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Abstract

The aim of this study is to experimentally investigate the dynamics of a heavy gas release and
highlight its main differences compared to that of a passive gas. To achieve this, we examine
the vertical emission of both heavy and passive gases from an elevated source, situated
within a turbulent boundary layer. The wind tunnel experiment is designed to simulate a
realistic release of oxygen at T=—40 °C, following a similar setup to the study performed
by Schatzmann et al. (Atmos Environ 27:1105-1116, 1993). The release is characterised by
means of simultaneous velocity and concentration measurements along vertical and lateral
profiles at various downwind distances from the source. The data were used to estimate the
turbulent mass flows, the turbulent Schmidt number, and the high-order statistics of the scalar
field. Furthermore, we conduct an in-depth analysis of the production and dissipation terms
of the concentration variance. These are subsequently used to estimate the typical time scale
for turbulent mixing using two different micro-mixing models that parametrize the effects
of molecular diffusion. These findings are crucial for improving the accuracy of operational
dispersion models that simulate localised releases of dense gases in the atmosphere.

Keywords Atmospheric turbulence - Concentration fluctuations - Heavy gas releases -
Wind-tunnel experiments

1 Introduction

The management of risks associated with accidental releases of toxic or flammable heavy
gases requires estimating the probability of exceeding given concentration thresholds at
varying distances from the pollutant source. To achieve this, dispersion models capable of
reproducing the one-point probability density function (PDF) (Bertagni et al. 2019; Cassiani
et al. 2020) and the main features of their temporal evolution (Bertagni et al. 2020) are
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essential. Developing these models is a challenging task, demanding a deep understanding
of the physics involved in the dispersion and mixing of dense gas releases. The spreading
of a plume of gases heavier than air creates stable stratified flow conditions that potentially
inhibit the dispersion process. In the case of inflammable or toxic dense gases, reduced
dilution with ambient air and stagnation close to ground level may lead to concentrations
exceeding flammability and toxicity thresholds at larger distances from the emission source
compared to light or passive releases. As a result, dense releases are generally associated
with higher environmental risks.

Laboratory studies of atmospheric dense gas dispersion are typically conducted in wind
tunnels, where these releases are often simulated using mixtures of air and carbon dioxide,
CO, (Meroney 1982; Schatzmann et al. 1993; Snyder 2001; Briggs et al. 2001; Hanna and
Chang 2001; Britter and Snyder 1988). Larger density differences can be obtained with
mixtures of air and SFg (Schatzmann et al. 1993; Konig-Langlo and Schatzmann 1991) or
freon (F. T. Bodurtha 1961; Hoot et al. 1973; Ayrault et al. 1991). However, the use of these
substances has been restricted nowadays due to safety and environmental regulations.

Previous studies have primarily focused on experimentally characterizing the mean con-
centration field induced by dense gas releases from elevated and ground-level sources in
neutrally stratified boundary layers (Meroney and Lohmeyer 1984; Heidorn et al. 1992; Brit-
ter 1989; Schatzmann et al. 1993; Donat and Schatzmann 1999). More recent investigations
have extended this focus to consider the effects of obstacles (Konig-Langlo and Schatzmann
1991; Roberts and Hall 1994; Snyder 2001; Hanna and Steinberg 2001; Briggs et al. 2001;
Zhu et al. 1998) and varying atmospheric stability conditions (Robins et al. 2001a,b). How-
ever, to our knowledge, only few studies have provided insights into higher-order statistics
of gas concentration. For instance, Britter and Snyder (1988) used CO; to simulate a steady
dense gas emission over a ramp and measured the concentration field’s mean and standard
deviation using a Flame Ionisation Detector (FID). Meroney and Lohmeyer (1984) exam-
ined the behaviour of suddenly released volumes of dense gas in a turbulent boundary layer,
obtaining statistics on the mean concentration field, departure/arrival time, and concentration
fluctuations by reproducing multiple cloud volumes. Ayrault et al. (1998) investigated the
dispersion of an unsteady ground release and provided ensemble statistics of the first four
moments of the concentration.

This literature review highlights a lack of experimental data on higher-order statistics of
dense gas concentration and turbulent mass fluxes. To address this gap, we focus on the
release of a vertical heavy gas plume from an elevated source in a turbulent boundary layer.
The configuration is similar to the one investigated by Schatzmann et al. (1993) and Donat
and Schatzmann (1999), aiming at reproducing a real-case scenario of O, emission at a
temperature of — 40 °C.

In the following sections, we introduce the experimental setup and methods, describe
the governing parameters of the dispersion process for heavy gas emissions, including the
similarity condition between our experiment, the real-case scenario, and the Schatzmann
etal. (1993) configuration (Sect. 2). After briefly presenting the mean features characterizing
the velocity field, we discuss the spatial distribution of the one-point concentration statistics
and the joint velocity-concentration statistics (Sect. 3). Conclusions are drawn in Sect. 4.
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2 Experimental Methods
2.1 Governing Parameters and Similarity Conditions

We investigate the atmospheric dispersion of a heavy gas and a passive scalar emitted from
an elevated source within a turbulent boundary layer. The source has a diameter dy, height
hg, and releases a volume rate flow Qg with a vertical emission velocity wy. The turbulent
boundary layer in which the emission takes place is the same as the one investigated by
Nironi et al. (2015). Its characteristic scales, schematically shown in Fig. 1, include its depth
8, friction velocity u,, and the free stream velocity Uxo.

In general, the concentration field can be considered as a function of the following gov-
erning parameters:

c= f(wS7 Qm Pas Ps» hs: dsv 3, Uso, s, Vg, Vs, D, g)7 (1)

where D is the diffusivity of the gas mixture in air, g is the gravitational acceleration, p is the
density, and v is the viscosity. The subscripts ‘a’ and ‘s’ refer to ambient air and the dense
gas at the source, respectively.

