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Abstract

Knowledge of the instantaneous flow behaviour of interacting opposing jets, in addition to knowledge of the mean flow, is
important for science and practice. Whereas studies often focused on axisymmetric jets, analyses for plane jets are scarce
in general and for plane jets in an enclosed domain (i.e. not a (semi-)open environment) in particular, as e.g. encountered
in airplane cabin ventilation. In this paper, 2D particle image velocimetry measurements are performed to study isothermal
interacting opposing plane wall jets and plane free jets in a generic empty reduced-scale water-filled enclosure. Inlet Reyn-
olds numbers vary from 3450 to 4650. The analyses encompass an inspection of the global flow patterns (in the vertical
midplane) and of the flow components (e.g. interaction zone, merged jet, return flows, recirculation cells), using distribution
plots, correlation functions and fast Fourier transforms. Vortical structures are also visualised and tracked over time. It is
shown that the transient interaction of the opposing wall jets drives a merged jet that resembles a flapping turbulent plane jet.
Remarkable are the occasional deviating (more unstable) flow patterns that appear. Furthermore, many vortical structures are
present that could enhance mixing within the enclosure. The opposing free jets mainly show quasi-periodic oscillations with
a given frequency (Strouhal number around 3.3 x 10~), comparable to opposing plane free jets mentioned in the literature.
Also in this configuration, many different vortices are present that can grow considerably large while transported through
the flow domain. Both configurations show a potential for contaminant lock-up (stagnation zones).
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Graphical abstract

ceiling-jet configuration

1 Introduction

Counterflowing jets emerging from opposing inlet slots that
impinge on each other, i.e. so-called opposing jets, appear
in numerous engineering applications: confined impinging-
jets reactors (e.g. Liu and Fox 2006), side-dump combustors
(e.g. Samaniego et al. 1993), vertical and/or short take-off
and landing (V/STOL) aircrafts (e.g. Kotansky and Glaze
1980), air distribution system in an airplane cabin (e.g. Cao
et al. 2014), etc. The impingement point of the opposing jets
(hereafter referred to as the interaction zone) is highly turbu-
lent and may be hydrodynamically unstable, depending on
many parameters, such as the inlet Reynolds numbers (Re),
the jet-separation distance (d), the level of confinement and
the inlet slot height (%) and shape, as observed from dif-
ferent theoretical, experimental and numerical studies (e.g.
Denshchikov et al. 1978, 1983; Rolon et al. 1991; Wood
et al. 1991; Champion and Libby 1993; Zhao and Brodkey
1998; Besbes et al. 2003; Pawlowski et al. 2006; Zhao et al.
2008; Liu et al. 2010; Li et al. 2011, 2013; Tu et al. 2014,
Hassaballa and Ziada 2015; Ansari 2018).

Although the majority of studies considered axisymmet-
ric jets (Li et al. 2013), of interest in the present study are
opposing plane (2D) jets. For example, Denshchikov et al.
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(1978, 1983) performed experiments on the interaction of
opposing plane water jets submerged in a relatively large
water tank. Depending on two bifurcation parameters, i.e.
Re,, (100 <Rey<4800) and the aspect ratio (AR) determined
from d and h (AR =d/h>4-6), observations were made in
which one jet overlaps the other alternately with a frequency
determined by the two parameters (i.e. so-called deflect-
ing oscillations). 2D numerical results by Pawlowski et al.
(2006) reported different flow regimes for symmetric lami-
nar opposing plane jets, controlled by the same two bifurca-
tion parameters (1 <Re,;<1500; 1 < AR <20). Multiple sta-
ble and unstable steady states were observed, as well as the
periodic deflecting oscillation (similar to Denshchikov et al.
1978, 1983) and a chaotic flow regime. Also Li et al. (2011)
detected different flow regimes in their experimental work
on unconfined plane opposing air jets (for 786 <Re; < 6288;
1 < AR <20), which were characterised by either an irregular
oscillation of the interaction zone along the jets centreline
or the periodic deflecting oscillation with a specific oscil-
lation frequency. This frequency was observed to decrease
for larger jet-separation distances or lower inlet Reynolds
numbers. Additional results to the study of Li et al. (2011)
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a
measurement plane

laser CCD camera

Fig.1 a Experimental set-up with PIV equipment (laser and CCD
camera), laser sheet illuminating vertical measurement plane (in
green), ceiling inlets (I), lateral inlets (II), OHSCs (III) and outlets

were provided by Tu et al. (2014) (for 16 <Re,<5000;
2 < AR <40), who experimentally and numerically showed
that the deflecting oscillation frequency also lowered (or
even disappeared) when the plane jets were subjected to con-
finement boundaries or for increased width-to-height inlet
slot ratios. Similar sensitivities to the jet-separation distance
and inlet Reynolds number were reported by Hassaballa and
Ziada (2015). They conducted particle image velocimetry
(PIV) measurements of high-velocity impinging plane air
jets (for 18,000 <Re;<30,000; 7< AR < 130) and linked the
self-sustained deflecting oscillation to the high pressure in
the interaction zone and the flow dynamics (circulation cells)
in the entrainment regions of the jets.

Whereas the aforementioned studies focused on opposing
plane free jets, interacting opposing plane wall jets were also
investigated by e.g. Kind and Suthanthiran (1973), Gilbert
(1985) and Johansson and Andersson (2005) in an open
environment (i.e. not enclosed) or by Shishkina and Wagner
(2012), Korner et al. (2013, 2015) and Kandzia and Mueller
(2016, 2018) in a generic enclosure (model room for study-
ing e.g. ventilation flows in airplane cabins) incorporating
thermal buoyancy forces (mixed convection flow). Although
in most of these experimental or numerical studies the flow
was observed to be highly transient (and under mixed con-
vection, in some cases, even unstable), mainly time-averaged
flow characteristics were presented and an analysis of the
instantaneous flow patterns, in particular of the transient jet
interaction, was absent. Under mixed convection, a distinc-
tion between stable and unstable flow regimes was made, yet
an actual transient characterisation of these (un)stable flow
regimes was not incorporated. Such knowledge is essential
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(IV); b indication of dimensions of enclosure (height H, width W,
length L), inlet height (h), outlet height (#), radius of OHSCs (R) and
separation distance between ceiling (d,,;) and lateral (d};) inlet slots

for the effective use of opposing plane jets in applications
that rely on their (un)stable behaviour (Pawlowski et al.
2006). Out of the aforementioned works on opposing plane
wall jets, only Korner et al. (2013) (for 67 <Re,<464; AR
~ 200) reported in more detail that the isothermal opposing
jets in their generic enclosure induced (horizontal) oscilla-
tions of the large-scale flow structures at specific frequencies
proportional to Re,,.

