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Introduction

EasyCFD is a software for the numerical solution of fluid flow and heat transfer in two-
dimensional geometries described by quadrilateral meshes (structured and non-structured). Support is
also provided for 3D axisymmetric situations. The software deals with stationary and transient regime,
laminar and turbulent flow (k-¢ and SST k- turbulence models are available), including thermal
effects and heat conduction in solids, dispersion of passive scalars, porous losses and multi-component
fluid flow.

The present document is divided in three parts: the first part describes the main theoretical
principles (not available in the trial version), while the second part is a user’s guide to the software.
Some computational results and comparisons with published data are presented, for illustration
purposes, in part three.

The following Projects are supplied with the standard EasyCFD installation:

o

Annulus: natural convection laminar flow in an annular cavity. Tutorial movie available at
www.easycfd.net;

BMW2002: turbulent flow around a car shape; structured mesh;
BMW2002NST: turbulent flow around a car shape; unstructured mesh;

CHT: conjugate heat transfer problem in transient regime. Tutorial movie available at
www.easycfd.net;

ConvLam: natural convection laminar flow in a square cavity. Benchmark problem
described in section C4;

Cylinder: turbulent flow around a cylinder (low resolution). Tutorial movie available at
www.easycfd.net;

LaminarProfile: developed laminar profile between two parallel plates. Benchmark problem
described in section C1;

Naca2412 NST: turbulent flow around an airfoil, computed on an unstructured mesh.
Benchmark problem described in section C7;

PulsatileFlow: laminar oscillatory flow inside a wavy channel. Benchmark problem
described in section C5;

Step: turbulent flow above a backward facing step. Benchmark problem described in section
C3;

C-Type Mesh: demonstration of the utilization of a C-Type mesh.
Split Mesh: demonstration of the utilization of a split mesh and thin plates.

Sphere: calculation of the 3D axisymmetric flow around a sphere. Benchmark problem
described in section C6B
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o TurbulentProfile: developed turbulent profile between two parallel plates. Benchmark
problem described in section C2.
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A - Theoretical Background

Al - Transport Equations

For the description of the transport equations, the x and z coordinates of the Cartesian coordinate
system will be taken as the independent variables. Transformations due to the generalized mesh will be
described in section A2.

Al.1 - General Equation

The fundamental equations of fluid flow and heat transfer result from the application of

thermodynamic laws to the moving fluid. The two-dimensional form of the transport equation for a
generic variable ¢ is, in a Cartesian coordinate system is:

o(pd), o J a"¢j (@j
o o Pt ()= ax( ox) a1\ 2z +SD¢ 1)

H_J
A B C

where p [kg/m?] is the fluid density, u and w [m/s] are the velocity components along the horizontal
axis x [m] and the along the vertical axis z [m], t [S] represents time, /" is the diffusion coefficient of ¢
and S, is the generation rate of ¢ per unit volume.
The interpretation of the different terms of the previous equation is:
A — transient term
B — advection term
C — diffusion term

D — source term

Al.2 - The Navier-Stokes Equations

If ¢ is the velocity, equation (1.1) represents the momentum conservation. In this case, we get
the Navier-Stokes equations, which, for a 2D situation, may be stated as follows:

Horizontal component:

olpu) 8, .\ & J (ﬂu 2 j K (ﬁu 5w) ap
< r| 22 - Zdiw r| S22 P 1.2
o +ax(pu) o2 PW= o D25 30 o D G o o S 1.2
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a(pu)+£(pu )+§(puw) J [r@}ri(r@j_

ot OX ox\ ox) o1\ Oz
) (A1.2b)
@+i(]“@j+ﬁ(r&—wj———(div\7)+SLX
ox ox\' oOx) 0z ox ) 30x
Vertical component:
o pw
(o )+i(puw) ﬁ(pw) d F( ﬁ_w_gd Vj d F(@+§—Wj —@+I+SLZ (1.3)
ot OX 01 o1 ot 3 O 01 OX 01
or
0
S S )= S (P S r )
ot OX 0z OX ox ) 01 0z (1.3b)

@-I-i F@ +i Fﬁ_w —Ei(dIVV)-I-'-I-SLZ
ot ox\ Jdr) Ji\ Ji) 301

In the previous equations, p [N/m?] represents pressure, k is the turbulence kinetic energy [m?/s?]
(cf. section AL.7), | represents the buoyancy forces (cf. section A1.8) and S. represents porous losses
(cf. section ###). The diffusion coefficient is, in this case, given by:

I =pu+ (1.4)

where 4z [N s/m?] is the dynamic viscosity and 4, is the turbulent viscosity (c.f. section A1.7).

A1l.3 - Continuity Equation

The conservation of mass law, or continuity equation, may be stated as:

o(pu) 2 P

Al.4 - Energy Conservation Equation
In this case, the dependent variable is the enthalpy ¢ =c, T , where c, [J/kg K] is the fluid heat

capacity and T [K] is its temperature.

Fluid Medium:

The transport equation is the following:

olpc, T o il o or o or
%+é’ (pc uT)+§—(pC WT) ﬁX(F5j+E(FEJ+ST (1.6)
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TermS_, in the previous equation, represents the heat generation rate per unit volume [W/m?].

T

The diffusion coefficient is, for the case of a fluid domain:

N
I= (ﬁ +P—rt]cp (1.7)

where Pr and Pr are the laminar and the turbulent Prandtl numbers, respectively.

Solid Medium:

In the case of a solid medium, heat transfer is governed by conduction:

2lpc, T
(Pc, ):i(iﬂ}i(lﬂ}& (L.8)
ot OX\ OX 0z 0z

where 1 [W/mK] is the thermal conductivity of the material.

A1.5 - Porous Losses

A1.5.1 - Isotropic losses

The momentum loss through porous media is formulated using through the viscous permeability
Kp and the quadratic loss (pressure loss) C, as follows:

S, =—iui—§C|\/|ui (1.9)

Kp

whereui=u,v,wforl=1, 2, 3.

A1.5.2 - Directional losses

The momentum loss through an anisotropic region is modelled by specifying the streamwise
direction ¢ (minimum loss direction) and a transverse multiplier factor F.. For convenience, the

viscous term is formulated now in terms of viscous loss (instead of permeability), D = u/ K.