Rewriting Eq. 1 in dimensionless form, we have:

c ) hy dy u

== (v, 2 0 8 2 Re, P Se, Sey ) @
Ac pa 6 & U

where ¢* is the concentration normalised by a scale of the concentration variations, defined

as:

Ac = 0ps/(Ussd?), (©)

where V., = w;/Ux is the ratio between the source and the boundary layer velocities,
Sc¢ =v,/D and Scg = vy/ D are the Schmidt numbers of the flow and at the source location,
respectively, Fr and Re are the Froude number (the ratio between inertial and buoyancy
forces) and the Reynolds number (the ratio between inertial and viscosity forces), respectively.
The definition of Fr and Re can be based on different scales, related to the boundary layer
or to the source. The formulations for the Fr and Re numbers commonly adopted in the
literature are reported in Table 1.

To achieve dynamical similarity between small-scale experiments and real scenarios, all
non-dimensional parameters in Eq. 2 must, in principle, be kept constant. However, when
replicating experiments with a reduced-scale model in a wind tunnel, it is impossible to
maintain these conditions strictly. Specifically, fixing the Froude number, which is crucial
for these experiments, leads to conflicts in reproducing realistic values for both the source
Reynolds number and the geometrical ratio dy /8, which in reality are approximately 10° and
1073, respectively.

To address these constraints, it is generally accepted that dynamical similarity can still be
achieved by reducing Reg by one or two orders of magnitude, as long as the flow remains
fully turbulent. For buoyant releases in a co-flow, the criterion by Arya and Lape (1990),
is often adopted, which states that variations in Res; do not affect plume dynamics above
a critical value of 1500 for momentum-dominated plumes and around 600 for buoyancy-
dominated plumes. Similarly, it is assumed that the dispersion process similarity can be
maintained with a larger geometrical ratio than the real one, as long as there is a significant
gap between the source diameter scale and the boundary layer height (Marro et al. 2014;
Nironi et al. 2015), i.e. dy /8 ~ 10~ = 1072, This ensures that the initial plume size remains

@ Springer



18 Page4of26 C.Vidali et al.
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Fig. 1 The LMFA atmospheric wind tunnel with a scheme (not in scale) of the experimental setup of the
source, the coupled measurements system, the measuring sections and the governing parameters

considerably smaller than the larger eddies in the boundary layer flow, effectively simulating
the meandering motion typical in the early stages of pollutant plume dispersion in the lower
atmosphere (Fackrell and Robins 1982).

2.2 Experimental Set-Up

Experiments were performed in the atmospheric wind tunnel of the Laboratoire de Mécanique
des Fluides et d’ Acoustique (LMFA) of the Ecole Centrale de Lyon (France), a recirculating
wind tunnel with a working section of 14 m long, 3.7 m wide and an adjustable ceiling (2—2.5
m) to control longitudinal pressure gradients (Fig. 1). The facility is regulated in temperature,
to limit the temperature variations during a one-day experiment in the range &+ 0.5 °C.

We generated a neutral turbulent boundary layer by means of floor roughness combined
with a grid and a row of spires (Nironi et al. 2015) placed at the entrance of the test section
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Table 2 Governing parameters: experimental set-up versus Schatzmann et al. (1993)

Name Symbol Experiments Schatzmann

Value Units Value Units
Boundary layer height 8 0.8 m 1 m
Boundary layer velocity Uso 1.45 m/s 1.32 m/s
Source velocity Wy 237 m/s 4.58 m/s
Source height hs 76 mm 76.2 mm
Source diameter dy 12 mm 6.35 mm
Velocity Ratio vV 1.63 [-] 3.47 [-]
Density ratio Ps/ Pa 1.5 [-] 1.56 [-]
Source Froude number Frg 16.15 [-] 30.6 [-]
BL Froude number Froo 12 [-] 7.06 [-]
Source Reynolds number CO» Regco,  34x103 -] 3.6 x 103 [-]
Source Reynolds number passive scalar Res, p 1.8 x 103 [-] 3.6 x 103 [-]
BL Reynolds number Reso 7.63 x 10* [-] 8.69 x 104 [-]
BL velocity ratio Uy /Uso 0.04 [-] n.a [-]
Source Schmidt number Scy 0.50 [-] n.a [-]
Flow Schmidt number Sc 0.95 [-] n.a [-]

(Fig. 1). The roughness elements on the floor are equally spaced cubes of height #, = 0.02
m, simulating a typical rural site roughness. The grid at the entrance is used to stabilise
the flow and to reduce inhomogeneities in the transverse direction. The Irwin spires (Irwin
1981) are H = 0.5 m high and spaced by H /2. A fully turbulent flow is created imposing
a free stream velocity Uy, = 1.45 m/s, the resultant boundary layer height is 6 = 0.8 m
and the corresponding Reynolds number Resy = Uso8/vy ~ 7.63 x 10* (Table 1), where
Ve = 1.51 x 107> m?/s is the the air kinematic viscosity at 7 = 20 °C. As observed in Nironi
et al. (2015), the wind tunnel flow drifts in the transverse direction slightly less than 2%.

The studied configuration is a scale model for the real case scenario of the emission of
oxygen Oy at T=—40°C, i.e. characterised by a density ratio p;/p, = 1.5. The geometric
scaling, between the wind tunnel and the real case scenario, is set on a ratio of 1 : 100.
Imposing the similarity on the Frg, the resulting velocities scales by a factor 1 : 10. To
simulate this release, we use carbon dioxide as a buoyant agent, emitted in a mixture with
air and ethane, the latter used as a tracer for concentration measurements (see Sect. 2.3). At
T = 20°C, the density values are 1.8 kg/m? for the CO» and about 1.2 kg/m? for both ethane
and air.

