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9
Turbulence subject to axisymmetric expansion is experimentally investigated using opposed10
multiple-jet arrays. For each array, jet interaction generates decaying, nearly homogeneous11
and isotropic turbulence within a duct. The turbulent flows from the opposed arrays collide12
and spread radially, forming a mean-flow stagnation point with associated mean strain.13
Flow properties are examined using particle image velocimetry. The mean velocity gradient14
tensor, A𝑖 𝑗 = 𝜕⟨𝑢𝑖⟩/𝜕𝑥 𝑗 , satisfies A𝑥𝑥 : A𝑦𝑦 : A𝑧𝑧 = −2 : 1 : 1 with A𝑥𝑥 < 0, indicating15
axisymmetric expansion. Turbulence is strongly influenced by this expansion, becoming16
increasingly anisotropic toward the stagnation point, suggesting a cumulative effect of17
mean strain. The ratios of streamwise to transverse root-mean-square velocity fluctuations,18
𝑢rms/𝑣rms, and of their integral scales both increase relative to an isotropic state, consistent19
with rapid distortion theory (RDT). However, because the strain time scale is comparable20
to that of large-scale motions, deviations from RDT arise, including larger 𝑢rms/𝑣rms values21
and a steeper decay of energy spectra in the inertial subrange than the −5/3 law. The22
spectral slope change is opposite to that reported for axisymmetric contraction, suggesting a23
common mechanism for spectral modification in both strain types, since both are described24
by the same tensor form with opposite signs of A𝑖 𝑗 . Consistently, the scaling exponents of25
velocity structure functions differ from predictions based on Kolmogorov’s second similarity26
hypothesis, even for low-order functions. These results confirm that axisymmetric mean strain27
significantly modifies turbulence properties, some of which are considered universal for other28
turbulent flows.29

1. Introduction30

Turbulence in the presence of a mean velocity gradient is a fundamental problem relevant to31
many flows in physics and engineering. Internal flows with varying cross-section experience32
mean strain arising from streamwise variation of the mean velocity (Ayyalasomayajula &33
Warhaft 2006). Mean strain also plays an important role in the flow near stagnation points34
around bluff bodies (Li et al. 2024). Another important example is turbulence under mean35
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shear, as observed in jets, wakes and boundary layers. The mean velocity gradient tensor A36
is defined as37

A =
©­«
𝜕⟨𝑢⟩/𝜕𝑥 𝜕⟨𝑢⟩/𝜕𝑦 𝜕⟨𝑢⟩/𝜕𝑧
𝜕⟨𝑣⟩/𝜕𝑥 𝜕⟨𝑣⟩/𝜕𝑦 𝜕⟨𝑣⟩/𝜕𝑧
𝜕⟨𝑤⟩/𝜕𝑥 𝜕⟨𝑤⟩/𝜕𝑦 𝜕⟨𝑤⟩/𝜕𝑧

ª®¬ , (1.1)38

where 𝑢, 𝑣 and 𝑤 are the velocity components in the 𝑥, 𝑦 and 𝑧 directions, respectively, and39
⟨·⟩ denotes an average. Hereafter, vector and tensor components are denoted by subscripts40
corresponding to the 𝑥, 𝑦 and 𝑧 directions; for example,A𝑥𝑥 = 𝜕𝑢/𝜕𝑥. Fundamental studies of41
turbulence often consider specific forms of A𝑖 𝑗 . For example, simple mean shear corresponds42
to A𝑖 𝑗 having a single non-zero off-diagonal component, with all other components equal to43
zero. Other cases involve irrotational mean strains, characterised by the diagonal components44
of A𝑖 𝑗 . A typical example is axisymmetric strain, which can be classified into two forms:45
axisymmetric contraction and axisymmetric expansion, represented by46

A =
©­«
𝑆 0 0
0 −𝑆/2 0
0 0 −𝑆/2

ª®¬ for axisymmetric contraction, (1.2)47

and48

A =
©­«
−𝑆 0 0
0 𝑆/2 0
0 0 𝑆/2

ª®¬ for axisymmetric expansion, (1.3)49

with strain rate 𝑆 > 0. The distinction between these two forms is illustrated by the50
deformation of a fluid element. Under axisymmetric contraction, a spherical element is51
elongated along the symmetry axis and compressed in the transverse directions, forming a52
rugby-ball-like shape. In contrast, under axisymmetric expansion, the element is compressed53
along the axis and stretched transversely, forming a flattened, pancake-like shape. Mean54
deformation due to shear and strain, described by A, influences turbulence through produc-55
tion, dissipation, redistribution of turbulent kinetic energy across scales and space and the56
development of anisotropy (Keffer 1965; Pope 2000). The effects of mean deformation on57
initially homogeneous and isotropic turbulence (HIT) have long been central topics in fluid58
mechanics.59

Axisymmetric irrotational strain is of particular interest because it represents one of the60
simplest anisotropic forms of A𝑖 𝑗 (Sagaut & Cambon 2018). Statistical axisymmetry enables61
the development of theories for strained homogeneous turbulence. A notable example is62
rapid distortion theory (RDT), which assumes that mean strain acts on turbulence over63
a time scale much shorter than that of the turbulent motions. RDT has been employed64
to predict the evolution of initially HIT subjected to a sudden imposition of axisymmetric65
contraction or expansion (Batchelor & Proudman 1954; Lee 1989). Related theoretical works66
address statistically axisymmetric turbulence without mean strain, which are applicable when67
turbulence is exposed to axisymmetric strain for a finite duration and subsequently evolves68
freely in its absence. These theoretical frameworks build upon the kinematics of axisymmetric69
turbulence (Batchelor 1946; Chandrasekhar 1950; Lindborg 1995). Other theories consider70
the decay of homogeneous axisymmetric turbulence (Davidson et al. 2012) and predict decay71
laws under the influence of external forces such as buoyancy in stably stratified fluids or the72
Coriolis force due to rotation (Davidson 2010, 2013; Watanabe et al. 2022).73

Turbulence subject to axisymmetric strain has also been studied using direct numerical74
simulations (DNS) and experiments. In DNS, uniform mean strain is introduced by deforming75
the computational domain (Rogallo 1981). This method has been used to investigate the76
evolution of turbulence under a finite duration of axisymmetric contraction or expansion,77
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followed by relaxation without strain (Zusi & Perot 2014; Clay & Yeung 2016). Similar78
simulations have also been conducted for planar strain (Chen et al. 2006; Zusi & Perot 2013).79
DNS has also been used to explore the behaviour of particles seeded in turbulence subject80
to axisymmetric expansion (Gylfason et al. 2011). Relevant wind tunnel experiments have81
been carried out for grid-generated turbulence passing through a contracting section, where82
the streamwise variation of tunnel cross-section induces axisymmetric contraction (Uberoi83
1956). Turbulence is strongly modified while traversing the contracting section, followed84
by relaxation in the downstream region of constant cross-section. Many experimental85
investigations have thus focused on axisymmetric contraction (Hussain & Ramjee 1976;86
Sjögren & Johansson 1998; Ayyalasomayajula & Warhaft 2006; Ertunç & Durst 2008;87
Alhareth et al. 2024). Other related examples include experiments on turbulence subject to88
planar contraction, in which the mean strain consists of expansion and contraction along89
two orthogonal directions (Thoroddsen & Van Atta 1995; Brown et al. 2006; Mugundhan90
et al. 2020). Experimental studies on axisymmetric expansion are far fewer than those on91
contraction. One example of axisymmetric expansion is grid turbulence passing through a92
diverging section (Choi & Lumley 2001). Another example utilises a facility comprising two93
opposing discs moving towards each other in a water tank (Liu et al. 1999; Hassanian et al.94
2023).95

Most experimental studies on turbulence subject to axisymmetric strain have focused on96
contraction. Investigations of turbulence subject to axisymmetric contraction have consis-97
tently shown that non-linear effects play a major role in the influence of mean strain, leading98
to deviations from RDT predictions. The measured energy spectrum exhibits increasingly99
pronounced departures from RDT at higher Reynolds numbers (Ayyalasomayajula & Warhaft100
2006), highlighting the importance of high-Reynolds-number investigations for clarifying the101
effects of mean strain. However, previous laboratory studies of axisymmetric expansion have102
predominantly been conducted at lower Reynolds numbers. The present study introduces103
a new facility that realises turbulence subject to axisymmetric expansion at high Reynolds104
numbers. The facility comprises two multiple-jet generators, each producing decaying, nearly105
HIT through jet interaction. The opposed jet arrays generate two turbulent flows that collide106
and form a mean-flow stagnation point, thereby establishing axisymmetric strain. The role of107
the two arrays is to establish axisymmetric expansion in the stagnation region from initially108
nearly homogeneous, isotropic inflows generated by each array. A turbulent flow issuing109
from a single jet nozzle exhibits a highly inhomogeneous transverse distribution of velocity110
statistics. By contrast, interaction among many jets within a confined test section forms nearly111
HIT, with velocity statistics homogeneous across the cross-sectional planes (Tan et al. 2023;112
Mori et al. 2024). This configuration is consistent with theories and numerical simulations113
that explore mean-strain effects on initially isotropic turbulence and is well suited to examine114
departures from isotropy caused by mean strain. The multiple-jet generator is identical to115
that used in our previous studies (Mori et al. 2024; Watanabe et al. 2024, 2025), where116
the formation and decay of nearly HIT were characterised using particle image velocimetry117
(PIV). In those works, the turbulent Reynolds number based on the Taylor microscale reached118
values as high as 750, exceeding those attained in earlier experiments on turbulence subject119
to axisymmetric expansion.120

In the present study, we perform PIV measurements to characterise turbulence under ax-121
isymmetric expansion. Because high-speed jet interaction generates high-Reynolds-number122
turbulence, the present data are well suited to assess the effects of axisymmetric expansion123
on inertial-range scalings of velocity fluctuations, which have not been examined in previous124
studies. Previous studies on turbulence subject to axisymmetric expansion primarily ad-125
dressed anisotropy via one-point statistics; Reynolds-number limitations hindered discussion126
of spectral and structure-function behaviour. The present results demonstrate anisotropy127



4

Plenum chamber

Nozzles Outer duct Inner duct

Figure 1: Photograph of the OMJA facility.
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Figure 2: Schematic of the OMJA facility. All dimensions are in mm. All components
appear in pairs except the outer duct. The inner ducts have a square cross-section of

1002 mm2. The outer duct has a square cross-section of 2002 mm2 and length 300 mm.
Coordinates 𝑥, 𝑦 and 𝑧 denote the jet-flow, vertical and lateral directions, respectively.

Each plenum chamber is equipped with 6 × 6 Laval nozzles with inlet, throat and outlet
diameters of 6.3 mm, 4.12 mm and 4.31 mm, respectively. The spacing between adjacent
nozzles is 𝑀 = 12 mm, and the nozzle outer diameter is 7.5 mm. The inner-duct length
and the nozzle-to-nozzle spacing between the two jet arrays are denoted by 𝐷 𝐼 and 𝐷𝑁 ,

which determine the gap between the inner-duct ends as 𝐷𝐸 = 𝐷𝑁 − 2𝐷 𝐼 .

introduced by the expansion and reveal deviations in energy spectra and structure functions128
from predictions based on RDT or Kolmogorov’s second similarity hypothesis.129

The paper is organised as follows. Section 2 describes the turbulence facility and the130
measurement techniques. Section 3 presents the experimental results, including the mean131
flow field and statistical properties of velocity fluctuations. Finally, the main findings are132
summarised in § 4.133
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2. Experimental setup and measurement methods134

2.1. Opposed multiple-jet array facility135

The Opposed Multiple-Jet Array (OMJA) facility consists of two multiple-jet generators136
and a test section. A photograph of the OMJA is shown in figure 1, and its schematic is137
illustrated in figure 2. The jet direction is denoted by 𝑥, the vertical direction by 𝑦 and138
the remaining direction by 𝑧. A total of 6 × 6 jets are issued from each generator into the139
inner ducts. These jets interact and evolve into nearly HIT as they pass through the ducts,140
as reported in our previous study (Mori et al. 2024). Here, in wind-tunnel experiments of141
decaying HIT, “homogeneous” typically refers to the cross-sectional plane, while streamwise142
inhomogeneity persists due to decay (Comte-Bellot & Corrsin 1966). The opposed turbulent143
flows collide near the centre of the test section after exiting the inner ducts, spread radially144
toward the outer duct, and then discharge from the section. The inner and outer ducts have145
square cross-sections of 100 × 100 mm2 and 200 × 200 mm2, respectively. The collision146
of the opposed flows generates a mean strain field around the test-section centre. As shown147
below, the mean strain comprises compression in the 𝑥 direction and expansion in the 𝑦148
and 𝑧 directions, approximating axisymmetric expansion. As the turbulent flows from the149
opposing jet arrays approach the test-section centre and then proceed toward the outer duct,150
they experience the mean strain for longer durations, leading to accumulated-strain effects.151
Consequently, in the present set-up the flow is expected to be inhomogeneous. Velocity152
measurements are conducted in the central region to characterise turbulence influenced by153
the mean strain. The facility details are described below.154