The source term now reads:
3 ,0 3
j=1 j=1

The loss coefficients matrices are defined as follows (exemplified for the viscous term):

D, cos® p+D,sin*¢  0.5(D, - D, )sin2¢p

i = . - ) (1.11)
0.5(D,—D,)sin2¢ D;sin“ ¢+ D,cos” ¢
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where D1 is the streamwise loss coefficient and D is the transverse loss coefficient, that is obtained
using the transverse factor multiplier:

D,=F D, (1.12)

A1.6 - Transport of Passive Scalars

Passive scalars represent a transported additional variable that has no influence on the flow. The
presence of passive scalars is quantified by their concentration ¢, , which represents the mass of scalar

per mass of fluid. The transport equation is:

(pee) o 2l _J @j g[ %j
— +§x(pu¢s°)+é’z(pw¢s°)_ﬁx(r gl e Fﬁz +S,, (1.13)

where S, is the volumetric source term (mass of scalar generated per unit fluid volume per unit time)
and the diffusion coefficient is given by:

Hy
r=pD, +Z- 1.14
P50 T (1.14)

In the previous equation, p is the fluid density, D, [m?/s] is the kinematic diffusivity for the
scalar in the presence of the operating fluid and Sc, is the turbulence Schmidt number.

A1.7 - Multi-component Fluid Flow

In a multi-component fluid flow, different fluids are present, sharing the same velocity, pressure,
temperature and turbulence quantities. EasyCFD contemplates the case of two fluids, with a single
phase. The concentration of one of the components (the secondary fluid) is computed with a normal
transport equation for a scalar:

(pda) , 0 R _9 %j ﬁ[ %j
ot +0”x(pu¢°2)+é’z(pw¢°2)_é’x(r ox ) o\l o (1.15)

where ¢, is the mass fraction, or concentration, of the secondary fluid (mass of secondary fluid per
mass of mixture). The diffusion coefficient is given by

L
I'=pD, +— 1.16
P Ly, Sc, (1.16)

where D, [m?/s] is the kinematic diffusivity that characterizes the fluids pair. No volumetric
generation is contemplated, in EasyCFD, for multi-component fluid flow.

Unlike passive scalars, the concentration of the secondary fluid plays an active role in the flow
field, as fluid properties depend on the concentration of each component. The mixture properties (such
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as viscosity, heat capacity, etc.) are determined as a weighted average of the properties of each
component. Thus, for a generic property X, we have:

X =d1 X1+ X, (1.17)

Exception is made for density. A simple analysis may prove that the mixture density p is given
by:

1
o (ﬁ+&] (1.18)
P P

Evidently, the following constrain applies:

G +d, =1 (1.19)

A1.8 - Turbulence Modelling

The properties of a turbulent flow (velocity, pressure, etc.) are not constant in time; instead, they
present oscillations about an average value. The numerical calculation of the instantaneous value is not
amenable with present day techniques and resources, due to the high temporal and spatial frequencies
that characterize these flows. We are, thus, left with the calculation of the average values, only. These
can be described through the Reynolds decomposition:

A

p=p+¢’ (1.20)

where ¢ is the instantaneous value, ¢ is the average value and ¢' is the difference between the two

(fluctuation). When the Reynolds decomposition is applied to the transport equations and the equations
are the averaged, some extra terms appear, due to the following property (illustrated for the third term
of equation (1.2)):

pmszVTHpu'W' (1.21)

The last term in the previous equation has the dimensions of a stress and thus, can be expressed
as the product of a viscosity (turbulent viscosity) by an average velocity gradient, as in the case of the
“laminar” stresses (this hypothesis was proposed by Boussinesq). The computation of the turbulent
viscosity is made recurring to a turbulence model. EasyCFD implements the k-& and the STT (Shear
Stress Transport) models, as described next.

A1.8.1 - The k-¢ turbulence model

The standard formulation of this turbulence model is described in Launder and Spalding, 1972,
Launder and Spalding, 1974, Djilali et al., 1989. The turbulent viscosity is given by:

pk?
&

#=C, (1.22)
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The turbulence kinetic energy, k, as well as its dissipation rate, & [m?/s®], are computed with the
following transport equations:

é’(pk)+£(puk)+£(pwk)=i|:(lu+ﬂj oK +£|:£,U+ﬂJé’—k:|+ Pk —,08+G-|— (123)

ot ox o1 Ox o )ox| oz o, |01
o(pe) & 0 J wle | ol w)ee| e
+—(pue)+—(pwe)=—I|| p+— |— |[+—|| p+— |— |[+—(C,R -C,pe +C 1.24
o ax el lwe) =2 [” o, Jox | a2|\" s, Jor ((CR—CopeCGr) (129

The term P1 represents the production rate of k as the results of the velocity gradients:

auY _(owY (eu aw)
Pk—y{z(&j +2(5j +(E+&] } (1.25)

while the term Gt accounts for the production or destruction of k and & due to the thermal gradients:

oT
G =—pgL 1.26
T =—p9 Pr. &z (1.26)
The remaining model constants are:
C,=0.09 o, =1.0 c,=13 C, =144 C,=192 C;=144  (1.27)

Wall laws

In the proximity of a wall, the previous equations should be modified account for the viscous
effects that become predominant. The utilisation of a low-Reynolds number turbulence model
represents the best approach to this problem. In this case a fine mesh resolution near the wall must be
ensured, with mesh nodes inside the viscous sub-layer. In this approach, damping functions are
employed as a way of modelling the effects of viscosity upon the near-wall flow. The alternative,
which is of easier implementation and does not require as a fine mesh, consists on the utilisation of
wall functions, which ensure the connection between the viscous sub-layer and the inertia layer. The
distinction between these two layers is given by the y*, value:

gt = pUY _ pCHO.25\/Ey
M )z

(1.28)

where u_ represents the friction velocity and y is the distance to the wall. Thus, we have:
y' <1163 = viscous sub-layer
y'>1163 = inertia sub-layer

The utilisation of wall laws does not require mesh nodes in the viscous sub-layer, which is a
major advantage from the computational standpoint.
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Wall laws for momentum

The momentum flux per unit area along the direction normal to the wall is given by the wall
shear stress, which is computed differently depending on the location of the wall neighbour node
relatively to the transition between the viscous and the inertia sub-layers. Denoting by v the generic
velocity component parallel to the wall (which may, actually, be u or w) and by y the distance to the
wall (which may, actually, be z or x), we have:

y' <1163 = gy=p0 Y (1.29)
C 0.25 k

y'>1163 = 1, :M(v0 -V) (1.30)
In(E y+)

where v, is the wall velocity, E =9.793 for smooth walls and y=0.4187 is the von Karman
constant.

