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A jet in crossflow (JICF) is a canonical configuration widely studied in fluid mechan-9

ics. In this study, direct numerical simulations were conducted to investigate the flow10

and scalar transport characteristics of multiple slightly heated swirling JICFs. The11

simulations spanned a range of swirl numbers (Sw = 0–0.6) at a fixed jet Reynolds12

number of 2100 and a jet–crossflow velocity ratio of 3.3. A total of 15 jets were ar-13

ranged in three rows along the streamwise direction and five columns in the spanwise14

direction, with periodicity assumed in the spanwise direction. The results indicate15

that moderate swirl (Sw = 0.2–0.4) enhances reverse flow near the wall, reduces jet16

height, and promotes the formation of a spanwise mean flow. Notably, strong swirl17

(Sw = 0.6) leads to a rapid collapse of the jet potential core and significantly limits18

jet penetration into the crossflow. These swirl effects cause high-temperature fluid19

from the jets to remain near the wall in the downstream region. The resulting modifi-20

cations to the mean flow lead to the enhanced production of turbulent kinetic energy21

in moderate swirl cases, generating large velocity fluctuations that persist further22

downstream. A scaling analysis of the energy dissipation rate reveals the presence23

of non-equilibrium turbulence, where the non-dimensional dissipation rate Cε scales24

inversely with the turbulent Reynolds number. Further downstream, Cε approaches25

a constant, thus indicating a transition to an equilibrium state of energy cascade.26

These findings provide novel insights into the role of swirl in modifying jet dynamics,27

turbulence, and scalar transport in JICF configurations.28

a)Author to whom correspondence should be addressed: watanabe.tomoaki.8x@kyoto-u.ac.jp

1

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
8
4
9
3
8



DNSs of multiple swirling jets issued into a crossflow

I. INTRODUCTION29

A jet issuing perpendicularly into a mainstream, commonly referred to as a jet in cross-30

flow (JICF),1 is a canonical configuration that appears in various engineering applications,31

including fuel injection in gas turbine combustors and the dispersion of exhaust plumes.32

Notably, the aforementioned examples have motivated extensive research on the JICF con-33

figuration. The complex vortex structures formed by the interaction between the jet and34

the crossflow are strongly influenced by various parameters, including the velocity ratio35

between the jet and the mainstream, the momentum flux ratio, the jet orifice geometry,36

and the Reynolds number.2,3 In the near field of the jet, four characteristic coherent vortex37

structures are typically observed: the jet shear layer vortex, the counter-rotating vortex pair38

(CVP), the horseshoe vortex, and the wake vortex.2,4–8 These structures are important in39

the flow evolution downstream of the jet inlet, as well as in the mixing processes of heat and40

species concentrations.941

In practical engineering applications, complex flow behaviors often emerge due to the in-42

terplay between jet and mainstream conditions. A notable example is the airflow dynamics of43

air-cooled heat exchangers used in industrial plants.10 In such systems, multiple swirling jets44

discharged from the heat exchangers interact with the ambient atmospheric flow above the45

facility. This interaction can cause the hot jets to deflect horizontally and become entrained46

back into the heat exchanger intakes, leading to a significant increase in intake air tempera-47

ture and a consequent reduction in thermal efficiency.11–13 This phenomenon, known as hot48

air recirculation (HAR), poses a critical challenge in plant engineering and has been the49

subject of extensive studies to understand and mitigate its impact on system performance.50

The aforementioned example of flow discharged from heat exchangers can be modeled51

in canonical JICF configurations as multiple swirling flows issued from a jet array into a52

mainstream. Despite the practical importance of this configuration, it has rarely been in-53

vestigated in previous studies, which have instead focused on either a single swirling jet54

or multiple jets without swirling motions into a mainstream. Previous studies have demon-55

strated that swirl can significantly affect the symmetry and trajectory of CVPs in a single56

jet issued into a main flow. Denev et al. conducted (large eddy simulations) LESs of a57

swirling JICF and investigated the effects of swirl on coherent vortex structures.14 Their58

analysis revealed that the presence of swirl induces significant asymmetry in the flow, such59
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DNSs of multiple swirling jets issued into a crossflow

FIG. 1. Direct numerical simulation of multiple jets issued into a crossflow.

as shifting one of the counter-rotating vortices closer to the wall. Regarding jet arrays, pre-60

vious investigations have examined configurations in which multiple jets are arranged in the61

streamwise direction15–17 and spanwise direction.18–20 Another study also investigated the62

interaction of multiple jets and cylinders in a crossflow.21 Collectively, these studies suggest63

that the blocking effect of upstream jets can significantly alter the downstream flow field.64

For example, CVPs from twin jets separated in the spanwise direction interact and rapidly65

merge when the jet separation distance is small.18 However, jet arrays arranged in both the66

streamwise and spanwise directions have not yet been systematically investigated, despite67

being more representative of practical applications. Moreover, the impact of swirl in such68

multi-jet configurations remains largely unexplored.69

To build on the current understanding of swirling JICFs, we conducted direct numerical70

simulations (DNSs) of multiple swirling jets to elucidate how swirl and jet interactions71

influence flow evolution and passive scalar transport, with a focus on far-field turbulence72

characteristics. We demonstrate that swirling motions enhance the blocking effects of the73

jets, leading to the suppression of vertical scalar transport. The interaction of the swirling74

jets also leads to the formation of large-scale spanwise flow. The influences of swirl motions75

on the mean flow and scalar profiles, as well as the turbulent kinetic energy, were also76

explored using the DNS data.77
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DNSs of multiple swirling jets issued into a crossflow

II. DNSS OF SWIRLING JETS ISSUED INTO A CROSSFLOW78

A. Swirling jets issued into a crossflow79

DNS was conducted for jets with and without swirl issued into a crossflow. Figure 180

presents a schematic of the flow setup. The mainstream, spanwise, and vertical directions81

are denoted by x, y, and z, respectively. The corresponding velocity components are u, v,82

and w. The crossflow velocity is U∞, the jet diameter is D, and the bulk jet velocity in the83

vertical direction is UJ . The DNS also includes heat transfer arising from the temperature84

difference between the crossflow and the jet, T0 = TJ − T∞ with TJ > T∞. It is assumed85

that T0 is small enough to treat temperature as a passive scalar since buoyancy effects are86

negligible for small T0 values. The temperature deviation from T∞ is denoted by T .87

The governing equations are the Navier–Stokes equations and the temperature transport88

equation for incompressible fluid, written as89

∂uj

∂xj

= 0, (1)90

91

∂ui

∂t
+

∂uiuj

∂xj

= −1

ρ

∂p

∂xi

+ ν
∂2ui

∂xj∂xj

, (2)92

93

∂T

∂t
+

∂ujT

∂xj

= α
∂2T

∂xj∂xj

, (3)94

where t denotes time, xi is the position, ui is the velocity vector, ρ is the constant density, p95

is the pressure, ν is the kinematic viscosity, and α is the thermal diffusivity. The Reynolds96

number is defined as Re = U∞D/ν, and the Prandtl number is defined as Pr = ν/α. The97

