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ABSTRACT

This paper deals with the important issue of the gaseous pollutants dispersion in the
environmental flow within urban atmospheres including the products of on-ground agriculture fires.
The paper presents an accurate and efficient semi-implicit pressure-based algorithm developed for
solving numerically the conservation equations governing weakly compressible turbulent
environmental flow of multicomponent fluid. An in-house CFD code has been developed to
implement the numerical solution of the present algorithm. The code is an integrated one consisting
of three main elements which are the pre-processor, the solver and the post-processor. This in-house
CFD code undergoes a standard validation process, using six generic test cases simulating a steady-
state environmental flow associated with gas flow from a ground point source under different flow
conditions. A prerequisite verification of the code has been considered for successful validation.
The detailed standard validation process was performed according to AIAA Guide by comparing the
predicted results with measurements especially conducted for the present work in the test section of
the Atmospheric Boundary Layer Wind Tunnel facility of Assiut University. The results showed
good qualitative and quantitative agreements for the present in-house CFD code with the
corresponding flow measurements. These agreements together with the satisfaction of the
prerequisite verification insure a satisfactory validation of the present in-house CFD code.

Keywords: Environmental Flow, Atmospheric Boundary Layer Wind Tunnel, In-House CFD
code, Simulation, pollutants dispersion, verification and validation.

1. Introduction

Environmental flow studies investigating pollutants transport and dispersion in urban
atmospheres are critical for air quality control. This is mainly because industrial enterprises,
transportation means, and other sources of air pollution are frequently located within urban
areas. In addition to the mentioned sources, agricultural fires occurring in open spaces of
urban areas produce more air pollution (thermal, gaseous and particulates). The majority of
pollutants emitted from sources of air pollution in urban areas are released into the part of the
atmosphere adjacent to the earth’s surface. This part is known as the atmospheric boundary
layer which has a typical height of 500-600 m [1,2]. The environmental flow is usually
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characterized by a turbulent weakly compressible flow occurring in the atmospheric
boundary layer. It also involves physical complexity due to the link and interaction between
dispersion of the pollutants and other transport phenomena. More geometrical complexity is
added due to buildings with different shapes and heights forming narrow and deep street
canyons which are distributed over the urban area.

Theoretical and experimental research tools [2-10] were introduced to handle the
environmental flow problems. Successful research tools are expected to give accurate
information on the near-ground concentrations of air pollutants. Their ability to achieve
such a task depends on how can they accurately and correctly describe the real and
complex situation of the environmental flow. The major and most successful theoretical
tool giving accurate numerical predictions is the commonly used approach of
computational fluid dynamics (CFD) simulations. The CFD approach numerically solves
the appropriate fluid flow equations governing various processes and events leading to the
pollutants dispersion. Successful and frequently done laboratory measurements, supporting
the CFD simulations, are those conducted in atmospheric boundary layer wind tunnels
facilities (ABLWT) [7-10]. Such facilities allow accurate physical modeling of real
environmental flow within atmospheric boundary layer for specified urban area. The
design and characterization of ABLWT have received the attention of many research
workers in the last three decades [5-9, 11-15].

An important issue is necessary to establish and assess the credibility of newly
developed CFD codes. This issue is known as verification and validation (V&V)
processes. Many professional engineering organizations and societies introduced
comprehensive reviews and recommended broad publications [16-21] related to V&V
processes. One important publication by the American Institute of Aeronautics and
Astronautics is the AIAA Guide [16] which includes useful and integrated guidelines for
the terminology and methodology for standard V&YV processes. Many studies [22-28] have
applied the AIAA Guide methodology, to investigate the validation of different CFD codes
through the comparison of their predictions with the corresponding experimental results
representing the real environmental flow. Most of these experimental results were obtained
from measurements best conducted in ABLWT facilities.

Recently, the authors [29] have developed an integrated in-house CFD code to
implement the semi-implicit pressure-based algorithm they proposed for simulating single-
component fluid flow. Focusing on the standard verification process they applied the
principles of the AIAA Guide and reached a satisfactory verification (code correctness and
calculation accuracy) of their in-house CFD code. This was done by comparing their code
numerical predictions with benchmark solutions of reference CFD codes [30-34] for
selected standard test cases. They concluded that their code is able to predict various flow
features in the selected test cases in agreement with the reference codes. Accordingly, they
simply reported that this agreement supports the validation of their in-house CFD code.
However, the algorithm presented in [29] needs more development to include more
features of environmental flow in urban areas. In addition, standard validation process of
the new resulting in-house CFD code must be carried out according to the AIAA Guide.

