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ABSTRACT

In this study, we introduced a simple yet innovative application: the isotropic synthetic turbulence field
generator (iSTFG), based on the synthetic turbulent inflow generator. The iSTFG leverages the homogeneity
in the streamwise direction for channel flows and triggers turbulence to achieve statistically stationary flow
conditions faster than standard community-used strategies. We compare this new method with two other well-
established methods: linear and log-law profiles superposed with random noise and descending counter-rotating
vortices. We find that iSTFG provides a computationally cheap and effective way to reduce simulation spin-
up costs/time/emissions to achieve statistically stationary flow conditions when a precursor turbulent initial
condition is unavailable. At a one-time cost between 1-10 Central Processing Unit (CPU) hour(s) to generate the
synthetic turbulent initial condition based on the target friction Reynolds numbers (1 CPU hour - Re, = 500, 7
CPU hours - Re, = 2000), the flow achieves statistically stationary turbulent flow (SSTF) state within three eddy
turnovers for all the parameters of interest in wall-bounded pressure-driven channel flow simulations when
compared to other alternatives that can take more than ten eddy turnovers resulting in substantial savings
in the computational cost. We also demonstrate that the transition and convergence to an SSTF state using
conventional methods are sensitive to the computational domain size, while iSTFG is agnostic to the domain
size. Furthermore, we explored the sensitivity of the iSTFG method to the non-dimensional integral length

scale parameter and mismatch in reference and target input data to find iSTFG robust in such scenarios.

1. Introduction

Turbulent channel flows have significantly improved our under-
standing of wall-bounded turbulence as detailed in the extensive body
of literature [1-8, to list a few]. While such studies provide a funda-
mentally novel insight into flow physics, the computational resources
required to simulate such flows can become increasingly demanding
as the flow Reynolds number increases. Recent estimates by Horwitz
[9] suggest that a turbulent channel flow simulated by Vela-Martin
et al. [10] using 512 Graphics Processing Units (GPU) can use up to
5.98 x 10° kilo-Watt-hours (kWh) of energy and emit an equivalent
of 6894 kg of CO, when running over a course of 2734 wall-clock
hours. The simulation by Vela-Martin et al. [10] solved for the three-
dimensional flow field at a friction Reynolds number (Re, = u H /v)
of 5303, where u, is the friction velocity, H is the channel half-height,
and v is the kinematic viscosity of the fluid. As illustrated by this simple
estimate, this can pose a significant hurdle when statistically stationary
flow conditions are to be achieved, which requires long simulation spin-
up times before flow parameters can be averaged to gain generalisable
insights.
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Without appropriate initial conditions to begin the channel flow
simulations, most simulation frameworks generate three-dimensional
flow fields initialised using simple analytical profiles for the stream-
wise velocity components superposed with white noise [11,12]. For
established datasets, such as the Johns Hopkins turbulence data set
maintained by Graham et al. [13] also mentions a similar simulation
spin-up where the flow is run with a constant bulk velocity forcing,
i.e., momentum forcing, similar to Nelson and Fringer [11] to ob-
tain the initial conditions. In some studies, a pair of counter-rotating
vortices [14] is added to the linear-log-law profile to trigger the tran-
sition to turbulence and accelerate momentum mixing in the vertical
direction, thus reducing the CPU time spent arriving at statistically
stationary flow conditions [12]. However, as discussed by Nelson and
Fringer [11] and Costa [12], the simulations require over 10 turnover
(T, = H /u,) periods to reach stationary flow conditions. This compu-
tational cost can scale to a drastically large amount with increasing
flow Reynolds number, which can be otherwise spent on collecting
valuable statistics to support the requisite inferences. To bridge this
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gap, we developed a scalable isotropic synthetic turbulence field gener-
ator (iSTFG) that can synthesise initial conditions for arbitrary channel
flows with pre-existing user input data. In this study, we used the
iSTFG initial conditions for two Re, in a pressure-driven channel flow
to understand how the spin-up time compares with existing methods
to achieve stationary flow conditions for prototypical channel domain
sizes. Additionally, we also compared the impact on convergence of
flow statistics as a function of the computational domain size, model
parameter, i.e., the isotropic integral length scale, and input data mis-
match. The focus was to understand the effect of time-marching a given
initial condition without any additional forcing apart from the constant
pressure gradient that drives the flow. The following sections discuss
the governing equations and numerical methods used to solve the flow
equations and generate the initial conditions. This is followed by a
detailed discussion of the results obtained from the various methods
by comparing the quality of the statistics obtained against standard
datasets and a brief discussion on the limitations of iSTFG, ending with
some concluding remarks.

2. Problem formulation

In this study, we consider the non-dimensional incompressible
Navier-Stokes momentum equations given by

Ofuy +0jusuy = =0 p* + Re.” ' 0707u} + 11,5, €h)
subject to the incompressible continuity equation given by
ofuf =0, @

where 1 is time, u; is the velocity vector, p is pressure, Re, =u, H /v, 11,
is the driving pressure gradient, and §;; is the Kronecker delta function.
The (-)* notation represents the non-dimensional parameters obtained
using u, and H. Using this choice of non-dimensionalisation, the driv-
ing pressure gradient is exactly unity. The governing equations are
numerically integrated using the open-source massively parallel CaNS
solver developed by Costa [12]. CaNS solves the governing equations
using a second-order accurate spatial discretisation and a third-order
accurate temporal discretisation using the low-storage Runge-Kutta 3-
step method using the fractional step algorithm [15]. The flow variables
are arranged on a staggered grid where scalars are placed at the cell
centre while vector components are located at the cell faces [16]. CaNS
has been extensively validated for channel flow simulations, and further
details can be found in Costa [12] and will not be discussed for brevity.

For the medium-size domain, the channel has dimensions L, XL, x
L., =4nH x2nxH x H, where x; corresponds to the coordinate axes in
streamwise, spanwise, and vertical directions, respectively. The flow is
driven by a constant pressure gradient I7. = 1.0 subject to periodic
boundary conditions in the streamwise and spanwise directions, and
no-slip boundary condition at x; = 0 and free slip boundary where
O3u; = 03u, = 0 and u3 = 0 at x3 = H. The flow field is initialised
using three different initial conditions: namely, inverse linear profile
superposed with white noise and a pair of counter-rotating vortices
(hereafter termed linear profile), linear-log-law profile superposed with
white noise and a pair of counter-rotating vortices (hereafter termed
log profile), and synthetically generated three-dimensional flow field
using the iSTFG based on the work by Kim et al. [17] (hereafter
termed synthetic profile). The linear profile initial condition is inspired
by Nelson and Fringer [11], and is given by

X
u =20, (1.0 - ﬁ) 8.1 + U(—aUy, aU,), (3)

where U is sampled from a uniform random distribution, «a is the
white noise amplitude parameter set to a value of 0.7 as recommended
by Nelson and Fringer [11] for all cases. The scaled bulk velocity for
the linear profile is given by Nelson and Fringer [11]

U, H z,
=Z|log(Z)+22 -1
el (2) e 5] @
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where z, = v/(9u,). An inverse linear profile is used to effectively
trigger the transition to turbulence as the shear stress at the bottom
wall is large during the first eddy turnover. The plane-averaged shear
stress is known a-priori for the analytical cases and is presented in detail
in Appendix A.

