11.1a). Figure11.8 shows the
isovorticity surface and the contours of w, at wing section 0.6R (R is
the semi wingspan) and different dimensionless time 7. A strong separated
vortex remains attached to the leading edge in the whole period of a single
stroke, which connects to a wingtip vortex, a wing root vortex, and a starting
vortex to form a closed loop. As the wing rotates, the vector surface area
spanned by the loop increases almost linearly and the loop is roughly on an
inclined plane. Therefore, almost constant I and D are produced after start.
The authors further found that the key mechanism for the leading-edge vor-
tex to remain attached is a spanwise pressure gradient (at Re = 800 and
3,200), and its joint effect with centrifugal force (at Re = 200). Similar
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to the leading-edge vortices on slender wing (Chap.7), now these spanwise
forces advect the vorticity in leading-edge vortex to the wingtip to avoid over-
saturation and shedding.

11.3.3 Force and Moment on Unsteady Lifting Surface

Various classic external aerodynamic theories can be deduced from the vortic-
ity moment theory in a unified manner at different approximation levels. This
theoretical unification is a manifestation of the physical fact that all incom-
pressible force and moment are from the same vortical root. We demonstrate
this in the Euler limit.

The simplest situation is the force and moment due purely to body accel-
eration, for which (11.33) and (11.34) should reduce to (2.183) and (2.184)
but with viscous interpretation. The body acceleration creates an unsteady
boundary layer attached to B but inside V%, of which the effect is in Iy and
L. Namely, an accelerating body must be dressed in an acyclic attached vortex
layer. Let n = —n be the unit normal of B pointing into the fluid, in the
Euler limit this layer becomes a vortex sheet of strength

Yac = n x [[u]] =nx (v¢ac - b), (1139)

where suffix ac denotes acyclic and ¢,. can be solved from (2.173) solely from
the specified body-surface velocity b(x,t). Then

1 1 .

If:f/ azx'yaCdS:f/ x X [0 X (Voa. — b)]dS.
kJop kJop

Here, after being substituted into (11.33), the integral of b is canceled, while

like (3.84) the integral of ¢, is cast to

1 ~ ~
f/ X (M X Va)dS = —/ PacndS = I;.
k Jop oB

Thus, along with a similar approach to L¢, in (11.33) and (11.34) what remains
is just (2.183) and (2.184):

drI dL
Fa = ¢ Ma ¢

=g M=
Therefore, denote the impulse and angular impulse of V; excluding the con-
tribution of ~,. by It- and L¢-, respectively, the force and moment can be
simply expressed by

d
d
M = —p (L +Ly), (11.41)

with the understanding that ¢,. has influence on the vorticity advection.
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We digress to note that the concept of vortex sheet can well be applied to
flow at finite Reynolds numbers, as explained by Wu (2005). During a small
time interval §t, the body-surface acceleration apg causes a velocity increment
0b = apdt, which by (11.39) yields a vortex layer of strength dv,., so that the
rate of change of 7, is proportional to a. This picture becomes exact as 6t —
0 no matter if Re — oco. Wu (2005) has demonstrated that, by substituting
this 0, into (11.33), one obtains exactly the same F,. as calculated by the
virtual mass approach based on inviscid potential-flow theory (Sect.2.4.4).

Having clarifying the role of body-surface acceleration, we now focus on the
rest part of force and moment caused by attached vortex sheet with nonzero
circulation and free vortex sheet in the wake, denoted by suffix v. We consider
a thing wing represented by a bound vortex sheet or lifting surface as in
Sect.4.4.1. The interest in unsteady flexible lifting surface theory has recently
revived due to the need for a theoretical basis of studying thin fish swimming
and animal flight (Wu 2002).

In the Euler limit, the expressions of I and L and their rates of change
have been given by (4.136-4.139), with vanishing Lamb-vector integrals. From
these and (4.133) that tells how an unsteady bound vortex sheet induces a
pressure jump [p-]:

oJn = pn 2L = p (@, xp 1 OF
wn_ant_p U Tb atnv

we obtain the force and moment on a rigid or flexible lifting surface:

F, = —/ [py]ndS = p/ EndS (11.42a)
Sh Sh Dt
_ or
= p/ Uyr X Yy dS + p/ —ndS, (11.42b)
Sh S 315
Dr
M, = —/ [py]z x ndS = p/ —ax xndS (11.43a)
S Sh Dt

I
:p/ T X (ﬂ,rx'Yb)dS—i—p/ 8—w><nd5, (11.43Db)
Su s, Ot

where Sy, is the area of the bound vortex sheet, i.e., the wing area. These
formulas are the basis of unsteady lifting-surface theory, which clearly reveal
the vortical root of pressure jump on a wing.

Then, in linearized approximation, the vortex sheet has known location as
we saw in the lifting-line theory. This greatly simplifies the above formulas
and leads one back to almost entire classic wing aerodynamics. For exam-
ple, it is easily verified that, the three-dimensional steady version of (11.42)
returns to (11.7), while its two-dimensional unsteady version returns to the
oscillating-airfoil theory. For details of these classic theories see, e.g., Prandtl
and Tietjens (1934), Glauert (1947), Bisplinghoff et al. (1955), and Ashley
and Landahl (1965).
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11.4 Boundary Vorticity-Flux Theory

Opposite to the global view implied by the vorticity moment theory, we now
trace the physical root to the body surface, where the entire vorticity field is
produced. Then, the derivative-moment transformation leads to the boundary
vorticity-flux theory as an on-wall close view.

11.4.1 General Formulation

Return to the incompressible flow problem stated in Sect. 11.1.1 (See Fig. 11.1),
but now start from (11.1a) and (11.2a) where F and M are expressed by the
body-surface integrals of the on-wall stress ¢ and its moment, respectively.
Naturally, the desired local dynamics on 0B that has net contribution to F
and M should follow from proper transformation identities for surface inte-
grals, which are given in Sect. A.2.3. To employ these identities we have to
decompose the stress t into normal and tangent components first. Because
the effect of 5 has been integrated out, it suffices to deal with the orthogonal
components of the reduced stress t = —pn + pw X n, see (2.149). Therefore,
using (A.25) and (A.26) to transform (11.1a), and using (A.28a) and (A.29)
to transform (11.2a), in three dimensions we immediately obtain (Wu 1987)

1
F = f/ pE X <0'p + U'vis> ds, (11.44)
OB 2

M = - p sz(ap + oyis) — TT O'ViS:| dS + Mg, (11.45)
where o, and o are the stress-related boundary vorticity fluxes defined in
(4.24b), and Mg is given by (11.3a). These formulas are the main result
of the boundary vorticity flux theory. If one wishes, Myp can be absorbed
into the first term of (11.45) by using the full normal and tangent stresses on
deformable surface, see (2.151). Therefore, we conclude that

For three-dimensional viscous flow over a solid body or a body of different
fluid performing arbitrary motion, a body surface element has net contribution
to the total force and moment only if the stress-related boundary vorticity
fluxes are nonzero on the element.

For example, for flow over sphere of radius R at Re < 1, the Stokes drag
law (4.59) can be quickly inferred from (11.44) by the vorticity distribution
(4.57a) alone, which has led to (4.60a).® Thus, (4.59) follows at once, indi-
cating that the pressure force and skin-friction force provide 1/3 and 2/3 of
the total drag, respectively. On the other hand, by (11.45), for flow over any
non-rotating sphere at arbitrary Re, we simply have

M = 1,)1%2/ (p + 0yis) dS,
2 oB
8 This involves only the near-wall vorticity distribution, regardless the failure of
the Stokes solution at far field.
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where by (4.24b) both o, and ;s are under the operator n x V and hence in-
tegrate to zero by the generalized Stokes theorem. Thus the sphere is moment-
free as it should. But if the sphere rotates the entire vorticity field will be
redistributed, and there will be a nonzero moment

3
M = uR? eRV,r-wdS—&TR
OB

ui2.