The aim of the present paper is to model and solve the environmental flow involving
gaseous pollutants dispersion in urban atmospheres. This is done by developing the
solution algorithm described by the authors in [29], through the inclusion of mass species
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conservation equations governing the pollutants dispersion. Moreover, the previous in-
house CFD code presented in [29] is to be modified to implement the developed solution
algorithm of the environmental flow. This newly in-house CFD code undergoes a standard
verification and validation processes using six generic test cases. These test cases have
been generated by imposing three different flow conditions on two physical model
configurations. The standard verification process, which is a prerequisite for the required
standard validation process, has been performed by comparing the predictions of the
present in-house CFD code with the corresponding predictions of a reference CFD code,
ANSYS Fluent 16. On the other hand, the standard validation process has been performed
according to AIAA Guide by comparing the predictions of the present in-house CFD code
with the corresponding measurements especially conducted for this purpose in the test
section of the ABLWT facility of Assiut University. The wind tunnel facility enables
measuring the distributions of the average velocity, turbulence intensity, temperature, and
tracer gas concentration of the wind flow. These measurements have been performed at the
inlet and at different locations within the test section. The inflow conditions were taken
from the measurements in order to correctly reproduce the flow into the computational
domain for both the present in-house CFD code and the reference code.

2. The Computational fluid dynamics (CFD) model
2.1.The present numerical algorithm

The present algorithm is a semi-implicit pressure-based one. It is an extension of the
algorithm developed previously by the authors [29] to numerically solve the Navier-Stokes
and energy equations governing weakly compressible flow of a single component fluid.
The present algorithm numerically solves the mass species conservation equations in
addition to other governing equations for weakly compressible turbulent environmental
flow of multicomponent fluid. This fluid flow can be described by the time dependent
three dimensional Favre-averaged conservation equations combined with the standard k-¢
turbulence sub-model equations. These fluid flow equations can be represented in the
following general form [35]:

d(p9)
ot

where U is the vector of the average flow velocity, and ¢ is the generic form of the
transport fluid property. Table 1 of [29] lists the expressions of the generic form, ¢, and
associated diffusive exchange coefficient, I'y and source term S, for momentum and
energy transport fluid properties. On the other hand, the expressions for mass transport
fluid properties (in absence of mass production) are given in [35] by:

+V.(pUg)=V.(Iy V) +Sg, 1)

b= Y \I

He .
[y = v (i=12,..,n) )
S¢ = O

where Y,,,; is the species mass fraction of component i in the fluid of n components, and
ay,,; 1S the corresponding Prandtl number/schimdt number. The effective turbulent viscosity,
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U , is the sum of the molecular dynamic viscosity, y, and turbulent viscosity, u;, expressed
in terms of the turbulence transport fluid properties k and € as given in details in [35]. In
writing the expressions of Eq. (2) the flow conditions of the common practical applications
of environmental flow have been considered such that only the ordinary (concentration)
diffusion is included while the pressure, forced and thermal diffusions are neglected [36].

The numerical solution for the general case of a time dependent flow field in a
geometrically complex space domain (computational domain), has the following main
features. The time domain is discretized using suitable time steps while the whole
computational domain is first partitioned into multi-blocks sub-domains. Then, the
computational sub-domain associated with each block is by turn discretized into structured
non-orthogonal boundary-fitted curvilinear mesh of cells of finite volumes. The numerical
values of the transport fluid properties describing the discretized flow field are obtained for
each time step by iteratively solving a system of linear algebraic difference equations
approximating the fluid flow. The algebraic difference equations are obtained for each
transport fluid property at the specified discrete space points (centers of interior cells) by
substituting in the discrete version of the fluid flow equations combined with the discrete
form of the boundary conditions. These conditions mainly include the fixed conditions
imposed on the physical boundaries of the whole computational domain (inflow, outflow,
solid wall, far-field, and symmetry). In addition, they include the connectivity conditions
imposed at the interfaces between the blocks. The discrete version of the fluid flow equations
is obtained by applying the Gauss divergence theorem after integration over individual time-
invariant finite volumes of the interior cells covering the whole computational domain.

