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ABSTRACT

We develop wall modeling capabilities for large-eddy simulations (LESs) of channel flow subjected to spanwise rotation. The developed
models are used for flows at various Reynolds numbers and rotation numbers, with different grid resolutions and in differently sized computa-
tional domains. We compare a physics-based approach and a data-based machine learning approach. When pursuing a data-based approach,
we use the available direct numerical simulation data as our training data. We highlight the difference between LES wall modeling, where
one writes all flow quantities in a coordinate defined by the wall-normal direction and the near-wall flow direction, and Reynolds-averaged
Navier-Stokes modeling, where one writes flow quantities in tensor forms. Pursuing a physics-based approach, we account for system rota-
tion by reformulating the eddy viscosity in the wall model. Employing the reformulated eddy viscosity, the wall model is able to predict the
mean flow correctly. Pursuing a data-based approach, we train a fully connected feed-forward neural network (FNN). The FNN is informed
about our knowledge (although limited) on the mean flow. We then use the trained FNNs as wall models in wall modeled LES (WMLES)
and show that it predicts the mean flow correctly. While it is not the focus of this study, special attention is paid to the problem of log-
layer mismatch, which is common in WMLES. Our study shows that log-layer mismatch, or rather, linear-layer mismatch in WMLES of
spanwise rotating channels, is not present at high rotation numbers, even when the wall-model/LES matching location is at the first grid
point.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129178

I. INTRODUCTION

Resolving all the energy-containing scales in a high Reynolds
number wall-bounded flow simulation is costly.”” A more cost-
effective approach is to resolve the relatively large eddies and model
the near-wall small-scale (but yet energy-containing) eddies. This
leads to wall-modeled large-eddy simulations (WMLESs), in which
the effects of the near-wall turbulent eddies are modeled through a
large-eddy simulation (LES) wall model. A wall model computes the
local wall-shear stress from the resolved flow field in a low-speed
flow. The computed wall-shear stress is used as the boundary condi-
tion of the LES equations.’ Figure 1(b) shows the typical setup of a
WMLES.

In the past decade or so, this cost-effective tool, WMLES, was
used for high Reynolds number flat-plate boundary layers,”” rough-
wall boundary layers,”’ transitional boundary layers,” " airfoils, "
high-lift devices,"” shock-wave-boundary-layer interactions,'”'" the
transonic bump,“‘“‘ the NASA common research model,'” etc.

In this work, we consider WMLES of turbulence in a spanwise
rotating channel. Flow in a rotating frame of reference is encoun-
tered in, e.g., geophysics and turbomachinery applications. In this
work, we will study the channel with spanwise rotation, which is
a simple model problem for flow in rotating frames of reference.
Figure 2 shows a schematic of a spanwise rotating channel. The sys-
tem rotation is in the positive z direction, leading to high pressure at
the bottom wall and low pressure at the top wall, where are referred
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to as the “pressure side” and the “suction side,” respectively. Turbu-
lence is enhanced near the pressure side and is suppressed near the
suction side. The flow is controlled by two non-dimensional param-
eters, i.e., the Reynolds number Re; = u;h/v and the rotation number

Ro; = 2Qh/u;, where h is the half channel height, u, = \/7,/p is the
friction velocity, 7, is the mean wall-shear stress, and p = 1 is the
fluid density.

Studies of this flow date back to the 1970s. Johnston et al.'®
conducted laboratory experiments of spanwise rotating channels.
Detailed measurements show that, for flows at a high angular veloc-
ity, the mean velocity near the pressure side follows a linear scaling
with a slope of dU/dy = 2Q. Here, U is the mean velocity, y is the dis-
tance from the wall, and Q is the angular velocity. Later, laboratory
experiments by Nakabayashi and Kitoh showed that the mean veloc-
ity deviates from the logarithmic law of the wall from y ~ K»d., where
K; is a constant and &, = u,/|Q|."” There were no direct numerical
simulations (DNSs) of spanwise rotating channels until the 1990s.”"
To date, the DNSs in Refs. 21-23 cover Re; ranging from 117 to 1505
and Ro; ranging from 0 to 269. The authors showed that the flow
becomes less turbulent as Ro; grows” " and that large-scale roll cells
emerge in spanwise rotating channels.”*”’

System rotation modifies the flow physics. This poses chal-
lenges to modeling, specifically, to Reynolds-averaged Navier-Stokes

— Suction side

|
/

|

|

[ —

|

Pressure side

FIG. 2. A sketch of a spanwise rotating channel. The streamwise, wall-normal, and
spanwise directions are denoted as x, y, and z.

Noti

(b)
FIG. 1. Schematics of the typical setup of (a) a wall-resolved LES (WRLES) and (b) a WMLES.

(RANS)***” and LES. To account for system rotation, Piomelli and
Liu" included a time-dependent term in the dynamic eddy-viscosity
model coefficient; Lamballais and Lesieur’’ developed a spectral-
dynamic model and explicitly included the Coriolis term; and Silvis
etal.” included a rotation-induced nonlinear term in the minimum-
dissipation model,” just to name a few. Compared with subgrid
scale (SGS) modeling, wall modeling has received much less atten-
tion. To the best of our knowledge, the only work is by Loppi et al.™
In their work, the authors modified the eddy viscosity formulation
in the equilibrium wall model by calibrating their model with wall-
resolved large eddy simulations (WRLESs). (We will present details
of their model in Sec. 11 B.)

In this work, we will develop a wall modeling capability. We
will follow the conventional practice and resort to the known mean
flow scaling near the pressure side’

vr=2 4 %log(la , (1)

where « ~ 0.4 is the von Karman constant, lq = u;,/2Q) is a rotation-
induced length scale, and the superscript “+” denotes normaliza-
tion using viscous units on the pressure side. Hereon, we will use
subscripts p and s to denote quantities evaluated near the pressure
and the suction sides, respectively. By definition, I, = uf.)P/ZQv
= Rerp/Rorp. Similar to the equilibrium wall model, knowing the

LES velocity u at an off-wall location hym, one could use the above
equation to compute the wall-shear stress 7, = puf)l7 at the pressure
side (iteratively). In addition to imposing the law of the wall locally
and instantaneously, we will also pursue a data-based approach,
where we train a feed-forward neural network (FNN) using the avail-
able DNS data and employ the trained FNN as a wall model in
our LES.

The rest of this paper is organized as follows: Details of the wall
models are presented in Sec. II. We also compare our models with
the equilibrium wall model and the model in Ref. 34. In Sec. I1I, we
present details of our computational setup. The results are presented
in Sec. IV, followed by concluding remarks in Sec. V.