Two identical jet generators and air-supply systems are placed on either side of the155
test section. Compressed air is stored in two 400 L tanks (Anest Iwata, SAT-400C-140)156
pressurised by oil-free compressors (Anest Iwata, TFP75CF-10). The compressed air is dried157
and cooled by refrigerant-type dryers (Orion Machinery, RAX8J-SE-A1) before entering the158
tanks. Downstream of the tanks, the pneumatic system comprises moisture separators (SMC,159
AF800-14), pressure regulators (SMC, AR825-14G) and solenoid valves (SMC, VXP2380-160
14-5G). When the solenoid valves are opened, compressed air at the regulated pressure is161
supplied to each plenum chamber. All pipes and fittings between the tanks and chambers162
have a nominal size of JIS 40A, corresponding to an inner diameter of approximately 40 mm.163

Each jet generator consists of a plenum chamber made from a stainless-steel pipe with164
an inner diameter of 155.2 mm and a length of 160 mm. Two chambers are mounted on a165
single aluminium frame, allowing adjustment of their positions in the 𝑥 direction. One end166
of each chamber is connected to the air supply system via a stainless-steel flange, and the167
endplate facing the test section is fitted with a nozzle plate containing 6×6 Laval nozzles. The168
endplate also features a pressure port connected to pressure sensors. The internal geometry169
of the nozzle is shown in figure 2. The nozzle inlet, throat and outlet diameters are 6.3 mm,170
4.12 mm and 4.31 mm, respectively. The first 5 mm from the inlet has a constant diameter171
of 6.3 mm. The diameter in the convergent section is reduced to 4.12 mm at the throat over172
11.5 mm following a cosine function of the streamwise location. In a diverging section, the173
diameter increases to 4.31 mm at the outlet. The diameter profile in the diverging section is174
determined analytically (Foelsch 1949). The nozzles are designed to produce fully expanded175
supersonic jets with a Mach number 𝑀𝐽 = 𝑈𝐽/𝑎𝐽 = 1.36 and a jet Reynolds number176
𝑅𝑒𝐽 = 𝜌𝐽𝑈𝐽𝐷/𝜇𝐽 = 1.9 × 105 at a plenum pressure of 300 kPa, where 𝑈𝐽 = 404 m/s177
is the jet velocity, 𝐷 = 4.31 is the jet exit diameter, 𝑎𝐽 = 297 m/s is the speed of sound,178
𝜌𝐽 = 1.61 kg/m3 is the density, and 𝜇𝐽 = 1.44 × 10−5 Pa·s is the kinematic viscosity. These179
fluid properties refer to the flow state at the nozzle outlet and is determined based on the180
nozzle design. The spacing between adjacent nozzles is 𝑀 = 12 mm, and the outer nozzle181
diameter is 7.5 mm, as shown in figure 2. The nozzle plate is fixed to the plenum chamber182
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Figure 3: Variations in plenum pressure 𝑃𝐶 in each plenum chamber. Horizontal dashed
lines indicate ±5% of 300 kPa, for which the nozzles are designed to produce ideally

expanded supersonic jets. The horizontal solid line denotes 151.2 kPa, the critical pressure
above which the exit Mach number is independent of plenum pressure. The time origin

(𝑡 = 0) corresponds to the instant when the pressure reaches 200 kPa. Signals are
smoothed using a moving average with a window of 0.1 s.

endplate using seal washers, nuts and a 1 mm-thick PTFE gasket sheet to prevent leakage. We183
define the reference velocity and length scales for turbulence generation as the jet velocity184
𝑈𝐽 and the jet spacing 𝑀 , which are used to normalise the results.185

All technical specifications of the jet generators, including the plenum chambers and186
nozzles, are identical to those in our previous studies on decaying HIT generated by jet187
interaction from a single jet array (Mori et al. 2024; Watanabe et al. 2024, 2025), except for188
a minor adjustment of chamber size in the present setup. Although the jets are initially189
supersonic, mixing with the surrounding fluid significantly reduces the mean velocity.190
Consequently, both mean velocity and fluctuations are much lower than the speed of sound191
except in the near-nozzle region, and compressibility effects are locally negligible once jet192
interaction forms decaying nearly HIT.193

The test section consists of inner and outer ducts. Two inner ducts with a square cross-194
section of 100 × 100 mm2 are attached to the plenum chamber endplates. Jet interaction195
within each inner duct generates nearly HIT, which decays with distance from the nozzles.196
From the gap between the inner-duct ends, the turbulent flow enters a 300 mm-long outer197
duct with a square cross-section of 200 × 200 mm2. Both ducts are constructed from clear198
acrylic walls supported by aluminium frames. The top wall of the outer duct contains small199
closable holes for inserting sensors for pressure and temperature measurements. The inner-200
duct length, 𝐷 𝐼 , and the nozzle-to-nozzle spacing between the two jet arrays, 𝐷𝑁 , are key201
experimental parameters. These define the gap between the duct ends as 𝐷𝐸 = 𝐷𝑁 − 2𝐷 𝐼 .202
The geometric parameters are illustrated in figure 2, and their values are given below. They203
are varied by exchanging inner-duct components of different lengths and by adjusting the204
plenum chamber positions.205

2.2. Experimental conditions206

Prior to each experiment, the air tanks are pressurised to approximately 0.9 MPaG. Once207
the solenoid valves are opened, compressed air from the tanks is supplied to the plenum208
chambers, raising the plenum pressure. The pressure regulators are adjusted such that the209
plenum pressure is maintained at approximately 300 kPa, at which each nozzle is designed to210
generate fully expanded supersonic jets with 𝑀𝐽 = 1.36 and 𝑅𝑒𝐽 = 1.9×105. In our previous211
study, based on Schlieren visualisation and the Prandtl formula (Pack 1950), the actual jet212
Mach number was estimated to be about 1.33, consistent with the nozzle design (Mori et al.213
2024).214
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Upon opening the valves, 6 × 6 jets are issued from the nozzle arrays of both generators.215
The plenum pressures 𝑃𝐶 in the two chambers are measured simultaneously using pressure216
sensors (SMC, PSE540), and the signals are recorded with an oscilloscope (Yokogawa,217
DL850E) at 5 kHz. Figure 3 shows the pressure variation during a representative run.218
Immediately after valve opening, the pressure rises rapidly to 𝑃𝐶 ≈ 300 kPa. Up to 𝑡 ≈ 5 s,219
it continues to increase gradually due to the mechanical characteristics of the regulators,220
a phenomenon known as the supply pressure effect. The horizontal dashed lines indicate221
±5% of 300 kPa. During the first 6 s, the pressure remains within this range. After 𝑡 ≈ 6 s,222
it decreases due to the pressure drop in the tanks. Accordingly, the flows are regarded as223
statistically steady during the initial 6 s, within which all measurements are conducted. The224
pressure difference between the two chambers remains negligible in this period, ensuring that225
both generators produce jets with the same characteristics. For the present nozzle design,226
the jet velocity at the nozzle outlet is independent of plenum pressure once it exceeds227
151.2 kPa, as indicated by the horizontal solid line. The root-mean-square (rms) plenum-228
pressure fluctuation over the first 6 s is 7 kPa, which is sufficiently small that the jet velocity229
remains constant. Plenum-pressure fluctuations do, however, affect the static pressure and230
density at the nozzle outlet: for a 7 kPa fluctuation, both vary by about 2 %. These variations231
lead to 2 % fluctuations in the jet Reynolds number, indicating that jet properties hardly vary232
with time. This estimate is based on a one-dimensional nozzle-flow analysis and does not233
consider other effects such as wall influences inside the nozzle. Our previous study of the234
same jet array presented Schlieren visualisation of the jet, which showed that the Mach disc235
forming from the nozzle outlet is steady in time (Mori et al. 2024). The visualisation also236
indicates small temporal variations in the jet properties.237

Table 1 lists the tested values of 𝐷 𝐼 , 𝐷𝑁 and 𝐷𝐸 , together with measurement results238
discussed in § 3. These values are normalised by the jet spacing 𝑀 in table 1. Different239
geometric parameters are chosen to vary the characteristics of the strain and turbulence.240
Jet interaction forms nearly HIT, which decays in the mean flow direction within the241
inner duct (Mori et al. 2024). The inner-duct length 𝐷 𝐼 is set to exceed 25𝑀 . The242
velocity fluctuations become statistically homogeneous in the cross-sectional plane before243
25𝑀 downstream of the nozzles. As turbulence decays, the integral scale representing the244
characteristic size of large-scale motions increases. At large streamwise distances this growth245
leads to confinement effects from the test-section walls, manifested as accelerated decay of246
turbulent kinetic energy and inhibited scale growth (Skrbek & Stalp 2000; Morize & Moisy247
2006), which become prominent beyond 50𝑀 (Watanabe et al. 2025). Accordingly, the248
maximum 𝐷 𝐼 is set below 50𝑀 . When the flows from the two generators reach the ends of the249
inner ducts, a stagnation point forms in the mean flow due to their interaction, with the mean250
velocity in the 𝑥 direction decreasing towards this point. Since the velocity gradient depends251
on the distance from the inner-duct end to the stagnation point, experiments are conducted252
with different gaps 𝐷𝐸 between 6.7𝑀 and 10.0𝑀 adjusted by varying 𝐷 𝐼 according to253
𝐷𝐸 = 𝐷𝑁 − 2𝐷 𝐼 . Consequently, a small change in 𝐷 𝐼 markedly affects 𝐷𝐸 : from case 5254
to case 6, 𝐷 𝐼 is reduced by about 3%, leading to a 20% increase in 𝐷𝐸 . Furthermore, as255
turbulence decays within the inner ducts, the properties at the test-section centre depend on256
the nozzle-to-centre distance 𝐷𝑁/2. Tests with different 𝐷𝑁 values are therefore performed257
to vary the turbulence characteristics.258

2.3. Turbulence properties in single-jet-array experiments259

Our previous studies employed the same jet generator in a turbulent wind tunnel (Mori et al.260
2024; Watanabe et al. 2024, 2025). The tunnel had a 1 m-long test section with a square261
cross-section of 100 × 100 mm2. A 6 × 6 array of jets was issued from one side of the test262
section, and their interaction generated nearly HIT decaying in the streamwise direction; the263
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Table 1: Experimental conditions and velocity statistics. Each case uses different test
section geometries defined in figure 2. The distance from the nozzle exit to the test-section

centre is 𝐷𝑁 /2. The vector spacing in PIV is denoted by 𝛿. The mean velocity gradient
tensor is denoted by 𝐴𝑖 𝑗 = 𝜕⟨𝑢𝑖⟩/𝜕𝑥 𝑗 . The rms fluctuations of 𝑢 and 𝑣 are denoted by 𝑢rms

and 𝑣rms, respectively. The integral scales of 𝑢 and 𝑣 are denoted by 𝐿𝑢 and 𝐿𝑣 and are
obtained by integrating the corresponding longitudinal autocorrelation functions. A

dissipation scaling is used to provide an order-of-magnitude estimate of the turbulent
kinetic-energy dissipation rate per unit mass, 𝜀 = 𝐴U3/L with 𝐴 = 1, where U and L

are the large-scale velocity and length scales. These are defined as U =
√︁

2𝑘𝑇/3 and
L = (𝐿𝑢 + 𝐿𝑣 + 𝐿𝑤)/3, where 𝑘𝑇 = (𝑢2

rms + 𝑣2
rms + 𝑤2

rms)/2 is the turbulent kinetic
energy. We assume 𝑤rms = 𝑣rms and 𝐿𝑤 = 𝐿𝑣 for the rms fluctuation and integral scale of
𝑤. The Taylor microscale and Kolmogorov scale are given by 𝜆 =

√︁
10(𝜇/𝜌)𝑘𝑇/𝜀 and

𝜂 = (𝜇/𝜌)3/4𝜀−1/4, respectively. The turbulent Reynolds number is 𝑅𝑒𝜆 = 𝜌
√︁

2𝑘𝑇/3𝜆/𝜇.
The table also includes 𝑆𝑇𝐿 , which is the mean strain rate 𝑆 = ( |A𝑥𝑥 | + 2A𝑦𝑦 + 2A𝑧𝑧)/3
with A𝑧𝑧 = A𝑦𝑦 normalised by the time scale of large-scale motions, 𝑇𝐿 . Most quantities

are normalised by the jet velocity 𝑈𝐽 and the jet spacing 𝑀 . All statistics, except for
|A𝑥𝑥 |max and (A𝑦𝑦)max, are evaluated as ensemble and spatial averages within the

measurement region. |A𝑥𝑥 |max and (A𝑦𝑦)max denote the maximum values of |A𝑥𝑥 | and
A𝑦𝑦 , respectively.

