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ABSTRACT

In this paper, the minimum computational domain size for correct-
ly capturing Taylor-Gortler (TG) vortices in a streamwise-rotating
plane channel is investigated using direct numerical simulation-
s (DNS). To assess the effect of system rotation on the scales of
TG vortices, a wide-range of rotation numbers have been tested,
varying fromRo; = 7.5 to 150. The highest rotation number test-
ed in the current research far exceeds that reported in literature
(Ror = 30) by Yanget al. (2010). In order to precisely capture
TG vorticies, DNS has been performed in a very large box domain
of 512rth x 2h x 8mh, whereh is one-half the channel height. A
two-layer pattern of TG vortices is observed, and the scales of TG
vortices are quantified using the pre-multiplied two-dimensional en-
ergy spectra.

INTRODUCTION

Investigations of rapidly rotating turbulent channel flows are fun-
damentally important for understanding the momentum and energy
transfer in rotating machinery. It has been well observed that in a
spanwise-rotating channel, large-scale longitudinal Taylor-Gortler
vortices appear in pairs in cross-stream planes, which in turn dras-
tically alter flow structures and turbulent statistics (Johngtaad.,
1972; Kristoffersen & Andersson, 1993; Grundestiral., 2008).

In comparison with the spanwise-rotating flows, the large-scale
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NUMERICAL ALGORITHM

Let X1, Xo andxz denote the streamwise, wall-normal and spanwise
coordinates, respectively, ang, u, andus represent velocity com-
ponents in the corresponding directions. The continuity and mo-
mentum equations for an incompressible flow subjected to a stream-
wise system rotation take the following form
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Here, p = ps — Q%(x3 +x2)/2 represents an effective pressure,
which has absorbed the centrifugal force into the static pressure
Ps. & jk is the Levi-Civita symbol, Bl /dx; is a constant streamwise
pressure gradient that drives the flow, @pddenotes the Kronecker
Delta. Periodic boundary conditions are applied to the streamwise
and spanwise directions, and no-slip boundary conditions are pre-
scribed at the two solid walls.

Equations (1) and (2) are solved using an in-house pseudo-
spectral method code. The grid is evenly spaced in both stream-
wise and spanwise directions. In the wall-normal direction, the
grid is refined in the near-wall region by use of the Chebyshev-
Gauss-Lobatto points, i.ep j = —hcogjm/Np) for j =0,1,..,Np.

The velocity and pressure are expanded into Fourier series in the
streamwise and spanwise directions, and into Chebyshev polyno-
mial series in the wall-normal direction. The advection terms in

structuresin a StreamWise'rotating channel are less understood. Wu momentum equations are calculated in the physica| space. A“asing

& Kasagi (2004) performed DNS of a streamwise-rotating turbulent
channel flow at low rotation numbers upRo; = Qh/u; = 15 with

the streamwise computational domain size varying ftama= 51h

to 8mh. They observed two-dimensional (2D) large-scale roll cells
in the cross-stream direction. Her@, represents the angular ve-
locity of the system rotationy; denotes the wall-friction velocity,
andh is half the channel height. Weller & Oberlack (2@)&et the
streamwise computational domain size_to= 167h for Ro; = 15

errors are removed using th¢Zrule. A third-order time-splitting
method is used for time integration. All numerical simulations were
conducted using the Western Canada Research Grid (WestGrid) su-
percomputing and storage facilities.

TEST CASES
Table 1 summarizes the testing parameters (domain size, grid reso-
lution and rotation number) for 14 test cases. To focus our study on

and 20. They observed that the extent of the instantaneous large- e effects of rotation on turbulence statistics, the length scales of T-
scale structures can be as long as the computational domain size in G yortices and the proper domain size for capturing energetic eddy

the streamwise direction.

To date, the precise scales of TG vortices are still not clear in
a streamwise-rotating channel. The rotation numbers reported in
literature have been low or moderate and DNS has been performed
based on either small or moderate computational domains. In or-
der to conduct a comprehensive examination of the dynamics and
growth of TG vortices in response to the system rotation imposed,
a wide range of rotation numbers froRo; = 0 to 150 are tested.
The highest rotation numbeR¢; = 150) tested in this research far
exceeds that reported in literatuf@og = 30, Yanget al., 2010).
The streamwise domain size is stretched te= 5127th to capture
energetic eddies fdRo; = 150. This streamwise domain size is sig-
nificantly larger than that reported in the literature fgheWeller &
Oberlack, 20086) for lower rotation numbers.

