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1 Gaussian smoke plume dispersion model

1.1 Derivation of the Gaussian model

The Gaussian model calculates the concentration field of pollutant admixtures in a static smoke
plume that propagates in a straight line direction at a constant velocity. It is therefore a greatly
simplified view of the transport problem of the source-side propagation of a pollutant
admixture, where there may be directional and velocity fluctuations in general, induced by the
flow field, which can be quite complex, e.g. near a complicated surface. A correct and close-
to-reality simulation of this situation is based on the numerical solution of modified moment
equations computing, at an appropriate scale, the individual components of the velocity vector
flow field u = uy, uy, u; and the equation for the scalar concentration field c. This approach is
considerably complicated and demanding in machine time and is therefore not suitable for
practical air pollution prediction tasks requiring multiple iterations of simulation calculations
for a wide range of classified meteorological situations.

The procedure of derivation of the Gaussian model reflects the above described complex
differential form of the transport problem of pollutant admixture propagation from the source
as an initial formulation, which is converted into a relatively simple analytical relation using
the maximum of applicable symmetries through significant simplifications.

A Reynolds PDE of the form used to calculate the pollutant concentration field ¢ (averaged
over a suitable time interval to exclude turbulent fluctuations) may be considered as a specific
initial formulation (if compressibility and air viscosity are not considered):

80+(uV)C:8( 8Cj+8 80+8( 60) 1.1
ot ox\ o ) Toy\ M ey ) e\ e ) Y

@v)e =Uxa—C+Uya—C+UZ x
OX oy 0z

The other three equations for calculating the components of the flow velocity vector u = uy, uy,
u, need not be considered, since the particular form of the flow field is completely eliminated
in the next step of the derivation of the Gaussian model.

Where

The starting principle in the derivation of the Gaussian model is a simplifying idealization based
on the neglect of the nonlinear advection transport dependent on the complex 3 D flow field (a
term representing inertial forces).
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That is, the generally valid equation of motion for the conservation of the concentration of the
passive admixture in the approximation for an incompressible fluid reduces to the equation
describing turbulent diffusion (1.2), which no longer contains any information about the

entrainment flow field - the Gaussian model does not take into account (and of course does not
calculate) the flow field in the solved region.
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Furthermore, the assumptions of isotropy (ux = uy = uz = u , i.e., the character of turbulent
diffusion is independent of direction) and spatial and temporal homogeneity of turbulence (u =
const.) are introduced. Thus, (1.2) reduces to (1.3):
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For this equation (1,.3) of spherically symmetric diffusion, an analytical solution (suitable for
derivation of the smoke plume model) is available in the form of a concentration function
dependent on two variables - t and the distance from the source (centre of the sphere) r.

C(r t) = Lexp _i (14)
) 8(7Z'M)3/2 4ﬂt .
Q is the mass flux of the pollutant (g/s), r is the distance from the source at the centre of the
spherically symmetric concentration field (see Figure 1). It can be added that the first part of
equation (1.4) - fraction represents the concentration at the source location, which decreases in
time after pulsed emission, and the exponential part reflects the concentration field in its
vicinity.

Fig. 1. Graph (1.4) - dependence
of ¢ on the distance from the
central source r for two different
times t> > t1 from the emission (at
t=0).
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To derive a model of the concentration field of the smoke plume, it is also necessary to introduce
an advection displacement representing its drift in the horizontal direction. Considering that
(1.4) does not reflect any connection with the flow field, this drift is formulated in the simplest
possible way - as a displacement with constant velocity @ in the x-axis. Simply, r =
(x'? + y% + z%)1/2 where the original X' corresponding to a spherically symmetric arrangement
can be replaced by the difference between the distance x reflecting the diffusion + advection
displacement of the dispersing spherical element and the trajectory of this displacement
expressed as ii,t.

r= [(x—trxt)2 +yi+ 22]1/2 (15



Figure 2 shows the situation.

£

Fig. 2. Introduction of advection shift in x-axis - positions of dispersing elements are shifted by
paths ii,t;, 1=1,2,3.

The obtained expression (1.6) reflects the concentration field of an individual spherical element,
which is dispersed at a rate corresponding to time t while being transported at a constant velocity
U, in a path identified with the x-axis of length ,.t.
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The smoke plume concentration field model is logically obtained by including all the dispersing
elements representing each time interval (from 0 to c0) with an infinitesimal step. Thus, relation
(1.6) is integrated in the time axis:
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The resulting formula (1.7), after integration (and neglecting the small terms), expresses a time-
independent 3D field of the spatial distribution of the pollutant concentration corresponding to
the smoke plume propagating from a continuous source. Again similar to (1.4), the fraction in
equation (1.7) represents the concentration in the axis of the smoke plume and the exponential
part represents the concentration field around this axis, i.e. the intensity of the lateral dispersion.
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The structure of relation (1.7) allows the backward implementation of the dispersing anisotropy

in the horizontal and vertical planes. The isotropic turbulent diffusion coefficient determining
the intensity of the dispersing can be expressed through the product of the anisotropic

coefficients:
,Ll = \l /uy:uz (1'8)



After substituting them into (1.7), the relation (1.9) is obtained, where for the exponential terms
of the side dispersing (after the isotropic u), uy for the horizontal plane and u; for the vertical
plane are logically substituted.
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The relation (1.9) could be considered as the resulting analytical model of the smoke plume
concentration field, however, for its practical applicability for air pollution calculations it is
advisable to replace the turbulent diffusion coefficients uy and u, by the so-called dispersion
parameters oy and oz, which do not depend on time but on the distance from the source x (i.e.
the length of the smoke plume axis) and can be well derived parametrically for different types
of specified dispersion conditions.
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Using relations (1.10), the resulting form of the Gaussian smoke plume concentration field
model (1.11) is obtained, where the decrease in pollutant concentration values with distance
from the plume x-axis in the horizontal and vertical directions corresponds to a general Gaussian
distribution (where o represents the standard deviation).
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Fig. 3. Gaussian model of the smoke plume concentration field



From a dimensional point of view, the general form of the Gaussian model is appropriate, the
term reflecting the trailing axis has the dimension of the mass concentration:

Q _  mg/s

27 U,o,0, Mm/sxmxm

=mg/m’

The exponential terms characterizing the side dispersion in the y and z axis are dimensionless
and can take values in the interval (0,1).

It may be added that the above procedure for deriving the general form of the Gaussian model
(1.11) is not the only way to consistently arrive at this result; approaches can also be found in
the literature where time integration is already performed in the diffusion equation, which is
converted to the form (1.12)

_ aJc _
B = UAG (1.12)

1.2 Application of the Gaussian model of the smoke plume

In general, the Gaussian model has only local applicability for principled reasons. The model
does not in any way resolve the flow field in the MVA (which determines the advective
transport trajectories of particulate pollutants), but only "notes"” that a certain bounded area is
subject to a long-term average frequency of occurrence of typified meteorological situations
involving flow directions. In this sense, the Gaussian model, as a body, can be "planted"
somewhere in the flow field where it is locally applicable. In this context, the locality is defined
by a distance from the source(s) for which the deviation of the pollutant transport trajectories
from a straight line shape due to the curvature of the streamlines can be neglected. This distance
is, of course, highly variable, particularly in relation to the ruggedness of the Earth's surface.

For practical applications, the general form of the Gaussian model (1.11) is modified in terms
of the calculation of vertical dispersion - z represents the height difference between the ground
level at the base of the stack and the level at the reference point for which the pollutant
concentration is calculated. The distance from the axis of the smoke plume is then h - z, see
(1.13).
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where:
Q = the mass flow of the pollutant emitted by the continuous source - [mg.s™]
u = velocity of the advection drift flow in the axis x [m.s™]

oy, o; = transverse dispersion parameters - characterizing the dispersion by turbulent diffusion
[m] (from a statistical point of view these are the standard deviations determining the
Gaussian curve in the direction of the y and z axes in the profile of the smoke plume)



y = the perpendicular distance of the point at which the concentration is calculated (= reference
point) from the plume axis, i.e. y > 0 if the direction vector source-reference point is
different from the specified flow direction

x = length of the plume axis, i.e. x <r (r is the distance between the source and the retention
point) if the source-reference point direction vector is different from the specified flow
direction

z = the height difference between the position of the reference point and the height at the source
location, which is the level of the base of the stack.

h = effective source height, i.e. the sum of the building height of stack and the thermal
buoyancy of the plume
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Fig. 4. Situation corresponding to the lower estimate for the vertical reflection of the
pollutant

The formula (1.13) corresponds to the so-called lower estimate of the concentration of the
pollutant impurity (see Figure 4). Within the z-axis, the reflection of the dispersing gaseous
pollutant from the ground surface is also correctly included in the model - see the last term on
the right-hand side. Here, z + h is taken as the total z-axis component of the path of the reflected
pollutant particle, i.e. the reflection from the level of the base of the stack is calculated.
Obviously, this assumption (valid for the plane and for a reference point on a "lonely hill" at a
greater distance from the source) is not appropriate for the case where the level of the
surrounding terrain in the flow direction rises already close to the source.

For this specific case, it is closer to reality to use the so-called upper estimate (see Figure 5),
where the reflection from the ground level of the reference point is calculated. The formula
(1.14) for the calculation of the immission concentration will then reflect twice the term
containing the distance from the siding axis z - h (2 is truncated), since the vertical component
of the path of the reflected pollutant particle from the ground surface to the level of the reference
point will be zero (practically it is a reflection into the respiratory layer - max 2 m, which is
neglected).

c(x,y,z)= meUexp{— y22 }exp(— (2-h) ] (1.14)

2
/O 20, 20,




h-z

reflection

Reference
z point

¥ ¥

Fig. 5. Situation corresponding to the upper estimate for the vertical reflection of the
pollutant

The two limiting possibilities for including the reflection of the pollutant admixture from the
land surface can be included continuously in the Gaussian model via the factor 9, see (1.15).

c= 9 _-exp{— 23;22 J[(l+19)-exp(—%}r(l_g).exp[_wj] (1.15)
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The factor 4 is evaluated as the ratio of the vertical areas Al and A2 (1.16) defined by the
terrain configuration at the junction between the source and the reference point, see Figure 6.

