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The problem formulated in Part 1 (Loper, J. Fluid Mech., vol. 892, 2020, A16) for
flow in the turbulent boundary layer beneath a vortex is solved for a power-law
swirl: vy (r) ~r*~!, where r is cylindrical radius and @ is a constant parameter, with
turbulent diffusivity parameterized as v = v,,L and the diffusivity function L either
independent of axial distance z from a stationary plane (model A) or constant within
a rough layer of thickness zy adjoining the plane and linear in z outside (model B).
Model A is not a useful model of vortical flow, whereas model B produces realistic
results. As found in Part 1 for 6 = 1.0, radial flow consists of a sequence jets having
thicknesses that vary nearly linearly with r. A novel structural feature is the turning
point (r;, z;), where the primary jet has a minimum height. The radius r, is a proxy
for the eye radius of a vortex and z, is a proxy for the size of the corner region. As
r decreases from r,, the primary jet thickens, axial outflow from the layer increases
and axial oscillations become larger, presaging a breakdown of the boundary layer.
For small 6, r, ~ zo/€f and z, ~ zo/0>/%. The lack of existence of the turning point
for 6 2 0.42 and the acceleration of the turning point away from the origin of the
meridional plane as 6 — 0 provide partial explanations why weakly swirling flows
do not have eyes, why strongly swirling flows have eyes and why a boundary layer
cannot exist beneath a potential vortex.
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1. Introduction

This is the second of a series of investigations of the mean flow within a turbulent
boundary layer near a stationary plane that bounds a fluid having an axisymmetric
circumferential velocity v.,(r), where r is the cylindrical radius. Loper (2020; referred
to as Part 1) investigated the boundary-layer flow beneath a fluid in rigid-body
rotation, with v, ~ r; that investigation is the turbulent analogue of the Bodewadt
problem (Bodewadt (1940); see § XI.1 (pp. 213-218) of Schlichting (1968)). Here
in Part 2 the outer flow is generalized to a power law with vy, ~ r?~!, with the
parameter 6 treated as a constant.

This investigation is motivated by a desire to gain a better understanding of the
mean flow near the ground in atmospheric vortices, particularly tornadoes, with an
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FIGURE 1. The anatomy of a vortex in the meridional (7, z) plane. The dashed line vertical
is the stream tube bounding the eye and the point (7, 0) is a separation point. The solid
curve is the upper boundary of the primary jet; this jet is narrowest at the turning point
(r1, z;), denoted by the black dot. Solid arrows denote strong (unit order) speeds and dotted
arrows denote smaller-order speeds. Air flows radially inward within the primary jet, turns
upward within the corner region and flows up within the eyewall.

emphasis on eye formation. In order to provide orientation, the following subsection
discusses the boundary-layer behaviour beneath a swirling flow, as it pertains to the
formation of an eye.

1.1. Boundary-layer breakdown and eye formation

Broadly speaking there are two types of rotating storms, exemplified by tropical
cyclones and tornadoes. The former are long lived (many days), are strongly affected
by the Coriolis force and have small aspect ratio (height to width), while the latter
are short lived (typically less than an hour), are not directly affected by the Coriolis
force and have large aspect ratio. A typical and striking feature of these storms is
their double-cell structure, with a relatively quiescent central eye, having radius r,,,,
that is surrounded by a swirling flow, as illustrated in figure 1. The swirling flow
consists of an outer vortex separated from the eye by an eyewall and separated from
the ground by a turbulent boundary layer. The eyewall and boundary layer intersect
in the corner region.

A key question is: why does a rotating storm develop an eye? This question
has been the subject of several studies focusing on tropical cyclones (e.g. Smith
1980, 2005; Pearce 2005; Oruba, Davidson & Dormy 2017; Oruba, Davidson, &
Dormy 2018), but the reason why tornadoes have eyes has received little attention.
A pioneering study by Eliassen (1971) sought to answer this question by considering
a model of turbulent boundary-layer flow that includes the slip boundary condition.
Upon expanding the velocities in powers of radius, he found that at dominant order
no turbulent boundary layer is possible and concluded that close to the axis the flow
must be rigid-body rotation with no vertical flow. This analysis is both mathematically
and physically suspect. On the mathematical side, the slip condition is valid provided
that the Reynolds number based on the velocity difference across the boundary layer
is large. But with rigid-body rotation, this velocity difference tends to zero as r — 0,
so that the assumption of turbulent flow and the application of the slip condition is
inappropriate in this limit. In other words, the boundary-layer problem with the slip
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condition is ill-posed in the limit r — 0; a generalized boundary condition including
both the slip and no-slip formalisms should be employed. On physical grounds,
Eliassen’s result implies that a boundary layer cannot exist and no vertical flow is
possible on the axis of a vortex, which is clearly an unrealistic conclusion. Further,
if Eliassen’s argument were correct, then all rotating storms would have eyes. But
this is not the case; storms having relatively weak swirl lack eyes.

Nevertheless, Eliassen’s basic finding — that boundary-layer dynamics controls the
location of the eye — is confirmed and quantified in the present study. However, an
important difference is that control is provided by the boundary-layer structure outside
the corner region, rather than inside. In the boundary-layer formulation, with radial
viscous terms ignored, a boundary condition on the radial inflow at the eye radius
cannot be satisfied. It follows that formation of an eye and corner region must be
an inherent feature of boundary-layer dynamics that arises spontaneously. This leads
to a modification of the question: why does the boundary layer beneath a vortex
spontaneously break down?

To understand the structural implication of eye formation, it is helpful to contrast
the topological structure of axisymmetric flows without and with eyes. It has been
found in Part 1 that if the circumferential outer flow is rigid-body motion, meridional
flow consists of radial inflow (predominantly within the primary jet close to the
ground; see §1.1.1 of Part 1) and a compensatory upward flow. (Sections, equations,
tables and figures in Loper (2020) are preceded by ‘I’.) The radial influx within
the primary jet is a function of r that tends smoothly to zero as r — 0; there is no
eye and the corner region (where the boundary-layer formulation breaks down) has a
very small radial extent abutting r = 0; see §1.3.2.1. When the circumferential flow
above the boundary layer varies more generally with r and the vortex has an eye, the
topology of the meridional flow must change; it must have a stream tube (that is, a
cylindrical surface of revolution) separating the eye region from the vortex and radial
flux within the primary jet must go to zero as r — r,,, not as r — 0. Within the
boundary-layer formulation, with radial derivatives ignored, there is no flexibility to
satisfy such a condition; it can be satisfied only by re-instating the radial derivatives
in the momentum equation. These added terms are effective within the corner region.
When the vortex has an eye, the corner region no longer abuts r =0, but must occur
at finite radius as illustrated in figure 1.

Clues to the answer lie in the boundary-layer problem formulated in Part 1. This
problem contains two dimensionless parameters: 6, defined by (I1.3.9) and (2.9),
which describes the radial structure of the swirling outer flow, and p, defined
by (I.3.2) and (2.4), which both quantifies the effect of a rough boundary and
acts as dimensionless radial coordinate. Consider first the control of boundary-layer
behaviour provided by 6. It is shown in Part 1 that for rigid-body outer flow (having
6 = 1), the boundary layer is well-behaved and no eye occurs. At the other extreme,
for a potential vortex (having 6 = 0), the boundary-layer problem is singular and has
no solution; see §1.3.2. It follows logically that, as 6 decreases, the boundary-layer
formulation progressively breaks down and eventually a boundary layer can no longer
exist.

This simple conceptual picture is modified — and mapped into physical space
— by the influence of the second parameter p. It is evident from the physical
structure of vortex flows with eyes that the boundary layer is well behaved if p
is sufficiently large and that the boundary layer breaks down when p becomes small.
The parameter p quantifies the geometric strengthening of radial flow within the
primary jet, the compensatory increase of axial outflow from the boundary layer
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as the radius decreases and the associated increase in inertial oscillations. The
strengthening of radial flow is illustrated (for 6 = 1.0) in figure 1.8, which displays
graphs of the radial velocity component versus axial distance for four values of p; as
radius decreases, the magnitudes of the radial speed and its axial oscillations increase.
Similarly, the strengthening of axial flow and oscillations with decreasing radius is
seen in figure 1.10. The increase in the strength of meridional-plane oscillations with
decreasing radius is illustrated in the set of hodographs found in figure I.11.