In the current paper, both opposing plane wall jets and
opposing free jets in a reduced-scale water-filled generic
enclosure are investigated (Fig. 1), hereafter called the ceil-
ing-jet and lateral-jet configuration, respectively. The ceil-
ing jets are located at the top of the enclosure (I in Fig. 1a),
whereas the lateral jets (I[), which are partially guided into
the enclosure along a surface (III) (simplified representation
of overhead stowage compartments—OHSCs—in a cabin),
are located at a fixed distance from the ceiling. This set-up
is, for example, a generic representation of (airplane) cabin
mixing ventilation where opposing plane jets are used to
provide fresh air to the cabin (Thysen et al. 2022a).

Previous studies on opposing-jet mixing ventilation in
airplane cabins mainly focused on the time-averaged airflow
field, whereas information on instantaneous flow patterns
and their dynamics is also very important regarding, for
example, the transmission of contaminants throughout the
cabin or thermal comfort of the passengers, especially since
the complex cabin airflow patterns can be very transient
and unstable (e.g. Lin et al. 2005; Kiihn et al. 2009). A few
studies did elaborate on the instantaneous airflow dynamics
using computational fluid dynamics (CFD) simulations (e.g.
Yang et al. 2016; Wang et al. 2022) or PIV measurements
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(e.g. Lietal. 2016, 2017; Wang et al. 2017). These stud-
ies pointed out quasi-periodic deflecting oscillations of the
lateral jets (so-called large-scale swing motions), the oscil-
lation frequency of which is affected by Re,, the supply
(direction) angle or the thermal load (Wang et al. 2022). In
addition, the measurements provided a detailed flow analysis
of specific areas, i.e. the jet interaction zone (Li et al. 2016;
Wang et al. 2017) and/or the recirculation cells (Li et al.
2017). However, these studies all considered the same spe-
cific mock-up of a Boeing 737-200 single-aisle cabin and,
given the complexity of the indoor cabin environment, the
observed flow patterns may be case specific.

The objective of the current paper is to present 2D PIV
measurements of the instantaneous isothermal flow driven
by opposing jets in an empty generic cabin model (Fig. 1).
Its reduced scale allows capturing the velocity field in the
whole vertical cross-section with a high spatial resolution.
The enclosure is generic and objects or heat sources (seats,
passengers, etc.), typically present in airplane cabin mock-
ups, are not included. This allows for a fundamental inves-
tigation of the dynamics of the flow components that are
inherent to enclosed opposing-jet flows, such as the jet inter-
action and the merged jet developed after the interaction.
The resulting large recirculation cells with return flows along
the walls as well as the development and transport of vorti-
cal structures throughout the flow domain are also investi-
gated. Furthermore, a comparison with the results from the
aforementioned studies on wall and free jets is provided. In
addition, the experimental data will be useful for the valida-
tion of numerical simulations and may be valuable to other
applications involving opposing jets.

The structure of the paper is as follows. First, the experi-
mental set-up and PIV settings are described in Sect. 2. Sec-
tion 3 outlines the methods used for the analyses. In Sects. 4
and 5, the results for the ceiling-jet and lateral-jet configu-
rations are presented, respectively. The limitations of the
current study and future work are described in Sect. 6, and
Sect. 7 provides the conclusions.

2 Experimental set-up and PIV settings

The experimental set-up is more extensively described in a
previous paper by the authors (Thysen et al. 2022a) and only
a brief outline is thus provided here. The set-up is shown
in Fig. 1 and consists of a water-filled enclosure equipped
with two pair of full-length inlets at opposing sides: ceiling
inlets at the top (I) and lateral inlets (II) located below the
OHSCs (III). Upstream of each inlet, a conditioning sec-
tion is incorporated with three screens (having a decreasing
porosity downstream), a honeycomb (not shown in Fig. 1)
and a contraction to minimise the turbulence levels and
velocity gradients in the supply flows (for details see Thysen
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et al. 2022a). Every inlet is connected to a water storage tank
via a STAD DN 40 valve, which enables regulation of the
flow rate of the particular inlet. A centrifugal pump (Wilo-
VeroLine-IP-E50) drives the flow. Water leaves the enclo-
sure through the two full-length outlets at floor level (IV),
after which it flows back to the water storage tank (closed
system). Isothermal conditions are applied.

The enclosure is at reduced scale (1:11) with height
H=0.2 m (Fig. 1b). The width W and length L both meas-
ure 1.5H. The inlet height 2 =0.05H (before the contraction
it is 3h) and the height of the outlets t=0.1H (or t=2h).
The accuracy of 4 is 0.01 mm. Furthermore, the distance
between the opposing inlets is d;=H (or AR =20) for the
ceiling inlets, and d;;= W=1.5H (or AR =30) for the lateral
inlets. The OHSCs, which are a generic representation of
those in an actual (airplane, train or bus) cabin, are com-
prised of a cuboid with a rounded part based on a circle
with radius R=0.125H. Note that the aim is to derive funda-
mental insights into the underlying flow components of the
opposing-jet (ventilation) flow, which in reality is subjected
to many cabin-specific parameters. Therefore, a generic set-
up, being a simplified model—but still representative of an
actual cabin—is employed.

2D PIV is applied to measure the flow in the vertical mid-
plane of the enclosure (zZH=0.75; Fig. 1a), using a Nd:YAG
solid-state laser (double pulse, 2 x 160 mJ, 532 nm) with
the laser sheet coming from below the set-up. The light is
reflected by polyamide seeding particles (diameter 5-35 pm,
density 1.03 g/cm?®) towards the charge-coupled device
(CCD) camera (1200 1600 px) used for image recording.
The PIV measurements are performed conforming to guide-
lines from the literature (e.g. Keane and Adrian 1990; Prasad
2000; Raffel et al. 2018) to minimise systematic errors, as
already reported in detail in Thysen et al. (2022a). After reg-
ulation of the intended supply flow rate, a sufficient amount
of time is taken into account to first allow the flow to adapt
to the inlet conditions, which avoids measuring start-up
effects. Then the flow is recorded for 15 min with a sampling
frequency f; of 15 Hz corresponding to N=13,500 samples
(image pairs). Each sample is analysed with the multi-grid
interrogation method in which the interrogation windows
reduce in size from 64 X 64 to 16 X 16 px (with 50% overlap)
in three iterations (creating 195 X 130 measurement points
P according to a spatial resolution of = 1.54 mm). Spurious
velocity vectors are limited to a minimum by only accepting
vectors for which the peak-to-peak ratio is larger than 1.3
and the normalised median test lower than 3.0.