The theory can be easily generalized in a couple of ways (Wu et al. 1988b;
Wu 1995; Wu and Wu 1993, 1996). Firstly, a simple replacement of pressure
p by IT = p— (A4 2u)Y immediately extends the theory to viscous compress-
ible flow with constant u. Here, expressing F' and L by boundary vorticity
fluxes does not conflict the dominance of the compressing process in super-
sonic regime. Rather, due to the viscous boundary coupling via the no-slip
condition (Sect.2.4.3), a shearing process must appear adjacent to the wall
as a byproduct of compressing process. For example, when a shock wave hits
the wall, the associated strong adverse pressure gradient will enter the bound-
ary vorticity flux through o ;7 and hence causes a strong creation of vorticity
opposite to that upstream the shock, somewhat similar to case that the in-
teractive pressure gradient of O(Rel/ 8) in the boundary-layer separation zone
causes a strong peak of o, (Sect. 5.3). In other words, as an on-wall footprint
of the flow field, the boundary vorticity flux can faithfully reflect the effect of
compressing process on the wall.

Secondly, owing to the transformation identities in Sect.A.2.3, we can
consider the force and moment on an open surface, such as a piece of aircraft
wing or body, a turbo blade, or the under-water part of a ship. This extension
is done by simply adding proper line-integrals, including those due to ts given
by (2.152a,b). Thus, for incompressible flow, we may write

F = Fsurf + Einea M = Msurf + Mline7

where Fy,,r and My, are given by (11.44) and (11.45), respectively, while

1
Fine = 5% x X (pde + 2uw x dx) + Zu?{ u x de,  (11.46)
s

as
1
Miine = 75]{ [2?pdx + (2°1 — 2zx) - (pw x dz)]
s
+2u]{ z X (u x dx). (11.47)
as

Note that with the help of these open-surface formulas, the (p, w)-distribution
in (11.44) and (11.45) only needs to be piecewise smooth, because the bound-
ary line-integral of each open piece must finally be cancelled. This is useful
when the body surface has sharp edges, corners, or shock waves across which
the tangent gradients of IT and w are singular.
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Thirdly, when p is variable as in flows with extremely strong heat transfer,
a simple way to generalize the preceding formulas is to take puw as a whole,
including redefining the boundary vorticity flux as 6¢ = n - V(uw) so it
has a dynamic dimension (denoted by superscript d), see Wu and Wu (1993).
Moreover, since now V- (2uB) # 0 and the local effect of 5 has to be included,
we should use (2.151) and define

o =nx VI, o, =(nxV)x(uw,). (11.48)

Correspondingly, (11.44) and (11.45) are extended to

1 d d
F= _/an x (20ﬁ+0v13> ds, (11.49)
1
M= [2952(0% + ol —ib‘w-aiis] ds, (11.50)
OB

where density p as well as Mg in (11.45) has been absorbed into o?s. This
generalization makes the resulting force and moment formulas have exactly the
same application range as that of the Navier—Stokes equation. Note that for
variable 1 the Navier-Stokes equation has an extra term, see (2.160a), which

adds a viscous constituent O'ﬁ = 2n x (V- B) to the boundary vorticity flux

d

studied in Sect. 4.1.3. However, o,

enter the force and moment.

Finally, two-dimensional flow on the (z,y)-plane needs special treatment.
We illustrate this by incompressible flow over an open deformable contour C
with end points a and b. The positive direction of a boundary curve is defined
by the convention that as one moves along it the fluid is kept at its left-
hand side. Thus, on body surface we let s increase along clockwise direction
such that (n,es, e,) form a right-hand triad. Then by (A.36) and (A.37), and
noticing that the two-dimensional version of (2.152a,b) is

is not stress-related and does not explicitly

b
/ tods = 2u(ve, — uey,)|, (11.51a)

b b
/ x X tsds = 2ue, [(w u)® —/ Us ds] , (11.51b)
a a

we obtain

b
0
F, = p/ (—yap + V.I?(,;:) ds + (yp — paw + 2u0)|%,  (11.52a)

b
0
F, = p/ (xap + Vy(;:) ds — (zp + pyw + 2pu). (11.52b)
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Moreover, for M = M e, as observed at the end of Sect. A.2.4 it is impossible
to express the boundary integral of & x (uw X n) = e uw(x - n) by dw/Js.
Thus by (A.38) and (11.51b), the result is

b

b
1
M, = p/ (2x2ap +vx- nw) ds — 2u(zu + yv)|% + 2u/ usds. (11.53)

For a closed loop the last term is —2ul¢ by our sign convention.

11.4.2 Airfoil Flow Diagnosis

While for Stokes flow the boundary vorticity flux distributes quite evenly, at
large Reynolds numbers it typically has high peaks at very localized regions
of OB, see the discussion following (4.94). It is this property in the high-Re
regime that makes the theory a valuable tool in flow diagnosis and control. So
far it has been applied to the diagnosis of aerodynamic force on several con-
figurations at different air speed regimes (Wu et al. 1999¢), including airfoils
and delta wing-body combination in incompressible flow, fairing in transonic
flow, and wave rider in hypersonic flow. Zhu (2000) has demonstrated that
the op-distribution can be posed in the objective function for optimal airfoil
design.

To demonstrate the basic nature of this kind of diagnosis, we now con-
sider the total force acting to a stationary two-dimensional airfoil by steady
incompressible flow. At Re > 1 the contribution of skin friction can be ne-
glected. In the wind-axis coordinate system (x,y), (11.52) yields the lift and
drag formulas

L= p/ zopds, D= —p?( yop, ds. (11.54a,b)
C C

For convenience let the origin of (x,y) be at the mid-chord point of the airfoil.
Then by (11.54a) a negative o-peak implies a positive lift for 2 < 0 and
negative lift for z > 0. If for z < 0 there is a positive o-peak on the upper
surface, say, it not only produces a negative lift but also tends to cause early
separation since it will be stronger as « increases. Moreover, the vorticity
created by this unfavorable o adds extra enstrophy to the flow field, implying
larger viscous drag. Therefore, ideally one wishes the sign of o over the upper
surface to be like that sketched in Fig.11.9a without front positive o-peak
and rear negative o-peak on the upper surface.’ In the figure the sign of o

® Whether a boundary vorticity flux peak is favorable depends on the choice of
the origin of the coordinates. For example, shifting the origin to the trailing edge
would imply that negative boundary vorticity flux peaks on upper surface are all
favorable, but by (11.54a) the contribution to the lift of a rear peak is less than
that of a front one. However, this does not influence the net effect on the lift and
drag, and setting the origin at the mid-chord is most convenient.
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Fig. 11.9. Idealized boundary vorticity flux distribution over airfoil. (a) The bound-
ary vorticity flux is completely favorable on upper surface. (b) An even more favor-
able boundary vorticity flux distribution

over the lower surface is qualitatively estimated by pressure gradient and the
constraint

j{ opds = — ?d:s:(). (11.55)
c c 98

Given the favorable sign distribution of o, however, (11.54a) indicates
that there is still a room to further enhance L by shifting the location of
o-peaks. On the upper surface, the front negative o-peak and rear positive o-
peak will produce more lift if their |z| is larger, while on the lower surface these
peaks will produce less negative L if their || is smaller. This simple intuitive
observation suggests a modification of the airfoil shape of Fig. 11.9a to that
of Fig.11.9b, which is precisely of the kind of supercritical airfoils originally
designed for alleviating transonic wave drag. The present argument indicates
that a supercritical airfoil must also have better aerodynamic performance at
low Mach numbers.