It is likely that the breakdown of the boundary-layer formulation is associated
with the increase in strength of inertial forces, relative to the viscous forces, with
decreasing radius. This increase is seen in the magnitudes of the radial jets, which
are an integral part of the meridional-plane oscillations (see figure 11). Recall that
radial flow consists of a sequence of jets: a primary jet of radial inflow close to
the ground, a weaker secondary jet of radial outflow immediately above, etc. Air is
fed into the secondary radial jet by a positive axial flow from the primary jet with
parcels of air moving upward and away from the axis of rotation. This flow requires
a positive radial acceleration near the boundary between these two jets. As these jets
increase in strength with a decrease in radius, barring an increase in the axial extent
of the jets, the requisite radial acceleration must increase. Boundary-layer instability
leading to the formation of the eyewall may arise from an inability to provide this
acceleration, so that the outflow from the primary jet is directed upward into the
eyewall rather radially outward within the secondary jet.

As the meridional-plane oscillations increase in strength, it becomes increasingly
difficult to obtain converged solutions to the boundary-layer problem using the
spectral/iterative procedure described in appendix LB — an indication that the
boundary-layer flow is becoming unstable. The averaging procedure described in
appendix 1.B.7.3 is a powerful tool in obtaining converged solutions — so powerful
that it permits the procedure to obtain solutions that are actually unstable. That is,
for a given value of 6, a critical value of p, denoted by subscript ¢, can be identified
such that solutions of the boundary-layer problem are stable for p > p. and unstable
for p < p..

In order to track boundary-layer breakdown, it is helpful to identify a specific
physical and mathematical point associated with this process. As the radial influx
within the primary jet turns upward within the corner region to form the eyewall, the
upper boundary of this jet must increase in height, as illustrated in figure 1. This
requires the slope of the primary jet, which is positive at large radius, to change sign
at the turning point, where this jet is narrowest. Since boundary-layer breakdown
increases as 6 decreases, the locus of turning-point values in the p, 6 plane has a
negative slope, as illustrated by the solid line in figure 2. In the following, the radial
and axial locations of the turning point are denoted by r, and z,. Presumably r, gives
a sense of the radial location of the eyewall and corner region and z; gives a sense
of the width and height of the corner region. The following analysis seeks to provide
a firmer foundation for this conjectured scenario of boundary-layer structure near the
corner region.

1.2. Organization

This paper is organized as follows. The flow problem, non-dimensionalization
and diffusivity models developed in Part 1 are summarized in §2. Solutions of
the boundary-layer problem with axially uniform flow resistance (model A) are
summarized in table 1 and illustrated and discussed in § 3; solutions are found only
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FIGURE 2. Parameter regime diagram (not to scale). The parameter p quantifies the effect
of boundary roughness; 6 quantifies swirl of the outer flow. The sloping solid line is a
schematic of the turning-point curve; this is shown accurately in figure 15. The stippled
area indicates the region in which the boundary-layer solution is inaccurate and radial
viscous forces and vertical acceleration become important. The solution corresponding to
the dot at p=0 and 6 =1 is found in §1.5. The vertical dashed lines correspond to the
detailed solutions found in §§1.6 and 4. The boxed numbers 1.1, 1, 2 and 3 indicate the
associated data tables in Part 1 and in the Appendix.

for 6 > 0.55, which severely limits the utility of model A. Model B, having variable
resistance, performs much better and produces solutions that appear to be realistic. A
representative set of solutions using model B with 6 = 0.2 is summarized in table 2
and illustrated and discussed in §4. The conjecture about eye formation presented
immediately above is bolstered in this section; it is found that the primary jet has a
minimum thickness z, at a finite radius r;, with the jet thickening and strengthening
as radius decreases further. The location of the turning point depends on 6, as do
the velocity magnitudes and gradients at r,; these variations with 6 are quantified
in §5. The analysis and results are summarized in §6, with §7 containing some
concluding remarks. Solutions obtained using the spectral/iterative procedure described
in appendix I.B are summarized in a set of three tables found in the Appendix.

2. The problem

This section summarizes the mathematical problem, developed in Part 1, governing
the mean turbulent flow within the boundary layer adjacent to a rough stationary
plane bounding a fluid having general axisymmetric circumferential (swirling)
flow. The boundary-layer problem, presented in §1.2, consists of three partial
differential equations: two transverse momentum equations and the continuity equation
(1.2.3)—(1.2.5), together with suitable boundary conditions; these equations govern the
variation of the radial, circumferential and axial velocity components (x, v and w,
respectively) as functions of r and z. The eddy diffusivity is expressed as the product
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of the circumferential speed v, (r) and a diffusivity function (see (I.2.8))
v(r, 2) = Voo (r)L(r, 2), (2.1)

where L is specified by the diffusivity model; see §2.1.
These partial differential equations are non-dimensionalized using the transformation

{u(r, z), v(r, 2), w(r, 2)} = v {F, G, eH"} 2.2)
with . .
ety (uy ;F> 2.3)
NN (

where F, G, H, Hy and H* are functions of the variables
p=€r/zg 2.4)

and
o

b4
fo

The small dimensionless parameter € is related to the inverse of the local Reynolds
number within the turbulent layer; see equation (1.4.5).

The transverse momentum equations are combined into a single complex equation,
leading to the set of equations (I.3.7) and (I.3.13)

(2.5)

¢(r,2)=

+ (204 3) F+ pF,=0 (2.6)
and
(AV.), —HV, = pFV,+2(1=O)FV +iV> =i, Q2.7)
where
V=G+iF (2.8)

is the complex transverse velocity,

1 d(rvg)
0(r)=-— 2.9
= ar (29)
is the non-dimensionalized vorticity of the outer fluid (see (I.3.9)) and
1
A(p, §)=5L (z0p/€, 20/P) (2.10)
0

is a dimensionless version of the diffusivity function L(r, z) (see (I1.3.10)). Note that
here and in the following, complex quantities (including the imaginary unit i) are
expressed using bold italic letters. Note also that 8 = 1 for rigid-body motion and
0 for a potential vortex.

Equations (2.6) and (2.7) are to be solved on the interval 0 < { < oo subject to
conditions (1.3.14)

V(p,0)=H(p,0)=V(p, 00) — 1 =0. 2.11)
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2.1. Diffusivity models

The formulation contains a function, L(r, z), that quantifies the variation of the
turbulent kinematic diffusivity with axial distance. The boundary-layer problem is
solved employing two simple models of this function. In model A, L is constant,
while in model B it is constant within a layer (referred to as the rough layer) that
extends a distance z, from the boundary at z = 0 and varies linearly with axial
distance outside this layer. Linear variation of flow resistance with axial distance
above the layer is based on Prandtl’s mixing-length theory (e.g. see formula (19.9)
of Schlichting (1968) and §23.5.2 of Loper (2017)) and is consistent with Bak’s
idea that the mean shearing motions within the boundary layer are at the margin of
stability (Bak 1996).
Model A assumes that
L=¢g. (2.12)

It is readily seen that (2.10) simplifies to
A=1. (2.13)

Model B assumes that

(2.14)

70 if0<z<z
L=c¢ .
z ifz<z

Substituting (2.14) into (2.10) yields

1 if0<¢<1/yp
A= 2.15
{wﬁ it 1/ /5 <¢. 219

The parameter p =e€r/z

(1) serves as a non-dimensionalized radial coordinate;
(i1) encapsulates the effects of the small parameter €; and
(iii) quantifies the relative importance of boundary roughness z, at a given radial
location.

It is estimated in §1.4.2 that a plausible range of p for a tornado is 0.01 < p <
100.0.

2.2. Discussion and orientation

The problem occurs in two versions depending on the diffusivity model chosen
(model A or B) and contains one (in model A) or two (in model B) dimensionless
parameters: 6 quantifying the effect of the outer-flow swirl and p quantifying the
effect of the rough layer close to the ground. As explained in § 1.4.2.1, the formulation
with model B, which includes a diffusivity that grows linearly with axial distance
outside the rough layer, is consistent with the imposition of the no-slip condition
provided the rough layer has finite thickness. The rough layer is a macroscopic
rendering of the surface irregularities that are parameterized by the traditional slip
condition.

Depending on the prescribed value of zj, at a given radial location r the
parameter p = €r/zp can range from O (the rough layer is infinitely thick) to oo
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(a smooth boundary). Note that the importance of boundary roughness increases
as the radial distance from the axis of the vortex decreases. In the limit p — O the
mathematical problem using model B approaches that using model A, but the physical
interpretations of the results differ. That is, while results obtained with model A are
valid for all values of p, in the limit p — O results obtained with model B are valid
only at the axis of symmetry. The influence of p is seen in the geometrical form
of the boundary layer. The nearly linear variation of thickness with radius seen in
figure 1.4 is a robust feature, persisting for all values of 6, provided p is not too
small. The boundary-layer thickness is much greater than z, far from the axis of
rotation, but the two have similar magnitudes when p = O(1).