The log velocity profile is only applied to the streamwise velocity

component given by

_ X3Uy
uy = x3 + U'(=aU,, aUy) VT <11.6,
(5)
> 11.6,

u, X3U, X3U,
= (S 1og (22) +55) + U(-alj.aly) V=

K \2 \2
while the pair of counter-rotating vortices is initialised by prescribing
the spanwise and vertical velocity components following Henningson
and Kim [14]. The primary utility of adding this descending pair of
vortices is to trigger a transition for the analytical profiles. As detailed
in Nelson and Fringer [11], the linear and the log profiles may not
always transition to a turbulent flow state. However, adding multiple
pairs of vortices may not always lead to better performance, as it can
introduce larger TKE levels during the initial transient that can take a
long time to dissipate as the flow evolves, thus requiring a relatively
longer spin-up. Consequently, for all the cases discussed in this work
that make use of the pair of vortices, only a single pair was introduced.
The bulk dimensional velocity U, is derived from Pope [18] with an
additional scaling factor of 0.5 to avoid overshoot given by

Re ﬁ
z ] (6)

1%
U, =05 ] [m
The choice for the two methods detailed in Egs. (3) and (5) is motivated
by Nelson and Fringer [11]; Costa [12].

While a wide range of synthetic turbulent inflow generators exists,
as detailed in the extensive review by Wu [19], in this work, we focus
on a relatively simple divergence-free method first proposed by Kim
et al. [17] as detailed below. Much of the text below is based on the
work by Kim et al. [17] and is repeated for reproducibility of the iSTFG
code developed in this paper, with details on the minor differences in
the implementation. The velocity field u; is given by

u; =U,~ +a;u, j, )

where U, is the mean velocity profile known a-priori, g ; is the am-
plitude tensor, and u, ; is the unscaled fluctuations with zero mean, no
correlation, and having unit variance. The amplitude tensor is obtained
using the Cholesky decomposition of the Reynolds stress tensor (R;;)
and has a form given by Lund et al. [20]

VR, 0.0 0.0

R 2
a;j = lel V Ro2 = a3 0.0 . (¥
2

Ry Ryp—ay a3, _ _ 2
a ( wn Ryy — a3 — a3,

To generate the spatially correlated signal, a scalar field (y,,) is
generated using a digital filter method given by

N
W= D bl ©)
j=—-N

where b ; is the model constant, m and j are position indices, N = 2n,
n = I;/Ax;, I, is the integral length scale, and Ax; is the grid spacing in
the coordinate directions. Unlike the work by Kim et al. [17], in this
version of the iSTFG, the integral length scale is assumed to be isotropic
in all directions for implementation simplicity. Here, y,, constitutes a
one-dimensional array with zero mean, unit variance, and a spatially
correlated signal. The model constant b; is given by
/
b, = b—/ (10)

J - b
VEL N
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(d) z3 = 250.0

B e e o0

Fig. 1. Snapshot of the initial condition generated using the iSTFG at various x? locations above the wall for Re, = 500. The rows from top to bottom correspond to the streamwise,

3

spanwise, and vertical velocities, respectively. Two white lines at the bottom left corner of each panel provide a reference length scale of 400 wall units in the vertical and horizontal
directions. The velocity marked using the colourmaps is non-dimensionalised using the friction velocity.

and b; = exp (—% 2‘ In most cases, the flow problem will be solved in
three dimensions; thus, a two-dimensional extension of Eq. (9) can be
formulated as

N N
Vg = Z Z bibgTmerj k- an
j=—N k=—N
Using the spatially correlated two-dimensional data as detailed
in Eq. (11), the temporal correlations are implemented through the
specification of u, ; given by

1
u, (1 +A41) = u, (1) exp (—#) +y;(1) [1 —exp <—%>] ’ , (12)
where T = I,/U, is the Lagrangian time scale, At is the time step,
and U, is the convective velocity define,d in this case as the vertically
integrated bulk velocity (U, = H~! x),c3_=0H ﬁ,-dx;). A divergence-free
form of the velocity field can be supplfed by a constant correction of
the mass flux for the synthetically generated velocity u;.

For channel flows, the streamwise homogeneous direction allows
one to exchange the spatial coordinate (x;) and time (¢) provided the
proper convective velocity is applied based on the frozen turbulence
hypothesis [21]. This work uses the vertically integrated mean input
velocity as the convective velocity (U,). While the divergence-free
form of the synthetic flow field is preferred, the first pressure-Poisson
solution is sufficient to obtain such a divergence-free vector field;
consequently, in this version of the iSTFG, only U, is matched at every
time step during the signal sampling phase. Enforcing the divergence-
free condition is relayed to the flow solver during the first time step
without significantly increasing the computational cost. The time step
in the iSTFG is chosen based on the convection velocity and the grid
spacing (known as a-priori) given by
AtisTrG = % 13

c
where CFL is the Courant-Friedrichs-Lewy number set to a value of
0.95 unless specified otherwise, both in the iSTFG and the simulation,
and Ax, is the grid spacing in the streamwise direction. Here, the
plane-averaged quantity is defined as

1 Ly Ly
g(x1,xp,x3,0)dxdx,, a4
Ly Ly, Jo 0

(g)(x3,1) =

where L, and L, are the domain lengths in the streamwise and span-
wise directions, respectively, and g is any flow parameter of interest.
To simplify the digital filter implementation, a constant filter width
is used in the spanwise and vertical directions despite the non-constant
grid spacing used in the vertical direction. In the current implementa-
tion of the synthetic flow generator, three user parameters are required:

a. The target mean velocity profile U,(x;), b. The Reynolds stress
tensor R;;(x3), and c. Integral length scale I;. A single scalar value
for I" = Lu,/v = 100.0 is applied isotropically for the medium-size
domain simulations, unlike the method used in Kim et al. [17]; this
is primarily motivated by the need to keep the iSTFG implementation
as simple as possible. Relatively more complex non-isotropic STFGs
do exist, such as the one developed by Schau et al. [22]; however,
in this paper, we chose a simpler approach to reduce complexity
in the overall implementation of the code. Additionally, a relatively
simple STFG also reduces the computational cost associated with the
digital filter used to synthesise the flow field. The target mean velocity
and Reynolds stress profiles act as input parameters, while the I,
can be viewed as a model parameter for the iSTFG. The serial and
parallel implementation of the iSTFG can be accessed through the
open-source, public repository: https://github.com/AkshayPatil1994/
Synthetic-Eddy-Method-KCX2013.