Quantitatively, consider the relation between o and the airfoil geometry.
For steady and attached airfoil flow at large Re, this relation can be ob-
tained analytically in the Euler-limit by the potential-flow theory. Let C' be
any streamline in the potential-flow region, of which the arc element ds has
inclination angle x with respect to the x-axis, see Fig. 11.10. Thus, in terms
of complex variables z = x 4+ iy and w = ¢ + it as used in deriving (11.10),
we have )

dz = cos xds, dy = sin yds, dz = dse'X,

dw ) (11.56)
— =qe X,
dz

And, the tangent component of the Euler equation C' reads

u=gqcosy, v=gsiny,

_1og® _ op

g = 2@ = 785 on C. (1157)

Now, denote

dw
p(z) =logq —ix = log (dz>
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Fig. 11.10. Geometric relation of a contour C

such that
dp dz d2w 1 d¢? dy

dz  dwdz?  2¢2 dz "L
Then by using dz = dse™X and (11.57) we find e’Xdp/dz = ¢~ 20, — i, where
x = dy/ds is the curvature of C. But by (11.56) eX = gdz/dw, so

as ik (dz 2 Q2w c
¢ g <dw) FE
Therefore, as/q> and —k/q are the real and imaginary parts of an analytical
function (which is known once so is dw/dz).
Finally, let the streamline C' be the airfoil contour underneath the attached
vortex sheet where the no-slip condition still works and as drops to zero. But

the viscosity comes into play, producing a boundary vorticity flux o to replace
as to balance the pressure gradient. Namely, we have

. d 2d2
% _ % = (dj}) d—;; on airfoil, (11.58)

indicating that if ¢ ~ 1 then o}, or pressure gradient, is directly linked to
the local airfoil curvature.'® But strictly the o,—+ relation is nonlinear and of
global nature.

Equation (11.58) can be used to calculate o, over a realistic airfoil as
long as the flow is attached. Figure 11.11a shows the o-distribution computed
thereby for a helicopter rotor airfoil VR-12 at a = 6°, compared with the
Navier-Stokes computation at Re = 10° using an one-equation turbulence
model (Zhu 2000). The difference is very small except at the trailing edge,
where the “inviscid” o approaches +co. But it can be shown that this singu-
larity is symmetric and precisely canceled in (11.54).

The VR-12 airfoil has higher maximum lift before stall and larger stall
angle of attack than a traditional airfoil, say NACA-0012. By (11.54a), the

10 This result can be compared with that in the linearized supersonic aerodynamic
theory, where the pressure is simply proportional to the local wall slope, as ex-
emplified by (5.56¢).
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Fig. 11.11. Boundary vorticity flux distributions on VR-12 airfoil (a) and a re-
designed airfoil (b). The design scheme sets a projective boundary vorticity flux
only in the marked local region. From Zhu (2000)
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major net contributor to the total lift is the primary negative o-peak in a
very narrow region on the upper surface, right downstream of the front stag-
nation point. But the effect of the following positive o-peak associated with
an adverse pressure gradient is unfavorable. Suppressing this front positive
peak should lead to an even better performance. By (11.55), this suppression
may also cause a favorable positive rear boundary vorticity-flux peak on the
upper surface.

This conjecture has been confirmed by Zhu (2000) using a simple optimal
design scheme, where the objective function includes minimizing the unfavor-
able o in a front-upper region. Some airfoils with better o-distributions were
produced thereby, of which one is shown in Fig. 11.11b associated with larger
stall angle and maximum lift coefficient.

11.4.3 Wing-Body Combination Flow Diagnosis

Compared to airfoils, much less has been known on the optimal shapes of
a three-dimensional wing. An interesting boundary vorticity-flux based diag-
nosis of a flow over a delta wing-body combination, see Fig.11.12, has been
made by Wu et al. (1999c¢). The flow parameters are o« = 20°, M = 0.3, and
Re = 1.744 x 100 ft~".

The model has an infinitely extended cylindrical afterbody, so the flow
data on the body base were not available. Therefore, the body surface is
open, of which the boundary is a circle C of radius a on the (y, z)-plane at the
trailing edge. The line integrals in (11.46) have to be included; in the body-axis

65°

24.48in.

/Y
—_—

Fig. 11.12. A wing-body combination. From Wu et al. (1999c¢)
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coordinate system with origin at the apex, the extended force formula gives
(again ignore the skin-friction and denote o, simply by o)

1 2 27
F,=— / p(zoy, —yo,)dS + a—/ pdb, (11.59a)
2 /s 2 Jo
1
F, = 3 / p(yo, — zoy) dS, (11.59b)
s

where S is the open surface of wing—body combination and tan6 = z/y. The
surface integral of (11.59a) is found to provide a negative axial force (thrust),
which is upset by the line integral, resulting in a net drag. The integrand p df
is zero except a pair of sharp positive peaks at the wing—body junctures. Thus
a fairing of the junctures would reduce the drag.

On the other hand, (11.59b) traces the normal force F, to the root of the
leading-edge vortices, i.e., the root of the net free vortex layers shed from
the leading edges. These layers are dominated by the lower-surface boundary
layer but partially cancelled by the upper-surface boundary layer. Thus, the
o on the upper and lower surfaces should provide a negative and positive
lift, respectively. Indeed, a survey indicates that the lower-surface gives about
200% of F., but half of it is canceled by the unfavorable o on the upper
surface.

Moreover, it is surprising that o is highly localized very near the leading
edges, as demonstrated in Fig. 11.13 by the distribution of p(yo, — zoy)/2 on
the contour of a cross-flow section at /¢y = 0.24, where ¢ is the root-chord
length. The data analysis shows that an area around the leading edges, only
of 1.7% of S, contributes to 104% of the total F.. The remaining area of
98.3% S merely gives —4% of F,. This diagnosis underscores the very crucial

(a) (b) 5¢
0.125 4t
s Cz=1.6646
0.075 x=0.24c = 3 Czu=-1.6234
075 2 f Czl=3.2880
2 2
© I
0.025 \ N
- —— O 1}
N ——————————————————r ;".— E I
L 0.05 0.1 0.15-——02 0.25 c F
-0.025 S Or —
[ g |
[~ o Rl
-0.075 f
[ -2/
-0.125 25! !

0 0.05 01 015 0.2 0.25

y y

Fig. 11.13. (a) Sectional contour of the wing-body combination at z/co = 0.24.
(b)Boundary vorticity flux distribution. Solid line: lower surface, dash line: upper
surface. From Wu et al. (1999¢)
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importance of near leading-edge flow management in the wing design. Should
the spanwise flow on the upper surface be guided more to the z-direction, not
only can it provide an axial momentum to reduce the drag but also the shed
vortex layers from the lower surface could be less cancelled. Then stronger
leading-edge vortices could be formed to give a higher normal force.

A different wing-flow diagnosis will be presented in Sect. 11.5.4.

11.5 A DMT-Based Arbitrary-Domain Theory

As a global view, the vorticity moment theory of Sect.11.3 requires the data
of the entire vorticity field in an externally unbounded incompressible fluid,
but in flow analysis the available data are always confined in a finite and
sometimes quite small domain. As an on-wall close view, boundary vorticity-
flux theory of Sect. 11.4 requires only the flow information right on the body
surface (“footprint” and “root” of the flow field), but is silent about how the
generated vorticity forms various vortical structures that evolve, react to the
body surface, and act to other downstream bodies. The shortages of these
theories can be overcome by considering an arbitrary domain Vy, which has
resulted in the finite-domain extensions of the above two theories, given by
Noca et al. (1999) and Wu et al. (2005a), respectively.

The extension of vorticity-moment theory follows the same derivation of
(11.29) from (11.27), but with all vortical terms retained at an arbitrary X.
Like the original version, in this extension the rate of change d/dt is calcu-
lated after integration is performed. The results are convenient for practical
estimate of the force and moment acting to a body moving and deforming
in an incompressible fluid, using measured or computed flow data. A more
convenient formulation, obtained by a different DMT identity, will be given
in Sect. 11.5.4. In particular, these progresses have excited significant interest
in applying the new expressions to estimate the unsteady forces based on flow
data measured by the particle-image velocimetry (PIV).