The experiment set-up presents several similarities with the configuration studied by
Schatzmann et al. (1993), notably with the one referred to as "3T". Compared to the case
studied by Schatzmann et al. (1993), both source size and the emission velocity are different,
and set to reduce the Froude number at the source F'ry, i.e. to maximise the buoyancy at the
source and its effects on the plume dynamics. The parameters of our experimental set-up and
the corresponding ones by Schatzmann et al. (1993) are reported in Table 2.

The source is made of a metallic pipe of internal diameter d; = 0.012 m and height
hs = 0.075 m from ground level and the gas mixture is emitted with a vertical velocity
of wy = 2.37 m/s, giving V, = w;/Usx = 1.63. The Froude number at the source is
then Fry ~ 16 while the Reynolds number at the source is Res,co, = 3.4 X 103 (the CO,
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Fig. 2 Laser tomographic visualisation of a the passive scalar and b the heavy gas plume, under the same
experimental emission and flow conditions

kinematic viscosity is vco, = 8.6 % 10~ m?/s). Based on the boundary layer scales these two
parameters are equal to Fro, ~ 12 and Res, = 7.63 x 10%, respectively (Table 1). The source
is placed at 7.58 from the beginning of the working section (Fig. 1), where the boundary layer
can be considered fully developed (Nironi et al. 2015), so that the velocity statistics can be
considered as dependent on z only (except within the roughness sub-layer). The origin of
the coordinate system is the base of source, with x, y, and z as the longitudinal, transverse
and vertical axes, respectively. We define the measurement sections for both vertical and
transverse profiles at increasing distance from the source, as schematically reported in Fig. 1.

The passive scalar emission consists in a mixture of air and ethane and, therefore, there
are no density differences with the ambient air. This release occurs within the same external
boundary layer under and the source velocity ratio is kept equal to V, = 1.63. This conditions
determines a different value of Rey , = 1.8 x 103, as the values of kinematic viscosity are
different for air and CO,.

The reference experiments by Arya and Lape (1990) demonstrated that, for a plume
dispersing within a uniform flow with very low turbulence intensity (< 1%), the first- and
second-order statistics of the velocity field exhibited minimal sensitivity for Re; > 1.5 x 10°.
Based on these findings, we do not expect our results to be influenced by the Reynolds number
at the source, either in terms of velocity or concentration statistics. Furthermore, the threshold
value of Rey > 1.5 x 103 established by Arya and Lape (1990) specifically pertains to a non-
turbulent external flow. This threshold can reasonably be expected to be lower for releases in
flows with high turbulence intensity, such as the turbulent boundary layer considered in this
study.

A qualitative overview of two releases is provided in Fig. 2, showing Laser tomographic
visualisations of the heavy gas and passive scalar plumes. To perform the visualizations, we
generated a vertical plane positioned at the centre of the plume using a 5 W laser. The flow
was seeded with olive oil, introduced via an atomizer that produced polydisperse droplets
with a typical diameter of about 1 wm (Marro et al. 2020).

As can be observed, the trajectories of the two plumes are different, with the heavy gas
plume impacting the ground closer to the source.

2.3 Measurement Techniques

To fully characterise the plume concentrations and joint velocity-concentration statistics we
combine two measurement techniques. Concentration measurements are performed with a
Flame Ionization Detector (FID), with a sampling tube 0.3 m long, permitting a frequency
response of 400 Hz. In case of heavy gas experiments, the instruments response is influenced
by the presence of CO; and a specific calibration procedure is established and repeated twice a
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day. For an exhaustive description of the calibration procedure the reader is referred to (Vidali
etal. 2022). Velocity measurements are performed with a X-Probe hot-wire anemometry with
constant temperature that provides simultaneous measurements of two velocity components.
In our set-up, the HWA has a frequency response of about 5 kHz. The response of the HWA is
corrected taking into account the local CO, concentration in the calibration procedure. Since
the experiments are conducted in a recirculating wind tunnel, the increase in background
concentration over time must be evaluated throughout the entire daily experimental session.

Combined FID and HWA (Fig. 1) provided simultaneous measurements of concentration
and velocity. Following Marro et al. (2020), the spacing between the FID and the LDA
measurement volume were spaced by Smm. The frequency of the velocity-concentration
signals is imposed by the FID sampling frequency. The combined HWA-FID system is
therefore able to provide a signal for the joint statistics of concentration and velocity of 400
Hz, the one imposed by the frequency response of the FID. As widely discussed by Vidali
et al. (2022), the main hurdle using this system is that the instruments responses vary with
the ratio r between carbon dioxide and ethane, which has therefore to be taken into account
in the calibration procedure. For further details on the latter and on the uncertainties related
to our experimental estimates is provided in Vidali et al. (2022). Concentration and velocity
statistics are performed on signals collected over 300s.

3 Results

The dispersion process takes place within a turbulent boundary layer which is the same
presented in Nironi et al. (2015). The only difference is related to a reduction of the free-
stream velocity Us, which is here smaller than that imposed in Nironi et al. (2015) (1.45 m/s
instead of 5.0 m/s), in order to maximise buoyancy effects (i.e. minimise the Froude number).
As shown in Fig. 3, the reduced Uy, (and therefore the reduced Reynolds number of the flow)
has however no relevant effects on the normalised first- (Fig.3a) and second-order statistics
(Fig.3b and c), whose vertical profiles are in very good agreement with those presented by
Nironi et al. (2015). We can therefore assume that the flow is Reynolds independent and
can be suitably modelled as a turbulent boundary layer, whose main features are here briefly
summarised. In the lower part of the domain, the mean velocity profiles is well fitted by a