2.2 The present in-house CFD code

The present in-house CFD code implementing the above described steps of the present
algorithm is a modification of the previously developed one [29]. It consists of three main
elements: the pre-processor, the flow solver, and the post-processor. The pre-processor
transforms the input data and information into a suitable form. The flow solver handles the
transformed input data and fulfills the steps of the numerical solution of the present
algorithm. The post-processor receives the output of the flow solver in the form of
numerical predictions and presents it using versatile data visualization tools.

The flow solver of the present in-house CFD code mathematically solves the equations
of fluid flow associated with numerous physical phenomena which are characterized with a
variety of thermophysical properties. It generally handles different geometries of inner and
outer boundaries, combined with various initial and boundary conditions. This description
shows two important features of the code. The first feature is that the code numerically
simulates the fluid flow through a series of complex mathematical activities. Consequently,
both the correctness of the code mathematical activities and the accuracy of its calculations
must be verified. The second feature is that the physical phenomena and the
thermophysical properties considered in the real fluid flow are, in general, complex in
nature and are governed with known and well-established physical laws. Accordingly, the
code ability to physically handle real flow situation must be validated.

2.3 Verification and validation processes

For acceptable credibility level of the present in-house CFD Code, standard verification
and validation processes have been performed according to AIAA Guide [16], using different
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test cases. The standard verification process of the present in-house CFD code including both
code correctness and calculation accuracy verifications represents a prerequisite for the
standard validation process which is one of the main objectives of the present work. Both
code correctness and calculation accuracy verifications were partly confirmed for the
previous in-house CFD code [29] through comparison with benchmark solutions of will-
established reference CFD codes [30-34]. They are to be completed upon the discussion on
the comparison of the present in-house CFD code predictions with the corresponding
predictions of another reference CFD code, ANSYS Fluent 16. On the other hand, the
validation of the in-house CFD code is recognized upon the discussion on the comparison of
its predictions with the corresponding measurements. These measurements were conducted
in the test section of an ABLWT facility whose details are outlined in the next section.

3. The Experimental facility of the atmospheric boundary layer wind tunnel (ABLWT)

The measurements for the validation of the present in-house CFD code, were performed in
the ABLWT facility located in the laboratory of Environmental Studies and Research at Assiut
University. The following subsections summaries the main features of the wind tunnel, the
associated instrumentation and measuring devices, and the used test physical model.

3.1 Description of the ABLWT

The ABLWT used in the present work, was previously, designed, constructed, and
characterized to investigate environmental turbulent flow studies [1,2]. Figure 1 shows the
main features of the ABLWT which is of a low-speed, open-loop type. Dust-free clean
atmospheric air enters the wind tunnel smoothly through the upstream settling section 1 and
is accelerated in the contraction cone 2. The air then flows through a heating and settling
section 3 to produce a thermal stratification in the air flow (if required). The resulting
uniform turbulent air flow passes in the development section 4 to produce a wind with the
required simulated atmospheric boundary layer. This is done via a combination of triangular
spires and cube roughness elements [37] designed to artificially generate the earth surface
condition associated with urban areas. The test section 5, in which the test physical model is
mounted, is 1.7 m long and has a square cross section of 1.0m X 1.0m. It receives the
longitudinal turbulent wind flow whose average velocity distribution is described by a power
law. The wind tunnel is driven by an axial flow fan 7 which is operated by a variable speed
motor giving a maximum operating wind velocity of 2 m/s. A flexible connection 6 is used to
isolate the fan vibrations from the main body of the wind tunnel.