9= i (1.16)
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Fig. 6. Parameter ¢ determination = grey double hatched area / area of the marked
rectangle



Since all terrain height extremes exceeding the A2 rectangle (top and bottom) are not counted -
they are "clipped”, they 9 can take values in the interval (0,1). In the context of the above
discussed question of how to include the reflection of the pollutant admixture from the ground
surface - see the lower and upper estimates of pollution, the coefficient in equation (1.15)
defines continuously the degree of inclusion of these two limiting modes (4 = 0 — lower
estimate, ¢ =1 — upper estimate).

The pollutant concentration field obtained using the Gaussian model is strongly dependent on
the setting of the dispersion parameters oy and o, which is defined within the classified classes
of dispersion conditions. In the Czech Republic, a classification including five classes of
atmospheric stability derived from the vertical temperature profile is used. This is based on a
comparison of the temperature profile (for which the calculation is performed) with the
moisture-adiabatic gradient derived by an adiabatically isolated air particle moving vertically
in the atmosphere. Outside the Czech Republic, the Pasquil classification into six classes of
atmospheric stability based on the evaluation of several specific meteorological factors is the
most commonly used.

—_ by
oy =ayX (1.17)
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The dispersion parameters gy and a; (1.17) are a function of the length of the axis of the smoke
wake x and the tabulated factors ay, a; and by, b, characterizing the specified scattering
conditions defined by the stability class according to the classification used. The magnitude of
oy and a; increases with decreasing stability, i.e., with increasing turbulent mixing (improving
dispersion conditions).
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Fig. 7. Concentration field of pollutant admixture in the smoke plume profile simulated by the
Gaussian model as a function of the specified Pasquill atmospheric stability class. A represents
the highest dispersion intensity - the most favourable dispersion conditions, F applies to the
highest atmospheric stability - the least favourable dispersion conditions.



The Gaussian model can also be used to calculate the dispersion of pollutant impurities from
area sources, which is simply based on the application of the initial dispersion parameters ayo,
030, SO that the sums oy + gy0 and o; + az0 appear in the formula. In this way, the smoke plume
is already found to have a certain initial width y and height z at the source location (x = 0) (the
source is thus planar). Further, the source can be taken as non-symmetric in the model - e.g. a
rectangle. The initial dispersion parameters oyo, az0 are then also calculated as a function of the
angle taken by the flow direction and the longer side of this rectangular planar source.

The calculation of the dispersion of pollutants from a line source is performed by replacing this
source with a set of contiguous length elements - rectangles (see previous paragraph) with a
length usually ranging from tens to hundreds of metres and a width adapted to the width of the
actual source (usually the width of the roadway - up to 15 m).

This more complicated method of immission calculation is generally applicable to a line source
corresponding to a length segment of arbitrary shape. In the case of a more or less linear line
source (with the same emission flux along its entire length) approximated as an infinite straight
line, the substitution of length elements is redundant and the calculation is further simplified
compared to (1.15), since the y-axis side dispersion becomes meaningless.

The calculation of dispersion by Gaussian model can also be performed for dust particles - PM,
for which the effect of gravity must be taken into account. This situation can be solved by
introducing a drop in the drift axis due to the particle fall velocity. This drop factor, which
depends on the distance between the source and the reference point, the flow velocity and the
specific fall velocity for a given size class of dust particles, is then included in the vertical
dispersion terms.

Input data for calculating ground air pollution with Gaussian model

The calculation of immission characteristics by the Gaussian dispersion model requires three
types of input data:

— Orographic data:
Digital terrain model - this is used to determine the vertical profiles of the transmission
paths from the source to the reference point. Orographic data are essential in calculating
immission characteristics in areas with more complex landforms.

— Meteorological data:
Detailed wind rose with 45° angular step of flow direction (i.e. 8 flow directions), broken
down for each atmospheric stability class and wind speed class. |.e. data specifying the
long-term average frequencies of occurrence of a large number of different meteorological
situations in the area of validity of the wind rose. These data are provided by the
meteorological service (in the Czech Republic, the CHMI), including the definition of the
specific validity area. The data from the detailed wind rosettes are used to calculate
statistically defined characteristics - the average annual concentration, the average
contribution of the source group to pollution and the average duration of possible
exceedances of the selected limit value (e.g. immission limit) for short-term immission
peaks.

— Source data - emission data:
For the proposed sources (and those assessed in the EIA), these data are part of the project
documentation supplied by the investor or technology supplier. For sources already in



operation, emission data are usually available in the meteorological service database. For
each source, the following must be entered:

Exact position in the selected coordinates.

Mass flow rate of pollutant emission (mg.s™).

Building height of stack, flue, etc.

Source heat output (MW) or flue gas temperature (°C) and volume flow (m3.s™)

In the case of a surface source, including the length element of a line source, the area
(m?) and, if applicable, the length, width and orientation (angle o with the north-south
axis in the case of a non-symmetrical surface source) must also be specified.

Obtained output data - immission characteristics calculated for the surface respiration
layer in a grid of selected reference points in the area of interest

Arithmetic mean / calendar year (annual average immission concentration)

It tells the distribution of the long-term average air pollution level (in terms of
meteorological situations occurring during the year) from the counted sources.

The resulting value obtained at each reference point is therefore the sum of the contributions
corresponding to the concentration values for each typified meteorological situation
multiplied by the average frequency of occurrence of these situations.
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In equation (1.18), where the complete set of parameters on which the value of the average
concentration depends is broken down:

i - index for the flow directions to be counted, for each source, directions within + 45° of
the direction vector formed by the source-reference point line are usually included, i.e.
the included directions form a rectangular section. The standard angular step for the
directions to be included is 10 - the wind rose data (with a 45° step) must be interpolated

J - index for flow velocity classes

k - index for atmospheric stability classes, which determine not only the dispersion
parameters, but also the effective source height and the initial flow velocity at the level
corresponding to the effective height

| - index for included sources - practical immission calculations are usually performed with
the inclusion of multiple sources (evaluation of background effects, etc.), see Figure 8

m - reference point index, relation (1.18) calculates the concentration at the m-th reference
point

fix - the frequency factor of occurrence of each typified meteorological situation - is
obtained from the wind rose (after interpolation of angular steps), of course applies:



Other parameters are already explained in the previous.

The calculated values of the annual average immission concentration of the pollutant in
ground air are directly comparable to the immission limits for this characteristic.

source 1

flow
— directions
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steps
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g

Fig. 8. The situation when calculating air pollution from multiple sources in a network of
reference points. Of course, the following applies Xi = ri C0S ai, Yi = ri Sin ai

Maximum short-term immission concentrations - are not a statistically defined parameter,
i.e. they are not averages as for other immission characteristics, but the maximum
theoretically possible values that the immission concentration at that location can reach in
the model.

The resulting immission map therefore corresponds to the maximum unfavourable
dispersion conditions and flow directions indicating the maximum rate of transport of
pollutants from the dominant source(s) to individual reference points. The value of the
maximum short-term immission concentration at each point in the area of interest
practically represents a different flow direction - a different situation. The resulting
distribution of maximum short-term concentration values in the area is therefore the sum of
all (in terms of each individual reference point) maximum adverse meteorological
situations.



The average duration (h/year) of a possible exceedance of the selected limit value - usually
the immission limit for the arithmetic mean / h. This type of calculation, similar to the
annual average concentration, is based on statistical characteristics. The principle is to
successively load the frequencies of occurrence of fijx at each reference point for those
situations where immission concentration values exceeding the limit are obtained.

The average contribution of a selected source or group of sources to the total air pollution
by a given pollutant. Thus, at each reference point, it is the ratio of the value of the annual
average concentration obtained for that selected source to the total annual average
concentration corresponding to all sources included.

This parameter, which is of importance for example in identifying the causative agents of
immission damage to forest stands, cannot practically be determined by routine
measurement of automatic immission monitoring.



A - modelled immission field of
maximum short-term
concentrations of gaseous
pollutant in the vicinity of a point
source of smaller effective height
located in a valley position below
a hill.

B - modelled field of annual
average gaseous pollutant
concentrations in the vicinity of a
line source - road.

C - modeled immission field of
maximum short-term
concentrations of fugitive dust at a
quarry site that is included as a set
of area sources.

Fig. 9. Examples of the output of air pollution calculations using a Gaussian model



2 Gaussian puff model of transport in a flow field

The Puff model is more general than the Gaussian plume model. The formula for calculating
the concentration field of a pollutant admixture (2.1) reflects the individual loaded elements of
the time-dependent spherically symmetric dispersion of that admixture corresponding to
turbulent diffusion from a source at the centre of each element.

N Y Y Y.
(_:(X, Y, Z) — QAt Z 1 exp(_ (Xk X) _ (yk y) _ (Zk Z) ] (2.1)
O-xk O-yko-zk

3 2 2 2

Thus, formula (2.1) is not a continuous integral of the individual states (as in the plume model),
it expresses the sum of the individual loaded elements. The coordinates xx, Yk, zx represent the
position of the centre of the kth element (X, y, z then of course the position of the reference
point). The parameters o that determine the diffusion state of the pollutant admixture in each
element are of course dependent on the total diffusion duration in each element related to the
total number of time steps k that the element has taken in transporting from the source in the
drift velocity field. The plume is then modeled as the sum of elements that are loaded at
positions given by the configuration of the input (measured or numerically simulated) flow
field. The trajectory of the smoke plume thus simulated corresponds to the directional
complexity of the transporting flow field (it is by definition not linear as in the plume model) -
see Figure 2.1.

source

Fig. 2.1. Transport of dispersing elements in a drifting velocity flow field



Thus, formula (2.1) is not a continuous integral of the individual states as in the "plume™ model,
it expresses the sum of N individual loaded elements.