Il. WALL MODELING

In this section, we will briefly review the equilibrium wall model
and the model in Ref. 34. For brevity, we will refer to the model in
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Ref. 34 as the LBD model. Then, we will present details of our law-of-
the-wall-based model and our data-based model. In anticipation of
the results in later sections, we will also briefly review two remedies
of log-layer mismatch (LLM) toward the end of this section.

A. Equilibrium wall model

The equilibrium wall model models the near-wall turbulence
through the following simplified thin-boundary-layer equation:

Y

d
diy((v-'— vT)d—y) =0, (2)

where u is the wall-parallel velocity, v is the molecular viscosity,
and vy is the eddy viscosity, which is modeled according to Prandtl’s
mixing length model as

vr = Lau:D(y"), (3)

where I, = xy is the Prandtl mixing length and D(y") is the van Driest
damping function expressed as™®

72

D(y") = [17exp(—y—)] , @)
A+

where the constant is A” = 17. The boundary conditions of Eq. (2)

are

up(y=0)=0, uy(y=hwm) = ues, (5)

Re,, =1000, Ro,, =0.00

scitation.org/journal/phf

where the no-slip boundary condition is applied at the wall and a
matching condition is applied at the off-wall location k., at which
height the wall model velocity matches with the LES velocity uigs
(see Fig. 1).

Solving the model equations, the equilibrium wall model leads
to logarithmic velocity profiles. Comparing these solutions with the
DNS in Fig. 3, we see that the equilibrium wall model does not work
well for flow in a spanwise rotating channel. The above consideration
motivated the LBD model.

B. LBD wall model

Admitting that the logarithmic law of the wall is not a good
working approximation of the mean flow in a spanwise rotating
channel, Loppi et al.”* proposed to use a different eddy viscosity
formulation

vrr = (InCr)u:Dr(y"), (6)
where I, = ky is the conventional Prandtl mixing length, Dy, is the
damping function expressed as

L\ 12
DL(y") = |:1—exp(—y+):| R 7)
Af
and Cy, is a rotation-induced correction term expressed as
CL=1- R (8)

where Ri is the gradient Richardson number expressed as

Re,, =964, Ro, ), =9.21

FIG. 3. Solutions of the equilibrium wall
model, the LBD model, and the SL model

400 600 800

Re,,, =5000, Ro,, =100

at friction Reynolds numbers Re.,
= 1000, 964, 670, and 5000 and friction

yt rotation numbers Ro., = 0, 9.21, 56.5,
(b and 100 in (a)—(d), respectively. We use
) colored dashed lines for wall model solu-

tions, black solid lines for DNS in (a)—(c),

and black dashed lines for Eq. (1) in
(b)—~(d). The SL model reduces to the
equilibrium wall model at 0 rotation num-
ber. Note that these are solutions of the
wall model ODE, but not solutions of
WMLES.
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Ri=S(S+1), 9)
where
20
S=- . (10)
duy /dy

Because Ri = 0 for nonrotating channels, the above eddy viscosity
formulation could be regarded as a truncated Taylor expansion at
Ri = 0, where only the first term, i.e., BRi, is retained.

Loppi et al. calibrated the constants 3 and A7 againsta WRLES
at a bulk Reynolds number Re, = 20 000 and a bulk rotation number
Roy, = 0.45. The above condition corresponds to Re;p = 1062 and
Ro:p = 8.47. Here, Rej, = Uph/v and Roy, = 2|Q|h/ U}, where Uy, is the
bulk velocity. Loppi et al. got = 3.6, A, = 11 at the pressure side,
and A = 80 at the suction side.

The above LBD model works well at flow conditions near the
Reynolds number and the rotation number it is calibrated for, but
because the calibrated A7 does not equal the van Driest damping
constant A", the model does not recover the equilibrium wall model
at Q = 0. Moreover, the model does not yield the linear mean flow
scaling Eq. (1) at high rotation numbers. To see that, we first inte-
grate Eq. (2) and evaluate the integrated equation at the wall as
follows:

du
(v+vT,L)d—yH =Ty (11)

Second, we substitute Eqs. (6)-(10) in Eq. (11),

Iys Dy | 1 20 (20 duy _ (12)
v L +ﬁdu”/dy _du”/dy dy =T

which leads to

Y NS4 (50— ™ ) g ay:-
(1 i Imu:Dy )( d}’ ) i (ﬁ 20 lmu‘rDL) d}’ ﬁ (ZQ) =0
(13)

Next, we evaluate the above equation at the pressure side and
normalize it using wall units as follows:

2
L duj +ﬁ'ROT’P*; %7’3
xkytDr )\ dy* Re:p xy*Dp | dy*
(14)

Last, we evaluate the above equation at a sufficiently large y*, where
the mean flow follows the linear scaling and du/dy = y-2Q, ie.,
duﬁ/d)fr =y - Rorp/Rerp, and the damping function Dy ~ 1. Here,
y is a constant parameter, which is 1 in experiments and DNSs.
This leads to

2

. Roz,

==
Renp

2 1 2 RET)P _
y +ﬁ(y—1)+x7+(y —yf)—o- (15)

The above equation does not hold for any nonzero value of y.
Also, one could integrate Egs. (6)-(11) and compare the integrated
velocity with DNS. In Figs. 3(a)-3(c), we compare the solutions of
Egs. (6)-(11) with the DNSs* at friction Reynolds numbers Re;)
= 1000, 964, and 670 and friction rotation numbers Ro., = 0, 9.21,
and 56.5, respectively. At zero rotation [Ro;p = 0, Fig. 3(a)], because
of the use of a different damping constant than the conventional
van Driest damping constant, the LBD model predicts a constant
downward shift with respect to the data. At a moderate rotation

scitation.org/journal/phf

number [Ro., = 9.21, Fig. 3(b)], the LBD model captures the lin-
ear mean flow behavior and the predicted velocity gradient agrees
reasonably well with the data, but a constant downward shift in the
mean velocity with respect to the DNS is found (note that this is the
result of analytical integration, and therefore, the downward shift is
not a consequence of log-layer mismatch). At a high rotation num-
ber [Ror, = 56.5, Fig. 3(c)], the LBD model captures the linear mean
flow behavior, but the predicted velocity gradient is slightly different
from 2Q. Last, if we further increase the friction Reynolds number
and the rotation number [Ro., = 100, Fig. 3(d)], the mean veloc-
ity according to the LBD model deviates further from the expected
linear scaling at large y* values.

To briefly summarize, spanwise rotation modifies the flow
physics, and the eddy viscosity has to be modified accordingly to
account for system rotation; Loppi et al.”* modified the eddy viscos-
ity formulation by including a rotation-induced factor; the resulting
model correctly captures the linear behavior of the mean flow at
high rotation numbers as well as the logarithmic behavior of the
mean flow at low rotation numbers; but the predicted mean velocity
profiles are not entirely consistent with the data. This motivates the
present work and the development of the “simple linear” model, i.e.,
the simple linear (SL) model.

