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Direct numerical simulation is used to examine the interaction of turbulence with a wall
in the absence of mean shear. The influence of a solid wall on turbulence is analyzed
by first considering two ‘simpler’ types of boundaries. The first boundary is an idealized
permeable wall. This boundary isolates and elucidates the viscous effects created by the
wall. The second boundary is an idealized free surface. This boundary complements
the first by allowing one to isolate and investigate the kinematic effects that occur near
boundaries. The knowledge gained from these two simpler flows is then used to understand
how turbulence is influenced by solid walls where both viscous and kinematic effects occur
in combination.

Examination of the instantaneous flow fields confirms the presence of previously hy-
pothesized structures (splats), and reveals an additional class of structures (antisplats).
Statistical analysis of the Reynolds stresses and Reynolds stress transport equations indi-
cates the relative importance of dissipation, intercomponent energy transfer, and energy
transport. It is found that it is not the structures themselves, but the imbalance between
structures which leads to intercomponent energy transfer. Remarkably, this imbalance
(and hence near wall intercomponent energy transfer), is controlled by viscous processes
such as dissipation and diffusion. The analysis presented herein is a departure from past
notions of how boundaries influence turbulence. The efficacy of these qualitative physi-
cal concepts is demonstrated in Part II where improved near-wall turbulence models are
derived based on these ideas.

1. Introduction

Walls affect turbulence through a number of different mechanisms. The most prominent
and well understood mechanism is that due to mean shear. But other, more subtle mecha-
nisms also exist and can be isolated through the study of shear-free boundary layers where
the influence of mean shear has been eliminated.

Understanding the interaction of turbulence with a solid wall is of fundamental impor-
tance to basic turbulence research. Many situations which are particularly difficult to
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model (stagnation points, separation, reattachment) intimately involve the influence of a
boundary on turbulence. Understanding how a solid wall interacts with turbulence is the
key to improving the predictive capabilities of near wall models, and is the motivation for
this work.

A great deal is understood about how mean shear influences near wall turbulence.
Kline, Reynolds, Schraub, & Runstadler (1967) and later (Moin, 1987; Robinson, 1989)
showed that turbulence production is intimately associated with the streamwise vortices
and streaky structures that are found in the near wall region . It has also been demon-
strated by Lee, Kim & Moin (1987) that streaky structures are a direct result of large
mean shear.

However, many boundary layers have regions where mean shear is not the dominant
mechanism; examples are high free-stream turbulent boundary layers, free-surface flows,
and 1n many circumstances separating and reattaching flows. In these regions the wall
(or surface) continues to have a very profound effect on the turbulence behavior but the
processes which are at work are not as well understood as in the shearing case. This is
reflected by the fact that many turbulence models have difficulty accurately predicting
these flows. Shear-free turbulent boundary layers provide a means of isolating some of the
more subtle interactions that occur between turbulence and a solid wall and should help
to elucidate the physics that is currently missing from most near wall turbulence models.

1.1 Background

The first experiments on shear-free boundary layers were performed by Uzkan & Rey-
nolds in 1967. In these experiments a shear-free boundary layer was created by passing grid
generated water tunnel turbulence over a belt that moved at the mean velocity of the fluid.
In this arrangement the turbulence far from the belt decayed as it moved downstream.
Closer to the wall, the turbulence decayed at a faster rate due to the presence of the wall.
Uzkan & Reynolds measured the streamwise turbulent intensities at a number of stations
along the belt. They quantified the turbulence ‘damping’ produced by the belt and showed
that the damping region scaled on a viscous length scale.

In 1977, Thomas & Hancock performed a very similar moving belt experiment in air.
Their measurements were more detailed and included all the turbulent intensities. Remark-
ably, they obtained substantially different results from their predecessors. The streamwise
turbulent intensity increased as one approached the wall rather than being damped. In
a primarily theoretical paper Hunt & Graham (1978) attempted to reconcile these differ-
ences. They suggested that the different behaviors were a result of a competition between
two different mechanisms, one viscous and therefore dynamic, the other essentially kine-
matic. In the experiments of Uzkan & Reynolds the viscous effects dominated because
the Reynolds number was relatively low (Rer = k*/ve ~ 90). On the other hand the
experiments of Thomas & Hancock, at Rer ~ 2000, allowed the kinematic effects (often
referred to as wall blocking effects), to control the near wall behavior.

Biringen & Reynolds (1981) attempted to numerically simulate these shear-free turbulent
boundary layers. They used large eddy simulation, and so their results were limited by
grid resolution and the sub-grid scale models available at the time. Their simulations did
show, very generally, the right Reynolds number trends, but it is not clear whether this
is a result of higher Reynolds numbers or a result of using a no-stress boundary condition



(rather than no-slip) for the higher Reynolds number simulation.

The present work uses direct numerical simulation to study several different types of
shear-free boundaries at various Reynolds numbers. Detailed instantaneous and statistical
measurements of the flow have been calculated, including terms in the Reynolds stress
evolution equations. For an analysis of heat transfer in shear-free turbulent boundary
layers see the related work of Malan & Johnston (1993). Experimental studies involving
mild mean shear, and heat transfer, are currently underway by Bradshaw & Bott (1993).
Simulations of boundary layers with mild shear, and additional statistical results from this

work can be found in Perot & Moin (1993).

1.2 Review of Near Wall Physics

The experiments of Uzkan & Reynolds and Thomas & Hancock revealed that the effects
of a solid wall on turbulence, even in the absence of mean shear, are quite complicated.
Viscous effects damp the turbulence intensities, while wall blocking effects can amplify
tangential turbulent intensities. An event (or structure) called a “splat” is used to explain
how tangential turbulent intensities can increase near a wall (such as was the case in the
Thomas & Hancock experiments). A splat is a local region of stagnation point flow resulting
from fluid impinging on the boundary. Because fluid can not penetrate the boundary (wall
blocking), any fluid moving towards a wall must eventually turn and move parallel to the
wall. In this way, a splat event transfers energy from the normal velocity component to
the two tangential velocity components, increasing the tangential turbulence intensity near
the wall.

In homogeneous flows, energy transfer of this type (between various velocity compo-
nents) is typically associated with the pressure-strain term of the Reynolds stress trans-
port equations. In inhomogeneous flows, other terms (such as the dissipation) could also
potentially contribute to the redistribution of energy among the various velocity compo-
nents. However, the pressure-strain term is still considered to be principally responsible for
intercomponent energy transfer in these shear-free flows. This is because splat events (re-
sponsible for intercomponent energy transfer) have a region of high pressure, and strongly
decelerating flow associated with them, and these are exactly the elements required to
exhibit a strong pressure-strain correlation.

The intercomponent energy transfer mechanisms that occur near boundaries are fun-
damentally different from those that occur in homogeneous turbulence. This is reflected
very clearly in the pressure-strain term. In homogeneous turbulence, the pressure-strain
term tends to isotropize turbulence. Near walls (even shearing walls) pressure-strain tends
to move turbulence eway from isotropy. A deeper understanding of shear-free boundary
layers, and in particular splats, could be the key to better pressure-strain modeling, and
improved near-wall turbulence models.