Fig. 1 depicts the initial condition generated using the iSTFG, while
Fig. 2 shows the plane-averaged profiles for the mean velocity and the
root-mean-squared (rms) and (|u}) components compared against the
data from Moser et al. [3]. The rescaling from Re, = 590 to Re, = 500
is done through a transformation between the non-dimensional profiles
from the reference dataset. Specifically, knowing the values for v/,
H', and u! for the target simulation, the dimensional profiles are first
interpolated from the reference dataset onto the target simulation grid
in the vertical direction. When interpolating the profiles on the target
simulation grid, the vertical coordinate must be normalised as xj =
x3/L,.; Where x; is the vertical coordinate and L,,, is the reference
height used in the dataset which leads to a rescaling of the vertical
coordinate over unit length. Following interpolation, the dimensional
velocity profile U, is obtained using U, = ”ter the dimensional

Reynolds stress profiles are obtained using ul’.u; = (u')? (uf u}+), where,
(-)* represents the non-dimensional profiles obtained from the reference
dataset. The rescaling works best when the difference between the tar-
get and reference datasets is not large. However, for target simulations
where a reference dataset is not available, the closest available dataset
can provide a reasonable starting point for spinning up the simulation.
As seen in Fig. 2, the plane-averaged profiles compare well as expected
with the reference data and illustrate the suitability of this method to
generate initial conditions for channel flow simulations. The novelty
of this work does not arise from the iSTFG itself, but in the way it is
applied to generate the initial conditions for channel flows.

Table 1 details the various simulations carried out in this paper.
All the simulations were run on the DelftBlue (DB) high-performance
computing centre at the Delft University of Technology. Individual
compute node consists of 4th Generation Intel® Xeon® 2 x 32-core -
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20 - Uy =x3
uf = log(xj) +5.2
15—+ STFG g
= o
o 7
/’I/
5 >
-—‘ﬁl/
] — | L
107 10* 10°

Fig. 2. (a) plane-averaged streamwise velocity profile comparison of the iSTFG data against linear, log-law profiles. (b) Root-mean-squared velocity and Reynolds stress profiles
compared against the reference data from Moser et al. [3]. On both panels, data markers are shown for one in every four data points.

Table 1

Various simulations considered in this paper. Case naming convention first denotes the friction Reynolds number (e.g., Re500 for a friction Reynolds number of 500.0) followed by
the type of initial condition used encoded by the first three letters (e.g., Syn for Synthetic Profile) followed by domain size denomination where S, M, and L are small, medium,
and large domain sizes, respectively, and finally the integral length scale used in the iSTFG (e.g., 120 corresponds to I," = 20.0). All cases except the large domain cases ending

with the letter L have a spatial resolution Ax} = 4.18, Ax} = 3.0, Ax;'min = 04, while the large domain cases have a spatial resolution Ax} = 6.14, Ax] = 4.18, and Axy =04,

respectively. For cases with Re, = 350, Ax] = 5.4 while for cases with Re, =500, Ax] = 3.7. This resolution is sufficient for channel flows to resolve the requisite flow features

of interest [23,24]. For both the friction Reynolds numbers, the synthetic profiles are obtained from the dataset by Moser et al. [3].
Case name Re, Initial condition Grid Domain size I CPUs
Re350LinM 350 Linear Profile 1048 x 764 x 128 47H X2zH x H - 64
Re350LogM 350 Log Profile 1048 x 764 x 128 47H X 2zH X H - 64
Re350SynM 350 Synthetic Profile 1048 x 764 x 128 4rH X2rH x H 100 64
Re500LinM 500 Linear Profile 1500 x 1048 x 256 4rH x2xH x H - 128
Re500LogM 500 Log Profile 1500 x 1048 x 256 47H x2zH X H - 128
Re500SynM 500 Synthetic Profile 1500 x 1048 x 256 4rH X 2nH X H 100 128
Re500LinS 500 Linear Profile 750 X 524 x 256 27H xnH X H - 64
Re500LogS 500 Log Profile 750 X 524 x 256 27H xnH X H - 64
Re500SynS 500 Synthetic Profile 750 % 524 X 256 2rH XnH X H 100 64
Re500LinL 500 Linear Profile 2048 x 1500 x 256 8zH x4rH X H - 256
Re500LogL 500 Log Profile 2048 x 1500 x 256 8rH x4rH x H - 256
Re500SynL 500 Synthetic Profile 2048 x 1500 x 256 87H x4rH X H 100 256
Re500SynMI20 500 Synthetic Profile 1500 x 1048 x 256 47H x2zH x H 20 128
Re500SynMI40 500 Synthetic Profile 1500 x 1048 x 256 4rH X 2nH X H 40 128
Re500SynMI60 500 Synthetic Profile 1500 x 1048 x 256 4rH X 27H x H 60 128
Re500SynMI80 500 Synthetic Profile 1500 x 1048 x 256 47H X2zH x H 80 128

E5-6448Y 32C 2.1 GHz processor, totalling 64 cores per node. Each of
the Re, = 350 cases required a total of 3392 CPU hours to simulate
10 T, using one full node. The small-size domain with Re, = 500
required a total 4200 CPU-hours to simulate 10 T, using one full node,
while the medium-size domain with Re, = 500 cases required a total
of 13100 CPU-hours to simulate 10 7T, using two full nodes, and the
large-size domain with Re, = 500 required a total of 35900 CPU-
hours to simulate 10 7, using four full nodes. All simulations detailed
in Table 1 were run for a total of 107, and the temporal evolution of
the statistics was compared by averaging the statistics for the last 57,
unless mentioned otherwise.

3. Results and discussion
3.1. Medium domain size convergence behaviour

3.1.1. Convergence history for the mean velocity and variances

First, we present the convergence of the shear stress as a function of
time, as it represents the global balance between the imposed pressure
gradient and shear stress at the wall. Thus, the shear/friction velocity
(u,) can be deduced from the driving pressure gradient and the channel
height given by

w=1ly,0 = vO5(U)|y,0 = I1.H, 15)

here, it is assumed that the shear-stress has units of m?/s?, which is
equivalent to setting = = 7/p,, where p, is the density of the fluid.