C. The SL model

In this subsection, we develop a new model for the flow in the
wall layer. We start by writing down the time-averaged streamwise
momentum equation. The mean flow in a spanwise rotating chan-
nel is unidirectional. The mean velocity U(y) is governed by the
following equation:

_1dp  FU_d@)
pdx dy dy
where the pressure term contains the centrifugal potential. The
equation is formally no different from that in a nonrotating channel.
Equation (2) is therefore a good starting point for wall modeling.
This is also why Loppi et al.”* did not use a different model form.
Following Ref. 34, we will work with Eq. (2) as well.

Defining lg = urp/2Q), Yang et al.” suggested that the mixing

length is

(16)

ImLog = Ky, for 1<« y+,y < lg/x, 17
Intin = la, for y>lo/x, (17
in a spanwise rotating channel. Thus-defined mixing length is con-
tinuous in y and leads to a linear mean velocity profile with a slope of
2Q at high rotation numbers and a logarithmic mean velocity profile
at low rotation numbers. However, Eq. (17) suffers from two weak-
nesses. First, the mixing length abruptly changes from [, = xy to a
constant ,, = lg: this is numerically unstable. Second, for flows at
low rotation numbers, Eq. (17) is no different from Eq. (3), and the
flow is agnostic about system rotation.
We deal with the first weakness by taking the harmonic mean

of I Log and L Lin,
-1
lm,Har: (i"'i) . (18)
Ky o

The above mixing length and its derivative are continuous in y. At
low rotation numbers, I, is large and I, tar ~ «y is the Prandtl mixing
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length. At high rotation numbers, lq is small and I, 5ar ~ lo. Equa-
tion (18) is a modeling choice and a trade-off between simplicity
and accuracy. In general, one could take the nth harmonic mean,
Len bnar = (1/(xy)" + 1/15) ™", but for our purposes, Eq. (18) suf-
fices. To deal with the second weakness, we follow Loppi et al,”* and
Taylor expands the mixing length near S = 0 and keeps the first term

InLogz = ky(1 — aS), (19)

where o = 7.0 is a model parameter determined through best fits
of the measured Reynolds stress. Again, in general, one could keep
higher order terms, but to strike a balance between simplicity and
accuracy, we only keep one term. In summary, our mixing length
reads

st = |+ R + 22 " (20)
St lm,LogZ lm,Lin Ky(l - (XS) MTJ’ ’

Equation (20) not only recovers the logarithmic law of the wall at
low rotation numbers and Eq. (1) at high rotation numbers but also
is numerically stable and accounts for deviations from the logarith-
mic scaling at low rotation numbers. The full wall model is given by
Egs. (2)-(5) and Eq. (20).

We have mostly followed Ref. 34, but compared with the LBD
model, Eq. (20) has a few advantages. First, the mixing length leads
to a linear mean profile with a 2Q slope at high rotation numbers.
To see that, we evaluate the model at large y* and a large rotation
number as follows:

L P A @1)
ay\ "y )T

If the mean flow is such that du”/dy = 2(Q), it is trivial that the above
equation holds. Second, our wall model recovers the equilibrium
wall model at 0 rotation number. To test the model in an a priori
sense, one can integrate Egs. (2), (5), and (20) and compare the solu-
tions with DNS. The results are shown in Fig. 3. Compared with
the LBD model, the present formulation provides more accurate
predictions of the mean flow at both low and high rotation num-
bers. In the following, we will refer to our model as the “simple
linear” (SL) model, as it has a simple form and recovers the linear
model.

D. Data-based wall models

In the above two subsections, we reviewed the model in Ref. 34
and proposed a new model for spanwise rotating channel flow. Both

scitation.org/journal/phf

Loppi et al. and we have taken a physics-based modeling approach:
we make physically plausible assumptions and test the resulting
model by comparing the model to data. In such a physics-based
approach, data are used to test and validate a model and there-
fore play a secondary role. In the recent literature, the data-based
modeling approach, where data play a primary role, has received
much attention.”” ** Compared with physics-based models, if one
has data, developing data-based models that directly relate inputs
and outputs is usually more straight-forward from a conceptual
standpoint, and the resulting models usually fit the data very well.
(Certainly, data-based models are often criticized for not being
able to answer questions that are not registered near the training
dataset.)

In this subsection, we make use of the DNS data in Refs. 22
and 23 and take a data-based approach. A somewhat related work is
Ref. 40, where the authors trained a feed-forward neural network
using channel flow DNS data and employed the trained network
as a wall model in WMLES of channel flow and 3D boundary-
layer flow. Before we proceed with the model details, we provide
some background knowledge about an artificial neural network.
Figure 4 shows a sketch of an FNN. In an FNN, information in the
input layer is fed forward through hidden layers and generates an
output.

Following Ref. 40, we train an FNN to learn about the law of
the wall in a spanwise rotating channel. The mean flow U near the
pressure side depends on the system rotation €, the fluid viscosity
v, the friction velocity u; (urp), and the distance from the wall y.
The half channel height 4 is an outer scale and is not a part of the
equation. This is like that in a nonrotating channel, where the near-
wall flow depends on uy, v, and y, but not h. " The most straight-
forward and possibly the most inefficient training strategy is to use
the dimensional variables Q, v, u;, and y as the network input and the
mean flow U, which also carries dimension, as the network output. A
slightly more efficient strategy is to group the dimensional variables
into nondimensional groups and use the nondimensional groups as
the network input. For a spanwise rotating channel, the Buckingham
IT theorem dictates that the four variables lead to two independent
nondimensional groups. A straight-forward nondimensionalization
leads to y* and I;, where y* is the viscous distance from the wall and
I, is the nondimensionalized rotation-induced length scale. Train-
ing using y* and I} (alternatively, [ to account for Q = 0) as
our input and U* as our output, we take a “non-physics-informed”
approach because we did not invoke any of our prior knowledge on
the flow.