From the point of view of one element, (2.1) is therefore analogous to the analytical solution of
the diffusion equation - relation (1.4), which was subsequently (after modifications)
continuously integrated in the derivation of the Gaussian model of the smoke plume. This
principled equivalence between (2.1) and (1.4) can be easily deduced by considering the
relationship between the turbulent diffusion coefficient and the dissipation term (2.2), which is
the isotropic analogue of (1.10).

o’u, 22)

Substituting (2.2) into (1.4) yields a relation for the concentration field of the symmetric
dispersing element (2.3), which is equivalent to one of the sum terms in (2.1) (the time step At
can be assumed to be primarily equal to 1).

2
c(r,t)=L3exp(— r zj (2:3)
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3 Lagrangian models of particle dispersion in a flow field

The Lagrangian model, like the Gaussian puff model, is applicable to simulate the transport of
pollutant admixtures in the flow field that constitutes the input data. Thus, the Lagrangian model
does not solve this flow field in any way, but only uses it to calculate the transport of individual
model particles emitted from a source in the solution region. The input 3D flow field
corresponding to some specific situation in terms of boundary conditions in the solution region
may be based on measurements - most often satellite data from the Earth's atmosphere - or it
may be obtained as the result of a model calculation for the solution region based on numerical
solution of the initial nonlinear PDEs in a suitably modified form.

The local spatial displacement of each model particle is essentially determined by the flow
velocity vector acting in the path of this displacement. This vector U is obtained by linear
interpolation of the input flow field. However, in order to obtain a result corresponding to a
smoke plume simulation, it is necessary to include an additional component of the transport
vector defining the particle dispersion by turbulent diffusion. The calculation of this fluctuation
vector is based on the use of a random parameter ¢.

The particle displacement simulating dispersion is based on the Langevin equation of the form
(3.1) containing the random parameter ¢.

u; (t+At) =au, () +bo, £+5,;(L+aT, 6% (aui ? ) (3.1)

Where u; is the component of the fluctuation vector, oyi are the dispersion parameters, & is a
parameter with a random value in the interval (-1,1), diz is the Kronecker delta - index 3
represents the vertical z-axis, i.e. the corresponding term is non-zero only for the calculation of
the vertical component of the fluctuation vector, Ty is the Lagrangian integration time, which
is most often set to 200 s in the horizontal plane and 20 s in the vertical plane. The parameters
a and b define the rate of inclusion of the new variation - at time t + At and are defined based
on the ratio of the simulation time step At and the Lagrangian time Ty, so that the sum of their
squares is equal to 1.

a =exp(-At/Tix)
b= (1 _ a2)1/2

For the case of the modelled flow field, the dispersion parameters in each direction oy are
derived from the values of the turbulent kinetic energy k available in the most commonly used
approach, where the k-¢ turbulence model is applied:

o, = 0.91kY2

ow = 0.52k1/2

The index u represents the horizontal direction, w the vertical direction. The corresponding
constants correspond to neutral stratification conditions.

The new position of the passive gravitationally non-decaying particle is given by the joint action
of the components of the averaged flow velocity vector U (which forms the input data) and the
vector of turbulent fluctuations representing the dissipation obtained from equation (3.1).



(3.2)

X, (t+At) = x, (t) + (T, +u, At
a velocity in the range of 2 - 8 m.s™* is available in a grid of values with a horizontal step of 100

m, the time step of the passive particle displacement At can then be chosen as e.g. 5 s. The
emission flux from the simulated source can be set to e.g. 1000 particles in the time step At.

In a practical application of the Lagrangian model, e.g. in a region for which a flow field with
The result of a simulation set up in this way is shown in Figure 3.1.
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Fig.3.1. Lagrangian model result - concentration field of deposited pollutant emitted from a

point source
model particles, possible gravitational drop, chemical transformations, etc. can then be

It may be added that the above description represents only a simple basic form of the Lagrangian
model of transport and dispersion of a pollutant in the flow field. In more complex applications,
other parameters such as potential temperature field, etc., may also be considered. In terms of
accounted for.



4 Modeling the flow field in planetary boundary layer (PBL) - Part I.

4.1 The basic equations for fluid flow and their justification

The basic relation for a general description of the fluid flow (represented by velocity vector u)
is a nonlinear equation of motion (moment equation) in R

(Zptu+V-(puu)=—Vp+V.,u{(Vu+VuT)—2V-u|}+pf D

Where p is the static pressure, u is the dynamic viscosity, | is the unit tensor (the second term
on the angular bracket is the effect of volume dilation) and pf are an external body forces.

The equation (1) express conservation of momentum in an inertial (non-accelerating) reference
frame and represents three equations for the individual components of the flow velocity vector.

dpu, op ou, ou; ) 2 . ou,
DLt IR VAN u)=——"4+V. . =5 L |+ of la
ot (pu;) ox o H Kax. ox | 3% |71 (1a)

j i

The conservation of mass in the flow field is expressed by continuity equation:

P4V (o) =0 @

For the case where the fluid is considered to be incompressible, the basic equations are in
simplified form:

a—u+u-Vu:—£Vp+vAu+f 3
ot p

For the individual components of the flow velocity vector we have:

Zlii+u-Vui:—lap+vAui+fi (3a)

p OX

Where v =pu/p is the kinematic viscosity
The simplified continuity equation has form:
V-u=0 or divu=0 4)

The equation (3) (or equations (3a)) are called Navier-Stokes.



Equation (1) includes the basic principle of balance of inertia and external forces. External
forces are represented by volume and surface forces (Einstein summation convention is used).

The balance can be expressed as integral for deformable region € (t).

(;jtj'pu dV:J'padV+ Injrijds (%)

Q(t) Q(t) oQ(t)

Equation (5) expresses the local process in the coordinate system with the origin naturally
localized at the center of region Q (deformable volume element). Transferring the principle of
local balance of forces to the global (Eulerian) coordinates represents consideration of the
motion of flowing continuum - every single point in the volume element changes the position
over time, respectively performs a continuous movement in the global spatial coordinates.

Expression of the left side of equation (5) - material derivative of the velocity vector
components for deformable volume element in global coordinates is included in Reynolds

transport theorem, which has the form for a general variable o.

% j a dV = j (%+div(au)jdv (6)
Q(t)

Q(t)

This theorem is justified as follows: The default relation express the difference of state of
variable o and considered integral region (volume element) at time t + J¢ and t related to

infinitesimal time step ot.

% Jaav (Iiimlé[ [at+aydv - | a(t)dVﬂ -

Q) Q(t+a) Q)

After adding the terms representing the integral region on the time t and variable o on time t +

ot in positive and negative sense, the relation has form:

%Ia dV=LiLr3F[ [at+ayav - Ia(t+ét)dVJ+é£ [at+ayav - ja(t)dVH ®)

Q) & Qt+&) Q) Q(t) Q)



Equation (8) can be written in a more compact form:

%Ia dV‘Qﬂ[é{ ja(t+ét)dvﬂ+ j %adv 9)

Q(t) Q(t+d)-Q(t) Q(t)
Only the first term on right hand side remains for further derivation. The movements in the
region Q represented by change of volume dV can be expressed by the scalar product of the

flow velocity vector and the normal of element of the region surface.

dvV =(u-n) & ds (10)

A change of state of the integral region - Q(t + d7) - Q(t) is given as a flow of velocity vector

field of fluid through closed surface — see figure.

(;jja dvzm{ §a(t+at)(u-n)dsJ+ | %fdv

Q(t) aQ(t) Q(t)

(11)



After applying limits 6t — 0, tj. a(z+ of) = a(t) the relation (11) goes to the form involving two
separate terms representing infinitesimal spatial shift of integral region Q in the flow field and
temporal change of variable a at the region Q

d oa
dtQLf’ dv = a gise(t)(u : n)ds+9£ )atdv (12)

The resulting Reynolds transport theorem (6). is obtained after applying the Gauss -

Ostrogradsky (or Divergence) theorem L ifa(u -n)ds = jdiv(au)dV].
aQ(t) Q(t)
In the context of Reynolds transport theorem (6) the inertial forces are expressed in the motion

equations (1), (1a) by the expression:

opu; opu,
L+V-(puu,) = !
ot (puu;) ot

opu

?+V-(puu), +div(puu,)

The term representing in equation (5) the surface forces can be expressed as a volume integral
using Gauss - Ostrogradsky (Divergence) theorem. (Since three components of the strain tensor
7ij representing vector are included in the equations of motion (1a) for each i-th velocity

components.)

ot;;

[njryds= [ —Tdv = [V;.7,dv (13)
OX.

oQ(t) Q(t) i Q(t)

The strain tensor zj; can be expressed in terms of the approximation known as Newtonian fluid
which is suitable for air at low velocities:
ou, ou; 2 ou.
To=H —+— |- | u——+ 14
i A{axj axiJ .J[ﬂ3ax_ p] (14)

This approach is contained in equations (1), (1a). Surface forces correspond to the pressure
gradient term and term representing the effect of dynamic viscosity of a fluid.
The volume forces are expressed in the equations (1), (1a) as a general external force f.

In the general formulation of the problem of fluid flow in an area with defined boundary

conditions is assumed conservation of mass, respectively mass flow, then the spring or the



mouth are not considered. Integral of material derivative of density over the region Q is equal

to zero.

d

& v | (%ﬁmw(pu)jdv ~0 (15)

Q(t) Q(t)

If the mass flow rate to be maintained at any point of the region Q, the equality to zero is valid

also for integrant.

%” +div(pu)=0 (16)

Equation (16) is the general form of the continuity equation for compressible fluids (2). For

incompressible fluid (» = const.) is obtained the reduced formula (4).

