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A rigorous bound on the scaling of dissipation
with velocity amplitude in flow past a sphere
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A rigorous bound on the energy dissipation in the flow around a sphere is derived
analytically. The bound is allowed to depend on the viscosity of the fluid, the radius of
the sphere, the free-stream velocity and the amplitude of the difference between the actual
flow field and the irrotational flow around the sphere. The bound becomes asymptotically
independent of viscosity as the Reynolds number tends to infinity. Provided that the
velocity fluctuations are of the same order as the free-stream velocity, the scaling of
the bound is consistent with a Reynolds-number-independent drag coefficient at high
Reynolds numbers.
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1. Introduction

A fundamental problem of engineering fluid mechanics is the computation of the drag
force on an obstacle at high Reynolds numbers. A paradigmatic example of this class of
problems is the flow of fluid with kinematic viscosity v and density p around a sphere of
radius R with a flow velocity Uy at large distances from the sphere. According to common
reasoning, the momentum transport by turbulent eddies is so much more efficient than
viscous friction that viscosity becomes an irrelevant quantity if only the Reynolds number
is high enough. It follows from this assumption that the time-averaged drag force F should
become independent of v and only depend on p, U and R. In that situation, F pUgoRZ
because this is the only combination of parameters with the dimension of a force, and the
power dissipated in the fluid, F U, must scale as ,oUgoRz.

The same dimensional argument pervades all empirical results on turbulence. Most
importantly, a relation dating back to Kolmogorov (1941) states that energy dissipated
per unit mass, €, in homogeneous and isotropic turbulence is determined by a mixing

+ Email address for correspondence: andreas.tilgner @phys.uni-goettingen.de

© The Author(s), 2021. Published by Cambridge University Press. This is an Open Access article,

distributed under the terms of the Creative Commons Attribution licence (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in any medium,

provided the original work is properly cited. 916 A32-1

@ CrossMark


mailto:andreas.tilgner@phys.uni-goettingen.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/jfm.2021.239&domain=pdf
https://doi.org/10.1017/jfm.2021.239

https://doi.org/10.1017/jfm.2021.239 Published online by Cambridge University Press

A. Tilgner

length [ and the amplitude of velocity fluctuations U as € o< U3/, again because this is the
only plausible combination of parameters independent of v with the right dimension. This
relation will be called Kolmogorov scaling for short in this paper.

While the Kolmogorov scaling has proven very successful in practice and beyond
homogeneous and isotropic turbulence, there is little theory based on the Navier—Stokes
equation to support it. The only exact statements available come in the form of inequalities
providing bounds on the energy dissipation. These bounds indeed have the expected form
for turbulence driven by a volume force (Childress, Kerswell & Gilbert 2001; Doering &
Foias 2002; Rollin, Dubief & Doering 2011; Tilgner 2017).

We also know techniques for deriving bounds in confined geometry. These use either the
optimisation procedure demonstrated by Howard (1972) and Busse (1979), or a technique
known as the background field method. This second option was applied to a variety of
flows, including purely hydrodynamic settings such as Couette or channel flow (Doering &
Constantin 1992; Constantin & Doering 1995), but also convection (Doering & Constantin
1996; Kerswell 2001; Siggers, Kerswell & Balmforth 2004; Plasting & Ierley 2005;
Balmforth er al. 2006; Doering, Otto & Reznikoff 2006; Otto & Seis 2011; Whitehead
& Doering 2012) and magnetohydrodynamics (Alboussiere 2009). The bounds in these
references are derived by analytical means with little or no numerical help, whereas much
of the more recent work relied on the numerical solution of some optimisation problem.
In the purely hydrodynamic examples, these results allow us, as a by-product, to verify
whether the bounds on energy dissipation conform with the Kolmogorov scaling. No
contradiction was found.

The situation is less clear for flows around obstacles. Kumar & Garaud (2020) recently
presented the calculation of a bound on the energy dissipation in the flow around a thin
plate of finite extent at zero angle of attack. Their result is again compatible with the
Kolmogorov scaling, but their computation cannot be extended to the flow around bluff
bodies. On the other hand, the oldest known application of the background field method
goes back to work by Hopf (1941) in which he examines the flow caused by moving
boundaries in a viscous fluid at rest at large distances from the boundaries. His paper
contains a recipe for constructing a background field in nearly arbitrary geometries and he
notes that if the geometry remains unchanged during the course of the motion, such as for
a rotating cylinder, his method leads to bounds on the dissipation that vary algebraically
with v~!, whereas in general, they depend exponentially on v—!.