7C-6

motions, the Reynolds number is fixedRe; = urh/v = 180, and

a wide range of rotation numbers (f@o; =0, 7.5, 15, 30, 75, and
150) are considered. Henejs the kinematic viscosity. The test cas-

es corresponding to these six rotation numbers are categorized and
labeled using six initial letters “O” to “E”. The purpose of including
case O is for validating our non-rotating channel flow results against
those of Hoyas & Jiménez (2006), and this reference test case is des-
ignated as “HJO06” hereafter. In the next section, it will be demon-
strated that aRo; increases, the streamwise extent of TG vortices
increases monotonically, and as a result, it becomes increasingly ex-
pensive to perform DNS by using a longer computational domain.
In order to examine the influence of the computational domain size
on the predicted scales of TG vortices and on the accuracy of tur-
bulence statistical moments obtained in both physical and spectral



Test case Ror Ly xLyxLg N1 x N x N3

(0] 0 12rth x 2h x 41th 384x 128x 256

A 7.5 32rth x 2h x 81th 1024x 128x 512
B 15 64rth x 2h x 8rth 2048x 128x 512
C 30 1281h x 2h x 8mh 4096x 128x 512
D 75 2561h x 2h x 87th 8192x 128x 512
EOa 150 5th x 2h x 271th 160x 128x 128
EOb 150 16th x 2h x 471th 512x 128x 256
E1l 150 32th x 2h x 8rth 1024x 128x 512
E2 150 641h x 2h x 81th 2048x 128x 512
E3 150 128th x 2h x 871th 4096x 128x 512
E4 150 256th x 2h x 8rth 8192x 128x 512
E5 150 512th x 2h x 8rth 16384x 128x 512
E5a 150 512h x 2h x 2mh 16384x 128x 128
E5b 150 512th x 2h x 47th 16384x 128x 256

Table 1. Summary of test cases.

spaces, in total, nine different domain sizes (correspontdirig”-

series test cases, EOa—E5b) are compardbat= 150. The do-

main sizes for cases EOa and EOb are kept identical to those used by
Wu & Kasagi (2004) and Weller & Oberlack (2086 respective-

ly. In our study of computational domain sizes, seven “E"-series
test cases are compared, which can be further divided into two sub-
groups. The first sub-group consists of cases E1-E5, which are used
for examining the effects of streamwise domain size on the predict-
ed streamwise scales of TG vortices. In these five test cases, the
streamwise domain size; increases from 3zh to 512rh, while

the spanwise domain sitg is fixed to 8. The second sub-group
consists of cases E5a, E5b and E5, which are compared for examin-
ing the effects of the spanwise computational domain Isizen the
predicted spanwise scales of TG vortices. In these three test cases,
Lz increases from zh to 8rth, while L, is fixed to 512th. Intable 1,

N1, N2, andN3 represent the number of grid points in the spectral s-
pace in theq -, xo-, andxs-directions, respectively. The streamwise
and spanwise grid resolution for all test cases is fixeﬁl*to: 17.7
andAg' = 8.9, respectively. The vertical grid resolution varies from
A =0.054 at the wall td\] = 4.4 in the channel center. Here, su-
perscript “+” denotes a non-dimensional quantity expressed in wall
coordinates based anandu;. The grid resolution in the present
study is similar to that used by Kiret al. (1987) for DNS of non-
rotating turbulent channel flow at a similar Reynolds number. We
further remark that the resolution in the streamwise and spanwise
directions does not meet the more stringent critefia & 12 and

A§ = 6) recommended by Hoyas & Jiménez (2006). However, as
demonstrated later in the next section, the statistical results for case
O agree well with those in HJ06. Furthermore, because the scales
of TG vortices are significantly larger than the grid size, the present S
resolution is sufficient for studying the scales of TG vortices in a 1 05 0 0.5 1
streamwise-rotating turbulent plane-channel flow. % !h