In contrast, the extension of the boundary vorticity-flux theory to include
the flow structures in a finite Vy is characterized by shifting the operator d/d¢
into relevant integrals. This shift permits a direct generalization of the results
to compressible flow, and makes it possible to quantitatively identify how
each flow structure localized in both space and time affects the total force
and moment, from a more fundamental point of view. The convenience of
practical force estimate is not a mojor concern. This formulation is presented
below. Once again we work on incompressible flow; as in Sects. 11.2 and 11.4,
the compressibility effect can be easily added.

11.5.1 General Formulation

The formulation is based on proper derivative-moment transformation of the
full expressions of F and M given by (11.1b) and (11.2b).
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Diffusion Form

We start from identity (3.117a) for the fluid acceleration, and set D = V; with
OD = OB + X. Substitute this into (11.1b) and replace V x a by vV?w due
to (11.5). On OB, we recognize that n x a is the boundary vorticity flux o,
due to acceleration of 9B, defined in (4.24a). On X, we use (11.4) as well as
identities (A.25) for n = 3 and (A.36) for n = 2 to transform n X a, which
makes the pressure integral in (11.1b) canceled. Therefore, we obtain (Wu and
Wu 1993)

F:—%/ x x V’wdV + Fp + Fy, (11.60)
Vi
where Fp and Fy, are boundary integrals over B and X, respectively:
1
Fp=— px X 0,dS, (11.61a)
kJop
ng—%/wx[nx(VXw)]dS—&—ﬂ/wxnds. (11.61b)
z b

Note that (11.61b) consists of only viscous vortical terms.
By using (A.24a), a similar approach to the moment yields

M = g/ 2?V2wdV 4+ Mp + My, (11.62)
Vi
where
1
Mp = _7/ prie, ds, (11.63a)
2 JoB

My, g/ r*n x (V x w)dS+u/ z X (wxn)dS+Mss, (11.63b)
z b))
in which My is given by (11.3b).
Like Fg and Mg, the integrals of 7 in F'y; and « X 7 in M5, can be further

cast to derivative-moment form as well, in terms of vorticity diffusion flur on
a surface given by (4.23) and (4.24). Then (4.22) implies

vn-Vw=o0o for n = 2,

vn-Vw — (n X V) X vw =0 — oy for n = 3. (11.64)

—nx(nyw):{

Thus, for three-dimensional flow, by using (A.26) and (A.29) we obtain

1
Fy — 5/ P X (0 + 0ryis) S, (11.65)
=
1
My = 3 / p(2xx - Oyis — x2o') dS + M. (11.66)
=

For flow with Re > 1, generically |ois| < |o]|.
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Equations (11.60) to (11.66), characterized by the moments of V2w, can
be called the diffusion form of the arbitrary-domain theory. It is easily seen
that they hold true for compressible flow with constant p as well. These for-
mulas reveal explicitly the viscous root behind the classic circulation theory.
The direct contribution of the body motion and deformation to the force and
moment amounts to the moments of o, which is solely determined by the
specified b(x,t) and independent of the flow.

In contrast, for two-dimensional flow on the (x,y)-plane, apply the con-
vention and notation defined in Sect.11.4.1 to X, from (11.64) and a one-
dimensional derivative-moment transformation we obtain the drag and lift
components:

Ow Ow (11.67)
Ly = fuji (yas +x8n> ds,

indicating that the local dynamics on X' is reflected by the vorticity gradient
vector Vw. But, for My, = Myxe,, due to the same reason as that leading to
(11.53), we stop at

1,0
Mg:uj{ <2m2;+m~nw> ds —2ul’s. (11.68)
¥ mn

For flow with Re > 1, generically |0w/0s| < |0w/0n| in (11.67) and (11.68).

Advection Form

Owing to (11.5), ¥V?w in (11.60) and (11.62) can be replaced by Vxa = w 4+
V x 1, where (-) ; = 9(-)/0t and | = w x w is the Lamb vector. Therefore, the
force and moment can be equally interpreted in terms of the local unsteadiness,
advection, and stretching/tilting of the vorticity field in V;. But to retain the
vortex force as in (11.30), we switch to identity (3.117b) that has led to the
force formula (11.27). A corresponding formula for the moment can be derived
from identity (A.24a). Consequently, (11.60) and (11.62) can be alternatively
expressed as

1
F:—,o/ (:cxw,ﬁl)cu/—p/ z x (nx1)dS
Vi k k oV

+Fp + Fx, (11.69)

1
M=p (x2w7t+mxl> dV—i—B/ z?*n x 1dS
vi \2 2 Jov;

+Mp + My, (11.70)
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where n x [ is given by (11.28). We call this set of formulas the advection
form of the general derivative-moment theory. The splitting of the moments
of uV2w into three inviscid terms (two volume integrals and one boundary
integral) further decomposes the physical mechanisms responsible for the total
force and moment to their most elementary constituents. The role of the vortex
force and the boundary integral of & x (n x 1) will be addressed in Sect. 11.5.4
for steady flow. To have a feeling on the role of  x w ¢, consider a fish B just
starting to flap its caudal fin for forward motion so that |w| is increasing, as
sketched in Fig.11.14. Putting the other terms in (11.69) aside, based on the
sign of x and y we can readily infer the qualitative effect of the tail swinging
on the thrust and side force of the fish as indicated in the figure.

Due to the arbitrariness of the domain size, the theory can be applied to
obtain the force and moment acting on any individual of a group of deformable
bodies, which may perform arbitrary relative motions.

Now, as remarked earlier, as long as we use the full expression (11.69)
to replace (11.27) and repeat the same steps there, a fully general version
of (11.29) follows at once as the main result of the finite-domain vorticity
moment theory (Noca et al. 1999). The original vorticity moment theory (J.C.
Wu 1981) is then a special case of it as X' retreats to infinity where the fluid
is at rest. On the other hand, as X shrinks to the body surface 0B, what
remains in (11.60) and (11.62) is

F =Fp+ Fy, MZMB—FME,

where the normal vector n on X now equals 7 = —n. Hence, substituting
(11.61), (11.63), (11.65), and (11.66) into the above expressions, and using
(4.23) and (4.24), we recover (11.44) and (11.45) of the boundary vorticity-flux
theory for three-dimensional flow at once. The proof for two-dimensional flow
is similar. A unification of various DMT-based theories is therefore achieved.

-yo,<0 =% D<O0

Pt X X0<0

7 X
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Fig. 11.14. A qualitative assessment of the effect of unsteady vorticity moments
on the total force and moment



11.5 A DMT-Based Arbitrary-Domain Theory 621
The Effect of Compressibility

By an inspection of the structure of (11.69) and (11.70) as well as a comparison
of (11.4) and (11.13), we find that to generalize these formula to compressible
flow it suffices to make simple replacements

1
PW X U= pw X U — §q2Vp, pw i =V X (puy).

This leads to

1 1
F= _7/ xx V x (puy)dV —/ <pl - q2Vp> dv
k ‘/f Vf 2

1 1
—f/ T X {n X (pl — q2Vp>] dS + Fp + Fy, (11.71)
OV 2

1 1
M = —7/ 2V x (puy) dV —/ x x (pl - QQVP) av
2 Vi Vi 2

1 1
+7/ r’n x (pl - qQV,o) dS+ Mp + Ms. (11.72)
2 Jov, 2

The analogy between (11.71) and (11.16) is obvious. By using the numerical
scheme developed by Chang and Lei (1996a) in their diagnosis of transonic vis-
cous flow over circular cylinder based on the projection theory (Sect.11.2.2),
a similar diagnosis has been performed by Luo (2004) based on (11.71), for
which X can be quite small. The flow remains steady in the computed Mach-
number range M € [0.6,1.6]. Among Luo’s results an interesting finding is
that the compressing effect —q?Vp/2 prevails over the vortex force pw x u
at the same subsonic Mach number as Chang and Lei found, and that the
vortex force changes from a drag to a thrust at the same supersonic Mach
number as Chang and Lei found. These qualitative turning points, therefore,
are independent of the specific local-dynamics theories.