DNS was conducted for Re = 6930, Pr = 1, and a velocity ratio of UJ/U∞ = 3.3 under98

different swirl conditions. For these values of Re and UJ/U∞, the jet Reynolds number99

ReJ = UJD/ν was 2100. These conditions were chosen to enable comparisons with previous100

studies, as detailed in the Appendix, where the DNS of a single JICF is compared with other101

numerical results. For each flow condition, time was advanced until t = 200(D/U∞).102

An overview of the computational domain is presented in Fig. 1. The domain dimensions103

were set to (Lx, Ly, Lz) = (50.4D, 10D, 24D). The coordinate origin was located at the104

bottom corner of the computational domain. A total of 15 jets were arranged in three rows105

in the x direction and five columns in the y direction. The spacing between adjacent jet106

centers was 2D, and the coordinates of the jet centers were specified as x = 2.7D, 4.7D, 6.7D107
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DNSs of multiple swirling jets issued into a crossflow

and y = 1D, 3D, 5D, 7D, 9D. The spacing of 2D was chosen as a representative case based108

on the design of some air-cooled heat exchangers discussed in the introduction. The initial109

velocity field was set to a uniform flow, (u, v, w) = (U∞, 0, 0). At the inflow boundary of the110

crossflow, the velocity was specified as (u, v, w) = (U∞, 0, 0) for y/D0 > 0.5, while below this111

height, a boundary layer velocity profile was applied following Ref. 22. The temperature at112

the initial condition and inflow boundary was set to T = 0. A convective outflow condition23
113

was applied at the outflow boundary. Periodic boundary conditions were imposed in the114

spanwise direction, assuming that the jet array is infinitely large in this direction. A no-slip115

condition with ∂T/∂z = 0 was imposed at the bottom boundary, and a slip condition was116

applied at the top boundary. Some previous numerical studies have adopted a computational117

domain that includes a straight pipe from which a jet is issued into a crossflow, in order to118

capture the interaction between the crossflow and the internal pipe flow.14 In the present119

study, the pipe was excluded from the computational domain since the primary focus is on120

the effects of swirl in multiple jets within the crossflow, rather than on detailed flow features121

at the jet exit. As discussed in Sec. III, the swirl effects observed in the present DNS are122

consistent with those reported for a single jet in LES studies that incorporated the pipe,14123

thus confirming that the simulations of the present study accurately capture the influence124

of swirl.125

The present study adopted a simplified configuration in which 15 jets were arranged in126

three streamwise rows and five spanwise columns, with periodic boundary conditions im-127

posed in the spanwise direction. This setup was chosen to investigate the effects of swirling128

motion in a flow configuration relevant to HAR scenarios, as discussed in Sec. I. In the con-129

text of industrial air-cooled heat exchangers, this arrangement corresponds to a repeating130

unit of fan arrays, which typically exhibit a large aspect ratio in the horizontal plane.24–26131

The assumption of spanwise periodicity implies that the simulated jet flow approximates132

the flow generated by central fan-columns in such heat exchangers. However, the current133

numerical setup does not fully replicate more realistic operating conditions. For example, it134

omits buoyancy effects and the structural elements of heat exchangers that draw in ambient135

air from the sides and exhaust heated air vertically. Moreover, in actual systems, the flow136

rate induced by individual fans may vary due to the influence of the surrounding environ-137

ment. The pipe regions located below the lower computational boundary are also excluded.138

Although crossflow may partially enter these pipe regions and modify the jet inflow profile,139
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 2. Radial distributions of (a) tangential and (b) axial velocities applied as boundary conditions

for swirling jets.

DNS of a single JICF suggests that this effect has only a minor influence on downstream140

flow development. As discussed in Sec. III, swirl-induced modifications of the initial jet, such141

as the shortening of the potential core and its rapid collapse, are consistent with existing142

numerical studies that included the internal pipe region. These agreements support the va-143

lidity of the present configuration for isolating and understanding the fundamental effects144

of swirl in JICF systems. The jet Reynolds number of 2100 used in the present study is145

moderately high, albeit lower than values typically observed in heat exchanger applications.146

Existing studies have shown that fully developed turbulent jets (i.e., in the downstream147

region far from the nozzle) exhibit similar statistical properties for ReJ ≈ 2000 and higher148

values, whereas Reynolds number dependence becomes more evident in the developing region149

where the jet transitions from laminar to turbulent.27–29 At even lower ReJ , this dependence150

becomes more pronounced, even in the fully developed region.30 Therefore, similar statisti-151

cal behaviors can be expected at higher ReJ in the downstream region, where each jet has152

transitioned to turbulence and the jets have merged.153

A non-dimensional parameter representing swirl intensity is the swirl number, which is154

defined as the ratio of angular momentum flux to axial momentum flux.14 The swirl number155

is given by156

Sw =

∫ D/2

0
ρrutua 2πr dr

(D/2)
∫ D/2

0
ρu2

a 2πr dr
, (4)157

where ut(r) and ua(r) denote the tangential and axial velocity components of the jet, re-158

spectively, and r is the radial distance from the jet center. In this study, simulations were159
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DNSs of multiple swirling jets issued into a crossflow

0 0.005 0.01 0.015
0

10

20

FIG. 3. Vertical distribution of vertical grid spacing ∆z.

conducted for four Sw conditions: Sw = 0, 0.2, 0.4, and 0.6. Figure 2 presents the radial160

distributions of ut and ua applied as inflow boundary conditions for the swirling jets. The161

velocity profiles for the swirl cases were taken from those of an internal swirling flow, which162

have also been adopted in previous studies on swirling jets.14 The central axial velocity in-163

creases with Sw due to the stabilizing effect arising from rotation. For non-swirling jets, the164

one-seventh power law of pipe flow is adopted for the axial velocity, while the tangential165

velocity component is set to zero.166

B. Numerical methods167

An in-house finite difference code based on the fractional step method was used to solve168

the governing equations. Spatial discretization employed a second-order fully conservative169

central difference scheme,31, while temporal discretization used a third-order Runge–Kutta170

scheme. The BiCGStab method was employed to solve the Poisson equation for pressure.171

This code has been used in our earlier studies on turbulence generated by the breakdown172

of internal gravity waves,32 jets,33,34 mixing layers,35–37 boundary layers,38,39, and grid tur-173

bulence.40,41 These studies have validated the code through comparisons with experiments174

and other DNS results.175

The computational domain was discretized using regular grids. The number of grid points176

was set to (Nx, Ny, Nz) = (4080, 800, 1920). Non-uniform grids were applied in the z direction177

to provide finer resolution near the bottom boundary, while uniform grids were used in the178

x and y directions. The grid point positions (x(i), y(j), z(k)) are defined using integers179
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DNSs of multiple swirling jets issued into a crossflow

(i, j, k) = (1, ..., Nx, 1, ..., Ny, 1, ..., Nz) as follows:180

x(i) = ∆xi, y(j) = ∆yj, z(k) =
Lz

tanh(αz)