(b) Mean spanwise velocitjus) ™
RESULTS
Figure 1 shows the influences of the computational domain size on Figure 1. Profiles of mean streamwise velodjty)* and mean
the predicted profiles of the mean streamwise velogig) ™ and spanwise velocity(uz)* based on various computational domain
mean spanwise velocitjuz)™. It is evident from the figure that sizes.
the results of case O agree well with those of HJ06, confirming that
the present numerical algorithm is accurate for performing DNS of
turbulent plane-channel flows. As is clear in figure 1(a), similar
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to that in the non-rotating turbulent plane-channel flow, thafife Reynolds number.

of (u)* in the streamwise-rotating channel is symmetrical about In order to precisely determine the scales of TG vortices, we
Xz = 0. However, in contrast to the non-rotating plane channel  consider the pre-multiplied energy specggafor i = 1, 2, and 3.
for which (uz)* = 0, the mean spanwise profile ¢fi)* in the Figures 4 and 5 compare the isoplethsgpffor cases E2 and E5

streamwise-rotating channel exhibits a complex pattern of the so- in the x1—Xx3 plane atxo = 0.5h, respectively. The isopleths are
called “(double) S-shaped triple-zero-crossing pattern” (Weller &  plotted with respect to the streamwise length scale= 271/k;
Oberlack, 2008,b). and spanwise length scalg = 2m/ks. The location of the peak
From figure 1(a), it is clear that although the value of the mean value of the spectral energy density, i.e. @, is marked by a
streamwise velocity(u;)* is slightly over-predicted in case EOa  cross symbol. Following Hoyas & Jiménez (2006) and Avsarkisov
(which has the smallest; value), in general, the predictive accura- et al. (2014), we show two isopleths for each spectrum. The in-
cy of DNS results based on all different domain sizes is satisfactory. ner and outer isopleths are quantified @y= 0.625maxq@;) and
However, as is evident from figure 1(b), in terms of the prediction ¢@; = 0.125maxaq;), respectively. The area inside the inner iso-
of the mean spanwise velocitys)*, DNS results based on shorter  pleth corresponds to the high-intensity core of energetic eddies. If
streamwise domain sizes (i.e., cases EOa, EOb, and E1) are inac-the chosen computational domain size is too small to capture the

curate. In comparison, the results @k)™ for cases with longer complete high-intensity core of eddies, the numerical simulation is
streamwise domain sizes (i.e., cases E2—E5, E5a, and E5b) all col- considered rather inaccurate for correctly capturing large-scale flow
lapse to a single profile. structures. The outer isopleth identifies the scale range of eddies,

Figure 2 compares the profiles of Reynolds stresses obtained of which the pre-multiplied 2D energy spectrum decays tG%2
based on nine different computational domains. For the purpose of of its peak value. Although eddies with scales between the inner
comparison, we also show the results of cases O and HJO06 in the and outer isopleths are less dominant compared to those within the
figure. From figure 2, the rotating effects can be observed as all inner isopleth, they are still considerably energetic. All scales of
six components of the Reynolds stress tensor are non-trivial in the eddies within the outer isopleth need to be fully captured by using a
streamwise-rotating channel, while only four are non-trivial in the  properly-sized computational domain in order to correctly simulate
non-rotating channel. A general observation from figure 2 is that the flow physics using DNS.

among the six Reynolds stress components, ¢ufy,)* is insen- As is evident from figure 4, with respect to all three pre-
sitive to the streamwise computational domain dize In fact, if multiplied 2D energy spectra (i.ap;1, @> and@ss), both the inner
solely based orui)* and (Uju,)™, it is very tempting to draw a and outer isopleths are open in case E2, indicating that neither the
conclusion that; = 16mh is sufficient to be the minimal stream-  outer border nor the high-intensity core of energetic eddies is prop-

wise domain size. However, as is evident from figures 2(a)—(f), in  erly contained by the computational domain. The energy cascade
order to correctly predict all six Reynolds stress components, the beyond the computational domain size has been artificially chopped
minimal L, value needs to be &, a conclusion that is consis-  off in a very abrupt manner. It is known from figure 5 that in order
tent with the previous analysis of the mean velocity profiles. For to capture the outer border of energetic eddieRat= 150, the
instance, in case EO, an additional peak occurs in the profiles of minimum streamwise and spanwise domain sizes need to be kept at
(Uhuh) T and (upus) ™ at the center of the channel, which is an ar- |, = 512rth andL3 = 87h, respectively. Therefore, only the com-
tifact due to the use of an insufficient streamwise domain size of putational domain of case E5 is capable of correctly capturing all
L, = 5mh. Profiles obtained from cases E5a, E5b, and ES all col-  energetic eddies. In contrast, the streamwise computational domain