Case 1 2 3 4 5 6

𝐷 𝐼/𝑀 35.4 34.6 33.8 26.9 26.0 25.2
𝐷𝑁 /𝑀 77.5 77.5 77.5 60.4 60.4 60.4
𝐷𝐸/𝑀 6.7 8.3 10.0 6.7 8.3 10.0

(𝐷𝑁 /2)/𝑀 38.75 38.75 38.75 30.2 30.2 30.2
𝛿/𝑀 3.9 × 10−2 5.2 × 10−2 5.2 × 10−2 4.0 × 10−2 5.2 × 10−2 5.2 × 10−2

|A𝑥𝑥 |max/(𝑈𝐽/𝑀) 2.7 × 10−2 2.7 × 10−2 2.6 × 10−2 3.3 × 10−2 2.9 × 10−2 2.8 × 10−2

|A𝑥𝑥 |/(𝑈𝐽/𝑀) 2.0 × 10−2 1.9 × 10−2 1.8 × 10−2 2.5 × 10−2 2.1 × 10−2 2.2 × 10−2

(A𝑦𝑦)max/(𝑈𝐽/𝑀) 1.5 × 10−2 1.4 × 10−2 1.4 × 10−2 1.7 × 10−2 1.5 × 10−2 1.5 × 10−2

(A𝑦𝑦)/(𝑈𝐽/𝑀) 1.0 × 10−2 1.0 × 10−2 0.9 × 10−2 1.3 × 10−2 1.0 × 10−2 1.1 × 10−2

(A𝑦𝑦)max/|A𝑥𝑥 |max 0.54 0.52 0.53 0.53 0.50 0.54
(A𝑦𝑦)/|A𝑥𝑥 | 0.50 0.50 0.50 0.49 0.50 0.49
𝑢rms/𝑈𝐽 4.1 × 10−2 4.6 × 10−2 4.8 × 10−2 7.0 × 10−2 6.9 × 10−2 7.3 × 10−2

𝑣rms/𝑈𝐽 2.8 × 10−2 3.1 × 10−2 3.1 × 10−2 4.4 × 10−2 4.3 × 10−2 4.4 × 10−2

𝑢rms/𝑣rms 1.5 1.5 1.6 1.6 1.6 1.7
𝐿𝑢/𝑀 2.3 2.5 2.9 2.4 2.8 2.9
𝐿𝑣/𝑀 1.9 1.7 1.6 1.6 1.5 1.4
𝐿𝑢/𝐿𝑣 1.2 1.5 1.8 1.6 1.9 2.0
𝑘𝑇/𝑈2

𝐽
1.7 × 103 2.0 × 103 2.1 × 103 4.4 × 103 4.2 × 103 4.7 × 103

𝜀/(𝑈3
𝐽
/𝑀) 1.8 × 10−5 2.5 × 10−5 2.6 × 10−5 8.6 × 10−5 7.7 × 10−5 9.0 × 10−5

𝜆/𝑀 5.2 × 10−2 4.9 × 10−2 4.9 × 10−2 3.9 × 10−2 4.0 × 10−2 4.0 × 10−2

𝜂/𝑀 1.1 × 10−3 1.0 × 10−3 1.0 × 10−3 0.74 × 10−3 0.76 × 10−3 0.74 × 10−3

𝑅𝑒𝜆 5.7 × 102 6.0 × 102 6.3 × 102 7.1 × 102 7.2 × 102 7.3 × 102

𝑆𝑇𝐿 1.2 1.0 1.0 0.84 0.76 0.76

turbulent flow exited through the open downstream end. The jet nozzles and the test-section264
cross-sectional geometry were identical to those used in the present experiments, and the265
operating conditions were also the same. Velocity measurements were conducted with the266
same PIV system as employed here. Results from these single-jet-array studies are cited267
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Figure 4: Vertical profiles of rms streamwise velocity fluctuations, 𝑢rms, at streamwise
distances of 24𝑀 and 33𝑀 from the nozzles in the single jet-array configuration. The PIV

velocity data are taken from Mori et al. (2024).

throughout this paper as a reference that approximates the initial turbulent state prior to the268
influence of mean strain for comparison with turbulence subject to axisymmetric expansion.269

Figure 4 presents vertical profiles of the rms fluctuations of streamwise velocity 𝑢, 𝑢rms =270 √︁
⟨𝑢2⟩ − ⟨𝑢⟩2, computed from the PIV data in Mori et al. (2024), where ⟨ ⟩ denotes ensemble271

averages of statistically independent samples. The profiles are shown at streamwise distances272
of 24𝑀 and 33𝑀 from the nozzles, slightly upstream of the inner-duct ends in the OMJA273
experiments. The results show that 𝑢rms hardly depends on 𝑦, indicating that the velocity274
fluctuations are statistically homogeneous in the cross-sectional planes.275

The turbulent Reynolds number is defined as 𝑅𝑒𝜆 = 𝜌
√︁

2𝑘𝑇/3𝜆/𝜇, with the Taylor276

microscale 𝜆 =
√︁

10𝜇𝑘𝑇/(𝜌𝜀) and the turbulent kinetic energy 𝑘𝑇 . In the turbulent wind277
tunnel with the single jet array, 𝑅𝑒𝜆 is about 600 at 38𝑀 and about 730 at 30𝑀 downstream278
of the nozzle array. These locations approximately correspond to the distance from the279
nozzles to the test-section centre, 𝐷𝑁/2, in the OMJA experiments. The ratio of rms280
streamwise to vertical velocity fluctuations is about 1.08, close to values reported for grid281
turbulence (Krogstad & Davidson 2012; Kitamura et al. 2014; Isaza et al. 2014). Thus, the282
degree of isotropy is similar to that of grid turbulence, which has been used to investigate283
changes in initially nearly isotropic turbulence under axisymmetric contraction (Hussain &284
Ramjee 1976; Sjögren & Johansson 1998; Ayyalasomayajula & Warhaft 2006; Ertunç &285
Durst 2008; Alhareth et al. 2024).286

2.4. Particle image velocimetry287

Two-dimensional, two-component PIV is employed to investigate the turbulent flow field.288
Main measurements are conducted on the 𝑥–𝑦 plane at the centre of the test section (𝑧 = 0).289
For case 1, additional PIV measurements are conducted on the 𝑥–𝑧 plane at 𝑦 = 0 and290
on the 𝑥–𝑦 plane at 𝑧 = 12 mm to examine statistical axisymmetry. The setup, including291
components, seeding method and post-processing tools, is identical to that used in our292
previous studies on the single jet array (Mori et al. 2024; Watanabe et al. 2024). The PIV293
system consists of a double-pulse Nd:YAG laser (Dantec Dynamics, Dual Power 65-15), a294
high-speed camera (Dantec Dynamics, SpeedSense 9070) with 1280 × 800 pixel resolution295
equipped with a macro lens (Nikon, AI AF Micro Nikkor 105 mm F2.8D), and a synchroniser296
(Dantec Dynamics, 80N77) controlling the camera and laser via integrated software (Dantec297
Dynamics, DynamicStudio). The laser head, positioned beneath the test section, illuminates298
the 𝑥–𝑦 plane through a reflecting mirror. For the 𝑥–𝑧 plane measurements, an additional299
mirror is used to illuminate the plane with the laser sheet entering from the side wall. A lens300
unit attached to the laser head produces a laser sheet thinner than 1 mm, with a pulse width301
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under 4 ns. The camera, mounted on a tripod and mechanically isolated from the OMJA302
facility, views the illuminated plane. The field of view (FOV) is centred at 𝑥 = 0, equidistant303
from the two jet arrays. The FOV size is approximately 100 × 60 mm2 for cases 2, 3, 5304
and 6, and 75 × 47 mm2 for cases 1 and 4. These sizes are equivalent to 8.3𝑀 × 5.0𝑀 and305
6.3𝑀 × 3.9𝑀 , respectively. The smaller FOV in the latter cases results from obstruction by306
the test-section frame, as these involve a smaller inner-duct gap (𝐷𝐸 < 100 mm).307

In line with previous studies of supersonic flows generated by Laval nozzles, the present308
PIV measurements employ condensed ethanol droplets as tracer particles (Clemens &309
Mungal 1991; Pizzaia & Rossmann 2018; Kouchi et al. 2019; Mori et al. 2024). In these310
studies, droplets are generated by fluid expansion in Laval nozzles, using air with evaporated311
ethanol or acetone as working fluid. Prior to each experiment, absorbent fabric soaked312
with approximately 100 mL of liquid ethanol is affixed to the inner wall of each plenum313
chamber using a 3D-printed stent. When the valves are opened, ethanol evaporates into the314
airflow through the plenum chambers, and the temperature drop in the Laval nozzles leads315
to condensation and droplet formation.316

Condensation-generated tracers have very small diameters, making this seeding technique317
ideal for high-speed flows. Pizzaia & Rossmann (2018) and Kouchi et al. (2019) report318
ethanol/acetone droplet diameters of approximately 0.05–0.2 𝜇m and 0.16 𝜇m, respectively.319
In our facility, Rayleigh scattering is clearly observed, consistent with droplet diameters320
smaller than the visible-light wavelength (360–830 nm) (Mori et al. 2024). Based on these321
observations, we evaluate the Stokes number using a particle diameter 𝑑𝑝 = 0.2 𝜇m. The322
particle response time is 𝜏𝑝 = 𝑑2

𝑝𝜌𝑝/18𝜇 = 9.69 × 10−8 s, where 𝜌𝑝 = 789 kg/m3 is323

the ethanol density and 𝜇 = 1.81 × 10−5 Pa·s is the viscosity of air. We evaluate the324
turbulence time scale at 26𝑀 downstream from the nozzles based on PIV data for turbulence325
generated by the single jet array (Mori et al. 2024). The shortest turbulence time scale is the326
Kolmogorov time scale, 𝜏𝜂 = (𝜇/𝜌𝜀)1/2 = 7.57×10−6 s. The corresponding Stokes number327
is 𝑆𝑡 = 𝜏𝑝/𝜏𝜂 = 1.28 × 10−2. Particles act as accurate tracers for 𝑆𝑡 < 0.1 (Raffel et al.328
2018), which is satisfied under the present experimental conditions.329

Particle-image pairs are acquired at 15 Hz and processed in DynamicStudio using an330
adaptive PIV algorithm (Theunissen 2010) combined with universal outlier detection (West-331
erweel & Scarano 2005). The interrogation window sizes vary between 16 × 16 and 32 × 32332
pixels, with a vector spacing of 8 pixels. This corresponds to 50% overlap for the minimum333
window and yields 159 × 99 velocity vectors per snapshot. The vector spacing, denoted by334
𝛿 and normalised by the jet spacing 𝑆, is summarised in table 1. For the present setting,335
𝛿/𝑀 ≈ 0.04–0.05 is comparable to 𝜆 and about 40–70𝜂, as estimated in § 3.4. Thus, the336
measurements do not resolve the smallest scales of motion but are sufficient to capture337
large-scale properties such as mean velocity and rms fluctuations. The interval between338
successive laser pulses is adjusted between 3 and 6 𝜇s to maintain an average particle339
displacement of about 2–3 pixels across different cases, where the particle displacement340
refers to the distance of particle movements between two particle-images. This ensures341
that the average particle displacement is smaller than 1/4 of the interrogation window size342
and light-sheet thickness (Westerweel 1997). For the current PIV algorithm, the sub-pixel343
accuracy is expected to be of order 0.02–0.05 pixels (Raffel et al. 2018). With the present344
pixel size of about 0.08 mm and the pulse interval, this corresponds to about 1–3% of345
the rms velocity fluctuations. Under these settings for turbulence generated by a single jet-346
array, our previous studies successfully recovered the Batchelor-type decay law, the −5/3347
law of energy spectra, the exponential tail of longitudinal autocorrelation functions, and the348
anomalous scaling of high-order moments of filtered velocity gradients (Mori et al. 2024;349

Rapids articles must not exceed this page length
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Watanabe et al. 2024, 2025). These comparisons with turbulence theory, experiments and350
DNS validate the present PIV measurements.351

Measurements are repeated 12–13 times per case to obtain more than 1000 velocity snap-352
shots. The acquired velocity vectors are further processed to evaluate statistical quantities.353
The characteristic time scale of large-scale turbulent motions, defined as the ratio of the354
integral length scale to the rms velocity fluctuation (see § 3.4), is less than 0.002 s, which is355
much shorter than the sampling interval of 0.067 s. Velocity vectors from two consecutive356
particle-image pairs are therefore considered statistically independent. Statistics are evaluated357
using ensemble averages of all snapshots. For a variable 𝑓 , its value in the 𝑛th snapshot is358
denoted by 𝑓 (𝑛) . The ensemble average is given by359

⟨ 𝑓 ⟩ = 1
𝑁𝑆

𝑁𝑆∑︁
𝑛=1

𝑓 (𝑛) , (2.1)360

as a function of positions, where 𝑁𝑆 is the total number of snapshots. Velocity components361
(𝑢, 𝑣, 𝑤) are decomposed into mean and fluctuating parts, with fluctuations denoted by362
𝑢′ = 𝑢−⟨𝑢⟩, 𝑣′ = 𝑣−⟨𝑣⟩ and𝑤′ = 𝑤−⟨𝑤⟩. The rms fluctuations are defined as𝑢rms = ⟨𝑢′2⟩1/2,363
𝑣rms = ⟨𝑣′2⟩1/2 and 𝑤rms = ⟨𝑤′2⟩1/2. Other velocity statistics are defined when they are364
introduced.365

A spatial smoothing filter, implemented as a moving average, is applied to ensemble-366
averaged fields when presenting contour plots to highlight spatial distributions. Additionally,367
spatial averages within the FOV are used to describe bulk turbulence properties. Statistical368
uncertainties from finite sampling are estimated by dividing the dataset into two subsets; the369
rms differences between their statistics are shown as error bars in the results below.370