FIG. 4. A sketch of an FNN. The input layer contains
two neurons. There are three hidden layers with 4, 4,
and 2 neurons, respectively. The output layer contains one
neuron.
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If nothing was known about the flow, invoking the IT the-
orem and taking the non-physics-informed approach are proba-
bly the only thing we could do. However, for the problem of the
spanwise rotating channel, we know approximately how the mean
flow behaves. By informing the neural network about this knowl-
edge, we could take a “physics-informed” approach. The basic idea
is to regroup the nondimensional input and output variables such
that the functional dependence between the input and the output
becomes “simple.” Depending on the tool we use, the definition of
“simple” may well vary. For FNNs, usually, a linear dependence is
considered to be simple and a logarithmic dependence is considered
to be less simple. For example, if we were to model the mean flow
in a channel, where U" ~ log(y") in the logarithmic layer, it would
be more efficient to use log(y") as the input and U" as the output
than to directly use y* as the input and U" as the output. Alterna-
tively, one could use y* as the input and U — log(y*)/x as the output.
From the above example, it is probably also clear that there is more
than one way one could inform the neural network about the known
physics (which is the reason why training a neural network is also an
art™). Here, we use

¥l

+

y

and

as our input and
U -g(" o)
as the output, where

+ 1+ 1 + + lg)
)= =1 H[-yt+ 2
s la) Kog(y) (y+K)
.

N
+ [J: o1 log(ln) - 1 log(;ce)]H(f - lﬂ),
I5 K

I3
where H is the Heaviside function expressed as

H(x)=0,if x<0

22
H(x)=1,if x>0, (22)

and e is the base of the natural logarithm. The function g is a
fairly rough scaling estimate of the mean flow in a spanwise rotat-
ing channel.” Tt transitions continuously from being logarithmic to
being linear. The term log(xe) is included so that g is continuous at
y" = I;,/x. Again, there is more than one way we could inform a neu-
ral network about our knowledge on the flow physics, and this is just
one of the many possibilities.

The mean flow data in Refs. 22 and 23 are the training data.
The dataset includes various combinations of Reynolds numbers
and rotation numbers and covers a Reynolds number range from
Re; = 180 to Re; = 1500 and a rotation number range from Ro; =0
to Ro; = 270. The data in the viscous sublayer are precluded—if the
viscous sublayer is resolved in a WMLES, one would not have to use
a wall model. The data near the suction side are excluded from the
training as well because the flow is close to laminar near the suction
side. The training data size is fairly small, containing only about 5000
pairs of input and output.

Considering that a wall model is evaluated at every wall loca-
tion and at every time step, the cost of evaluating the neural network
is an equally important consideration as its accuracy. For the FNNs

scitation.org/journal/phf

TABLE I. The network size, the input, and the output of the feed-forward neural
network. NN1 is non-physics-informed. NN2 is physics-informed.

NN Hidden layer size Input Output
NN1 4,4,2 YLt U*
NN2 4,4,2 vyt Ur—g

here, we start from a sufficiently large neural network and reduce its
size until we could not get an accurate prediction. The size of the
two FNNis is 4, 4, and 2, i.e., three hidden layers with 4, 4, and 2 neu-
rons in each layer. The weights and biases are randomly initialized.
The training converges after about 10 000 epochs, which takes about
1 min or so on a desktop. Table I tabulates the details of the two
FNNGs.

In Fig. 5, we compare the network to data. For flow param-
eters within the training data, i.e., Figs. 5(a)-5(c), both NN1 and
NN2 work well. For flow parameters outside the training data, i.e.,
Fig. 5(d), only NN2, the physics-informed neural network, is able to
predict the expected mean flow.

E. Log-layer mismatch remedies

Log-layer mismatch (LLM) is a chronic problem for near-wall
turbulence modeling and is found in WMLES, hybrid RANS/LES,"’
and DES."* LLM occurs when the wall model matches with the LES
solution at the first off-wall LES grid. It leads to £((10% —20%) error
in the predicted wall-shear stress in boundary layer flow calcula-
tions and /(10% — 20%) error in the predicted flow rate in chan-
nel and pipe flow calculations (where the pressure gradient is kept
constant).

The mechanism behind the LLM has received much attention.
Kawai and Larsson”” argued that because the near-wall turbulent
eddies are not well-resolved, the near-wall LES solution is “contam-
inated.” Resultantly, in order to fix the LLM problem, one needs to
use the LES velocity at a grid point further away from the wall, where
the LES solution is not “contaminated.” The typical implementation
of the above remedy involves the use of the third off-wall grid point,
and thus, this remedy is commonly known as the “third grid point
fix.” The “third grid point fix” proves to work well for simple geome-
tries, but in practice, computing the local wall-shear stress using the
velocity at a grid point away from the wall is not always computa-
tionally efficient. Yang et al.” interpreted the LLM differently. The
authors decomposed the modeled instantaneous shear stress into its
mean and a fluctuating part

Twm = {Twm) + Cpuir Ul gs. (23)

It is clear from the above equation that the instantaneous fluctu-
ations of the wall-shear stress are locked with the instantaneous
stream velocity fluctuations at the wall-model/LES matching loca-
tion. The authors argued that LLM occurs when this lock is between
the wall-shear stress and the velocity at the first off-wall grid point.
Here, C is a wall-model-dependent coefficient. To remove LLM, one
only needs to break this lock. Following the above argument to its
logical conclusion, the “third grid point remedy” breaks the lock
between the wall-shear stress and the first off-wall LES velocity, and
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FIG. 5. Predictions of the two neural net-
works and the DNS: (a) Re:p = 1505,
Ro:p = 0.0, (b) Re:p = 1445, Ro.p
=9.82, (c) Re.p =670, Ro., = 56.5, and
(d) Re.p = 105, Ro.p = 10. The solid

lines in (a)—(c) show the DNS results.
The solid lines in (d) show the logarithmic
law and the linear law.
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therefore, this is a viable remedy for LLM. In order to compute the
local wall-shear stress using the first off-wall grid, Yang et al. pro-
posed to filter the LES velocity and use the filtered velocity as the
wall model input, which was also found to work well for WMLES.
It is also worth mentioning that the filtration technique was also
adopted in Ref. 47 for WMLES of atmospheric boundary layer flows,
although the technique is meant to reduce the difference between
() and (u)? such that the model predicted wall-shear stress is con-
sistent with the real wall-shear stress. Aside from WMLES, LLM is
also encountered in DES and hybrid RANS/LES and can be removed
by adding a forcing term to the RANS equations,’ by modifying the
eddy viscosity at the RANS/LES interface,”’ or by constraining the
subgrid stresses.”’

In the following, we test if LLM persists in WMLES of span-
wise rotating channels. Figure 6 shows the mean velocity profiles
in WMLESs of spanwise rotating channels. The wall model in Sub-
section II C is used. The wall model matches with the LES at the
first off-wall grid. We compare results with and without filtering
the velocity at the first off-wall grid. LLM is found in WMLES of
a nonrotating channel. Increasing slightly the rotation number, the
mean flow still follows a logarithmic scaling and LLM persists. This
is expected. LLM vanishes at high rotation numbers. In Figs. 6(c)
and 6(d), where Ror, 2 10, LLM could not be found, and it makes
no difference if we filter or not filter the velocity at the first off-wall

y+ X 105

grid. In conclusion, LLM does not seem to be much of a problem for
WMLES of the spanwise rotating channel, at least when the rotation
number is high.