lapse, indicating thdts = 27th is sufficient for achieving a domain-  sizes of cases E1-E4 are insufficient for capturing a closed iso-
size-independent solution for Reynolds stresses. pleth of g1 = 0.125max 1), while the spanwise computational
Figure 3(a) demonstrates the 3D isosurfaceS@# for domains of cases E5a and E5b are too small to contain the complete
case E5, of which only 1/8 streamwise domain size is shown to en- iSopleth ofgzs = 0.125max ¢33). It should be indicated that these
sure that vortices can be visualized clearly. Heser= (U, /dx3 — conclusions are dependent on the arbitrary choice of the threshold

duy/dxz)/2 represents the fluctuating streamwise vorticity and an  value (i.e., 0125max;i)) for quantifying the dominant eddies. If
overbar denotes time-averaging. From Fig. 3(a), itis evident that the We may increase this threshold value, then a smaller computational
TG vortices demonstrated using the isosurfacesigf are elongat- domain size could also be judged as satisfactory for capturing all

ed in the streamwise direction. In the spanwise direction, positive energetic eddies.

and negative vorticities alternate, indicating the presence of counter- To avoid the above ambiguity in the determination of the s-
rotating TG vortex pairs. Figures 3(b) and (c) show the TG vor- cales of the high-intensity core and outer border of energetic eddies
tices in two arbitrary cross-streamp{xs) planes partially extracted by using the arbitrary threshold values recommended by Hoyas &
from the 3D domain ax; = 32rth. As is evident from Fig. 3(b), Jiménez (2006) and Avsarkis@t al. (2014), we may instead di-

two layers of counter-rotating TG vortex pairs are present in the rectly consider the characteristic streamwise and spanwise length
cross-stream plane. As shown in figure 3(c), at a different spanwise scales of TG vortices corresponding to ri@x, which are denot-
location, only one counterclockwise-rotating vortex with a larger s-  €d as§j anddj, respectively. As can be seen in figure 5, the peaks
cale is observed, while the scale of clockwise-rotating vortices is Of @11, @2 and @33 for case E5 occur d€;", {;] = [48000430,
much smaller. The two-layer pattern of TG vortices observed in the [&5,{5] = [12000270 and [&57,{5] = [3400230, respective-
present streamwise-rotating channel is interesting, which is drasti- Y- As shown previously in DNS studies of non-rotating turbu-
cally different from the well-known single-layer TG vortex pattern  lent channel flow (Hoyas & Jiménez, 2006) and turbulent Couette
in a spanwise-rotating channel (Johnsebal., 1972; Kristoffersen flow (Avsarkisovet al., 2014), the scales corresponding to the most
& Andersson, 1993). However, there is a common feature: the energetic eddies derived from the three independgntalues do

TG vortices in both streamwise- and spanwise-rotating channels are not have to be identical due to the nonlinear interactions between
persistent, streamwise-elongated and appearing in counter-rotating different scales of 3D turbulent eddy motions.

pairs. The observation of the two-layer TG vortex pattern in the Figure 6 compares the locations iﬁ*,zﬂ in the )\f—)\g+
current turbulent streamwise-rotating channel flow is similar to the plane for cases E1-E5, E5a, and E5b. Because the computation-
result of Masudaet al. (2008), who performed the instability anal- al domain is the largest in case E5 among these seven test cases

ysis of the laminar flow in a streamwise-rotating channel at a lower (see table 1), the predicted streamwise and spanwise characteris-
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Figure 2. Profiles of Reynolds stresses based on various computational domain sizes.
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Figure 3. Elongated TG vortex structures for case E5. (a):-tmezaged 3D isosurfaces E+ = 40.02. Blue and red colors represent
negative and positive vorticities, respectively. Only 1/8 of the streamwise domain size of case E5 is shown. (b) and (c): local TG vortex
structures visualized in two arbitrary cross-streagXs) planes partially extracted from the 3D domain at streamwise locatien 32rth.