logarithmic law:
u 1 —d
wa _ Ly, (Z ) @)
Us K 20

withx = 0.4 the Von Karman constant. The friction velocity was computed from the Reynolds
stress profile as u, = +/—u/w’, averaging the u/w’ values in the lower part of the flow
field, where they vary minimally (Fig. 3c). The estimated value of the friction velocity was
uy = 0.058 m/s, implying a same ratio u, /Uy, = 0.04 as in Nironi et al. (2015). A boundary
layer thickness of approximately § ~ 0.8 m was determined from the u’w’ profile as the
height where du’w’/dz =~ 0. The other parameters were determined by fitting the lower part
of the mean velocity profile to the logarithmic law. We obtained z9 = 1.13 x 10~* m as
surface roughness and d = 0.013 m as displacement height.
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A good fit of the mean velocity profile u(z) in the whole turbulent boundary layer is
instead provided by the power law:
u(z) Z\"
o)
Uso 3
with n = 0.23 (Nironi et al. 2015).
As expected in a typical boundary layer flow, the velocity field is characterised by an

equilibrium (see Fig. 3d) between the production Px ~ u’w’ g—z and dissipation rate ¢ of the

turbulent kinetic energy K = %(cru2 + 03 + al%) (TKE), the latter being estimated as:

150 [ du’\?
7 = — —_— ’ 6
Eiso 2 < ar > (6)

i.e., assuming Taylor’s hypothesis of frozen turbulent and the local isotropy of the velocity
field (Hinze 1975).

In what follows, all quantities are presented in non-dimensional form (denoted with the
symbol “*”), using Uso, § and Ac (see Eq. 3) as velocity, length, and concentration scale,
respectively. In analysing profiles of the concentration statistics, we will systematically com-
pare the case of the heavy release with that of the passive scalar one. We first analyse the
mean concentration profiles c* = % Z,N: 1 ¢ (N is the sample size) for both the vertical and
transverse section, and we present the parameters that characterise the time-averaged plume,
such as the height of the centre of mass (Z}‘;,IC) and the vertical and transverse spreads (o'
and a;,k, Sect. 3.1). We then consider the high-order moments of concentration, computed as:

! N 1/n
n
m:c=[N2(c;*—c‘*)} : @)
1=

with n = 2, 3, 4, and analyse their link with the form of the one-point PDF (Sect.3.2). The
turbulent mass fluxes and the estimates of the turbulent dispersion coefficient are reported in
Sect. 3.3. The analysis of the terms composing the balance equation of concentration variance
is presented in Sect. 3.4. Finally, in Sect. 3.5, we present the estimate of the mixing timescale
using different methods and compare the results with a theoretical model.

3.1 Mean Concentration Field

Figure 4a shows the vertical profiles of the mean concentration over sections at increasing
distances from the source. As expected, the mean concentration decreases downstream from
the source, which implies a rapid decrease of Ap/p, (i.e. of the relative density difference
between the plume and ambient air). With a density difference at the source equal to 48.8%,
the maximum of Ap/p, in the first measurement section is around 3%, and in the second
decreases to almost 1%. These profiles enlighten the deflection of the heavy gas plume, which
implies that, at the furthest profile close to the ground, c* is consistently higher for the heavy
gas emission.

Figure 4b shows instead the transverse mean concentration profiles. These have been mea-
sured at the height at which the vertical concentration profiles shows a maximum. Therefore,
statistics of passive and heavy gas transverse profiles are measured at different heights. The
concentrations of both heavy and passive plume decrease as the distance from the source
increases. As for the vertical profiles, the maxima of concentration in the first two sections
are higher for the passive scalar release.
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Fig.3 a Vertical mean velocity profile, b standard deviation of horizontal, vertical and transverse velocity, ¢
Reynolds stress, d TKE production Py and dissipation rate ¢, compared to benchmark Nironi et al. (2015)

As customary, the vertical and transverse mean concentration profiles can be suitably
modelled by mean of a Gaussian model, taking into account an extra term to reproduce the
effect of the reflection of the ground (Hay and Pasquill 1959):

R )7 S N i
2noy0upme 2<7y2
(2 = hefp)? (2 + hefp)?
L _E T, 8
X |:exp ( 2022 + exp 2022 8)

where u ¢ is the mean longitudinal velocity at the centre of mass of the plume and h.rr =
hs + Ah is the effective height of the plume estimated at each section, taking into account
the plume rise A/, as induced by the the vertical momentum flux imposed at the emission.

We fit the mean concentration profiles with the Eq. 8 and using o, and oy, as free parameters
(Fig. 4a and b). Resulting values of o, and oy are plotted in Fig. 5a, b, showing that there
are no significant difference between the passive scalar and the heavy gas plumes in terms
of vertical and transverse spread.

From the interpolation of the vertical profiles, we can also estimate the height of the centre
of mass Z3, ¢ estimated as:

. 1 [ [o7(c(2) - 2)dz
7 = - | ——
MC S fooo c(z)dz ’ (9)