The boundary-layer shape and structure are independent of the magnitude of the
outer swirl, v, (r), depending only on its radial structure through the parameter
0 defined by (2.9). As noted in §1.3.2, 6 is a measure of the angular-momentum
gradient of the outer flow (see (I.3.15)) and as such quantifies the dynamical stiffness
of the outer fluid. It has a lower limit of O; beyond that, the angular momentum
of the fluid decreases with increasing radius — a configuration that is dynamically
unstable. As 6 increases in value from 0, the outer fluid becomes progressively more
resistant to radial motion and the boundary layer becomes correspondingly thinner.
Physical reasoning does not place an upper bound on the value of 6. In the following,
attention will be limited to flow outside the eye of an atmospheric vortex, wherein
0 < 6 < 1. (Super-rigid-body rotation having 6 > 1 is expected to occur within the
eye and eyewall.)

The boundary-layer equation (2.7) describes a balance between viscous and inertial
forces. With 6 > 0, perturbations of the outer flow described by this equation occur
as inertial oscillations that have axial structure. One manifestation of these oscillations
is a sequence of radial jets having alternating orientations. The viscous force acts to
damp these oscillations, giving a boundary layer in which the velocity perturbations
decay with axial distance. The structure of this axial oscillation and decay depends
on the axial structure of the diffusivity function L, as well as the parameters p and 6.
It will be seen in § 3 that if L is constant (as in model A), solutions to the boundary-
layer problem can be found only if 0.55 <6, whereas if L increases with axial distance
(as in model B), solutions can be found for a much greater range of 6.

The structure of the boundary layer beneath a rigid-body outer flow (having 6 =1)
is presented in Part 1. In particular, the solution for 6 =1 using model A is described
in §1.5, while the solution for 6 =1 using model B is summarized in table I.1 and
described in §1.6. Those solutions are generalized here in Part 2 to the case of
arbitrary power-law swirl, with 6 constant. Wurman & Gill ((2000); see also Wurman
& Alexander (2005), Mallen, Montgomery & Wang (2005) and Bélik et al. (2014))
estimated that a plausible range is 0.15 <6 < 0.25 for the circumferential flow outside
the eye of a tornado. With this in mind, in the following analysis and discussion,
the structure of the boundary layer in the case 6 = 0.2 (that is, vy, ~ r%¢) will be
investigated in detail in §4, while key features of the layer will be investigated for
other values of 6 in a summary fashion in §5.

2.2.1. Regime diagram

A guide to the ensuing calculations is provided in figure 2, which is a diagram
of the regime plane. In this diagram, the vertical axis denotes variation of p from 0
(bottom) to oo (top), while the horizontal axis denotes variation of 6 from 0 (left) to 1
(right). Model A is applicable to the horizontal line at the bottom of the diagram (at
p =0), while model B covers the interior of the regime plane.
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The sloping line in figure 2 is a schematic representation of the turning-point
curve, p,(0), where the primary jet ceases to narrow with decreasing radius. Accurate
representations of this curve is shown in figure 15. The stippled area in figure 2
indicates the region in which the boundary-layer solution is inaccurate, because the
condition w <« v, is not satisfied. The upper boundary of this region depends on the
magnitude of € and may well extend to the turning-point curve.

The problem using model B abounds with singularities, as follows.

(i) In the limit & — 0, the outer flow is a potential vortex and the boundary-layer
problem has no solution.

(i1) In the limit & — oo, the boundary-layer thickness tends to zero as 6~

(iii) In the limit p — oo, internal resistance to flow disappears and the no-slip
condition cannot be satisfied; resistance should be parameterized by a slip
condition at the boundary.

(iv) The formulation has an algebraic singularity, with z*~ ./p and w~1/,/p, so that
in the limit p — 0 the boundary-layer thickness tends to zero, transverse-velocity
gradients tend to oo and the axial velocity from the layer tends to co. However,
when 6 < 0.42, the boundary-layer formulation breaks down at a finite value of
p, rendering this algebraic singularity moot.

1/4

2.3. Solution procedure and format of results

The regime diagram is sampled as indicated by the horizontal axis and two dashed
lines in figure 2. Specifically solutions to the problem formulated in § 2 using model
A (indicated by the horizontal axis in figure 2) are summarized in table 1 found
in the Appendix and are analysed and discussed in § 3. Solutions using model B
are investigated in detail for two values of #; solutions for § = 1 are summarized
in table 1.1 and discussed in §1.6, while solutions for & = 0.2 are summarized in
table 2 of the Appendix and are analysed and discussed in §4. The investigation has
an arbitrary upper limit of p =100.0, based on the physical reasoning found in §1.4.2.
The lower limit on p is determined by the behaviour of the mathematical problem and
its solutions.
The data tables found in the Appendix are organized as follows.

2.3.1. Table I: model A

Table 1, which is discussed in §3, summarizes solutions to the boundary-layer
problem using model A, with 6 being the controlling variable; solutions are
found for 0.55 < 6 < 1. With 6 being a specified constant and using model A,
non-dimensionalization presented in §2 is in fact a similarity transform and the
solutions are independent of p. This table summarizes the values of

(i) the axial location of the tops of the primary and secondary radial jets ¢; and &;;
(i1) the extremes of F and G and their axial locations ¢y and {g;
(iii) the asymptotic and maximum normal flows H,, and H,,.; and

(iv) the real and imaginary parts of V{ at ¢ =0.

The values given in this table are visualized in figures 3 and 4.

2.3.2. Table 2: model B with 6 =0.2
Table 2, which is discussed in §4, summarizes solutions to the boundary-
layer problem using model B with 6 = 0.2; now p is the controlling variable
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(Using model B, the diffusivity function is a function of z; the non-dimensionalization
is not a similarity transform and the solution depends on p). Solutions are found for
0.29 < p < 100, with the lower bound being a practical limit; it is progressively more
difficult to find converged solutions as p decreases. Specifically this table summarizes
the values of

(1) the axial location of the tops of the primary and secondary radial jets zj and z5;
(ii) the extremes of F and G and their axial locations zj. and zi;;
(iii) the asymptotic and maximum axial flows H’ and H},; and
(iv) the real and imaginary parts of V| at z* =0.

These values are graphed versus p in figures 7-10. With z, constant, p is the
dimensionless radius and these figures visualize the boundary-layer shape and
behaviour as a function of radius. Each of these figures consists of two panels,
with graphs in the right-hand panels extending from p = 0 to 100 and those the
left-hand panels extending from p = 0 to 1.0, in order to show more clearly the
structure close to the axis of rotation.

The axial locations zj, 23, z5 and zg vary nearly linearly with p for p large, but
for p ~ 0.3, each of these achieves a minimum and the axial locations increase as p
decreases further. These minimum locations are indicated by bold entries in table 2.
The most important of these minima is that for zj, marking the turning point of the
primary jet (indicated by the dot in figure 1). Table 2 shows that primary jet has a
minimum thickness of 9.364z, at r =0.321z9/¢ when 6 =0.2.

2.3.3. Table 3: turning-point summary

As noted previously, an important structural feature of turbulent boundary-layer flow
beneath a vortex is the turning point where the upper boundary of the primary jet is
closest to the bounding plane. The location (p;, z7) of the turning point is illustrated
schematically by the dot in figure 1 and accurately by the dot in figure 7 (for 8 =0.2).
Table 3, which is discussed in § 5, summarizes values of p, and z;, together with the
flow extremes, as the value of 6 is varied in the interval 0.125 <6 < 0.42. The turning
point does not exist for 8 = 0.42. The lower value is a practical limit; it becomes
progressively more difficult to locate and quantify the turning point as 6 decreases.
The function p,(0) is indicated schematically in figure 2 and graphed accurately in
figure 15. The data presented in table 3 are parameterized and visualized in a sequence
of figures in §5. These simple parametric representations are an important result of
this investigation.

For values of 6 and p in much of the parameter plane illustrated in figure 2,
solutions to the problem (2.6)—(2.11) are readily found using the procedure described
in appendix [.B. The solution converges in relatively few iterations, with no
oscillations in the target functions H,, and E, as the iteration proceeds (see § [.B.7.2).
However, as p decreases (that is, as the radius decreases or the roughness layer
thickens) or as 6 decreases (that is, as the outer flow becomes more vortical), so
that the corresponding point in the parameter plane approaches the stippled region
in figure 2, breakdown of the boundary-layer formulation is presaged by an increase
in the amplitude of axial oscillations of the velocity components. This increase in
oscillation amplitude causes the number of iterations needed to achieve convergence to
increase rapidly. When this occurs, the rate of convergence of the iteration procedure
is significantly enhanced by employing the averaging strategy described in § .B.7.3,
but this strategy is not a panacea and it is impractical to find solutions within the
stippled region of figure 2.
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FIGURE 3. Graphs of ¢r, {g, {max and &, versus 6 using model A.