11.5.2 Multiple Mechanisms Behind Aerodynamic Forces

In addition to the global view represented by the vorticity moment theory and
the on-wall close view represented by the boundary vorticity flux theory, the
present arbitrary-domain theory further enriches one’s views of the physical
mechanisms that have net contribution to the force and moment. How this is so
has been exemplified by Wu et al. (2005a), using the unsteady two-dimensional
and incompressible flow over a stationary circular cylinder of unit radius at
Re = 500 based on diameter. The flow field was solved numerically using a
scheme developed by Lu (2002). An instantaneous plot of vorticity contours,
in which the Karman vortex street is clearly seen, is shown in Fig. 11.15. Since
the computational domain does not cover the entire vorticity field, the figure
represents a mid-field view.
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Fig. 11.15. An instantaneous vorticity contour (from —20 to 20 with increment
0.25) of flow over circular cylinder. In this and following figures solid and dashed
lines represent positive and negative values, respectively. From Wu et al. (2005a)

It is well known that the unsteady force and moment acting to the cylin-
der are associated with the motion of the vortex street. However, as pointed
out in Sect. 11.1, this common flow-visualization plot (along with the plots of
velocity field and pressure contours, etc.,) does not tell precisely which part of
each vortex in the street has a positive, negative, or zero instantaneous contri-
bution to the total drag and lift. This information can only be found from the
integrand distributions of the derivative-moment formulas (as well as those
of the projection-theory of Sect. 11.2), obtained by a simple postprocessing of
the flow data. Let us focus on the total drag and lift.

Take X' as concentric circles of varying radius R. In the following expres-
sions the integrands of field integrals are expressed in Cartesian coordinates,
while those in boundary integrals in polar coordinates (r,6). Then (11.60)

yields
D(t) = —,u/vf yVdeS—i—uRz?{E (?;: sin @ — %g—z 0059) do
= D1+ D2 + Ds, (11.73a)
L(t) = ,u/ xVdeV—,uRQf (awcosé?—i— 18wsin9) dé
Vi o\ Or R 06
=L+ Lo+ Ls, (11.73b)

where and below Dy, ..., Ls etc. denote corresponding integrals symbolically.
In these formulas, by (11.69) there is

D, = / p (_y(“)w +Uw> dS—l—Rj{ pwit, sin 6 df
= D4+ D5 + Dg, (11.74a)

L, = / P (xaw —uw) ds — Rj{ pwi,. cos 6 df
= L4+ Ls + Lg. (1174b)
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In particular, when X shrinks to the cylinder surface at » = 1, (11.73) reduces
to the boundary vorticity-flux formulas

D = (D2 + Dg)rzl, (11753)
L= (L2 + Lg)rzl. (11.75b)

Equations (11.73-11.75) form a set of derivative-moment formulas for the
force diagnosis, each yielding a special insight into the physics responsible for
D and L. Below we look at the distributions of their integrands.

Mid-Field View

The inviscid decompositions of Dy and L; given by (11.74) are shown in
Figs.11.16 and 11.17, respectively. As a mid-field view, these plots exhibit the
same vortex structures as Fig. 11.15. But, due to the sign change of w ¢, v and
1, as a vortex passes a spatial point & the contribution of a single wake vortex
may be split into two or even four pieces. It is this further identification of
the net effect of every piece of a vortex constitutes the additional information
carried by the local dynamics of the wake field. Note that the integrand of Ly,
i.e., the unsteady term paw ¢, does not reduce as x increases (see Fig. 11.16a).
But this does not matter since in a finite domain the integral-convergence
problem does not exist, while when X retreats to infinity the theory becomes
the vorticity-moment theory with well-behaved convergence.

Near-Field View

Although mathematically the diffusion form (11.60) is exactly equivalent to
the advection form (11.69), for a flow at large Reynolds numbers that is our
main interest the flow regions where the peak integrands of these alternative
forms are very different. In the well-developed wake vortices u|VZw| has be-
come quite weak, but it is very strong in boundary layers and free shear layers,
across which p|V?w| ~ p|w | reaching O(1). While in the advection form
one already sees highly localized wake-vortex structures, in the diffusion form
the key contributors to F' and M are even more compact. Consequently, for
flow with Re > 1, switching from the advection form to diffusion form implies
tracking the more upstream vortical structure of those shown in Fig.11.15.
An observer watching the diffusion form naturally gains a near-field view, as
demonstrated by Fig. 11.18 that shows the field of the integrand of D; and L;.

It is remarkable that, as a sharp contrast to Figs. 11.16 and 11.17, accord-
ing to (11.73) the near-field boundary layers and separated shear layers right
before the formation of the Kdrmdn vortex street have about 90% of the net
contribution to D and L. Each free vortex layer exhibits a sandwich structure
because across such a layer w ,,,, changes sign twice. Once a concentrated wake
vortex is formed and sheds downstream with its feeding sheet being cut off, it
joins the rows of wake vortices which as a whole have only about 10% direct
contribution to the forces.
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@

Fig. 11.16. Distribution of integrand of (a) D4 from —5 to 5 with increment 0.5;
(b) Ds from —5 to 5 with increment 0.25; and (c) D¢ from —2 to 6 with increment
0.2. The #-variation of the integrand of Dg depends on R, which can be qualitatively
read off in (c) from the intersections of the field distribution and a few concentric
circles. From Wu et al. (2005a)

The vortices in the vortex street are all product of the rolling-up of these
separated shear layers, and Fig. 11.18 convincingly indicates that (11.60) can
indeed trace the key local dynamic structures for the total force toward their
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Fig. 11.17. Distribution of integrand of (a) L4 from —25 to 25 with increment
0.5; (b) Ls from —10 to 10 with increment 0.5; and (¢) Le from —40 to 40 with
increment 2. The #-variation of the integrand of L can be qualitatively read off
similar to Fig. 11.16c. From Wu et al. (2005a)

origin, a task that cannot be achieved by standard formulas. Of course, the
Karmén street does strongly influence the total force; but its major effect is
indirect through its induced unsteadiness of the flow, including the periodic
swing of the peak V2w in near-field vortex layers.
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Fig. 11.18. Distribution of integrand of (a) D; and (b) L. Contours from —10 to
10 with increment 0.5. From Wu et al. (2005a)

On-Wall Close View

If the radius of X is Ry = 1 4+ 6 with § < 1 such that V; is well within
the sublayer of the boundary layer adjacent to the cylinder and the flow
therein is dominated by diffusion, then F'x; contributes to almost all F' and
the Stokes approximation (Sect.4.2.1) can be applied in a way very similar
to that discussed in Sect.11.4.1. The result is actually independent of Ry
and equal to that obtained by (11.75) since the radius is canceled during
integration. Therefore, to the above physical pictures we may add Fig. 11.19,
which shows the f-variation of the two terms in (11.75a,b) as the on-wall
close view. Recall that the normal and tangent components of Vw are from
respectively the pressure gradient (o = o},) and skin-friction, and the former
is much stronger than the latter, it is still the moments of o that dominate the
drag and lift. We have seen in the context of Fig.4.12 that the sign change of
op signifies that the boundary layer is about to separate; now x = cos¢ and
y =sinf in (11.75) add additional sign changes of the integrand in D and L,
resulting in their different #-dependence.

Notice the physical relation between Figs. 11.18 and 11.19. The boundary
layers and their separation in the former are the spatial and temporal accu-
mulated effect of the boundary vorticity fluxes in the latter (Sect.4.2.3). This
could be clearly seen by comparing a time sequence of both kinds of figures.

The above discussions have shown how different views capture different
stages of the evolution of the same vorticity field, and how the physics of these
stages are consistent and complementary to each other. Taking together, they
form a complete multidimensional picture of the mechanisms responsible for
the force and moment.