It is the goal of this paper to analyze, in detail, the hypotheses and assumptions embed-
ded in the paragraphs above. These hypothesis are often the basis for turbulence models
(see Durbin (1993) and Brumley (1984) for examples). We will find that although the
previous analyses are very useful, they require considerable alterations and adjustments to
explain the results of our simulations.



1.8 Overview

The numerical details and the computational configuration used to simulate the dif-
ferent shear-free boundary layers are presented in section 2. Results from simulations of
turbulence near a perfectly permeable wall are presented and discussed in section 3. The
complementary boundary, an ideal free surface, is analyzed in section 4. As opposed to the
permeable wall, this flow is dominated by wall blocking and has only mild viscous effects.
Only, when these simpler boundaries are fully understood, do we propose to analyze how
a standard solid wall influences turbulence (section 5). Finally, section 6 presents a short
discussion and a summary of the major conclusion of this work. Appendix A contains an
overview of the inviscid RDT (Hunt & Graham) analysis and a discussion of its range of
applicability, and appendix B discusses the viscous near wall Hunt & Graham analysis.
Part IT of this series goes on to extend the qualitative ideas developed in this paper into
quantitative improvements in near wall turbulence modeling.

2. Simulation Details

2.1 Numerical Discretization

The results presented in this study are based on direct numerical simulations of the
unsteady, incompressible, constant property Navier-Stokes equations,

V-u=0 (2.1a)

Ju 1,
TR (w-Viyu=-Vp+ EV u. (2.1b)

All essential scales of motion are computationally resolved; no modeling of the small scale
turbulence is needed.

A second-order, finite volume method, on a cartesian staggered mesh is used to discretize
the equations of motion. The discretization is very much in the spirit of Harlow & Welch
(1965) and Kim & Moin (1985). Lilly (1965) showed that in the absence of viscosity,
this scheme conserves energy, momentum, and vorticity. Details of the discretization are
given in Le (1994). The performance of the method, on the Connection Machine and the
Cray Y-MP is discussed in Perot (1992).

The computational box size of the simulations is large enough so that the flow variables
are not correlated across the computational box. This was ensured by examining two
point velocity correlations. In agreement with other direct numerical simulations, a box
size equal to about five times the wavelength of the peak energy containing wavenumber
was found to be sufficient. The grid resolution, on the other hand, is a function of the
Reynolds number. In the simulations that we will be discussing various grid sizes were
used, depending on the Reynolds number. In all cases, the grid resolution used in these
simulations is in close agreement with other well resolved simulations and the predictions
of Reynolds (1991).

The nonlinear convective terms are advanced in time with a third order Runge-Kutta
method. The stability limit imposed by the explicit Runga-Kutta method is not overly
restrictive and corresponds roughly to the condition that the temporal accuracy matches
the spatial accuracy (in a Taylor’s hypothesis sense). The diffusive terms are advanced
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implicitly with the trapezoidal (Crank-Nicolson) method, to avoid stability restrictions.
Finally, the pressure is updated using the fractional step method. This time advancement
scheme differs from that of Kim & Moin (1985) in only a few ways. First, the diffusive
terms are updated only once, not at every substep of the Runge-Kutta advancement. This
allows the Runge-Kutta scheme to be simpler and have a CFL stability limit of 2 rather
than v/3. This type of operator splitting was studied by Maday et al. (1990), and was
shown to be mathematically and computationally sound. Second, an improved fractional
step method was implemented which overcomes previously problematic boundary condition
and time accuracy issues. This improvement is accomplished by performing the spatial
discretization before the operator splitting, rather than after (Perot 1993).

2.2 Configuration

It was mentioned in both the papers of Uzkan & Reynolds and Thomas & Hancock that
the ideal shear-free turbulent boundary layer is created by instantaneously inserting an
infinite flat plate into homogeneous isotropic turbulence. This creates a boundary layer
where statistical properties depend only on time and the distance from the wall. This
temporally growing shear-free boundary layer is statistically homogeneous in planes par-
allel to the wall. The mechanical difficulties associated with instantaneously inserting a
flat plate into turbulence led to the use of the moving belt configuration for the experi-
mental studies of Uzkan & Reynolds, and Thomas & Hancock. The current configuration
(temporally developing) is related to the experimental studies (spatially developing) via
Taylor’s hypothesis. The temporally growing layer is somewhat “cleaner” since there are
no streamwise derivatives. These streamwise derivatives are particularly influential at the
leading edge of the spatially growing layer, and their effects can be felt for long distances
downstream because (unlike standard boundary layers) there is no production or mean
flow present which can quickly reorganize the turbulence.

An example of the configuration is shown in figure 1. The simulation starts with a
large (periodic) box of turbulence. Then at a particular time (arbitrarily labeled t = 0),
boundaries are instantaneously introduced at the top and bottom faces of the computa-
tional domain. As time progresses, boundary layers grow away from the boundaries. These
boundary layers consist of large variations in the statistical properties of the fluid. They
do not have a mean flow associated with them, since the mean flow is zero everywhere in
these simulations. The simulation ends just before the top and bottom layers are close
enough to begin interacting with each other. Boundaries are placed at both the top and
bottom faces of the domain in order to double the available statistical sample. Periodic
boundary conditions are used for the other faces of the domain, and grid refinement is
used near the boundaries in order to adequately capture the developing layers there.

2.8 Boundary Insertion

The instantaneous appearance of a boundary in a turbulent fluid is a process that re-
quires some attention, particularly when the boundary is impenetrable (v = 0 on the
boundary). Sudden imposition of the v = 0 boundary condition on an initially incom-
pressible velocity field would, in the absence of pressure, cause continuity to be violated
at the boundary. The pressure preserves continuity by responding to the v = 0 bound-
ary condition, and instantaneously redistributing energy among the velocity components
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FIGURE 1.  Schematic representation of computational configuration used to simulate

temporally growing shear-free turbulent boundary layers.

appropriately.

Mathematically, this process is equivalent to projecting the dilatational velocity field
(created by the instantaneous imposition of v = 0), into the space of incompressible velocity
fields. Numerically, this projection can be easily accomplished by drastically reducing the
time step of the simulation when the boundary is inserted. In both cases, the result is the
Hunt & Graham solution for high Reynolds number wall bounded flows.

The Hunt & Graham RDT (Rapid Distortion Theory) analysis is exact for the case
of boundary insertion (see Appendix A). The analysis predicts that the sudden presence
of wall blocking (v = 0) will reduce the normal component of the turbulence intensity
over roughly one large eddy length away from the boundary, and cause a corresponding
amplification in the tangential turbulence intensities. This energy redistribution occurs
instantaneously in order to preserve continuity when the boundary is inserted. This im-
plies that for the free surface and solid wall boundaries, the turbulence is not homogeneous
immediately after boundary insertion (at + = 07). The subsequent evolution of the tur-
bulence will be influenced by both the boundary and the initial inhomogeneity in the
turbulence. This makes the results of these simulations somewhat harder to interpret, but
does not fundamentally change any of the conclusions that are drawn from the results.