Returning to a frame of reference in which the obstacle is at rest, Hopt’s method allows
us to find a bound on the drag force on a sphere which depends exponentially on the
Reynolds number U R/v and therefore does not tend to a limit independent of v. This
raises the question of whether a state of boundary-driven turbulence exists in which the
Kolmogorov scaling does not hold.

The bounds summarised above reflect two types of expressions with which the
dissipation is computed empirically in turbulent flows. Both forms are independent of
viscosity and answer two related, yet different questions. The two questions can be phrased
as follows in the context of the flow around a sphere: suppose one is given the control
parameters p, R and Uy, but not v, can one deduce the dissipation in the flow assuming
a high Reynolds number? The empirical answer to this first question is a dissipation

proportional to p UgORZ, but we have no bound compatible with this expression because of
the viscosity dependence in Hopf’s bound. On the other hand, we do have bounds in terms
of control parameters independent of viscosity for the other flows mentioned previously.
The second form parallels the Kolmogorov phenomenology of homogeneous and isotropic
turbulence and answers another question: suppose one is given p, R and the ‘velocity at
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large scales’ U, but not v, can one deduce the dissipation in the flow, assuming again a high
Reynolds number? There is some slack in what exactly is meant by the velocity at large
scales. Surely, Uy itself is acceptable for U, in which case the first and second questions
are identical. However, another common interpretation of U typically found in turbulence
models (Pope 2000) is that U is computed from the square root of kinetic energy. Hopf’s
result leaves the possibility that a bound of this second form does not exist for the flow
around bluff bodies. A flow whose dissipation violates a bound of the form pU3R? would
contradict the universality of the Kolmogorov scaling.

The present paper deals with the second of these questions and computes a bound on the
dissipation in the flow around a sphere that is allowed to depend on the energy of the flow.
This is different from the problem of finding a bound that depends only on U, R/v because
the relation between the kinetic energy and Uy, does not have to be determined. The
calculation will employ the background field method. The background field will be chosen
to be the irrotational flow past the obstacle, together with a boundary-layer correction to
adapt the potential flow to the no-slip boundary conditions on the surface of the obstacle.
It will be shown that the idea behind the Kolmogorov scaling remains intact, and that the
bound found by Hopf can only be realised if the kinetic energy in the velocity field relative
to the irrotational flow grows exponentially with the Reynolds number. The calculation
is explicitly performed for a sphere, but the general procedure is applicable to bodies of
different shape as well.

2. Calculation of the bound

A sphere of radius R centred at the origin is surrounded by fluid of viscosity v and density
p which moves in the z-direction with velocity Uy at infinity. The velocity and pressure
fields, v(r, t) and p(r, ), are determined as a function of position r and time ¢ by the
Navier—Stokes equation

1
Ww+@w-Vo=—Vp+vVie, V.v=0 (2.1a,b)
0

with the boundary conditions that v = O on r = |r| = Rand v — Uz for r — 00, where
a hat denotes a unit vector. We choose a background field vp(r) as the sum vg = vp + v}
of the potential flow around the obstacle, vp(r), and a boundary-layer contribution v (r)
such that vp + v, =0 on r = R and v, = 0 for r > R 4 §, where § is a boundary-layer
thickness whose size is available for later optimisation. These fields have the properties

Vevg=V.vp=V .9, =0 2.2)
Vxvp=0 (2.3)

and fulfil the boundary conditions vg = 0 and 7 - vp = 0 on r = R, whereas at infinity,
UVp=Vp = Uooﬁ.