Wall laws for turbulence kinetic enerqy

In the wall neighbourhood, the production term (equation (1.25)) is computed assuming a
Couette flow:

2
ov
P = (aj (1.31)

where, once again, v is the generic velocity component parallel to the wall and y is the generic distance

to the wall. Due to its significant variations near the wall, ¢ is averaged for the calculation of the term
pe inequation (1.23):

N
y' <1163 = pec= pC#o‘75 ks Y (1.32)
y

In(E*y+)

y+ >11.63 = pe= pCNO.75 K15
XYy

(1.33)

For the turbulence kinetic energy, a zero flux along the direction perpendicular to the wall is
assigned.

Wall laws for dissipation rate of turbulence kinetic
Equation (1.24) is not employed in the node adjacent to the wall. Instead, the dissipation rate is
given by:

C 07515
P (1.34)
Xy

Wall laws for energy
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As for momentum, energy flux is computed differently depending on the y* values. In this case,
we have:

HC,

<12 = ¢
y 4= Pry

—E(T,-T) (1.35)

e, Cﬂo.zs \/E
Prt[lln(E* y )+ P*}
X

where T, is the wall temperature and P” is the so called Jayatillaka function:

0.75
P =9.24 [( Pr j 1}[1+0.28 exp[ ~0.007 ﬂﬂ (1.37)
Pr Pr;

Wall laws for other scalars

y'>12 = (=

(To-T) (1.36)

Other scalars are treated similarly as for energy, with the Prandtl number Pr replaced by the
Schmidt number, Sc.

A1.8.2 - The SST turbulence model

The SST model (Menter, 1993) represents a combination of the k-& and the k-w models.
According to Menter, Kuntz and Langtry, 2003, the k-w model is more accurate near the wall but
presents a high sensitivity to the @ values in the free stream region, where the k-& model shows a better
behavior. The SST model represents a blend of the two, through a weighting factor computed based on
the nearest wall distance. The governing equations are:

d(pk) o(puk) 8(,0Wk) = . 0 ok) 0 ok
a5 -p pa)k+a—((u+akyt)axj az((makyt)gj (1.38)

and

d(pw) o(puw) o(pww) a( 6@) 8( 660)
T T e\ M) o o (o) T

aP,
A

(1.39)

—,Bpw2+2(l—F1)pG (ak 6(0+8k 80))

Vi OX OX 0z o1

where w is the frequency of dissipation of turbulent kinetic energy [s™].

The production of turbulent Kinetic energy is limited to prevent the build-up of turbulece in
stagnant regions:

B, =min(PR,,10 #* pk o) (1.40)
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The weighting function F; is given by:

4
F, =tanh {min{max[ Jk '500‘/]'4'06“’2@} (1.41)

,B*a)y7 yza) ’CDkw y2
and

CD,,=max| 2p0,, 1 oo 107 (1.42)
@ OXj OX;

where y represents the distance to the neighbour wall and v is the laminar dynamic viscosity. F1 is
zero away from the wall (k-& model) and changes to unit inside the boundary layer (k-@ model), with a
smooth transition based on'y.

The turbulent viscosity computed as:

v, = 3 k (1.43)
max(a, @;SF,)
where S is the invariant measure of the strain rate, given by:
. OU;
2( ox;  ox
and
\/E 2
F, =tanh<| max 2* ;50201/ (1.45)
Broy y o

The constants are computed as a blend of the k-¢& and the k-& models, through the following
generic equation:

a=Fa+(1-F)a, (1.46)
The constants are:
o1 = 5/9 S = 3/40 ox1 = 0.85 ow1 = 0.5
ap= 044 [ =0.0828 o =1 ow = 0.856

p*=0.09

Near Wall treatment

The near wall treatment for momentum and turbulence equations implemented in EasyCFD
follows the proposal described in Menter, Ferreira and Konno, 2003. The basic principle behind the
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automatic wall functions is to switch from a low-Reynolds number formulation to a wall function
based on the grid nodes proximity to the wall. According to these authors, the automatic wall treatment
avoids the deterioration of results typical of low-Reynolds models when applied on too coarse meshes.

The known solutions for @ in the viscous (linear) and in the logarithmic near wall region are:

6v u

=27 . =T 1.47
0.075y? “og 0.3xy (L47)

Wyjis

The imposed value for @ at the first node close to a wall is:

Wy =, /a)\ﬁs + co,ig (1.48)

For the turbulence kinetic energy, a zero flux along the direction perpendicular to the wall is
assigned.

In turn, for the momentum equations, a similar reasoning applies, with expressions for the shear
velocity in the viscous and in the logarithmic region:

vis_U

_Y g _ KUy
v +
y

(1.49)

with Uz as the fluid velocity relative to the wall velocity. The wall shear stress is computed as follows:

o = () (o)’ (150)

Al1.9 - The Buoyancy Term
The buoyancy term in equations (1.3) and (A1.3b) is given by:

I =—g(p—Prer ) (1.51)

where p. is a reference density and ¢ =9.81m/ s® is the gravity acceleration. The above term is
computed differently depending on the problem physics.

A1.9.1 - Non-isothermal single component flow with the Boussinesq approximation

If the thermal amplitude within the calculation domain is relatively small ( S AT [1 1, with g as
the thermal expansion coefficient), it is viable to adopt the Boussinesq approximation, which considers

the fluid density as constant, except in its contribution to the buoyancy term. In this case, density
variations are approximated as:

P~ Pref = Pret ﬂ(T _Tref ) (1.52)

and, thus:
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I =Prer O :B(T —Trer ) (1.53)
In the previous equation, p, is the fluid density at the reference temperature T .

A1.9.2 - Non-isothermal single component flow without the Boussinesq approximation

If the Boussinesq approximation is not considered, density variations are accounted for in all the
terms of the transport equations and the buoyancy term is computed directly with equation (1.51). This
option is available, within EasyCFD, for the fluids Air and Water, for single component fluid flow.
Density is computed as:

For air (considered as a perfect gas):

_ 1.013x10° (154)
287(T[°C]+273.15) '
For water:
p=10°-1.78x102[T P C]-4["' (1.55)

A1.9.3 - Isothermal multi-component component flow

In this case, equation (1.51) is used directly, with the density given by equation (1.18).

