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Abstract

In this paper, we report statistics of concentration measurements
obtained using photo-ionisation technique. The primary ob-
jective of this study is to establish a systematic procedure to
acquire accurate single-point concentration measurements in a
TBL. Here, we outline procedures implemented in our exper-
iments resulting in concentration profiles that agree very well
with previous similar measurements. Passive scalar is released
from a point source in the logarithmic region of the boundary
layer, and statistics of concentration fluctuations are discussed.
Results for mean and variance profiles of scalar fluctuations ad-
here to the known reflected Gaussian behaviour. Preliminary re-
sults for probability density functions of concentration exhibit
exponential behaviour with an invariant decay exponent and this
is being further investigated.

Introduction

Environmental concerns due to the spread of urban areas is in-
creasingly demanding a better prediction of hazardous gases re-
leased from a ground level or an elevated source in the atmo-
spheric boundary layer. The risks associated with dispersion
of atmospheric contaminants can be broadly classified into two
categories - chronic and accidental. Chronic risks may be esti-
mated using the information of mean concentration field while
in the case of accidental risks, one has to properly evaluate
potential health hazards from incidental exposure to excessive
concentration levels. For this, detailed information of scalar
variance and probability distribution functions (PDF) of scalar
fluctuations is required. Due to the highly turbulent and inter-
mittent nature of the mixing process, regions of high concentra-
tion exist within the plume and often greatly exceed the mean
value. It is such extreme events, for example, when the instan-
taneous concentration level of a gas exceeds its flammability
limit, that could lead to spontaneous ignition of a gas and thus
initiate a fire.

Although statistics of PDF is most desirable, they are diffi-
cult to obtain in practice, as it requires steady flow conditions
and long duration samples of concentration fluctuations. In the
past, there have been few experimental studies of concentra-
tion in laboratory wind tunnels ([1, 8, 9]) and in atmospheric
surface layer ([12]) using a point source tracer gas. Most of
the above studies were conducted in either atmospheric condi-
tions or artificially stimulated boundary layers and focussed on
reporting statistics of scalar fluctuations and their pdfs to de-
velop models for predicting the dispersion of a plume. There
are mainly two measurement techniques reported in the litera-
ture that can continuously measure concentration fluctuations,
namely, flame ionisation detection (FID) and photo-ionisation
detection (PID). Both techniques have similar operating prin-
ciple of ionising a hydrocarbon gas and measuring the voltage
output which is a function of the concentration of ions present in
the flame/ionisation chamber. In FID, one uses flame to ionise
the gas while in PID, it is done using high intensity ultra violet
light.

[1] and [9], both using FID technique, have shown that the mean

and variance of scalar fluctuations exhibit either reflected Gaus-
sian or normal Gaussian behaviour depending on the source
height. A ground level plume tends to disperse in a Gaussian
distribution (to a close approximation) while an elevated plume
exhibits reflected Gaussian behaviour. Further, [1] employed
the meandering plume model of [2] and the results of [4] to ar-
gue that the meandering nature of a plume is the major source
of concentration fluctuations. While these results are quite use-
ful in developing prediction models, it is noted that the inter-
action between the gas plume and the so-called canonical tur-
bulent boundary layer (hereafter, TBL) is rarely investigated.
The main motivating factor to this study is the recent develop-
ments in the knowledge of the structure of TBL, see for exam-
ple, [10, 7]. However, most studies on smooth wall TBLs fo-
cussed on velocity statistics and were aimed to understand the
dynamics between different scales in the flow. The behaviour
of concentration fluctuations in a high Reynolds number (Re)
TBL has not yet been studied. The long term aim of the current
study is to relate the characteristics of plume spread to the struc-
ture of TBL and as a first step towards that goal, we report here
measurements of velocity and concentration fluctuations when
a passive scalar is released in the log-region of a TBL.