Fig. 3 compares the time evolution of the normalised shear stress for
the three initial conditions and two Re, considered in this study. For
cases with the log profile, the transition occurs identically for both
values of Re, such that initially, the shear stress is approximately half
of the target value, followed by a sudden transition to elevated shear
stress due to the downward convecting pair of vortices that trigger the
flow to a turbulent state. Despite scaling the vortex pair and the initial
condition by the bulk velocity associated with the target flow Reynolds
number, the shear stress still experiences an overshoot that requires
more than 57, to reach close to the +5% of the target value. Comparing
the behaviour of the vortex pair with the linear profile results in the
opposite trend, where the shear stress has a large magnitude that
effectively triggers the flow to a turbulent state earlier when compared
to the log profile. However, once the transition occurs, the shear stress
is lower than observed for the log profile cases. This difference can
mainly be attributed to the fact that in the linear profile, once the
flow transitions to turbulence, the largest velocities close to the wall
are suppressed due to momentum mixing in the vertical direction, thus
resulting in smaller shear stress. In the log profile, the region close
to the bottom wall exhibits a relatively higher velocity, thus resulting
in an overall larger shear stress. As for the synthetically generated
initial conditions, similar lower shear stress is observed within the
first eddy turnover with a slight overshoot above the target value
for case Re350SynM, which eventually asymptotes around the target
value. Since the synthetically generated turbulence retains the scaled
components of all the fluctuating quantities, the flow is much closer
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to the target state and transitions to +5% of the target value in 2T,.
For case Re500SynM, it is observed that the shear stress is consistently
smaller than the target value in the transient phase while being within
the +5% of the target value. However, despite this minor difference, the
overall trend remains identical to case Re350SynM. Using a linear fit
to the data after an initial transient of 57,, the log profile is expected
to converge at around 21.57, and 19.07,. In comparison, the linear
profile is expected to converge at 19.07, and 15.07, for Re, = 350 and
Re, = 500, respectively. The same linear fit suggests that for the log
profile to first enter the +5% range, it would take a total of ~ 11T,
while for the linear profile, it would take ~ 12T,. These linear fits are
crude estimates based on the overall trend after 57,. In addition to the
three initial conditions discussed here, we also tested another standard
technique to spin up the simulation, where a precursor simulation is run
at a smaller Reynolds number or a coarse grid; typically Re? = Re' /2,
where Re? is the precursor friction Reynolds number and Re! is the
target friction Reynolds number. Typically, the precursor simulation
is run for 3T, and then the velocity and pressure fields are mapped
to the target Reynolds number simulation grid. While not compared
extensively, Appendix B clearly details the shortcomings of this pre-
cursor method, which is typically used in channel flow simulations
as it becomes increasingly expensive with increasing friction Reynolds
number compared to the iSTFG method discussed in this paper. The
precursor method requires large computational resources to obtain
the initial conditions for the target simulation and a longer time to
converge to the statistically stationary flow state. In our comparison,
we only considered an initial spin-up of 37, for the precursor method.
It is important to note that this is potentially not long enough to
ascertain sufficiently converged statistics before mapping the solution
to the target simulation. However, this choice was made with the
aim of allowing for a fair comparison between the iSTFG and the
precursor method to obtain the initial conditions. Since the precursor
method solves the governing equations while iSTFG merely samples a
signal, the primary differentiator between the two is the algorithmic
complexity. Thus, the computational cost for the precursor simulation
is relatively higher and was limited to 3T.. Since the precursor method
was not a focus of this study, the details have been listed in Appendix B
and will not be discussed further. A visual comparison of the various
initial conditions and the corresponding velocity profiles can be visu-
alised in the supplementary movies included along with the manuscript.
Movies 1 and 2 compare the streamwise velocity along the centre of
the domain in conjunction with the plane-averaged streamwise velocity
profile. Comparing the three initial conditions clearly illustrates the
swift convergence to statistically stationary flow conditions when using
the synthetic initial conditions (multimedia available online for both
cases).

Fig. 4 compares the mean and rms velocity profiles for the three
initial conditions detailed in the previous section. All profiles discussed
below are averaged over the last 57, as detailed in Fig. 3 with the right-
pointing arrow. Since the mean velocity undergoes significant changes
as a function of time during the transient phase, the time-averaged
velocity changes as a function of the averaging window. Consequently,
for a consistent comparison, the velocity is decomposed as

Ui(x;.1) = (U,)(x3) + ) (x;. 1), (16)

where, (U,) is the plane- and time-average using the last 5T,. While the
convergence of the shear stress provides a first indication of the station-
ary state of the flow, the velocity profiles and their variances also need
to converge to carry out meaningful averages. As seen in the plane-
and time-averaged velocity ((U,)), excellent agreement between the
expected analytical log-law (black dashed line) and case Re350SynM is
observed as expected, while case Re350LogM shows elevated velocity
profile, and case Re350LinM shows slightly lower velocity profile.
Case Re350SynM exhibits a slightly higher velocity magnitude in the
inertial range, which can be primarily attributed to the relatively low
Reynolds number and the averaging time used to compute the statistics

Computers and Fluids 301 (2025) 106733

compared to standard datasets. Regardless, swift statistically stationary
conditions are expected based on the convergence history of the shear
stress detailed in Fig. 3. The synthetic profile compares well with the
data from Moser et al. [3], further validating the convergence history
observed in the shear stress. As the case Re350LogM shows elevated
shear stress over the entire averaging period, the mean velocity profile
suffers from an excess of total kinetic energy available that requires a
longer time to be dissipated. For case Re350LinM, the opposite trend
is observed and thus exhibits a relatively lower velocity magnitude.
The rms velocity profiles and the Reynolds stress exhibit a similarly
consistent trend, as observed in the mean velocity profile for all the
cases with Re, = 350.

For cases with Re, = 500, a similar trend is observed when
the three initial conditions are compared against each other. Specifi-
cally, case Re500SynM shows an excellent agreement with the dataset
from Bernardini et al. [24] for the mean velocity profile, while cases
Re500LogM and Re500LinM exhibit a larger and smaller velocity
magnitude when compared to the expected profiles, respectively. This
trend between the three initial conditions is consistent across the rms
velocity profiles and the Reynolds stress profiles, suggesting that the
synthetic initial condition is expected to converge identically for higher
friction Reynolds numbers. The rms velocity profiles and Reynolds
stress are not compared against the dataset as the top wall boundary
conditions are not identical, and minor differences can be observed
when compared to a no-slip and free-slip channel. However, this
does not affect the overall convergence trend presented in this work.
Although not explicitly shown here, the absolute error between the
synthetic profiles and the benchmark datasets across the entire velocity
profile is less than 3%. These observations collectively suggest that the
mean velocity profiles and the variances converge relatively quickly
for the synthetic initial condition compared to the analytical profiles
discussed in this paper. In the following section, the convergence will
be assessed for the higher-order statistics, such as the spectral energy
and the turbulent kinetic energy budgets.