3. Solutions using model A

Solutions to the boundary-layer problem formulated in §2 with model A (diffusivity
independent of z) have been found using the iterative procedure described in
appendix L.B for 0.55 <6 < 1; these are summarized in table 1. For 0.65~6 <1 the
iterative procedure converges relatively quickly, in 100 iterations or less. However,
as 0 is decreased further, the iteration procedure becomes less stable; the additive
parameter y, introduced in equation (I.LB 51), must be reduced to achieve a stable
iteration and the number of iteration steps required to reach a converged solution
increases rapidly. Convergence is significantly enhanced by employing the averaging
strategy (see § 1.B.7.3), but nevertheless it is not practically possible to find solutions
for 6 less than approximately 0.55 using the solution procedure described in
appendix L.B.

The solution corresponding to the point § =1 and p = 0 shown on figure 2 is
summarized in §L1.5; this is the turbulent analogue of the Bodewadt problem. The
behaviour of the solution using model A for 6 <1 can be illustrated by graphing the
quantities listed in table 1. The thickness of the layer is illustrated in figure 3, which
show the variation with 6 of the axial locations of

(i) ¢g: the maximum of the circumferential velocity;
(i1) ¢p: the minimum of the radial velocity;
(111) &max: the maximum of the normal velocity (and the first zero of F); and
(iv) &min: the internal minimum of the normal velocity (and the second zero of F);

these graphs are composed using the values found in the second, third, fifth and
seventh columns of table 1. The layer thickens at an increasing rate as 6 decreases.

The variation of flow strength with 6 is illustrated in figure 4 which contains
graphs of the extreme values of F, G and H. As with thickness, the magnitude of
the flow and strength of the meridional oscillations increase at an accelerating rate
as 6 decreases.

The structure of the flow is seen in figure 5 which contains graphs of the flow
variables F, G, H and H, versus ¢ for 6 = 0.55. The companion graphs for 8 =1
are seen in figure I.1. The major differences between the two sets of curves are the
greater boundary-layer thickness and greater oscillations in the velocity components
— particularly axial component — for § = 0.55. These oscillations, which grow in
magnitude as 6 decreases, make it progressively more difficult to obtain a converged
solution by the procedure described in appendix L.B. Oscillations of the transverse
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FIGURE 5. Graphs of the radial (F), circumferential (G) and normal (H) velocity
components versus ¢ using model A with 6 =0.55; the axial component H, (see (2.3)) is
graphed as a dashed curve. The dotted horizontal line is the asymptotic value H.,. This
is a companion to figure 1.1, which contains graphs of these variables for 6 = 1.

velocity components F and G are visualized in the hodograph shown in figure 6
and compared with the turbulent hodograph for 6 = 1 and the laminar Bodewadt
hodograph.

3.1. Critique of model A

Model A has four characteristics that makes it unsuitable for studying the boundary-
layer flow beneath vortical outer flows (having 6 < 0.5). First, the mathematical
problem using model A contains a single parameter 6; it lacks a parameter
containing the radial coordinate. It follows that the non-dimensionalization dictates
the boundary-layer shape: parabolic (z ~ 4/r). This model is incapable of replicating
the nearly linear shape (z ~ r) that is seen in other studies (Kepert 2010a,b; Nolan
et al. 2017) and is observed in tornadoes. In contrast, it is shown in §1.6.2 and
demonstrated in §4 that model B readily produces solutions in which the boundary
layer has a nearly linear shape. Secondly, the passive role of p does not permit
transposition of mathematical results into the physical domain, making it impossible
to verify the mechanism of boundary-layer breakdown postulated in § 1.1.

The third undesirable characteristic of model A is the large and persistent axial
oscillations of the velocity components. An asymptotic analysis reveals that for 6§ < 1
the axial wavelength of the oscillations is TH./2+/0 and the axial decay scale of
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FIGURE 6. Hodograph of flow using model A with 6 =0.55 shown as a solid curve. For
comparison hodographs shown in figure 1.3 for turbulent flow with & =1 and for laminar
Bodewadt flow are replicated as a dashed and dotted curve, respectively.

the boundary layer is H> /46. If H,, is of unit order in this limit, the axial structure
is predominantly oscillatory, with a weak decay. This structure is not believed to
accurately represent the turbulent boundary layer. The large oscillations and weak
axial decay result from the axial uniformity of flow resistance. In contrast, in model B
resistance increases with axial distance outside the rough layer and acts to suppress
the amplitude of oscillations. With model B the asymptotic axial structure of the

boundary layer is a damped oscillation with wavelength n\/ﬁ/Z\/g and axial decay
scale ,/p /4«/5.

The fourth characteristic of model A follows from the third; the large axial
oscillations are difficult to accurately quantify using the solution procedure described
in appendix I.B that involves a truncated Fourier sine series. An improved procedure
would explicitly represent these damped oscillations, rather than relying on a sine
series. But given the inherent limitations of model A, this modification is rather
pointless.

To sum up, model A is difficult to implement and is incapable of producing
satisfactory boundary-layer solutions for vortical outer flow. However, as demonstrated
in §4, using model B the iteration procedure readily produces reasonable results.

4. Solutions using model B with 6 =0.2

This section investigates the shape and structure of the turbulent boundary layer
using model B for a representative value of 6: 0.2, so that vy ~ r~*%. Model B
introduces a second dimensionless parameter, p, and the presentation of results
is necessarily more complicated than for model A. Using the iteration procedure
described in appendix I.LB with 6 = 0.2, solutions are found for p > 0.29 and are
summarized in table 2. As p decreases toward 0.29, the behaviour of the solution
mirrors that of the solution using model A as 6 decreases toward 0.55; oscillations
grow in magnitude and it becomes increasingly difficult to obtain a converged solution,
with the practical limit being p & 0.29. (The solutions for p <0.31 are in fact unstable,
and have been found using the averaging procedure described in appendix 1.B.7.3.) In
addition, a new structural feature occurs that does not occur for 6 = 1.0: the turning
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FIGURE 7. Graphs of the dimensionless axial locations of the tops of the primary (z7)
and secondary (z;) jets, the maximum (zj;) of the circumferential component of velocity
(G) and the minimum (zj) of the radial component of velocity (F) using model B with
0 =0.2: for 0 < p <100 in (b) and 0 < p < 1.0 in (a). The solid curves delimit the
domains of radial flow (that is, the boundaries of the primary and secondary jets), with
the hollow arrows denoting the direction of flow in the meridional plane. The dots denote
the turning point, where zj(p), marking the top of the primary jet, is a minimum. The
inset shows in more detail the structure of the primary jet near the turning point. Compare
with figure 1.4.

radius, p;, where the primary jet is thinnest, with the jet broadening as p decreases
from p,.

The organization of this section follows that of §1.6, focusing on graphs of
the various quantities listed in table 2. Specifically, recalling the relations between
calculated and physical quantities given in (1.6.1),

(i) figure 7 contains graphs of zj, 25, zi; and zj. versus p;
(i1) figure 8 contains graphs of HS and H; . versus p;

(iii) figure 9 contains graphs of G, and F,;, versus p; and
(iv) figure 10 contains graphs of G'(0)/,/p and F'(0)/,/p versus p.

As in §1.6, each of these figures consists of two panels, with graphs in the right-
hand panels extending from p =0 to 100 and those in the left-hand panels extending
from p =0 to 1.0, in order to show more clearly the structure close to the axis of
rotation. In each of figures 7—10 the vertical dotted line indicates the radial location
of the turning point p, =0.321 for # =0.2. The function p,(6) is graphed for 0.125 <
0 =0.42 in figure 15.