A1.9.4 - Non-isothermal multi-component component flow with the Boussinesq approximation

The local density, p, entering in equation (1.51), is a function of both temperature and mixture
composition. Dependence of density with temperature is computed using the mixture thermal
expansion coefficient. Equation (1.51) becomes:

=—g [P—P g9 ﬂ(T ~Tref )_pref ] (1.56)

where the mixture properties p and S are given by equation (1.18). The reference density p, IS taken

as the density of the main fluid, px.

A1.10 - 3D Axisymmetric form for transport equations

Three-dimensional problems presenting axisymmetry can be solved using a 2D approach,
provided the equations are written in a cylindrical coordinate system. Assuming the x-r coordinate
system, where r is the radial coordinate, the general transport equation assumes the following form:

2(p9) ,
ot

170 aop op
ﬁx( qu)JrFE(rpW(é) ﬁx( ﬁxj rﬁz(rfﬁzj+s (L.57)

EasyCFD - 13



A similar form is obtained for the specific equations for momentum, continuity, energy, etc. In
the implementation within EasyCFD, the user can choose the symmetry axis (x or z).
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A2 - Numerical Method

A2.1 - Transformation of Coordinates

The following presentation is made for the Cartesian form of the transport equations. The 3D-
axissimetric form is treated in a similar way.

Discretisation and integration of the transport equations described previously are performed
using a non-orthogonal generalized mesh!, as shown in Figure 2.1(a). The independent Cartesian
coordinates (x, z), describing the physical domain, are, thus, replaced by a boundary fitted coordinate
system (&, £), defined by the mesh lines which may have, locally, any orientation and inclination. The
computational domain (as opposed to the physical domain) is the space regarded in terms of the
boundary fitted coordinate system coordinates (§, £), as depicted in Figure 2.1(b). In the computational
domain, the mesh spacing is considered, for convenience, as unitary:

AE=AC =1 (2.1)

and the mesh lines are always horizontal (& lines) or vertical (£ lines). The computational domain
describes, in fact, the indexation for the bidimensional arrays storing the dependent and independent
values for the variables.

The mesh arrangement is of the collocated type (as opposed to the staggered mesh), with the two
velocity components and scalar quantities (temperature, pressure, turbulence kinetic energy and its
dissipation rate, as well as concentrations) located at the control volume centre (cf. Figure A2.1)

(@) (b)

Figure A.1 — The two domains: (a) physical domain, showing the mesh lines. (b) computational domain.

! The mesh is the set of geometric locations where the solution (i.e., values for velocity, pressure, etc.) takes place.
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Transformation of the original equations is accomplished by replacing the independent variables,
using the chain rule, which states that, generically:

0p_0005 000 _, 0, 0 OF (2.2)
X oEox ol ox o ¢

The Jacobian of the transformation:

=X, =X Z, (2.3)

represents the ratio between the physical size of the control volume and its computational size (defined
as unitary; for convenience, A& =AJ =1).

The derivatives ¢, &, £, ¢, are the contravariant metrics of the transformation. They are

computed from the covariant metrics x., z., x,, z,, as follows:
N T IR 2.4
éx J ! éz J ! é,x J ! gz J ( ' )
The metric identity, given by
0
—(J —(J 2.5
SFOEZ06)=0 5 T86)+ 52(3¢,)=0 @9

is then applied to get the following form for the general transport equation:

General Transport Equation:

To obtain the strong conservative form in the boundary fitted coordinate system (& &), the
transport equations (1.1) are transformed through the application of the chain rule (2.2) and multiplied
by the Jacobian of the transformation. The metric identity (2.5) is then used to recast some terms. The
result is:

a(pd) .

20) 42 (2p08) 422 pWg) - )
2 rip @) 2l g 2] g 3] 2 ],
& G| a x| o x| o 29
The terms g%, g*® and g are the contravariant metric relations, given by:
P=8d s 0¥ =40+E 1 90 =84,+48C, 2.7)

The non-orthogonal term g* is null if the mesh is locally orthogonal.
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U and W, in equation (2.6), are the contravariant velocities. The terms JpU and JpW

represent mass fluxes through the control volume faces, along the computational directions &£ and ¢
respectively, and are computed as follows:

F.=JpU = p(z,u—xw) (2.8)
F.=JpW = p(x.w—2z.u) (2.9)

Note that, in this case, the sub-index for the fluxes (such as in F,) represents the flux direction
(and not a derivative, such as for the metrics).

Equation (2.6) may be rewritten as:

(P¢) 11@ 7 3 P
e 5( §¢) §(F ¢) 5 g pe +5§ g p +J(SCFOSS+S¢) (2.10)

where the cross derivatives were incorporated into the source term S

cross *

Navier-Stokes equations:

A similar procedure is applied to obtain the generalized form of the Navier-Stokes equations.

u component:

ﬁ(pU) 0 1 ou 0 33 ou 0 13 ou 0 13 ou
1 g 0 ﬂé{mg ﬂé} %Pg a:} 55{ " %} ﬁé{mg &f}
folez st glofict o)
55: % a % (2.11)
o oW oW o
“\rJ i i il -
Z| (5*52&5%4 ﬁéﬂ ﬁg{ (“ z o ;}
20 ou ou 2 0 , OU
50”?{”(5 o 5*4*7;H_5(9§[ (“ o g%j )
20 4.9p_ o owl|_22 oW
3ﬁ§J e {FJ(@@ 0,,§+§xé”z 5§ﬂ 3&{ (45 e +C.¢, QVH
o2 9P, 0P

I

Casting the cross derivatives into a single source term, one may write:

olpu) 8y O of . wau] [ . sau op

J e +§§(F§u)+é’§(Fgu) aé{mg 5} ({Fg é’{} [5 g %}sm (2.12)

or
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Jﬁ(pu)+é(F¢U)+i(F4U)=i rag M rage g, g R,
ook e ¢ x| & x| d X (2.13)

w component:

é’(pW) 0 J _z 11@ i 33@ i 13@ i 13@
JTTf(J”UW)W(JpWW)‘ﬂf{“g %}%{mg %}%{mg %}%{Hg ﬁf}