@ Springer



18 Page 100f26

C.Vidali et al.
ey 0
AP/ pa (%)
a)
10 0 2 0 1 0.0 0.5 0.0 0.2 0.0 02 00 0.1 0.0 0.1
X786 =0.250 X/6=0.625 X/8 = 1.250 X/6 = 1875 X/6 = 2.500 X/6=3750 || X/§=5.000
& v Passive
1 e CO
0.8 Y — Gaussian
! L3
v *
o . o
- 0.6 | I oy
~ & :V e v
N ¥, A oW LI ¢
v h P LI 4
0.4 I\ .~ "v; o " o '~v ‘e ¥
A4 L] 4 v . L
. - v “a. %e. vy LT ..:
v ¥ | ]
i Wt i ey Y w2 3
Iy s 2 .y .V oy .
0.2 Ty vve » » ] °
> '1’ b 2 L d ¥ e Ye ve A
vo® e ¥ . ¥ e ¥ oo . .
% e x . v . LA Noe Yy e
- 18 x . N - : 4 . y .
. - ¥ e v I3 y - v [ v °
. . ve ¥ . v . v ° v .
i !
0.0 0 200 0 50 0 25 0 20 0 10 0 10 0 5
&
Ap/pa (%)
b)
0.0 2.5 () 1 0.0 0.5  0.00 0.25 0.0 0.2 0.0 0.1 0.0 0.1
X/6 = 0.250 X/6=062 | X/6=1250 X/6 = 1875 X/8 = 2.500 \ X/6 = 3.750 ; X/8 = 5.000
0.6 ' ® v Pussive
1 ' . cop
| . v' .‘ &
'3 . ¢~ Gaussian
04 o 1 3
L3 L,
' v’ .,
2 e
02 . . . %, 3
| A8 Yoo Yoy v.‘ A TN
w \L...,,_‘ Toey. VY - %
= 00 g 2 FMY 24 % ve
By | gaom P o < ? 7.
L4 od - ad S S - 2
‘ 3 v el T
—02 e e vie
{' ¥ il
14 /4
' e
—0.4 b .
| | f
= | | :
0.6 ‘ ‘ .
| |
0 250 ( 50 0 25 0 20 0 10 0 10 0 5
c

Fig. 4 Vertical a and transverse b profiles of the normalised mean concentration and dimensionless density

difference for sections at increasing distance from the source for passive and heavy gas plume. The dashed
line represents the position of the source height

and whose longitudinal evolution is plotted in Fig. 5c. In the near field, the role of buoyancy
is to limit the height of the heavy gas plume. Notably, the negative buoyancy rapidly balances
the effect of the vertical momentum flux imposed at the source, so that the Zy/¢ attains a
local maximum close to the source and starts then to decrease. In the far field, once the plume
attains the ground level, the height of the centre of mass tends to rise again, due to the vertical
spread influenced by the reflection on the ground.

In Fig. 5a, b we also plot the values of o, and o evaluated according the Taylor’s formu-
lation (Taylor 1922):

d? t
Uzzzé‘i‘zaf;TLw {t_TLw [1—exp<—m>:|}, (10)
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2 _ds 2 4
O‘y=z+20UTLU l—TLv l—exp —E s

where ¢ is the flight time, 77, and T, are the Lagrangian time scales in the lateral and
vertical direction, respectively, and estimated as (Tennekes and Lumley 1972):

an

201%
—, 12
Coe (12)

2(71}2 (13)
Coe’

TLw =

Try =

where Co = 4.5 is the Kolmogorov constant (as estimated by Nironi et al. (2015) by com-
paring the Lagrangian length scales and the dissipation profiles). To take into account the
effect of the in-homogeneity of the velocity field, the parameters oy, oy, Ty, and 77, are
evaluated at the height of the centre of mass of the plume (which varies as the plume travels
downstream). The flight time ¢ is expressed as a function of the mean longitudinal velocity
at Zyc ast = X/upc. It is worth noting that in this case the plume dynamics is notably
complex, making the straightforward application of Eqs. 10 and 11 to both passive and dense
scalars somewhat questionable. The high emission velocity relative to the external flow leads
to a significant initial plume rise, with the centre of mass Zj, - shifting from Z = 0.15 to
Z = (.24 at the first measurement station. Subsequently, the negative buoyancy of the dense
plume causes areduction in Z7, . This complexity is accounted for in Eqs. 10 and 11 through
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the evolving position of the plume centre of mass, only. This results in different flight times
as well as different and turbulence quantities (77, and oy 4,) seen by the passive and dense
releases.

Despite these approximations, in Fig. 5a we observe a general good agreement between
the experimental estimates of o, (i.e. obtained by fitting the experimental data with Eq. 8)
and Taylor theoretical model (Eq. 10). Conversely, the transverse spreads oy, computed with
Eq. 11 are higher than the experimental estimates, especially in the heavy gas case. A similar
discrepancy was also observed by Nironi et al. (2015), who studied the dispersion of a scalar
emitted by an elevated L-shaped source in this same velocity field.

3.2 Higher Order Moments of the Concentration

The vertical and transverse profiles of the standard deviation ¢ are shown in Fig. 6a, b,
respectively. As for the mean concentration field, the vertical profiles (Fig. 6a) of o depict
different trajectories of the two plumes, with the heavy gas plume deflected through the
ground, compared to the passive scalar one. In the plume centre, o is lower for the heavy
gas, especially in the near field, where the effect of buoyancy on the plume dynamics is
greatest. When considering transverse profiles (which, we recall, refer to different heights
from the ground) shown in Fig. 6b, the different values of ¢ for the two plumes can be
instead depicted only in the near field, i.e. along the first two sections.

Based on the values of ¢* and o}, we can compute the intensity of the concentration
fluctuation, denoted as i, = o /c*. Figure 7a shows the longitudinal evolution of i, at the
maximum of the mean concentration field for both heavy and passive scalar emissions. In
both cases, i, raises, reaches a peak and decreases, and the heavy gas plume is characterised
by lower fluctuation intensity in the far field. In the near field, the presence of CO; reduces
therefore the intensity of the fluctuations, compared to the passive scalar. Indeed, the density
difference affects the concentration field increasing its mean values and reducing the standard
deviation.

As discussed by Nironi et al. (2015), once assumed that the PDF of the concentration can
be well modelled by a Gamma distribution of the form:

k
P00 = o r T exp () (14)
where I' (k) the Gamma function, k =i 2 and X = c/c, we canretrieve a direct link between
the value of k (and therefore i) and the form of the PDF.