The ceiling-jet and lateral-jet configurations, as depicted
in Fig. 2, are studied in this paper. Three different inlet Reyn-
olds numbers of the supply jets are used per configuration:
Re, = 3450, 4350 and 4650 (ceiling inlets) and Re,, = 3500,
4300 and 4600 (lateral inlets), where Re,= U,h/v with v the
kinematic viscosity of water at 20 °C and U, representing



Experiments in Fluids (2023) 64:19

Page50f19 19

a
Xy
y/H L
YiY VIII
0.75 1 /
VI
0501 _y=045H vi
v
0.25 A
y
X v
0 T
0 0.25 0.50
b

\4 IV

0 025 050 075 100 125 x/H

Fig.2 Vertical cross-section of ceiling-jet configuration (a) and
lateral-jet configuration (b), with visualisation of flow components
using mean 2D velocity magnitude contours (for Re, = 3450 in a, Re,,
= 3500 in b): (I) ceiling/lateral jets, (II) interaction zone, (IIT) merged
jet, IV) impingement zone, (V) return flows along floor and side-
walls, (VI) return flows after detachment from OHSCs (only in a),
(VII) large recirculation cells, (VIII) small recirculation cells. Also
indicated are mean centre location of interaction zone x=X_ , (only
in a), and merged-jet mean velocity profile at y/H=0.45 with mean
centre location x=X,,,,, maximum mean velocity V,  and half-
velocity width X,,,.. Red dots are locations of monitoring points

the average of the maximum mean (i.e. time-averaged) jet
(x-)velocities U, at the two (ceiling/lateral) inlets. The val-
ues of U,  differ by 1.5-5% (ceiling inlets) or 6-10% (lateral
inlets). The procedure for matching both inlet velocities con-
sists of an iterative process in which first the valves are set
according to the desired flow rate (with an uncertainty on the
flow rate around 5-7% for the selected valve openings). Then
preliminary PIV measurements are performed and analysed
to check on the agreement between the supply flow rates of
the opposing inlets, after which the valve openings are read-
justed if needed. The inlet turbulence intensities I, measure
4.5-6% (ceiling inlets) and 5.5-6% (lateral inlets), with

representing the average of /;, which differ around one to six
percentage points (ceiling inlets) and less than one percent-
age point (lateral inlets). The relative statistical uncertainty
on the measured mean velocity components is assessed to be
below 13% (Re,, = 3450), 6% (Re, =~ 4350) and 5% (Re, =
4650) in the configuration with ceiling inlets and lower than
5% (Re, ~ 3500), 4% (Re, =~ 4300) and 6% (Re, ~ 4600) in
the configuration with lateral inlets (Thysen 2022).

The chosen Re, are based on those typically used for
airplane cabin mixing ventilation (ASHRAE 2019), which
produce transitional jets (Thysen et al. 2022a). The corre-
sponding supply flow rates vary in the range of 1.03 x 107>
to 1.40 x 1073 m3/s, resulting in water exchange rates of 224
to 303 h~!. Following the calculations presented by Thatcher
et al. (2004), using the length scale ratio of 1:11, and by tak-
ing into account Reynolds number matching (with the ratio
of the kinematic viscosities of air to water equal to 15.03),
the flow rate in a corresponding full-scale (air-filled) replica
of the cabin model would be 165 times this of the current
reduced-scale water-filled set-up. The air flow rate would
then be in the range of 0.17-0.23 m%/s, leading to an air
exchange rate of 28-38 h™!, which is in close agreement with
this used in realistic airplane cabins (Hunt and Space 1994).

3 Methods

The instantaneous flow variables will be indicated by lower-
case letters, while upper-case letters will be used for the
mean variables. For example, u and v represent the instan-
taneous x- and y-velocity, respectively, with mean values
U and V. Variables are either defined with respect to the
coordinate system of the enclosure (x,y) located at the lower
left corner of the vertical midplane (Fig. 2), or with respect
to the coordinate system (x;,y;) located at the top of every
inlet. In the latter case, the variables will be indicated with
subscript ‘J’.

3.1 Periodicity detection

In order to detect whether the flow shows specific perio-
dicities (such as the deflecting oscillation mentioned in
Sect. 1), time series of u and v obtained in different monitor-
ing points, some of which are shown in Fig. 2, are analysed
using two approaches:

The (normalised) correlation function between two time
series a(t) and b(t) is defined as

Zi.il a’(ti)b’(ti + T)

ey
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where the apostrophe indicates the fluctuation of the cor-
responding variable (e.g. a’=a—A), N is the number of PIV
samples and 7 represents the time separation between the
two series. In the case a(¢) =b(1), C,, is called the auto-
correlation function (ACF), otherwise it is referred to as
the cross-correlation function (CCF). The correlation coef-
ficient, defined as C,,(r=0), measures the linear depend-
ence between the two time series. In the case the time series
contain periodicity, C,,, shows peaks at each multiple of the
given period.

The (1D) energy spectrum of the velocity fluctuations
u'(t) or v'(¢), denoted as E,,. or E,,,, respectively, which
shows the amount of kinetic energy as a function of fre-
quency, is calculated following Welch’s method (e.g. Stoica
and Moses 2005). It encompasses a subdivision of the time
series into eight segments of equal length with 50% overlap
(each containing 3000 samples, corresponding to an interval
length of 200 s), which are windowed (Hamming window)
and used for FFT. The resulting individual energy spectra
are then averaged to obtain the final energy spectrum of the
time series. This provides a spectrum with reduced noise,
but at the expense of a reduced frequency resolution (i.e. 5
x 107 Hz instead of 1.11 x 107> Hz). Dominant frequencies
(periods) present in the time series will have a peak in the
energy spectrum.

As outlined in e.g. Vlachos et al. (2005) and Puech et al.
(2020), using both methods is beneficial since on the one
hand the energy spectrum can be contaminated with spectral
leakage and deteriorates in accuracy for large periods. On
the other hand, the correlation function can provide better
accuracy (also for longer periods), but can be more difficult
to interpret (e.g. multiplicity of peaks per period).

3.2 Vortex identification

Vortices are visualised by means of velocity vectors, from
which the area-averaged (background) velocity may be sub-
tracted for better visibility, and using the vortex centre iden-
tification algorithm outlined in Graftieaux et al. (2001) and
Zigunov (2021), in which the dimensionless scalar function
I is evaluated at every measurement point P in the vertical
midplane according to:

F(P)=lzw=lzsm(%) @
n oes |rPQ||uQ| n oes

This function considers a (circular) interrogation window
S with fixed size centred around P containing n other meas-
urement points Q. It calculates the cross-product between
the radius vector ("r'PQ), defined from P to Q, and the veloc-
ity vector at point Q (), which, after application of the
dot product with the unit vector normal to the measurement
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plane (k), is divided by the magnitude |.| of each vector;
this is equivalent to the sine of the angle between both vec-
tors (ap). Summation over all points Q and division by n
yields I'(P). Note that I" shows equivalence with the angular
momentum of a solid body rotation (Graftieaux et al. 2001).

The size of S (or n) controls the size of the vortices to be
detected and therefore acts as a spatial filter (small-scale vor-
tices are not visualised when n becomes too large). Within
the vortex centre, |/l is maximum and bounded by 1. Note
that its maximum value decreases when vortices deviate
from an axisymmetric shape and that therefore its range (i.e.
value at the lower end) will be adjusted accordingly for best
visualisation of the vortices.

It should be mentioned that other vortex identification
methods were tested, such as the vorticity or Okubo—Weiss
function; however, these resulted in very noisy images from
which no clear vortical structures could be distinguished.