4.1. Boundary-layer shape
The shape of the boundary layer is illustrated in figure 7, which contains graphs of the
axial locations of extremes of the velocity components versus p. This figure, which
is a companion to figure 1.4, shows that

(i) the boundary-layer thickness varies approximately linearly with p for p 2> 0.4;
(ii) the boundary layer for 6 =0.2 is approximately twice as thick as that for 6 =1.0;
(iii) the turning point, where the primary jet is at its thinnest, is located at p, ~(0.321

and z; ~9.364 for § =0.2; and
@iv) for p < p,, the primary-jet thickness increases with diminishing p.
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FIGURE 8. Graphs of the maximum (H},) and asymptotic (H} ) dimensionless axial
velocity component using model B with 8 =0.2: for 0 < p <100 in (b) and 0 < p < 1.0
in (a). Compare with figure L.5.
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FIGURE 9. Graphs of the maximum circumferential (G,,,) and minimum radial (F,.,)
velocity components using model B with 8 =0.2: for 0 < p <100 in (b) and 0 < p < 1.0
in (a). Compare with figure 1.6.

The turning point near p = 0.321 and the growth of the boundary-layer thickness
with decreasing p for p < p, are novel features not seen in the solution for 6 = 1.0
presented in § I.6. This point, whose existence was postulated in § 1.1 and is confirmed
by figure 7, provides a valuable clue to the structure of vortices; the behaviour of p;
as 6 is varied is investigated in §5.

4.2. Velocity magnitudes

The magnitude of the flow within the boundary layer for & = 0.2 is illustrated in
figures 8 and 9, with figure 8 showing the radial variation of the asymptotic and
maximum axial velocities, while figure 9 shows the radial variation of the maximum
value of circumferential velocity component and the minimum value of the radial
velocity component.

These figures, which are companions to figures 1.5 and 1.6, respectively, demonstrate
that

(i) the extremes of the velocity components are relatively insensitive to the value of
p if p is significantly greater than p,;

(i1) as p decreases with p < p;, the extremes increase in magnitude, with the increase
in the magnitude of G being the most modest and the increase in extremes of H*,
particularly H* , being the greatest.

max’
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FIGURE 10. Graphs of the circumferential (positive values) and radial (negative values)
velocity gradients at the boundary: for 0 < p <100 in (b) and 0 < p < 1.0 in (a). Compare
with figure 1.7.

Noting that w/v,, = €H* and that the boundary-layer formulation requires w << vy,
it is readily seen from figure 8 that the formulation is not valid for p < 0.2 when
6 =0.2.

4.3. Gradients at the boundary

The radial variations of the circumferential and radial velocity gradients at the
boundary are illustrated in figure 10. This is a companion to figure 1.7. As with the
velocity magnitudes, the magnitudes of these gradients are quite insensitive to the
value of p if p > p,, but as p decreases, the circumferential gradient decreases and
the radial gradient increases in magnitude. This suggests that scour produced by the
winds close to the eyewall of a tornado is predominantly radially inward. Radially
dominant surface stress has been inferred from an analysis of tree-fall orientations
by Karstens et al. (2013), who attributed this pattern to topographic channelling
of winds. The present analysis suggests that radial dominance close to the axis of
rotation may be an intrinsic feature of vortical flows. Radially dominant surface
stress has also been found in a large-eddy vortex simulation that explicitly resolves
non-axisymmetric eddies (Nolan et al. 2017).

4.4. Flow structure

The flow structure within the boundary layer with 6 =0.2 is illustrated in figures 11,
12 and 13, which contain graphs of the radial (F =u/v.), circumferential (G=1v/v)
and axial (H* = ew/vy) components of velocity versus z* = z/zo. These figures are
companions to figures 1.8, 1.9 and I.10, respectively, which illustrate these velocity
components with 6 = 1.0. Each of these six figures consists of four panels showing
profiles of the velocity components versus z* for specified values of p, with the z*
axis being vertical and the corresponding velocity component displayed horizontally.
These figures illustrate the evolution of the axial profiles of the velocity components
as p varies from large (at the right) to small (at the left). The corresponding values
of p for the right-hand and two middle panels are the same (that is, 100.0, 10.0 and
1.0) in all six figures, while the values of p for the left-hand panel of figures 1.8, 1.9
and 1.10 is 0.1 with the left-hand panels of figures 11, 12 and 13 containing velocity
profiles close to the turning radius: p = 0.32.
Figures 11, 12 and 13, in comparison with figures 1.8, 1.9 and 1.10, show that

(i) the boundary layer for 6 =0.2 is much thicker than that for 6 = 1.0, particularly
for p <1;
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FIGURE 11. Graphs of the dimensionless radial velocity, F, versus z* =z/z, at the radial
locations as indicated. The vertical dotted lines denote values of F in two-tenths intervals.
Note the changes in vertical scale. Compare with figure 1.8.
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FIGURE 12. Graphs of the dimensionless circumferential velocity, G, versus z* at the
radial locations as indicated. The vertical dashed lines denote the asymptotic value G =1.0.
Note the changes in vertical scale. Compare with figure 1.9.
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FIGURE 13. Graphs of the dimensionless axial velocity, H*, versus z* at the radial
locations as indicated. The vertical dashed lines denote the asymptotic values of H*. The
vertical dotted lines denote values of H* in steps of 5.0. Note the changes in vertical scale.
Compare with figure 1.10.

(i1) for p > 1, the meridional velocity components for 8 = 0.2 and 1.0 have similar
magnitude and structure but

(iii) for p <1, the meridional velocity components for 6 = 0.2 are significantly larger
in magnitude than those for 6 =1.0; and

(iv) the magnitude of the meridional oscillations increases as p decreases.

4.4.1. Hodograph

The hodograph of the transverse-plane flow using model B with § =0.2 and p =
0.32 is shown in figure 14 as a solid curve. For comparison this figure contains the
hodograph for # = 1.0 and p =0.32, graphed as a dashed curve.

These hodographs confirm that as the outer-flow swirl increases (that is, as 6
decreases) the magnitude of the meridional flow increases and the axial gradient of
G near the boundary decreases relative to that of F.

4.5. Discussion of boundary-layer shape and structure using model B

The primary jet is a strong radial inflow near the ground, as illustrated schematically
in figure 1. It has been shown in Part 1 (see figure 1.4) that in the case of rigid-body
outer flow (60 =1), the height, zj, of the primary jet varies nearly linearly with o and
tends smoothly and monotonically to zero as p — 0, but figure 7 paints a different
picture when the outer flow is vortical. In this case, zj again varies nearly linearly
with p for p > 0.5, but the primary jet has a minimum thickness at a finite radius p;
with its thickness increasing as p continues to decrease. The minimum point on the
upper boundary of the primary jet is defined as the turning point (o, z).

To understand this difference in morphology of the upper boundary of the primary
jet for 6 = 1.0 and 0.2, consider the geometric evolution of a graph of the function
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FIGURE 14. Hodographs of the transverse-plane flow with p =0.32 and 6 = 0.2 (solid
curve) and 1.0 (dashed curve). Compare with figure I.11.

of zi(p) as the flow becomes more vortical (that is, as 6 decreases from unity toward
zero). This function, which is initially monotonic, develops a kink and when 6 =~ 0.42
has a zero slope at a specific radius: p & 0.17. The thickness of the primary jet
is z- &~ 4.17 when this occurs; see the first row of table 3. As the magnitude of 6
decreases further, this critical point bifurcates into a minimum point and a maximum
point, with the minimum point (the turning point) occurring at a greater value of p
than the maximum point.

In addition to the thickness, there are significant variations in the structure of the
boundary layer as p and 6 change. It is seen in both figures 1.8-1.10 for 6 = 1.0 and
figures 11-13 for 6 = 0.2 that the magnitude of the meridional flow and strength of
the axial oscillations increase as p decreases. Furthermore, these changes in strength
are greater for 6 =0.2 than for 6 =1.0. As p decreases below p, (=0.321 for 6 =0.2),
the primary jet thickens, the meridional flow strengthens and the axial oscillations
magnify — all at accelerating rates. This behaviour makes it increasingly difficult to
find a solution to the boundary-layer problem, and indicates that the assumptions
underpinning the boundary-layer formulation are becoming invalid.

The boundary-layer formulation rests on two simplifying assumptions discussed in
§1.3.2.1: radial viscous forces are small compared with axial and the axial velocity
component is small compared with the horizontal velocity. The latter assumption is
satisfied provided H* < 1/e. It is estimated in §1.4.2 that € ~0.01-0.02. It is evident
from figure 8 that this velocity condition is violated for p not much smaller than
p:. It is reasonable to assume that this breakdown of the boundary-layer structure is
occurring within the corner region illustrated in figure 1, where radial viscous terms
are important and the axial momentum equation is no longer hydrostatic to dominant
order. This finding provides a partial answer to the question ‘why does a vortex has an
eye?’; as the radius decreases, the boundary layer spontaneously erupts at a location
that depends on the swirl parameter 6.