In Fig. 7 we report five plots of one-point concentration PDF, together with a 5s sample
of the corresponding concentration signal. These five PDFs are obtained from measurements
performed at the elevation where the maximal mean concentration occurs. The corresponding
value of i, for increasing distance from the source, are indicated in Fig. 7a. Closer to the
source, where the meandering motion is intense, the intermittency of the signal is high,
therefore i, > 1 (Fig. 7b) and the PDF follows an exponential-like distribution. As the
plume grows and evolves, the meandering motion is gradually suppressed, the intermittency
is reduced, i, reaches the unit and the PDF is in transition between the exponential shape and
the log-normal (Fig. 7c). In the far field, the relative dispersion becomes the only mechanism
controlling turbulent transfer, i, is below one and the intermittence of the signal is suppressed
(Fig. 7d). Exception made by the very near field(Fig. 7f), where the concentration PDFs are
directly affected by the dynamics of the vertical jet imposed at the emission, these results
show that the Gamma distribution is suited to model, with good accuracy, the changing in
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Fig. 6 Vertical a and transverse b profiles of the normalised standard deviation for sections at increasing
distance from the source for passive and heavy gas plume

shape of PDF induced with increasing distance from the source by the turbulent dispersion
within an atmospheric boundary layer, for both heavy and passive plume. (Fig. 7b—e).

A further proof of the reliability of the Gamma distribution as a model for the one-point
concentration PDF is provided by the comparison between the 3rd and 4th order moments
estimated from the measurements (Eq. 7) to the corresponding moments of the Gamma
distribution, estimated as a function of the standard deviation as (Krishnamoorthy 2006):

* —
m3.r =

*
Mmycr =

()"
).

)

6 1/4

The comparison is presented in Figs. 8 and 9, where we report the vertical and transverse
profile of third- and fourth-order concentration statistics, for both passive scalar and heavy

15)

(16)
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gas, over a section in the near (X = 0.6256) and in the far field (Z = 565). As for o} the
presence of a heavy gas affects the high order moments, which are significant lower compared
to the passive scalar plume, especially in the near field (Figs. 8a, b, and 9a, b). In the far field
(Figs. 8c, d and 9c, d), the values of m§ . and mj . decrease of almost two orders of magnitude.
The larger discrepancies between the predictions provided by the Gamma distribution (as
a function on the values of first- and second- order moments evaluated experimentally)
and the experimental data is observed close to the source, where the velocity field and
the concentration fluctuations are highly influenced by the momentum flux emitted at the
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Fig. 8 3rd order moment: a vertical and b transverse profiles near the source (X = 0.6258) and ¢ vertical
and d transverse profiles in the far field (X = 58), for a passive scalar and a heavy gas, compared with the
moments obtained from the Gamma distribution models

chimney. In the far field, concentration moments estimated by Eqs. 15 and 16 show a good
agreement with the experimental data. These results align with recent findings by Cassiani
et al. (2024), who studied the release of a passive scalar in a turbulent boundary layer using
Large Eddy Simulations. According to Cassiani et al. (2024), very near the source, where
large-scale plume motion is most pronounced (Gifford 1959), the concentration PDF is only
partially described by the Gamma distribution and is better captured by a meandering PDF. In
the far field (Fig. 7e), as pointed out by Nironi et al. (2015), the concentration PDF transitions
to a normal distribution at larger values of i, than those predicted by the Gamma distribution,
even though this shift aligns with the expected behaviour as i decreases. This feature has
relevant practical implications for both by analytical (Bertagni et al. 2019) or Lagrangian
(Marro et al. 2018) dispersion models, since it allows for the estimate of higher order statistics
based on the evaluation of the mean and the standard deviation, only.

Despite substantial evidence supporting the reliability of the Gamma distribution as a one-
point concentration PDF, no theoretical explanation has been established, to the best of our
knowledge. The only attempt to derive it based on physical principles was made by Yee et al.
(1993). Using a heuristic approach, they demonstrated that the Gamma distribution could be
obtained from statistical arguments by assuming a Poisson distribution for the probability of
finding effluent parcels in a sampling volume.
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Fig. 9 4th order moment: a vertical and b transverse profiles near the source (X = 0.6258) and ¢ vertical
and d transverse profiles in the far field (X = 58), for a passive scalar and a heavy gas, compared with the
moments obtained from the Gamma distribution models

3.3 Turbulent Mass Fluxes

Simultaneous measurements of concentration and velocity allow us to compute profiles of
turbulent mass fluxes at increasing distance from the source. The vertical profiles of horizontal
turbulent mass fluxes u'c’" are reported in Fig. 10a and vertical profiles of w’c’ " in Fig. 10b.
The intensity of both u'c’ " and w'¢’" decreases with increasing distance from the source,
as the plume spreads. The main difference between the two (dense and passive) plumes is
a vertical shift of the profiles, due to the overall effect of buoyancy on the plume’s centre
of mass. Despite this shift, the profiles of the two plumes do not exhibit major differences.
Notably, the maximal (absolute) value of the fluxes is almost unaffected by buoyancy. The
only differences are detected very close to the source, where the maximum value for the
dense release is slightly lower than that for the passive releases. This difference, however, is
moderate, confirming that the role of negative buoyancy is more significant on the plume’s
elevation and trajectory than on the magnitude of the turbulent fluxes and their vertical
profiles.

Adopting a standard gradient closure model:

Lo
—Dj (17

w/cl* — !
az*

experimental profiles w’c’ *and ¢* have been exploited to evaluate vertical profiles of turbulent
diffusion D; (see Fig. 10c), and subsequently of the turbulent Schmidt number (Fig. 10d),
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Fig.10 Vertical profiles of the normalised a vertical and b horizontal turbulent mass flux, ¢ turbulent diffusivity
Dy, and d turbulent Schmidt number Sc; for sections at increasing distance from the source for passive and
heavy gas plume. The red and blue dashed lines represent the position of the centre of mass of the passive

scalar and of the dense gas, respectively

Sc; = B—’;, where the turbulent viscosity is estimated as v} = ww” / %. As shown in
Fig. 10c, the experimental estimates of D; in the near field exhibit a discontinuity at the
plume centreline, where gradients of the mean concentration are null. These discontinuities
are due to slight uncertainties in the estimates of the low values of w’c’* and % and they
progressively fade with increasing distance from the source. Similar scatter in the near field
is also observed in the vertical profiles of Sc¢,, making it difficult to physically interpret
the variation observed over the vertical coordinate. The more instructive profiles are those
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Fig. 11 Longitudinal profiles of the normalised turbulent dispersion factor D} for both heavy gas and passive
scalar plumes

evaluated at the farthest distance from the source (X /8 = 3.75), showing values of Sc; that
are generally below unity in the core of the plume and slightly larger on the borders.