4 PIV measurement results: ceiling inlets

4.1 Mean flow

An impression of the mean flow field in the vertical mid-
plane for each Re, of the ceiling jets is shown in Fig. 3.
Note that only one out of three velocity vectors is shown for
the sake of clarity. Since a thorough discussion on the mean
flow field was presented in a previous paper by the authors
(Thysen et al. 2022a), only the main characteristics relevant
to the current paper are recapitulated here. The mean flow
field was obtained after averaging all PIV samples (15 min)
which, according to convergence plots, was assessed to be
sufficiently long (see Thysen et al. 2022a). The two plane
jets emerging from the ceiling inlets (I in Fig. 2a) interact
nearby the middle of the ceiling (x/H=0.75) and try to dis-
place each other, thereby inducing an adverse pressure gradi-
ent which leads to separation of both jets from the ceiling.
In all cases, the created interaction zone (separation bubble;
IT in Fig. 2a) is located slightly to the right of the vertical
centreline (i.e. X, ;,/H>0.75, with X, denoting its mean
centre location," indicated in Fig. 2a), due to the left jet hav-
ing slightly higher velocity than the right jet (Sect. 2). A
downward flowing merged jet is present (III in Fig. 2a), flow-
ing almost parallel to (Fig. 3a) or slightly curving away from
(Fig. 3b,c) the vertical, as indicated by the green dash-dotted
lines that visualise the mean centre location of the merged

! X_.1z mean value of the (instantaneous) centre location of the inter-
action zone x,,, which is the location of minimum (zone-averaged)
2D velocity magnitude Ivi=(u?+v?)"? within the area between the
two ceiling inlets (0.25 <x/H < 1.25) and with height y,=2h from the

ceiling.
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Fig.3 Mean velocity vectors and contours of I/ in vertical midplane of ceiling-jet configuration for three Re,,: a Re, = 3450, b Re; ~ 4350 and
¢ Rey ~ 4650. Green dash-dotted lines indicate X, ,,; over full height of merged jet
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Fig.4 Instantaneous velocity vectors in vertical midplane of ceiling-
jet configuration for Re, ~ 4350 showing typical movement of inter-
action zone and merged jet, with indication of a vortices and b, ¢

jet? X,y Also, asymmetry between the two half-velocity
widths X,,,, of the merged jet (right side has larger width)
is observed from y/H < 0.5 (only slightly visible in Fig. 2a;
see Thysen et al. 2022a for full description). The merged jet
then impinges on the floor (IV in Fig. 2a), after which part
of the flow is extracted from the enclosure via the outlets
and part returns along the sidewalls and the OHSCs (V and
VI). Two large (VII) and two smaller (VIII) recirculation
cells are established, the centres of which are visualised in
Fig. 3 using II'l (Eq. 2).

4.2 Instantaneous flow: overall flow behaviour

Figure 4 shows for Re, ~ 4350 velocity vector fields of
several characteristic (typical) instantaneous flow patterns,
which are also observed for the other Re,. An animation

2 X,y mean value of the (instantaneous) centre location of the
merged jet x,.,,;, which is the location of maximum (zone-averaged)
y-velocity in the merged jet (v,,,) within the area covered by the full

width and 0.3 <y/H <0.6 (or 8 <y,/h < 14).

x/H xX/H

flapping movement. Red dashed line is vertical centreline of enclo-
sure (x/H=0.75). Corresponding animation is Online Resource 1

(Online Resource 1) is included in the supplementary infor-
mation section. Note that only one out of two vectors is pre-
sented. The transient interaction of the opposing ceiling jets
results in a horizontal movement of the interaction zone,
which also causes the merged jet to alternate left and right.
The distribution of the (instantaneous) merged jet location
X, p5» Which is recorded at every instant and for each Re,,
is shown in Fig. 5a. The relative frequency indicates the
number of PIV samples with x_,,,/H located at x/H + 6x
(with dx=0.0125H), relative to the total number of sam-
ples. Note that the range of x/H is restricted to 0.25-1.25,
which are the locations of the two ceiling inlet slots. For
all three Re, the distributions have their maximum around
the centreline of the enclosure (x/H=0.75), indicating that
most of the time the merged jet is located here. The distribu-
tion of Re, =~ 3450 is somewhat broader than for the other
two Re,, (the locations of the two bins at the left and right
outer side of the distributions are indicated in the table in
Fig. 5a), which demonstrates a larger range of locations over
which the merged jet moves. The range of x_ ,,, covers 50%
of W for Re, ~ 3450, compared to 39% and 34% in Re, ~
4350 and Re, = 4650, respectively. All distributions have
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Fig.5 Centre location of merged jet (., in ceiling-jet configura-
tion for three Re: a distribution plots and b fragments of correspond-
ing time series. Tables in a indicate range of x, ,; and its mean value
(X, p1p)- Time series of x,,,; in b represent fluctuation from mean
centre location (x, X, ), With standard deviations o, shown by
dashed lines

mean locations X ,,; slightly at the right of the centreline
x/H=0.75 (table in Fig. 5a).

The corresponding time series of x,.,,,/H are shown in
Fig. 5b, represented with respect to X, ,,,. Note that, for the
sake of clarity, only two fragments (first and last 100 s) of
the full time series are shown. The fluctuating movement
around X, is clearly visible, with frequent stronger devia-
tions at Re, ~ 3450, which are not present for the other two
Re, (also note the higher standard deviation o, for this Re,,
indicated with dashed lines in Fig. 5b). At such instances,
the merged jet is located at the outer edges of the distribu-
tions (Fig. 5a) for a longer period of time (~ 20 to 60 s), e.g.
at 60 <1< 90 s, indicating that one ceiling jet suppresses the
other opposing jet, after which the flow recovers back to
the transient movement around X, ,,;. Sometimes, the flow
at Re, ~ 3450 can even deviate from the common flow pat-
terns (Fig. 4), at e.g. instances indicated with letters A and
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B in Fig. 5b. Figure 6 shows several instantaneous veloc-
ity vector fields recorded around instance A, with the cor-
responding flow animation presented in Online Resource
2 (Online Resource 3 presents the animation of the flow
around instance B). Note that only one out of two vectors
is shown. At such instances, the merged jet can also move
significantly away from the centreline. Ten such events are
observed during the recording and appear to occur at ran-
dom instances (i.e. with unequal time intervals in between).
The reason for such persistent deviations from X ;,; and the
occurrence of deviant flow patterns for Re; ~ 3450 may be
attributed to the more equal inlet velocities (momentum) of
the interacting ceiling jets in this measurement (i.e. 1.5%
difference in U, , for Rey ~ 3450, compared to a difference
of up to 5% for the two other Re,); it may be argued that a
stronger discrepancy between the jet momenta results in a
more stable interaction zone due to one jet being suppressed
more by the other jet, although an indisputable explanation
is not obtained. Similar results as presented in Fig. 5 are
obtained for the location of the interaction zone x,. ;;,—which
are not shown here for the sake of brevity (the interested
reader is referred to Thysen 2022 in this regard)—indicating
that the merged jet follows the movement of the interaction
zone, which is confirmed by the CCF (Eq. 1) of their time
series, having a maximum value of 0.4 at 7 <0 (not shown).
As already mentioned by Johansson and Andersson (2005),
the transient interaction zone acts as an “apparent unstable
virtual source” of the merged jet.