3.1.2. Time evolution of the energy spectrum and turbulent kinetic energy
budget

The time evolution of the energy spectrum complements the obser-
vations made in the previous sub-section. Specifically, in this case, we
look at the plane-averaged spectrum for the velocity magnitude as de-
tailed in Fig. 5. For the various wall-normal locations detailed in Fig. 5,
a consistent trend between the three initial conditions is observed for
both values of Re,, where the linear profiles exhibit relatively smaller
total energy at a given wavenumber compared to the synthetic and log-
profiles, however, the difference between the three cases is not large.
The time-evolution of the spanwise- and plane-averaged streamwise
spectral energy for cases Re350LogM and Re500LogM has a consistent
behaviour where the total energy during the first 57, is relatively lower,
thereby increasing to a consistent value (a trend also evident in the
supplementary movies 1 and 2). The time evolution of the spectral
energy for cases Re350LinM and Re500LinM also shows a consistent
transition to turbulence. A key difference between the linear and the
log profiles is that the excursion around the mean value for the linear
profile is relatively smaller compared to the one observed for the log
profile case. As for cases Re350SynM and Re500SynM, they do not
seem to deviate much from their initial state, and most of the changes
are observed at high wavenumber. In contrast, the small wavenumbers
corresponding to the large-scale turbulent features of the flow are
relatively converged. Since the synthetic initial condition preserves
the form of the Reynolds stress tensor using the exponential kernel in
space, the distribution of spectral energy is preserved at the respective
wavenumbers, unlike the analytical profiles where uncorrelated white
noise is added on top of a mean profile. This is clearly seen in the
spectrum shape at T, = 0 compared to the averaged spectrum marked
with black + symbols.
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Fig. 4. (a) Comparison of plane- and time-averaged velocity profiles with Re, = 350 for the three initial conditions against the reference dataset by Moser et al. [3]. (b) Comparison
of plane- and time-averaged velocity profiles with Re, = 500 for the three initial conditions against the reference dataset by Bernardini et al. [24]. The dashed line in panels (a)
and (b) corresponds to the log-law detailed in Eq. (5). Panels (¢) and (d) compare the Reynolds stress profiles for the three initial conditions considered in this paper, where panel
(c) corresponds to Re, =350 and panel (d) corresponds to Re, = 500.

The turbulent kinetic energy (TKE) budget for a channel flow with
a streamwise driving pressure gradient and homogeneous streamwise

and spanwise directions is given by,

OK=P, - +V,—T, - I,

where K = wju}/2 is the TKE, 9,K is the time rate of change of TKE
and is zero for statistically stationary or steady-state conditions as will
be assumed in this case, P, is the production of TKE via mean shear,
¢, is the dissipation rate of TKE, V, is the viscous diffusion of TKE,

a7

T, is the turbulent transport of TKE, and II, is the pressure-diffusion
of TKE, respectively. The last three terms are divergence terms and

only transport the TKE within the domain without changing the net

flux of TKE within the system. Fig. 6 compares the various terms in
the TKE budget that are averaged in the homogeneous directions and
over 5T, as indicated by the right arrow in Fig. 3. A consistent trend
observed for the mean velocity and its variances is seen for the TKE
budget terms; specifically, the TKE production, which is governed by
the product of the Reynolds stress and the mean velocity gradient, has
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Fig. 5. Comparison of spanwise- and time-averaged energy spectra for Re, = 350 (panel a) and Re, = 500 (panel c). Panels (b) and (d) compare the time evolution of the spectra

at x] =204 and x; = 445 for the three initial conditions discussed in this paper for R

e. =350 and Re, = 500, respectively. The (-), operator signifies a plane-averaged quantity

after the first ST, as marked in Fig. 3. The x-axis on all panels marks the wavenumber (k) while the y-axis denotes the energy as a function of the wavenumber (E(k)).

a larger magnitude for the log profile cases and a smaller magnitude for
the linear cases. The synthetic initial condition is observed to follow the
baseline reference data quite accurately, with case Re350SynM exhibit-
ing a relatively small overshoot mainly because of the relatively larger
mean velocity estimates compared to the reference dataset of Moser
et al. [3]. The TKE dissipation rate agrees with the baseline dataset
for both Reynolds numbers quite accurately for the synthetic initial
conditions. At the same time, the other two cases seem to differ quite
substantially. The divergence terms in the TKE budget also compare
well with the synthetic case despite the relatively short averaging and
simulation window, suggesting that all the parameters of interest in
the channel flow are adequately converged. Having demonstrated the
relatively quick convergence to statistically stationary flow state using
the iSTFG and medium-sized computational domain, in the following
sub-section, we explore the sensitivity of iSTFG as a function of the
computational domain size and the integral length scale (which acts
as a model parameter) on the convergence using the Re, = 500 in the
following sub-sections.

A +
3.2. Effect of domain size and I;" on convergence

To better understand the effect of domain size used to simulate the
channel flow, we consider three different cases as detailed in Table 1
for cases with Re, = 500. The time evolution of the plane-averaged
shear stress is presented in Fig. 7, where it is clear that for the synthetic
profile, the convergence to the target value is independent of the
domain size. For cases with the linear profile as their initial condition,
there is a delay observed in the time at which the transition occurs,
and this delay is observed to increase with increasing domain size. A
similar trend is observed for the cases with the log profile as their initial
condition. As these two initial conditions rely on the vortex pair to
trigger the turbulence in the channel, with increasing domain size, the
flow requires relatively more time to reach the target state. Fig. 8 shows
this sensitivity to the domain size, where all the synthetic profile cases
(panels c, f, and (i) are observed to have transitioned to a turbulent
state. However, when comparing the linear profile cases, i.e., Figs. 8(a),
(d), and (g), further elucidate the differences observed in the time
evolution for this case as seen in Fig. 7. A similarly strong effect of the
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Fig. 7. Comparison of the convergence history as a function of the initial condition and the domain size used to simulate the channel flow.