3.2 Main instrumentation and measuring devices

A variable voltage transformer has been used with a three phase power supply to adjust
the fan motor speed at a value corresponding to a prescribed wind flow velocity profile. The
intended single measuring probe or sensor is mounted on a 3D traversing mechanism which
enables conducting measurements at different specified locations covering the space in the
test section. A tracer gas (CO2) bottle and a compressed air supply have been used with a gas
flow controller and an electric air heater for supplying and controlling cold or hot jet of CO2
or air in the measurements of the test cases in the present study. The gas flow controller has
been used to set a measured value of flow rate corresponding to a prescribed mean gas
velocity. A computer-linked Multi-Channel Hot-wire Anemometer has been used to measure
the magnitude of local average wind velocity and associate turbulence intensity in the test
section. The anemometer is provided with two spherical probes for the velocity vector and
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two directional probes for the velocity components. In addition to wind velocity, the
anemometer can be used to measure the relative humidity and the wind temperature up to 70
°C. Other temperature measurements have been performed using Type K thermocouples with
Data Acquisition System. An automotive flue gas analyzer has been used to measure the
volume fraction of the tracer gas in the test section. The measured gas volume fraction is a
representative of the local gas concentration.
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Fig. 1. Main features, instrumentation, and measuring devices of the ABLWT (dimensions in mm).
4. The Test cases

Six generic test cases are considered in the present work for both standard verification
and validation processes. Each test case is a simple simulation of a steady-state
environmental flow associated with gas flow from a ground point source in the urban area.
Examples of ground point sources are the upward air flow from the ventilation openings of
subways and underground cities as well as the upward flow of gaseous products from a
surface agricultural fire within limited zone. Figure 2 shows the conceptual model
illustrating the environmental flow simulated by a generic test case. The conceptual model
comprises four main components: the CFD computational domain, the inflow conditions,
the gas flow from the point source, and the existence or absence of a nearby building. The
choice of the generic test cases is based on the following considerations for the selection of
each component. The open field full-scale CFD computational domain may lead to
inaccurate correspondence with the measurements conducted in the closed test section of
the ABLWT facility. Therefore, the CFD computational domain is selected to have the
boundaries and cross-section dimensions (Wc =1m,Hc =1m) of the test section.
Accordingly, the inflow boundary conditions can be prescribed based on the measurements
of the steady-state longitudinal turbulent wind flow at the inlet of the test section. The
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major vertical variation of the measured average velocity of the wind flow (at x = 0) is
typically described by the following power law function:

u(z) = us(z/6)%, 3)

where & and aare the simulated atmospheric boundary layer thickness and the
associated exponent for the urban area, respectively. The values of §and a were
determined from curve fitting of measured velocity distribution to be 0.51 m and 0.32,
respectively. The outflow boundary of the CFD computational domain is apart from the
inflow boundary by a distance Lc which varies according the physical model configuration
as specified in the next section. The gas flow from the ground point source with a circular
cross section is represented by an upward gas jet located at [; = 0.2 m from the inlet and
centered in the y-direction of the test section. The gas jet is in steady-state crossflow
relative to the longitudinal wind. The upward velocity distribution around the point source
within the jet, w(x, y) is obtained using the measured gas flow rate. The velocity w(x, y) is
estimated considering laminar flow out from a circular tube of a diameter d = 7.6 mm,
centered at the point source. The nearby building (if exists) is simulated by a cubic-shaped
block with edge length [ = 0.2 m. The block is centered in the y-direction in the test
section with its windward wall located downstream at a distance [, = 0.22 m from the test
section inlet. The windward wall can be uniformly heated to reach a steady state
temperature T, . This can be done using an electric heater assembly buried inside the
block. The heated windward wall represents the real condition associated with the building
heating sources (solar irradiation, ovens, and compartment fires). To complete the choice
of the test cases, two possible physical model configurations have been produced. They are
a free gas jet (configuration A), and a block with adjacent gas jet (configuration B). Figure
3 shows the main dimensions of the two model configurations with selected locations at
each one of which the vertical distributions of the main transport flow properties have been
measured. Finally, six generic test cases can be generated by exposing each produced
configuration to three possible different flow conditions. Keeping in mind the common
cold inflow conditions, the chosen test cases can be briefly identified as:

Cold air jet.

Hot air jet.

Cold pollutant gas (CO2) jet.

Cold air jet adjacent to a block with cold walls.

Cold pollutant gas (CO2) jet adjacent to a block with cold walls.