The alternating movement of the merged jet resem-
bles the flapping of a turbulent (impinging) plane jet (e.g.
Cervantes de Gortari and Goldschmidt 1981; Khayrul-
lina et al. 2017). To investigate this apparent jet flapping,
time series of the velocity recorded in different monitor-
ing points (see Fig. 2a), which are located symmetrically
along both sides of the merged jet close to the point of
its formation (points A and B) and further downstream
(points C and D), are analysed. Figure 7a shows a frag-
ment of the time series of v’ (made dimensionless using
U,) for each pair of monitoring points in the measurement
with Re, = 3450. The corresponding moving average (over
1 s recording time) is plotted on top of each time series
(solid and dotted black lines) to accentuate the (larger-
scale) fluctuations. The time series show quasi-periodic
oscillations and, as the velocity at one point decreases, the
velocity at the opposing point generally increases, which
is also demonstrated in Fig. 7b by the negative value of
the corresponding correlation coefficient (C,,(0) <0).
Note that the range of C,, is restricted for better visibility.
The correlation is strongest at the onset of the merged jet
(points A and B; C,,(0)=—0.68) and decreases further
downstream (points C and D; C,,(0)=—0.32). The CCFs
also alternate between positive and negative values, seem-
ingly quasi-periodic. These observations (C,,(0) <0 and
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quasi-periodicity) are signs of a flapping merged jet, as The quasi-periodicity is further investigated by applica-

opposed to a puffing-like motion, according to Cervantes  tion of FFT on the recorded time series. Figure 8§ plots the
de Gortari and Goldschmidt (1981). Similar observations  resulting dimensionless 1D energy spectrum of v’ (E, ,/U,%)
hold for the other Re,, as a function of the Strouhal number St=fh/U,, (f being the
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Fig.8 Dimensionless 1D energy spectra of v' (E,,/U,?) in monitor-
ing points A and C (see also Fig. 2a) together with reference energy
spectrum of u’ (E,,/U,?) in monitoring point IZ, in ceiling-jet con-
figuration for: a Re, =~ 3450, b Re, =~ 4350

frequency) obtained in monitoring points A and C for Re,,
~ 3450 and Re, = 4350. The spectrum of «' in point IZ
(see Fig. 2a) is also added as a reference (dashed line).
Although the energy level appears to be (slightly) increased
for St<1.7 - 10~ (or £<0.06 Hz) for Re, ~ 3450, and
St<2.8 - 107 (f<0.11 Hz) for Re, ~ 4350, a specific char-
acteristic frequency is not observed. The results for Re, ~
4650 (not shown) are similar to these of Re;, ~ 4350.

In order to assess to which extent the merged jet move-
ment is affected by the return flows that detach from the
OHSC (Fig. 4a, y/H=0.7), correlations (Eq. 1) between time
series of several return flow characteristics (e.g. velocity
magnitude Ivl, angle with respect to the horizontal at which
the return flows approach the merged jet 6yp) and charac-
teristics of the merged jet (e.g. X, ) are calculated (not
shown). However, no significant correlations are detected.
Nonetheless, it is noticed that 8y and Ivl of the two return
flows differ; most of the time, the right return flows are
directed more downwards than the left return flows and have
a higher velocity magnitude. Such imbalance may impact
the merged jet movement, which—on average—is oriented
slightly towards the left as mentioned earlier in Sect. 4.1. A

@ Springer

e (SN
0.93 T i e TUNNSSTN

ey —

E\ PR M,__._\w_,///_\._,_._";j/,/,g-,i N

x/H

7]
0.6 07 08 09 10

Fig.9 Vortex train in outer layer of (left) ceiling jet (Re, =~ 3450) vis-
ualised by instantaneous velocity vectors from which area-averaged
instantaneous velocity is subtracted, together with contours of |7

further discussion on the potential influence of the return
flows on the overall flow behaviour is provided in Sect. 4.4.
The interested reader is referred to Thysen (2022) for addi-
tional results regarding the return flow characteristics.

4.3 Instantaneous flow: vortical structures

Vortices with a range of length scales are present through-
out the flow field. Figure 9 presents an example of vortices
that are formed in the outer layer of the (left) ceiling jet
(for Re =~ 3450 only), using instantaneous velocity vec-
tors from which the area-averaged instantaneous velocity
is subtracted, and with the vortex centres being visualised
using II'l. These vortex trains are similar to those described
in van Hooff et al. (2012), who addressed such vortices to be
generated from Kelvin—Helmholtz instabilities. The Strou-
hal number (St=/fh/U, ) based on the vortex formation fre-
quency (f =~ 18-29 Hz), which is derived from the average
distance between two adjacent vortices and U, (van Hooff
et al. 2012), varies within the range 5.4 X 10'<St<6.3 x
107! for the two jets and the different Re,. It was not possible
to use FFT to obtain f because of f, being too low (15 Hz).
Vortical structures are also frequently observed along
both sides of the merged jet for all Re, (see e.g. Figure 4a).
Figure 10 illustrates using velocity vectors (only one out of
two vectors is shown) and contours of 1771 for Re, ~ 3450 and
4350, that the vortices appear to be either those generated
from below the inlet slots (Fig. 10a), or vortices “rolling
up” from the coalescence of the detached return flow and
the merged jet (Fig. 10b). The frequency of vortices moving
along the merged jet is found to vary around 1.3-2.6 Hz (3.9
102 < St=h/U,< 6.1 - 107 for the three Re,. It is verified
that these vortices cause higher fluctuations in the recorded
velocities when passing the corresponding monitoring point;
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and merged jet, visualised using velocity vectors and contours of
I: a vortices generated below inlets that are transported along both
sides of merged jet, b vortices developed from coalescence of return

however, because of their non-continuous passage along
the merged jet (due to e.g. vortex breakup) and, in addi-
tion, some of the vortices not being recorded since they did
not pass the monitoring point (attributed to e.g. the tran-
sient horizontal movement of the merged jet), no peaks are
observed in the energy spectra at these frequencies (Fig. 8).
The number of vortices moving along the right side of the
merged jet is also observed to be higher than at the left side
for all Re,,.

These vortices can transport high-momentum fluid from
within the merged jet towards the outer areas (Fig. 10),
causing a strong widening of the merged jet. In particular
during the instability events in Re; ~ 3450 (Fig. 6, Online
Resources 2 and 3), the vortices can become very pro-
nounced and split off from the outer layer of the ceiling jets
while carrying high-momentum fluid throughout the enclo-
sure (e.g. Figure 6 at #,+35A¢; x/H =~ 0.37 and y/H = 0.75).
Eventually, the vortices break up or merge with other vorti-
ces within the large recirculation cells.