2.5. Temperature and pressure measurements371

In addition to PIV, supplemental experiments are conducted to measure temperature and372
static pressure at the centre of the test section to determine fluid properties required for373
evaluating the local Reynolds number and length scales. The methods follow those in our374
previous study using the same jet generator (Mori et al. 2024). Temperature is measured375
with a fine-sheathed K-type thermocouple (J Thermo, TJK-LS1501GP) of 0.15 mm sheath376
diameter, 100 mm length and a response time under 1 s. The thermocouple, supported by377
a stainless steel rod with thermal insulation, is inserted through closable holes in the top378
wall of the outer duct. The output voltage is processed and recorded by a data logger (Hioki,379
LR8431) with internal calibration at a sampling rate of 100 Hz. The mean temperature 𝑇 is380
evaluated as the time average over 6 s and ensemble average of three runs. At the test-section381
centre, the mean temperature is approximately 290 ± 2 K under all conditions.382

Static pressure is measured using the static port of an L-shaped standard Pitot tube (Testo,383
0635 2145) connected to a pressure sensor (SMC, PSE543A). The analogue output of the384
sensor is recorded by an oscilloscope (Yokogawa, DL850E) at a sampling rate of 10 kHz. The385
Pitot tube is inserted from the top of the outer duct, in the same manner as the thermocouple.386
At the test-section centre, the mean gauge pressure is approximately 102 PaG, much smaller387
than atmospheric pressure.388

Based on the measured mean temperature 𝑇 and pressure 𝑃, the density 𝜌 is evaluated389
from the equation of state, 𝑃 = 𝜌𝑅𝑇 , with the gas constant 𝑅 = 287 J/(kg·K). The viscosity390
𝜇 is determined using Sutherland’s law,391

𝜇 = 𝜇0

(
𝑇

𝑇0

)3/2 𝑇0 + 𝑆𝜇

𝑇 + 𝑆𝜇
, (2.2)392
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Figure 5: Averaged velocity fields coloured by the mean velocity magnitude,
|⟨𝒖⟩| =

√︁
⟨𝑢⟩2 + ⟨𝑣⟩2, on the 𝑥–𝑦 plane at 𝑧 = 0. Black lines with arrows indicate

streamlines. Red crosses denote the minimum value of |⟨𝒖⟩|. Panels show results for
different test section geometries: (𝑎) case 1, (𝑏) case 2, (𝑐) case 3, (𝑑) case 4, (𝑒) case 5

and ( 𝑓 ) case 6.

where 𝑇0 = 273 K is the reference temperature, 𝑆𝜇 = 110.4 K is the Sutherland constant and393
𝜇0 = 1.724 × 10−5 Pa·s is the reference viscosity.394

Pressure and temperature measurements at the test-section centre yield density 𝜌 =395
1.25 kg/m3, viscosity 𝜇 = 1.81 × 10−5 Pa·s and kinematic viscosity 𝜈 = 𝜇/𝜌 = 1.44 ×396
10−5 m2/s. These values do not vary among the different test-section geometries.397

3. Results and discussion398

3.1. Mean flow field399

Figure 5 presents the mean flow field for each case, showing mean velocity streamlines400
and a colour contour of the magnitude of the mean velocity vector, |⟨𝒖⟩|. The streamlines401
indicate that opposing flows approach from both sides along the 𝑥-direction and expand402
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Figure 6: Averaged velocity fields coloured by the mean velocity magnitude in case 1: (𝑎)
|⟨𝒖⟩| =

√︁
⟨𝑢⟩2 + ⟨𝑤⟩2 on the 𝑥–𝑧 plane at 𝑦 = 0; (𝑏) |⟨𝒖⟩| =

√︁
⟨𝑢⟩2 + ⟨𝑣⟩2 on the 𝑥–𝑦

plane at 𝑧/𝑀 = 1. Black lines with arrows indicate streamlines. Red crosses denote the
minimum value of |⟨𝒖⟩|.

vertically near the test-section centre. The stagnation point is identified by the minimum403
value of |⟨𝒖⟩|, close to zero, and is marked by red crosses. In all cases, the stagnation point is404
located near the geometric centre of the test section, (𝑥, 𝑦) = (0, 0), owing to the symmetric405
configuration of the test section and jet arrays. The streamline patterns imply 𝜕⟨𝑢⟩/𝜕𝑥 < 0406
and 𝜕⟨𝑣⟩/𝜕𝑦 > 0, consistent with axisymmetric expansion described by (1.3). The mean407
velocity remains below 45 m/s in all cases, implying that the mean flow Mach number is less408
than 0.3.409

Figure 6 visualises the mean flow on the 𝑥–𝑧 plane at 𝑦 = 0 and on the 𝑥–𝑦 plane at410
𝑧/𝑀 = 1. Owing to the geometry of the test section and jet arrays, the 𝑥–𝑧 plane at 𝑦 = 0 is411
equivalent to the 𝑥–𝑦 plane at 𝑧 = 0. The mean velocity pattern of axisymmetric expansion412
is visible on the 𝑥–𝑧 plane as well as on the off-centre 𝑥–𝑦 plane.413

The mean velocity gradients associated with axisymmetric strain are given by the diagonal414
components of 𝑨 in (1.1), namely A𝑥𝑥 = 𝜕⟨𝑢⟩/𝜕𝑥, A𝑦𝑦 = 𝜕⟨𝑣⟩/𝜕𝑦 and A𝑧𝑧 = 𝜕⟨𝑤⟩/𝜕𝑧.415
Since central-difference approximations introduce significant errors due to statistical uncer-416
tainty in the mean velocity distribution, the gradients are instead obtained by fitting ⟨𝑢⟩, ⟨𝑣⟩417
and ⟨𝑤⟩ with bicubic functions (𝑥, 𝑦) or (𝑥, 𝑧). This choice is motivated by the observation418
that a third-order polynomial adequately captures one-dimensional profiles of mean velocities419
along either 𝑥, 𝑦 or 𝑧 axis. Higher-order functions were also tested but offered no improvement420
in accuracy and instead introduced unnecessary complexity and the risk of over-fitting.421

Figures 7 and 8 show colour contours of |A𝑥𝑥 | and A𝑦𝑦 , normalised by their respective422
maxima |A𝑥𝑥 |max and (A𝑦𝑦)max. In all cases, |A𝑥𝑥 | and A𝑦𝑦 decrease with increasing |𝑥 |,423
indicating that the mean strain strengthens as the flow enters the gap between the inner ducts424
and approaches the test-section centre. At 𝑥 ≈ 0, both |A𝑥𝑥 | and A𝑦𝑦 increase with |𝑦 | in425
cases 1–3, but the dependence on 𝑥 is stronger than on 𝑦.426

Table 1 includes the maximum values of |A𝑥𝑥 | in each case. The mean velocity in the 𝑥427
direction decreases from that in the inner duct to nearly zero at the stagnation point, and428
when 𝐷𝐸 is large this decrease occurs over a longer distance. Consequently, the mean velocity429
gradient tends to be smaller for larger 𝐷𝐸 . For fixed 𝐷𝑁 , |A𝑥𝑥 |max decreases with increasing430
𝐷𝐸 , but variations in 𝐷𝑁 also affect |A𝑥𝑥 |max, indicating that it is not determined solely by431
𝐷𝐸 .432

A key feature of axisymmetric expansion is the ratio of the diagonal velocity gradients,433
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Figure 7: Distributions of the mean velocity gradient magnitude |A𝑥𝑥 | normalised by its
maximum value |A𝑥𝑥 |max. Panels show results for different test section geometries: (𝑎)

case 1, (𝑏) case 2, (𝑐) case 3, (𝑑) case 4, (𝑒) case 5 and ( 𝑓 ) case 6.

satisfying A𝑦𝑦 = A𝑧𝑧 = −A𝑥𝑥/2 > 0. Figure 9 shows the distribution of −A𝑦𝑦/A𝑥𝑥 on the434
𝑥–𝑦 plane at 𝑧 = 0. Deviations from −A𝑦𝑦/A𝑥𝑥 = 0.5 are observed only near the edges of435
the measurement region. In most regions close to the test-section centre, −A𝑦𝑦/A𝑥𝑥 is close436
to 0.5, lying within the range 0.4–0.6. Figure 10(𝑎) presents the distribution of −A𝑧𝑧/A𝑥𝑥437
measured on the 𝑥–𝑧 plane at 𝑦 = 0 in case 1. As with −A𝑦𝑦/A𝑥𝑥 , −A𝑧𝑧/A𝑥𝑥 is close to 0.5438
except near the edges of the measurement region. Taken together, −A𝑦𝑦/A𝑥𝑥 ≈ −A𝑧𝑧/A𝑥𝑥 ≈439
0.5 provides direct evidence of the formation of axisymmetric expansion and suggests that440
the continuity equation for the mean velocity in an incompressible flow is satisfied without441
compressibility effects. This is also consistent with the subsonic mean velocity, as low as442
about 45 m/s. Figure 10(𝑏) shows the distribution of −A𝑦𝑦/A𝑥𝑥 on the 𝑥–𝑦 plane at 𝑧/𝑀 = 1443
in case 1. Even on this off-centre plane, −A𝑦𝑦/A𝑥𝑥 ≈ 0.5 holds except near the edges444
of the measurement region. These results demonstrate that axisymmetric strain is broadly445
established in the gap between the inner ducts of the two jet generators.446

Table 1 lists the maximum values of |A𝑥𝑥 | and A𝑦𝑦 , denoted by |A𝑥𝑥 |max and (A𝑦𝑦)max,447
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Figure 8: Same as figure 7, but for A𝑦𝑦 normalised by (A𝑦𝑦)max: (𝑎) case 1, (𝑏) case 2, (𝑐)
case 3, (𝑑) case 4, (𝑒) case 5 and ( 𝑓 ) case 6.

together with spatially averaged values of |A𝑥𝑥 | and A𝑦𝑦 . The ratios (A𝑦𝑦)max/|A𝑥𝑥 |max and448
A𝑦𝑦/|A𝑥𝑥 | are also shown, both close to 1/2. Using the incompressible continuity equation,449
A𝑧𝑧 is estimated as A𝑧𝑧 = −A𝑥𝑥 −A𝑦𝑦 , which yields A𝑦𝑦 ≈ A𝑧𝑧 when A𝑦𝑦 ≈ −A𝑥𝑥/2. Thus,450
the condition for axisymmetric expansion is satisfied for both maximum and average values.451
Moreover, the relation A𝑦𝑦 ≈ A𝑧𝑧 indicates that the flow is statistically axisymmetric in the452
𝑦 and 𝑧 directions.453

In summary, all cases successfully produce a mean strain characterised by compression454
in the 𝑥 direction and expansion in the 𝑦 and 𝑧 directions. Axisymmetric expansion, with455
A𝑥𝑥 : A𝑦𝑦 : A𝑧𝑧 = −2 : 1 : 1, is broadly observed near the test-section centre. This456
condition is uniformly satisfied for |𝑥/𝑀 | ⩽ 3 and |𝑦/𝑀 | ⩽ 1.5. Although −A𝑦𝑦/A𝑥𝑥457
remains approximately constant, both −A𝑥𝑥 and A𝑦𝑦 exhibit spatial variations, such that the458
strain rate intensifies as the flow approaches the test-section centre in the 𝑥 direction. Similar459
non-uniformity of axisymmetric strain has often been reported in wind-tunnel experiments460
with variable cross-sections (Ayyalasomayajula & Warhaft 2006). The relation A𝑦𝑦 = A𝑧𝑧 ,461
implied by the continuity equation, indicates statistical axisymmetry in the 𝑦 and 𝑧 directions,462
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Figure 9: Distributions of the ratio of mean velocity gradients, −A𝑦𝑦/A𝑥𝑥 . Panels show
results for different test section geometries: (𝑎) case 1, (𝑏) case 2, (𝑐) case 3, (𝑑) case 4,

(𝑒) case 5 and ( 𝑓 ) case 6.

consistent with the symmetry of the test section and jet generators. Importantly, −A𝑥𝑥/2 =463
A𝑦𝑦 = A𝑧𝑧 is satisfied not only along the symmetry axis (𝑦 = 0) but also for 𝑦 ≠ 0 and 𝑧 ≠ 0,464
demonstrating that the mean strain remains axisymmetric throughout the central region of465
the test section. This mean strain characterisation provides the basis for interpreting the466
turbulence statistics discussed below.467

3.2. One-point statistics of velocity fluctuations468

One-point statistics of velocity fluctuations are evaluated to characterise the turbulence469
properties under axisymmetric expansion. Table 1 reports the spatially averaged values of470
𝑢rms and 𝑣rms for all cases. Cases 1–3 exhibit lower values of 𝑢rms and 𝑣rms than cases 4–6.471
The turbulence generated by jet interaction decays within the inner duct. Since cases 1–3472
employ longer inner ducts, the turbulence decays more before reaching the test-section centre,473
leading to smaller rms velocity fluctuations in the region where the mean strain forms. The474
present experiments test three values of the distance 𝐷𝐸 between the ends of the two inner475
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Figure 10: Distributions of (𝑎) −A𝑧𝑧/A𝑥𝑥 on the 𝑥–𝑧 plane at 𝑦 = 0 and (𝑏) −A𝑦𝑦/A𝑥𝑥 on
the 𝑥–𝑦 plane at 𝑧/𝑀 = 1 in case 1.