The total velocity field is written as v(r, r) = vp(¥) + u(r, ), so that the fluctuation field
u obeys V - u =0 and u = 0 both on » = R and at infinity. Inserting this decomposition
into the Navier—Stokes equation and taking the dot product with u leads to

1 1 1
58t|u|2 +5V- (ulu>) +u- (u-Vyvg + V- (vlul®) +u - (vg - V)vg
1
= ——V - (up) +vu- V. (2.4)
1)

916 A32-3


https://doi.org/10.1017/jfm.2021.239

https://doi.org/10.1017/jfm.2021.239 Published online by Cambridge University Press

A. Tilgner

If we integrate this equation over the entire fluid volume, all divergence terms disappear
thanks to the boundary conditions, and

/u. (vg -+ V)deV:/u. [(V X V) X vg + %V|v3|2] dv

= / u-[(V xuvp) xvgldV. (2.5)

In addition, applying a few times the vector identity b - (V x a) =V - (a x b) +a - (V x
b), one finds

/v-VzvdV=—/v~VxvadV:—/lVxv|2dV
=/(u-V2u+vB-Vsz—i—u-VZvB—FvB.Vzu)dV

:—/lV xu|2dV—/|V xv3|2dV+2/u-V2deV (2.6)
so that
/u.v2vdvz —/|V x ul?dV +u - Viogdv
= —%/IV x v|>dV — %/ IV x u|2dV+%/|V x vg|?dV. (2.7)
Let Vs denote the volume R < r < R + 6. Inserting vg = vp + vp, (2.5) and (2.7) into

(2.4), and keeping track of integrands which are zero outside Vs and which need to be
integrated only over Vg, we obtain

1 2 v 2 v 2
o | =lu|*dV+ | u-(u-V)opdV+ - | |V xv|°dV — = |V x vp|=dV
2 2 2y,
:—3/|qu|2dV—/ u-(u-V)vde—/ u-[(V x vy) x vg]dV
2 Vs Vs

< —%/W x u)*dv +

/ u-(u- V)vth’
Vs

1 |u|? dV / I(V % vp) x vg|?2dV, 2.8)
Vs Vs

where the Schwarz inequality was used in the last line.
We now have to specify expressions for vp and v, in order to evaluate the integrals in
the last equation. The potential flow around a sphere is given by

. R\*| . . 1 /R’
vp =rUxcosO |1 — | — —0OUxsinf |1+ S\ (2.9)
r r

in spherical polar coordinates (r, 8, ¢). Let us choose vy, as

3 — R\’
VxVx|:—§Uoocos9R(r—R)<1—rT> ?':|, R<Lr<R+3$

0, rzR+96

vy =

(2.10)
916 A32-4
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With this choice, v}, is continuous everywhere, and all the integrations in the following can
be carried out in closed form. However, we will finally be interested in the limit of high
Reynolds numbers and the limit §/R < 1. The results of all algebraic manipulations will
therefore be given only to the leading order in §/R because this leads to considerably more
transparent expressions. This procedure is sufficient for the ultimate goal of the calculation
and alleviates the at any rate tedious algebra. For instance,

5 ) R2 52
\Y% dV =247U02 — [1+0( — 2.11
V5| th| T * ) |: * (Rz):| ( )
and
3816 R? F)
v 2qv="—""qU* — |1+ 0| =]]. 2.12
Val( X vp) X Vp| 175 Voo [ + (Rﬂ (2.12)

Let us call e, the deformation-rate tensor of the boundary-layer flow v, so that
ep,ij = (0jvp,; + 0jvp;)/2 and u - (u - V)vp = u - epu. If we write down ey, in spherical
coordinates and order the components within u in the sequence (u,, ug, u,), we find

e, =fi(r)M; + fo(r)M; (2.13)

with matrices M; and M, defined by

0 sind 0
M, = | sin6 0 O (2.14)
0 0 0
and
2cos b sin 6 0
M, = | sinf —cosé 0 . (2.15)
0 0 —cosf

The functions fi (r) and f>(r) are of course zero for r > R 4 § and, using the shorthand
notation s = r — R, they are given within Vj by

___3RUs  [p2 s e 2) 4203
0 =35 s [R (28 — 35) + R (43s 6s ) 4 8% — 25 ] (2.16)
and
_ 3RUOO 2 2 2 3
B0 = G [R (—5 + 485 — 3s ) 4825 —s ] . 2.17)

The eigenvalues A; of M; obey |4;] < 1, whereas for the eigenvalues A, of My, the
inequality |A2| < 2 holds, so that