Experimental setup

The experiments are carried out in the closed-loop Boundary
Layer Wind Tunnel (BLWT) in the School of Civil Engineering
at the University of Sydney. The working section of the wind
tunnel is 19m long and is 2.5m wide. It has a constant roof
height in the region, 0 <x < 12'm, followed by an arrangement
of horizontal slats in the roof which can be adjusted to control
the pressure gradient between 12m and 17 m from the trip (a
100 mm wide P60 grit sandpaper spanning the full width of the
tunnel). The boundary layer develops on the bottom wall of the
tunnel, which is built using plywood sheets and joined together
in a seamless manner.

The flow is driven by a 250 kW motor. This flow then passes
through a settling chamber comprised of honeycomb flow-
straightener and a series of four mesh screens before entering
the contraction (with an area ratio of 4.5:1) and then the test
section. The free stream velocity can be varied between 0 and
27 m/s. With the wind tunnel in the present configuration, the
free-stream turbulence intensity is nominally in the range 0.5%
for a free stream velocity range of 0 - 20m/s. Separate mea-
surements of velocity and concentration are made using a sin-
gle hotwire and a fast response mini photo-ionisation detector
(PID) supplied by Aurora Scientific. A schematic of the exper-
imental setup is shown in figure 1, where different parameters
are shown. This experimental set-up allowed us to produce a
friction Reynolds number, Re; = 8Ur/v ~ 10,600 (U is the
friction velocity and v is the kinematic viscosity of air). A mild
favourable pressure gradient (about 3%) is observed in the cur-
rent setup. Full details of the boundary layer are listed in table
1. In this paper, x and z refer to the streamwise and wall-normal
directions while u denotes the streamwise fluctuating velocity
component.
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Figure 1: Schematic of experimental setup. s, and sy represent the source height and separation distance between source and the

measurement location, respectively.

Probe Re:  Reg Uo VU U 8 6 =1 gt=4
type ms™")  (um) (ms™h)  (m)  (m)
Single wire 7850 14300 10.2 42.5 0.367 0329 0.027 24 18
Table 1: Boundary layer properties.
Hot-wire Anemometry 10 ] A
A Pre-Cdlibration _
The single-wire probe is a slightly modified Dantec 55P15 type v Post-Calibration -7
sensor and has a spacing of 1.05 mm with 5 micron diameter 8 P A P o
Platinum coated Tungsten wire welded between the prongs. The % PrOg
length to diameter ratio of the hotwire is around 210, keeping = 6r A - g 1
with the recommendations of [5] and the viscous-scaled wire ED 7 e
length, I is about 26. The single-wire is operated using a Dan- 2 4l & // -7 i
tec multichannel CTA (constant temperature anemometer) at an E Prgie
overheat ratio of 1.8. For the velocity measurements reported, o g
the filter cut-off frequency is set at 10 kHz and the data is sam- 2r P ]
pled at 20 kHz/channel for 300 seconds. Hot-wire is calibrated _Z -
statically before and after every experiment against a Pitot-static o¥ s s s s
o 100 200 300 400 500

tube located in the undisturbed free stream flow. A total of 10
different flow velocities ranging between Oms~! and 12 ms~!
are used during the calibration. A third-order polynomial is fit-
ted between the measured hot-wire voltage and the correspond-
ing velocity during the calibration. Besides velocity, tempera-
ture is continuously measured in the free stream for the entire
duration of the experiment using a fast response copper tip RTD
(resistive temperature device) sensor by Omega, Inc. with a re-
sponse time of 1sec. It is noticed that the temperature of the
flow gradually increased between 1°C and 2°C from the start
to the end of a 3 hour long experiment. Hence, a temperature
correction scheme (one of the methods discussed in [11]) is em-
ployed to correct the drift in hot-wire during the experiment.