ducts. However, the rms velocity fluctuations are less sensitive to 𝐷𝐸 than to 𝐷𝑁 . In all cases,476
𝑢rms exceeds 𝑣rms, indicating anisotropy. Turbulence generated by the single jet array exhibits477
𝑢rms/𝑣rms ≈ 1.08 (Mori et al. 2024). In the present experiments, the nearly HIT generated478
by jet interaction experiences axisymmetric expansion near the test-section centre, resulting479
in anisotropic velocity fluctuations. Table 1 also includes 𝑢rms/𝑣rms values evaluated from480
spatial averages of 𝑢rms and 𝑣rms. This ratio exceeds 1.4, much larger than the value of 1.08 for481
turbulence without axisymmetric expansion. DNSs of initially isotropic turbulence subject482
to axisymmetric expansion have also shown that 𝑢rms/𝑣rms > 1 (Lee 1989), even though the483
turbulent Reynolds number, estimated in § 3.4, is much larger in the present experiments.484
Thus, the observed increase in 𝑢rms/𝑣rms due to axisymmetric expansion is consistent with485
previous numerical results.486

Figures 11 and 12 show the distributions of 𝑢rms and 𝑣rms on the 𝑥–𝑦 plane at 𝑧 = 0. The487
colour contours indicate relative deviations from the spatially averaged value in the FOV, 𝐹avg,488
defined as Δ(𝐹) = (𝐹 − 𝐹avg)/𝐹avg for 𝐹 = 𝑢rms or 𝑣rms. In figure 11, 𝑢rms increases toward489
𝑥 = 0 from both sides, whereas 𝑣rms shows little dependence on 𝑥 for cases 1–3 and decreases490
to the centre for cases 4–6. Turbulence begins to be influenced by the mean strain near the491
ends of the inner ducts. As it is advected by the mean flow toward the test-section centre,492
it is exposed to the mean strain for a longer time. Additionally, the mean strain intensifies493
toward the test-section centre. This combination of strain intensification and accumulation of494
strain effects likely contributes to the increase in 𝑢rms near the test-section centre. In contrast,495
variations in 𝑣rms in the same region are less pronounced. DNS studies of turbulence subject496
to axisymmetric strain at low Reynolds numbers have shown that the strain exerts stronger497
influence on rms velocity fluctuations in the symmetry axis direction, here the 𝑥 direction,498
than in the lateral (𝑦 and 𝑧) directions (Lee 1989). These numerical findings qualitatively499
agree with the greater changes in 𝑢rms observed toward the test-section centre.500

Under axisymmetric expansion with A𝑥𝑥 = −2A𝑦𝑦 = −2A𝑧𝑧 < 0, the production term501
of turbulent kinetic energy of the 𝛼-directional velocity component is written as 𝑃𝛼 =502
−⟨𝑢′𝛼2⟩A𝛼𝛼 with 𝛼 = 𝑥, 𝑦 or 𝑧, where no summation is applied over 𝛼 (Nieuwstadt &503
Boersma 2016). This gives 𝑃𝑥 > 0 and 𝑃𝑦 = 𝑃𝑧 < 0, indicating an increase in the streamwise504
and a decrease in the transverse velocity fluctuations. Moreover, when turbulence is initially505
isotropic with ⟨𝑢′2⟩ = ⟨𝑣′2⟩ = ⟨𝑤′2⟩, the relation A𝑥𝑥 : A𝑦𝑦 : A𝑧𝑧 = −2 : 1 : 1 yields 𝑃𝑥 =506
2|𝑃𝑦 | = 2|𝑃𝑧 |, implying that the strain induces greater changes to the velocity fluctuations in507
the 𝑥 direction than in the transverse (𝑦 and 𝑧) directions. Consistently, a significant increase508
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Figure 11: Relative difference of rms velocity fluctuations in the 𝑥 direction, 𝑢rms, from
the spatially averaged value (𝑢rms)avg, defined as Δ(𝑢rms) = [𝑢rms − (𝑢rms)avg]/(𝑢rms)avg,
on the 𝑥–𝑦 plane at 𝑧 = 0. Here the subscript “avg” denotes spatial averages within the

FOV. Panels show results for different test section geometries: (𝑎) case 1, (𝑏) case 2, (𝑐)
case 3, (𝑑) case 4, (𝑒) case 5 and ( 𝑓 ) case 6.

in 𝑢rms toward the test-section centre is observed in figure 11. These explanations are also509
consistent with DNS and RDT results (Lee 1989). For axisymmetric contraction, the signs of510
𝑃𝛼 are reversed; transverse velocity fluctuations are amplified and longitudinal fluctuations511
attenuated, resulting in a decrease in 𝑢rms/𝑣rms (Lee 1989; Ayyalasomayajula & Warhaft512
2006).513

Figure 13 compares 𝑣rms and 𝑤rms along the 𝑥 direction at the test-section centre, (𝑦, 𝑧) =514
(0, 0), for case 1. These components exhibit similar rms levels, as indicated by 𝑣rms/𝑤rms ≈ 1,515
which is required for statistical axisymmetry. This also follows from the geometry of the test516
section and jet arrays, which are identical in the 𝑦 and 𝑧 directions.517

Statistical axisymmetry in the present set-up requires that, at a given 𝑥, velocity statistics518

depend solely on 𝑟𝑦𝑧 =
√︁
𝑦2 + 𝑧2 and are independent of the azimuthal angle 𝜃 = tan−1(𝑦/𝑧).519

Table 2 compares 𝑢rms at the same 𝑟𝑦𝑧 but at different (𝑦, 𝑧) locations at 𝑥 = 0 on three520
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Figure 12: Same as figure 11, but for rms velocity fluctuations in the 𝑦 direction, 𝑣rms: (𝑎)
case 1, (𝑏) case 2, (𝑐) case 3, (𝑑) case 4, (𝑒) case 5 and ( 𝑓 ) case 6. The relative difference

is defined as Δ(𝑣rms) = [𝑣rms − (𝑣rms)avg]/(𝑣rms)avg.
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Figure 13: 𝑥-directional distributions of rms velocity fluctuations in the 𝑦 and 𝑧 directions,
𝑣rms and 𝑤rms, and their ratio 𝑣rms/𝑤rms at (𝑦, 𝑧) = (0, 0) in case 1.
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Table 2: Radial variations of 𝑢rms at different azimuthal locations at 𝑥 = 0 in case 1.

𝑦/𝑀 𝑧/𝑀 𝑟𝑦𝑧/𝑀 𝑢rms/𝑈𝐽

1.0 0.0 1.0 0.046
0.0 1.0 1.0 0.047

1.1 0.0 1.1 0.046
0.0 1.1 1.1 0.048
0.4 1.0 1.1 0.048

1.4 0.0 1.4 0.046
0.0 1.4 1.4 0.048
1.0 1.0 1.4 0.047

measurement planes: the 𝑥–𝑦 planes at 𝑧/𝑀 = 0 and 1, and the 𝑥–𝑧 plane at 𝑦 = 0. For521
𝑟𝑦𝑧/𝑀 = 1, two points are presented because the locations at this 𝑟𝑦𝑧 on the 𝑥–𝑦 plane at522
𝑧/𝑀 = 1 and the 𝑥–𝑧 plane at 𝑦 = 0 are identical. Although the square cross-section and523
square nozzle arrangement could, in principle, introduce 𝜃-dependence, 𝑢rms at the same 𝑟𝑦𝑧524
shows no significant variation across (𝑦, 𝑧) locations. Therefore, the square geometries do525
not introduce 𝜃-dependence near the test-section centre.526

Large-scale anisotropy is often characterised using the normalised anisotropy tensor of527
Reynolds stress (Pope 2000), defined as528

b𝑖 𝑗 =
⟨𝑢′

𝑖
𝑢′
𝑗
⟩

⟨𝑢′
𝑘
𝑢′
𝑘
⟩ −

1
3
𝛿𝑖 𝑗 , (3.1)529

where the summation convention is applied to repeated indices, 𝑖, 𝑗 , 𝑘 = 𝑥, 𝑦 or 𝑧, and530
𝛿𝑖 𝑗 is the Kronecker delta. Second and third invariants of b𝑖 𝑗 , denoted by 𝐵2 and 𝐵3, are531

given by 𝐵2 = (b𝑖 𝑗b 𝑗𝑖/6)1/2 and 𝐵3 = (b𝑖 𝑗b 𝑗𝑘b𝑘𝑖/6)1/3. Anisotropy states are commonly532
visualised using a plot of (𝐵2, 𝐵3), known as the Lumley triangle. The PIV measurements533
of (𝑢, 𝑣) on the 𝑥–𝑦 plane provide b𝑥𝑥 , b𝑦𝑦 and b𝑥𝑦 = b𝑦𝑥 . Based on the assumption of534
axisymmetry at (𝑦, 𝑧) = (0, 0), the following conditions are adopted in the analysis of 𝐵2535
and 𝐵3: b𝑦𝑦 = b𝑧𝑧 and b𝑖 𝑗 = 0 for 𝑖 ≠ 𝑗 . The present PIV yields |⟨𝑢′𝑣′⟩|/𝑢rms𝑣rms < 0.1536
at (𝑦, 𝑧) = (0, 0) for all cases, indicating that b𝑖 𝑗 with 𝑖 ≠ 𝑗 is sufficiently small. These537
simplifications for axisymmetric expansion yield 𝐵2 = 𝐵3. Accordingly, this study examines538
the spatial distribution of 𝐵2. The omission of b12 and b21 has negligible effect, as their539
inclusion hardly alters 𝐵2 values. For isotropic turbulence, 𝐵2 = 0. As the flow departs from540
isotropy under axisymmetric expansion, 𝐵2 = 𝐵3 increases, with the theoretical upper bound541
of 1/3 attained when ⟨𝑢′2⟩ ≫ ⟨𝑣′2⟩ = ⟨𝑤′2⟩.542

Figure 14 shows the 𝑥-directional distribution of 𝐵2 at (𝑦, 𝑧) = (0, 0). Nearly HIT generated543
by the single jet array exhibits 𝐵2 ≈ 0.03 (Mori et al. 2024). In contrast, the present544
experimental setup yields higher 𝐵2 values, indicating that the flow becomes anisotropic.545
For all cases, 𝐵2 increases from both sides toward the test-section centre, demonstrating that546
anisotropy intensifies as the fluid subjected to the mean strain is advected with the mean flow.547
This increasing trend of 𝐵2 is observed consistently across all test section geometries.548

Figure 15 presents the profiles of skewness and flatness of 𝑢, defined as 𝑆𝑢 = ⟨𝑢′3⟩/⟨𝑢′2⟩3/2549
and 𝐹𝑢 = ⟨𝑢′4⟩/⟨𝑢′2⟩2. For Gaussian velocity fluctuations, 𝑆𝑢 = 0 and 𝐹𝑢 = 3. Deviations550
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Figure 14: 𝑥-directional distribution of the invariant 𝐵2 of the normalized anisotropy
tensor b𝑖 𝑗 along the centreline, (𝑦, 𝑧) = (0, 0).
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Figure 15: Distributions of (𝑎) skewness 𝑆𝑢 and (𝑏) flatness 𝐹𝑢 of 𝑥-directional velocity
fluctuations along the centreline, (𝑦, 𝑧) = (0, 0).

from these values typically indicate large-scale intermittency, i.e. intermittency of energy-551
containing motions (Veeravalli & Warhaft 1989; Davidson 2015). This differs from small-552
scale intermittency, which refers to the burstiness of small-scale motions, typically evident553
in velocity-gradient statistics. Large-scale intermittency is observed in turbulent free shear554
flows (e.g. jets and wakes) and other inhomogeneous turbulent flows, where the presence and555
absence of large coherent structures alternate at a fixed point. In such cases, the magnitudes556
of skewness and flatness can reach values as large as 1 and 5, respectively (Kang & Meneveau557
2008; Matsushima et al. 2021; Nakamura et al. 2022, 2023). In the present measurements,558
|𝑆𝑢 | remains below 0.3 and 𝐹𝑢 is close to 3 near the test-section centre, showing that large-559
scale intermittency is negligible in this region. While 𝐹𝑢 tends to exceed 3 as |𝑥 | increases,560
suggesting slight intermittency in the flow entering the gap region from the inner duct ends,561
the deviation remains moderate and far smaller than that in flows with pronounced large-scale562
intermittency.563

3.3. Two-point statistics and energy spectra564

We examine two-point statistics and energy spectra from PIV on the 𝑥–𝑦 plane at 𝑧 = 0 to565
evaluate integral length scales and the scale dependence of velocity fluctuations, using566
autocorrelation functions, energy spectra and structure functions. For evaluating these567
quantities, spatial averages in the 𝑥 and 𝑦 directions are taken over |𝑥 | < 2𝑀 and |𝑦 | < 𝑀 ,568
respectively, thereby excluding corner regions where the mean velocity gradients depart from569
axisymmetric strain.570

Large-scale properties are examined using the longitudinal autocorrelation functions of571
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Figure 16: Longitudinal autocorrelation functions of 𝑢 and 𝑣, denoted by 𝑓𝑢 and 𝑓𝑣 ,
respectively, for (𝑎) case 1 and (𝑏) case 4. Dashed-dotted lines indicate exponential fits

that approximate the correlations at large separation distances.