If this conjecture is correct,

(i) the turning-point radius r; is a proxy for the location of the corner region;
(ii) the thickness of the primary jet at the turning point z; is a proxy for the size of
the corner region and the radial thickness of the eyewall;
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(iii) upward flux within the eyewall close to the ground is equal to the radially inward
flux within the primary jet at the corner;

(iv) the radial profile of the axial velocity at the base of the eyewall is nearly the
same as the axial profile of the radial velocity entering the corner region from
the boundary layer; and

(v) the radial profile of the circumferential velocity at the base of the eyewall is
nearly the same as its axial profile entering the corner region from the boundary
layer.

If the radial viscous terms were to be re-instated, the gradient-wind balance (1.2.1)
would need to be modified to account for these terms and it might be necessary to
revise the turbulent-diffusivity model. Such an endeavour is well beyond the scope of
the present analysis.

To complete the flow picture, it is plausible to surmise that turbulent entrainment
across the stream tube induces an upward flow within the eye close to r,,, with
this upflow being compensated by a slow subsidence within the eye, as denoted
schematically by the three short arrows in figure 1. If this speculation is correct,
it would provide an explanation why air subsides within the eye of a vortex when
buoyancy forces are negligibly small. Investigation of corner region and eyewall are
beyond the scope of this investigation, which focuses on the shape and structure the
turbulent boundary layer near the ground.

The analysis of this section has focused on the shape and strength of the boundary
layer for a specific value of 6(= 0.2). The location of the turning point and the
boundary-layer structure at the turning radius are quantified as functions of 6 in the
following section.

5. Boundary-layer structure at the turning point as 6 varies

The previous section establishes, in the case 6 = 0.2, that the thickness of the
primary jet does not tend to zero with radius; the jet has a minimum thickness
Zr =9.364 at the turning radius p, =0.321. For p > p,, upper boundary of the primary
jet, Z3(p), has a positive (roughly linear) slope, while for p < p,, this slope is negative.
That is, the primary jet of air near the ground narrows as it flows inward toward the
axis of symmetry until it reaches the turning radius, beyond which this jet begins to
expand and turn upward. The primary purpose of this section is to investigate how
the location of the turning point and the strength and structure of flow at p, vary
with 6.

For a given value of 6, the turning point (o, z;) is located by minimizing the height
of the upper boundary of the primary jet zj(p). The minimum is identified by solving
the boundary-layer problem for a sequence of values of p in order to identify that
value for which z} is a minimum. To keep the search procedure manageable, selected
values of 6 are separated by 0.025 (with additional calculations for 6 = 0.13, 0.135,
0.405, 0.410, 0.415 and 0.420) and the minimum change in p is set to 0.001. To
ensure accuracy of the results, the iteration parameters were chosen such that the
integrated equation error (see §1.B.7.2) is less than 0.005.

The results of this minimization process are summarized in table 3. Because the
turning point does not exist if 6 > 6, & 0.42, entries in this table are necessarily
restricted to 6 < 6,. Since it becomes increasingly difficult and time consuming to
obtain converged solutions as 6 becomes progressively smaller, solutions were not
sought for 6 < 0.125. The range 0.125 < 6 < 0.42 encompasses the plausible range
for tornadoes, estimated to be 0.15 <6 <0.25 (e.g. see Wurman & Gill (2000)).
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FIGURE 15. The location of the dimensionless turning radius p, = €r;/zy versus 6, with
x symbols visualizing the data in the second column of table 3 and the solid curve
visualizing the fit to the data produced by formula (5.1).
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FIGURE 16. The dimensionless axial location of the turning point z; versus 6, with
x symbols representing the data in the third column of table 3 and the solid curve
visualizing the parameterization (5.4).

In the following subsection the data presented in table 3 are parameterized,
visualized and discussed; specifically,

(i) values of p, found in the second column of table 3, together with a simple
parametric representation of the function p,(#), are shown in figure 15 and
discussed in §5.1.1;

(i1) the axial locations of the turning points summarized in the third column of
table 3, together with a simple parametric representation of the function z;(6),
are shown in figure 16 and discussed in §5.1.2;

(iii) the locations of the turning point for the selected values of 6 in the (p, z*) plane
are shown as a sequence of dots in figure 17 and discussed in §5.1.2; and

(iv) the boundary gradients at the turning point summarized in the eleventh column of
table 3, together with simple parametric representations, are shown in figure 18
and discussed in §5.1.3.
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FIGURE 17. Plots of the locations of the turning point on the (p, z*) plane for specified
values of 6 in intervals of 0.025.
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FIGURE 18. Fitting curves of the circumferential and radial velocity gradients at the
boundary beneath the turning point versus 6, using formula (5.5). Symbols + and x
visualize the real and imaginary parts, respectively, of the data in the eleventh column
of table 3.

5.1. Parameterizations

The data regarding the location of the turning point and boundary gradients presented
in table 3 are parameterized in the following three subsections, with the hope that
these formulas may be of use in systematizing observations of atmospheric vortices,
particularly tornadoes. The parameterizations consist of simple power-law formulas
with few (one or two) fitting parameters.

5.1.1. Parameterization of turning-point radius
A simple parametrization that produces a reasonable fit to calculated turning radii,
presented in the second column of table 3, is

3 1

=—4+ —. 5.1
22+279 ©-1)

Pr

This fitting curve, together with the data points from table 3, are graphed in figure 15.
The fit is very good for 6 < 0.35, while the parameterization over-predicts the value
of p, for 6 > 0.35.
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The data in the second column of table 3 and the parameterized graph of the turning
radius seen in figure 15 show that

(i) if 8 = 0.42, the primary jet does not have a turning point and the jet narrows
monotonically as p decreases, suggesting that a rotational swirl (having 6 > 0.5)
does not have an eye;

(ii) if 6 < 0.42, the primary jet has a turning point and thickens with decreasing p
for p < p,, suggesting that most vortical swirls have eyes;

(iii) the magnitude of p,, and by implication the eye radius, increases in proportion
to 1/6 as 6 decreases;
(iv) implying that p, — oo as 8 — O.

Substituting formula (5.1) into (2.4) yields an expression for the dimensional turning
radius:

rn=(a+b07")z, (5.2)

where

3 1
ar~ — and b~ —. (5.3a,b)
22¢ 27 €

The accuracy of formula (5.2) as a parameterization of the eye radius may be tested
by comparison with observational data on the eye radius and swirl of tornadoes, water
spouts and dust devils. This comparison will require estimates of 6 and z;, but the
parameter € is folded into the numerical coefficients and need not be estimated. If
the present analysis is a good guide, it will be found that a ~# 9 and b = 2.5. For
example, with 6 = 0.2, formula (5.2) becomes r, = 20zy; the eye radius is predicted
to be approximately 200 m over wooded terrain having zo ~ 10 m for this amount of
swirl. Note that the turning radius is sensitive to the value of 6.

5.1.2. Parameterization of primary-jet thickness at the turning point
The thickness, or equivalently height, of the primary jet at the turning point
parameterized by

oz 32 13 s4
=15 2002 (5-4)

*

Z

produces a reasonable fit to the data in the third columns of table 3, as illustrated in
figure 16. As 6 decreases toward zero, the primary jet widens, gradually at first, but
at an increasing rate, suggesting that the corner region and the primary jet become
infinitely thick as the outer flow approaches a potential vortex. If & =0.2, this formula
predicts that the height of the primary jet is approximately 9.4 times that of the rough
layer. For example, if 6 =0.2 and zo ~ 10 m, the primary jet is approximately 94 m
high at the turning point.

These parameterizations indicate that both the radial and axial locations of the
turning point increase without bound as 6 — 0. This behaviour is visualized in
figure 17, which plots the locations of the dimensionless turning point on the (p, z*)
plane for select values of 6 in intervals of 0.025. It is evident that, as 6 decreases
toward zero, the turning point recedes from the origin at an accelerating rate. This
behaviour helps explain why there is no boundary-layer solution beneath a potential
vortex.
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5.1.3. Parameterization of boundary gradients
The boundary gradients at the turning point vary approximately linearly with 6,
particularly within the range 0.15 <6 < 0.35. The simple linear parameterization (see
(1.6.1))
R (5.5)
Voo 02 220
for x = u, v produce reasonable fits to the real and imaginary parts of data in the
eleventh column of table 3 with a, =14, b, =0.07, a, = —3.2 and b, = —1.4, as
illustrated in figure 18. It is readily seen that the boundary gradients at the turning
point diminish as 6 decreases. This seemingly paradoxical result is due to the rapid
increase in the turning radius as 6 decreases; in a sense the vortex gets weaker as the
swirl approaches that of a potential vortex.