large domain is observed for the log profile cases (panels b, e, and h),
where case Re500LogL exhibits a typical turbulent spot [25,26] due to
the downward descending pair of vortices that eventually triggers the
flow into the turbulent state. This strong dependence on the domain
size for the log profile cases is expected, as only one pair of vortices is
introduced in the domain as the initial condition. One could consider
adding multiple pairs of such downward-descending vortices; however,
as observed in the time evolution of the plane-averaged shear stress
in Fig. 7, the combination of the log profile and the vortices leads to
elevated levels of TKE within the flow domain, which can take a long
time to dissipate [11]. The synthetic profile cases, on the other hand,
are not affected by the variation of the domain size as the flow field
is generated throughout the domain without any dependence on local
transition or trigger mechanisms; this makes the iSTFG more appealing
when large domain and Re, are considered. This discussion illustrated
that the synthetic method using the iSTFG is domain-size agnostic when
comparing the convergence to a statistically stationary flow state.
Since the synthetic profile is independent of the domain size used to
obtain the time evolution, the effect of the integral length scale used in
the iSTFG as the only model parameter was also explored to quantify its
sensitivity. For turbulent channel flows, a wide range of detailed studies
have been carried out to better understand the transition to turbulent
flow state [1,27,28, to list a few] detailing the various mechanics
that lead to this transition. For a statistically stationary flow state, a
fundamental length scale of interest is the integral length scale Iz+’
which for channel flows has been suggested to be I;" ~ 100 [1,18];
corresponding to the streamwise streaks responsible for near wall tur-
bulence intermittency [1]. It has also been shown that this is the

relevant scale of interest when considering the non-linear regeneration
cycle that sustains turbulent motion within the buffer layer of wall-
bounded flows, thus proving to be a useful scale of interest when testing
the sensitivity of iSTFG. To this end, we chose the medium-size com-
putational domain to investigate the effect of varying values of I 1+ as
detailed in Table 1. Since the iSTFG’s computational cost scales with the
width of the isotropic stencil used in generating the field, larger values
of II+ for all other identical parameters result in a higher computational
cost. For cases Re500SynMLI20, Re500SynMLI40, Re500SynMLI60,
Re500SynMLI80, and Re500SynMLI100, the computational cost to gen-
erate the turbulent initial conditions are listed in Table 2. It can be
readily concluded from the data presented in Table 2 that smaller
values of I,+ correspond to relatively lower computational costs. Thus,
smaller values of I," are preferred. Comparing the time-evolution of the
plane-averaged shear stress shown in Fig. 9 suggests that most differ-
ences observed for varying values of I, 1+ are during the early part of the
transient phase. For case Re500MI20, the time evolution is similar to
that of case Re500LogM primarily because the I," sets the correlation
length scale. Consequently, with decreasing values of I, the flow
decorrelates relatively quickly and tends to the log profile superposed
with white noise as seen in Fig. 10. The use of an isotropic I, value
for all the velocity components can be clearly seen in Fig. 10. During
the initial part of the transient phase, there is a weak dependence
observed as a function of the I,+. Smaller values of Il+ seem to transition
relatively later when compared to the larger values of I'"; however, this
trend asymptotes to the target value beyond 3T,. These observations
suggest that the iSTFG initial condition does not impact the overall
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Table 2

Computational cost for the various cases used to investigate the impact of I, on
the convergence of flow statistics. The iSTFG was compiled using the OpenMPI
mpif90 compiler [29] on a single socket 13th Generation Intel® Core™ i9-13900K
CPU with 64 GiB of Random-Access-Memory (RAM) using 8 CPUs. For additional
implementation details, the readers are referred to the public repository of the software:
https://github.com/AkshayPatil1994/Synthetic-Eddy-Method-KCX2013.

Case name Wall clock (s) CPU-hours
Re500SynMI20 71 0.16
Re500SynMI40 117 0.26
Re500SynMI60 210 0.48
Re500SynMI8O 295 0.66
Re500SynMI100 414 0.92

time evolution of the shear stress development and convergence to the
statistically stationary flow state.

As discussed in the above sub-section, the time evolution of the
plane-averaged shear stress is observed to be domain size and I
agnostic for the initial conditions generated using iSTFG; thus, we will
briefly discuss the absolute error for the plane-averaged streamwise
velocity for the various 7, considered in this paper. The absolute error
(in %) is calculated using

e = abs(Urer — (U} (100U 1), 18)

where e is the per cent error, U, is the reference velocity profile,
and (U,) is the plane-averaged velocity profile at a given time instance.
Fig. 11 compares the absolute error for each plane-averaged velocity
profile at ten different eddy turnovers as a function of the distance

from the bottom wall. Over the first three eddy turns, the error for

case Re500SynMI100 is above 5% close to the bottom wall, while
above x;’ > 100.0, the error decreases rapidly. As for the other cases
compared in Fig. 11, the error decreases significantly over the first
three eddy turns in the near wall region and stays consistently lower
than that of case Re500SynMI100. Far from the wall, the error increases
for case Re500SynMI20 but falls below 1% at 57,. Smaller values of
I are observed to exhibit relatively lower absolute error during the
transition phase; however, this trend is not as consistent and strong
as the absolute error for case Re500SynMIS80 is relatively larger when
compared to Re500SynMI100 at 57,. Overall, all the cases are observed
to exhibit good agreement with the maximum absolute error at 57, is
< 3% throughout the vertical extent.

Fig. 12 compares the plane- and time-averaged velocity profiles
against the reference velocity profile. Consistent with the shear stress
convergence as a function of time, increasing values of I," are observed
to have relatively more significant errors when compared against the
reference data throughout. This is largely supported by the previous
discussion when the absolute error is compared in Fig. 11. Additionally,
cases with relatively small values of I, are observed to converge
quickly in the lower portion of the log-law region. In contrast, closer
to the top boundary, cases with relatively large values of I, are in
better agreement with the reference data as evidenced by Figs. 11 and
12. It is pertinent to recognise that the results presented in Fig. 12 are
subject to improvement with increasing averaging time used to obtain
the plane- and time-averaged results. These observations, combined
with the computational cost associated with iSTFG as a function of
I 1+ (see Table 2), suggest that of the five values for I,Jr discussed in
this paper, I;r = 20 is the computationally efficient choice when all
other parameters are identical. These results provide further support
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Fig. 12. Plane- and time-averaged velocity profile comparison for various values of the model parameter I, simulated in this paper. The top row panels (a-e) show the entire
velocity profile, while the bottom row panels (f-j) show the log-law region of the velocity profile. The velocity profiles are time-averaged after the initial five eddy turns. Data
markers for the simulations are displayed for every third data point.

for the utility of the iSTFG in achieving fast and accurate stationary
flow conditions without incurring a large computational cost.