2.4 Parameters € Statistics

The relevant Reynolds number for these shear-free flows is the turbulent Reynolds num-
ber, Rer = k?/ev, where k is the turbulent kinetic energy, € is the turbulent dissipation
rate, and v is the kinematic viscosity. This is a result of using k'/? as the relevant velocity
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scale and the large eddy length, L = k3/?/e. as the relevant length scale. For homoge-
neous isotropic turbulence, the turbulent Reynolds number is related to the more com-
monly quoted longitudinal Taylor microscale Reynolds number by Rep = %Rei. Here

Rey = u'\/v where u' = \/ﬁ and A is the longitudinal Taylor microscale (Batchelor,
1956). As a basis for comparison in what follows, the experiments of Uzkan & Reynolds
had a turbulent Reynolds number of approximately 90, and the experiments of Thomas &
Hancock had a turbulent Reynolds number of about 2000.

Statistics of the turbulence were evaluated by averaging over the homogeneous z and z
directions, and additionally through the use of ensemble averaging. Each realization in the
ensemble is produced by running the simulation under the same flow parameters but with
a different initial condition. The statistics far from the boundary, in the far field region,
typically take the longest time to converge since length scales are largest there. Due to
restrictions on computational resources, and the large number of simulations (realizations)
required for this study, some of the statistical results show oscillations in the far field due
to lack of statistical sample. We judged it a poor use of computational resources to smooth
these oscillations further. The number of realizations that are required in each case, is a
function of the grid resolution, the Reynolds number of the turbulence, and the boundary
being studied.

In addition to determining the Reynolds stresses, all the terms in the Reynolds stress
evolution equations,

1
Riju=—(Qij +Qj:) + Toftime — Tijhr — € + 1L (2.2)
were evaluated. R;; = w;u; is the Reynolds stress tensor, (); = pu; is the pressure ve-
locity correlation, T} = w,u uy is the triple correlation tensor, €;; = %ui,kUj,k 1s the

homogeneous dissipation rate tensor, and finally II;; = p(u; ; + u;,;) is the pressure-strain
term. When the mean velocity is zero (as is the case in this work), then the pressure-
strain term is equal to the slow pressure-strain (Rotta, 1951). Since the production term,
Pij = —(UikRjr + U; xRix) and the convective term UyR;; are identically zero for the
flows under consideration, they does not appear in Eqn. (2.2).

Results will only be presented for the tangential R;; and normal Ry2 components of the
Reynolds stress tensor. Since these flows are statistically axisymmetric, R33 = R1; and all
off-diagonal stresses are zero.

2.5 Boundaries

The perfectly permeable wall studied herein allows flow to move unimpeded through
the boundary, but prohibits any motion tangential to the wall. Although unusual, the
permeable wall has some very interesting physical properties. Most importantly, it does
not result in wall blocking. This allows the study of near wall viscous effects to occur
in isolation from the complicating influences of wall blocking. The numerical boundary
conditions for the perfectly permeable wall are zero tangential velocity (v = w = 0), and
a periodic normal velocity (i.e. no direct condition on the normal velocity). However,
Ov/dy = 0 is implicitly satisfied at the boundary because of the continuity equation.

Simulations were performed for turbulent Reynolds numbers, Rep, of 6.2, 54, and 137.
The two lower Reynolds number simulations used a grid size of 64 x 128 x 64, though
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the lowest Reynolds number case probably does not require such a fine grid. The higher
Reynolds number case required a 128 x 256 x 128 grid. For converged statistics, 204
realizations were taken for the lowest Reynolds number case, and 102 realizations for
the moderate Reynolds number case. Only 4 realizations were possible for the highest
Reynolds number case, which means that the statistics are only marginally converged.
Only one result from the higher Reynolds number case is reported. The two lower Reynolds
number cases require roughly the same number of realizations to obtain the same degree of
statistical convergence. The use of twice the number of realizations for the lowest Reynolds
number case, was done to get a rough idea of the effort required to obtain further smoothing
of the statistical results.

The free surface studied in this work is “ideal” in that it does not support surface waves.
This corresponds physically to a very large surface tension. The behavior of turbulence
near a free surface has important practical implications for problems involving heat and
mass transfer. Such problems are frequently of interest in chemical and environmental
engineering where surface processes are often critically important. The ideal free surface
may also be a useful approximation to high Reynolds number wall bounded flows.

In many respects, the physics of the free surface is complementary to that of the perfectly
permeable wall. It is dominated by wall blocking (v = 0), and presumably the splat effect,
but has almost no viscous effects since there is no fluid stress at the surface. The free
surface boundary allows an in-depth analysis of the (essentially kinematic) wall blocking
effects of a wall, without the complicating influence of viscous damping. Since much has
been hypothesised about splats and their influence on near wall behavior, this boundary
provides an ideal situation in which to test those hypotheses.

Turbulence near a free surface was simulated at two different Reynolds numbers. The
first case has an initial Reynolds number of 54. It required a 64 x 128 x 64 grid and
60 realizations. The second case has an initial turbulent Reynolds number of 134, and
required a 128 x 256 x 128 grid, and 54 realizations for converged statistics.

The solid wall boundary incorporates the blocking condition (v = 0) of the free surface,
and the no-slip condition (v = w = 0) of the perfectly permeable wall. Accompanying
the no-slip condition is the kinematic boundary condition mentioned above, dv/dy = 0.
Not surprisingly, certain aspects of the solid wall strongly resemble either the perfectly
permeable membrane or the free surface.

The solid wall simulations were performed at turbulent Reynolds numbers of 54, 134,
and 374. The grid was doubled in each direction at each successive Reynolds number (recall

that the required number of grid points in DNS is N3 & 30Re?p/4), The largest Reynolds
number case was simulated using a 256 x 512 x 256 grid. In order to obtain converged
statistics, 30 realizations were used at the lowest Reynolds number, and 54 realizations
and 2 realizations respectively were used at the higher Reynolds numbers. The CPU time
required by the highest Reynolds number simulation limits the number of realizations
which may be obtained in a reasonable amount of time.

Note that the highest Reynolds number case (Rep = 374 , Rex = 50) does not bring
us up to the high Reynolds number experiments of Thomas and Hancock (Rer = 2000,
Rey = 120). However these simulations are among the highest Reynolds numbers obtained
to date using direct numerical simulation, and the range of Reynolds numbers simulated



does allow one to (cautiously) extrapolate to higher Reynolds numbers.

3 Perfectly Permeable Wall

In the perfectly permeable wall simulations, it is found that the tangential Reynolds
stress, Rip, rapidly collapses to a single profile when the tangential stress is normalized
by its free stream value Ryi~ and the distance from the wall is normalized by the viscous
scale, v/vt. This collapse happens in less than an eddy turnover time, Ty. Profiles of the
tangential Reynolds stress are shown in figure 2. for various Reynolds numbers.

1.2
1.0* "—____________’_._’_._’-A-,_—.——*'—"‘—""':;:_;'_;__;~'“—-~
0.8 T T
e -~
8 Pt
4 g
< 06|
2 /]
= /
041 =
a
j’t — Re=0
5 by ----Re=62
Hr, —.— Re=%4
0. ’/I —._ Re=137
i
0.0 ‘ ‘
0 5 10 15

y/ Vvt

FIGURE 2. Reynolds number dependence of the tangential Reynolds stress. (¢/Ty = 3.1)
, Rep =0; ---- , Rer = 6.2; —— |, Rer = 54; —-— , Rer = 137.