[

tanh(αz)

(

1− k

Nz

)]

+ Lz, (5)181

where αz = 1 is a constant controlling the grid distribution, and ∆x = Lx/Nx and ∆y =182

Ly/Ny are the grid spacings in the x and y directions, respectively. The function used to183

determine the grid position in the z direction is identical to that used in previous studies of184

boundary layers.38,39,42,43 Figure 3 shows the distribution of the vertical grid spacing ∆z(z),185

which increases with height from the bottom wall. In the other directions, the grid spacing186

was ∆x ≈ ∆y ≈ 0.12D. The turbulent jet did not reach z ≳ 15D. In the jet region, the187

grid spacing was smaller than 1.5 times the Kolmogorov scale, thereby ensuring that small-188

scale turbulent motions were resolved with the current grid setting. The time increment was189

determined using a constant Courant number of 0.5.190

The statistics of flow variables were evaluated using time averages taken after t =191

100(D/UJ), such that the averages were taken after the flow had reached a statistically steady192

state. Since the jets were equidistantly spaced in the y direction with periodic boundaries,193

ensemble averages over the five jet columns were also taken to improve statistical conver-194

gence. Additionally, the turbulent jets became statistically homogeneous in the spanwise195

direction in the downstream region, where spanwise averages were used to further improve196

statistical convergence. The average of a quantity f is denoted by ⟨f⟩, while fluctuations are197

defined as f ′ = f − ⟨f⟩. The root-mean-square (rms) value of fluctuations was evaluated as198

frms = ⟨f ′2⟩1/2.199

III. RESULTS AND DISCUSSION200

A. Instantaneous flow field201

Figure 4 visualizes the instantaneous streamwise velocity on an xz plane at y = 5D, which202

crosses the jet centers, for all Sw cases. The jets were inclined in the streamwise direction203

by the crossflow. As the jets issued from the bottom wall developed into a turbulent state,204

they merged, and the velocity profiles no longer exhibited distinct patterns associated with205

individual jets in the downstream region. Turbulence was visually identified by small-scale206

velocity fluctuations. The turbulent region extended up to approximately z/D = 12, above207

which the crossflow showed no small-scale velocity fluctuations. The blue contours roughly208
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 4. Streamwise velocity on the xz plane at y = 5D, passing through the jet center. Each

panel presents the velocity distribution for a different swirl number: (a) Sw = 0; (b) Sw = 0.2; (c)

Sw = 0.4; (d) Sw = 0.6. Insets show close-up images near the jet array, with arrows indicating the

jet locations.

indicate reverse flow regions. It is known that multiple jets can block a crossflow when209

arranged in the spanwise direction.19 This blocking effect generates low-pressure regions210

behind the jets and forms large-scale spanwise vortices, which induce reverse flow near the211

wall. At this time instant, the reverse flow was particularly prominent for Sw = 0.2 and 0.4,212

as also confirmed below in the mean velocity profiles.213

Figure 5 visualizes the temperature T on the same plane and at the same time as Fig. 4.214

The insets show close-up images of the jet regions. On this plane, three jets with large T215

values were issued from the bottom around x/D = 5. These three jets are clearly visible216

for Sw = 0, 0.2, and 0.4. The potential core of each jet is defined as a region of the jet217

fluid unmixed with the external fluid, and was identified as the region of constant values of218

velocity w/UJ = 1 or temperature T/T0 = 1. The potential cores, identified by T/T0 = 1,219

were shortened for stronger swirl cases (i.e., larger Sw). When a jet includes swirl, significant220
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DNSs of multiple swirling jets issued into a crossflow
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V

FIG. 5. Temperature on the same xz plane and at the same time as in Fig. 4. Each panel presents

the temperature distribution for a different swirl number: (a) Sw = 0; (b) Sw = 0.2; (c) Sw = 0.4;

(d) Sw = 0.6. Insets show close-up images near the jet array.

fluctuations occur in both the axial and tangential velocity components near the jet exit.221

As a result, turbulent mixing is enhanced when compared to non-swirling cases, leading222

to a shorter potential core.44,45 This feature, observed for a single swirl jet, is consistent223

with the multiple swirling JICFs considered in the present DNS. Due to the radial velocity224

induced by very strong swirl, the jet spreads significantly in the radial direction, causing225

a pressure drop inside the jet and resulting in reverse downward flow.14 The reverse flow226

inside the jet, defined by the downward velocity w < 0, collapses the jet core. Consequently,227

for Sw = 0.6, the potential cores of the jets immediately disappeared. As Sw increased, the228

vertical transport due to the jets was inhibited due to the reduction in potential core length.229

Therefore, turbulent jets at large Sw tend to remain at lower z, and high-temperature fluid230

from the jets remains near the wall in the downstream region.231
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 6. Vertical profiles of the average of velocity magnitude ⟨|u|⟩ at the center of the jet (y/D = 5)

and between the jets (y/D = 6) for Sw = 0. Panels show the profiles at different streamwise

locations: (a) x/D = 6.7, (b) x/D = 8.6, (c) x/D = 10.4, and (d) x/D = 12.2.

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Jet center ( ) Midpoint between jets ( ) 

0 1.0

(a)

10

5

0

(b)

10

5

0

(c)

10

5

0

(d)

10

5

0
0 1.0 0 1.0 0 1.0

FIG. 7. Vertical profiles of rms streamwise velocity fluctuations urms at the center of the jet

(y/D = 5) and between the jets (y/D = 6) for Sw = 0. Panels show the profiles at different

streamwise locations: (a) x/D = 6.7, (b) x/D = 8.6, (c) x/D = 10.4, and (d) x/D = 12.2.

B. Velocity and temperature statistics232

Figure 6 presents the vertical distributions of the average of velocity magnitude ⟨|u|⟩233

evaluated at different streamwise positions for Sw = 0. The distributions are presented for234

two y locations passing through the jet center at y/D = 5 and at the midpoint between235

adjacent jets in the spanwise direction at y/D = 6. In Fig. 6(a), the streamwise position236
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DNSs of multiple swirling jets issued into a crossflow

x/D = 6.7 corresponds to the center of the third jet row, as shown in Fig. 1. At this location,237

the jet possessed a large vertical velocity, resulting in a very large velocity magnitude at the238

jet center near z = 0, whereas in the inter-jet region, the velocity is roughly half of that value.239