The two large recirculation cells at both sides of the
merged jet have centres which are moving throughout the
enclosure as shown by the distribution plots of the centre
locations in Fig. 11. From each PIV sample, the centre loca-
tion is detected using I/l and the relative frequency of each
location is determined. For Re, &~ 3450, the recirculation
centres are less concentrated (absence of red colours) and
cover a slightly larger area, indicating a less stable recircula-
tion centre compared to Re, ~ 4350 (and Re, =~ 4650). Due
to the low velocities within these centres, such concentrated

0.8 1.0

flow and merged jet. Vortex trajectories are indicated by red dashed
lines and Ar=f,"". Note that vector fields are shown for x/H>0.25
(edge left OHSC) or x/H < 1.25 (edge right OHSC), and hence vectors
below OHSC are not presented

distributions may indicate poor mixing in these areas, in
which contaminants could remain locked-up as in for exam-
ple ventilation applications (e.g. van Hooff et al. 2013; Cao
and Meyers 2013).

4.4 Discussion

From the above analyses of the instantaneous flow, better
insights into the mean flow characteristics (Sect. 4.1) are
obtained. As addressed in Thysen et al. (2022a), the left
ceiling jet always has (slightly) higher momentum than the
right one, resulting in X ;,/H > 0.75. Kind and Suthanthiran
(1973) and Gilbert (1985, 1989) described that the merged
jet in an open environment was directed away from the sup-
ply jet with higher momentum, which would be to the right
in the current study. Yet, the opposite is observed (Fig. 3),
which shows the effect of the enclosed domain, inducing
impingement of the merged jet on the floor (cf. Rockwell
1979) and an interaction with the return flows. In addition,
it is hypothesised that, due the interaction zone being on
average located closer to the right (suppressed) supply jet
(X, ;z/H>0.75), the turning effect at this side increases—
which is the driver of the vortices together with the head-on
collision (Gilbert 1985)—resulting in an imbalance in num-
ber of vortices generated at both inlets that will pass along
the merged jet. This could explain the observed asymmetry
in X,, . (Sect. 4.1) and the higher momentum of the right
return flow compared to the left one (Sect. 4.2). The inlet
conditions and the confinement (enclosed domain) may thus
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Fig. 11 Distribution of centre location of two large recirculation cells
in ceiling-jet configuration plotted on top of mean velocity vector
field (Fig. 3) for a Re, =~ 3450 and b Re,, ~ 4350

have a large impact on the resulting flow field. However, it
should be mentioned that the complex interaction between
the different flow components makes a straightforward
cause-and-effect analysis difficult. For example, the detached
return flows can also influence the supply jets” momentum at
the point of interaction, or they can affect the momentum of
the small recirculation cells (VIII in Fig. 2a) that may influ-
ence shear stresses and hence vortex generation.

Thysen et al. (2022a) found similarities between the
merged jet mean velocity and turbulence profiles with those
of a turbulent plane free jet (generated from a single nozzle in
an open domain). The growth rate of the merged jet, however,
was up to 3.4 times larger, partly due to increased turbulence
levels compared to the plane free jet. The current paper dem-
onstrates that the passage of vortices and the horizontal flap-
ping movement can contribute in this respect. The absence
of a specific flapping frequency is different than reported for
the free plane jet by Cervantes de Gortari and Goldschmidt
(1981), who derived St=fh/U, to be in the range of 7 X
10 to 8 x 1072, Korner et al. (2013) investigated opposing
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wall jets in an (isothermal air-filled reduced-scale) generic
model room (Sect. 1) and also observed the large-scale flow
structures to oscillate at specific frequencies in the range of
0.16-1.37 Hz (from which 6.2 X 107 <St=fh/U,<7.6 X 1
0~* can be deduced). Gilbert (1985), who studied a merged
jet arising from opposing wall jets in an open environment,
did not observe jet flapping at all, based on their calculations
of correlations (cf. Equation 1). It should be mentioned that
many aspects can result in differences between this and for-
mer studies, such as the enclosed domain (flow impingement,
return flows), the relatively short distance between the ceiling
jets (d ;) which are also transitional (i.e. not yet turbulent)
at the point of interaction, absence of a self-similar turbu-
lence intensity of the merged jet (Thysen et al. 2022a), etc.
The comparison with the literature hence solely serves the
purpose of obtaining additional insights into the presented
results and to check for overall trends between comparable
opposing-jet configurations.

5 PIV measurement results: lateral inlets
5.1 Mean flow

The measurements in the lateral-jet configuration (Fig. 2b)
for the three different Re, all show very similar mean and
instantaneous flow patterns, represented in Fig. 12 by mean
velocity vectors of the measurement with Re, = 4300. Note
that only one out of three vectors is depicted in Fig. 12a
and one out of two in Fig. 12b-h for the sake of clarity. The
mean flow field (Fig. 12a)—again obtained after averaging
over all recorded PIV samples (15 min)—shows that the
two lateral jets, which are initially wall jets but transition to
free jets at x/H=0.125 (left) and x/H = 1.375 (right), collide
around the centreline of the enclosure (x/H=0.75) and form
a downward flowing merged jet with mean location X, ,,,/H,
indicated by the green dash-dotted line (see also Fig. 2b),
equal to 0.80 (Re,, = 3500), 0.79 (Re, = 4300) and 0.76 (Re
~ 4600). Two large recirculation cells on each side of the
merged jet are present and two smaller recirculation cells
exist above the lateral jets (i.e. in between the two OHSCs),
the centres of which are visualised using contours of II.
More details on the average flow characteristics can be found
in Thysen et al. (2022a).

5.2 Instantaneous flow: overall flow behaviour

The typical instantaneous flow patterns in Fig. 12b—h show
the transient flow field, driven by the unstable interplay
of the opposing jets. The corresponding flow animation
is Online Resource 4 in the supplementary information
section. The instance at which the two lateral jets impinge
on each other (Fig. 12b) evolves towards a situation with
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the jets deflecting in opposite directions, one jet directed
downwards while the other is directed more towards
the ceiling (Fig. 12c¢). Then, a transition takes place
(Fig. 12d,e) to a similar but inverse state, i.e. the other jet
is now directed downwards and flowing underneath the

opposing jet (Fig. 12f), after which the initial situation is
reached again (Fig. 12g,h). The alternation in jet deflec-
tions seems to be repeated most of the time, i.e. quasi-
periodic deflecting oscillations are present.
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ment from OHSCs for Re, ~ 4300: a first 30 s of time series; b cor-
responding CCF between 6, ; of each jet

The deflecting oscillation of the left and right lateral jets
also becomes apparent from tracking their direction angle with
respect to the horizontal 6, ; over time (after detachment from
the OHSCs), as shown in Fig. 13a for the measurement with
Re, = 4300. A negative angle indicates a downward directed
jet. Both jets clearly show quasi-periodic oscillations, with one
jet moving out of phase with respect to the other, as confirmed
by their oscillating CCF in Fig. 13b with negative correlation
coefficient (i.e. at z=0). Note that the range of the correlation
plot is adjusted for better visibility and that the correlation
coefficient goes to —0.61. Following Cervantes de Gortari and
Goldschmidt (1981), the period of the deflecting oscillation 7
can be determined from the CCF as 27, ~ 7.3 s with 7; as indi-
cated in Fig. 13b, corresponding to a frequency f; ~ 0.14 Hz.
Similar periods are obtained in the two other measurements:
7.9 5 (0.13 Hz) at Rey =~ 3500 and 7.0 s (0.14 Hz) at Re;, ~
4600. In addition, both lateral jets are observed to have simi-
lar distribution plots of 6, ; over time (not shown).