0 » OW oW o OW _, OW
ﬁ—f_rJ(fz ﬁ_§+§z§z%):|+%|:r‘](§z§zﬁ_§+§z zﬂ*‘

- (2.14)
2 ou ou 0 ou ou
__F‘J (é:xéz é,_§+§x§z _):|+_|:F‘] (é/xégz 0f,_§+§xé/ j:|_

)| e

20 (0w ow\] 2 ¢ oW, dw
___F‘] [52 Of,_g_'_gzé/z gj}_gg{r‘] [é:zé’z é,_§+§z %j:|_

20 ou ou)|l 2 ¢ ou Au
___FJ [‘):xé:z é,_g_'_éxé/z _j:|___|:r‘1 [gxgz é,_§+§xé,z é,_é,j:| -

a 3
op op
J(fZa—fjtgngH

where | represents buoyancy forces. Casting the cross derivatives into a single source term, results:

é’(pw)
ot

2 (s L (e =L a2 2], 2 [ pagm ][ 20, 2P
+§—§(F§W)+§—§(F§W)—55{FJQ 0”5}5{{”9 %} J[fz g§+§z ﬁgj‘l'scmssw‘l'l (2.15)

or

Jﬁ(pw)+ﬁ(F5W)+i(Fgw):z{]ﬂ]g“@}r 4 {FJg”@}x op X ﬁp+S +1
29 a

ot & G| a| o Cta ™ (2.16)
Continuity equation:
The generalized form of the continuity equation is:
& 0 o
J—+—(J —(J =0 2.17
é’t+a§( pU)+a§( ) @17)
or:
& 0 i
JE+é’—§[p(zgu—xgw)]+%[p(xgw—z§u)]:O (2.18)
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A2.2 - Integration

The integration and solution method for the transport equations are entirely based on the
methodology by Patankar (1980), with some of the suggestions described in Van Doormaal and
Raithby (1984).

A2.2.1 - Space integration

Let us, now, focus on the integration of the transport equation for the variable ¢, taking as
reference the control volume shown in Figure A.2.

| | (i k+1) |
_T(ST______TT___ ___T?E

| | |

| |t |

| | |

| | |
G 108 v

|O 0 |P e |E

| | |

| | |

| b |

| | |

| . |

(k1)

Figure A.2 — Control volume in the computational domain.

The general equation (2.10) may be written as:

5(p¢) 2 _ 11@ i . 11@ _
JT%?[F” 1 &f}%(w e ﬁ:]_J(SC’°SS+S¢) .

The integration of the previous equation in its CV leads to:

(p9) 1 :
VI P ~(1367) (6 ~4) |- P —(1967), (40 —00) |+ (220
+[F§tﬂ_(rJgsg)t(¢r_¢P)}_[ng¢n_(F‘]gss)b(¢P_¢B) :‘](81P+SZP¢P)
or
2(pd)
3L 4T 4,-D, (¢~ ))-[F.h, D, (h— )]+ @21

[F¢-Di(¢~6)]-[Rdh—Dy(d—5) |= (S, +S,.65)
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where the source term has been explicited as a linear combination involving g, . D represents the
diffusive coefficients, respectively:

= Fy (0 xw)], R R =[p(au-xw)]

Ft = th =|:p(X§ W—Z§U):|t ; Fb = FCb =[p(X§ W_qu)]b (2.22)

D, (rJg“)e : D, :(FJg“)o : D, :(FJg33)t . D, :(FJ933)b (2.23)

In the previous expressions, the subscripts indicate the location relative to the CV centre, in the
computational domain, with the uppercase denoting neighbour nodes and the lowercase denoting
neighbour faces (cf. Figure A2.2):

E,e:-East; 0O,0:-West; T,t: -Top B,b: - Bottom

For simplicity, in equation (2.21), the subscript & and ¢ was dropped from the fluxes F (in fact,
fluxes across the eastern and western faces are always along the £direction and fluxes across the top
and bottom faces are always along the ¢ direction).

A2.2.2 - Time integration

Time integration is done using, either the First Order Backward Euler scheme:

o(pg) 1

ot Z(pP¢P _pg¢g) (2.24)

or the Second Order Backward Euler scheme:

a(pg) 1/(3 1
U008 20t e Lo | @29
The exponent 0 (like in ¢ ) refers to the previous time instant (one time instant back), while the

exponent 00 refers to 2 time instants back .

Time integration is performed adopting a fully implicit approach, i.e., it is assumed that the
values corresponding to the present time instant prevail during almost the totality of the time interval.
In the mathematical counterpart, this is equivalent to take as unit the weighting factor f in the following
equation:

t+At t+At

[pdt=[fo+(1-1) at ; f=1= [gd=ga (2.26)

For the solution of the equations, it is necessary to evaluate the values of ¢ in the CV faces (i.e.,
&, .4, .4, .4, ). These values are computed as function of both ¢, and the values in the neighbour nodes

oe 9o .91 P, according to the adopted advection scheme (to be described later on). Equation (2.21)
may, then, be written in the following standard form:
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AP = A TP t A + A0 +b (2.27)
or, in a more compact manner:

apfp = > AU, +b (2.27h)
nb

with “nb” indicating that the sum is to be performed for all the neighbouring locations.

For the First Order Backward Euler time integration:

0 40

P o
b=J|S, +—— 2.28
(1*’ AtJ 229
apzaE+aO+aT+aB+J(pZ—(fP—Szpj = apzzawﬁ\](pz‘—{fp—szp) (2.29)

For the Second Order Backward Euler time integration:
b=3]S, +=| 20040~ P4 230)
oAt 2

3 3
a, =a; +a, +aT+aB+J(ﬁpP¢P—SZPj = aF,:%aViZ+J(ﬁpP¢P—SZPj (2.31)
A2.2.3 - Advection schemes

The problem, now, is how to compute 4,,4,.4,.4, as function of ¢, 4.4, .4 .4, In Order to
obtain the coefficients a,a,,a;,ag 0f equation (2.27). Let us take, for example, ¢, , which should be
a function of ¢, and of ¢ . A simple arithmetic average is not a physically plausible solution since,
due to the presence of a flow, the property ¢, being advected, tends to assume a value closer to the

upwind value. Several advection schemes may be adopted, being the simplest one the upwind scheme.
According to this scheme, the property ¢ in the CV face takes the upwind value, i.e., for example:

F>0 = 4.=¢ (2.32)

F<0 = ¢=4¢ (A2.10b)

Upwind scheme:

a.=D,+ -F,,0 ; a,=D,+ F,,0

(2.33)
a,=D,+ -K0 ; a,=D,+ F,0

where the operator takes the largest of its arguments. Other schemes may be considered, even

involving non-neighbour nodes of P. Besides Upwind, the present code adopts the advection schemes
described in Patankar (1980), all first order accurate, and the Quick scheme, which is third-order
accurate.
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Hybrid scheme:

a; =H0.5|F,|,D,§-0.5F, ; a, =F0.5|F,|,D,5+0.5F,
(2.34)

a, =H0.5|F|,D,4-05F, ; a, =H0.5|F,|,D,+0.5F,

Power-Law scheme:
g ( o-1|a|]5§ é ( oamﬁé
a. =D,[0, 1- +0,-F ; a,=D,0,1- + 0,F,
De DO

(2.35)

g { 0.1|FI|J5§ é ( O.1|Fb|]5§
a =D, 01— |7y 0-F ; a,=D,0, 1- L OF,
D, D,

Quick scheme:

The Quick scheme is third-order accurate. EasyCFD implements the deferred correction scheme
version of Hayase (1992), which combines the first order upwind scheme (cf. Equations (2.33)) with a
third order correction, bquick, added to the source term. The corresponding mathematical formulation is
as follows:

(e

quick =

F..,0 (_¢o_2¢P+3¢E)_% ~F..0 (34, —2¢ — 3¢ )+

.0 (3¢, —2¢, — ¢ )—% ~F,,0 (~foo — 26 + 3¢ ) + (2.36)

0 (g =200 436 ) -3 —Fu0 (3. —205 ~34 )+

F,.0 (3¢B—2¢p—¢r)—% ~F0 (—os — 205 + 3¢5 ) +

O|~ Ol 0|~ |k

The Quick scheme has better accuracy than the previous schemes, resulting in low values of false
diffusion. To illustrate, consider the case of the transport for scalar ¢ subject to a steep variation in the
boundary conditions, represented in Figure A3. The flow is not aligned with the mesh and physical
diffusion is zero. The solution for the scalar plotted along the main diagonal perpendicular to the flow
direction of represented in Figure A.3. It may be observed that, when compared to the exact solution,
the Quick scheme presents better accuracy, although at the expenses of minor overshoots and
undershoots, corresponding to unbounded results. This may lead to unrealistic solutions. The same
happens with the second order upwind scheme, which formulation is presented below.

Total variation diminishing (TVD) schemes were developed to provide second-order accurate
solutions that are free or nearly-free from oscillations (cf. Vertseeg and Malalasekera, 2007, for further
information on the subject). For their formulation, the property at face f is computed assembling a
diffusive upwind part and an anti-diffusive contribution, written in the following form (cf. Figure A.4)
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P =@ +O-5W(r)(¢o _¢c) (2.37)

where y(r) if a flux limiter and r quantifies the variation of ¢.
(e —d) (2.38)
(¢D - ¢c )

The value of the upstream node can be either taken at the upstream control volume, or computed
by interpolation at a location obtained by projecting the line D-C (cf. Figure A.4). The latest option is
computationally much more expensive and is optional, being carried out only near convergence.
Different formulations for the function y(r) correspond to different schemes. The second-order

upwind scheme is obtained for y (r)=r, while the previously presented Quick scheme is obtained for
w(r)=(3+r)/4. As previously referred, the schemes are not TVD. The representation of the
function v (r) allows the identification of the TVD region, which is the region including the shaded

area and below, as depicted in Figure A.5. Second-order accurate schemes should, also, pass through
the location (1,1) in the Sweby diagram. Some of the schemes presented in Vertseeg and
Malalasekera, 2007 are available in EasyCFD, as listed in Table Al. The results obtained with these
schemes are displayed in Figure A.6. It is noticeable that, when compared with the hybrid scheme, the
TVD schemes show much less false diffusion, without the problem of undershoots and overshoots of
non-TVD schemes like Quick and second order upwind.

\\ ——— Exact
08 —— Hybrid

Quick

2nd order upwind

0.6

0.4

N

-0.2

(@) (b)

Figure A.3 — Domain and boundary conditions for false diffusion problem. (a) Solution obtained with the hybrid advection
scheme; (b) comparison between the hybrid, the Quick and the second order upwind schemes.
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Figure A.4 — Location of control volumes for computation of property at face f.

| w=2r w=r

B SUPERBEE
2 B / /( UMIST Van Leer

W | SUPERBEE L= == o — | = — Bl = 3|

[ /| fmmmimimd e e Yo i
1

» \ MIN_MOD
O L | | | | | | | | |

0 2 4 6 8

Figure A.5 — The Sweby diagram (from Vertseeg and Malalasekera, 2007)

Table Al — TVD advection schemes implemented in EasyCFD

Scheme v (r)
Min-Mod w (r)=max[0,min(L,r)]
Van Leer _ |
V/(r)_ 1+r
SUPERBEE w (r)=max[0,min(2r, 1),min(r, 2)]
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Figure A.6 — (a) Comparison between the different schemes Solution obtained with the hybrid advection scheme; (b)
comparison between the hybrid and the Quick scheme.

The values for density and diffusion coefficients at the CV faces, necessary for the evaluation of
fluxes in equation (2.20), are obtained through linear interpolation. The weighting factor is the inverse
of distance. Taking, as example, the calculation of density for evaluating the advective flux at the East
boundary of the control volume depicted in Figure A.7, we get:

P =Tt 0o +(1-1,) pe (2.39)
with
AL§e+
i — (2.40)
AL

e

The previous equation leads to the arithmetic average when the control volume face is placed
exactly midway between the neighbour nodes (i.e., when AL, = 4L, ).

For the calculation of diffusive fluxes, it is more correct to employ the following formula for the
calculation of the diffusion coefficient (Patankar 1980):

-t (2.41)

o(1-f  f
+7
I, I

In this case, if AL,,, =4L,, , the harmonic average is obtained. In the present code, both types of

interpolation for the computation of the diffusion coefficients are available.
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Figure A.7 — Control volume in the physical domain.