Cold pollutant gas (CO2) jet adjacent to a block with heated windward wall.

ocouprLNE
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Fig. 2. Components of the conceptual model for the generic test cases.
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Fig. 3. Top view of the physical model configurations showing the selected measuring
locations. (dimensions in mm)

5. Results and discussions

In conducting the experiments, the operation of the ABLWT properly controlled to obtain
steady wind flow, with low level of the noise (internal and external) that might affect the
flow stability and consequently the measurements. In all test cases, the wind flow was
adjusted to give a fixed free stream velocity us = 0.5 m/s. The volume flow rate of the gas
jet was adjusted to give a fixed maximum source velocity of 2.24 m/s at the jet center for
cold and hot conditions. The measured flow characteristics presented and discussed below
have been chosen to give representative experimental results for the validation process.
Selected measured transport properties for each test case were considered for the comparison
with the CFD predictions. The assumption of the outflow boundary of the CFD
computational domain was checked via calculations using different values of the length Lc.
The calculations showed appropriate Lc values of 0.5 m and 1.02 m for the physical model
configurations A and B, respectively. These values of Lc¢ with the other specified dimensions
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(Wc =1m, Hc = 1 m) were adopted as the best values to obtain all numerical predictions
of both the in-house and the reference CFD codes.

The discussion of the obtained experimental and numerical results is carried out in three
steps. The first step involves the comparisons between the predictions of both the in-house
and the reference CFD codes, along with the comparisons between the predictions of the
present in-house CFD code and the flow measurements. The second step is the estimation
of the code prediction and experimental errors. The third step focuses on the standard
validation process for the present in-house CFD code. In this process the satisfaction of the
verification prerequisite condition for the present in-house CFD code is examined based on
the discussion in the previous steps. Then the validation for the present in-house CFD code
is examined via the quantitative and qualitative comparisons with the flow measurements.
For convenience, the comparisons in the first step of the discussion are made considering
four integrated groups of flow property variations. Two groups expressing the flow
characteristics which are the variations of the average flow velocity and the turbulence
intensity. The third group expressing the flow thermal behavior is the variations of flow
temperature. The forth group expressing the pollutant gas dispersion is the pollutant gas
(CO2) concentration. The predictions for the CO2 gas concentration are represented by the
plots of CO2 volume fraction Y, co,. The values of the volume fraction were calculated
using the corresponding values of the mass fraction Y, co. as follows:

Y, cor = (Ym,co2 /Mcoz)

' Yi(Ym.co, /M;)
where M; is the Molecular weight of the component i.
5.1 Flow characteristics

The two main flow characteristics for all test cases are the vertical variations of the
average flow velocity components and the turbulence intensity. Such variations strongly
influence the pollutant gas dispersion, compared with the variations of other flow
properties. Figure 4 shows the results of a representative group for the velocity
components vertical distributions. The results include the longitudinal (u) and vertical (w)
velocity components for the flow in configuration A, and that for the distributions of the
total value (U) of the average flow velocity for the flow in configuration B. Figure 5 shows
the results of the corresponding vertical distributions of turbulence intensity.

The numerical predictions of the present in-house CFD code shown in Figs. 4 and 5 are
in good qualitative and quantitative agreement with the corresponding predictions of the
reference CFD code, ANSYS Fluent 16. The agreement can be understood from the
identical trends (shape, size and location) of the vertical variation of the average flow
velocity predictions of both the in-house and the reference CFD codes as shown in Fig. 4a.
Similarity of these trends are clearly observed in the distortion of the inflow characterized
by the features of the u component velocity profiles, combined with the production of the
vertical component velocity profiles w associated with the upward flow of the free gas jet.
The agreement can be supported by comparing the predictions of the vertical variation in
the total flow velocity U for both codes for configuration B, Fig. 4b. More evidence of the
agreement between the two codes can also be obtained by comparing their predictions for
the turbulence intensity shown in Fig. 5. The results in Figs. 4 and 5 show noticeable
differences at low levels above the ground wall corresponding to the gas jet levels. These
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differences may be attributed to the more accurate near-wall-treatment (as expected) of
turbulence and fine mesh scheme used in the reference CFD code.
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Fig. 4. a. Vertical distributions of the longitudinal and vertical flow velocity components in the
symmetry plane at different locations for configuration A.
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Fig. 4. b. Vertical distributions of the total average flow velocity U at different locations for
configuration B.