A similar analysis is performed for the x-velocity fluc-
tuations in three monitoring points (Fig. 2b), which are
located right above the detached lateral jet (point A), in the
interaction zone (point B) and in the merged jet (point C),
presented for Re;, ~ 4300 in Fig. 14a—c, respectively (the
outcomes for the other two Re, are again very similar and
therefore not shown). The top images show fragments of the
time series of the dimensionless x-velocity (#/U,), which
clearly exhibit oscillatory behaviour. This is also observed
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in the ACFs shown in the middle images. Note that the range
of the correlation plots is restricted for better visibility (C,,
goes to 1 at z=0). Two particular periods can be directly
derived from the ACFs, i.e. T; = 7.1-7.3 s (Fig. 14a, b) and
T, = 2.6 s (Fig. 14c), based on 27; and 27,, corresponding
to frequencies f; =~ 0.14 Hz and f, =~ 0.38 Hz, respectively.
The corresponding Strouhal numbers St=fh/U, are St; =
3.3-107 and St, = 8.9 - 1073, The 1D energy spectra pre-
sented in the bottom images confirm the presence of two
dominant frequencies in most of the monitoring points: a
group with relatively high energy levels centred around St
and a second group of smaller peaks around St,. The lower
frequency (f;) is in agreement with the frequency determined
earlier for 6| ; (deflecting oscillations). The higher frequency
(f,), mainly detected in points B and C, may be attributed to
the additional (smaller-scale) transient horizontal movement
of the interaction zone and merged jet related to the interac-
tion (impingement) between the jets, presented in Online
Resource 5.

5.3 Instantaneous flow: vortical structures

At both sides of the lateral jets vortices are generated due to
shear instabilities resulting in asymmetric vortex trains, as
shown in Fig. 15 for Re, =~ 4300 by instantaneous velocity
vectors from which the area-averaged velocity is subtracted,
together with contours of |7 to visualise the vortex centres.
The vortices seem to be continuously formed with forma-
tion frequency f= 16-23 Hz (all Re;), based on the aver-
age distance between two adjacent vortices and U . The
corresponding Strouhal number is 4.8 - 10~ < St=fh/U,,
<5.2- 107!, Additional vortices develop from shear effects
induced by the jet interaction. Tracking of the vortices over
time (not shown) demonstrates that they can merge with
other vortices, grow relatively large or break up. The large
vortices, when present, are observed to develop above the
dominant (upper) jet. The interested reader is referred to
Thysen (2022) for more detailed information.

The area below the lateral inlets is dominated by the two
large recirculation cells. Figure 16 visualises their centre
location recorded in every PIV sample and indicates the
relative frequency of each location. Both recirculation cells
show a similar distribution, with the centre of the cells only
covering a restricted area of the enclosure. Together with
the centres being characterised by relatively low velocities,
this could lead to lock-up of contaminants, similar as men-
tioned in studies on airplane cabin ventilation with opposing
lateral jets (e.g. Li et al. 2015, 2017). As shown in Fig. 12,
the merged jet is always maintained during the deflecting
oscillations, which makes the recirculation centres rather
shielded from fresh supply fluid as the lateral jets do not
flow across the centres.
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5.4 Discussion

The deflecting oscillation of the lateral jets presented above
shows similarities with the aforementioned literature on
opposing plane free jets (Sect. 1). According to the maps
of parameter space reported in Denshchikov et al. (1978,
1983), Liet al. (2011) and Tu et al. (2014), deflecting oscil-
lations are to be expected with values of the parameters Re,
and AR as in the current measurements. Recalculation of
the Strouhal number in terms of the jet-separation distance
d (instead of h), as frequently reported in the literature,
yields St,=fd/U, ~ 9.8 - 107%. Denshchikov et al. (1978,
1983) reported periods between 2 and 30 s in their experi-
ments with opposing plane water jets for a variety of Re
and AR values, following the empirically derived relation

T ~ 6d/U,, from which St; ~ 1.7 - 107" can be deduced. Li
et al. (2011) reported 1.0 - 107" <St,<2.0 - 10" and Has-
saballa and Ziada (2015) found 1.0 - 10" <St,< 1.6 - 10!
for the deflecting oscillations between opposing plane air
jets. However, note that these studies are all performed in
a non-enclosed environment and that the oscillation fre-
quency tends to decrease with the level of confinement (Li
et al. 2013; Tu et al. 2014), which would result in lower St,
(with d/U, fixed), and would thus be more in agreement
with St; ~ 9.8 - 1072 observed in the current paper. In addi-
tion, the set-up in the current paper includes OHSCs, which
may also affect the lateral jet movement due to jet detach-
ment (Coanda effect) at the rounded part of the OHSCs. The
deflections are self-sustained, initiated by the unstable head-
on collision of the opposing jets and driven by a pressure
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Fig. 15 Vortex trains at both sides of (left) lateral jet (Re, ~ 4300),
visualised by vectors of instantaneous velocity from which area-aver-
aged instantaneous velocity is subtracted and contours of |/
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Fig. 16 Distribution of centre location of two large recirculation cells
in lateral-jet configuration plotted on top of mean velocity vector field
(Fig. 12a) for Re, = 4300

release and feedback mechanism as described by Li et al.
(2013) and Tu et al. (2014).

The deflecting movements observed in the current study
also resemble the large-scale swing motions that may occur
in airplane cabin opposing-jet mixing ventilation flows
with lateral jets (e.g. Yang et al. 2016; Li et al. 2016, 2017,
Wang et al. 2022). The airplane cabin environment contains
many complex factors that affect the oscillation period of
the swing movements, such as the specific cabin geometry,
obstacles (seats, passengers), inlet conditions (velocity and
direction angle), thermal conditions, etc. Reported periods
in cabin mock-ups under isothermal conditions range from
3.3-10 s (Wang et al. 2022) to 25.2-29.8 s (Li et al. 2017),
from which it is obtained that St; ~ 0.21-0.31 and 0.05-0.06,
respectively. Under non-isothermal (cooling) conditions, the
swing motions are more restrained, which could either lead
to longer periods (26.7-45.1 s, St,; =~ 0.04-0.07) reported
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by Wang et al. (2021) or, on the contrary, to less periodicity
and shorter periods (13-19.8 s, St, = 0.05-0.06) according
to Li et al. (2017). Li et al. (2016) showed that horizontal
oscillations with both jets displacing one another but flowing
downwards could occur when cooling (i.e. very small ampli-
tude of the deflecting oscillations). This was also reported by
Wang et al. (2021) for small U, and under isothermal condi-
tions. It should be mentioned that the purpose of the current
study is not to replicate the flow inside a real airplane cabin,
rather the generic set-up is created to incorporate the impor-
tant flow phenomena and fundamental flow components that
are inherent to, among other things, airplane cabin mixing
ventilation flows, which is demonstrated by e.g. the presence
of deflecting jet oscillations.