Photo-ionisation detector

The PID consists of sensor head, which contains the ultra vi-
olet (UV) lamp, electronics, inlet needle (57 mm long and in-
ternal diameter (d) of 0.76 mm), a pump, detection cell, and a
pre-amplifier. The high energy UV lamp ionizes gases that en-
ter the detection cell. The detection cell and pre-amplifier are
built into the end of the sensor head and convert gas concen-
tration to a voltage signal. The use of PID for concentration
measurements had been previously established in the study of
[8], where flow disturbance due to the sensor head, frequency
response and spatial resolution of the sensor were discussed.
The inner-normalised diameter (") of the needle is approxi-

Concentration (ppm)

Figure 2: Pre- and post-calibration curves of PID. The dashed
lines are second-order polynomial fits using least squares re-
gression.

mately 18. The sensor has a true frequency response of 330 Hz
with a 10-90% rise time of 0.6 ms (milli-seconds). The detec-
tion limit is 100 ppb (parts per billion) of iso-butylene (or any
other ionisable gas) in air and the full-scale measurement range
is 500 ppm (parts per million).

The PID is calibrated in situ before and after every experiment
using an in-house built manual calibrator. The calibration sys-
tem consists of a gas-mixing rotameter (manufactured by Math-
eson Gas Products, Inc.), two mass flow controllers and the nec-
essary tubing and fittings required to connect the outlet of the
rotameter to the PID. Both the zero air and 1.5% iso-butylene
are available in high pressure cylinders from Airliquide, Inc.
They are fitted with two-stage regulators to accurately regulate
the outlet to 20 psi gauge pressure as required for the gas-mixing
rotameter. It is important to note that this method is a volumetric
mixing operation and therefore the pressures and temperatures
of the two gases must be the same for better accuracy. A desired
concentration of gas is achieved by setting the flow rates of zero
air and calibration gas. An example of pre- and post-calibration
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Figure 3: Comparison of mean velocity (O) and turbulence
intensity (A) profiles in the current study against comparable
zero-pressure gradient boundary layer data (Rez ~ 8400) of [6].
The red markers show the location of the point source used in
this experiment.

curves in one of the experiments is shown in figure 2.

A point source tracer gas (1.5% iso-butylene) is released via
a discharge tube of internal diameter 1.6 mm positioned at a
height, s, /8 = 0.1 above the floor (see the schematic in figure 1).
The flow rate of tracer gas is adjusted to match the exit velocity
to the local mean velocity at the source height in the boundary
layer. Since the wind tunnel used in this study is a closed loop
type, the background concentration increases with time due to
recirculating air in the wind tunnel. It is observed that the back-
ground concentration increases linearly with time. Hence, a lin-
ear interpolation in time between pre- and post-calibrations of
PID is used to correct the drift in PID.

Results

In this section, the mean statistics of the boundary layer are
compared against published data. This is followed by a dis-
cussion on flow distortion due to PID and finally, the mean, root
mean square (r.m.s) and PDF of concentration fluctuations are
discussed.

Mean and turbulence intensity profiles

Figure 3 shows the inner-normalised mean velocity and turbu-
lence intensity profiles in the current study in comparison to
the comparable Re; data of [6] on a smooth wall zero-pressure
gradient turbulent boundary layer. It is evident that there are
some dissimilarities between the two profiles and these are due
to the mild streamwise favourable pressure gradient in our ex-
perimental setup. We have verified that this is consistent with
the observations of [3], who compared results in a favourable,
zero- and adverse pressure gradient boundary layers. They re-
ported that the mean velocity profile in a favourable pressure
gradient has a lower wake in comparison to the zero pressure
gradient case. Note that friction velocity, Uz has been obtained
by fitting a log-law to the mean velocity profile using constants
k=0.384 and A =4.17.

Flow distortion due to PID

Prior to conducting scalar measurements in the turbulent bound-
ary layer, a series of experiments are conducted to understand
the influence of discharge tube and PID pump on the flow. Three
different scenarios are considered; (i) flow without PID, (ii) flow
when PID is activated, and when (iii) deactivated. A single
hotwire is used to measure the turbulence statistics in all the
three cases. Results reported here have been tested for repeata-
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Figure 4: Comparison of mean velocity and turbulence intensity
profiles; single wire with no blockage (black dot-dashed lines);
single wire when PID pump is activated and deactivated (red
and blue dot-dashed lines) respectively. The vertical dashed line
represents the physical location of point source.
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Figure 5: Normalised mean (C*, O) and variance (c*, *) pro-
files of scalar fluctuations as a function of wall-normal distance
for 5,/8 = 0.1. The dashed lines are drawn using the reflected
Gaussian model (1). The arrow indicates the physical location
of the point scalar source.