It should be stressed that a vortical structure favorable to the force and
moment at one of its evolution stage may become unfavorable at another
stage, although in terms of the flow data at any stage one can always infer
the same force and moment. Therefore, as yet another evolution view, one
may trace the motion of each individual structure (or a group of structures),
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Fig. 11.19. Distributions of the integrands of (a) drag and (b) lift for the moments
of vorticity-gradient components on the cylinder surface, see (11.75). Solid lines:
total force, dashed lines: contribution of udw/0r, dashed—dot lines: contribution of
uOw/s. From Wu et al. (2005a)

observing its “role switch,” and assess its merit. Such a thorough quantitative
assessment would be very beneficial in creating new configurations and flow-
control strategy.

11.5.3 Vortex Force and Wake Integrals in Steady Flow

We now return to classic aerodynamics on steady flow over a stationary rigid
body. Assume the Reynolds number is sufficiently large, all the attached
boundary layers of the body are enclosed by X' which only cuts vortical flow
in the wake. The preceding example of circular-cylinder flow has indicated
that in the fully developed wake region the viscous vorticity gradient is much
smaller than O(1). This is generally true in high Reynolds-number steady
aerodynamics, and right on X' one can neglect the effect of uVw compared to
the pressure force; namely, the entire Fx, and My in (11.69) and (11.70) can
be dropped.!! Therefore, since Fz and Mg also vanish, we simply have

F:fp/ ldvfg/a:x(nxl)dS (11.76a)
\%3 )

:—3/ mx(Vxl)dV:—H/ o x V’wdV,  (11.76b)
k Vi k Ve

M:—p/ xxldv+3/x2nxlds (11.77a)
Vi 2 )

- 3/ 22V x 1AV = ﬁ/ 222w dV. (11.77b)
2 )y, 2 Jy

1 This does not imply the neglect of viscosity inside Vz. It is the accumulated effect
of the viscous force in V; that forms the dominant feature of the wake.
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Fig. 11.20. Control volume V in which the flow is steady, wake plane W, and its
vortical part W,. From Wu and Wu (1996)

Therefore, for steady flow at large Re, no transverse Lamb vector, no force
and moment.

Let us concentrate on the force given by (11.76) and consider a wing flow
schematically drawn in Fig.11.20. The oncoming flow has uniform velocity
U = Ue, in the wind-axis coordinate system (x, y, z). The flow in a cylindrical
control volume V is assumed steady and symmetric with respect to the (z, z)-
plane. V has sufficiently remote side boundary S and a downstream boundary
W on the (y,z)-plane (a Wake plane) at an arbitrary fixed x location with
n = e, there, such that the vorticity can be set zero over X' except a small
vortical part of W, W, <« W. Hence, in (11.76a) the X-integral reduces to a
W, -integral.

One’s concern in the flow property on a wake-plane is mainly from experi-
mental aerodynamics. It has long been hoped that for steady flow a wake-plane
survey may permit inferring the lift and drag on the body as an alternative to
the balance measurement and the very difficult measurement of body-surface
skin friction. For example, the approximate lift formula (11.38) has been used
for decades. In what follows we use (11.76a) to address three problems of
considerable practical interest. We denote

u=U+v,v,w), p=pe+p. (11.78)

On the Distinction of Induced and Profile Drags

In steady flow, the drag consists of induced drag (see (11.7b)) and profile drag.
The latter is associated with the shedding of low-energy viscous boundary-
layer flow into the wake. Unlike the lift and induced drag which exist even in
the Euler limit (Re — 00), the profile drag appears only at finite Re. How
to rationally distinct the two drag constituents for a general nonlinear and
viscous flow is important, since to alleviate them one has to use different
methods based on their respective physical roots (cf. Kroo 2001).
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Consider the Euler limit first, where the vortex-sheet Lamb vector (Sects.
4.4.1 and 11.3.3) in steady flow is nonzero only in the “bound vortex,” i.e.,
the boundary layers attached to the wing. Thus, in (11.76a) the W -integral
disappears, and we see at once that the vortex force must be the only source
of both lift and induced drag:

L —p/ lde:p/ (uwy — vwy) dV, (11.79a)
1% v

Diy, = —p/ l,dV = p/ (vw, — wwy) dV. (11.79b)
v v

In fact, from these formulas one may easily deduce (11.7a) and (11.7b) as
linearized approximation.
We can also recover (11.38) from the vortex force, by using (A.22):

—,0/ ldepUx/ de:pUez/ Ywg dS. (11.80)
Vi Ve

v

Note that, as a mid-field view, here the relevant vortex dynamics mechanism is
more upstream than that in deriving (11.38) based on the global view. While
in the latter we focused on the increase of the vortex-loop area, now we are
focusing on the vorticity inside the wing boundary layers. This is evident in
two-dimensional flow, for which (11.5) directly follows from (11.79b) without
appealing to the starting vortex.

The induced drag can also be approximately expressed by a wake-plane
integral. Similar to the derivation of (11.7a) from (11.38), by (11.9) and the
same one-dimensional derivative-moment transformation for I' used there,
since the integral of wd(yI")/dy vanishes due to the symmetry, (11.7b) is cast
to (Wu et al. 2002)

Din = —p [ yw(y)y(y) dy, (11.81a)

which is the vortex-sheet form of a more general wake integral for distributed
vorticity, in pair with (11.38):

Dy, ~ — / yww,, dS. (11.81b)
Wy

We now turn to the finite-Re effect reflected by the boundary integral of
(11.76), which is a wake integral of

zx (nxl)=e;(x-l)—zl=e,(x, 1) —xl,,

where the suffix 7 denotes the (y, z) components tangent to W. On W the
Lamb vector can be replaced by the total-pressure gradient due to the steady
Crocco equation

1
pwxu=—-VP, P=p+ §pq2, (11.82)



630 11 Vortical Aerodynamic Force and Moment

of which both sides approach zero simultaneously in the Fuler limit. Since
T = T, is fixed and VP = VP’ where P/ = P — P,, vanishes at 0W, the
integral of pxl, = —xV, P’ over W vanishes. Thus, the wake integral yields
a drag only, which is the profile drag:

Dprof = *gex/ x,-1dS (1183&)
Wy
= —ex/ P'ds. (11.83b)
Wy

Equation (11.83b) is the exact formula for deducing the profile drag from
the measured total-pressure deficit over W,. Its vorticity-dynamics origin is
revealed by (11.83a): the nonBeltramian behavior of the viscous flow at finite
Re. To see relevant mechanisms explicitly, denote the Euler-limit values of I,
w, and u by suffix 0 and their residual values at finite Re by a tilde, so that

l=wy X u+wX uy+w X u.

we may then replace ! in (11.83a) by [, and find a leading-order cause of the
profile drag

Dprot ~ gU /W (2, — y@.) dS. (11.84)

As shown in Fig. 11.21, the wing boundary layers from upper and lower sur-
faces have positive and negative @,, respectively, which merge at the trailing
edge and form a wake of finite thickness, with z&, > 0. This is the entire
Dy,rof in two dimensions. In three dimensions the side edges of the wing also
have boundary layers, which yields —yw, > 0 at both sides.

On the Forces by Vortical-Wake Integrals

It has been highly desired to express, if possible, the forces by integrals only
over the vortical part of the wake plane, W, <« W, because the entire W is

Fig. 11.21. Viscous sources of profile drag according to (11.84)
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often too large to make a velocity survey. We have just seen that the profile-
drag formula satisfies this need. To see to what extent the lift and induced
drag can be likewise expressed, we first notice that the vortex force can be
cast to an integral over a full W. By using the mass conservation one has the
balance of momentum-flux through W and side boundary S (Batchelor 1967):

/uundS:fem/ Uv' d8S,
s w

by which and identity (3.69) one transforms (11.79) to (Yates and Donaldson

1986)

1
L= —/ uvwdS, Di, = f/ (2 —u'*)dS, (11.85)
w 2 Jw

where ¢2 = v? + w?. Note in passing that substituting these and (11.83) into
(11.76), we recover the conventional wake integrals for lift and drag, which
are a component form of (2.74) and have been the standard starting point of
flow diagnosis by experimentally measured wake data:

L=—p /W uw dS, (11.86a)
D= / [(Poo — p) + u(U — u)]dS. (11.86b)
w

However, (11.85) no longer has vortical form nor exhibits local dynamics.
Unfortunately, there is no other way but the kinematic identity (3.69) to cast
the Lamb-vector volume integral to boundary integral. Therefore, in exact
form one has to be satisfied with either the compact vortical form (11.76)
but allowing for volume integral, or wake integrals (11.85) over a large W.
In other words, it is impossible to exactly express the lift and induced drag by
any wake integrals over the vortical region only.