Equation (1), (1a) can be converted into a form for incompressible fluid. Considering (4)

V-u=0 and v = 4/p = const., the second term on right hand side of equation (1) is:

. ou,
VJ--,u %_,__J _25”% =
OX; 0% ) 3 "0
o o 20, fofu d’u, o[ O, P )
Plae  a¢ 3ac ) Plae "axa ) P a2 axox

2
PV [Aui +ai(V-u) 29 u‘]:pv A,
X

i 30

The term — 2/36%, /axi2 is zero because the sum of the three equations of motion (for
individual components of velocity vector ui, Uj, Ux) is —2/3Au=0 (if V-u=0 then A-u=0

).
The left hand side of equation (1), (1a) can be simplified for the case of incompressibility.

— pu. (V-u): 0 can be added (p = const.). Then, according to the theorem of the product

derivative is:

opu. ou. Ou.
PV (pu) = p V- (puu) = oy (V-u)= p Tk - v

The resulting equation is:



ou, op
—+ pu-VU, = ——+ pvAU, + pof.
P ot pu i ox PVAU; + Of

So we obtain N-S equation (3), (3a).

It may be added that the term representing the inertial forces in global coordinates can be
justified also purely general in the sense of total differential of the velocity components in time
and R®.

;= Mgy Mg (17)
ot OX;
Divided by ot — 0 :
: . X :
A _ + au; o _ o, +U-Vu, (18)

& ot ox; & ot

4.2 Reynolds averaging

Air flow in the PBL has predominantly turbulent character. Turbulence involves a complex
movements of various scales. Larger vortex decay into smaller and finally leads to the
dissipation on the thermal motion of air particles. The smallest scale of turbulence is called
the Kolmogorov scale which is close to the movements of the molecular clusters. Equations
(1) and (3) are non-linear (inertial term is nonlinear) and for turbulent flow reflect these
movements of Kolmogorov scale. The equations are therefore not applicable for practical
numerical modeling of flow field in a suitable scale usable for example to simulate the
transport of pollutants.

To be equation (1) or (3) are used for the simulation in a reasonable scale, it must be adjusted
by averaging. This procedure was introduced by Reynolds, is called the Reynolds averaging.
The velocity vector of fluid flow (or air flow) representing instantaneous turbulence
movements expressed by equations (1) and (3) can be decomposable to a mean (averaged)
component of velocity for a time interval and dynamic component of a turbulent fluctuations

on arbitrary small scales.

u=u-+u (19)



1k
u:—.fu dt (20)
0

~—*
-

Ll

The turbulent fluctuations are compensated around an average value over the selected time

interval.

u=u+u'=u (21)

uu; = (o +uf o, +uf)=uiuj +uu]
Pressure, external forces or other parameters (potential temperature, etc.) can be averaged in
the same manner.
After substituting (21) into the equation of motion (1a) is:

Gg?i +agtui +V'(p_Ui)+V'(pUui')"'V'(,DU'Ui)+V-(pu’ui’):

u. 'ou; o U, '
—a—p+Vj-y au,+6u,+ Ly —25”. %+% + pf.
oX; OX; OX; OX, OX 3 "lox, OX

] ] 1 I

Related to (21), after averaging the equation over a time interval is obtained:

opUi — op oui ouj| 2 _(ou —
+V-(puli)=———+V_- +—|—=0;| — ||+ -V
o VL) ox “Haxj 8XJ 3 ”(axI ﬂ A=V (o

u',) (22)

Respectively for incompressible fluid — after substituting and averaging the equation (3a) is:



GUi+G-VE:—£a—p+VAGi+f—W-VJ{ (23)
p X

The newly formed nonlinear term of turbulent fluctuations should be in the form of Reynolds
tensor. The usual form of N-S equations for averaged velocity components of flow - Reynolds

equations (24) are obtained by adding the term u/Vu’ =0 in the averaged form on the left side

of equation (23) and applying theorem for the derivative of the product of the variables (taking
into account the continuity - div u '= 0 and therefore also u’ div u' = 0).

ou +G-V1Ti=—£a—p+vAﬁi+Ti—V-(U'7W) (24)
ot p X,

The equations (22) and (24) are suitable for the simulation of flow field in a reasonable scale
(eg in PBL in tens of meters). The formation of the new terms of the products of averaged
turbulent fluctuations - Reynolds stress is a direct consequence of nonlinearity of equations of
motion. These equations can be adapted for use in a reasonable scale but this arrangement

represents the formation of a new unknown terms.

4.3 Turbulent closure problem

!

Time-averaged products of components of turbulent fluctuations W second-order

correlation (Reynolds stress) contained in equations (22, 24) can be in principle expressed in
terms of the equations of motion similar to individual velocity components. An adequate
explanation may be based on the situation for incompressible fluid.

The distribution to the average and fluctuation (turbulent) component of flow (19) can be
substituted into the initial N-S equation for component ui. The distribution is performed for all
dependent variables, including external forces (in the previous it was not necessary, since
terms with ' were eliminated after averaging). Of course, pressure is not distributed because
it is not a solved variable in N-S equations - the pressure gradient is only a set constant here
(the pressure field is derived from the continuity equation by a separate calculation).

Subsequently, the equation is multiplied by the fluctuation component u; .



ou L eu - - -
u}—'+u]—'+u’.u-Vui +u‘u’-Vu; +u‘u-vVu +u’iu’-vu/ =
at at J J J J

— U] £@+u'ijai +UjVAY] Jruﬁi +ul ff
P OX;

After counting with the same modified equation for the component ui:

raaj réu}
U —+U —+...
ot ot

and after applying the theorems for derivation product:

’ aa' Iaa] aui’u} " o "o o 1ot o ot o . ot ' "ot
u; + +U;U-VUi +U0u-Vuj +uu-Vui +uu'-Vuj +Uu-Vuu; +u-Vuu, =

Pat ot
1 1 — — - =

— U] —@—U;—a—p‘FU}VAUi +UVAUj +UDAU +HupAU +Ul Foulf Ul f Ul
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Averaging - application of rules (21) leads to the elimination of a number of terms:

- !
, OUi , OUj auiuj

uj + U, + +Uu-Vui +u/u-Vuj +u’u’-Vui +uu’-Vuj +u-vuu' +u’-vuu’'. =
ot ot ot ! ! j j
10 10 = = =
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P X P OX;
ouu’

L+uju’-Vui +uju’-Vu; +u-Vuu', +u-Vul', =vulAu” +vuiAug +ul flo+ul )

The last term on the left hand side can be adjusted into a third-order correlation - after adding

the zero element u'uivu'=0 (continuity) and application of the product derivative theorem:

ouuw’ — - —
—+UjU VUi +UU’ VU +u- VO + VUil = vd A FvuiAu Ul U]

(25)

Equation (25) is theoretically applicable to calculate the field of second-order correlations.
However, there is not analytically solved (in the same way as the default equations of motion).
But, the problem is also with the numerical solution of the equation because it contains a new

unknown - correlations of third-order.



The introduction of differential relations for the time derivative of the third-order correlations
is easily feasible after a repetition of the procedure (multiplication, counting, averaging).
However, the equation for the time derivative of the correlation of n-th order but will always
include the correlation of higher order - the system will never be closed. This situation is called
turbulent closure problem and is simply the consequence of starting equations nonlinearity.

Thus formulated scheme is called the Keller-Friedman equations.

4.4 Approximative turbulence models

Turbulence models approximate the unknown averaged products of turbulent fluctuations -
correlation of various orders. Reynolds stress - the second-order correlations are often
approximated. Then it is a first-order turbulence models.
A common method employs the Boussinesq hypothesis to relate the Reynolds stresses to the
mean velocity gradients (components of rate strain tensor):

- pui =,,t(2xuf+‘g‘;}_§5{pk o g‘;] (26)

] I

ut is coefficient of isotropic turbulent viscosity, kis turbulence Kkinetic energy. For

incompressible fluid relation (26) is reduced to:

— oui 2
—pul' =pu ———0, 27
pl ] /ut an 3 upk ( )
Respectively:
—W:vt%—g@jk
ox: 3

i
First-order turbulence models for the calculation of new parameters u, k may be varying
degrees of complexity.

The basic model type turbulence - first order closure which approximates the Reynolds stress
algebraic expression, based on the Prandtl theory of momentum transfer in turbulent flow. This
approach is based on a model assuming that the turbulent velocity fluctuations in the medium
velocity flow field are reflected in the extent defined by the so-called mixing length.

The mixing length is the distance that a turbulent fluctuation travels before losing their

individual features and will merge with the new surroundings. The scaling relation between u’



and # is within this concept approximated by the product of the mixing length and change

(derivative) of the component # in individual directions.

(28)

To express the product of the i-th and j-th components - puju’ are adequate the reciprocal

derivatives and the mixing length is considered to be symmetric lij = ;.

N TN TR TR TR 11 @)
P ivj pu an ji OX pll an 6Xi :utij 6Xi

This relation (29) corresponds to the Boussinesq hypothesis for incompressible fluid. However,
it is simpler - the factor: — 2/35, pk is ignored.
Then, according to Prandtl theory, the anisotropic turbulent viscosity coefficient Has §

calculated by the following formula:

Y ox,

My = —pl

To approximate the Reynolds stresses are frequently used turbulence models with differential
equations. They can be single-equation - eg Spalart-Allmaras model. However, most are used
the two-equation models (with two differential equations), especially k-epsilon model. The
standard k-¢ model is a semi-empirical model based on model transport equations for the
turbulence kinetic energy k and its dissipation rate ¢. The model transport equation for k is
derived from the exact equation, while the model transport equation for ¢ was obtained using
physical reasoning and bears little resemblance to its mathematically exact counterpart.

In the derivation of the k-e¢ model, the assumption is that the flow is fully turbulent, and the
effects of dynamic viscosity are negligible. The standard k- ¢ model is therefore valid only for
fully turbulent flows.