bility and they are found to be consistent to within +1%. Look-
ing at the mean velocity profiles shown in figure 4 for the three
cases, it appears that the discharge tube has caused the flow to
decelerate, especially in the near-wall region, z/3 < 0.08. The
PID operation (pump on and off) seems to have no discernible
effect on the mean velocity profile. Looking at the turbulence
intensity profiles, there is significant impact; close to the wall,
there is an increase of approx. 5% and the effect seems to sus-
tain upto z/d ~ 0.2. These observations are consistent with
[8], who also commented that the near wall discrepancies in
the mean flow statistics are due to the proximity of PID to the
wall. Overall, we believe that the flow distortion caused by the
discharge tube will only influence the scalar statistics as much
as it has on the turbulence intensity profile and the results pre-
sented below have to be interpreted accordingly. Investigation
is currently underway to develop an improved arrangement of
discharge tube to release tracer gas with minimal influence on
the flow.

Mean and variance profiles of scalar

The normalised mean (C* = C/Cy,) and r.m.s (¢* = ¢/cy,) pro-
files of scalar fluctuations are shown in figure 5. Here, C and ¢
are respectively the mean and r.m.s of concentration while C,,



and ¢, are respectively their maxima. [1] suggested that a re-
flected Gaussian model, shown in eq. 1, closely describes the
mean and r.m.s profiles of concentrations fluctuations for an el-
evated source. We note that our experimental data agree very
well with the empirical model,

C(2) = Cols ) {exp(—alz+ )% /82) + exp(—alz — 5.)? /82)}.

Q)]
Here, a is taken to be In(2) so that &, represents the verti-
cal half-plume width (the vertical distance in which the max-
imum concentration falls to half its value). Although both mean
and r.m.s profiles have reflected Gaussian behaviour, the plume
width, §;, derived from them is different. The r.m.s profile has
a greater spread than the mean concentration profile. Also,
one can see that Cp in the Gaussian model is dependent on
s; and C,,. Substituting z = s, in the above equation, we get,
Cin = Co{exp(—a(4s?/8?%))}. Based on the Gaussian model, it
is easy to see that the plume spreads in both the vertical and
lateral directions downstream of the source location.

Probability density functions

Another aspect of concentration measurements is the behaviour
of probability density functions (PDF), which describe the like-
lihood of certain concentration level of tracer gas to occur at a
point in space. Figure 6 shows the PDFs at several wall-normal
locations for s;/8 = 0.1. It is evident that at most locations, the
PDFs exhibit exponential-like behaviour (P(C) ~ exp(—bC),
where b is the decay exponent) as seen from their linear be-
haviour with C > C,, in the log-linear axes used in figure 6,
however with different slopes. Interestingly, we observed that
the PDFs at z locations that lie within the log-region have the
same slope and this is being further investigated to develop a
model for PDFs at high instantaneous concentration.

Conclusion

Both velocity and concentration measurements are carried out
in a turbulent boundary layer with mild streamwise favourable
pressure gradient. A well-established photo-ionisation tech-
nique is employed to measure concentration. The small size
of PID needle enabled us to obtain concentration measurements
with good spatial resolution. The effect of discharge tube on
mean statistics of turbulent boundary layer is seen only when
PID is in close proximity to the wall. The distributions of mean
and variance of concentration fluctuations showed reflected
Gaussian behaviour with different plume-widths in agreement
with previously reported results. Further, the PDFs at most
z locations exhibit exponential behaviour with identical decay
exponents in the log-region of the boundary layer. As stated
before, the future scope of this work is to conduct a series of
experiments by varying sy and s; to investigate several aspects
of plume dispersion, such as eddy-diffusivity and its relation-
ship to eddy viscosity, the behaviour of PDFs in the log- and
the intermittent region of TBL among others.
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