3.3. Impact of friction Reynolds number mismatch

In the previous sections, a detailed discussion was presented to
motivate the utility of the iSTFG to obtain converged statistics using
reference data from precomputed channel flow data sets [13,24,30,
to list a few]. However, it is easy to imagine a situation where such
reference data is either unavailable or contains a friction Reynolds
number mismatch. To make iSTFG functional in scenarios like this,
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we carried out a sensitivity test for the iSTFG to achieve a target
Re, = 500.0 subject to an input data mismatch as detailed in Table 3.
Specifically, we compared the convergence to an a-priori known target
Re! =500.0 with 10% and 20% deviation in the initial conditions. For
all cases detailed in Table 3, the model parameter I," = 20 corresponds
to the reference friction Reynolds number (Re’). The CPU hours for the
various cases differ as the underlying computational grid is designed
to resolve the requisite scales of motion for Re!. Thus, for a relatively
lower value of Re!, the stencil width for a fixed model parameter
of I spans over relatively more grid points, resulting in a slightly
higher computational cost and vice versa. For case Re500SynMI20-450,
there is no reference dataset available from conventional channel flow
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Simulation details for cases used to verify the sensitivity of initial conditions with a Re, mismatch between the reference and the target
simulations. The case naming convention is identical to the definition detailed in Table 1 with the —(num) indicating the Re! from which the
initial conditions are derived. Here, Re’ and Re! correspond to the reference and the target friction Reynolds number, respectively, while the
CPU-hours column denotes the computational cost associated with generating the initial conditions.

Case name Re!. Re’. % mismatch CPU-hours Source
Re500SynMI20-395 500 395 ~20% lower 0.165 Moser et al. [3]
Re500SynMI120-450 500 450 10% lower 0.153 Rescaled to Re, =395 [3]
Re500SynMI20-550 500 550 10% higher 0.140 Lee and Moser [30]
Re500SynMI20-590 500 590 ~ 20% higher 0.132 Moser et al. [3]
Re500SynMI120-180rescaling 500 180 ~ 64% lower 0.140 Rescaled to Re, =500 [3]
Re500SynMI20-1000rescaling 500 1000 100% higher 0.140 Rescaled to Re, =500 [30]

Fig. 13. Time evolution of the plane averaged shear stress as a function of varied Re/ mismatch against the target Re! = 500.0 for the cases detailed in Table 3. The solid blue line
marks the time evolution of the plane-averaged shear stress for case Re500SynMI20, while the black dashed line marks the time-averaged value, with the grey shading denoting
the +5% around this time-averaged value. Data markers for each of the cases are only shown for one in forty points.

simulations. As a result, the mean velocity and Reynolds stress tensor
profiles are obtained using a friction Reynolds number re-scaling using
the data from Moser et al. [3] as detailed in Section 2. For the last two
cases in Table 3 (cases with <num>rescaling in their name), the time-
and plane-averaged velocity can introduce a large mismatch due to the
Re” and Re! difference. Since the logarithmic profile is assumed to be
universal [31], the mean velocity input profile for these three cases is
prescribed as per Eq. (5) except for the white noise terms.

Fig. 13 compares the effect of Re, mismatch on the time evolution of
the plane-averaged shear stress for the various cases detailed in Table 3.
Since cases Re500SynMI20-395, Re500SynMI120-450, Re500SynMI20-
550, and Re500SynMI20-590 are not scaled down to the target sim-
ulation friction Reynolds number, they clearly exhibit a sensitivity to
initial conditions. Specifically, cases initialised with a relatively lower
friction Reynolds number (Re” < Re') exhibit a slower convergence to
the target value when compared to the cases initialised with a relatively
higher friction Reynolds number (Re! > Re’T). This observation can be
generalised when the time evolution of the vertically integrated bulk
velocity is considered as shown in Fig. 14(a). Cases with a relatively
larger Re, mismatch take longer to reach the target value, with a
systematic trend observed with varying Re,. This observation can be
further understood through the vertically integrated TKE and Reynolds
stress time evolution shown in Fig. 14. For cases that are not rescaled
and exhibit a mismatch (cases Re500SynMI20-395, Re500SynMI20-
450, Re500SynMI20-550, and Re500SynMI120-590) show a wide range
of variation in the time evolution of both the TKE and the Reynolds
stress. For case Re500SynMI20-590 and Re500SynMI20-395, the dif-
ferences are small during the transition but grow after the initial 0.5T,
as seen in panels (b) and (c) of Fig. 14. More importantly, the relative
amount of TKE between cases Re500SynMI20-395 and Re500SynMI20-
590 is drastically different, leading to a slower convergence towards the
target value.

As presented in Figs. 13 and 14, the time-evolution of the various
parameters of interest suggest that iSTFG can reliably accelerate the
convergence towards stationary turbulent state when the input data is
correctly scaled to the target Re,. This aims to solve two challenges
associated with turbulent channel flow spinup: (a) transition to a turbu-
lent flow state for all Re, [11], (b) relatively fast convergence towards
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a statistically stationary flow state when compared to conventional
methods. Specifically, using iSTFG to generate initial conditions forced
only with a constant pressure gradient is able to accelerate the tran-
sition to the statistically stationary flow state. As detailed extensively
in the discussion above, iSTFG is not sensitive to the model parameter
and mismatch in the available Re, reference data as long as the mean
velocity is specified through the classical log-law [31] and the Reynolds
stress profiles are scaled to the target Re!. As detailed in Figs. 13 and
14, when the transition to statistically stationary flow is considered, all
cases using the correctly scaled Re! converge to the target values (+5%)
within 57, for all parameters of interest at a minimal computational
cost.

3.4. Limitations of iSTFG

The previous section presented a detailed discussion on the per-
formance of iSTFG to obtain stationary flow conditions. While iSTFG
provides a computationally efficient method to synthesise initial con-
ditions, it has limitations that can be further improved as detailed
below.

+ All of the tests presented in this work were carried out at a
relatively modest friction Reynolds number (Re, = 500). This
was mainly done to limit the steep increase in computational cost
when carrying out the parameter sensitivity test. Although similar
results have been obtained for relatively higher Re, ~ 700 (not
presented in this work), additional numerical experiments are
needed to generalise this approach for higher friction Reynolds
numbers.