Nevertheless, some approximate formulas solely in terms of integrals over
W, are available. For the induced drag, so far the best result is the leading-
order approximation (11.81b). For the lift, the best result follows from trans-
forming (11.86b) by identity (A.26) (Wu and Wu 1989):

L= p/ Yluwy — (vwy + ww,)] dS + p/ (wv 5z — vw ;) dS, (11.87)
w. w

v

of which the leading order is (11.80) or again (11.38). The second integral in
(11.87) represents a small near-field correction to ensure the lift is independent
of z, of which the integrand is not confined to W.

Equation (11.87) has been applied to the diagnosis of a steady incom-
pressible flow over a delta wing with leading-edge vortices, based on the
measured data over a wake plane near the trailing edge (Wu et al. 1996).'2

2 In Wu and Wu (1989) and Wu et al. (1996) the drag formula is in error.
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Fig. 11.22. Spanwise distribution of normal force and its vortical constituents over
a half delta wing. From Wu et al. (1996)

The wing has sharp leading edge of 76° sweeping angle, and is at a« = 20° and
Re = 1.14 x 10% ft~'. With coordinates fixed to the wing, the wake plane W
is at /¢ = 0.075 downstream of the trailing edge, on which a set of measured
data of (u,v,w,p, P) for half wing was utilized to infer the three vorticity
components. The data show a strong leading-edge vortex, of which the core
axial velocity is as high as u = 1.8U. This is the key structure of producing
the normal force along with a negative axial force.

Figure 11.22 shows the spanwise normal load distribution from wing cen-
terline to wing tip (integration along z has been performed) computed from
(11.87). Also shown are separate contributions from wg, wy, and w, in its
We-integral. The vortical wake integral of yuw, is dominant, leading to a lo-
cal peak of lift/drag ratio of order 10 at the leading-edge vortex location. A
weaker peak of normal load appears outside the wing tip, which is the place
where boundary layers (dominated by that from the lower surface) leave the
wing, with very low total pressure and hence a large axial force. The local
C/Cq there is only of order one. Therefore, a better aerodynamic performance
would be gained if the wing tip is properly cut off, as in many successful wing
designs.

Forces in Terms of Flow Data Downstream of a Wake Plane

There are occasions where the flow-field survey can hardly be done around
the body, and what one can measure is only a downstream wake. Hence, it is
of interest to see whether an observer sitting in such the wake, without seeing
the flow around body at all, can still infer exactly the same F as (11.86). We
show that the answer is positive.

Use a wake plane W to cut the whole space V, into a “front” and a
“rear” control volumes, V' and R, respectively, see Fig. 11.23. Conceive that
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Fig. 11.23. The “front” and “rear” control volumes V and R divided by a wake
plane W, with V + R = Vi

a front observer A and a rear observer B can only see the flows in V and R,
respectively. Kinematically, the two observers are linked by relations

/de:/ wyx dS, / wydS =0, (11.88)
\% W, W,

/l(az,t) v = —/ Uz)dV. (11.89)
R \%4

Dynamically, their bridge can be found from the vorticity-moment formula
(11.48), by which it easily follows that

- (dIV dIR) olg

F=-rlCo @)= "o

(11.90)

Shifting 9/0t into the integral over R and using (A.23) to manipulate the
result, since viscous terms are dropped on W, (11.90) becomes

F:p/ldVJrg/ zx (@x1)dS, f=—e,, (11.91)
R Wy

which is evidently nothing but (11.76) due to (11.89). Physically, the rear ob-
server sees that at the upstream end of R there comes a vortex pair satisfying
(11.88), carrying a flux of vorticity moment into R through W, via the second
term of (11.91). This vortex pair is connected to the starting-vortex system
to form an unsteady horseshoe vortex, and the area spanned by the vortex
(cut by W,) is increasing as shown by (11.90), which implies the vortex force
in (11.91).

11.5.4 Further Applications

Before closing this section, we present two more applications of the derivative-
moment transformation. We first extend our discussion on experiment-oriented
force formulas to unsteady flow. We have seen that to obtain exact lift and
drag in steady flow, the minimum requirement is to survey at least a large area
of a wake plane where u’ # 0. The question now is what is the corresponding
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minimum requirement if the flow around the body is unsteady. Experimental
survey on a wake plane is certainly insufficient since the flow unsteadiness
propagates to all directions. Thus we go to the next: How about on a control
surface enclosing the body?

It has been believed that the answer is negative due to the extra volume
integral of Ou/0t. Moreover, even if one can make the flow survey in a finite
domain rather than merely on a wake plane, the gathered data may still be
unable to fulfill the entire V;. For example, PIV can hardly detect the velocity
distribution adjacent to the body surface.

Contrary to the conventional idea, however, we now show that the force
formula by control-surface integral alone can be easily found once we enter the
DMT-based formulation, as first shown by Noca et al. (1999). Here we follow
Wu et al. (2005d), starting from (11.1c). When the flow is incompressible, an
application of (A.22) to its first term immediately yields the desired result:

F= —pi / xby, dS+/ xuy dS —/ [pn—+pu(up—vy,)—7]dS. (11.92)
dt \Jop b s

Alternatively, by (A.25) and (11.4) we have

—/pndS:—B/wx(nxa)dS—H/mx[nx(wa)]dS’,
z kJs k

X

where the second term and the integral of 7 in (11.92) just combine to form
Fx; given by (11.65) or (11.67). Therefore, the involvement of pressure can be
replaced by that of acceleration:

F:—pg / :cbndS—i—/acundS —B/:cx(nxa)ds—i-Fg. (11.93)
dt \Jop b kJs

For a specified body motion, since the PIV can yield the material acceleration
a (e.g., La Porta et al. 2001; Christensen and Adrian 2002) on X, by which
the pressure can be inferred (e.g., Liu and Katz 2004), the unsteady force can
be deduced from (11.92) or (11.93).

Unfortunately, for the total moment a formula corresponding to (11.92)
does not exist, since & X u is not divergence-free even for incompressible flow.

Equations (11.92) and (11.93) have been verified by numerical tests. One
example is a two-dimensional uniform oncoming flow U = Ue, past a de-
formable airfoil at Re = 10*, of which the centerline oscillates as a traveling
wave

y = a(x) sin27(x — ct)], (11.94)

where the amplitude a(x) is a parabolic curve. The deformable airfoil is shown
in Fig.11.24, along with three different deformable control surfaces. Fig-
ure 11.25 is an instantaneous vorticity contour plot at phase speed ¢/U = 0.5,
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1.5

Fig. 11.24. A flexible airfoil with centerline defined by (11.94). Airfoil shape and
three selected deformable control surfaces X;, i = 1,2,3. From Wu et al. (2005d)
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Fig. 11.25. An instantaneous vorticity contour plot for ¢/U = 0.5. Courtesy of Lu

and in Fig. 11.26 we plot the varying drag and lift computed by (11.92) and
(11.93) over a period for the three X-locations at this phase speed. For com-
parison the result computed by (11.1a) is also shown. This example confirms
the correctness of the derivative-moment formulas and the X-independent of
of the results. The drag will become a thrust when ¢/U > 1 (not shown).