In addition to the measured profiles we have also plotted a theoretical profile, for the
tangential Reynolds stress in the limit as the Reynolds number goes to zero. This analyt-
ical solution is obtained by assuming dissipation and diffusion dominate at low Reynolds
numbers, and that Rotta’s (1951) low Reynolds number dissipation model is exact in that
limit. Alternatively, this solution can be obtained by solving a diffusion equation for the
fluctuating velocity as was done by Hunt & Graham (see Appendix B).

The fact that the tangential stress rapidly collapses on a viscous scaling confirms that
this flow is dominated by viscous effects. Note that as the Reynolds number increases the
tangential Reynolds stress profiles become fuller, with steeper gradients near the boundary,
and a deeper penetration into the flow in terms of viscous units. (In dimensional units
the penetration into the flow actually decreases with increasing Reynolds number.) The
simulated profiles have the required O(y?) behavior very close to the boundary.

It is clear that the low Reynolds number analytical solution (Rer = 0) rapidly becomes
a poor approximation, even at relatively low Reynolds numbers. This is primarily because
this linear solution neglects the transport of turbulence by itself. This is made clear in
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figure 3, where terms in the budget of the tangential Reynolds stress are shown at two
different Reynolds numbers. The terms are non-dimensionalized by the initial dissipation
rate, €g. The profiles are plotted at time ¢/Ty = 3.0. As expected, dissipation and diffu-
sion dominate the balance near the wall. However, even at these low Reynolds numbers,
turbulent transport also is an important factor in the near wall balance. The relative
importance of turbulent transport also appears to increase significantly as the Reynolds
number is increased. It is this term which is responsible for the change in shape of the
tangential Reynolds stress with increasing Reynolds number.

The turbulent transport term is shown in figure 4. Three different times, and two
different Reynolds numbers are shown. Like the tangential Reynolds stress, the turbulent
transport term collapses very rapidly when scaled on the viscous length scale. The strong
Reynolds number dependence of this term is also very apparent. The fact that the turbulent
transport term and the tangential Reynolds stress both collapse on the same length scale
parameter, strongly suggests that the turbulent transport term can be modeled in terms
of the tangential Reynolds stress. Since the turbulent transport term tends to make the
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tangential stress profiles fuller (increased effective viscosity), a gradient transport model
would seem very appropriate in this context.

The remaining term in the Reynolds stress equation balance is the pressure-strain term
(pressure transport is identically zero for the tangential stresses). The pressure-strain
term, which is responsible for the transfer of energy between Reynolds stress components
is relatively small. However, it is not negligible. It can be significant at early times (when
viscous effects are confined very close to the wall), and can contribute in the region far
from the wall (y/v/vt ~ 2) where viscous effects are again relatively minor. We will also
find that the pressure-strain term is crucial to explaining the behavior of the normal stress
component.

The normal Reynolds stress, Rgy, near a permeable wall is shown in figure 5. Two
different Reynolds numbers and several different times are shown. Unlike the tangential
stress, the normal Reynolds stress does not collapse to a single profile when scaled in
an appropriate way. However, normalizing the distance from the wall by the large eddy
length scale far from the wall, Lo, = (k*/?/€)o0, does appear to scale the extent of the
‘inhomogeneity layer’ near the wall. Note that L., grows with time as the turbulence
decays.

Since there is no wall blocking (v = 0) in this flow, the inhomogeneity layer must be
an indirect result of the boundary conditions on the tangential velocity. In fact, using the
continuity equation it can be shown that the tangential velocity boundary conditions imply
that Jv/Qy = 0 at the boundary. Figure 5 shows that the magnitude of the inhomogeneity
layer increases with Reynolds number, while its extent (y/L.) decreases. The Reynolds
number behavior of the inhomogeneity layer, indicates that although the layer is closely
associated with kinematic effects (via the continuity constraint) it also appears to have a
strong viscous component to its behavior.
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Figure 6 helps to illuminate the underlying mechanisms of the inhomogeneity layer
by showing the terms in the normal Reynolds stress budget at two different Reynolds
numbers. The profiles are shown at time ¢/Ty = 3.0 well after the layer has developed.
The turbulent transport and pressure transport terms for the higher Reynolds number
case may not be statistically converged far from the wall. The transport terms involve
derivatives of statistics, and so they amplify small variations in the measured statistics.

The pressure strain term makes a significant contribution to the normal stress evolution
equation. Note that the pressure-stain is a sink term for the normal stress equation and a
source term for the tangential stress equation, reflecting the fact that this term transfers
energy from the normal to the tangential stress components. Also note that the scale on
figure 6 is an order of magnitude smaller than that of the corresponding tangential stress
budget (figure 3).

The magnitudes of the transport terms (pressure transport and turbulent transport)
increase significantly as the Reynolds number increases. This is probably due to the larger
gradients that are present in the inhomogeneity layer at higher Reynolds numbers. Note
that the turbulent transport term near the boundary has a different sign for the two
different Reynolds number cases. This is not a function of the Reynolds number, but of
the viscous time scale, (which is different for the two instances presented). The viscous
terms (dissipation and diffusion) do not play a major role in the behavior of the normal
stress. The dissipation, although large, does not change significantly from its free-stream
value, as the wall is approached. It is also interesting that (at these long times) the time
derivative changes very little across the domain. This indicates that the inhomogeneity
layer has approached some sort of equilibrium state.
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FIGURE 6. Terms in the normal Reynolds stress budget for turbulence near a perfectly
permeable wall. (¢/Tp = 3.0), (a) Rer =6.2. (b) Rer = 54. See Figure 3. for legend.

The equilibrium state can be described as follows. Energy is transferred from the nor-
mal stress to the tangential stresses by the pressure-strain term. This loss of energy in the
near wall region is replenished by the transport of energy from further out by the pressure
transport and turbulent transport terms. The energy that is transferred to the tangen-
tial stress is quickly removed by the strong viscous effects associated with the tangential
component.

Although the normal stress does not collapse on a convenient scaling, the pressure-strain
term does. This is shown in figure 7 for two Reynolds numbers and several different times.
The relative magnitude of the pressure strain increases with increasing Reynolds number,
and the extent of the pressure-strain scales on the the length /v 7T,. The Reynolds number
dependence of the pressure-strain has been hypothesised by Lumley (1978) and observed
in simulations of anisotropic homogeneous turbulence (Hallback & Johansson, 1992). The

emergence of the length scale V1T = Loo/Re%p/2 is much more surprising. This scaling
suggests that the pressure-strain term, and hence energy transfer, is not solely a kinematic
effect, but has strong ties to viscosity. How the energy transfer mechanisms present in this
flow (with Ov/dy = 0) compare with those due to wall blocking (with v = 0) is one of the
subjects to be addressed in the next section.
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4 Ideal Free Surface

The purpose of studying turbulence in the presence of an ideal free surface is to highlight
the effects of wall blocking and the role of splat events. Figure 8 shows instantaneous
snapshots of the flow which confirm the presence of the splat event and help to detail its
structure. Figure 8a shows velocity vectors in a plane close to and parallel to the free
surface. In addition to the velocity vectors, the figure is shaded by the normal velocity.
The turbulent Reynolds number is 54, and the time is ¢/7T, = 0.3.