6 Limitations and future work

Although it was possible to visualise vortices using velocity
vectors and I” (from the vortex centre identification algo-
rithm), a higher sampling frequency (> 15 Hz) or spatial
resolution (< 1.54 mm) may be desired for improved vortex
identification and tracking of the transported vortices, which
could be realised in future measurements by high-frequency
PIV or by focusing on specific parts of the flow field, respec-
tively. This will allow to further investigate the influence of
vortices on the transient jet interaction, which, for example
in the lateral-jet configuration, may be involved in the driv-
ing mechanism of the deflecting oscillations (Hassaballa
and Ziada 2015). In addition, future measurements may use
laser Doppler anemometry (LDA) to obtain detailed spectral
information, or fluorescent dye for flow visualisations (simi-
lar as in van Hooff et al. 2012).

It is carefully checked and confirmed that the inlet veloci-
ties remained statistically steady during the course of the
measurements and that no sudden increase of the inlet veloc-
ity fluctuations occurred. Also the inlet velocities appear
not to have any characteristic frequency (at least, in the
measured frequency range <f,/2), which are factors that
could have initiated the larger range of X_,,,/H or the per-
sistent deviating flow patterns (apparent flow instabilities)
in the ceiling-jet configuration with Re, &~ 3450. Additional
measurements may consider other vertical and horizontal
measurement planes for inspection of the flow in the whole
enclosure, since 3D flow structures may also play a role in
this regard.

The reduced-scale experimental set-up is designed to
study opposing-jet flows, such as encountered in airplane
cabin mixing ventilation. It is clear that the enclosure is
simplified and differs from e.g. the complex geometry of a
real airplane cabin in which e.g. seats, passengers and heat
sources, or the particular supply configuration (using lateral
and/or ceiling slots), unequivocally affect the overall flow
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field. However, as shown in this paper, the current set-up
is able to provide the fundamental flow components/phe-
nomena representative of cabin mixing ventilation (e.g.
deflecting oscillations, lock-up phenomena, etc.). Due to the
generic character of the enclosure, a detailed flow analysis
can be performed that is useful to (and has not yet been
performed in) airplane cabins and other opposing-jet appli-
cations (Sect. 1). Nevertheless, future work could focus on
the inclusion of (heated) obstacles or on configurations with
a simultaneous flow from both the lateral and ceiling inlets.
Additional measurements with reduced supply flow rates in
the lateral-jet configuration may also be valuable in order
to examine the threshold supply-jet velocity needed to still
provoke deflecting oscillations. This is motivated by pre-
vious studies (mentioned in Sects. 1 and 5.4) that showed
restrained deflecting oscillations for small inlet velocities,
which could have a strong impact on, for example, the dilu-
tion of airborne contaminants (and hence the ventilation effi-
ciency). Other future work may consist of measurements
in the configuration without OHSCs, which may serve as
a model of an empty room, for example useful for building
ventilation flows.

Another advantage of using a generic enclosure is the
ease of implementation in CFD simulations. The geometry,
inlet and boundary conditions can be accurately reproduced,
as already illustrated in a previous numerical study by the
authors (Thysen et al. 2021). In this study, the measurement
data served as benchmark for (sub-configuration) validation
of CFD simulations, confirming that the transient nature of
the jet interaction and the generation of vortices observed
in the current paper, require transient approaches—such as
large eddy simulation (LES)—to correctly model the oppos-
ing-jet flow. Also, since the opposing jets produce instanta-
neous flow patterns that are asymmetric with respect to the
vertical cross-section of the enclosure (x/H =0.75)—though
the eventual mean flow field can be close to symmetric,
application of a symmetry condition at the cross-section
as often used in CFD studies on airplane ventilation (e.g.
Pang et al. 2018; Yan et al. 2020) and other applications
(e.g. Wood et al. 1991), may be improper to model the real
flow field. Future work should continue sub-configuration
validation with as aim to eventually perform CFD simula-
tions in realistic airplane cabins to improve the efficiency of
conventional mixing ventilation, as for example illustrated
in Thysen et al. (2022b).

7 Conclusions

This paper presents analyses of the instantaneous behaviour
of two isothermal interacting opposing plane jets measured
with 2D PIV in a reduced-scale water-filled generic enclo-
sure. Both wall jets (ceiling jets) and free jets (lateral jets)

are examined, with inlet Reynolds numbers in the (tran-
sitional) range of 3450-4650. Such opposing jets are, for
example, the driving force of mixing ventilation in (airplane)
cabins.

The following main conclusions are obtained for the con-
figuration with opposing plane wall jets:

e The jet interaction is transient, resulting in an alternating
horizontal movement of the interaction zone. The merged
jet resembles the flapping of a turbulent plane jet and its
location is correlated to this of the interaction zone.

e The 1D energy spectra (FFT) do not reveal a particular
frequency of the jet flapping.

e Vortices develop from the shear layers below the inlets
(vortex trains; 5.4 x 107" < St=fh/U,,<6.3 x 107")
and/or at both sides along the merged jet (interaction
with return flow; 3.9 x 1072 < St=fh/U,< 6.1 x 1072).
They can contribute significantly to the mixing of high-
momentum fluid within the merged jet and surrounding
fluid, with a distinct effect on the mean flow patterns.

e The centres of the two large recirculation cells are rather
stable (limited spatial extent) and stagnant (low velocity),
which may indicate poor mixing in these areas.

The following main conclusions can be drawn for the con-
figuration with opposing plane free jets:

e The jet interaction is unstable and characterised by quasi-
periodic deflecting oscillations, superposed onto the tran-
sient horizontal movement of the interaction zone and
merged jet (jets impinging on each other and displacing
each other).

e The jet deflections occur at frequency 0.13-0.14 Hz
or St=fh/U, ~ 3.3 - 107, The frequency presumably
related to the transient movement amounts 0.38 Hz (St
~ 8.9 - 107), but is much less energetic (FFT) than this
of the deflecting oscillations.

e The jet deflections show similarities with the deflecting
oscillations observed in the literature for opposing plane
free jets in an open environment or for interacting lateral
jets in an airplane cabin.

e Asymmetric vortex trains are formed at both sides of the
free jets (4.8 - 107" <St=fn/U,,<5.2 - 10™") and multiple
vortices can develop from the jet interaction, which can
grow to a considerable size (e.g. above the dominant jet).

e The centres of the two large recirculation cells show to
be shielded from the supply flow (low-velocity zones)
and are rather stable (covering a limited area), which can
result in contaminant lock-up.
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