The second example is a local-dynamics diagnosis of the internal incom-
pressible flow in a turbofan compressor, where the performance is no longer
characterized by force and moment but the derivative-moment transformation
can still be applied. After passing a row of rotor blades of angular velocity (2
about the z-axis, the fluid gains pressure and is slowed down at the exit. We
analyze the flow in a domain V' consisting of a passage between two neigh-
boring blades. Let the inlet plane at z = 2y and exit wake plane at z = z; be
perpendicular to the z-axis, and denoted by Sy and S7, respectively. Then a
key stationary performance parameter is the total-pressure ratio, which should
be as high as possible:

— 1
PdS, P=p+ -pg, (11.95)

b=5r /s, 2
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Fig. 11.26. The time history of drag and lift coefficients of the flexible airfoil for
¢/U = 0.5, computed by (11.1a), (11.92), and (11.93) for three deformable X,
i =1,2,3. The curves computed by these formulas are marked by standard, DMT1,
and DMT2, respectively. From Wu et al. (2005d)

where ¢ = |u| and the overline denotes the time average over a cycle. Another
stationary performance parameter is the compressor efficiency 7, which we
define based on (2.76):

1 .

LeITR (/s o 0) (1199
where M, is the moment acting to the flow by the rotating blade. Since on
both the solid blade/hub surface and the exit plane S; the work rate done by
pressure force is much larger than that done by viscous stress, the latter is
neglected. Pu, represents the total-pressure flux entering into the combustor.
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Now, to find the local flow structures that influence the total-pressure radio
B, we use cylindrical coordinates (r,0,z) and write dS = rdrdf in (11.95).
Since for any function f(r, 0, z,t) there is

_19
T 20r

-7 A

fr 2 or’

we can make an one-dimensional derivative-moment transformation:

L[ s 2 , 0P
Prdrdf = 3 (PsR: — PyuRy)., d0 — | r*—drdf|, (11.97)
0

S1 S1 87"

where r = Rs(z) and r = Ry (z) define the generators of the shroud and hub,
respectively, and

PS EP(RSaZhH) :p(RS7zla9)a (11983‘)
B, = P(Rh,Zl,e) :p(Rh72179)+R}2192 (1198b)
due to the adherence condition. It is now evident that the local dynamics

enters the last term on the right-hand side of (11.97), through the momentum
equation (11.4). Hence, (11.95) is cast to

1
T 25, P

27
B [/ (PsRZ — PnRY})., d9+/ pr(cueuz—wzue)dS}’ (11.99)
0 S1

which clearly reveals that, except the boundary line integrals, the key mech-
anism is the r-component of the Lamb vector. A similar derivative-moment
transformation can be made for the integral of Pu, in determining the effi-
ciency 7, see (11.96):

N 1 —
/ Pu,dS = 7/ r {wg(pug + P) — puugw, — P@ur] ds.  (11.100)
S 2 S1 32’

On the other hand, applying (11.45) along with (11.47) to the open surface
of the blade, after neglecting the viscous stresses we obtain

1 1
M, = —f/ prio,, dS + 7]{ predz, (11.101)
2 /s, 2 Jos,

where S}, is the area of the blade surface with 05}, being its boundary line at
the juncture with the hub. Therefore, a simultaneous analysis of the integrand
of 8, n, and M forms a basis of local-dynamics diagnosis and can fill the gap
between conventional analysis and blade design. the extension to compressible
flow is straightforward.

Li and Guo (2005) have applied (11.99) and (11.100) to diagnose the blade
design of a test model of low-speed compressor. Under the design condition,
the rotational speed is 3000rpm, total-pressure ratio was 150 mm (water),
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total mass flux was 2.4m3s~!, and efficiency was 85%. They found that
the dominant local-dynamics mechanism in both (11.99) and (11.100) is a
strong wy > 0, of which the best favorable effect occurs at large r, i.e.,
near the shroud. By a Reynolds-averaged Navier—Stokes computation, Li and
Guo observed a quite uniform distribution of the total-pressure flux Pu,
across a sectional plane at the blade trailing edge, but this performance was
deteriorated under small-flux condition and became the worst when stall
occurred. The corresponding distributions of wy indicated that the efficiency
drop is associated with the accumulation of large wy toward the region of
smaller r. Based on this diagnosis and using (11.101), then, Li and Guo con-
ducted a redesign of the blade shape, see Fig. 11.27, which improved signifi-
cantly the uniformity of the wy-distribution under the off-design conditions.

(@) e © &y

X

Fig. 11.27. (a) The original blade shape of a test model of low-speed compressor,
and (b) the improved shape based on local-dynamics diagnosis. Courtesy of Li
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Fig. 11.28. The performance of the two blade shapes of Fig. 11.27. (a) total pressure
ratio. (b) Efficiency. Dashed line and solid line represent the numerical results for
the original blade and new blade, respectively. The filled circles are the experimental
results of the original blade. Reproduced from Li and Guo (2005)
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The total-pressure ratio and efficiency were accordingly enhanced at small-flux
side, as evidenced by Fig. 11.28. The stall margin is considerably enlarged.

Summary

1. The emphasis of the aerodynamics theories presented in this chapter is to
reveal the local dynamic processes that have net contribution to the total
force and moment. This information is very valuable for understanding the
physics and in flow diagnosis, configuration design, and flow control. The
local dynamic processes are measured by the spatial-temporal derivatives
of relevant flow quantities, which at large Reynolds numbers are highly lo-
calized to a few discrete peaks associated with key flow structures. These
structures have full appearance only in differential equations, but can be
made reappear in integrated force and moment by projection or derivative-
moment transformations (DMT). Both types of approaches arrive at the
same overall physical picture: at low Mach numbers the dominant mecha-
nism in the force and moment is the shearing process, while at supersonic
Mach numbers it becomes the compressing process.

2. The projection theory projects the Navier—Stokes equation onto the vector
space spanned by the unit acyclic potential velocities and then take inte-
gration. In particular, the integrated pressure force is replaced by those
terms in the momentum balance that characterize the shearing and com-
pressing processes, mainly the Lamb vector (vortex force) and density
variation. The theory applies to externally unbounded fluid at rest at in-
finity or having uniform velocity. Due to the fast far-field convergence of
the acyclic potential velocity, the force can be calculated from the flow
data in a sufficiently large but finite domain.

3. The DMT-based theory transforms the integrands of standard force and
moment formulas by the moments of their spatial-temporal derivatives
that represent the local dynamics. In its general form, the theory is for-
mulated for arbitrary domain, of which the outer boundary can extend to
infinity, remain finite, or shrink to the body surface. This flexibility per-
mits a global view, a mid-field view, a near-field view, and an on-wall close
view, respectively. At two opposite extremal views, the theory recovers the
infinite-domain vorticity-moment theory and boundary vorticity-flux the-
ory, respectively. The former is the first systematic DMT-based theory for
the force and moment, with very intuitive vortex-dynamics interpretation.
The classic incompressible aerodynamic theories can be easily deduced
from these DMT-based theories at certain approximate levels.

4. For the same flow field, each view of the DMT-based arbitrary-domain
theory has its own key dynamic mechanism as the net contributor to
the total force and moment. These include the rate of change of impulse
and angular impulse, the Lamb-vector integrals along with unsteady vor-
ticity moments, the vorticity diffusion moments, and the stress-related
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boundary vorticity fluxes, etc. These multiple pictures reflect different
evolution stages or aspects of the same flow; capturing any one of them
can lead to the correct total force and moment. Therefore, a rich “multi-
dimensional” means is available for a thorough flow analysis.
High-accuracy estimate of total force by experimentally measured data
also calls for unconventional expressions with easily measurable integrand.
Vorticity dynamics and DMT help achieve this goal and clarify some long-
standing issues. For steady incompressible flow at large Reynolds numbers,
the minimum requirement for the measurement is to survey a wake plane
over the region where disturbance velocity is nonzero. To survey a small
vortical region of the wake plane, one can obtain the profile drag but at
most a good yet still approximate estimate of the lift, and a rough estimate
of the induced drag. For unsteady incompressible flow, the use of a proper
DMT identity permits an accurate estimate of total force by surveying
the flow data on a control surface alone.

The application of derivative-moment transformations is not confined to
external flow problems. The theory may well be applied to local-dynamics
diagnosis of internal flows with different performance parameters.