For 0 ≤ z/D ≲ 3, the strong vertical jet issued at x/D = 6.7 led to a noticeably higher ⟨|u|⟩240

in this region. On the other hand, a peak at approximately z/D = 4.5 occurred in both the jet241

center and inter-jet locations. This peak corresponds to the axial velocity contribution from242

inclined jets located upstream at x/D = 2.7 and x/D = 4.7. Above this peak location, the243

flow was dominated by the crossflow, and the mean velocity became similar between the two y244

locations examined. In the downstream direction, the peak location, observed at z/D ≈ 4.5245

in Fig. 6(a), shifted upward due to a rise in the jet height. At x/D = 6.7 and 8.6, the246

distributions differed significantly between the jet center and the inter-jet region; however,247

this difference became small further downstream, and the mean velocity distribution became248

more uniform in the spanwise direction, as shown in Figs. 6(c, d).249

Figure 7 compares the vertical distributions of the rms fluctuations of the streamwise250

velocity, urms. As visually confirmed in Fig. 4, velocity fluctuations within the jet region were251

large and became smaller at larger z. At x/D = 6.7 and 8.6 in Figs. 7(a, b), urms differs252

between the jet center and the midpoint between jets; however, this difference becomes253

negligible further downstream in Figs. 7(c, d).254

These results confirm that the flow became statistically homogeneous in the spanwise255

direction as the jets developed and interacted with each other. A similar formation of ho-256

mogeneous turbulence has been reported in other studies on jet interactions.46–50 Although257

the above results are presented for Sw = 0, statistical homogeneity is observed for velocity258

and temperature statistics in all Sw cases.259

Figure 8 presents the vertical profiles of mean streamwise velocity between the jets (y/D =260

8.6) behind the jet array (x/D = 8.5). The mean streamwise velocity near the wall was261

smaller for swirling jets when compared to the non-swirling case (Sw = 0). The mainstream262

near the wall passed through the inter-jet region with ⟨u⟩ > 0 before the jets merge. However,263

swirl caused a more rapid collapse of the jet core and promoted the radial transfer of jet fluid,264

thereby inhibiting the mainstream pass between two jets. This blocking effect is confirmed265

by the reduced mean streamwise velocity for z/D ≲ 4 in the swirling jet cases.266

Figure 9 presents the streamwise mean velocity distribution on the xz plane passing267

through the jet center at y/D = 5. Regions of negative velocity are enclosed by contour268
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DNSs of multiple swirling jets issued into a crossflow

0 1 2
0

5

10

FIG. 8. Vertical profiles of mean streamwise velocity ⟨u⟩ between the jets (y/D = 6) behind the

jet array at x/D = 8.5 for different Sw cases.

lines indicating zero velocity (white lines), which separate areas of positive and negative269

streamwise mean velocity. A reverse flow region with negative streamwise velocity appeared270

downstream of the jet array. This phenomenon occurred because the spanwise-aligned jet271

array blocked the mainstream, creating a low-pressure region behind the jets and causing272

the flow to be drawn toward the wall. In particular, for Sw = 0.2 and 0.4, the reverse flow273

region expanded due to the presence of swirl. This expansion is attributed to the enhanced274

radial spread of the jets induced by swirl, which intensified the blocking effect by filling275

the space between the jets with jet fluid, as discussed with Fig. 8. On the other hand, for276

Sw = 0.6, the reverse flow region was smaller than those for moderate swirl cases (Sw = 0.2277

and 0.4). This reduction was likely due to the collapse of the axial jet flow by the strong278

swirl motion visualized in Fig. 5(d).279

Figure 10 presents the streamwise distribution of the mean streamwise velocity at y/D =280

5.0 and z/D = 0.5. This vertical position z is near the wall and lies within the reverse flow281

region. Strong reverse flow is observed for Sw = 0.2 and 0.4. In particular, for Sw = 0.2,282

the maximum reverse flow velocity was approximately twice that of the non-swirling case283

(Sw = 0). This indicates that adding swirl not only extends the region where reverse flow284

occurs but also enhances the strength of the reverse flow. For Sw = 0.2, the jet-induced285

blocking effect was strong, resulting in a more pronounced low-pressure region and increased286

reverse velocity. In contrast, for Sw = 0.6, the reverse velocity was small, and the influence of287

the reverse flow region on the overall flow was limited. The extent of the reverse flow region288
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 9. Mean streamwise velocity distributions on the xz plane at y/D = 5. Panels show the

velocity distribution for different swirl numbers: (a) Sw = 0; (b) Sw = 0.2; (c) Sw = 0.4; (d)

Sw = 0.6.

also varied depending on the swirl number. Specifically, the reverse flow region appeared289

from x/D = 20 to x/D = 50 for Sw = 0 and 0.2, and from the more upstream region for290

Sw = 0.4. This indicates that the influence of reverse flow extends over a broader region in291

the Sw = 0.4 case.292

Figure 11 presents the mean temperature distribution on the xz plane. As the swirl293

strength increased, the entrainment of high-temperature jet fluid toward the wall became294

more pronounced, resulting in elevated temperatures near the wall. For Sw = 0.2 and 0.4,295

the reverse flow region expanded, and more high-temperature fluid remained near the wall,296

leading to a more noticeable temperature rise. On the other hand, in the Sw = 0.6 case,297

despite the reverse flow region being smaller, the temperature near the wall remained high.298

The instantaneous temperature profile near the jets in Fig. 5(d) suggests that this was due299

to the collapse of the axial flow near the jet exits caused by strong swirl, which suppressed300

vertical scalar transport and caused high-temperature fluid to accumulate near the wall.301
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DNSs of multiple swirling jets issued into a crossflow

10 20 30 40 50

-0.6

-0.4
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0

0.2

FIG. 10. Streamwise distributions of the mean streamwise velocity at (y/D, z/D) = (5, 0.5), located

near the wall.

The swirl number dependence of JICFs was examined using the mean temperature field.302

The potential core region consists of unmixed jet fluid with T/T0 ≈ 1. Accordingly, the303

potential core height, HP , is defined as the z-location where the mean temperature ⟨T ⟩/T0304

decreases to 0.99. Since the jets were inclined in the streamwise direction, HP was taken305

as the maximum vertical extent of the isoline ⟨T ⟩/T0 = 0.99 on the xz plane intersecting306

the jet center. This value was evaluated separately for each jet row. Figure 12(a) presents307

the HP for each row as a function of Sw. For Sw = 0, the potential core height was308

highest for the first row. Shear layer vortices, marked by “V” in Fig. 5(a), appeared on309

the upstream side of the first jet. These vortices enhanced three-dimensional turbulence310

and promoted mixing between the jet and ambient fluid, thereby initiating potential core311

breakdown. The turbulent jets from the first row then flowed over those in the second and312

third rows, accelerating their mixing and suppressing their vertical penetration. This jet-to-313

jet interference explains the reduced HP for the second and third rows. An increase in Sw314

results in a decrease in HP , caused by enhanced mixing between the jet and ambient fluid315

due to swirl motions.44 Thus, although rapid core collapse was most prominent at Sw = 0.6,316

even moderate swirl (Sw = 0.2 and 0.4) reduced HP .317

The vertical extent of the merged jet, HJ , in the downstream region was also evaluated318

from the mean temperature profile, defined as the height at which ⟨T ⟩/T0 = 0.1. Figure 12(b)319

plots HJ at x/D = 10, 20, and 40 against Sw. In all cases, the jet height increased with x,320

although the rate of increase became more gradual further downstream due to jet inclination321
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 11. Mean temperature distributions on the xz plane at y/D = 5. Panels show the temperature

distributions for different swirl numbers: (a) Sw = 0; (b) Sw = 0.2; (c) Sw = 0.4; (d) Sw = 0.6.