The input data required for iSTFG must be carefully rescaled to
the target friction Reynolds number as discussed in Section 3.3,
as the time required to reach the statistically stationary flow state
can be influenced by a Reynolds number mismatch. While this
may seem like a severe limitation, appropriate rescaling results in
a similar convergence trend for cases where exact mean velocity
profiles and Reynolds stress tensor data may not be available.
One of the strongest limitations of iSTFG in the way it is ap-
plied to turbulent channel flows is the intrinsic assumption of
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Fig. 14. Time evolution of the plane-averaged and vertically integrated profiles (a) streamwise velocity, (b) Turbulent kinetic energy, and (c) Reynolds stress, respectively, as a
function of time. The solid blue line on all the panels corresponds to case Re500SynMI20, while the black dashed line marks the time-averaged value, with the grey shading
denoting the +5% around this time-averaged value. Data markers for each of the cases are only shown for one in forty points with line style and colour identical to Fig. 13.

streamwise and spanwise homogeneity. In its current form, iSTFG
translates all the assumptions underlying classical synthetic eddy
methods [17] and a generalised application beyond prototypical
channel flows must be explored with caution. Specifically, iSTFG
does not provide a generalised solution for problems where the
spanwise and streamwise homogeneity is not preserved, thus
limiting its application to these equally interesting turbulent flow
problems.

4. Conclusion

In this study, we evaluated three different methods to initialise flow
in a pressure-driven channel, aiming to achieve statistically stationary
flow conditions in a computationally efficient manner. Our results
indicate that the synthetically generated three-dimensional turbulence
(iSTFG) is the most computationally efficient and effective approach,
compared to two analytically initialised velocity fields, for reducing
simulation spin-up time. At a one-time computational cost of 1-10
CPU hour(s), the iSTFG achieved statistically stationary flow conditions
within three eddy turnover times—a significant improvement over the
alternative methods, which required more than 10 eddy turnovers, as
demonstrated in our work for the first time. This reduction in spin-
up time translates to substantial computational savings, making iSTFG
particularly valuable when precursor turbulent initial conditions are
unavailable for large computational domains and high friction Reynolds
numbers.

We also found that iSTFG is domain-size and model-parameter
agnostic, reaching a stationary turbulent flow state quickly—unlike the
other two methods discussed in this paper. In view of the computational
cost, we recommend using iSTFG with a model parameter of I 1+ = 20.
Additionally, we carried out systematic tests to better understand the
sensitivity of iSTFG against input data mismatch. We found that iSTFG
can reproduce a similar time evolution trend when the input data
is rescaled to the target value, while a mismatch in input data can
negatively impact the convergence rate. The synthetically generated
turbulence method offers a robust and resource-efficient strategy for
setting up initial conditions in wall-bounded, pressure-driven channel
flow simulations when the appropriate convective velocity is chosen.
By minimising the time to reach statistically stationary conditions, this
approach enhances the efficiency of turbulence simulations, facilitating
more rapid and cost-effective exploration of complex flow phenomena
in such configurations.
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Fig. A.15. Comparison of the initial shear stress as a function of the wall-normal direction for the cases simulated in this paper.

Appendix A. Mean shear profiles

Based on the analytical expressions for the initial conditions, it
is possible to a-priori estimate the mean shear profiles used to set
up the initial conditions. Since the channel is homogeneous in the
streamwise and spanwise directions, the mean shear is non-zero for
the vertical gradient of the streamwise component (i.e., d;U;). For the
linear profile, the shear stress that is provided as the initial condition

is given by
] [—1 ] [log(—) + 2 1] ;
Re, Z, H

while for the linear-log-law profile, the shear stress is given by

—2u?
T

(A1)

K

vosU,| = [
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K Re

where Re? = u,x;/v is the local friction Reynolds number. Fig. A.15
compares the stress profiles for the three initial condition types and two
friction Reynolds numbers. A constant stress magnitude is applied for
the linear profile, while for the linear-log-law profile, the stress varies
as a function of the distance away from the wall.

v <116
Vv

] (A.2)

vE% S 16
%

Appendix B. Convergence history for precursor mapping and com-
putational cost comparison

A typical precursor simulation uses a relatively low-friction Reynolds
number simulation as a starting point for the large-friction Reynolds

Re.

number case using some form of interpolation and rescaling. In this
test case, we use a precursor simulation with half the target friction
Reynolds number to supply the initial conditions for the target simula-
tion. The precursor simulation is run for 37, and mapped to the target
simulation using interpolation, as the precursor simulation does not
have the same computational resolution/grid as the target simulation.
The target simulation was only carried out for the Re, = 500 case to
compare the computational cost against the synthetic case. Fig. B.16
shows a comparison of the shear stress time history marked in black
solid lines with circle markers against the three methods used in this
study. The time evolution of the shear stress clearly shows that while
the transition to a turbulent flow condition was established relatively
quickly for the precursor method, the shear stress does not converge
to the desired value compared to the synthetic method. Additionally,
the cost associated with the precursor simulation does not justify the
viability of such a method for increasing friction Reynolds number.
In the test case discussed here, the precursor simulation was run at
Re? 250 with a grid size 750 x 524 x 128 ~ using 8 CPUs and
required 20 h to simulate 37, which resulted in a total of 160 CPU-
hours of computational cost. This computational cost for the case with
a precursor friction Reynolds number of 250 is feasible; however, with
increasing friction Reynolds number, this cost increases non-linearly
as detailed in [9]. The iSTFG algorithm relies mainly on stochastic
sampling, which is computationally less intensive compared to the
precursor simulation that solves the governing momentum equations.
In contrast, despite the algorithmic difference between the precursor
method and the iSTFG, the computational cost for the iSTFG scales
linearly with the number of streamwise grid points, given a fixed
computational cost for the number of spanwise and vertical grid points.
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Fig. B.16. Comparison of the time history of the shear stress for the precursor mapping method against the three methods discussed in this paper.
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Table B.4

Computational cost as a function of the grid size and the friction Reynolds number. The
last column represents the CPU hours needed to obtain the initial conditions for the
target simulation, where the precursor simulations are run at half the friction Reynolds
number for each case. The precursor CPU hours for Re, = 2000 were estimated using
the wall clock time averaged over the first 500 time steps for the precursor simulation
with Re, = 1000 and not simulated in this paper.

Re, Grid Total CPU-hours Precursor CPU-hours
350 1048 x 764 x 128 0.22 NA

500 1500 x 1048 x 256 0.9 160

2000 5120 x 2500 x 512 7.4 % 20000

Table B.4 illustrates the computational cost comparison between the
iSTFG and the precursor simulation to obtain the initial conditions. It
is clear from computational cost and the convergence time history that
the synthetically generated initial condition using the iSTFG provides
the most optimal initial condition to spin up the simulation to a
statistically stationary state beyond which time averages and higher
order moments can be calculated.

Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.compfluid.2025.106733.

Data availability

The synthetic turbulence generator can be accessed via the pub-
lic repository https://github.com/AkshayPatil1994/Synthetic-Eddy-Me
thod-KCX2013. All of the data and figures detailed in this paper can
be reproduced using the following open-source code repository https:
//github.com/AkshayPatil1994/transition_data.
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