The splat regions (local stagnation points) are easy to identify; they are lightly shaded
and the velocity vectors are small and point radially outwards. A typical splat is indicated
on figure 8a. The splats tend to be roughly axisymmetric. In addition to the splats,
there are regions of ejecting fluid. These darker regions tend to form long fronts where two
splats meet, and are sometimes associated with rotating fluid. These ejecting events will be
referred to as anti-splats. A typical anti-splat is also indicated in figure 8a. Although anti-
splats are an intuitive counterpart of splat events, they have not been discussed previously.
We emphasize their presence here, because they are critical to explaining the near wall
behavior of the free surface, and solid wall simulations that follow.

Figure 8b is similar to figure 8a, except that the contours are shaded by the pressure,
rather than normal velocity. The stagnation point behavior of the splats should be asso-
ciated with higher pressure. This is indeed the case, but other high pressure regions also
exist, and are the result of the collision of two tangentially moving fluid bodies. Note that
low pressure tends to be associated with the cores of rotating fluid regions. The pressure
is, therefore, not a particularly good indicator of the presence of splats or anti-splats.

The tangential Reynolds stress profiles for turbulence near an ideal free surface are shown
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in figure 9. The distance from the surface is normalized by the viscous length scale and the
Reynolds stress is normalized by its far field (isotropic) value. The lower Reynolds number
case 1s shown in figure 9a at three different times, and the higher Reynolds number case
is shown in figure 9b at four different times.

Recall that due to boundary insertion (section 2.3) the initial tangential stress (at tT = 0)
is not homogeneous. The initial tangential stress profile increases as the boundary is
approached. This type of behavior continues even at later times. In fact, the magnitude of
the tangential stress inhomogeneity actually increases slowly with time. Identical behavior
was observed in the high Reynolds number experiments of Thomas and Hancock (for the
streamwise stress component).

Note that the peak in the tangential Reynolds stress near the wall does not grow indef-
initely. Eventually an equilibrium profile is approached where the mechanism responsible
for the peak is balanced by the increased diffusion and turbulent transport. This equilib-
rium profile is approached more rapidly at lower Reynolds numbers.

The Reynolds stress budgets for the tangential stress are shown in figure 10. Two
Reynolds numbers are shown at time ¢/T; = 3.0. Remarkably, the pressure-strain term
is small. Dissipation, diffusion, and turbulent transport are the dominant terms. This
does not agree with the notion that a free surface is dominated by the presence of splat
structures and energy transfer (via wall blocking).

The clear presence of splats (figure 8) and the lack of pressure-strain (energy transfer
between stress components) can be reconciled by including antisplats into ones concept of
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the near wall physics. Splats do indeed exist and transfer energy from the normal compo-
nent of the velocity to the tangential component. However, antisplats quickly transform
that tangential velocity back into a normal velocity, so the net result is very little energy
transfer, and hence a small pressure-stain term. This is an important point, which we
will return to often. Neither splats, nor antisplats are individually responsible for inter-
component energy transfer in the near wall region. It is the imbalance between these two
events which results in intercomponent energy transfer. Even more importantly, we will
demonstrate in the next section that this imbalance between events is controlled by viscos-
ity. Viscous effects are relatively small near a free surface, and therefore there is relatively
little energy transfer.

Assuming that the previous explanation is valid, we then need to explain why the peak
in the tangential Reynolds stress increases as time progresses. This increasing peak in
the tangential stress has long been attributed to energy transfer and the splat event. The
argument has been that since there is no turbulence production in this flow, any increase
in the energy of one velocity component, must be at the expense of the other turbulence
component, and therefore the increase in the tangential stress near the wall must be a result
of energy transfer from the normal component, with splats being the logical explanation
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for this transfer.

Although the previous argument is very convincing, we suggest another scenario. The
increase in the tangential turbulent intensity with time is due to the normalization of
the tangential intensity by its free stream value. Essentially we are suggesting that the
turbulence far from the wall decays faster than the turbulence near the wall, and the
phenomena has nothing to do with energy transfer. To demonstrate this point, figure
11a shows the turbulent kinetic energy near a free surface. The turbulent kinetic energy
shows a very similar behavior to the tangential Reynolds stress. It has a peak near the
boundary, which increases with time. There is no energy transfer in the turbulent kinetic
energy equation. Figure 11b confirms our suspicion that dissipation (not energy transfer)
is responsible for this phenomena. The figure shows that the dissipation does indeed
decrease significantly near the surface. It is our conjecture that the two componentality
of the turbulence near the surface (and therefore the lack of the usual energy cascade) is
responsible for this change in the dissipation rate near the surface.

The normal Reynolds stress near a free surface is shown in figure 12, for two Reynolds
numbers and several different times. When the distance from the wall is normalized by
the large eddy length scale the curves quickly collapse to a single profile. The profiles
at the earliest time (solid lines) are equivalent to the inviscid RDT analysis of Hunt &
Graham. The later time profiles are in reasonable agreement with the RDT analysis, but
the agreement appears to deteriorate somewhat as the Reynolds number increases.

The fact that the Hunt & Graham analysis applies to the boundary insertion problem
and not to the subsequent evolution of turbulence near a boundary was recognized in a
paper by Hunt (1984a). It has been suggested by Hunt (private communication) that the
theory may still be applicable at long times, because the time scales on which smaller
eddies “see” the boundary are relatively fast (since small eddies are swept towards the
boundary by larger eddies). So in the frame of reference of the small eddies, the boundary
appears very suddenly, and the presence of the boundary is felt almost instantaneously. In
Hunt (1984b) it was suggested that the theory is still valid, as long as the dissipation does
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not vary significantly across the boundary layer.

The terms in the Reynolds stress evolution equation for the normal stress are shown in
figure 13. Diffusion, dissipation, and turbulent transport are again the dominant terms.
Pressure-strain and pressure transport are very significant but lesser contributors. Note
that the pressure-strain term goes to zero (or positive) quite quickly. It is the dissipation
and transport terms which are responsible for the scaling of the normal stress on L.
The RDT analysis would suggest quite the opposite. Furthermore, since an inviscid RDT
analysis is equivalent to neglecting the dissipation, diffusion, and turbulent transport terms,
any agreement of the collapsed profiles in figure 12 with the RDT analysis is due to the
cancellation of the dissipation, diffusion, and turbulent transport terms. No reason is
apparent as to why this should occur. It is our conjecture that the processes at work near
the free surface have relatively little to do with energy transfer (or the RDT analysis)
except for the fact that the initial condition is given by that analysis.