Uso o)
- eyl < Ju? {11 (0] + 2} < 3= [1 ‘o (E)] 2.18)

and

U 8
/ u-(u-V)vde’ <3—= |u|2dV|:1+0<—)] (2.19)
Vs 8 Vs R

We now want to find the maximum of the last two lines in the sequence (2.8).
To this end, we first relate [, lul?dV to [ |V x ul>dV = [ |Vu|?dV with the notation

916 A32-5
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|Vu|? = > j |8jul~|2. A simple approach to achieve this goal is to first note that

2

lu(r, H)* = , (2.20)

S
o,u(r,t)ds
0

wherer = (R+s,0,¢9)and ¥ = (R+ 5, 0, ¢). Inserting a factor 1 in the integral in (2.20)
and applying Schwarz’s inequality yields

2
S N
lu(r, 1)|> < (ﬁ\// |0,u(, )2 ds’) < s/ |Vul®ds'. (2.21)
0 0

The integral of |u|?> over Vj can therefore be estimated as follows:

1) 27 T
/ |u|2dV:/ ds/ d¢/ do sinO(R + 5)*|u(r, 1)|?
Vs 0 0 0

1) 27 b R N2
</ dss(R—I—s)2/ d(p/ dQSinQ/ ds/%| ul?
0 0 0 0 (R+5)

§ 1
< f dss(R + 5)°— / |Vu|?dv, (2.22)
0 R= Jy,

where V; denotes the volume R < r < R + 5. As the integrand |Vu|2 is always positive,
we obtain another valid inequality by extending the volume of integration from V; to the
entire fluid volume:

: w2 dv < {/ |Vu|2dV} {/0 dss(R+s)21%}
< {/ IV x u|2dV} {152 [1 +0<§>]} (2.23)
X ) R . .

The leading order in /R of the last right-hand side in (2.8) is therefore bounded from
above by

3 6
(—% + zUoo(s) / IV x u dV + - VFTIRRUZS // IV x ul2dV.  (2.24)

We now regard [ |V x u|?dV as the variable in expression (2.24) and consider what the

maximum of this expression is if f |V x u|?dV is varied. In order for a maximum to exist,
the condition

3Uxsd <V (2.25)

needs to be satisfied. If this is the case, the maximum of (2.24) is achieved for

// IV x u2dV = x/371nRU2 f o7 (2.26)
- OO

916 A32-6
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Inserting the maximum of (2.24) together with (2.11) into (2.8) yields

1
8;/§|u|2dv+/u-(u-V)deV-i-g/lV x v[*dV

<o | b L o(8)]. 2.27)
| Ud 3505 _ Y R

o0

The choice of § that minimises the right-hand side of this inequality, yet respects condition
(2.25), is

Usod 5
X = (210 — +/2226) (2.28)
v 2991

so that (2.8) now turns into

/—|u| av + - /|va| av

'/u (u- V)vpdV‘—I-lZn <3+ ‘§§26)R2Ugo[1+0(%>] (2.29)

Finally, if we compute the deformation-rate tensor for the potential flow vp, we may
conclude that

3U
‘/u (u-VyvpdV| = ‘/ == (= u-MzudV

U, R
<3=—= (—) lu|?dv. (2.30)
R r

Let us use angle brackets () to denote the time average of any function f(7):

1T
(f(n) = Tlimm ?/(; f(@dr. (2.31)

Assuming a statistically stationary state in which the time average of a time derivative
disappears, we deduce from (2.29) that

4
u</ IV x v|2dV> < 6> (5) (lul?) dV
R r

+ 247 <3+ ‘?526)#020 [1 +0<%)]. (2.32)

The viscosity does not appear explicitly on the right-hand side of this inequality,
but there still is a viscosity dependence hidden in the definition of u. To make this

916 A32-7
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dependence apparent, we note that
ul* = |(v — vp) — > < (Jv — vp| + |vp])* < 2[v — vp[* + 2[vp (2.33)
and

|ul?

dV<2/|v_vP|2dV+ > /| 2dv (2.34)
—dV < —_ — [ |v )
r r# R4 b

together with

5 4t 5 5 52
|vp| dV:?R Uzs|1+0 =) (2.35)

If we insert these expressions into (2.32), we find that the term in f |vp|? dV is smaller
than the last term in (2.32) by a factor §/R and is of the same order as previously neglected
terms, so that this term has to be omitted for consistency as well. Let us simplify a

numerical prefactor according to 327 < 247 (3 4+ +/2226/35) < 328 to finally arrive at