The contours obTi+ are superimposed by the time-averaged velocity vectors composedantiuz. The vectors are shown at every eight
spanwise grid points and every four wall-normal points to ensure a clear view of the velocity field.
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Figure 6. Locations of;", "] in the A;"—AJ" plane for cases E1-E5, E5a, and E5b. The valu€s'oind{;* represent the characteristic
streamwise and spanwise scales (non-dimensionalized using the wal) upjtof TG vortices corresponding to the peak valuegpf The red

star labels the result for case E5.

tic length scales of TG vortices as represented by the valuaé‘ of
and{;* are not artificially altered by the insufficient computational
domain size. In the following context, we will further assess the
accuracy of DNS conducted with different domain sizes by com-
paring the predicted values &f and{;" against those of case E5
(indicated by the red star symbol in figure 6). From figure 6, it is
evident that the locations ¢, ;"] for cases E4, E5b, and E5 are
collocated, indicating that a streamwise—spanwise domain size of
L1 x L3 = 256rh x 4mh is sufficient for achieving a domain-size-
independent result of[", ¢;"]. In other cases, the values &f
and{;" are misidentified partially or even completely. Itis interest-
ing to observe from figure 6(a) that if the streamwise domain size is
not large enough (as in cases E1-E3), neither the streamwise scale
Ef nor the spanwise scan‘él+ is precisely predicted. In contrast,
the spanwise computational domain size influences only the predic-
tive spanwise scale of TG vortices. As shown in figures 6(a)—(c), in
comparison with case E5, although the valueg6f &, and &5

are precisely predicted in case E5a, the valueéfofand Z3+ are
slightly underpredicted owing to its overly small spanwise domain
size.

The effects of the rotation number on the scales of the TG vor-
tices can be studied by comparing cases O, A, B, C, D, and E5, in
which the rotation numberis 0, 7.5, 15, 30, 75, and 150, respectively
(table 1). The values ™ and{;" at various rotation numbers are
compared in figures 7(a) and 7(b), respectively. The resultant values
from DNS forRo; = 0.0, i.e.&;" = 670 and{;" = 240, are consis-
tent with those given in dehlamo & Jiménez (2003). Because TG
vortices appear due to imposed system rotation, the valués of
and{;" in a streamwise-rotating channel (RRo; > 7.5) are signif-
icantly larger than those in the non-rotating channel oy = 0.0).
From figures 7(b), it is striking that as the rotation number increases
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drastically fromRo; = 7.5 to 150, the values of the characteristic ~ forces which induce secondary flows of different modes.

spanwise scales of TG vortices remain almost constant correspond- In general, we believe a careful selection of the computational
ing to Zf = 430, Zz+ = 270, andZ3+ = 230. An explanation for domain size should be solidly based on evidences from both phys-
this interesting observation is that as shown in figures 3(b) and 3(c), ical and spectral spaces. For this reason, three criteria have been
the TG vortices are of a quasi-circular shape in a cross-stream ( used for judging a domain-size-independent solution: (1) analysis
x3) plane, and therefore, the spanwise and vertical scales of the TG of turbulence statistics in the physical space (to ensure that statis-
vortices are bounded by the channel height. In sharp contrast to the tical moments of the velocity field are independent of the compu-
characteristic spanwise scales of TG vortices (figure 7b), the charac- tational domain in use); (2) a proposed method which directly as-
teristic streamwise scalé'{j' of TG vortices inferred from all pre- sesses the characteristic length scales of TG vortices (to ensure that
multiplied 2D energy spectra from figure 7(a) increase monotoni- these vortex scales are independent of the computational domain in
cally asRo; increases from 7.5 to 150. This leads to a conclusion the /\f_}\; plane); and (3) examination of the pre-multiplied 2D
that as the rotation number increases, the streamwise computational energy spectra (to ensure that all energetic eddies are fully captured
domain size needs to be extended accordingly in order to correctly based on pre-defined spectral energy threshold values. The conclu-
perform DNS of a streamwise-rotating turbulent channel flow. In  sions from these three criteria are not necessarily consistent, and a
the current literature, DNS of streamwise-rotating turbulent chan- conservative method for judging a domain-size-independent solu-
nel flows is limited to low and moderate rotation numbers up to tion should be based on satisfying all of these three criteria.

Ro; = 30 (Yanget al., 2010), insofar as the rotation effect on the
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