F. A few additional details and remarks

Wall modeling is a very different field than subgrid scale mod-
eling, and RANS is a very different tool than LES. Hence, lessons
learned from subgrid scaling modeling and RANS modeling do not
necessarily apply to wall modeling. In the previous literature, data-
based approaches have mainly been used for SGS modeling and
RANS modeling,”" in which applications, writing model variables
as tensors is beneficial. Invariants of tensors are insensitive to coor-
dinate transformation, and this helps the network training. This les-
son, however, has little relevance to wall modeling. In fact, while SGS
models are often written in tensor forms,”” wall models are rarely
written in tensor forms.” The reason is that the wall normal direction
and the direction of the near-wall velocity define an intrinsic coor-
dinate system, and one defines all flow quantities in that coordinate
system.

In our WMLESs, we will match the wall model with the LES
at both the first and the third off-wall grids, and we will compare
the simulation results. When the wall model interfaces with the LES
at the first off-wall grid, the LES velocity is filtered. When the wall
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FIG. 6. Mean velocity profiles in
WMLESS of spanwise rotating channels
(b) at Re, = 5000 with and without filtering
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model interfaces with the LES at the third off-wall grid, the LES
velocity is directly fed to the wall model.

In the first three subsections, the wall models are in the form of
a set of ODEs. It is not uncommon to use wall models in an algebraic
form. For spanwise rotating channels, if the first off-wall grid is in the
linear layer, then the following algebraic model could be used:

_ [K(u| -2Qy) ]2
log(ly) |~

Twll _ 2
=ul,
P

Note that p = 1 for all cases.

SGS models in LES are known to have difficulties with lam-
inarization.”’ Because of the inadequacy of SGS models, the wall-
shear stresses in the WRLES™ do not agree with the stresses in the
DNS.” In order to focus on the wall modeling aspect of the problem,
we conduct WMLES of the “half channel,” where we only simulate
the flow near the pressure side. Similar to previous calculations, a
symmetric boundary condition is imposed at the top boundary. To
justify the use of the symmetric boundary condition, we examine
the vertically integrated, time averaged, and horizontally averaged
streamwise momentum equation as follows:

(') = 4P us +vd—U
T T dy’

(24)

(25)

At the top of the half channel, dU/dy = 0. The pressure force is
balanced by the wall-shear stress, and therefore, 7%)/ - uip = 0.
Resultantly, (¢'v') = 0. Hence, a symmetric boundary condition is a

2000 3000 4000 5000

valid boundary condition at the top of the computational domain.
Note that the above analysis is based on the Navier-Stokes equation
and therefore is exact.

For all WMLESs, we use the wall-parallel velocity to com-
pute the wall-shear stress. The computed wall-shear stress is then
projected to the direction of the wall parallel velocity, i.e.,

ULES WLES

Twx = Tw27> Twz = Twzi- (26)
V Uigs + Wigs Ugs + WiEs
I1l. COMPUTATIONAL SETUP

A sketch of the computational domain is shown in Fig. 7.
The flow subjects to spanwise rotation, and the angular velocity
is Q. The streamwise, wall-normal, and spanwise directions are
denoted as x, y, and z, respectively. The streamwise and the span-
wise extents of the computational domain are 27h, where h is the
half channel height. A larger domain is used at a typical condition to
ensure that our results do not depend on the domain size. The wall-
normal extent of the computational domain is L, = uip JuZh. The
wall-shear stress is balanced by the streamwise pressure gradient,
and a stress-free condition is used at the top of the computational
domain.

The solver LESGO is an open-source pseudospectral code.
It solves the incompressible Navier-Stokes equations. Details of
the code can be found in Refs. 54 and 55. Here, we only briefly
summarize the main features of the code. A second-order finite
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difference scheme is used in the wall-normal direction, and a spec-
trum method is used in the streamwise and the spanwise directions.
The bottom boundary condition is given by a wall model, and a
symmetric boundary condition is used at the top. Spanwise rota-
tion leads to a Coriolis force. The subgrid scale stresses are mod-
eled using the scale-dependent Lagrangian-dynamic Smagorinsky
mOdel.S-L;h

We conduct WMLESs at various Reynolds numbers and rota-
tion numbers. Details of the WMLESs are tabulated in Table II.
The Re; covers the range from 226 to 1505, and the Ro; covers the
range from 0.0 to 67.4. L, = uﬁ,p Juth is the wall-normal extent of
our computational domain, which can be directly measured from
the DNSs. The half channel height & is 1. All cases use a 32 x 24
x 32 grid, and the grids are uniformly distributed in every direc-
tion. The friction Reynolds number, the friction rotation number,
and their counterparts at the pressure side are also listed in Table I1.
The nomenclature of the cases is as follows: The cases are referred to

ARTICLE scitation.org/journal/phf

FIG. 7. A sketch of the computational domain. x, y, and z
are the streamwise, wall-normal, and spanwise directions.
Ly, Ly, and L, are the streamwise, wall-normal, and span-
wise extents of the computational domain. The flow is sub-
ject to a spanwise rotational speed Q and is driven by a

. . dP
streamwise pressure gradient TS
X

as WM,,-Ro,,. “WM?” is the wall model used and may be EQ, LBD,
SL, ALG, NNI, or NN2, which correspond to the equilibrium wall
model in Subsection IT A, the LBD model in Subsection II B, the
ordinary differential equation (ODE) model in Subsection II C, the
algebraic model given by Eq. (24), and the non-physics-informed
and the physics-informed neural network models in Subsection
11 D. “n” refers to the wall-model/LES matching location and may be
1 or 3, which correspond to the first or the third off-wall grid. “Ro”
refers to the friction rotation number and is listed in the 5th column
of Table II. We keep the digits before the decimal point for “Ro.” m
is used to differentiate cases with the same wall model and the same
rotation number. For example, SL;-66 is a WMLES that uses the wall
model in Sec. IT C and the velocity at the first off-wall location as the
wall model input, and Ro; = 66. In the following, we will also use
part of the nomenclature to refer to more than one case. For exam-
ple, we will use SL; to refer to all WMLESs that use the SL model and
the velocity at the 1st off-wall point. Again, when velocity at the 1st