U R\*
v</|va|2dV><12% (-) <|v—vp|2)dv+328R2Ugo+0( s )
r

UxR
(2.36)

Relation (2.36) now has the characteristic features that Kolmogorov scaling demands.
For any given velocity field, the right-hand side of (2.36) becomes asymptotically
independent of viscosity as the Reynolds number tends to infinity, and it depends only
on the velocity field itself, not on any of its derivatives. Deviations from the potential
flow, such as the wake, contribute to the first term in the bound. This term weights the
deviations such that the region close to the sphere contributes more than the far-away
regions. The second term in the bound depends solely on U, which sets the amplitude
of the irrotational flow. A purely irrotational flow does not cause any drag, a fact known
as d’Alembert paradox. However, a purely irrotational flow is not compatible with the
no-slip boundary conditions assumed here. Any non-zero Uy, thus implies a boundary
layer or other rotational component, which explains the presence of the second term.

The Kolmogorov phenomenology originates from the study of homogeneous and
isotropic turbulence. In this context, the dissipation per volume plays a central role and
is proportional to U3 /1, where U and [ are a characteristic velocity and length of the flow.
The flow around a sphere is neither homogeneous nor isotropic, and its dissipation is finite
and occurs in an infinite volume, so that the ratio of dissipation over flow volume is zero.
Nonetheless, for the purpose of comparison with the Kolmogorov scaling, we may divide
(2.36) by the reference volume R3 to find that in the limit of v /(UsoR) tending to zero,

v 2 U3
— IV x v|“dV) < 328— (2.37)
R3 R

, 31 R\* ) V2
U= UOO+§F/<7) (lv — vp|2) dV (2.38)

as a possible choice for the characteristic velocity.
The empirical argument that the drag force should be proportional to pU2 R requires, in

addition, that U is less than a bound proportional to Us,. The calculation presented here
does not allow such a conclusion.

916 A32-8

with


https://doi.org/10.1017/jfm.2021.239

https://doi.org/10.1017/jfm.2021.239 Published online by Cambridge University Press

A rigorous bound on the scaling of dissipation

There are different ways in which the background field could be altered to produce
relations similar to (2.36). The boundary-layer contribution v, can obviously be optimised.
However, there are also different possible choices for the irrotational part of the
background field. For example, the potential flow around any obstacle enclosing the sphere
is a viable option. Such a field could emulate the presence of a wake. If one aims for a
short derivation, one might select the unperturbed velocity Uz as the irrotational part
of the background. All the terms in (2.8) still allow for estimates of the required form if
d is fixed at a viscosity-independent value as for example R, so that v, and V x v;, have
viscosity-independent supremum norms.

3. Conclusion

The relation (2.36) has the form expected from the Kolmogorov phenomenology. It bounds
the first derivatives of the velocity field in the dissipation term in terms of the velocity field
itself, and this bound asymptotically becomes independent of viscosity at high Reynolds
numbers.

The prefactor in (2.36) is larger than what one can hope for from experimental data.
Even if the velocity field outside the boundary layer was exactly irrotational, equation
(2.36) would constrain the dissipation to pv( f IV x v|2dV) < 328pR2 Ugo, whereas one
finds experimentally that pv(f IV x v|2dV) ~ 0.6,0R2UgQ at UxR/v & 10°. This large
discrepancy suggests that there are more optimal choices of the background field.

The result (2.36) is not enough to support the assumption mentioned in the introduction
that the drag force should behave as ,0U<2>OR2 at high Reynolds numbers. This scaling
follows from (2.36) only under the additional assumption that a characteristic velocity
such as (2.38) stays on the order of Uy as v tends to zero. We know from the work
by Hopf that there is a bound on the dissipation that contains a viscosity dependence of
the form exp(UsoR/v). The dissipation could become this large in the real flow either
because the motion develops small length scales, or because the velocity becomes large.
The inequality (2.36) excludes the former possibility. If indeed there exists a flow regime
which exhausts Hopf’s bound, it will have to do so by generating flows for which the
integral [(R/ r*(Jv — vp|?) dV depends exponentially on UsoR/v. This could be realised
by velocity amplitudes or the size of the wake growing exponentially with UsR/v.
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