A2.3 - Pressure-Velocity coupling

The present code adopts the SIMPLEC algorithm (Semi-Implicit Method for Pressure-Linked
Equations - Consistent), proposed by Van Doormaal and Raithby (1984), which is based on the
original formulation SIMPLE by Patankar (1980). Due to the non-staggered mesh arrangement
(collocated mesh), The Rie-Chow interpolation procedure (Rhie and Chow, 1983), with the
modifications proposed by Majumdar (1988), also described by Shen et. al. (2003), is implemented in
the present code.

Let us consider the u momentum conservation equation (2.13). After its integration, the
evaluation of this equation leads to:

V74 24
a.u, = Zb:anbunb -2, é’_g +2, §—§p+ Seroses (2.42)

During the iterative process, velocities u” are computed from the available velocity field u™ and
pressure field p” obtained at the previous step, as follows:

ap [1+%)u’; = aU, +aEF’uLn -2, i,—g+ Z, i’—2+ S roses (2.43)
nb

where E is the under-relaxation factor proposed by Van Doormaal and Raithby (1984).

A2.4 - Velocity Correction

During the iterative process, unless convergence is reached, the velocity field u” obtained from

the solution of the momentum equations does not satisfy the continuity requirement, unless the correct
pressure field p was employed (instead of an incorrect pressure field p“). This means that, if the

correct pressure field was employed, a mass-conservative velocity field would be obtained:

ap(1+%jup=Zanbunb+a§u?—zgi—z+z§i—2+b (2.44)
nb
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Thus, the pressure field p* should be corrected by a certain amount p':
p=p*+p’ (2.45)
and, similarly, for the velocity field:
Up = Up +Up (2.46)

Subtracting equation (2.44) from equation (2.43) and taking into account equations (2.45) and
(2.46), one obtains:

1) . : 0
a, (1+E)up =>a,u, -7, 52 +2, 72 (2.47)
nb

The combination of equations (2.46) and (2.47) with the continuity equation would allow us to
get an equation for the pressure correction p'. In this case, however, each p' value would remain

connected to the p' values in the entire domain, due to the term Zanbu'nb in the previous equation.
nb

As a workaround, the SIMPLE algorithm proposes to drop this term in equation (2.47):

S
a [ ju _Zanbunb g Z, 52 (2.48)

A better proposal, which constitutes the keystone of the SIMPLEC algorithm, consists on the

subtraction of the term Zanbu'p to both sides of the equation:
nb

{ap(hé)—%am}u;:z% U, _24%2+Z§i’_? (2.49)
or, for simplicity:
.U, =-2, i}—?+ Z. 0;—2 (2.50)
where:
a4 =a, [1+%)—Zamb (2.51)
b

being, in this case, dropped the term indicated in equation (2.49). This is a more Consistent
approximation that the SIMPLE proposal, as u, will be close to its neighbours. The equations for the

velocity correction are obtained through the pressure correction field, recurring to the previous
equation:
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u, =—Z—5—g+ e 5—2 (2.52)

8 & &
leading to:
Up =U, _E_ﬁ_p+f_§§_p (2.53)
a, & a, a&
and, for the w component:
W, =_§§_p'+>~<_§_p' (2.54)
a, o a,
leading to
W, =W, +X_45_p_§ﬁ_p (2.55)

A2.5 - The Pressure Correction Equation

As previously stated, the objective of the pressure correction is to produce a pressure field such
that the solution of the momentum equations is a mass-conservative velocity field. Consequently, the
equations for solving the p’ field must be obtained from the continuity equation. The discretized form
of this equation is obtained directly from the integration of equation (1.5):

202 PEp(an-xm)] [p(-x)] +[p(sw-2)] [p(sw-za)] =0 o9

As one may see, velocities are, now, needed at the control volume faces. Taking equation (2.53),
at the “e “ and “0” faces and (2.55) at the “t” and “b” faces, substituting into equation (2.56) and
rearranging the terms leads to:

f— O I ‘ ' '
‘]pPAtpP+Fe*_Fo*+Ft*_Fb*_[pg33 é’pj +(p933 é’pj _(pgll apj +(p911 apj +
e 0 t b

a& a a& a a4 O a O
' | P ? P Ig P 4’ P é’ (257)
(pgm op ] _(pgls op J +(p913 p j _[,0913 op J 0
& a4 ) \& &) & &) & &)
The terms g, are the covariant metric relations, defined as:
g, =X."+2,°=9%J° (2.58)
Oss = X, +2,°=g"J" (2.59)
Oys = X:X, +2,2, =—g~J? (2.60)
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The derivatives are evaluated as (cf. Figure A2.2):

ﬁ_p':._._ﬁ_p':._._o”_plz._._ﬁ_p':._. 261
[é’fl pE pP’(Of)gjo pP pO’(O,Z’,]t pT pP,[O’z/jb pP pB ( )

and
0’) l . \ , , 0»-) ' I I ' '
(é’_f?l =0.25( Pe + Pre = Po — pTO) ; (a—gl =O.25( Pe + Pee — Po — pBO)
é’ I . \ , ) é’ ' ' ' I '
(é’—?l =O.25( Pr+Pre —Ps— pae) ; (O”_zjo :0.25( Pr + Pro — Pg — pBO) (2.62)

Introducing the discretisation expressed by equations (2.62) and (2.61) into equation (2.57),
allows us to obtain the pressure correction equation:

apPp =g Pg +3o Py +a; P; +a5Pg +b (2.63)

where

o RO (e RS (e S (e RS

ap =ag +ay +a; +ag (2.65)

0_
b:J%—FewFO*—FﬁF;—

. . . , 2.66
( 01 5p]+( 0 5DJ_( 0 ﬁp}( 0 ﬁ_p] .
<§‘P/p> 29 . <E~1P/p> 24 o <€1P/p> % ; <5‘P/p> 29 b

The ( ) symbol denotes a linear interpolation from the control volume centre (where the

momentum equations are defined) to the control volume faces (where the fluxes for the continuity
equations are needed).