TABLE II. Details of the WMLESS. A total number of 88 WMLESs are conducted. In the first line, “SLq 3, ALGy 3, NN14,
NN21-66" represents 6 cases: SL—66, SL;—66, ALG{-66, ALG3—66, NN1,-66, and NN2;—-66. L, is the wall-normal extent
of our computational domain. This information is directly available from the DNS.2* We use the wall models in Sec. II. “EQ”
is the equilibrium wall model in Sec. Il A, “LBD" is Loppi et al’s model in Sec. || B, “SL” is our model in Sec. Il C, “NN1”
and “NN2” are the data-based models in Sec. Il D, and “ALG” is the algebraic model in Sec. || E. The nomenclature of the
cases is as follows: WMp-Rom, where WM is the wall model used, n is the wall-model/LES matching location, Ro is the
rotation number, and m differentiates cases with the same wall model and the same rotation number. The subscript p denotes
quantities evaluated at the pressure side. The streamwise and the spanwise extents of the computational domains are 27zh
for all WMLESs. All WMLESS use a 32 x 24 x 32 grid, which is a bit more generous than that of typical WMLES.’-%%

Case Reryp Ror, Re; Ro; L, I§
SL13, ALGy 3, NN1;, NN2,-66 249 60.4 226 66.5 1.22 4.15
SL13, ALGy 3, NN1;, NN2;-43 325 37.0 277 434 1.37 8.77
SLi3, ALGy3, NN1;, NN2,-56 501 47.9 423 56.7 1.40 10.48
SLi3, ALGy 3, LBD;, NN2;, NN1;-67 670 56.5 562 67.4 1.42 11.84
SL13, ALGy 3, NN1;, NN2,;-26 416 21.6 339 26.5 1.50 19.23
SL13, ALGy 3, NN1;, NN2,;-33 677 26.6 544 33.1 1.55 25.47
SLi3, ALGy3, NN1;, NN2;-34 988 28.8 822 34.6 1.44 34.30
SLi3, ALGy3, NN1;, NN2,;-18 851 15.3 700 18.6 1.48 55.67
EQ13, SL1 3, ALGy 3, NN1;, NN2,-10 535 8.37 435 10.3 1.51 63.93
SL13, ALGy 3, LBD;, NN2;, NN1;-11; 964 9.21 800 11.1 1.45 104.59
SLi3, ALGy3, NN1;, NN2;-11; 1445 9.82 1213 11.7 1.42 147.03
SLi3, ALGy3, NN1;, NN2;-3 1107 2.73 976 3.10 1.29 404.93
SL;3, ALGy 3, NN1;, NN2,-0, 1000 0.00 1000 0.00 1.00

SL13, ALGy 3, NN1;, NN2;-0, 1505 0.00 1505 0.00 1.00
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TABLE lll. Details of the large domain WMLES. Here, “L” stands for a large domain.

Case Re:p Ro:p Re; Ro:

Ly xL,xL, Ny x N, x N, I

SL;-11,L 964 9.21 800 11.1

407 x 1.45 x 47

1280 x 24 x 128 104.59

TABLE IV. Simulation details of high Reynolds number cases. Here, we use NN2 to model the wall-shear stresses. “C” stands

for the coarse grid, and “R” stands for the refined grid.

Case Reqp Ro:p Re; Ro- LexLyxL, NexNyxN; I
NN2;-71C  5.07x10° 507 3.61x10° 712 394w x 1.971 x 3947 32 x24x32 10*
NN2;-71R  5.07x10° 50.7 3.61x10° 712 3947 x1.971x3.947 64x48x64 10*
NN2;-7C  5.09x10* 5.09 3.63x10* 7.13 3.937x1.965x3.937 32x24x32 10*
NN2;-7R  5.09x10* 5.09 3.63x10* 7.13 3.937x1.965x3.937 64x48x64 10*

off-wall location is used, the LES velocity is filtered. The LBD model
is used for two WMLESs: one at the flow condition that is close to
the condition the model is calibrated for and the other at the flow
condition that is slightly away.

Werepeat SLi-11; in a larger domain to confirm that the results
are not dependent on the domain size. Details of this simulation
are included in Table III. In addition, we conduct two additional
WMLESs at Re;p = 5.07 x 10° and 5.09 x 10*. Details of the two
cases are tabulated in Table I'V. Both cases use the same grid point
number as in the previous simulations, i.e., 32 x 24 x 32.

IV. RESULTS AND DISCUSSIONS
A. Instantaneous flow features

Before presenting any flow statistics, we first take a brief look at
the instantaneous flow fields in one case. In the following, we show
the instantaneous velocities in SLi-11;L. This case has a moderate
rotation number and a large computational domain (Lx x Ly x L, =
407 x 1.45 x 47).

Figure 8 shows the instantaneous streamwise velocity on a
spanwise/wall-normal plane at an arbitrarily picked streamwise
location. Compared with channel flow with no spanwise rotation,
the flow is less well mixed. Figure 9 shows the instantaneous stream-
wise, spanwise, and wall-normal velocities at wall-normal locations
y/Ly = 0.125, 0.25, and 0.5. All the three locations are in the lin-
ear layer. Streak-like structures are found in all contour plots. First,

we compare the behavior of a velocity component at different wall-
normal locations. For the streamwise velocity component, there
are visibly fewer streaks at higher wall-normal locations. This is
true for both channels with and without spanwise rotation. For the
wall-normal component, the streaks become stronger as they move
away from the wall. This is only observed in channels with span-
wise rotation. For the spanwise component, a component that is
not directly affected by system rotation, the streaks lose stream-
wise coherence away from the wall. Second, we compare velocity
components. Both the spanwise and the wall-normal components
are stronger than the streamwise component. The boundaries of the
streaks are sharper in the streamwise and the wall-normal veloc-
ity contours than those in the spanwise velocity contours. The
observations here are consistent with those in Ref. 23, and there-
fore, we could conclude that our LESs capture the overall flow
features.

B. Mean flow

Next, we show mean flow results. This will be our main test for
the wall models.

First, we study the behavior of the equilibrium wall model.
Following our discussion in Sec. II A, the logarithmic law of the
wall is a poor approximation of the mean flow in a spanwise rotat-
ing channel, and if the equilibrium wall model is applied as is, the
mean flow would likely be wrong. Here, we show the mean flow of
EQi-10 and EQ3-10 in Fig. 10. For flow at this condition, at a

2m
z/h

30

20
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FIG. 8. Instantaneous streamwise velocity on a spanwise/wall-normal plane at an arbitrarily picked streamwise location in case SL4-114L. Note that our computational domain

is a half channel, as discussed in Sec. || F.
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FIG. 9. Instantaneous contours on constant y planes in case SLy-114L: (a)—(c) streamwise velocity; (d)—(f) wall-normal velocity; (g)—(i) spanwise velocity. (a), (d), and (g) are
atylL, = 0.125, (b), (e), and (h) are at y/L, = 0.25, and (c), (f), and (i) are at y/L, = 0.5. Here, we have shown only part of the computational domain.

distance Az/2 from the wall, i.e,, at the first off-wall grid, the linear
scaling and the logarithmic scaling yield the same velocity. Resul-
tantly, EQ; gives a reasonably good mean flow prediction even
though the equilibrium wall model is used. In general, the log law
and the linear law give different velocities at the same wall-normal
height—this is the case at the third grid point from the wall. In
this case, results from EQz do not agree with the DNS. Note that
the discrepancy between the DNS here is solely due to the differ-
ence between the log law and the linear law, not the wall-model/LES
matching location. If the two scalings cross at the distance z = 2.5Az,
i.e., at the third off-wall grid, EQ3 would yield a good prediction and
EQ; would be erroneous.