5.2. Flow structure at the turning point

It is clearly seen in figures 11-13 presented in §4.4 that axial oscillations of the
velocity components increase in strength with decreasing radius provided 6 is held
fixed. Since p, decreases as 6 increases, axial oscillations at the turning point increase
with increasing 6, as can readily be seen from the data presented in table 3. The
strength of oscillations at the turning point as 6 varies is illustrated in figure 19. While
the speed of outflow from the boundary layer, H., is fairly constant, the maximum
axial speed within the layer increases with increasing 6, appearing to grow without
bound as 6. This increase in oscillations is reflected in the solution procedure; it
becomes increasingly difficult to find solutions to the boundary-layer problem.

The axial structure of the flow at the turning point corresponding to 6 = 0.42 is
illustrated in figure 20. Note that

(i) the magnitude of the radial inward speed exceeds that of the outer flow;
(i1) considerable radial flow occurs within the rough layer, which extends from z* =0
to 1;
(iii) the supergradient flow is nearly 60 % larger than the outer flow;
(iv) flow within the second radial jet is nearly as strong as that within the primary
jet; and
(v) the tertiary and quaternary radial jets are visible.

6. Summary

This article is the second in a series of investigations of the turbulent boundary
layer near a planar surface beneath an axisymmetric swirling flow. The formulation
developed in Part 1 (Loper 2020) and summarized in § 2 is based on the assumption
that the turbulent diffusivity may be expressed as the product of the circumferential
velocity outside the layer and a diffusivity function: v(r, z) = v, (r)L(r, 7). Two models
have been considered: model A, in which L is a constant, and model B, in which L
depends only on z, varying linearly outside a rough layer of thickness z, near the
boundary and constant within that layer.

With either model the structure of the boundary layer is independent of the
strength of the swirling flow; it does depend on the radial variation of the outer
flow, as quantified by the dimensionless vorticity 6 = d(rve,)/2v. dr, scaled such
that rigid-body flow has 6 = 1 and a potential vortex has ¢ = 0. In Part 1, the
boundary-layer problem is solved in the case that the outer flow is rigid-body
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FIGURE 19. Calculated values of H,,, and H., at the turning point for values of 6 listed
the ninth and tenth columns of table 3.
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FIGURE 20. Graphs of the dimensionless radial (F), circumferential (G) and axial (H*)
velocity components versus z* =z/zp for 6 =0.42 and p =0.174.

motion: v, ~ 7 and 6 = 1. That solution is generalized in the present paper to
a power-law-swirl outer flow having v, ~ 7! with 0 < 6 < 1. Although the
mathematical formulation is valid with 6 varying with r, for clarity attention has
been focused on the case that 6 is constant.

The model-A formulation contains the single parameter €, while Model B introduces
a second parameter, p =€r/z, where € is a small parameter equivalent to the inverse
of the critical Reynolds number for turbulent shear flow. At a given radial location, p
quantifies the local influence of the rough layer, while for constant z, it serves as a
dimensionless radius.

It is noted in §3.1 that the boundary-layer problem using model A does not
yield solutions for vortical flow (that is, for 8 < 0.5); this model is not a suitable
representation of the axial variation of the eddy diffusivity.

The structure of the turbulent boundary layer using model B in the illustrative case
6 = 0.2 (that is v, ~ r~%%) is investigated in some detail in §4, with the shape of
the boundary layer and the structure of the flow within it illustrated by a sequence of
figures 7-14 showing that
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(i) the nearly linear shape of the boundary layer for rigid-body outer flow, found in
Part 1, carries over to vortical flow provided p > p;; but

(i1) the boundary layer widens with decreasing p < p,, indicating a breakdown in the
boundary-layer approximation in the corner region and the presence of a vortex
eye;

(iii) the axial outflow from the boundary layer increases at an accelerating rate as the
radius decreases;

(iv) on the other hand, the magnitudes of the horizontal velocity components and
boundary gradients change only modestly as p decreases;

(v) near the turning point, the radial velocity gradient near the ground is larger than
the circumferential gradient.

The behaviour of the boundary-layer solution at the turning point as 6 varies is
investigated in § 5. This investigation shows that

(i) the boundary-layer solution has a turning point only if 6 < 0.42;
(i1) as 6 becomes small,

(a) the turning radius varies as 6~';

(b) the axial location of the turning point varies as #~*/%; and

(c) the boundary gradients at the turning point vary roughly linearly with 0;
(iii) the turning point moves off to infinity at an accelerating rate as 8 — 0.

These scalings indicate that both the eye radius and corner region size become
infinitely large as 6 — 0. This behaviour helps explain why there is no boundary-
layer solution beneath a potential vortex. The scaling of radius with roughness height
may help explain why a dust devil that forms over fairly smooth ground has a small
eye radius (typically several meters), a water spout that forms over wavy water has
a slightly larger eye radius (tens of metres) and a tornado that forms over rough
vegetation has a greater eye radius (hundreds of metres).

7. Conclusions

A parameterization of the eddy diffusivity having the form v = vL, where v, (7)
is the circumferential speed of the outer flow and L(r, z) is a specified diffusivity
function, is capable of producing realistic solutions to the turbulent boundary-layer
flow beneath a swirling outer flow v, ~ r*~!, provided the diffusivity function
increases with distance z from the bounding plane. The resulting solutions for vortical
flow give useful insights into the structure of atmospheric vortices.

The boundary-layer thickness varies nearly linearly with r for large radius, but if
0 <0.42, the primary jet thickens with decreasing r in the interval r < r,, with location
of the turning radius r, being estimated by the formula r, = (9 + 2.507")zy, where
Zo is the height of the rough layer adjoining the bounding plane. It is plausible that
the eye radius of a tornado varies in a similar manner. The height of the primary
jet of radially inflowing air at the turning radius, which is illustrated in figure 16,
varies as 7, = (2.04 + 0.66 03/%)z,. This height is a proxy for the size of the corner
region, where the primary jet turns upward, feeding air into the eyewall. At the turning
point the axial gradient of the radial velocity is greater than that of the circumferential
velocity, suggesting that wind scour produced by a tornado is predominantly radially
inward.
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0 ;mux é‘m in Gma_x ;G F min §F H 0 H, max VE)

1.00  3.390 7479 1435 3.084 —0.561 1.263 1.659 2975 0.759-0.999i
090 3.577 7.851 1.447 3277 —-0.596 1326 1.669 3.079 0.722-1.024i
0.80 3.832 8347 1465 3541 —0.641 1410 1.689 3.247 0.678-1.052i
0.75 4.000 8.671 1477 3719 —0.668 1464 1706 3.373 0.654-1.067i
0.70 4213 9.077 1493 3942 —-0.700 1.527 1.729 3.545 0.626-1.087i
0.65 4.495 9.610 1513 4238 —-0.739 1.610 1.764 3.791 0.595-1.107i
0.62 4.715 10.03 1.529 4471 -0.767 1.672 1.792 3995 0.573-1.121i
0.60 4.895 10.36 1.541 4.659 —0.788 1.721 1.816 4.167 0.557-1.131i
0.58 5.109 10.76 1.555 4.884 —0.812 1.777 1.844 4379 0.540-1.142i
0.56 5.371 11.26 1.572 5.159 —0.839 1.844 1.879 4.646 0.520-1.154i
0.55 5.526 11.55 1.581 5320 —0.854 1.883 1.900 4.806 0.510-1.160i

TABLE 1. Summary of calculations using model A. Results for 6 = 1.0 are identical
(within rounding errors) to those in the last row of table 1.1 (for p =0). Results are based
on calculations having equation error (defined by equation (I.B 67)) E, < 0.01.

These investigations are motivated by a desire to understand and quantify the
turbulent boundary layers that occur beneath rotating atmospheric storms such as
tornadoes and tropical cyclones. It is reasonable to neglect of the Coriolis force when
modelling tornadoes and other short-lived storms, but this force should be included in
the formulation when modelling tropical cyclones. It is very likely that model B may
continue to be usefully employed, because this model yields an analytic representation
of the turbulent Ekman layer, which is an end member of the proposed generalization;
see chapter 25 and particularly §25.1.2 of Loper (2017).
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Appendix. Solution tables

This appendix contains three tables summarizing solutions to the problem
formulated in § 2 using models A and B, with results of calculations using model A
being summarized in table 1, results of calculations using model B with 6 = 0.2
being summarized in table 2 with table 3 containing results of calculations related to
the turning point.