by the crossflow. At all streamwise locations, HJ decreased with increasing swirl number.322

Figure 12(c) presents the mean wall temperature at y = 0, evaluated at the same stream-323

wise locations. For Sw = 0 and 0.2, the wall temperature increased with x. In these cases,324

the jet fluid penetrated the crossflow and did not remain near the wall. In contrast, at325

Sw = 0.6, the wall temperature was already high at x/D = 10 due to a rapid collapse of326

the potential core, as observed in Fig. 5(d). Downstream of this location, the temperature327

decreased slightly due to vertical diffusion. Overall, increasing swirl promoted confinement328

of the jet fluid near the wall, resulting in higher mean wall temperatures.329

In the vertical distribution of the mean streamwise velocity ⟨u⟩ in the fully developed jet330

region with spanwise homogeneity, ⟨u⟩ reached a maximum value inside the jet region and331

decreased toward U∞ and 0 in the crossflow and near the wall, respectively. We denote the332

height at which ⟨u⟩ reached its maximum by zJ , and define the jet width δJ as the distance333

between two z locations where ⟨u⟩ = 1.5U∞. This threshold was chosen by examining the334

mean velocity values. Altering the threshold affected the value of δJ but did not alter the335
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DNSs of multiple swirling jets issued into a crossflow

(c)(b)(a)

FIG. 12. Swirl number dependence of (a) the potential core height HP for each jet row, (b) the

jet height HJ , and (c) the mean wall temperature TW . The wall temperature and jet height are

evaluated at three streamwise locations.

0
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(a) (b) (c) (d)
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FIG. 13. Vertical profiles of the streamwise mean velocity ⟨u⟩ normalized by its maximum value

umax, plotted as a function of the distance from the jet center z′ = z−zJ . The distance is normalized

by the jet width δJ . Panels correspond to different swirl numbers: (a) Sw = 0; (b) Sw = 0.2; (c)

Sw = 0.4; (d) Sw = 0.6.

main discussion regarding the Sw dependence, as long as the threshold was not too small.336

Figure 13 presents the mean streamwise velocity ⟨u⟩ normalized by its maximum umax as337

a function of the vertical distance from the jet center z′ = z − zJ , normalized by the jet338

width δJ . This normalization follows previous studies on the self-similar regions of single jets339

and plumes.51–55 Figure 13 compares the normalized velocity profiles at different streamwise340
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 14. Mean spanwise velocity distributions on the xz plane at y/D = 5. Panels correspond to

different swirl numbers: (a) Sw = 0.2; (b) Sw = 0.4; (c) Sw = 0.6. Insets show close-up images

near the jet array.

locations for all Sw cases. For Sw = 0, the vertical velocity distribution hardly varied341

with x for z′/D ≥ −1, and the jet region exhibits self-similarity. This self-similar profile is342

not observed for swirling jets with Sw = 0.2 and 0.4. This difference is attributed to the343

formation of reverse flow with ⟨u⟩ < 0 near the wall. Compared with Sw = 0.2 and 0.4, ⟨u⟩344

at Sw = 0.6 only weakly depended on x, consistent with the weak reverse flow observed for345

this case.346

For the non-swirling jet case, there was no mean velocity in the spanwise direction.347

However, the tangential velocity of swirling jets locally generated mean flow in the spanwise348

direction near the jets. This initial mean flow has the potential to alter the mean flow349

characteristics in the downstream region. To examine this effect, the mean spanwise velocity350

⟨v⟩ among different Sw cases was compared. Figure 14 presents the spanwise mean velocity351

distribution on the xz plane for swirling jets. The interaction of swirling jets with Sw > 0352

led to the formation of a spanwise mean flow. For Sw = 0.4, swirling flows from adjacent353

jets merged, forming a spanwise mean flow in the downstream region.354
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DNSs of multiple swirling jets issued into a crossflow

(a) (b) (c)

FIG. 15. Vertical distributions of mean spanwise velocity at different streamwise locations: (a)

x/D = 10, (b) x/D = 20, and (c) x/D = 30. All results were taken at y/D = 5. The range of the

vertical axis differed between (a) and (b, c) due to differences in jet height.

Figure 15 presents the vertical distributions of the mean spanwise velocity at x/D = 10,355

20, and 30. At x/D = 10, a strong spanwise mean flow was formed for Sw = 0.4, with356

the mean spanwise velocity reaching approximately half the crossflow velocity. At x/D =357

20, spanwise mean flows with a similar velocity are observed for both Sw = 0.4 and 0.6.358

For Sw = 0.4, the mean velocity was reduced to approximately one-third of its value at359

x/D = 10, whereas for Sw = 0.6, the spanwise mean flow was more sustained. The decay360

of the spanwise mean flow was slower for Sw = 0.6, and at x/D = 30, the largest spanwise361

mean velocity is observed for Sw = 0.6. In contrast, the decay was faster for Sw = 0.4,362

even though the spanwise mean velocity was initially the largest at x/D = 10. Larger Sw363

resulted in greater tangential velocity in the initial jets. Consequently, the swirl strength364

affected not only the generation but also the persistence of the spanwise mean flow.365

Figure 16 presents the distribution of the rms values for streamwise velocity fluctuations.366

For Sw = 0, the velocity fluctuations in the downstream region were smaller when compared367

to those for Sw = 0.2 and 0.4. In the case of Sw = 0.2, large fluctuations are observed near368

the wall between x/D = 30 and 50, while for Sw = 0.4, pronounced fluctuations in the369

jet occurred from x/D = 20 to 40. Regions of strong reverse flow coincided with these370

regions of intense velocity fluctuations, thus indicating a relationship between reverse flow371

and turbulence generation. It is also evident that adding swirl for Sw = 0.2 and 0.4 helped372
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 16. Distributions of rms streamwise velocity fluctuations urms on the xz plane at y/D = 5.