Second, we examine the LBD model. The model is used in two
cases, i.e., LBD1-67 and LBD;-11;. The results are shown in Fig. 11.

10t 102 103

FIG. 10. Mean flows in EQ4-10 and EQ3-10 and their DNS counterpart. The pur-
ple line represents the mean flow in a nonrotating channel at the same Reynolds
number. Again, we conduct WMLES in a half channel, as discussed in Sec. || F.

We compare the LBD model with the SL model. At Ro; = 67, both
models work well. At Ro; = 11, the LBD model underpredicts the
mean flow, whereas the SL model again works well. This confirms
our analysis in Sec. II B: the LBD model works well at some flow
condition but falls short when applied to other flow conditions.

Third, we examine the SL model. Figure 12 shows the mean
flows of WMLESs that use the SL model. The figure includes results
from SL,;, SL3, and DNS. We compare SL; and SLs, i.e., the first-
grid point implementation and the third-grid point implementation.
SL; works well at both low and high rotation numbers. There are
deviations near the top of our half channels, e.g., in cases SL;-26,
SL;-18, SL;-33, and SL;-43, but considering that we are simulating
half channels instead of full channels, these deviations are not unex-
pected. SL3 works well at low to moderate rotation numbers, i.e., for
Ro: 5 30, but overpredicts the flow at high rotation numbers, i.e.,
Ro; 2 30, leading to “linear layer mismatch.” In Sec. II E, we have
shown that “linear-layer mismatch” should not show up at high rota-
tion numbers even if the wall model uses the unfiltered LES velocity
at the first off-wall grid. We do not entirely know what may be
responsible for the “linear layer mismatch” here. It will be a topic
of interest for future investigations.

Next, we examine the performance of the algebraic models, i.e.,
ALG; and ALGs. The results are shown in Fig. 13. The algebraic
model imposes the linear scaling, i.e., Eq. (1), locally and instan-
taneously. Because the mean flow does not follow Eq. (1) at low
rotation numbers, imposing the linear scaling at low rotation num-
bers will lead to errors. This is confirmed in Fig. 13(a), where both
ALG; and ALG; underpredict the mean flow at low rotation num-
bers. At high rotation numbers, the mean flow follows the linear
scaling, so both ALG; and ALGs3 lead to reasonably accurate mean
flow predictions.

Last, we examine the behavior of the data-based models, i.e.,
NN1; and NN2;. The results are shown in Fig. 14. We have
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FIG. 11. Mean flows in (a) cases SL4-114
40 and LBD;-114 and their DNS counterpart
10 and (b) cases SL-67 and LBD4-67 and
—DNS 20! their DNS counterpart.
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FIG. 12. Results of WMLESs that use the SL model and the corresponding DNSs.® Results of both SLy and SL; are shown. We use square symbols for SL4 and cross
symbols for SL;. Solid lines are used for DNS results. (a) 0 < Ro, < 30. (b) 30 < Ro < 70. The profiles are shifted vertically for clarification.

used the DNS data to train both NN1; and NN2;. For these flow predictions. This is probably not unexpected considering that the

conditions, both NN1; and NN2; work well and yield very simi- neural network is informed about the known physics and that there
lar results. Comparing the SL model and the ALG model, we see are closely 100 parameters, i.e., weights and biases, in the neural
that the data-based models seem to give more accurate mean flow networks.

= o ALG;-26 x ALG3-26 ——DNS, 26
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FIG. 13. Same as Fig. 12 but for ALG4 and ALG;.
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FIG. 14. Same as Fig. 12 but for NN1; and NN2;.

C. Turbulence statistics

LES solves the filtered Navier-Stokes equations and resolves
only part of the turbulent kinetic energy. Figure 15 shows the pre-
multiplied velocity spectra in a nonrotating channel and a rotating
channel computed from the DNS counterparts of SL;-0; and SL;-33.
The LES grid cuts off at y* = 41.67 and A} = 392.50 in SL;-0; and at
y" =43.72and A} = 265.72 in SL;-33, and in our LES, we resolve only
the scales above the grid cutoff. For SL1-01, we resolve the outer peak,
and at a given y, the energy in the subgrid scales is much smaller than
that in the resolved scales. For SLi-33, it is the opposite: there is more
energy in the subgrid scales than in the resolved scales. The results
are similar for other cases with spanwise rotation and are not shown
for brevity. As we have already seen in Subsection IV B, although
much of the turbulent kinetic energy is not resolved in our LESs,
the LESs still give very accurate mean flow prediction. In this sub-
section, we will analyze terms in the momentum equation and the
budget equation to find the reason.

We start our analysis by writing down the averaged LES
momentum equation

~ 5 e
0= ! Q + vd ()

d(ﬁ,71> " dT12

& @7

pdx  dy dy

where 71, is the SGS stress (note that the negative sign is absorbed
into the definition of 7 here), the tilde (*) denotes an LES filtering,
() is the fluctuation of the bracketed quantity, and the chevron ()
is the ensemble average of the bracketed quantity. Note that the tur-
bulence eddy viscosity vy is dynamically computed and varies with
time. Integrating Eq. (27) from the wall to a distance y, we obtain

dU
7+,7y:—('ﬁ"17')+v—+ﬁz- (28)
p o pdx dy

Normalizing Eq. (28) with ui,p leads to

1= 2L o @'Y 41+ (29)
L}’

dU
where 7, = v / uﬁ‘p is the viscous stress and 77 is the SGS flux.