The turbulence kinetic energy k, and its rate of dissipation e, are obtained from the following

transport equations:



) ) ) Ik i
( (pk) + ;(—(ﬁfi'“q‘) = (_ Kﬂ- + &) (—l + G+ Gy — pe — Yy + 5

ot dor; du; o/ O,

and

d d %} ! e € 2 )
—(pe) + —(peu;) = — ([L + /—t) — |+ C= (G + C3.Gy) — Coep— + S,
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In these equations, Gk represents the generation of turbulence kinetic energy due to the mean
velocity gradients, Gy is the generation of turbulence kinetic energy due to buoyancy, Ywm
represents the contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate, Ci., Cz, and Cs. are constants. ax and o. are the turbulent Prandtl numbers for
k and e, respectively. Sxand S, are user-defined source terms.

The turbulent viscosity u, is computed by combining k and ¢ as follows:
2

My =pC,, kg
where C,, is a constant.
If the third-order correlation are parameterized, default system of equations is extended by six
equations for the correlation of turbulent fluctuations (Reynolds stress) type (25) + four
equations for correlations involving fluctuations of potential temperature. In this case, the
closures is the second order. Higher-order turbulent closures are already very problematic with

regard to the sharply rising number of initial equations and practically no use.

4.5 Discretization of equations — finite (control) volumes method

The equations of motion for the numerical calculation of flow field of compressible fluid at
the appropriate scale of movements are in the form (if Boussinesq hypothesis and first order

turbulence model is used):

opu; — op oui ouj | 2 . ou
+V-(puli)=———+V_- +—|-=0, — |+
lputi) == ’”Kaxj axi] 37 ax|]
(31)



In accordance of the finite volume method, the equation can be integrated in a finite volume
V:

opui — op oui ouj| 2. oéu
dV + |V (puui)dV =—| —dV + | V.- +—|—=9; dv +
J at J (pun) J&xi J ' ”l{axj ax.] 3% ox }

IVJ.- A 6ui+au—j —25” oK+ g, ou dv
v ox;  OX 3 6x|

The Gauss - Ostrogradsky (or Divergence) theorem can be applied to the terms containing the

divergence of the vector.

ot & y OX ox,  ox ) 3" ox
oui  Ouj 2 — ou,
— | =-=5| pk+ p, — ||-nds
ﬂ”‘{axj axiJ 3 "[p Hox ﬂ

Now the integrals can be realized in the volume elements with a finite number n of the faces

[P v + f(puui)-nds = [ 7P av +u§Hau‘ +6”‘}—25-- au'}ndﬂ
Y dv

that correspond to the structure of used grid.

apu. op - oui ouj | 2. ou
+ uui -n, =-V_——+ +——|-=0, —|'n, +
ot ZAkp “ OX; 'UZ‘A{[@XJ. 6xij X, “

Oui an 2 .+ ou
——0;| pK+p,—||-n
ZA{ [ax axi] 3 ”[p H ax,ﬁ ‘

For example, n = 4 for the tetrahedral element. For quasi-regular hexahedral element etc., this

(32)

approach leads to a differences defined by distances within the opposite sides. The values
locate on the centers of faces are multiplied by the areas of these faces (e, w, n, s, t, b — see

Figure):
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The derivative in the diffusion and pressure terms are approximated as a difference in numerical

calculation.

Other used equations (equations of motion vector components for further flow continuity

equation, etc.) are discretized in a similar manner.



4.6 Transformation of coordinates

Numerical calculation of flow field over complex terrain can be realized in a network with
nodes lying in the centers of hexahedral 3D elements. An effect of bottom boundary complexity
may be include by approach which maintain the same number of nodes in the vertical direction
in the entire computational domain, ie the vertical distance between the nodes is adapted to the

shape of the bottom boundary — see Figure.
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This "boundary-fited coordinate” (BFC) system automatically loads non-orthogonality of the
grid. Local coordinates for discrete operations within each control volume are defined by the
local generalized space coordinate & #, {. The equations then include the transformational
relations for the projection of local coordinates to the orthogonal physical space X, v, z.

The coordinate transformation between the physical space (global coordinates xi, Xj, Xk = X,y,z)

and generalized computing space (local coordinates) is in general:

¢=<xy.2), n=nlxy2), {=axy.2)



For the partial derivatives:
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The transformation of derivatives in local coordinates to global coordinates of the physical
space is realized by the inverse Jacobian matrix.

Yole =Yely X2, =X 20 XY= XY,
_1__ _ _ _
J S| Yete TVl XePo T XZe XY T XY,
YelZy =Yyle  Xylp= X2, XY, =X, Y
J = detJ

It is of course necessary to invert J represented by projections of global x, y, z to local
coordinates having in the given differences the dimension 1 (created network obviously does
not give any other information than a x, y, z coordinates of the nodes).
For the simplest type of network - BFC that introduces a minimum possible non-orthogonality,
can be deduced:
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5 Modeling the flow field in PBL - Part Il.

5.1 Discretization of the initial equations - derivation of the numerical

scheme

The initial equations for the flow of a compressible fluid (valid for the calculation on a usable
scale - after Reynolds averaging) - i.e. the moment equations for the components of the velocity

vector can be broken down in a generalized form with respect to the derivatives in the individual

components.
U+E, +F, +G, =S (2.1)
Where
-p, pul A’ = (Ul +ul )+ 2/3(ok + )
S=|-p, | U=|pl| E- pulul = g luf +uf,) (2.2)
_pxk ’DUk puiuk_:ut(u:i +u>i<k)
pujui—yt( ixj+ule) PUkUi—ﬂt(Uixk +U;)
F=| pulu —,ut(u)fj +u) )+ 2/3(pk+/1tuxjj) G= puku’ —yt(uxjk +u§j)

pul’ g U +ul ) Pt — (Ut ul )+ 2/3(ok + pu, )

For practical reasons, the components of the flow field velocity vector are superscripted -

u' =u, etc. Subscripts - x;,x.,x, and t denotes the derivatives by spatial coordinates and time

[
(ut 1s, however, the symbol of turbulent viscosity - the index does not denote the time
derivative - which is true throughout the text). The equations are simplified - given the minor
importance of molecular dynamic viscosity compared to turbulent viscosity, terms containing

u are neglected.



The moment equation for calculating the velocity vector component of the flow field

u', i, j,k is of the form (2.3):
ut+(pu'u' = g (uy, +ul, )+ 5,2/3(pk+ u ), +
puly! —ﬂt(le,. +u) )+ 5j|2/3(pk + U, ))X + (2.3)
(Pukul _ﬂt(ulxk +le<| )+5k| 2/3(Pk+ﬂtu>l<, ))Xk =S

After rearranging the order of the terms, equation (2. 3) is integrated in the final volume

element, see (2.4):
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By applying the Gauss-Ostrogradsky theorem (divergence theorem), the first derivatives are
eliminated:
J‘ I il il [
puth+§(puu + pu'u’ + puu )-ndA
\% N

o, +ud )+ 8,2/3(0k + ) - plul, +ul )+ 5,230k + )
+o£ _,Ut(ulxk + U; )+ Sy 2/3(pk + :utulx. )
= [s'dv

-ndA (2.5)

For completeness, we may add that the term ok (as well as g, ) is of course a scalar, but the

G-O (divergence) theorem is logically valid for the flow of a scalar quantity through a closed

surface. The term containing k occurs only once in each of the three equations for calculating

the individual components of the flow vector u' eu’,u’,u*, and its values on the surface of the

volume element are multiplied with the corresponding component of the normal vector n'.

After integration in a volume element with a finite number of straight faces - an arbitrary

polyhedron with at least four faces, of course - the general form (2.5) translates into the sum of



the inertial and diffusive fluxes through the individual faces (2.6) (for therms to which the G-
O theorem has not been applied, the volume integrals are evaluated as the volume of the element
V).

UV +i(,ou‘u'ni + pulu'n’ +,ouku'n")nA1

n=1

N [— /ut(u>|<, +U, )+ S, 2/3(pk + 44U, )] n' +[— M(le, +u) )+ S5 2/3(pk + 14U, )] n’

™ sl vu )+ 8,2/3(0k+ gl )] o
=SV

A,

n

(2.6)

For each volume element in the created computational grid, data on its volume V, the areas of
individual faces A, and the magnitude of the components of their normal vectors n',n’,n* are
of course available. The values of the components of the flow velocity vector on the faces

(u‘,uj,uk)n are available after interpolation of the velocities in the neighbouring nodes of the

selected grid (u' )n :]/Z(u:, + u'NB)n (neighbouring volume elements are of similar size, i.e. the

junction of neighbouring nodes is bisected by a common face). In the diffusion terms, the
corresponding derivatives have to be quantified as values on the walls of the volume element.
In the context of the numerical solution, these derivatives are approximated as the difference of
the components of the flow velocity vector between the values at the central node inside the
volume element and the values at the nearest nodes in adjacent elements - see Figure 2.1. The
interconnection of these nodes represents the local coordinates of the discretization scheme,

which generally do not correspond to orthogonal global coordinates x;, X;, X, -



NB

X

Fig.2.1. Tetrahedral volume element. Connections with nodes lying in adjacent elements

represent local coordinates y .

In view of the specific representation of the derivatives according to the individual global
coordinates in the diffusion terms of the three moment equations, and also in connection with
the fact that the specific configuration of local coordinates in the selected network is usually
not spatially homogeneous (volume elements near the surface may be flattened, etc.), it is

necessary to quantify the specific projection of local coordinates into global coordinates. The

discretized form of the equation of motion for the calculation u' is then of the form (2.7):

ou VvV +ZN:(puiu'ni + pulu'n’ +,ou"u'nk)nAn
n=1
. )z, 0z )+ 6,2/3(0k + mul g, )| o 27)
+> +[—M(ULZXJ. +uly, )+5j|2/3(,ok+ytu;(;(XI )] nt A =SV

g, )+ 6a2/3(0k+ ) o .

Where (in )n is the projection of the local coordinate (;()n corresponding to the link between

the central node and the neighboring node that passes through the corresponding area A, , into

the global coordinate x;, etc. Local coordinates y are defined such that they always point (in a



positive sense) from the central node P to the neighboring nodes (the value of any » in P is
always 0).