velocity fluctuations at two points separated by a distance 𝑟, defined as572

𝑓𝑢 (𝑟, 𝑥, 𝑦) =
⟨𝑢′ (𝑥 − 𝑟/2, 𝑦)𝑢′ (𝑥 + 𝑟/2, 𝑦)⟩

⟨𝑢′2(𝑥, 𝑦)⟩
, (3.2)573

𝑓𝑣 (𝑟, 𝑥, 𝑦) =
⟨𝑣′ (𝑥, 𝑦 − 𝑟/2)𝑣′ (𝑥, 𝑦 + 𝑟/2)⟩

⟨𝑣′2(𝑥, 𝑦)⟩
. (3.3)574

These functions are used to estimate the integral length scale, which characterises large-scale575
motions. The symmetric forms of the autocorrelation functions, i.e. correlations between576
𝑥 + 𝑟/2 and 𝑥 − 𝑟/2 rather than between 𝑥 and 𝑥 + 𝑟, are used to evaluate turbulent properties577
at a given point because the flow is statistically inhomogeneous. Here, 𝑓𝑢 is evaluated at578
𝑥 = 0 and 𝑓𝑣 at 𝑦 = 0 with spatial averaging applied in the 𝑦 and 𝑥 directions, respectively.579

Figure 16 presents 𝑓𝑢 and 𝑓𝑣 for cases 1 and 4, representing 𝐷𝑁 = 930 mm and 725 mm.580
Both 𝑓𝑢 and 𝑓𝑣 decrease from unity as 𝑟 increases, indicating decorrelation of velocity581
fluctuations between two spatially separated points. The measurable range of 𝑟 is limited582
by the PIV FOV, and although 𝑓𝑢 and 𝑓𝑣 are expected to decay to zero, this decay cannot583
be fully captured. It is known that the tails of autocorrelation functions at large 𝑟 are well584
approximated by an exponential form 𝑎 𝑓 exp(−𝑏 𝑓 𝑟) (Morikawa et al. 2008; Bewley et al.585
2012; Griffin et al. 2019; Mori et al. 2024). For the measured 𝑟 range where 𝑓𝑢 and 𝑓𝑣 fall586
below 0.3, a least-squares method is used to determine 𝑎 𝑓 and 𝑏 𝑓 . The resulting fits, 𝑓𝑢,exp587
and 𝑓𝑣,exp, are also shown in figure 16, confirming that the exponential function accurately588
approximates the measured autocorrelation of both 𝑢 and 𝑣.589

The integral scales are computed by integrating the autocorrelation functions with respect590
to 𝑟, defined as 𝐿𝑢 =

∫
𝑓𝑢 (𝑟) 𝑑𝑟 and 𝐿𝑣 =

∫
𝑓𝑣 (𝑟) 𝑑𝑟. The integration is performed from 𝑟 =591

0 to the position where the correlation function becomes zero. Since the PIV measurements592
do not always capture correlations at large 𝑟, the integral scales are estimated with the aid593
of the exponential approximations 𝑓𝑢,exp and 𝑓𝑣,exp, following previous studies (Morikawa594
et al. 2008; Bewley et al. 2012; Griffin et al. 2019; Mori et al. 2024):595

𝐿𝑢 =

∫ 𝑟1

0
𝑓𝑢 (𝑟) 𝑑𝑟 +

∫ 𝑟2

𝑟1

𝑓𝑢,exp(𝑟) 𝑑𝑟, (3.4)596

where 𝑟1 is defined by the condition 𝑓𝑢 (𝑟1) = 0.3, and 𝑟2 is the position at which 𝑓𝑢,exp(𝑟)597

reaches 1 × 10−5. The integral scale in the 𝑦 direction, 𝐿𝑣 , is computed in the same manner598
using 𝑓𝑣 and 𝑓𝑣,exp as in (3.4). Table 1 lists 𝐿𝑢, 𝐿𝑣 and their ratio 𝐿𝑢/𝐿𝑣 for each case.599
Nearly HIT generated by the single jet array yields 𝐿𝑢/𝐿𝑣 ≈ 1.03 (Mori et al. 2024). In600
contrast, turbulence subject to axisymmetric expansion in the present experiments exhibits601
larger values of 𝐿𝑢/𝐿𝑣 , indicating increased anisotropy. For the single jet array case, both602
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Figure 17: (𝑎) Longitudinal energy spectra of 𝑥-directional velocity fluctuations, 𝐸𝑢 (𝑘𝑥),
where 𝑘𝑥 is the 𝑥-directional wavenumber. (𝑏) Compensated spectra 𝑘

5/3
𝑥 𝐸𝑢. Results for

nearly HIT generated by the single jet array, evaluated 605 mm downstream of the
nozzles, are shown for comparison (Watanabe et al. 2025).
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Figure 18: (𝑎) Longitudinal energy spectra of 𝑦-directional velocity fluctuations, 𝐸𝑣 (𝑘𝑦),
where 𝑘𝑦 is the 𝑦-directional wavenumber. (𝑏) Compensated spectra 𝑘

5/3
𝑦 𝐸𝑣 . Results for

nearly HIT generated by the single jet array, evaluated 605 mm downstream of the
nozzles, are shown for comparison (Watanabe et al. 2025).

𝐿𝑢 and 𝐿𝑣 are about 0.022 m in the measurement region, comparable to the present setup.603
Relative to this reference, 𝐿𝑢 increases and 𝐿𝑣 tends to decrease in the current experiments,604
with the deviations from the reference being more pronounced for 𝐿𝑢 than for 𝐿𝑣 . Although605
the single jet array case does not provide exact turbulence statistics prior to the onset of mean606
strain in the OMJA experiments, it is noteworthy that the greater changes observed in 𝐿𝑢607
are consistent with DNS results at low Reynolds numbers of Lee (1989), where 𝐿𝑢 departs608
more strongly from the isotropic state than 𝐿𝑣 under axisymmetric expansion. The increase609
in 𝐿𝑢 and the decrease in 𝐿𝑣 under axisymmetric expansion are also predicted by RDT,610
which attributes these trends to anisotropic redistribution of energy in three-dimensional611
wavenumber space and the consequent changes in the one-dimensional spectra (Lee 1989).612

The scale dependence of velocity fluctuations is examined using longitudinal energy613
spectra. The Fourier transform of 𝑢 in the 𝑥 direction is denoted by 𝑢̂(𝑘𝑥 , 𝑦), where 𝑘𝑥 is614
the streamwise wavenumber. With 𝑢̂∗ representing the complex conjugate of 𝑢̂, the energy615
spectrum of 𝑢 is defined as 𝐸𝑢 (𝑘𝑥 , 𝑦) = Re[⟨𝑢̂𝑢̂∗⟩], where Re denotes the real part. As616
with the autocorrelation functions, a spatial average in the 𝑦 direction is applied to obtain617
𝐸𝑢 (𝑘𝑥). Similarly, the energy spectrum of 𝑣, denoted by 𝐸𝑣 (𝑘𝑦), is computed from the618
Fourier transform of 𝑣 in the 𝑦 direction, where 𝑘𝑦 is the vertical wavenumber.619

Figures 17(𝑎) and 18(𝑎) show 𝐸𝑢 and 𝐸𝑣 , respectively, together with reference results620
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Figure 19: Ratios of energy spectra of 𝑢 and 𝑣, 𝐸𝑢/𝐸𝑣 . Results for nearly HIT generated
by the single jet array, evaluated 605 mm downstream of the nozzles, are shown for

comparison (Watanabe et al. 2025).

for nearly HIT generated by the single jet array (Watanabe et al. 2025). The accessible621
wavenumber range is determined by the spatial resolution and the size of the measurement622
region. As discussed below, the measured range lies within the inertial subrange. In high-623
Reynolds-number turbulence, Kolmogorov scaling is observed in this subrange, with 𝐸𝑢 ∼624

𝑘
−5/3
𝑥 and 𝐸𝑣 ∼ 𝑘

−5/3
𝑦 . This scaling is more clearly seen in the compensated spectra, 𝑘5/3

𝑥 𝐸𝑢625

and 𝑘
5/3
𝑦 𝐸𝑣 , shown in figures 17(𝑏) and 18(𝑏). The −5/3 law appears as a plateau in the626

compensated spectra and is evident in the single-jet-array results. In contrast, the present627

experiments show that 𝑘5/3
𝑥 𝐸𝑢 and 𝑘

5/3
𝑦 𝐸𝑣 decrease with increasing 𝑘𝑥 and 𝑘𝑦 , indicating a628

faster decay than predicted by the −5/3 law.629
Previous studies of HIT subject to axisymmetric contraction, based on DNS and wind630

tunnel experiments, reported deviations in the opposite direction, where the spectra decay631
more slowly than the −5/3 law (Ayyalasomayajula & Warhaft 2006; Clay & Yeung 2016). In632
contrast, the present results demonstrate that axisymmetric expansion leads to faster decay.633
This deviation from the −5/3 law under axisymmetric expansion could not be assessed in634
previous DNS because the Reynolds numbers were too low (Lee 1989). The mean velocity635
gradient tensors for axisymmetric contraction and expansion can be expressed in the same636
form with opposite signs using a single strain-rate parameter 𝑆 > 0, as shown in (1.2)637
and (1.3). These forms indicate that contraction and expansion exert opposite effects on638
turbulence. In this context, the faster decay in 𝐸𝑢 and 𝐸𝑣 observed here under axisymmetric639
expansion aligns with earlier findings for axisymmetric contraction.640

Figure 19 shows 𝐸𝑢/𝐸𝑣 calculated at identical wavenumber values 𝑘 = 𝑘𝑥 = 𝑘𝑦 , providing641
a measure of anisotropy at each scale. The result for the single jet array is also included for642
comparison (Watanabe et al. 2025). For the single jet array, 𝐸𝑢/𝐸𝑣 remains close to 1.05643
across all wavenumbers, indicating approximate isotropy at all scales. In contrast, the present644
results show 𝐸𝑢/𝐸𝑣 > 1.2 over most wavenumbers. As 𝐸𝑢/𝐸𝑣 decreases with increasing645
wavenumber, the velocity fluctuations are more anisotropic at larger scales, where the646
influence of mean strain is more pronounced. Generally, smaller-scale turbulent motions have647
shorter characteristic time scales. Since the time scale of the mean strain is determined by the648
mean velocity gradients, it acts relatively slowly on such small-scale motions. Consequently,649
the direct effect of mean strain is weaker at small scales, which explains why the greatest650
deviation from 𝐸𝑢/𝐸𝑣 ≈ 1 appears at larger scales.651

The energy spectra describe the scale-by-scale distribution of turbulent kinetic energy in652
wavenumber space. A real-space equivalent is the second-order structure function, defined653
using the velocity difference between two points (Davidson 2015). The longitudinal structure654
function of 𝑢 is given by ⟨(Δ𝑢)2⟩, where Δ𝑢 = 𝑢′ (𝑥 + 𝑟/2, 𝑦) − 𝑢′ (𝑥 − 𝑟/2, 𝑦). In the inertial655
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Figure 20: (𝑎) Third- and fifth-order structure functions for case 4. Solid lines indicate the
power laws predicted by Kolmogorov’s second similarity hypothesis. (𝑏) Power-law

exponents 𝑝 for the 𝑛th-order structure functions. Present results are compared with DNS
of isotropic turbulence (Iyer et al. 2020) and experimental data for various turbulent flows,
including jets, wakes, mixing layers, duct flows and grid turbulence (Arneodo et al. 1996),
as well as nearly HIT generated by the same single jet array used in this study (Watanabe

et al. 2024).

subrange, the scaling ⟨(Δ𝑢)2⟩ ∼ 𝑟2/3 corresponds to the spectral scaling 𝐸𝑢 ∼ 𝑘
−5/3
𝑥 . More656

generally, Kolmogorov’s second similarity hypothesis predicts that the 𝑛th-order longitudinal657
structure function scales as 𝑟𝑛/3 (Kolmogorov 1991a,b; Davidson 2015; Tsinober 2009).658
Previous studies have shown that the scaling exponents deviate from 𝑛/3 as 𝑛 increases, a659
phenomenon attributed to small-scale intermittency. The deviation becomes pronounced for660
𝑛 ⩾ 5 (Arneodo et al. 1996; Saw et al. 2018; Iyer et al. 2020). The present results for the661

energy spectra deviating from the 𝑘
−5/3
𝑥 scaling imply that the structure functions deviate662

from the 𝑛/3 scaling even for small 𝑛, with the departures arising from mechanisms other663
than small-scale intermittency.664

We evaluate the 𝑛th-order longitudinal structure function of 𝑢′ as ⟨|Δ𝑢 |𝑛⟩ = ⟨|𝑢′ (𝑥 +665
𝑟/2, 𝑦) − 𝑢′ (𝑥 − 𝑟/2, 𝑦) |𝑛⟩ at 𝑥 = 0, using ensemble averages combined with spatial averages666
in the 𝑦 direction. Similarly, the longitudinal structure function of 𝑣′ is computed at 𝑦 = 0667
as ⟨|Δ𝑣 |𝑛⟩ = ⟨|𝑣′ (𝑥, 𝑦 + 𝑟/2) − 𝑣′ (𝑥, 𝑦 − 𝑟/2) |𝑛⟩, using ensemble averaging together with668
spatial averaging in the 𝑥 direction. Figure 20(𝑎) shows the third- and fifth-order structure669
functions together with the power laws 𝑟𝑛/3. We set the maximum separation to 𝑟/𝑀 = 0.75670
so that 𝑟 ⩽ 𝐿𝑢/3. Below this bound the structure functions exhibit clear power laws and the671
−5/3 spectral slope is observed at the corresponding wavenumbers for the single-jet-array672
case (Watanabe et al. 2024). In contrast, for turbulence subject to axisymmetric expansion,673
both the third- and fifth-order structure functions follow power-law behaviour but with674
exponents that deviate substantially from 𝑛/3.675