Panels correspond to different swirl numbers: (a) Sw = 0; (b) Sw = 0.2; (c) Sw = 0.4; (d)

Sw = 0.6.

sustain high turbulence intensity, even in the downstream region. However, for Sw = 0.6,373

the fluctuations were smaller than in the other cases. This reduction was likely due to the374

collapse of some large structures of the jet, such as the axial flow near the jet exit, resulting375

in smaller structures with weaker velocity fluctuations, since large structures have dominant376

contributions to rms velocity fluctuations.377

Figure 17 presents the distribution of the rms values for spanwise velocity fluctuations.378

For Sw = 0, spanwise velocity fluctuations were observed near the region where the jet379

axial flows merge; however, these fluctuations tended to diminish further downstream. In380

contrast, for Sw = 0.2 and 0.4, spanwise velocity fluctuations even remained large in the381

downstream region. This persistence is attributed to the spanwise mean flow generated by382

the swirling jets since the vertical gradient of the mean spanwise velocity contributed to the383

production of spanwise velocity fluctuations, as discussed below. In particular, for Sw = 0.4,384

where strong spanwise mean flow is observed, the spanwise velocity fluctuations were greater385
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 17. Same as in Fig. 16, but for rms spanwise velocity fluctuations vrms: (a) Sw = 0; (b)

Sw = 0.2; (c) Sw = 0.4; (d) Sw = 0.6.

when compared to the other cases. On the other hand, for Sw = 0.6, the spanwise velocity386

fluctuations exhibit a trend similar to that of the streamwise velocity fluctuations.387

Figure 18 presents the distribution of the rms values for vertical velocity fluctuations. For388

Sw = 0, 0.2, and 0.4, large vertical velocity fluctuations are observed in the region where389

the jets merge. In the case of Sw = 0.6, significant velocity fluctuations appeared near the390

jet exit due to the collapse of the axial flow, resulting in highly fluctuating regions at lower391

vertical positions when compared to the other cases. Furthermore, for Sw = 0.2 and 0.4,392

vertical velocity fluctuations hardly decayed in the downstream region of x/D ≥ 20, as was393

also observed for streamwise velocity fluctuations.394

Figure 19 presents the distribution of rms values for temperature fluctuations. In all cases,395

temperature fluctuations were large in the upper part of the jet region. The mean temper-396

ature profiles indicate that high-temperature fluid from the swirling jets tends to remain397

in the near-wall region; however, this region exhibited negligibly small temperature fluctu-398

ations. Comparison with the instantaneous temperature profiles shown in Fig. 5 indicates399
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DNSs of multiple swirling jets issued into a crossflow

12

24

0

12

24

0
0 10 20 30 40 50 0 10 20 30 40 50

(a)

0                    1.0

12

24

0

12

24

0

0 10 20 30 40 50 0 10 20 30 40 50
(b)

(c) (d)

FIG. 18. Same as in Fig. 16, but for rms vertical velocity fluctuations wrms: (a) Sw = 0; (b)

Sw = 0.2; (c) Sw = 0.4; (d) Sw = 0.6.

that regions of large Trms approximately coincided with the interfacial region between the400

jets and the crossflow. This region is where mixing occurs between the high-temperature jet401

fluid and the lower-temperature crossflow, resulting in significant temperature fluctuations.402

Low rms temperature fluctuations near the wall suggest that the mixing process is limited403

in this region since the crossflow barely penetrates the jet region.404

Figure 20(a) shows the vertical distributions of the vertical flux of temperature fluctua-405

tions, ⟨w′T ′⟩, at x/D = 12. Large positive values of ⟨w′T ′⟩ indicate upward heat transport406

by turbulent velocity fluctuations. The maximum values of ⟨w′T ′⟩, denoted by ⟨w′T ′⟩max, are407

plotted as a function of Sw in Fig. 20(b). The maximum value decreased with increasing Sw,408

suggesting that the turbulent merged jets without swirl transported heat more efficiently in409

the vertical direction.410
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 19. Distributions of rms temperature fluctuations Trms on the xz plane at y/D = 5. Panels

correspond to different swirl numbers: (a) Sw = 0; (b) Sw = 0.2; (c) Sw = 0.4; (d) Sw = 0.6.

C. Production and dissipation of turbulent kinetic energy411

The interaction of swirling jets has been shown to generate a spanwise mean flow with412

vertical variation, as well as a reverse flow near the wall. The mean shear arising from these413

flows may serve an important role in the production of turbulent kinetic energy, defined414

as kT = (u2
rms + v2rms + w2

rms)/2. The turbulence production term is given by the following415

equation56:416

P =
3

∑

α=1

Pα with Pα = −⟨u′

αu
′

j⟩
∂⟨uα⟩
∂xj

.417

The subscript indices α = 1, 2, 3 correspond to the x, y, and z directions, respectively. Here,418

Pα represents the production of the α-directional component of turbulent kinetic energy.419

Both production and energy dissipation were examined in the flow region where spanwise420

homogeneity was established, and the statistics were evaluated using time and spanwise421

averages.422
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 20. (a) Vertical profiles of the vertical turbulent heat flux, ⟨w′T ′⟩, at x/D = 12 for different

swirl numbers. (b) Swirl number dependence of the maximum value of ⟨w′T ′⟩ at x/D = 12.
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FIG. 21. Vertical profiles of the production terms of turbulent kinetic energy at x/D = 20. Panels

show: (a) total production P , (b) streamwise component Px, (c) vertical component Py, and (d)

spanwise component Pz.

Figures 21 and 22 present the vertical distributions of P , Px, Py, and Pz at x/D = 20423

and 40, respectively. Each figure compares the results for different Sw cases. At x/D = 20,424

the turbulence production P for Sw = 0.2 and 0.4 was more than twice that for Sw = 0,425

as shown in Fig. 21(a). Similarly, at x/D = 40 in Fig. 22(a), P remained high for Sw = 0.2426

and 0.4, indicating that swirl enhanced turbulence generation. These results are consistent427

with the large rms velocity fluctuations in the downstream region for Sw = 0.2 and 0.4, as428

previously discussed in Sec. III B.429
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DNSs of multiple swirling jets issued into a crossflow
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FIG. 22. Vertical profiles of the production terms of turbulent kinetic energy at x/D = 40. Panels

show: (a) total production P , (b) streamwise component Px, (c) vertical component Py, and (d)

spanwise component Pz.

For the streamwise component Px, shown in Figs. 21(b) and 22(b), the profiles closely430

resemble those of P at both streamwise positions. Here, examination of the three components431

in Px suggests that Px is primarily associated with the vertical gradient of the streamwise432

mean velocity, ∂⟨u⟩/∂z, which became pronounced due to the jet inclination by the crossflow.433

At both streamwise locations, Px was particularly large for Sw = 0.2 and 0.4, which can434

be attributed to strong vertical gradients in the streamwise mean velocity caused by reverse435

flow in these cases.436

The spanwise component Py, shown in Figs. 21(c) and 22(c), did not contribute to tur-437

bulence production for the non-swirling jets (Sw = 0) because the spanwise mean velocity438

was negligible. However, for swirling jets, which generated a spanwise mean flow, the pro-439

duction of spanwise velocity fluctuations occurred. At x/D = 20, large Py was observed for440

Sw = 0.4, which can be attributed to the vertical gradient of the spanwise mean velocity,441

as seen in Fig. 15(b). As the spanwise mean flow decayed, Py for Sw = 0.4 also decreased442

from x/D = 20 to 40. Nevertheless, Py remained about one-tenth of the total production,443

indicating that the contribution of the spanwise mean flow to overall turbulence production444

was small. Although the spanwise mean velocity at x/D = 20 is similar for Sw = 0.4 and 0.6,445

turbulence production was significantly larger for Sw = 0.4 due to small Reynolds stresses446

in the Sw = 0.6 case.447

25

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
8
4
9
3
8



DNSs of multiple swirling jets issued into a crossflow
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FIG. 23. Vertical profiles of the dissipation rate of turbulent kinetic energy ε. Panels show the

profiles at different streamwise locations: (a) x/D = 20; (b) x/D = 40.