The inertial or advection (this term can also be found in the literature) terms can be expressed
in abbreviated form:

(pu'u'n' + pulu'n’ +puku'nk) A = (,ou‘ni + pu'n’ +puknk)nA1ur'1 =Clu!

_C’(u +uNB) /2=C] /2(u +uNB) =C (u +uNB) 28)

Similarly, diffusion terms can be expressed:

[— ﬂt(ULin + ULM )+ O, 2/3(pk + /utu;(;(x, ) n

+[— ﬂt(ULij +uly, )+ 5, 2/3(pk + 14U 7, )] nit A

+[— A (ULZXK + u;le )+ Oy 2/3(pk + ﬂtULZXI )] n*
==l 2+ 0 AL, (2.9)

b 2, = 3,2/3(ok + patl 1, )| 1 +laatl 7, —8;2/3(ok + !, )] Y+

_{[ﬂtu;k(}(x, — 5, Z/S(pk +ﬂtULZx| )] nk }1'&\1
=tz + 200+ 2, 0) Al —ub), (S5}, =D, (uke —ub), ~(S5'),
The Cn term in (2.8) contains the solved dependent variables (ui )n = ((u,L + u:qB)/z)n , etc., and in
(SD' )n their derivatives (u;;(xi )n = (Ui —ub) ” )n , etc., in (2.9); however, these are not the
values that are calculated in the current iteration step in this approach to local discretization of

equations of motion, i.e., they do not have to be explicitly expressed (the term (SD')n can be

taken as a source).

The discretized initial equation of motion (in a volume element with N side faces) for the

computation u' can then be expressed in the compact form (2.10):

pul Vv +g[cn(u'P +u'NB)n (uNB ) ] s'v +Z( ) (2.10)

For the case of hexahedral elements in the BFC arrangement - see Figure 2.2, which is most
commonly used in numerical modelling of the flow field in MVA (the iterative procedure

converges well), equation (2.10) takes the form:



+ut)
-~ De(u'E —u'P)— DW(u\}V —~ u'P)— Dn(u'N —u'P)— Ds(u'S —~ u'P)— Dt(u} —~ u'P)— Db(u,'3 —u'P) (2.11)
|

Taking into account the specific orthogonality-preserving measure of the BFC ordering (the

grid is planar orthogonal, & is identical to x in plan, 7 is identical to y in plan), the terms C, D

and Sp have the following simplified form:

C.=(')A/2 D, =us A (8o') =|uue, —5,2/3(0k+ mul e, A
Cu=—(pt),A/2. D, =&, A (80'), =il &, —3,2/30k + uul &, JA,
Ch = (puj)nAn/Z’ D, = i, Avs (SDI)n = I:'atufgnnnx, _5j|2/3(,0k +lutull7n77nx| )]An
C = _(PUJ)sAs/Z, D, =wns, A, (SDI)S = [,utu,jsnsxI —§j,2/3(pk + 14Uy, 77,y )]AS
C, =(pu'n') A /2+(ouin') A /2 + ("} A /2, D, = s, A,

(SDI) =y ['utulﬁé/tx' —2/3(Pk + 14U} &y )]A\

Cy = (pu'n' L A /2+ (puinl ) A, /24 (pu*n ) A /2, D, = 1 A,

(SDI)B =y [ytu'ghgbxl - 2/3(/3k + 14Uz, Gy )]Ab

(2.12)

That is, for lateral faces e, w, n, s having only one non-zero (horizontal) component of the
normal vector, the terms of C are reduced to only one non-zero term. Similarly, the terms D are
reduced on these faces, although the local coordinates & and 7 defining spatial derivatives of
the solved component u' include projections with the vertical z-axis. However, these
projections defining the quantification of the z-axis derivatives of u' as k-components of the

gradient u' (defining vector) are multiplied by the zero components of the normal vectors of
the side faces in the framework of the G-O (divergence) theorem. For the Sp source terms on

the lateral faces, the components of the vector are defined by the individual components of the

flow velocity u',u’,u* (which are always derivative in the xi-axis). That is, in the case

0,

6, =0, the Sp are quantified as derivatives of u',u’ in the vertical via non-zero projections

& and n with X, =z (in the horizontal plane, these local coordinates are orthogonal).

On faces t and b the situation is different. The normal vectors on these walls generally contain
three non-zero components n',n’,n*, and conversely the local coordinate ¢ is identical to the
global axis x, =z (see Fig. 2.2). The terms C; C, therefore represent three non-zero

components. For the terms Dy, Dy only the derivative component in the vertical is non-zero (£



does not contain horizontal projections). In this context, the source terms SD' are non-zero on

the faces t and b only in the case of | =k, 5, =1.

X

Fig.2.2. Hexahedral volume element in a BFC grid arrangement. The local coordinate £ is
identical to the global axis x, =z . Lower case letters denote individual walls and parameter

values on these walls, upper case letters denote values at neighboring nodes that are at the

centers of neighboring volume elements.

For hexahedral volume elements (which have opposite walls but need not be in the BFC
configuration), the generalized form of the initial difference relation (2.11) allows the
construction of a so-called hybrid numerical scheme. This scheme switches between a
directional ("upwind") and a central differential scheme via dimensionless multipliers « and g
depending on the degree of representation of the inertial (advection) and diffusive (=turbulent
diffusion - viscosity) components of the flow, i.e. on the Peclet number expressing the ratio of

inertial and diffusive flows - Pe=C/D.



For the terms of C (respectively C’- to construct a hybrid scheme, the C terms must be

undivided by 2) and D can be written:

Cilowty +( ~Dug |- Dplut —up} cyller -y +eni, |- D, —ut ]
Claut + (=1l |- D, Au —u] cf(e -2l + il ]- DAL - ut ]
Cllet, + (e =1t |- DAt —ub} (e =2t + el |- D, Alul —ul ]

After summing the rearrangement:

[Cla+D,+C,(a-1)+D,B; +[Ci(a—1)- DAt +[Cia - D, B,
+ [Cr:a + Dnﬂ + C;(OE _1)+ Dsﬁ]u::’ + [Cr:(a _1)_ Dnﬁ]u:\l + [CgO{ - Dsﬂ]uls
+[Cla + DB +Ci(a-1)+ DBl +[Ci(e—1)- D +[Clar - D,Blug

(2.13)

(2.14)

The evaluation of Pe, i.e. the degree of representation of C and D, can then be implemented

through the coefficients B selecting the maximum value of the three factors:

Be :max[—Cé, De—%, 0} B, =max{—Cv'v, DW—CZW, O}

max{—cg, D, —%, O}, B = max{—cs’, D, —%, O}

By
=max|-C/, D ——=t 0|, B, =max|-C/, D, ——=2, 0
t t 2 B b b 2

The inertial (advection) and diffusion terms can then be expressed in the form:
(Be + By +C; +Cl Jup — Bl — Byuy,
+(B,, +Bg +C/ +C!)u} — Byuy, —Bgut
+(B, + By +C/+Cj)ub — B —Byu}

= (B, + B, +B, +B +B; +B;)u}
+(C/+CL+Cl +C.+C/+C[)u}
- BEUIE - BWU\;V N BNU:\I - Bsuls - BTU':' - BBull3

(2.15)

(2.16)

That is, in the case of B, =—-C., while coming out B, =0, the first line in (2.16) is reduced to

Clut +C/lu/, which is an upwind scheme - the differentiation of the flow velocity component

u, (arising from scalar products with the normals of opposite walls) representing the inertial

flow in the &-axis is shifted (in the E direction) from the positions e - w on the element faces to

the grid nodes E - P. The diffusive flow is completely omitted in the case of the application of



the upwind scheme - D does not appear in the term B, =—C_, see Figure 2.3. In terms of
multipliers e and # comes out - in the sense of (2.13): « =0, f=0..

An analogous possibility is B, =—C!,, B =0 - in the first line of (2.16) follows Clu;, +C/u,,
, i.e., the "opposite” upwind scheme - the differentiation variable ug, is shifted (in the W

direction) from positions e - w on the element facess to the grid nodes P-W, the diffusion flux
is omitted. In the sense of (2.13) is: «=1, f=0.

If the maximum is represented by a factor involving the diffusion flux, i.e. B, =D, —C;/2 and

also B, =D, —C /2. In the first line of (2.16) then it follows:

C.(ul +ub)/2+C (ub +ul, )/2-D,(u —ub)- D, (uy —ub)
= Ce(uIID + UIIE)_‘_CW(UII3 +u\;V)_ De(uIIE _uIP)_ Dw(u\;v _uIP)

which is a general - central numerical scheme for hexahedral volume elements (2.11) , see
Figure 2.3. In the sense of (2.13) is: a =Y, = 1.

The possibility of switching to the upwind form of the scheme (for hexahedral volume
elements) increases the probability of successful convergence of the numerical calculation.
Omitting diffusion terms is not an error, switching the scheme to the upwind form is not
permanent within the volume element - diffusion flows can be currently realized during

convergence.

C 2

Fig.2.3. Hybrid numerical scheme (for a hexahedral volume element, example for axis 7). On

the left is the central scheme including inertial and diffusion terms, on the right is the scheme

"shifted" to upwind not including diffusion terms



To discretize the time derivative of u' in the control volume, or in its central position P can be

written (the derivative is replaced by a differentiation):

| 0l

, 0 PrUp — PpUp
'V="plv=""_"T"" vy 2.17
P atpup I (2.17)

Thus, for hexahedral volume elements, this final form of the discretized moment equation,

respectively a hybrid numerical scheme for calculating uy, , is available (2.18):

[ 0,10
U, — u
%V+(BE+B\N+BN+BS+BT+BB)U'P

+(CL+Cy+Cl+CL+C{+C )up (2.18)
= Beuf + B, Uy, + Byuy, + Bgug + Buj + Bguy,

+SV + (SD')e + (SD')N + (SDI)n + (SDI)S + (SDI) + (SDI)D

The general discrete form of the equation of motion - reflecting the N-face volume elements
in the general (non-hybrid) numerical scheme (2.10) has the following final form (2.19):

(5o (g0
:ZN:D C(NB)+5'V+nZN_;( ),

n=1

(2.19)

The numerical scheme (2.18) and (2.19) is implicit in the sense of the symbols denoting the
solved variable u), - the value from the previous time step u'F,0 is contained only in the time

differentiation. Of course, the scheme could also be explicit - then the currently solved value of

u, would only figure in the time differentiation, the other terms of equations (2.18), (2.19)

. 0
would contain only uj,

In a similar way, the equations for the calculation of the kinetic energy of turbulence and its
dissipation (using the k - ¢ model) can be discretized, etc.