Figure 20(𝑏) shows the power-law exponents 𝑝 of the 𝑛th-order longitudinal structure676
functions of 𝑢 and 𝑣, obtained by least-squares fitting. The present results are compared with677
reference data from DNS of isotropic turbulence (Iyer et al. 2020) and from experiments of678
various flows (Arneodo et al. 1996). Results for nearly HIT generated by the single jet array679
at 𝑅𝑒𝜆 ≈ 600 (Watanabe et al. 2024), obtained with the same PIV setup, are also shown. In680
Watanabe et al. (2024), the available range of 𝑟, set by the spatial resolution and FOV of the681
PIV, is similar to that of the present measurements. Although the fitting range spans less than682
one decade, the exponents for the single jet array agree well with DNS and experimental683
data, confirming that the limited 𝑟 range does not compromise exponent evaluation. For684
these reference cases, the exponents follow 𝑝 = 𝑛/3 predicted by Kolmogorov’s second685
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similarity hypothesis for 𝑛 ⩽ 4, but become smaller than 𝑛/3 as 𝑛 increases, reflecting small-686
scale intermittency. In contrast, the present results for turbulence subject to axisymmetric687
expansion yield exponents larger than 𝑛/3, in clear departure from other turbulent flows. The688
departure is similar for 𝑢 and 𝑣. Since the single jet array results reproduce established689
turbulence data, the observed deviation is most likely due to mean strain effects. The690

energy spectra exhibit a faster decay than 𝑘
−5/3
𝑥 , consistent with an exponent for 𝑛 = 2691

exceeding 2/3; indeed, 𝑝(𝑛 = 2) = 1.1 for ⟨|Δ𝑢 |𝑛⟩ and 0.98 for ⟨|Δ𝑣 |𝑛⟩ is obtained. Previous692
comparisons across grid turbulence, jets, mixing layers and cylinder wakes have shown that693
mean shear exerts little influence on the scaling of structure functions (Arneodo et al. 1996).694
Consistently, numerous experiments and numerical simulations have reported the persistence695
of the −5/3 energy spectral law in canonical turbulent shear flows (Uberoi & Freymuth696
1970; Fiscaletti et al. 2016; Sadeghi et al. 2018; Takamure et al. 2019; Watanabe et al.697
2019). Taken together with reports of non-−5/3 spectra for turbulence under axisymmetric698
contraction (Ayyalasomayajula & Warhaft 2006), the present findings for axisymmetric699
expansion suggest that mean axisymmetric strain exerts a stronger influence on structure-700
function scaling than mean shear.701

The turbulent kinetic-energy distribution across scales can be examined using second-702
order structure functions, which estimate the kinetic energy contained in scales below a703
given separation distance (Davidson 2015). The transport equation for the second-order704
structure function is often utilised to assess the scale-dependent energy budget (Deissler705
1992; Valente & Vassilicos 2015; Wang et al. 2023). This scale-by-scale energy-transport706
equation, originating from the Kármán–Howarth equation, contains two inviscid terms that707
describe interscale energy transfers: a nonlinear transfer due to turbulent fluctuations and a708
linear transfer due to mean velocity gradients. For the longitudinal structure functions of 𝑢709
and 𝑣, which are related to the longitudinal energy spectra in figures 17 and 18, the relevant710
nonlinear transfer terms measured on the 𝑥–𝑦 plane at 𝑧 = 0 are711

Π𝑢′ (𝑥, 𝑦, 𝑟) = −𝜕⟨[𝑢′ (𝑥+, 𝑦) − 𝑢′ (𝑥− , 𝑦)]3⟩
𝜕𝑟

, (3.5)712

Π𝑣′ (𝑥, 𝑦, 𝑟) = −𝜕⟨[𝑣′ (𝑥, 𝑦+) − 𝑣′ (𝑥, 𝑦−)]3⟩
𝜕𝑟

, (3.6)713

with 𝑥+ = 𝑥 + 𝑟/2, 𝑥− = 𝑥 − 𝑟/2, 𝑦+ = 𝑦 + 𝑟/2 and 𝑦− = 𝑦 − 𝑟/2, as derived in Valente &714
Vassilicos (2015). The corresponding linear-transfer terms are715

Π⟨𝑢⟩ (𝑥, 𝑦, 𝑟) = −𝜕 [⟨𝑢⟩(𝑥+, 𝑦) − ⟨𝑢⟩(𝑥− , 𝑦)]⟨[𝑢′ (𝑥+, 𝑦) − 𝑢′ (𝑥− , 𝑦)]2⟩
𝜕𝑟

, (3.7)716

Π⟨𝑣⟩ (𝑥, 𝑦, 𝑟) = −𝜕 [⟨𝑣⟩(𝑥, 𝑦+) − ⟨𝑣⟩(𝑥, 𝑦−)]⟨[𝑣′ (𝑥, 𝑦+) − 𝑣′ (𝑥, 𝑦−)]2⟩
𝜕𝑟

. (3.8)717

Figure 21 shows these terms at (𝑥, 𝑦) = (0, 0) normalised by 𝑢3
rms/𝐿𝑢 or 𝑣3

rms/𝐿𝑣 . A718
second-order central difference is used for 𝜕/𝜕𝑟. Because small errors in the structure719
functions can be amplified by differentiation, we focus on the overall trends rather than720
precise quantification. The maximum separation for evaluation is 𝑟 = 1.8𝑀 , close to the721
integral scales. Positive and negative values indicate transfers to smaller and larger scales722
(forward and backward transfers), respectively. Thus, Π⟨𝑢⟩ > 0 and Π⟨𝑣⟩ < 0 show that723
the mean velocity gradients associated with axisymmetric expansion have opposite effects:724
compression in the 𝑥 direction gives ⟨𝑢⟩(𝑥+, 𝑦) − ⟨𝑢⟩(𝑥− , 𝑦) < 0 and hence a forward transfer725
with Π⟨𝑢⟩ > 0, whereas expansion in the 𝑦 direction yields ⟨𝑣⟩(𝑥, 𝑦+) − ⟨𝑣⟩(𝑥, 𝑦−) > 0 and726
thus a backward transfer with Π⟨𝑣⟩ < 0. At large scales, the linear-transfer terms exceed the727
nonlinear ones. Even at 𝑟/𝐿𝑢 ≈ 10−1 and 𝑟/𝐿𝑣 ≈ 10−1 they are of comparable magnitude.728
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Figure 21: Linear and nonlinear longitudinal inter-scale energy transfers defined by
(3.5–3.8). (𝑎) Energy transfer of the 𝑥-directional velocity across scales in the 𝑥 direction;

(𝑏) energy transfer of the 𝑦-directional velocity across scales in the 𝑦 direction. The
separation distance and energy-transfer terms are normalised by the integral scales and

rms velocity fluctuations.

Thus, the mean velocity gradients of axisymmetric expansion alter the energy transfer across729
scales. The nonlinear terms also differ substantially between components. The 𝑥-component730
Π𝑢′ is positive, indicating forward transfer that diminishes as 𝑟 approaches the integral scale,731
consistent with other turbulent flows (Valente & Vassilicos 2015). In general, the nonlinear732
term scales as 𝑢3

rms/𝐿𝑢 (or 𝑣3
rms/𝐿𝑣), and the normalised quantity Π𝑢′/(𝑢3

rms/𝐿𝑢) is close733
to 1. By contrast, the 𝑦-component Π𝑣′ becomes negative at large scales, indicating that734
axisymmetric expansion modifies the nonlinear transfer. Deviations from the −5/3 law are735
observed in the longitudinal energy spectra of both 𝑢 and 𝑣. Since axisymmetric expansion736
affects the inter-scale transfers of these components differently, the spectral changes are737
unlikely to be explained solely by the inter-scale transfers.738

3.4. Summary of turbulence statistics739

Table 1 summarises velocity statistics obtained for all experimental conditions with different740
test-section geometries. The dissipation scaling is used to provide an order-of-magnitude741
estimate of the turbulent kinetic energy dissipation rate per unit mass, 𝜀 = 𝐴U3/L, where742
U and L denote the large-scale velocity and length scales. The present analysis relies743
on this dissipation scaling because the PIV does not resolve the smallest turbulent scales.744
The non-dimensional constant 𝐴 varies among flows and may depend on position in the745
present setup, but 𝐴 = 𝑂 (100) holds in most cases, including nearly HIT generated by the746
single jet array (Mori et al. 2024). We therefore take 𝐴 = 1 for the present estimates. This747
approximation is used only to evaluate the orders of the Taylor microscale 𝜆, the Kolmogorov748
scale 𝜂, and the turbulent Reynolds number 𝑅𝑒𝜆; accurate values of these quantities would749

require direct measurements of 𝜀. The velocity and length scales are defined as U =
√︁

2𝑘𝑇/3750
andL = (𝐿𝑢+𝐿𝑣+𝐿𝑤)/3, where the turbulent kinetic energy is 𝑘𝑇 = (⟨𝑢′2⟩+⟨𝑣′2⟩+⟨𝑤′2⟩)/2751
and 𝐿𝑤 is the integral scale in the 𝑧 direction. With statistical equivalence in the 𝑦 and 𝑧752
directions, we assume ⟨𝑤′2⟩ = ⟨𝑣′2⟩ and 𝐿𝑤 = 𝐿𝑣 . The Taylor microscale and Kolmogorov753

scale are given by 𝜆 =
√︁

10(𝜇/𝜌)𝑘𝑇/𝜀 and 𝜂 = (𝜇/𝜌)3/4𝜀−1/4, respectively. The turbulent754

Reynolds number is 𝑅𝑒𝜆 = 𝜌
√︁

2𝑘𝑇/3𝜆/𝜇. The resulting values of 𝑘𝑇 , 𝜀, 𝜆, 𝜂, and 𝑅𝑒𝜆 are755
listed in table 1.756

The Kolmogorov scales are 𝜂/𝑀 ≈ 1 × 10−3 for cases 1–3 and 0.7 × 10−3 for cases757
4–6. The larger 𝜂 in the former cases reflects the longer inner ducts with larger 𝐷𝑁 , as758
turbulence decay increases 𝜂. Turbulence decay also enlarges the Taylor microscale, giving759
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𝜆 values greater in cases 1–3 than in cases 4–6. Consistently, 𝑅𝑒𝜆 is about 600 for cases760
1–3 and 700 for cases 4–6. These values are sufficiently large to allow observation of the761
inertial subrange with the −5/3 law, as this scaling and its structure-function equivalent have762
been successfully observed in turbulence generated by the single jet array at comparable763
𝑅𝑒𝜆 (Mori et al. 2024; Watanabe et al. 2024). The observed deviation from the −5/3 law is764
therefore unlikely to originate from low-Reynolds-number effects. Consistently, turbulence765
subject to axisymmetric contraction at similar 𝑅𝑒𝜆 also departs from the −5/3 scaling, as766
discussed above (Ayyalasomayajula & Warhaft 2006).767

An important parameter describing the influence of mean strain on turbulence is the768
ratio of the strain time scale to the turbulence time scale. From (1.3), the strain rate 𝑆 is769
evaluated from the experimental data as 𝑆 = ( |A𝑥𝑥 | + 2A𝑦𝑦 + 2A𝑧𝑧)/3, using the continuity770
relation A𝑧𝑧 = −A𝑥𝑥 − A𝑦𝑦 . The characteristic time scale of large-scale motion is defined771
as 𝑇𝐿 = L/U. The normalised strain rate is expressed as 𝑆𝑇𝐿 , representing the ratio of 𝑇𝐿772
to the strain time scale 1/𝑆. Table 1 lists 𝑆𝑇𝐿 values for all cases. In all experiments, 𝑆𝑇𝐿 is773
close to unity, indicating that the mean strain acts on a time scale comparable to that of large-774
scale turbulent motions. Comparisons among cases suggest that the distance between the two775
opposing jet arrays, 𝐷𝑁 , has a stronger influence on 𝑆𝑇𝐿 , through turbulence decay effects776
on 𝑇𝐿 , than the gap length between the inner-duct exits, 𝐷𝐸 , which affects 𝑆. Systematic777
experiments varying 𝐷𝑁 would therefore be valuable for further investigations of turbulence778
under axisymmetric strain.779

Turbulence generated by the OMJA facility exhibits 𝑆𝑇𝐿 ≈ 1 while the necesarry condition780
for the RDT assumption to be valid is 𝑆𝑇𝐿 ≫ 1. Nonetheless, several findings are qualitatively781
consistent with RDT. Detailed comparisons with RDT require knowledge of the total strain782
(distortion) experienced along mean flow trajectories. When the turbulence intensity is783
small, this can be inferred from spatial variations of the mean velocity using Taylor’s frozen-784
turbulence hypothesis, as in wind-tunnel studies of axisymmetric contraction. In the present785
setup, however, the turbulence intensity is very high near the stagnation region, owing to786
the small mean velocity there and to the jet-interaction turbulence, so this approach is not787
suitable.788