The predictions of the in-house CFD code agree well with the velocity and turbulence
intensity measurements in Figs. 4 and 5, particularly at higher levels above the jet in
configuration A and at levels above the block height in configuration B. At these levels the
predictions and measurements show nearly the same trends. Below these levels, there are
slight discrepancies between the in-house CFD code predictions and excremental
measurements of both the velocity and turbulence intensity. This is mainly due to the
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experimental errors associated with the disturbance introduced at low levels near the
ground due to the finite size of the velocity sensing probe. On the other hand, the
predictions exhibit relatively larger values of the turbulence intensity at such low levels.
This can be also interpreted by the combined effects of the experimental errors and the less
accurate treatment of near-wall turbulence in the in-house CFD code.
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Fig. 5. a. Vertical distributions of the turbulence intensity in the symmetry plane at different
locations for configuration A
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Fig. 5. b. Vertical distributions of the turbulence intensity in the symmetry plane at different
locations for configuration B

5.2 Flow thermal behavior

The results shown in Fig. 6 constitute a simple representative group for the temperature
vertical distributions of the flow associated with the free hot air jet. A similar discussion as
for the flow velocity can be made for the good agreement between the temperature
predictions of the in-house CFD code and the corresponding predictions of the reference
CFD code. The agreement for the temperature distributions introduces more evidence for
the velocity distributions due to the link between the energy and momentum equations.
Investigating the measured flow temperature distributions, one can clearly observe the
continuous development in the shape, location, and beak of the hot jet temperature profile
downstream of the wind flow. The results indicate that these observations are well
reproduced by the in-house CFD code.
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Fig. 6. Vertical distributions of the flow temperature in the symmetry plane for configuration A
associated with the free hot air jet

5.3 Pollutant gas dispersion

Figure 7 shows the results of a representative group of vertical distributions of CO2
volume fraction for the two configurations exposed to different thermal conditions. The
results in Fig.7a show the important features of the volume fraction vertical distributions
downstream the free jet of cold CO2 for configuration A. The distributions are nearly
symmetric, each around an axis inclined in the dominant direction of the wind velocity
given by the u and w components shown in Fig. 4. The beak value of the volume fraction
decreases as the location goes far downstream the CO2 jet. These features are direct results
for the combined pollutant dispersion processes of the convective and diffusion mass
transfer. Practically in environmental studies and its applications, it is usually required to
predict the volume fraction of a pollutant at any space point downstream the pollutant gas
flow from a ground source exists at certain location in urban area. The common form of
the volume fraction plots in Fig.7a makes this task possible. This form can be nearly fitted
with the known generalized Gaussian dispersion model [37]. It is a mathematical
expression that gives the value of the pollutant volume fraction at a specified space point in
terms of the magnitude and location of the peak value.

The results in Fig.7b and c illustrate the behavior of the pollutant gas dispersion linked
with the typical characteristics of the cross wind flow around the block in existence of the
upward flow of the gas jet. This behavior can be noticed by examining the vertical
distributions of CO2 volume fraction at locations F1, F2, S1, S2 (Fig. 3) representing
regions upstream and aside the cold windward wall of the block, Fig. 7b. The near ground
smaller values of the CO2 volume fraction at location F1 are mainly due to the dominant
effects of eddies and separation in the upstream region of the block. On the other hand,
these effects are negligible at location F2 while the mass diffusion is dominant resulting in
near ground larger values of the CO2 volume fraction as shown in Fig 7b. Remarkable
values of the CO2 volume fraction are observed at far locations S1 and S2 adjacent to the
side wall of the block. These observations may be attributed to a dominant mass diffusion
at these locations with nearly absence of eddies and flow separation there. Practically, the
results shown at the locations S1 and S2 indicate that the gaseous pollutant emerging from
a ground source near a building can be appreciably sensed even at region close to the side
of the building.
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Fig. 7. a. Vertical distributions of the CO2 volume fraction in the symmetry plane for configuration A.
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Fig. 7. b. Vertical distributions of the CO2 volume fraction in the symmetry plane for
configuration B with the cold windward wall.
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configuration B with the heated windward wall.

The effect of the free convection on the pollutant gas dispersion can be investigated
considering the results of CO2 volume fraction for configuration B with the heated
windward wall of the block, Fig. 7c. The conditions of the wind flow near the heated
windward wall give a free convection-to-forced convection ratio GR/Re? > 1.0 . This
means that the free convection is expected to have a pronounced effect as indicated by the
both results Fig. 7b and 7c. For all distributions shown in Fig. 7, it can be easily noticed
that the predictions of the present in-house CFD code are - in general - in good agreement
with the predictions of the reference CFD code as well as the corresponding measurements
of CO2 volume fraction.