5.2. Calculation of continuity in the flow field

The continuity requirement can be practically solved in numerical simulation of the flow field
in two ways:

1. By solving the continuity equation for a compressible fluid (2) in the discretized form

of a generalized numerical scheme, i.e. by a similar approach as for the equations of

motion - see the previous section. The solved variable is the density p at the central
nodes of the volume elements - p, and this type of continuity solution is referred to as

"Density - Based" in the English literature. However, the input file for the solution of
the moment equations (calculation of the flow vector field) is the pressure field - the
pressure values (or their spatial derivatives) are in the source terms of the moment

equations S in the individual elements of the grid. This pressure field is derived from

the calculated density field based on the ideal gas equation of state: p = ﬁ, o is the
(94

specific volume, i.e: o = 1 and therefore for the calculation of the pressure value:
o

p=p-RT (3.1)

2. Solving the pressure correction equation derived by combining the discretized moment
equations and the continuity equation. In this approach, the pressure values are directly
calculated in the grid elements and in the English literature it is called "Pressure - Based"

continuity solution.

Pressure correction equation

The pressure field (or its spatial derivatives) entering the calculation of the flow velocity
components in the moment equations is optimized during the iterative solution using the
pressure correction equation. Respectively, through the pressure field, the requirement of
continuity in the individual volume elements is applied during the convergence of the solution,
i.e. the pressure correction leads to the minimization of divergence in the region of the modeled
flow field.

The pressure correction equation is derived in a number of modifications, the basic form of this

equation is referred to as the "SIMPLE" algorithm. In the following, the "SIMPLEC" version



of the pressure correction equation, which is a modification of the "SIMPLE" algorithm, is

described.

The moment equations are written in discrete form as:

B = 3B, (Ul ), _Py g (3.2)

n=1 |

Where

B, = (C,+D,)+ 22V, B,=D,-C, =5,
P n n At ' n~— “n n’ - D /n

n=1

Respectively for hexahedral elements in the hybrid scheme:

B, =C;+BE+...+BB+Z—ZV, B cB.,..,B,, N=6

§'=(Sy ) +..+(S.'),, Ch=Cl+..+C

The term p,V /4t relating (in B,) to the time differentiation of u;, corresponds to the

stationary solution, where u'P0 =0, in the case of a time-dependent solution, a factor of

—p,ﬁ’u'POV/Atwould be added (The pressure field calculation is performed via an iterative
procedure within one time step).

The density p, is derived from the pressure in the calculation (for a compressible fluid) - see
(3.1). Relation (3.2) reflects the final form of the calculated velocity pressure field - the
converged solution (for non-stationary problems within one time step), u' eu’,u’,u*and p are

the converged values satisfying the boundary conditions.

Furthermore, the instantaneous - non-converged solution - u' * and p* of equations (3.2) can

be considered.

Bpu'P*:iBn(uLB x) —?v +s (3.3)
n=1

X

Subtracting (3.3) from (3.2) yields:



(u ~Up *):iBn( Uyp —Ung ™ )n_MV (3.4)

n—1 OX,

Differences between converged and continuous (non-converged) values can be expressed:

Ub'=Ub —UL™, Upg'=Uys —Uye™, p'=p—p*, for the converged solution is of course

uy'=0, u'=0, p'=0.

N
If the factor Z B,u,' is subtracted from both sides of (3.4), the equations (3.4) take the form

n=1

(3.5) in accordance with the "SIMPLEC" algorithm:
N 1
I 1 a
(BP—ZBJ ZB( ,',)n—a—sv (3.5)
n=1 |

Furthermore, according to the "SIMPLEC" formulation, the first terms on the right-hand side
of equation (3.5) are omitted, i.e. the internal coupling between the pressure field and the
differential velocity components is omitted - its preservation would lead to an inhomogeneous
pressure field for the converged solution. Moreover, the values of the velocity components at
adjacent nodes do not differ much, so these differences can be neglected (neglecting them is of
course not the only way to eliminate the coupling). The difference of the moment equations
(3.4) is thus reduced to:

u'p'z—;a—p __g® (3.6)

N
(Bp 3 Bn] X, X,

The following is based on the time-independent continuity equation:
pu + oy + pug =0 (3.7)

Considering (3.6) and (3.7), for each component of the velocity of the converged solution we

can write:
pu' = pu' *u''= pu' * - pEp’,
pu’ = pul *+ul'= pu’ *—pEp', (3.8)
put = pu *+u"'= pu *—pEp',



Combining (3.8) with the continuity equation (3.7), the pressure correction equation (3.9) is

obtained:
}: (ui *)Xi + (uj *)x,. + (u" *)Xk (3.9

This equation, like the moment equations, is solved numerically using the finite volume

method, i.e.:

}dv = _[[(ui *)Xi + (uj *)XJ_ +(uk *)Xk ]dV (3.10)

j k v

d (), +(p), + (),

Next, the G-O theorem (divergence theorem) is applied, which leads to the elimination of first
derivatives:

E f(p'Xi +P', P, ) ndA = if(u‘ * 4yl * 4yt *)- ndA (3.11)
N

2%

For an N-hedral element with straight faces, the integrals go to sums:

N

EZN:(p'Xi n' + p'xjnj + p'xknk)nA1 =Z(u‘* n'+u™* nl 4u** nk)A1 (3.12)

n=1 n=1

The remaining first derivatives of the pressure are approximated, similarly to the discretization
of the moment equations, as differences between the central node in the volume element and its
nearest neighboring nodes, which lie at the centers of the neighboring elements. The situation
is quite identical to that in the previous section; the union of these nodes forms the local
coordinates y (see Figure 2.1), whose projection from the global coordinates x;,X;, x, must be
quantified in view of the possible irregularity of the y distribution in space. Thus, for each of
the faces of a volume element, one can write:
N

Ei(p'l 2+ p'l;ngnj + p'lggxkn")nA1 :Z(u‘* n'+u* nl 4yt n")n A (3.13)
n=1

n=1

And further:

N

N
EZ[(inni +;(Xjnj +;(ankXp'NB—p'P)LA1 :Z(ui* n'+uP* nl 4y nk)n A (3.14)

n=1 n=1

The equation can be further converted into a more compact form:

N N

Tn(p'NB_p'P)n =zcn* (3.15)

n=1 n=1



l.e. it is established:

T = E(in n' +;(Xjnj +;(ank)nA1

T (3.16)
Cn*:(u'* n'+u* nl 4yu** nk)nA1

Thus, a compact numerical scheme of the pressure correction equation is finally obtained to

calculate the value of the difference p',= p, — p,* (at the centre of the volume element) in

the n-th iteration step of the solution:

N
ZTn(p'NB)n + Sc-
)
p'p= T (3.17)
N N
Where: T.=>T, Se.=->.C,*
n=1 n=1

For the sake of completeness, the situation for the case of hexahedral elements can be added:

. . . . . )
Te = E(éexinl +%8exjnj + exkn )ep\a’ TW = E(gwxinl +§ijnj +§kan )WAN
T, = E(nnxini + 17,1 +77nxknk)nAq, T, = E(nsxini +17,,, 1 +f7$xknk)sAs
i j k i j k
=l g ) A T =Bl gm0 A 019
(ui*eni+uj*enj+uk*enk)eﬁ\a, CW*:(ui*Wni+uj*an+uk*wnk)wﬁw
(u‘*nn‘+uj*nnj+uk*nn")nAn, CS*:(u‘*sn‘Jruj*snj+uk*,snk)SAS

i i j j k. k i i j i k k
u*.n +u™*n’+u™n )tA, Cb*_(u*bn +ur*, n’+u™,n )bAD

T =
C *
C *
C*

_ T.pe+..+T,ps+Sc- (3.19)

Pe T,

Where: To=T,+..+T,, Se=—(C,*+.C,*)
Thus, the current corrected pressure value p," obtained in the n-th iteration step at the central
node of the volume element is:

P’ =P+ Py (3.20)

This pressure value is then the input value for calculating the velocity components of the flow

vector (using the numerical scheme (2.18) or (2.19)) in the next n+1 iteration cycle.



It can be summarized that the pressure correction equation optimizes the continuity of fluid (air)

flow through the walls of the volume element. The (correction) components of the flow vector
u'',ul",u*" appearing within the local discretization scheme on the faces of the volume element

are replaced by terms containing the (spatial) derivatives of the (correction) pressure differences

p'=p-p* via the simplified equations of motion (3.6). That is, the pressure correction
equations introduce derivatives of p' derived from values at the nodes of the grid - the volume

element centres.

The optimization of continuity is therefore performed successively in each iterative step by

calculating the correction pressure value p; in the centre of the volume element based on the

array of p' values in neighbouring nodes - in the centres of neighbouring volume elements.

Fig. 3.1 Scheme of the calculation of the pressure correction value in the centre of the volume
element based on the correction pressures p' in the neighbouring nodes and the actual (non-

converged) values of the components of the flow velocity vectors u* on the element faces.