The vertical component Pz tended to be negative at x/D = 20, as shown in Fig. 21(d).448

The streamwise gradient of the mean vertical velocity, ∂⟨w⟩/∂x, became negative because the449

vertical flow from the jets weakened as the jets were inclined downstream by the crossflow.450

This gradient was amplified in the Sw = 0.2 and 0.4 cases due to the suppression of the451

vertical flow of jets. The corresponding Reynolds stress term in Pz, ⟨u′w′⟩, is negative on the452

downstream side of the jets due to the mean shear effect of ∂⟨u⟩/∂z > 0, which is consistent453

with a well-known behavior for turbulent shear flows.57 Thus, the inclination of the jets454

led to negative Pz due to ⟨u′w′⟩(∂⟨w⟩/∂x) > 0, which was more significant in swirling jet455

cases due to the suppression of vertical flow. This behavior reflects the counter-gradient456

transport of vertical momentum in the crossflow direction. At x/D = 20, Pz accounted for457

approximately 25% of total turbulence production for Sw = 0.2 and 0.4, thus highlighting458

its importance in the overall turbulent kinetic energy budget. At x/D = 40, the negative459

production became negligible, as seen in Fig. 22(d). However, Pz became positive and large460

near the wall for Sw = 0.4, indicating active turbulence production. This is attributed to461

the formation of a low-pressure region near the wall that induced strong downward flow,462

leading to positive Pz in that region. This positive production term at Sw = 0.4 explains463

the enhanced vertical velocity fluctuations in the downstream region observed in Fig. 18(c).464

The dissipation rate of turbulent kinetic energy is defined as465

ε = ν

⟨

(

∂u′

i

∂xj

)2
⟩

.466
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DNSs of multiple swirling jets issued into a crossflow

The scaling of energy dissipation is crucial in turbulence theories and modeling.58 Figure 23467

presents the vertical distributions of ε at x/D = 20 and 40. At x/D = 20, the ε values for468

Sw = 0, 0.2, and, 0.4 are comparable, while the Sw = 0.6 case exhibits noticeably smaller469

values. At x/D = 40, the difference in ε of the Sw = 0.2 and 0.4 cases from the others became470

more pronounced. In turbulent shear flows, the dissipation rate approximately balances471

the production term.59–61 The large dissipation rate for Sw = 0.2 and 0.4 is attributed472

to enhanced turbulence production due to swirl, which sustains strong velocity fluctuations473

further downstream. At all streamwise positions, ε was smallest for Sw = 0.6 due to reduced474

velocity fluctuations caused by the collapse of the axial flow in the jets.475

Turbulence theories and models often describe dissipation rates using a non-dimensional476

parameter called the dissipation coefficient or non-dimensional dissipation rate, Cε, which is477

defined as478

ε = Cε
U2

T ,479

where U and T are the characteristic velocity and time scales of large-scale motions, respec-480

tively.56 The time scale is often estimated as the ratio between the integral scale (defined by481

the velocity auto-correlation function) and the rms velocity fluctuations. When turbulence482

with small fluctuations is advected by a mean flow, the integral scale is frequently estimated483

from the integral time scale using Taylor’s frozen turbulence hypothesis. However, this ap-484

proach is not suitable for JICFs due to the high turbulence intensity, as indicated by the485

large urms/U∞, vrms/U∞, and wrms/U∞ values. For this reason, the present study evaluated486

the spanwise integral length scale Lw, defined via the longitudinal auto-correlation function487

of the spanwise velocity:488

Rz(rz; x, y) =
⟨w′(x, y, z, t)w′(x, y, z + rz, t)⟩

w2
rms(x, y)

,489

and490

Lw =

∫ rz0

0

Rz dz,491

where rz0 is the first zero-crossing point of Rz. The present study considered the integral492

scale in the spanwise direction, where the flow is statistically homogeneous, because the493

streamwise and vertical integral scales involve velocity correlations between statistically non-494

equivalent points, making their interpretation challenging. The dissipation coefficient was495

then evaluated as Cε = ε/(U2/T ), with U =
√
2kT and T = Lw/wrms, in the fully developed496
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DNSs of multiple swirling jets issued into a crossflow

jet region exhibiting spanwise homogeneity (x/D ≥ 15) at the height corresponding to the497

maximum value of the dissipation rate. Different estimations were also tested for the velocity498

scale U , such as rms velocity fluctuations in each direction. Comparisons of Cε confirmed499

that this change did not affect the discussion given below.500

Figure 24 shows the streamwise variation of the integral scale Lw. As the jets evolved501

downstream, Lw gradually increased. For swirling jets with Sw = 0.4, Lw was approximately502

twice as large as in the other cases. It is known that mean shear promotes the growth of503

the turbulence length scale in the shear direction.62 In the present flow setup, the vertical504

gradient of the spanwise mean velocity ∂⟨v⟩/∂z enhanced the spanwise integral scale. A505

strong spanwise mean flow due to swirl jet interaction was observed upstream of x/D = 10506

for Sw = 0.4, as shown in Fig. 15. Turbulence in the jet region at Sw = 0.4 experienced507

mean shear from this upstream spanwise flow, resulting in larger Lw.508

Figure 25(a) presents the streamwise variations of the turbulent Reynolds number Reλ =509

(2kT/3)
√

15/νε and the non-dimensional dissipation Cε. The turbulent Reynolds number510

increased in the streamwise direction. Since the jet array was periodically arranged in the511

spanwise direction, the merged jet became statistically homogeneous in that direction. Sim-512

ilarly, planar jets, with spanwise homogeneity, are known to exhibit increasing Reλ in the513

jet flow direction. In contrast, Cε decreased with x for x/D ≲ 30 and then asymptotically514

approached a constant value of approximately Cε ≈ 0.4. These trends are further visualized515

in the (Reλ, Cε) plot in Fig. 25(b). In high-Reynolds-number turbulence, Cε became inde-516

pendent of Reλ under equilibrium conditions between the energy cascade and dissipation.517

However, in non-equilibrium conditions, a scaling Cε ∼ Re−1
λ is often observed in various518

canonical flows.58 The present DNS data also followed the Cε ∼ Re−1
λ trend, as shown by the519

dashed line in Fig. 25(b). This inverse scaling held in the upstream region (x/D ≲ 30), while520

Cε stabilized around 0.4 in the downstream region. The transition from the non-equilibrium521

to equilibrium state was consistently observed regardless of Sw, and appeared to be inde-522

pendent of the swirl effects observed in other velocity and temperature statistics. Similar523

asymptotic values of Cε, typically ranging between 0.4 and 0.6, have been reported in other524

turbulent flows, including turbulent mixing layers and grid-generated turbulence.63–65 How-525

ever, these values should not be regarded as universal; even for grid turbulence, significant526

variations in Cε have been reported depending on experimental conditions and the choice527

of characteristic scales. The present results suggest that turbulence generated by multiple528
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20 30 40 50
0

0.5

1

1.5

FIG. 24. Streamwise variations of the integral scale L in the fully developed jet region with spanwise

homogeneity (x/D ≥ 15) at the vertical locations where the maximum dissipation rate reaches the

peak.
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FIG. 25. (a) Streamwise variations of the turbulent Reynolds number Reλ and the non-dimensional

dissipation rate Cε in the fully developed jet region with spanwise homogeneity (x/D ≥ 15) at the

vertical locations where the maximum dissipation rate reaches the peak. (b) Variations of Cε as a

function of Reλ.