Figure 16 shows the various terms in Eq. (29) in SL;-0, (nonro-
tating, plane channel) and SL;-34 (spanwise rotating channel). The
same typical WMLES grid is used for both cases. In the nonrotating
case, the resolved turbulent flux accounts for most of the turbulent
flux, whereas in the rotating case, the resolved flux is comparable
to the subgrid flux. Nonetheless, the sum of the terms recovers the

103

FIG. 15. The solid lines are contours of
the premultiplied energy spectra k;E,y of
the streamwise velocity in the DNS coun-
terparts of (a) SL4-04 and (b) SL4-33.
Details of the DNS are presented in
Ref. 23. The dashed lines correspond to
the LES grid cutoffs, and they are at (a)
y* =41.67,AF =392.50; (b) y* =43.72,

A = 265.72.
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0.4l . i 0.4 . SL4-0, and (b) SL4-34. The total stress
* ' * 73 1 IS the sum of the viscous term, the
R X o resolved turbulent flux, and the subgrid
0.2l X i 021 “x 1 flux.
0L ¥t ks ki k * ¥ R RRL LR R D 0—%***‘*****‘*****‘***i%*iﬁ*y ]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
y/Ly y/Ly
(a) (b)

expected linear scaling, 1 — y/L,. Figure 17 shows the velocity rms’s.
The velocity rms’s in SL;-0, are comparable to the DNS. On the
other hand, the velocity rms’s are underpredicted in SL;-34 because
the grid cutoffs are such that much of the energy is in the subgrid
scales.

Last, we examine the budget equation of the resolved turbulent

kinetic energy k = %(ﬁ}'iﬁ') in our fully developed half channels.

The equation reads

e HO) 1 A@ @) 147
R R N
2 7" o’ o
+vdzk_v<8ul ou; )—(LT,-'BT’] )) 0)
d}/ (9x]' 8xj axj

where 7;;’ is the fluctuation of the SGS stress tensor. The Coriolis
force does not work and does not show up in the equation. Because
LES does not resolve the viscous scales, many of the terms could not
be compared to DNS in a way that makes apparent physical sense.
Here, we only compare the production term, which is dominated
by the large scales. Figure 18 shows the production term. Again,
the term in SL;-0, is comparable to DNS, and the term in SL;-34
is underpredicted.

The analysis here has focused on one typical rotating case. The
results are similar in other cases with system rotation and there-
fore are not shown here for brevity. In all, subgrid scale mod-
eling is an important part of LES of flow with system rotation.
As the focus of this work is LES wall modeling, detailed discus-
sion of the subgrid scales and the modeling are left for future
investigations.

D. The ability to generalize

We conduct WMLESs at Reynolds numbers that are not yet
possible for DNS, i.e., at Rer,, = 10* and 10°. Details of the two high
Reynolds number cases, i.e., NN2;-71C and NN2,-7C, are tabulated
in Table IV. Applying a data-based model to flow at conditions that
are outside the training dataset is usually a challenge for machine
learning. In Sec. I D, we show that NN, the neural network that is
not informed about the flow physics, is not able to generalize and
that NN2, the neural network that is physics-informed, is able to
extrapolate to high Reynolds numbers. Here, we show that NN2 can
truly extrapolate in the context of WMLES. The results are shown
in Figs. 19(a) and 19(b), respectively. Although both flow conditions
are outside the training dataset, the WMLES results follow the mean
flow scalings closely.

FIG. 17. Velocity rmss in (a) SL4-0,
and (b) SL;-34. The symbols are the
WMLES results, and the lines are the
DNS results. We use color to distinguish
different components.
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Ef Ef bulent kinetic energy equation P, =
15 15+ %% d(U)
0, —(@V')——= in (a) SLy-0, and (b)
10 10} %% dy _
%o SL4-34. The legends are the same as in
51 5 06 Fig. 17.
OOOO
0 . . 0t Oopsdas ]
0 0.5 1 1.5 2 0 0.5 1 1.5 2
y/h y/h

(a)

Re;p, = 5.07%<10°, Ro,, =50.7

Re,, =5.09 x 10*, Ro,,

(b)

=5.09

120 +
100 307
80 - d .
N L2 _FIG. 19. (a) Mean velocity profiles
S 600 = in NN2,-71C and NN24-71R. (b)
Mean velocity profiles in NN24-7C and
40 NN2;-7R. The thin black line indi-
10 cates the linear scaling. Details of the
20 ¢ —»—NN2-71C | | —»—NN2-7C WMLESSs are tabulated in Table |V.
—=—NN2-71R —=—NN2-7R
0 : : : : 0 : : : :
0 2 4 6 8 10 0 2 4 6 8 10
y/h x10° y/h x10*

In addition, we verify grid convergence by refining the grids
of the two high Reynolds number cases, i.e., NN2;-71C and
NN2,-7C, in all three Cartesian directions by a factor of 2. Because
of the limited Reynolds numbers of the DNSs, the grid convergence
study is only meaningful for flows at high Reynolds numbers. The
cases in Table II are mostly at moderate Reynolds numbers. If one
refines grids, the first off-wall grid would fall in the buffer layer
or the viscous layer, which would not be meaningful for WMLES
calculations. The cases that have refined grids are NN2;-71R and
NN2;-71R, and details of the two cases are also tabulated in Table I'V.
The results are shown in Figs. 19(a) and 19(b), and we verify grid
convergence.

V. CONCLUSION

In this paper, we develop wall models for LES of spanwise
rotating channel flow. The models accounts for system rotation
yet preserves the ability to model flow in a nonrotating frame of
reference.

Compared with flows in nonrotating frames of reference, e.g.,
boundary-layer flows and channel and pipe flows, flow subject to
system rotation is less well understood, and conventional physics-
based approaches do not have too much of an advantage compared
to data-based approaches. As such, spanwise rotating channels are

(b)

a good ground for testing and comparing a data-based approach
and a physics-based approach, where data play a primary role and
a secondary role, respectively.

When taking the physics-based approach, we model the effects
of system rotation by modifying the mixing length. The developed
model works well at all tested conditions. When taking the data-
based approach, we train fully connected feed-forward neural net-
works using the available DNS data. Two networks are trained: one
is informed about the flow physics and the other is not. Both net-
works work well for the flow conditions within the training dataset,
but only the physics-informed network generalizes to conditions
outside the training data. Compared with the physics-based model,
the physics-informed machine learning model, i.e., the NN2 model,
gives slightly more accurate mean flow predictions. The chronic
problem of LLM, or rather linear-layer mismatch in this context, is
not found in WMLES of the spanwise rotating channel at high rota-
tional speeds even if one uses the unfiltered LES velocity at the first
off-wall grid as the model input.

To summarize, we have developed a wall modeling capabil-
ity for spanwise rotating channels, taking a physics-based approach
and a data-based approach. Both approaches require human inputs:
we have to make modeling choices when developing the physics
based model and pick hyperparameters for the neural networks.
A physics-based approach usually does not rely on data, and the
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developed model can be interpreted in a way that makes physical
sense. The downside is that it requires an in-depth understanding of
the flow phenomenon. On the other hand, developing a data-based
approach is conceptually straight-forward if the data are available,
and the developed model works very well for flow conditions within
the training dataset. The disadvantages, however, are the need for
data and a lack of interpretability (see Refs. 59 and 60 for recent
developments on these two topics).
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