The current corrected pressure field (p-values at the grid nodes obtained from (3.20)) is then
used to calculate the components of the flow velocity vector. The source term of the discretized
moment equations (2.18), (2.19) contains the first derivative of the pressure, which is generally
approximed as the differentiation between its values at the facess of the volume element lying

between the grid nodes. These p" values are not primarily available from the pressure correction



calculation and interpolation is necessary. Similarly, the components of the flow velocity vector

are (using the numerical scheme of the moment equations (2.18), (2.19)) calculated at the

centres of the volume elements, with the values at the faces u' resulting from the interpolation

being inserted into the source term of the pressure correction equation (3.17), (3.19). This
reciprocal interpolation performed within two partial computational operations of the iterative
cycle can lead to artificial oscillations of the solution parameter fields. Respectively, specific
interpolation procedures - Rhie - Chow interpolation - are applied to eliminate these
oscillations. The described form of calculation of flow velocity and pressure vector components
in a numerical scheme with the necessity of reciprocal interpolation is referred to as non-

staggered grid arrangement, in English literature as "Collocated" or "Non-Staggered Grid".

The problem of undesirable oscillations of the solved parameters is also effectively eliminated
in the case of the so-called alternating grid arrangement, in the English literature it is called
"Staggered grid". This arrangement is applicable only for hexahedral volume elements. In this
approach, only the pressure is calculated at the centres of the volume elements, the components
of the flow velocity vector u’,u’,u® are primarily evaluated at the faces of these elements (for
the calculation of p) by means of the volume elements themselves, which are specifically
displaced. The localization of the element centers for the calculation of the flow velocity

components is of course determined by the respective directions of u’,u’,u* - see Figure 3.1:
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Fig.3.1: Alternating - "Staggered grid" arrangement of the discretization scheme - 2D situation

(components u, v=u',u’ ).

Thus, the calculation of the flow velocity vector component u',u’,u* field and subsequently

the pressure field in the iterative cycle does not require interpolation. Shifting the center of the

discretization scheme P for the calculation of the flow velocity components relative to the center
of the pressure calculation scheme by half a grid step means that u',u’,u* are available directly

on the faces of the volume elements for the calculation of p using (3.19), and conversely the
resulting p values can directly enter the (2.18) solved in the shifted elements. The alternating
arrangement completely eliminates artificial oscillations of the computed parameters; on the
other hand, it represents a possible difficulty in computing in elements close to the boundaries
of the computational domain and is not generally applicable (for other than orthogonality close

hexahedral elements).



5.3. Iterative solution of a discrete system, time-dependent solution

As mentioned in the previous text, the calculation of the fields of the solved variables (u',u’,u”

, P, K, €, etc.) is done in iterative steps. The initial moment equations and their corresponding
numerical scheme (2.18), (2.19) are nonlinear and direct linear algebra methods (Gaussian

elimination method, etc.) cannot be used.

""Steady"" solution

In practical applications, the calculation of the flow in the specified region is solved as "steady",
where there is no continuous update of the value ppg? in the time derivative - on the right-hand
side of the generalized equation of motion (2.18), (2.19) (¢, denotes the general solved variable
- ¢, eu',u’ ,u*, k, ¢€). At the beginning of the iterative procedure, the fields of the variables
solved within the computational domain are set to zero, i.e., the term —V p3¢2 /At is zero during

the iterative solution. The numerical scheme for calculating the flow velocity components and

turbulence parameters (in general form see (2.19)) is then applied in a corrected form:
Pp -
(ZV +C, + Bquﬁp =b (4.1)

The "time step” At is a formal parameter in the "steady" type of solution and is usually taken

to be equal to one.

For the general numerical scheme (2.19) corresponding to an n-hedral volume element, it is:

N N

C.=+>C, B.,=>.D,

n=1 n=1

b= i(Dn _Cn)(¢NB)n +SV +§=1:(SDI)H

n=1
For the case of the hybrid scheme for hexahedral elements (2.18) then:
C,=C.+C,+C +C.+C/+C’
B, =B, +B, +B, +B; +B; +B;
b =Bege + Bydy +Bydy + Bsds + By + By
+S'V + (SD' )e + (SD' )W + (SD' )n + (SD' )S + (SD'). + (SD'))



In the case of calculating scalar quantities - k, ¢, etc., the source terms are of course different -
corresponding to the respective equations. For the solution in the grid, a band matrix

corresponding to (4.1) arises:

®=b

The calculation of the flow velocity components and turbulence parameters according to (4.1)

proceeds within individual lines in the sense of the Gauss-Seidel method - see figure:

.
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ﬁ_hhhh
- ..
®:->-8----0---30
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- - -
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The pressure field is then calculated in the same way according to the equation of such
correction (3.17) or (3.19) and finally (3.20).

The overall scheme of the iterative solution is as follows:



START

|

Calculation of velocity vector u
|components - updating the flow field

r

Pressure field calculation (pressure
correction) - continuity update

r

Calculation of scalar quantities
updating k, epsilon, etc.

Comparison
with values from previous
cycle - convergence
check

YES

NO

END

The turbulence parameters (k, ¢, etc.) are usually (according to 4.1) solved third in the sequence
after the pressure field calculation. The iterative procedure is terminated after convergence is
reached, when all solved parameters meet the convergence criteria - their change in the iteration
cycle is smaller than the required criterion. Convergence is achieved in practical flow field

calculations after hundreds of iterations.

It can be summarized that the "steady" solution represents an iterative optimization of the
simulated parameter fields within one time step without subsequent retrieval of the calculated
time differences of these parameters (retrieval for the next time step). The results of this solution
can then be interpreted as the simulated values (of the flow vector field components, turbulence
parameters k, ¢, etc.) representing the most probable form of the flow field for a given spatial
configuration of the computational domain with the specified boundary conditions and the
chosen spatial scale of the computation (grid step).



Time-dependent solution

In the time-dependent solution, the solution parameters obtained in the first time step
(corresponding to the "steady" solution) are substituted in the second step as ppgp into the time
differentiation in the generalized equation of motion (2.18), (2.19). The calculation in the
second time step then proceeds in a similar arrangement to the "steady" type, with the right-
hand side vector b being increased by the term +V p2¢t /At . The same loading ppd, — podS
then takes place in the next time step, etc. The size of the time step At determines here the
course of the simulation and should be chosen appropriately.

The time-dependent flow field solution scheme may take the following form:

[ START ]‘

4

Calculation of velocity vector u
components - updating the flow field

y

Pressure field calculation (pressure
correction) - continuity update

y

Calculation of scalar quantities
updating k, epsilon, etc.

Comparison
with values from previous
cycle - convergence
check

YES

NO

[ Next time step

ngf’g = Ppfp J




The stability of the numerical solution should be ensured by the implicit type of scheme (2.18),
(2.19). The time-dependent numerical solution can of course be based on the explicit scheme,
but the question of numerical stability arises, which must be ensured during the calculation by
observing the appropriate criteria.

The time-dependent solution is less used in practical applications (e.g. modelling of ground air
pollution, etc.) compared to the "steady" type. This is mainly due to the significantly higher -
even critical - demand on calculation time. Of course, it depends on the chosen scale of
simulated movements - i.e. the details of the grid. Moreover, for most of these applications,
including simulations of time-averaged states in air pollution calculations, the outputs of
"steady" solutions are more often used, information about the possible dynamic behaviour of
the flow field is not necessary.



6 Appendix - Reduction of the initial equations to a finite-
dimensional dynamical system

Respectively Galerkin approximation of N-S equations - on a bounded domain

leading to a finite element solution (domain = element)

The general form of the quadratically nonlinear N-S equations relates to the behaviour of fluids
on a theoretically limiting scale practically corresponding to the smallest kinematic motions
before dissipation into thermal oscillations - the so-called Kolmogorov scale. Thus, these
equations, with respect to nonlinearity, generate a dynamical system with a solution flow in a
phase space of very large dimension. On the other hand, the flow field, although turbulent,
exhibits an apparent coherence. In this context, there are varieties of solution flow trajectories

in a reduced phase space of finite - reasonably bounded dimension K.

For the transition to a K-dimensional dynamical system in space H describing the motion of an

incompressible fluid filling the region D, the Galerkin method is applicable.

As the phase flow of the velocity field in the space H of dimension K, the approximate solution

is found in the form:

Ug (Xt) = Zuk(t)(pk (x) 1)

01,02, ..., Pk IS a suitable orthogonal normalized basis of ternary vector functions (for practical
reasons) satisfying a linear boundary value problem on the domain D. The basis functions ¢1,¢2,
..., @k are chosen to convert the Laplace operator in the term representing the kinematic

viscosity to an eigenvalue - see (2).

v AQ, =—14,
(2)
dive, =0, (Pk|aD =0, I((Pk Py )jsx =1
D

In the sense of Galerkin's method applied to the N-S equations, the k-th row of the resulting

matrix has the form:

K
zulum_[ Oy - (P| V)‘P )jsx vig U, + T 3)

1=1 m=1 D



While of course

fi

J.(f "y )jsx

The obtained system of ordinary differential equations (of course, quadratically nonlinear) no
longer contains a pressure term, since the pressure gradient having the sense of the flow velocity
field potential is zero when integrated over the region D in connection with the considered

incompressibility.

I(Vp-¢kﬂ3X:§p(n-¢kﬁa=O (4)

D

The system of differential equations (3) represents a nonlinear problem with initial conditions
(5):
u, (0) = I(a(x)-wk(x))j3x k=1,2...K (5)
D

Solvable by standard numerical methods for problems of this type (Euler, Runge-Kutta
methods, etc.).

The described method of reduction to a finite-dimensional system in the space of basis functions
generally exhibits scale invariance, i.e., it applies to flow-type problems in non-complex,
geometrically definable (macro) domains, for which one can speak of the aforementioned
existence of varieties of phase-flow solutions in the space H. The basis vector functions ¢k are
ternary within the domain on IR3, however, the variation of these individual components over

time does not figure in the flow field functionals - the parameters ux are scalars.

The real flow in PBL over a complex Earth surface represents a problem of a different type,
since the region for which a finite-dimensional system must be defined here is bounded from
below by a boundary that in general offers no geometric regularities or symmetries that would
indicate the possibility of seeking a solution in the space of functions applied in the framework
of scale invariance. The Earth's surface, consistently speaking, exhibits virtually infinite

complexity.