A comparison of the pressure-strain term for the permeable wall and the ideal free surface
at identical times and Reynolds numbers is shown in figure 14. The amount of energy
transfer occurring near the permeable wall is significantly greater than that occurring
next to the free surface. Again, this does not agree with what RDT would predict. A
physical model which does explain this behavior was discussed in reference to figure 8,
and is explained further in the discussion. In terms of boundary conditions it implies that
the condition on the normal velocity (i.e. wall blocking) is not the important condition to
predict intercomponent energy transfer in the near wall region. It is the condition on the
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tangential velocity (which was much stronger for the case of the permeable wall) which
ultimately leads to energy transfer. Although subtle, this point of view is a considerable
departure from past notions of how boundaries influence turbulence.

5 Solid Wall

The presence of splats near a free surface was confirmed in section 4. Whether these
splats continue to be present near a solid wall, and whether they are affected by the
strong viscous effects near the wall, are addressed in this next series of simulations (shear-
free turbulence near a solid wall). Instantaneous visualizations (similar to figure 8) are
qualitatively identical to the free surface results presented in figure 8 (when the same initial
condition and Reynolds number are used). This suggests that splats (and antisplats) exist
near the solid wall, even at relatively low Reynolds numbers (Rer = 54), and that the
structures near a shear free wall do not change appreciably due to the effects of viscosity.

However, there are very significant differences between the two flows which can not be
identified by visual inspection. These differences are the result of viscosity. Although
viscosity does not alter the basic form of near wall structures (as implied in previous
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notions of the near wall physics), it does alter the balance between splats and antisplats.
The small imbalance between splats and antisplats in the solid wall case leads to significant
energy transfer.

The tangential Reynolds stress at Rer = 54 is shown in figure 15a. The peak near the
wall at early times is a residual effect of the inhomogeneous initial condition at the time
of wall insertion (see Appendix A). This initial peak in the tangential Reynolds stress is
quickly dissipated by the viscous damping near the wall, and as in the permeable wall
case, the profiles soon collapse to a single profile when scaled appropriately. Figures 15b
and 15¢ show similar plots at Reynolds numbers 134 and 374 respectively. The higher
Reynolds number case suffers from poor statistical sample (only two realizations). We will
focus only on the very near wall results of the Rer = 374 simulation, (which appear to be
statistically converged).

The Reynolds number dependence of the tangential Reynolds stress is summerized in
figure 15d. This figure shows the Reynolds stress profiles for four different Reynolds num-
bers numbers at time ¢/Ty = 3.1, (well after any residual effects due to the initial condition
have subsided). The curve labeled Rer = 0 is the same as that discussed in section 3 (per-
meable wall) and used in figure 2. The lower Reynolds number cases agree qualitatively
with the results of Uzkan & Reynolds.

Note that as the Reynolds number increases the profiles become steeper at the wall, but
do not penetrate farther into the flow. This suggests that there is a different mechanism
at work here, than in the permeable wall simulations (where turbulent transport was
responsible for Reynolds number variations). Also note that the high Reynolds number
simulation shows no peak in the tangential Reynolds stress near the wall at later times.
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This is contrary to the high Reynolds number experimental results of Thomas & Hancock,
which showed an increase in the relative peak height as time progressed. The simplest
explanation for this discrepancy is that the Reynolds number is still too low in these
simulations. However, it is our conjecture that the tangential stress near a shear-free solid
wall will never show a peak at long times, no matter how high the Reynolds number.

We suspect that the streamwise tangential intensities measured in the Thomas & Han-
cock experiment were contaminated by mean shear, despite the fact that they expended
considerable effort trying to eliminate the effects of mean shear. Preliminary studies (by
the authors) of a shear-free channel flow (where the upper channel wall ‘floated’), showed
that extremely small mean gradients could produce a production term which was compa-
rable to the other terms in the Reynolds stress equations. In addition, preliminary studies
(again by the authors) of a spatially developing shear-free boundary layer (essentially iden-
tical to the experiments), showed that the streamwise derivatives present at the leading
edge of the boundary layer were very large, and resulted in a non-uniform mean velocity
profile near the wall (though no shear, at the wall itself). The fact that the spanwise
intensities measured in the Thomas & Hancock experiments do not show any peak near
the wall (and were very unlikely to have been contaminated by production) confirms this
hypothesis. Further evidence for the conjecture that no peak will occur at high Reynolds
numbers is detailed below.

The terms in the tangential Reynolds stress evolution equation are shown in Figure 16 for
three different Reynolds numbers. As might be expected for a flow with strict boundary
conditions on the tangential velocity, the dissipation and diffusion terms are large near
the boundary. As the Reynolds number increases the magnitudes of these terms increase
somewhat, but their extent in viscous units (v/7t) remains almost unchanged.

The other term of importance in the balance is the pressure-strain term. The relative
importance of the pressure-strain increases as the Reynolds number increases. At Rep =
374 it makes a substantial contribution to the overall balance. Note that as the Reynolds
number increases the extent of the pressure-strain term does not change significantly. This
is consistent with the earlier conclusion that the extent of pressure-strain term scales with
VT (since at long times v T /& \/vt).

Interestingly, the turbulent transport is relatively small in this flow. The strong damping
of the normal turbulence intensity inhibits the transport of turbulence by itself. This
contrasts strongly with the case of the permeable wall, where turbulent transport was a
significant term, and the contributions from pressure-strain were relatively minor. These
differing mechanisms (energy transport versus intercomponent energy transfer) explain
why the Reynolds number variation of the tangential Reynolds stresses is different in the
two flows. In the permeable wall case, (with energy transport) the tangential Reynolds
stress gradient becomes steeper near the wall at the expense of a reduced stress farther
away from the wall. In the case of a solid wall, (with intercomponent energy transfer),
only a steepening of the profiles near the wall occurs.

The behavior of the pressure-strain term, suggests that at very high Reynolds numbers,
sufficient intercomponent energy transfer could occur to cause a peak in the tangential
Reynolds stress. Although this is possible, we believe that it is unlikely. We have found
that viscosity (specifically the amount of dissipation, and diffusion near the wall) controls



24

0.8
; —e— timederivative
(gazn/eo) —+— pressure-strain
—m— pressure transport
0.4 —x— turbulent transport

—— viscous diffusion
—a— dissipation
-4--- sum of all terms

0.8
; —e— timederivative
(gazn/eo) —+— pressure-strain
—=— pressure transport
0.4 —x— turbulent transport

—— viscous diffusion
—a— dissipation
-4--- sum of all terms

0.8
(gain/ep)

0.47

—e— timederivative
—e— pressure-strain
—=— pressure transport
—x— turbulent transport
—— viscous diffusion
—a— dissipation

-1~ sum of all terms

0.0 = = = = A A A
-0.41
(loss/eq) (c)
-0.8 w T
0 4 6
y/ut
FIGURE 16. Terms in the tangential Reynolds stress budget for turbulence near a

stationary solid wall. (¢+/Tp = 1.0) (a) Rer = 54, (b) Rer = 134, (¢) Rer = 374. See
Figure 3. for legend.



25

intercomponent energy transfer. Viscous damping removes energy close to the wall, which
reduces the tangential energy available to drive the anti-splat events. The end result is an
imbalance between splats and antisplats and a net energy transfer. Since dissipation and
diffusion drive near wall intercomponent energy transfer, it is unlikely that the pressure-
strain term (representing energy transfer), will be larger than the dissipation and diffusion
terms themselves (since this would result in feedback with an exponential growth). The
fact that the pressure-strain and viscous terms act in the same region of the flow (y/vt)
at long times, implies that no peak is possible. Viscous damping is uniformly larger than
intercomponent energy transfer, in the region where the two processes are primarily active.