To filter out the experimental uncertainties and obtain a general view of the plume dynam-
ics, it is useful to estimate a bulk turbulent diffusivity:

o0, dc* T *
I il
<D; >= % 9 37
fO (Bz*) dz

and analyse its longitudinal evolution. As evidence in Fig. 11, this shows an increasing trend
with the distance from the source. This trend goes with the increasing size of the plume that,
interacting with lager turbulent eddies, induces a more effective turbulent dispersion. We
observe that there is no significant difference between a passive and a heavy gas emission.
As for o, the profile of the turbulent dispersion coefficient suggests that vertical dispersion
is not influenced by buoyancy effects, whereas the plume trajectory clearly is.

The slight differences in plume spreads and eddy diffusivities between dense and passive
scalars observed here can be attributed to the rapid transition from the slumping phase to the
passive phase (Britter 1989; Heidorn et al. 1992). For releases with larger density differences,
however, we would expect notable changes in plume behaviour and statistical properties.
Notably, when the density difference arises from the release of solid particles, Csanady (1963)
found that the fall velocity reduces eddy diffusivity, thereby limiting turbulent dispersion.
Specifically, the presence of a drift velocity introduces a trajectory-crossing effect, causing
particles to disperse more slowly than fluid elements (Aiyer and Meneveau 2022; Shende
et al. 2024).

(18)
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3.4 Production and Dissipation of Concentration Variance

In steady conditions, the balance equation of the concentration variance O‘Cz for a high
Reynolds number scalar release reads (Batchelor 1959; Csanady 1967):

d
—gj(u]a +u C’2> P—g,=0 (19)

where the terms under the divergence operator are fluxes of concentration variance, due to

the mean and fluctuating velocities, respectively, P = —2u i 5 3‘ denotes the production
term and &, 2 = = 2D g;/ g; the dissipation rate. Quantifying the latter term is crucial in

order to predlct the local m1x1ng induced by the atmospheric turbulence (Cassiani et al.
2020). Its experimental estimate is however challenging, since it requires the evolution of
the gradients of the instantaneous concentration field. Its estimate has therefore to rely on
alternative strategies. A first estimate can be achieved assuming the Taylor’s hypothesis of
frozen turbulence and the isotropic approximation as (Raupach and Legg 1983; Germaine
et al. 2014):

6D ac’
€oliso = 8t (20)

A second estimate relies on the analysis of the spectra of the concentration signal. For that,
we assume a relation between the spectra and the dissipation of the concentration variance
for the inertial sub-range of the form (Fackrell and Robins 1982):

1

PSDy = o - 2e,2,, - £, 073, 1)

Y

Wl

where v is the wave-number, €, is the rate of dissipation of turbulent kinetic energy (Eq. 6)
and o = 0.5 is a constant (Warhaft 2000).

Profiles of &2 are reported in Fig. 12, for both heavy gas and passive scalar, at three
different dlstances from the source, together with estimates of the production rate of the
concentration variance P. In the near field, where the effect of the source injections of
momentum and concentration lead to higher gradient of velocity and concentration, P and
£42 have the same magnitude. Moving away from the source, both terms decrease by more
of three orders of magnitude. Nevertheless, P decreases more rapidly than ¢, 2. Notably, the
vertical profiles of &, 2, obtained with the two different methods show remarkable agreement
one to the other (Fig. 12) with slight discrepancies that can be detected only in the very near
field (Fig. 12a).

3.5 Mixing Time Scale

In evaluating the effect of the small scale turbulence on the dissipation rate of concentration
variance, a key parameter is the so-called ‘mixing time’, whose parameterisation has to be
included in analytical and stochastic models aiming at estimating the higher order moments
of the concentration PDF (Marro et al. 2018; Bertagni et al. 2019; Cassiani et al. 2020).
The mixing time scale, referred here to as t,,, represents the typical decay rate at which the
dissipative action of small scale eddies tends to erase the inhomogeneities of the concentration
field. In its simplest formulation, in the so-called ‘interaction with the mean’ (IEM) models,
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estimated with two different methods, at increasing distance from the source for both (a, ¢, e) heavy gas, and
(b, d, f) passive scalar plume

it is therefore linked to the concentration variance as:

W EM) =1, = —

2
e
E52

(22)

)

¢

A more complex parameterisation, referred to as ‘interaction with the conditional mean’
(IECM), can be instead achieved including also a term representing the meandering of the
plume, through a mean concentration conditioned on the value of the local velocity (c|u). In
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this parameterisation the mixing time scale is expressed as (Cassiani et al. 2005):
1 .
Tn(IECM) = T, = —— (O’CZ —c (clu)) . (23)
€52
Note that, when (c|u) tends to ¢ and the mean concentration is no-longer linked to any
particular class of the velocity vector (implying that the larger scale structure of the flow does
not have an influence on the variance generation) the two models are identical one to the
other. In dispersion models (Marro et al. 2018), the value of 7, is parameterised as a function
of velocity statistics, and generally assumed to be a function of the distance from the source,
only (i.e. independent of z). Among others, we focus here a model for micro-mixing time
Tin,neg Presented by Cassiani et al. (2005):
Or
T = M 24

ur

where p; = 0.44 is an empirical constant (Marro et al. 2018), o, is the relative plume
spread around the plume’s centroid and oy, is the r.m.s. of the relative velocity fluctuations,
parametrised as:

2 2 (0r\?3
o2 =07 <I> , (25)
(o272 . . L

where L = “—“=— is an estimate of the Eulerian integral length scale (Sawford and
Stapountzis 1986). Note that, as far as o, > L, i.e. when the plume meandering is negligible,
the whole TKE contributes to the relative dispersion, i.e. o, = 0,,. The relative plume spread

is evaluated as:

d2
2 r
= , 26
7T (@ —dD)/(@ + 20T 20
where:

d? = Cre(ty +1)°, 27)

where 1) = (ds2 / C,¢)!/3 is the inertial formulation for a dispersion from a finite source size
ds (with C, = 0.3) (Franzese 2003), and the Lagrangian time scale is evaluated according to
Eqgs. 12 and 13.

Our aim here is that of discussing experimental estimates of the micro-mixing time scale
T, (as well as of the typical turbulent time scale t = K /e) and compare these with the
estimate t,,, , provided by the model, i.e. Eqs. 24-27.

As a first step, we focus on the vertical variability of the mixing time. Figure 13 shows
the vertical profiles of ., Tm,, and T at increasing distance from the source. In presenting
the data, we only plot those relative to the heavy release, that however do not show any
relevant discrepancy with those obtained considering the passive release. For sake of clarity
we reported the micro-mixing time scale estimated in the core of the plume, i.e. only for
Zyc —20, < z < Zpyc+20;. Over the vertical plume section, estimates of t,,, exhibit a clear
increasing trend, which is attenuated for increasing distances from the source. As discussed by
Amicarelli et al. (2012), the IEM model is expected to overestimate the variance dissipation
compared to the [IECM model, which would imply 7, < Tp,,,. Our results show however
very similar estimates provided by t,,, and 7, throughout the whole plume section, with
differences between the two that cannot be dissociated from our experimental uncertainties.

As a second step, we analyse longitudinal profiles of 7,, (we assume hereafter no differ-
ence between 7,,, and Tingy,) and t,,,,, as estimated at the plume centre of mass. The results,
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Fig. 13 Mixing time of dense gas estimated with two different models (IEM, IECM): a vertical profile at
X = 1.258, b vertical profile at X = 5.03. ¢ Longitudinal profile of the mixing time Ty, ¢xp compared with
the micro-mixing model ;04 (Eq. 24), see Cassiani et al. (2005)

reported in Fig. 13c, show that the estimates of the model 7, nicely reproduce the increas-
ing trend of 7, depicted by the experimental estimates, with a tendency of underestimating
the experimental data in the intermediate field. As evidenced in Fig. 13c, both modelled and
experimental estimates progressively tend to the value of turbulent time scale Tt = K /e,
which is usually considered as the asymptotic limit of 7, in the far field (Marro et al. 2018).

4 Conclusions

In this study, we analysed the dynamics of the turbulent dispersion of a heavy gas and
a passive scalar released from an elevated source within a turbulent boundary layer. We
characterised the pollutant plumes downwind of the source by simultaneously measuring
the concentration and velocity fields using a system coupling a Hot-Wire Anemometer with
a Flame Ionization Detector (HWA-FID). The vertical profiles of the mean concentration
show significant differences between the two cases analysed. To quantify these differences,
we used the mean concentration profiles to estimate the height of the centre of mass Zy/c
and the vertical and transverse plume spread, o, and oy, respectively.

The results highlight the role of buoyancy in deflecting the plume centre of mass and caus-
ing its impact closer to the source (compared to the passive case). Interestingly, however, the
plume spread is almost insensitive to the presence of buoyancy. Simultaneous measurements
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of concentration and velocity allowed us to obtain vertical profiles of vertical and longitudi-
nal turbulent mass fluxes, respectively w’c’ and u’c’. These profiles were subsequently used
to estimate turbulent dispersion coefficients and the turbulent Schmidt number. Except very
close to the source, where the velocity and concentration fields are directly affected by the
vertical jet imposed at the release, no major differences were observed between the dense
and passive plumes.

Similarly, the effect of buoyancy on higher-order concentration statistics diminishes
rapidly with distance from the source. As with passive scalar releases, the one-point concen-
tration statistics of the dense gas plume are well modelled by a Gamma distribution and can
therefore be predicted through the estimate of the fluctuation intensity i. = o /c*.

Finally, we analysed the spatial distribution of the production of concentration variance
and its dissipation rate, which allowed us to quantify typical mixing time scales t,, of the
flow. This enabled us to evaluate the reliability of the parameterization of the mixing time
usually adopted in atmospheric dispersion models.

To summarise, the experimental results show that negative buoyancy at the source sig-
nificantly affects only the mean concentration field, as the trajectory of the plume centre of
mass is deflected toward the ground. Plume spread and higher-order concentration statistics
are largely unaffected by buoyancy, except in the very near-field region. These findings have
major implications for the development of operational dispersion models used to simulate
localised dense gas emissions.
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Appendix

We report here the scalar PDFs analysed in Fig. 7 represented in log-scale in order to highlight
as the Gamma distribution allows the extreme values to be described. Figure 14 shows that
the Gamma distribution reproduces the experimental PDFs in the intermediate scalar field,
for both low and high values, with a remarkable accuracy (Fig. 14a—c). In the very far field,
the concentration PDF approaches a normal distribution (Fig. 14d), as noted in Nironi et al.
(2015). In the region where the meandering is dominant, namely very close to the source
location, the Gamma distribution presents lower accuracy in describing the scalar statistics
and the meandering PDF provides a better agreement (Cassiani et al. 2024).
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