Each row of table 1 summarizes a converged iteration using model A, with the first
column giving the value of # and the remaining nine columns containing

(1) &max: the axial location of the first zero of the radial speed;
(1) &min: the axial location of the second zero of the radial speed;
(iii) Gpge: the maximum circumferential velocity;

(iv) ¢g: the location of this maximum;

(v) F,: the minimum radial velocity;
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0 ZT ZE Gax ZZ} Fonin Z;‘ H;o H;mx V£)
100.0 5952 2304.0 1.037 368.6 —0.403 24.72  0.898 1.230 1.764-1.369i
80.0 4837 1859.0 1.039 3024 —0.413 21.21 0942 1299 1.632-1.323i
70.0 4275 1636.0 1.040 2689 —0.419 1939 0970 1.344 1.557-1.297i
60.0 3709 1412.0  1.041 2350 —0.427 17.49 1.004 1399 1.476-1.269i
50.0 3139 1187.0  1.043 200.6 —0.436 1551  1.047 1.439 1.386-1.239i
40.0 2562 9604 1.045 165.7 —0.448 13.42 1.104 1.574 1.283-1.205i
30,0 197.8 7322 1.049 1299 —-0.464 11.19 1.187 1.704 1.163-1.167i
20.0 1382 5015 1.054 9293 —-0.489 8.739 1323 1.942 1.015-1.125i
15.0 107.7 3847 1.059 7378 —0.508 7.383 1.463 2.148 0.921-1.109i
12.0 89.13 3139 1.063 6198 —0.524 6.507 1.537 2.337 0.855-1.085i
10.0 76.54 2663 1.066 5392 —0.5387 5.885 1.629 2.514 0.804-1.076i
8.00 63.81 2184  1.071 4572 —-0.556 5.230 1.756 2.766 0.746-1.067i
7.00 5735 1943 1.075 4153 —-0.568 4.882 1.841 2.938 0.713-1.063i
6.00 50.82 169.9 1.079 37.26 —-0.582 4.515 1946 3.159 0.677-1.061i
5.00 44.23 1454 1.084 3293 —-0.599 4.131 2.087 3.461 0.636-1.059i
4.00 3755 120.8  1.091 2851 —-0.622 3.722 2285 3.900 0.588-1.060i
3.00 30.78 95.84 1.102 2399 —0.655 3.278 2592 4.598 0.531-1.064i
2.00 23.86 7044 1.118 1932 —-0.705 2.770 3.155 5.930 0.455-1.075i
1.50 20.20 5724 1.128 16.74 —-0.742 2477 3.662 7.067 0.405-1.087i
1.20  17.78 48.82 1.135 1496 —-0.769 2266 4.105 7.965 0.371-1.096i
1.00 1599 4284 1.140 13.60 —0.790 2.106 4.494 8.662 0.345-1.102i
0.80 14.04 36.54 1.144  12.09 —-0.816 1.927 5.013 9.500 0.315-1.112i
0.70  13.00 3326 1.147 11.26 —0.833 1.831 5.349 10.00 0.299-1.118i
0.60 11.92 29.89 1.151 10.39 —-0.852 1.730 5.770 10.61 0.280-1.125i
0.50 10.82 2649 1.156 9.527 —0.877 1.628 6.343 11.47 0.259-1.133i
0.40 9.814 23.27 1.165 8750 —0.912 1533 7.259 1299 0.232-1.144i
0.35 9.448 2192 1.174 8515 —0.938 1.498 8.042 14.59 0.215-1.152i
0.34 9.404 21.71  1.176 8.497 —0.944 1.493 8.256 14.88 0.211-1.153i
0.33 9.374 21.52 1.179 8494 —0.951 1.489 8.500 1538 0.207-1.155i
0.322  9.3647 21.40 1.181 8.507 —0.957 1.488 8.722 15.84 0.203-1.156i
0.321 9.3644 21.39  1.181 8512 —0.957 1.488 8.752 1591 0.202-1.156i
0.320 9.3646 21.37 1.182 8.512 —0.958 1.487 8.783 1597 0.202-1.157i
0.31 9.381 21.28 1.185 8.556 —0.966 1.488 9.118 16.68 0.197-1.158i
0.30 9.432 21.25 1.189 8.636 —0.975 1.491 9.524 17.57 0.191-1.161i
0.29 9.530 21.32 1.193 8.763 —0.985 1.497 10.04 18.73 0.185-1.162i

TABLE 2. Summary of calculations using model B with 6 =0.2. Compare
which summarizes calculations using model B with 6 = 1.0 (rigid-body flow). The
dimensionless radial coordinate p is defined by (2.4), z* = z/z9, the scaled axial speed
H* is defined by (2.3) and Vj, is the gradient of V(¢) at ¢ =0. The minimum entry in a
given z* column is in bold. The underlying calculations have E, < 0.01.

with table 1.1,

(vi) ¢p: the location of this minimum:;

(vii) Hy: the axial speed (outflow) far from the boundary;

(viii) H,4: the maximum normal speed within the boundary layer;

(ix) V,=G'(0) +iF'(0): the velocity gradient at the boundary.
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* *

6 Pr Z; ) Goax G Fonin 2 H;o H;mx V£)

0.420 0.174 4.167 9.851 1.592 3962 —1.110 1.113 7.035 27.60 0.311-1.234i
0.415 0.186 4.275 10.17 1.570 4.052 —1.098 1.131 6.983 25.88 0.309-1.231i
0410 0.194 4.372 1043 1.553 4.134 —1.091 1.146 6.999 2491 0.307-1.229i
0.405 0.202 4.460 10.67 1.536 4.207 —1.083 1.159 7.007 23.95 0.305-1.227i
0.400 0.207 4.543 10.88 1.523 4279 —-1.078 1.169 7.066 23.44 0.301-1.225i
0.375 0.227 4.922 11.80 1.462 4.606 —1.057 1.211 7.383 20.44 0.287-1.216i
0.350 0.241 5.296 12.66 1411 4930 —1.040 1.244 7.728 20.14 0.272-1.207i
0.325 0.253 5.699 13.56 1.364 5.281 —1.024 1.274 8.039 19.12 0.259-1.198i
0.300 0.263 6.159 1455 1.322 5.684 —1.010 1.306 8.340 18.40 0.246-1.190i
0.275 0.275 6.706 1574 1.282 6.163 —0.996 1.340 8.524 17.64 0.234-1.181i
0.250 0.288 7.380 17.18 1.246 6.755 —0.982 1.380 8.649 16.99 0.223-1.173i
0.225 0.303 8.235 19.00 1.212 7.507 —0.970 1.428 8.717 16.40 0.212-1.164i
0.200 0.321 9364 21.39 1.181 8509 —0.958 1.488 8.752 1590 0.202-1.156i
0.175 0.347 10.94 2472 1.152 9904 —0.945 1.564 8.698 1533 0.195-1.148i
0.150 0.380 13.23 29.51 1.125 11.95 —0.933 1.666 8.676 14.90 0.187-1.141i
0.135 0.409 15.24 3370 1.110 13.74  —0.926 1.748 8.648 14.65 0.184-1.136i
0.130 0.422 16.07 3545 1.105 1447 —0.922 1.782 8.615 14.51 0.184-1.134i
0.125 0.437 16.99 37.39 1.100 15.28 —0.919 1.820 8.560 14.33 0.184-1.133i

TABLE 3. Values of the dimensionless turning radius p, and associated quantities —
evaluated at the turning point — for the indicated values of # using model B. The turning
point does not exist for 8 > 0.420. The underlying calculations have E, < 0.005.

The format of table 2 summarizing results of calculations using model B with 6 =
0.2 is similar to that of table 1; each row summarizes a converged iteration with the
first column giving the value of p and the remaining nine columns containing

(i) zj: the location of the first zero of the radial speed;

(ii) z5: the location of the second zero of the radial speed;

(iii) G,y the maximum circumferential velocity;

(iv) zg: the location of this maximum;

(v) Fip: the minimum radial velocity;

(vi) zy: the location of this minimum;

(vii) Hy: the axial speed (outflow) far from the boundary;

(viii) H,4: the maximum normal speed within the boundary layer; and
(ix) V,=G'(0) +iF'(0): the velocity gradient at the boundary.

Table 3 is structured similarly to table 2 with an eleventh column situated to
the left, containing the specified value of 6. The remaining entries of a given row
summarize the corresponding structure of the boundary layer at the turning point. The
first row of table 3 describes the boundary layer close to the critical point, where the
turning point comes into existence; the boundary-layer solution has no turning point if
0 > 6, ~0.42.

Numerical entries in these three tables are believed to be accurate (within rounding
errors).
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