5.4 Estimation of code calculation and experimental errors

An indicator of the code calculation accuracy is identified by the errors in the code
calculation as compared with the exact solution. Because of the absence of exact solutions of
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the present test cases, the accuracy indicator can be simply expressed as the overall average
value of relative deviations of the present in-house CFD code calculations from those
obtained by the reference CFD code, ANSYS 16. These relative deviations were estimated
using all significant numerical values of the CDF code predictions discussed above and
presented in Figs. 4, 6 and 7. The estimated average values of procedure for the relative
deviations for individual flow characteristics are: 3.2 % for the longitudinal velocity
component (u), 2.6% for the vertical velocity component (w), 15 % for the total flow velocity
(U), 2.2 % for the flow temperature (T), and 3.4 % for the gas volume fraction (Y;, co2). A
weighted mean of the all individual average values was calculated giving an overall average
value of the relative deviations of 4.8%. This value is small enough such that it can be stated
the calculation accuracy of the present in-house CFD code is acceptable.

Concerning the experimental results, an indicator for the uncertainty in the measured
value of each flow property is identified by the corresponding experimental errors
associated with measuring devices, measuring procedure, and flow conditions. Such
uncertainty indicator can be estimated as the ratio between the sum of all possible
experimental errors and a reference measured value of the considered flow property. The
estimated average uncertainty values of different flow characteristics are: 24.8 % for the
flow velocity, 8 % for the flow temperature, and 8 % for the gas volume fraction.

5.5 The validation process

The above discussion on the results for the test cases investigated in the present work,
shows an overall good agreement with those of the reference CFD code. This agreement
gives emphasis on the code correctness for the present in-house CFD code. The code
correctness together with the acceptable code calculation accuracy as described above
support the decision on the present code verification. This decision with the partial code
verification obtained previously by the authors [29], strengthen the claim on the
satisfaction of the verification prerequisite condition to begin the validation process.

The first stage of the validation process has been already satisfied via the good
gualitative agreement between the predictions of present in-house CFD code and the
corresponding flow measurements, as discussed above. The second stage is to examine the
discrepancies of the code predictions relative to the flow measurements. These
discrepancies can be expressed as the values of the relative deviations of the present in-
house CFD code calculations from the corresponding flow measurements. An appropriate
indicator (metric) of the discrepancies associated with a specified flow property is
estimated as the global relative deviation that takes into account the entire vertical
distribution of this property. The estimation procedure yielded indicator values expressing
the code predictions discrepancies of: 9.7 % for the flow velocity, 5.44 % for the flow
temperature, and 3.9 % for the gas volume fraction. These discrepancies indicator values
are lower than the corresponding experimental uncertainties stated in subsection 5.4. This
result is sufficiently acceptable as a criterion to consider good quantitative agreement
between the predictions of present in-house CFD code and the corresponding flow
measurements. Finally, the qualitative and quantitative agreements with the flow
measurements are considered satisfactory to decide on the successful validation of the
present in-house CFD code
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6. Conclusions

This paper presents the development of an accurate and efficient semi-implicit pressure-
based algorithm with in-house CFD code for Environmental Flow Simulation. The
algorithm solves Navier-Stock equations, and conservation equations of energy and mass
species, governing gases pollutant dispersion in urban atmospheres. A standard validation
process was applied to the present in-house CFD code, using six generic test cases. The
test cases simulate a steady-state environmental flow associated with gas flow from a
ground point source under different flow conditions. As prerequisite, the application of a
standard verification process including the code correctness and calculation accuracy was
considered. The prerequisite of the standard verification process has been satisfied through
the good agreement of the predictions of the present in-house CFD code with the
corresponding predictions of a reference CFD code, ANSYS Fluent 16. The detailed
standard validation process was performed by comparing the predictions of the present in-
house CFD code with the corresponding flow measurements especially conducted for the
present work in the test section of an Atmospheric Boundary Layer Wind Tunnel facility.
The measurements cover different conditions of the flow properties including the volume
fraction of the gas pollutant. The predictions of the present in-house CFD code for all
generic test cases showed good qualitative and quantitative agreements with the
corresponding flow measurements. These agreements establish a satisfactory and
successful validation of the present in-house CFD code.
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