RDT for axisymmetric turbulence has been presented in previous studies (Batchelor 1946;789
Sreenivasan & Narasimha 1978; Hunt & Carruthers 1990). Based on these frameworks,790
temporal evolutions of 𝑢rms/𝑣rms and 𝐿𝑢/𝐿𝑣 under axisymmetric expansion have been791
derived (Pope 1985; Lee 1989). For initially HIT, RDT predicts that axisymmetric expansion792
induces anisotropy, increasing both 𝑢rms/𝑣rms and 𝐿𝑢/𝐿𝑣 above unity. The present mea-793
surements likewise show 𝑢rms/𝑣rms > 1 and 𝐿𝑢/𝐿𝑣 > 1. However, RDT predicts an upper794

bound 𝑢rms/𝑣rms =
√

2, whereas our results exceed this limit (Pope 2000). Consistently,795
other experiments and DNS on turbulence with axisymmetric expansion at low Reynolds796
numbers report greater anisotropy than RDT when the strain time scale is comparable to797
turbulence time scales (Liu et al. 1999; Choi & Lumley 2001). In addition, RDT predicts that798
axisymmetric strain does not modify the −5/3 slope of the energy spectra at high Reynolds799
numbers, as shown in Appendix A. This contrasts with the present results in figures 17 and800
18 and with previous findings for axisymmetric contraction (Ayyalasomayajula & Warhaft801
2006).802

4. Conclusion803

A novel turbulence facility with opposing multiple-jet arrays has been developed to investigate804
turbulence subject to axisymmetric expansion at large Reynolds numbers The facility employs805
two opposed jet generators, each producing 6× 6 supersonic jets, and their interaction forms806
nearly HIT. The collision of the opposing turbulent flows creates a stagnation region in the807
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mean field, inducing axisymmetric expansion. Velocity measurements using two-component808
PIV have revealed both the mean strain and turbulence characteristics. The axisymmetric809
expansion, with mean velocity gradients satisfying A𝑥𝑥 : A𝑦𝑦 : A𝑧𝑧 = −2 : 1 : 1 and810
A𝑥𝑥 < 0, is uniformly established near the centre of the test section. However, the strain rate,811
defined as |A𝑥𝑥 |, varies spatially and becomes larger toward the centre along the symmetry812
axis.813

Turbulence generated by each jet array is nearly homogeneous and isotropic, but becomes814
anisotropic under axisymmetric expansion. In particular, the ratios 𝑢rms/𝑣rms and 𝐿𝑢/𝐿𝑣815
increase compared with those in nearly HIT generated by the single jet array. The invariant816
of the normalised anisotropy tensor of the Reynolds stress indicates that the flow becomes817
increasingly anisotropic toward the centre of the test section, reflecting the cumulative effect818
of mean strain. This anisotropy is qualitatively consistent with RDT predictions for initially819
isotropic turbulence subject to mean strain, which also predicts 𝑢rms/𝑣rms > 1 and 𝐿𝑢/𝐿𝑣 > 1.820
However, the present experiments do not satisfy RDT assumptions, since the strain time scale821
is close to that of large-scale turbulent motions, and several deviations from RDT predictions822
are observed. The measured values of 𝑢rms/𝑣rms exceed the upper bound predicted by RDT.823
Furthermore, the energy spectra decay faster than the −5/3 law. Consistently, the scaling824
exponents of velocity structure functions deviate from the prediction based on Kolmogorov’s825
second similarity hypothesis, even for low-order structure functions. The linear inter-scale826
transfer of turbulent kinetic energy due to mean velocity gradients is comparable to the827
non-linear contribution at large scales, inducing forward and backward transfers for 𝑢 and 𝑣,828
respectively; nevertheless, both components exhibit similar departures from the −5/3 law,829
suggesting that the modified inter-scale transfer is not the primary cause of these departures.830
Since RDT does not capture these changes in the scaling laws, the results motivate further831
studies of the influence of mean strain on turbulence, ideally via high-Reynolds-number832
DNS. Unlike mean shear, which has little effect on the scaling laws (Arneodo et al. 1996),833
the present findings demonstrate that axisymmetric mean strain significantly alters turbulence834
properties that are otherwise considered universal.835

The anomalous behaviours of the spectra and structure functions are consistent with reports836
for turbulence under axisymmetric contraction, where the deviation from the −5/3 law has837
been reported (Ayyalasomayajula & Warhaft 2006). The underlying cause of this departure838
remains unresolved and has received limited attention. Our results show that analogous839
deviations arise under axisymmetric expansion as well as compression, indicating a common840
influence of mean axisymmetric strain on inertial-range statistics. Given the central role841
of inertial-range scaling in turbulence theory and modelling, this deviation merits further842
investigation.843

In the opposed multiple-jet array setup, different test section geometries enable experiments844
with varied strain and turbulence conditions. Extending the inner ducts increases turbulence845
decay before it reaches the strain region, thereby modifying its properties. Varying the gap846
between duct ends alters the strain rate, although it is not determined solely by this gap. The847
present study is limited to narrow ranges of these geometric parameters due to the number of848
available nozzles, constrained by the air tank volume. Nevertheless, the results demonstrate849
that the opposed multiple-jet array configuration offers a useful platform for parametric850
studies of turbulence under axisymmetric expansion, particularly when larger numbers of851
jets and extended test sections become available.852
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Appendix A. Rapid distortion theory for turbulence subject to axisymmetric863
expansion864

The present experiments demonstrate that axisymmetric expansion modifies the energy865
spectrum, which no longer follows the −5/3 law in the inertial subrange. This appendix866
examines these spectral changes in the framework of rapid distortion theory (RDT) and shows867
that the experimental results are inconsistent with RDT predictions. Similar discrepancies868
between RDT and measured spectra have also been reported in DNS and experiments of869
turbulence subject to axisymmetric contraction (Ayyalasomayajula & Warhaft 2006; Clay &870
Yeung 2016).871

We briefly outline RDT for turbulence subject to axisymmetric strain, following Batchelor872
(1953); further details can be found in the original reference. The deformation of a fluid873
element 𝜕𝑥𝜕𝑦𝜕𝑧 in initially isotropic turbulence under axisymmetric strain is given by874

𝜕𝑥∗

𝜕𝑥
= 𝑐,

𝜕𝑦∗

𝜕𝑦
=

𝜕𝑧∗

𝜕𝑧
=

1
√
𝑐
,

𝜕𝑥∗
𝑖

𝜕𝑥 𝑗

= 0 for 𝑖 ≠ 𝑗 , (A 1)875

where 𝜕𝑥∗𝜕𝑦∗𝜕𝑧∗ denotes the post-deformation element and 𝑐 characterises the imposed876
strain. 𝑥 indicates the direction of the strain axis, while 𝑦 and 𝑧 denote the transverse directions.877
Axisymmetric contraction and expansion correspond to 𝑐 > 1 and 𝑐 < 1, respectively. An878
asterisk superscript (∗) denotes quantities in the strained state, while unstarred symbols879
denote those in the initial state.880

The general form of the energy spectrum tensor for turbulence under arbitrary irrotational881
strain was derived by Batchelor (1953). Based on the spectrum tensor for axisymmetric strain882
given therein, the longitudinal energy spectrum in the 𝑥 direction after deformation is883

𝐸∗
𝑢 (𝑘∗𝑥) =

∬
𝐸 (𝑘)
2𝜋𝑘∗4 (𝑘

2
𝑦 + 𝑘2

𝑧) 𝑑𝑘∗𝑦𝑑𝑘∗𝑧 , (A 2)884

where the strained wavenumbers 𝑘∗
𝑖

are related to the original wavenumbers 𝑘𝑖 by885

𝑘∗𝑥 =
𝑘𝑥

𝑐
, 𝑘∗𝑦 =

√
𝑐 𝑘𝑦 , 𝑘∗𝑧 =

√
𝑐 𝑘𝑧 , (A 3)886

and 𝐸 (𝑘) denotes the three-dimensional energy spectrum of the initial isotropic state with887
wavenumber 𝑘 .888

The strain effects can be evaluated with RDT by numerically integrating (A 2) using a889
prescribed form of 𝐸 (𝑘). Here we adopt the model spectrum of Pope (2000):890

𝐸 (𝑘) = 𝐶𝜀2/3𝑘−5/3 𝑓𝐿 (𝑘𝐿𝑘) 𝑓𝜂 (𝑘𝜂), (A 4)891

𝑓𝐿 (𝑘𝐿𝑘) =
(

𝑘𝐿𝑘√︁
(𝑘𝐿𝑘)2 + 𝑐𝐿

)5/3+𝑝0

, (A 5)892

𝑓𝜂 (𝑘𝜂) = exp
{
−𝛽

( [
(𝑘𝜂)4 + 𝑐4

𝜂

]1/4 − 𝑐𝜂

)}
, (A 6)893
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Figure 22: Longitudinal energy spectra of 𝑥-directional velocity fluctuations, 𝐸𝑢 (𝑘𝑥),
before and after deformation due to axisymmetric expansion. The post-deformation

spectrum is computed using RDT with (A 2).

where 𝐶 = 1.5 is the Kolmogorov constant, 𝜀 the energy dissipation rate, 𝐿𝑘 the integral894

length scale and 𝜂 the Kolmogorov length scale. The integral scale is defined as 𝐿𝑘 = 𝑘
3/2
𝑇

/𝜀895
with the turbulent kinetic energy 𝑘𝑇 . This definition is different from the integral scales in896
§ 3.3, where the integration of autocorrelation functions yield the integral scales. The Taylor897

microscale is 𝜆 =
√︁

10𝑘𝑇𝜈/𝜀, with 𝜈 the kinematic viscosity, and the turbulent Reynolds898

number is 𝑅𝑒𝜆 =
√︁

2𝑘𝑇/3𝜆/𝜈. We consider an initial isotropic turbulence with rms velocity899 √︁
2𝑘𝑇/3 = 1 and integral scale 𝐿 = 1 in arbitrary units. Specifying 𝑅𝑒𝜆 then fixes 𝜈 and 𝜀,900

which are used to evaluate 𝐸 (𝑘).901
The post-deformation spectra are computed from (A 2) for 𝑅𝑒𝜆 = 600 with 𝑐 = 0.25. We902

have confirmed that varying 𝑐 does not affect the shape of the energy spectra. Figure 22(𝑎)903
compares the longitudinal energy spectrum of the 𝑥-directional velocity before and after904
deformation. The post-deformation spectrum is shifted upward relative to the initial isotropic905
state, indicating enhanced velocity fluctuations, consistent with the present experimental906

observations. In both pre- and post-deformation spectra, the inertial-range scaling 𝐸𝑢 ∼ 𝑘
−5/3
𝑥907

is clearly observed. This is further demonstrated in the compensated spectra 𝑘
5/3
𝑥 𝐸𝑢 in908

figure 22(𝑏), where the plateau region is nearly identical for both cases. Although not909
shown, axisymmetric contraction with 𝑐 > 1 exhibits the same trend, with negligible910

deformation effects on the 𝑘
−5/3
𝑥 scaling. These RDT predictions contradict the present911

results for axisymmetric expansion and previous findings for axisymmetric contraction912
(Ayyalasomayajula & Warhaft 2006; Clay & Yeung 2016), suggesting that nonlinear effects913
play a significant role in both strain types.914
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Hassanian, R., Helgadóttir, Á., Bouhlali, L. & Riedel, M. 2023 An experiment generates a specified961

mean strained rate turbulent flow: Dynamics of particles. Phys. Fluids 35 (1), 015124.962
Hunt, J. C. R. & Carruthers, D. J. 1990 Rapid distortion theory and the ‘problems’ of turbulence. J. Fluid963

Mech. 212, 497–532.964
Hussain, A. K. M. F. & Ramjee, V. 1976 Effects of the axisymmetric contraction shape on incompressible965

turbulent flow. J. Fluids Eng. 98 (1), 58–68.966
Isaza, J. C., Salazar, R. & Warhaft, Z. 2014 On grid-generated turbulence in the near-and far field967

regions. J. Fluid Mech. 753, 402–426.968
Iyer, K. P., Sreenivasan, K. R. & Yeung, P. K. 2020 Scaling exponents saturate in three-dimensional969

isotropic turbulence. Phys. Rev. Fluids 5 (5), 054605.970
Kang, H. S. & Meneveau, C. 2008 Experimental study of an active grid-generated shearless mixing layer971

and comparisons with large-eddy simulation. Phys. Fluids 20 (12), 125102.972
Keffer, J. F. 1965 The uniform distortion of a turbulent wake. J. Fluid Mech. 22 (1), 135–159.973
Kitamura, T., Nagata, K., Sakai, Y., Sasoh, A., Terashima, O., Saito, H. & Harasaki, T. 2014 On974

invariants in grid turbulence at moderate Reynolds numbers. J. Fluid Mech. 738, 378–406.975
Kolmogorov, A. N. 1991a Dissipation of energy in the locally isotropic turbulence. Proc. Roy. Soc. A976

434 (1890), 15–17.977
Kolmogorov, A. N. 1991b The local structure of turbulence in incompressible viscous fluid for very large978

Reynolds numbers. Proc. Roy. Soc. A 434 (1890), 9–13.979



33

Kouchi, T., Fukuda, S., Miyai, S., Nagata, Y. & Yanase, S. 2019 Acetone-condensation nano-particle980
image velocimetry in a supersonic boundary layer. In AIAA Scitech 2019 Forum, p. 1821.981
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