The normal Reynolds stress for the Rer = 54 case is shown in figure 17a. These profiles
have a very similar shape to those found in the free surface case. However, the limiting
behavior near the wall is O(y*) in this case, instead of the O(y?) behavior that is found near
a free surface. Figures 17b and 17c¢ show the normal Reynolds stress at Reynolds numbers
of 134, and 374, respectively. The highest Reynolds number case, Rer = 374, shows a great
deal of noise in the far field due to inadequate statistical sample, but gives reasonably good
information close to the wall. The profile at /T, = 0.1 is a good approximation to the
inviscid Hunt & Graham solution. At latter times the normal Reynolds stress appears
to be approaching an ‘equilibrium’ solution which is slightly below the Hunt & Graham
solution. This is very similar to the behavior of the normal Reynolds stress near a free
surface. The behavior of the solution at long times, as a function of the Reynolds number,
can be seen in figure 17d. This plot shows that as the Reynolds number increases the
normal Reynolds stress profile becomes fuller.

Despite the overall similarity of the normal Reynolds stress with the free surface case,
the underlying terms in the evolution equation are considerably different. Figure 18 shows
budgets of the terms in the normal Reynolds stress equation. The dissipation and diffusion
terms are relatively small. Pressure-strain and pressure transport dominate the near wall
balance. However, the two pressure terms balance very close to the wall, with pressure
transport making up for any loss in energy due to the pressure-strain term. Slightly away
from the wall, the turbulent transport term becomes important. As the Reynolds number
increases the magnitudes of the pressure terms and turbulent transport term increase.

Note that the pressure-strain term changes sign. It is negative very close to the wall
(transferring energy to the tangential Reynolds stresses), but positive farther away from
the wall. This behavior is also seen in shearing wall bounded flows such as turbulent
channel flow. The behavior farther away from the wall is thought to be due to standard
return to isotropy mechanisms. A pressure-strain model based on this basic principal (and
the idea that very near wall pressure-strain is controlled by viscous processes) has been
developed in Part II, and shows good agreement with the DNS data.

Although considerable emphasis has been placed on the importance of intercomponent
energy transfer in explaining near wall physics, it is important to notice how significant
energy transport is in the overall balance. Both the turbulent transport and pressure
transport terms make relatively large contributions in this flow. These are terms which
are often neglected or combined with other terms, but which contribute significantly in
shear-free near wall flows.



26

1.2 1.2
0.8
Q o
o) -
\ \
Q o
o) -
0.4
i
; - — tTo=01
' " - tUTo=11
" — tTo=01 n - tTo=21
i ----tTo=11 i D HTo-a1
P —.— tTo=21 ,
7
0.0 0.0
(a) 0 1 2 3 (b)) o 1 2 3
Y/ Lo Y/ Loo
1.2 1.2
RN
/ ~oo /. ;
7 RN A NPt - A
—7‘—</ \‘\_/:\\ ,"_ 7N~ . /,’/
T T s T SNl
g - i i
//’"7 /'/4 .
r/ s ,/I/' 7
0.8 7 0.8 s /,’
i ry .
2 % 5 T
= i N Iy v
5 o N ! J/
Qﬁ it/ Qﬁ rpy
. 1’ g Pl
™ i ~ il
3 il &~ il
& S [
041 fi 041 i, ¢
i Pl
i 1
I ] I. k
] — '
Ir - o=1 [ ~
Iy —.— tTo=21 ! i - ES;?;
—-— t/To=31 ',1., ! T ResY
ey
iy
)
0.0 0.0z
1 2 3 (d) 0 1 2 3
Y/ Lo

FIGURE 17. Normal Reynolds stress profiles near a stationary solid wall. (a) Rep = 54,

(b) Rer =134, (¢) Rer =374, (d) t/T, = 3.1.



27

. 0.50
(gain/eo)

0.257

0.001

-0.257

(loss/eq)

—e— timederivative
—e— pressure-strain
—=— pressure transport
—x— turbulent transport
—— viscous diffusion
—a— dissipation

-0.50
0.0

. 0.50
(gain/eo)

0.257

-0.257

(loss/eq)

—e— timederivative
—e— pressure-strain
—=— pressure transport
—x— turbulent transport
—s— viscous diffusion
—a— dissipation

-0.50
0.0

. 0.50
(gain/eo)

0.257

-0.257

(loss/eq)

-0.50
0.0

FIGURE 18. Terms in the normal Reynolds stress budget for turbulence near a stationary

solid wall. (¢/Ty = 1.0)

legend.

(a) Rer = 54, (b) Rer = 134, (¢) Rep = 374. See Figure 3. for



28

6 Discussion

We have suggested in the previous sections how the concepts of splats and antisplats can
be used to explain the behavior of turbulence near free surfaces and solid walls. We would
now like to generalize those ideas to include the permeable wall, so that our conceptual
model of the near wall region is more universal, and applicable to any type of boundary.

In the spirit of Prandtl (1926) we will discuss the interaction of blobs of fluid with the
boundary. A blob, or region of fluid moving towards the boundary is an impingement
event, or a splat. Similarly, a blob of fluid moving away from the boundary is an ejection
event, or antisplat. Splats transfer energy from the normal velocity component to the
tangential velocity components. If there is little or no energy loss near the boundary (due
to viscous effects), then the fluid will travel along the boundary until it encounters an
antisplat, where the tangential energy will duly be transferred back into normal energy.
This is the situation near a free surface. However, if there are large viscous losses occurring
near the boundary (such as in the solid wall case) then the tangential energy that is input
to the antisplat events is only a fraction of that output by the splat events. This causes
the antisplats to be slightly weaker than the splats on average, resulting in a net energy
transfer from the normal velocity component to the tangential component.

In the case of the permeable wall, we still have splat and antisplat events as described
in the generalized sense above. However, these structures are no longer stagnation point
regions but blobs of fluid which are about to pass through the permeable wall (splats) or
which have just emerged from the permeable wall (antisplats). As in the solid wall case,
there is an imbalance between these two events which is controlled by the viscous processes
occurring very near the wall. This is explained as follows. Because of the dv/dy = 0
condition at the permeable wall, a blob of fluid does not pass through the wall unaltered.
A region of high pressure develops on the wall which distorts the blob (squashes it) until
the condition is satisfied. As the blob exits the wall, the process reverses, with the blob of
fluid unsquashing back to its normal shape. However, in going from the unsquashed to the
squashed state, energy is transferred from the normal velocity to the tangential velocity.
If this tangential energy is quickly dissipated (as it is near the permeable wall) then as the
blob emerges from the permeable wall, it has less energy. So due to viscous effects near the
permeable wall, antisplats are less energetic than splats, and there is a net intercomponent
energy transfer.