JICFs exhibits similar Cε values to those observed in other canonical turbulent flows; how-529

ever, to the best of our knowledge, existing studies on JICF have not explicitly quantified530

Cε.531
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IV. CONCLUSION532

The present study has reported the DNS results of multiple slightly heated swirling JICFs.533

The effects of swirl were investigated by comparing cases with swirl numbers Sw ranging534

from 0 to 0.6 while keeping the jet Reynolds number and the jet–crossflow velocity ratio535

fixed at 2100 and 3.3, respectively. A total of 15 jets were arranged in three rows along the536

streamwise direction and five columns in the spanwise direction, with periodicity assumed537

in the spanwise direction. Notably, swirl motion shortened the jet potential core. Moderate538

swirl (Sw = 0.2–0.4) reduced jet height and induced strong reverse flow near the wall. Due to539

this enhanced reverse flow, the mean velocity profile did not exhibit self-similarity, which was540

observed in the non-swirl case. In the strong swirl case (Sw = 0.6), the potential core col-541

lapsed immediately after the jet exited, resulting in jet penetration into the crossflow being542

significantly suppressed. These swirl effects caused high-temperature fluid from the jets to543

remain near the wall in the downstream region. For moderate swirl, the interaction of multi-544

ple swirling jets generated a spanwise mean flow after the jets merged. The resulting vertical545

shear increased the spanwise integral scale; however, turbulence production due to this span-546

wise shear contributed only approximately 10% of the total. In contrast, modifications to547

the streamwise mean velocity, such as the formation of reverse flow, substantially enhanced548

turbulence production, leading to strong velocity fluctuations that persisted downstream.549

An analysis of the energy dissipation rate indicates that the non-dimensional dissipation rate550

Cε scales inversely with the turbulent Reynolds number after the jet interaction, indicating551

the presence of non-equilibrium turbulence, where the energy cascade and dissipation are552

imbalanced. Further downstream, Cε approached a constant value, signifying a transition553

to equilibrium turbulence. Although the Reynolds number in the present DNSs is mod-554

erate and lower than those in industrial applications, the DNSs presented here highlights555

the significant role of swirl in modifying jet interaction, turbulence, and scalar transport556

in JICF configurations, offering novel insights into similar flows encountered in industrial557

applications such as air-cooled heat exchangers.558
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0  2.7 12.7

FIG. 26. Schematic of the DNS of a single jet issued into a crossflow.
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Appendix A: DNS of a single jet issued into a crossflow573

An additional DNS was conducted for a single jet issued into a crossflow to validate574

the present numerical methods. Figure 26 presents a schematic of the flow setup. The jet575

was issued from a hole located at x/D = 2.7 from the inlet of the crossflow. The domain576

size was (Lx, Ly, Lz) = (12.7D, 8D, 12D), discretized using regular grids with (Nx, Ny, Nz) =577

(1016, 640, 960) grid points. Uniform grids were used in the y direction, while the grid spacing578

31

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
8
4
9
3
8



DNSs of multiple swirling jets issued into a crossflow

(a)

8

4

0

0                            6                           12

-2                      4 0                       1

(b)

8

4

0

0                            6                           12

FIG. 27. Visualizations of (a) vertical velocity and (b) temperature on the center plane of the jet.
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FIG. 28. Vertical profiles of (a) mean and (b) rms fluctuations of velocity magnitude at x/D = 2.70

and 4.54. These results are compared with LES data.22

in the x and z directions was refined near the jet exit. The grid points were specified using a579

hyperbolic tangent function, with the same formulation as in Sec. II and Ref. 66. The DNS580

code was identical to that used for the multiple jet cases. Boundary conditions were also the581

same, except in the y direction, where slip boundary conditions were applied. The simulation582

was performed at a jet Reynolds number of ReJ = UJD/ν = 2100, a Prandtl number of583

Pr = ν/α = 1, and a velocity ratio of UJ/U∞ = 3.3, consistent with the multiple jet cases.584

These UJ/U∞ and ReJ values are the same as those used in the LES by Yuan et al.22, with585

which the present DNS is compared. Flow statistics were evaluated after t = 100(D/U∞),586

by which time the flow reached a statistically steady state.587
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DNSs of multiple swirling jets issued into a crossflow

Figure 27 visualizes the vertical velocity w and temperature deviation T on the xz plane588

crossing the jet center. The jet was inclined by the crossflow, and the high-temperature fluid589

was advected downstream. Velocity fluctuations were also induced in the wake behind the590

jet, even near the wall, due to the presence of wake vortices, as observed in a previous JICF591

study.2592

Figure 28 presents vertical profiles of the mean and rms fluctuations of velocity magnitude593

|u|, denoted by ⟨|u|⟩, and |u|rms =
√

⟨|u|2⟩ − ⟨|u|⟩2, at x/D = 2.70 and 4.54. The present594

results are compared with LES data from Ref. 22. The location x/D = 2.70 corresponds595

to the center of the jet exit, where the mean velocity magnitude is largest near z = 0.596

The velocity at this location decreases with x due to the collapse of the potential core and597

the jet’s inclination caused by the crossflow. At x/D = 4.54, the mean velocity reaches its598

maximum at z/D ≈ 4, corresponding to the height of the jet observed in Fig. 27, and a599

secondary peak appears around z/D ≈ 2. The rms velocity fluctuations at x/D = 2.70600

became large near z/D ≈ 2, where the vertical gradient of the mean velocity was large.601

Notably, large fluctuations were associated with vortices generated by shear instability at602

the jet edge, as seen in the temperature profile on the upstream side of the jet potential603

core in Fig. 27(b). At x/D = 4.54, fluctuations were pronounced around z/D ≈ 3 and 0.5,604

reflecting jet fluctuations and wake vortices near the wall, respectively.605

These distributions are qualitatively consistent with previous LES results, indicating that606

the present DNS captured the key features of JICFs. However, differences in profile details607

were observed. Shear instability in jets is sensitive to disturbances both inside and out-608

side the jet, and jet evolution—including mean velocity and Reynolds stress profiles—often609

varies among experiments and numerical simulations.51,67–70 A related issue has also been610

investigated for a jet issued into a turbulent crossflow.71 This sensitivity leads to variations611

in velocity statistics, as also reflected in the differences between the present DNS and LES612

results.613
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