It is clear that in terms of intercomponent energy transfer, the solid wall has more
in common with the permeable wall than it does with the free surface. Despite, the
similarities in the structures of the free surface and solid wall, and despite the presence
of wall blocking in both cases, those two boundaries have very different intercomponent
energy transfer effects. It is not the boundary conditions on the normal velocity which
effect energy transfer, but the boundary conditions on the tangential velocity. Furthermore,
viscosity (and energy removal) controls intercomponent energy transfer near boundaries.
These surprising conclusions are reinforced by the fact that the pressure-strain term scales
on the length \/vT+, and not on the integral length scale L.

There have been several detailed experimental and computational studies concerning
how vortices impact on a wall (Walker et. al. (1987), Orlandi & Verzicco, (1993)). They

show that vortex rings are blocked, and that energy is transferred from the normal to the
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tangential velocity components. The model of the near wall region proposed herein, does
not conflict with these results. There is no doubt that fluid (any fluid, not just vortex rings)
impinging on a wall will be ‘blocked’” and transfer energy. However, near wall turbulence
can not be understood solely as a collection of impingement events. Ejection events must
also be considered, and in the absence of viscosity the large energy transfer occurring in
these two types of events will exactly cancel. This point is belabored yet again, because
it is absolutely crucial to understanding why the near wall mechanisms proposed in this
work, differ fundamentally from what has been proposed in the past.

In summary, these simulations have confirmed that splats do exist, even at very low
Reynolds numbers. Splats are not responsible for intercomponent energy transfer near
boundaries, since in the free surface case, there were splats but little intercomponent
energy transfer. Furthermore, intercomponent energy transfer does not cause an increase
in the tangential turbulent intensity near the boundary (a peak). In the free surface case
where a peak was present, it was due the normalization by the free stream value, and
reduced dissipation near the boundary. In the solid wall case, no peak was observed,
although intercomponent energy transfer was very significant.

Intercomponent energy transfer is due to splat events and antisplat events, and in par-
ticular, the imbalance between these events. The imbalance between splats and antisplats
is thought to be controlled by viscous processes near the wall. For this reason, boundaries
with strict conditions on the tangential velocity (solid wall and permeable wall) have larger
intercomponent energy transfer effects, than those with a looser condition (free surface).

Although we have emphasized the causes and effects of intercomponent energy transfer
near boundaries in this work, we note that the Reynolds stress equation budgets show
that all the terms in the equation (not just the pressure-strain) are significant. Although
conceptually these are very simple flows, in practice the inhomogeneity and anisotropy
generated by the boundary makes them challenging to model accurately. We present some
of our ideas on modeling near wall flows in Part II.
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Appendix A. The Inviscid Hunt & Graham Analysis

The Hunt & Graham analysis is based on rapid distortion theory (RDT), where the
Navier-Stokes equations are linearized and the products of fluctuating velocities (found
in the convective term) are neglected. The inviscid analysis further assumes that at high
enough Reynolds numbers viscous effects can be neglected.

For temporally developing turbulence with no mean velocity (such as the flows considered
in this work) the inviscid RDT equations are

uiat = _pal (A]'a)

u; ; = 0 (Alb)
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where u is the fluctuating velocity, and p is the pressure. The equivalent system of equa-
tions can be found in the original Hunt & Graham (1978) paper, with the slight difference
that the Hunt & Graham equations are for uniformly convected turbulence (the spatially
developing boundary layer), whereas the temporally developing boundary layer is being
considered here. Ultimately the Hunt & Graham system is solved in a uniformly convecting
frame of reference (change of variables) so the two equation systems are identical.

Equation A.la is linear and can be solved, given an initial spectrum, in spectral space.
This is the approach taken in the original paper, with the ultimate result being an equation
which expresses the final spectrum in terms of an initial spectrum. Energy spectra and
rms intensities are then predicted for the cases of an initial Von Karman spectrum and
an initial Townsend spectrum. These initial energy spectra result in a decrease (to zero)
of the normal turbulent intensity as the boundary is approached. The energy lost by the
normal intensity is transferred to the two tangential intensity components, so they show an
increase as the boundary is approached. The influence of the boundary on the turbulence
components exists over a distance of roughly one large eddy length.

The view taken here is significantly different from that of Hunt & Graham. Note that
Equation A.la represents a projection of an initially divergent vector field into the space
of divergence free vector functions. Integrating equation A.la over the time interval ¢~ to
tT gives

W+ — Wil- = —p; (A.2)

where p is the integral of the pressure over the time interval. Using the continuity equation
it is clear that if both the initial (#7) and the final (¢1) velocity fields are divergence free,
then the equation for the pressure is p;; = 0. With Neuman boundary conditions this
equation has the trivial solution p is a constant. Therefore, the final and initial velocity
fields are identical. In short, only if the initial field is divergent, will any change in the
velocity field occur. Then the integrated pressure is a solution of p;; = wu, ;|- with
Neumann boundary conditions, and the final velocity field can be found from equation
A2,

The crucial observation here is that divergent velocity fields occur only very rarely. A
key instance is when a wall or surface (with v = 0) is suddenly inserted into a flow. The
only variable which can respond in such a short time frame is the pressure, which due
to its elliptic nature can respond instantaneously. If the full Navier-Stokes equations are
integrated in time, and the time interval is prescribed to begin just before and to end just
after the boundary insertion, then equation A.2 will again be recovered. The convective
and diffusive terms integrated over an extremely small interval will be negligible. Only the
pressure term, which is essentially a delta function, will remain finite.

Three major conclusions can be drawn from this analysis. First, the Hunt & Graham
analysis actually applies to the boundary insertion problem (or leading edge problem for
the spatially developing case). It is, in fact, an exact analysis for the case of boundary
insertion. The second conclusion is a corollary to the first. The Hunt & Graham analysis
does not apply to the subsequent evolution of turbulence near boundaries. After boundary
insertion, the velocity field is divergence free and remains so. The subsequent evolution
depends on dynamics, specifically the convective and diffusive terms that are neglected in
the analysis.
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The final conclusion is of a practical nature. Boundary insertion can be simulated using
a Navier-Stokes code (reproducing the Hunt & Graham theoretical results) by drastically
reducing the computational time step when the boundary is inserted. This effectively
causes the convective and diffusive terms to become extremely small, and allows the pres-
sure to appropriately project the velocity field into the function space of divergence free
vector fields.

Appendix B The Viscous Hunt & Graham Analysis

The Hunt & Graham paper also proposed solutions for the very near wall region of
wall bounded turbulent flows, where viscous effects dominate. The initial starting point
was again rapid distortion theory, but this time rather than neglecting the diffusion terms
(inviscid analysis), the pressure terms were assumed to be small. The resulting equations
for the velocity components in temporally developing turbulence are then,

u; ¢ = éui,kk (A.3)
This has the form of a heat equation, with an error-function solution (equation 2.26 in the
original paper).

This error-function solution was plotted along with simulation results in figure 3, and has
the label “Rep = 07. It has this title because as the turbulent Reynolds number decreases
the turbulent transport terms and the pressure-strain term become less important in the
Reynolds stress budget. Equation A.3 effectively neglects these terms in the budget, and
hence corresponds to the Rer = 0 limit. Note (figure 2) that even at very low Reynolds
numbers, equation A.3 is not a very good approximation.
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