The pressure correction field p’ obtained from the solution of equation (2.63) is employed for
correcting the pressure through equation (2.45) and velocity through equations (2.53) and (2.55). Note
that, since these equations are defined at the control volume centre, p’ derivatives are evaluated as:

ap ) _ oy [P _os(p b 2.67
[afjp 05(pe o) (ac:l o5(p ) o

One may note that pressure values at the control volume centre are not included in the evaluation
of these derivatives (the same applies for the pressure derivatives in the momentum equations (2.15)
and (2.16)). This may lead to the well know checkerboard pattern for the pressure field. To avoid this
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effect, the Chie-Row interpolation method proposes that the mass fluxes, to be evaluated at the control
volume interfaces for all the transport equations (Fe, Fo, Ft and Fy, in (2.21)), be corrected using the
pressure correction p’ field (instead of being computed from the corrected control volume centre
velocities). The correction equations for fluxes are obtained for the correction equations for velocities:

.|/ p op op
F. =F_ —-|{— — -0y —
eo €0 {< ép >[g33 o¢ 013 o; j]eo (2.68)
< p op op
Ft,b = Ft,b |:<~_>{911 — 053 J:| (2.69)
ap o¢ o0& b

The “starred” fluxes F~ at the control volume interfaces are obtained by interpolating the
momentum equation. The keystone of the method is that the pressure gradient is not interpolated, but,
instead, it is obtained directly from the pressure at contiguous control volume centres. Taking equation
(2.43), evaluated in terms of fluxes, one may write:

* m = P ap ap
F.=(1+E)F" +F +(* — O 2.10
oo =(LHE)RL+F, <ap>e’o(933 oe U aélp (270)
. - op op
R, =(1+E)FT+F +<~£> [g —-g —j (2.71)
th th th a N 11 8§ 13 55 5

Theterms F,, and F,, represent the fluxes:
FE,O = Zé’ <pu>e,o _X§ <pw>e,o (272)
Fip =X, (PW),, =2, (pl),, (2.73)

where the revised velocities 4 and w are obtained from the momentum equations as follows:

a,,u., +o

1_ z nb~"nb

éPUP:ZanbUnb+%—z/%+z/%+b :>l]p:“ba— (2.74)
nb o P

(1_a) Of) Of‘) za‘nbwnb_{_b
W W+ X, - X +h > W, =2 — (2.75)
™ a ¢ o N

Note that the source term b includes all the contributions (e.g. transient term, cross derivatives
and buoyancy (for the w velocity component)), except the under-relaxation and pressure gradient.
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A3 - Boundary Conditions

A3.1 - The p’ Equation

When the local flow velocity is known, such as in the case of solid boundaries or inlets and
outlets with imposed velocity, mass flow rate or volume flow rate, there should be no velocity
correction with the p’ values. Consequently, the corresponding coefficient in the p’ equation should be
zero, which is equivalent to impose a null gradient for this variable.

A3.2 - Pressure Values

The pressure field is initialized with null values. The pressure field in the final solution is
established by the pressure corrections that took place during the iterative process. In fact, the velocity
field is conditioned by pressure gradients and not by pressure itself. The pressure at a certain location
has not, from this standpoint, a direct physical interpretation. Nevertheless, the overall pressure level
can be imposed by properly specifying a reference pressure at a certain location (cf. B1.5.5).The
velocity field at the outlet is computed based on a global mass balance. There is no need to correct the
outlet velocities and, consequently, the corresponding coefficients in the pressure correction equation
are zero. The pressure field excludes the hydrostatic gradient due to p,; (cf. equation (1.51)). The total

pressure p,,., I.e., pressure that includes the hydrostatic term, is obtained as:

Pot = P— Pres 92 (3.1)

A3.3 - Momentum

A3.3.1 - Outlet boundaries and symmetry boundaries

A parabolic condition is assigned to the outlet boundaries, by imposing a null coefficient in the
transport equations. A similar condition is applied at symmetry boundaries

A3.3.2 - Walls

Solid boundaries (walls) have a non-slip condition, i.e., the fluid in contact with the wall acquires
its velocity. Furthermore, a wall is always impervious to the flow and, consequently, the velocity
component perpendicular to it is zero. Thus, the momentum flux into the wall, for the CV adjacent to
it, is entirely composed by the diffusive part and is given, per unit area, by the expressions (1.29) and
(1.30). Let us now take, for example, a CV adjacent to a wall, as depicted in Figure A.8. In terms of the
discretized equation and using equations (2.21) and (2.27), it is not difficult to verify that the flux into
the wall is given by ag (¢, — ¢ ). In this example, since there is no control volume for the velocity
below the wall (there is no ¢ ), the more efficient manner to impose the flux is through the source

term (an alternative would be to use fictitious nodes). Following this approach, the corresponding
coefficient is set to zero, i.e.:

ag =0 (3.2)

EasyCFD - 31



and the source term S, + S, ¢, is given by:

. - U . U
<11.63 orlaminar flow S, =A4AL, —u, ; S, =-AL, — 3.3
y = 1 14“_2 0 2 14"_2 ( )
C 0.25 k C 0.25 k
y'>1163 = S, :AQ% U, S, =—AL 2 *ZI (3.4)
In(E y*) In(E y*)

where u, is the wall velocity.

L st s,

Figure A.8 — Control volume in the computational domain, at the neighbourhood of a wall.

Note 1: the previous equations illustrate contributions to the source term from the imposition of
boundary conditions. Further to these, the source term may include other contributions such as, for
example, those from subrelaxation.

Note 2: The shown example is for the k-& model. Treatment for SST k-& model follows a similar
approach, adapted for the corresponding equations.

A3.4 - Energy

A3.4.1 - Outlet boundaries and symmetry boundaries
In these boundaries, a null gradient condition is imposed, by setting to zero the corresponding
coefficients in the transport equations.

A3.4.2 - Walls

Imposed Flux
Is this case, the heat flux that enters the domain is known. The boundary condition is imposed
through the source term. Taking as example the control volume depicted in Figure A.8, we have:
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a, =0 (3.5)
S, =AL H, (3.6)
where H, is the heat flux [W/m?] (positive if entering the domain).

Imposed Temperature

Generically, the imposition of a certain value ¢

imp

in a CV may be done with the source term,
through the following formulation:

5, =10%¢_ ; S,=-10% 3.7)

mp

If we consider the general equation:

(Zb:anb - SZ]¢P = Zbanb o TS (3.8)

we can easily conclude that it leads to the desired value for ¢, :

20
Zanb nb + 10 ¢imp
nb

> a, +10%
nb

¢P = b ¢|mp (39)

Denoting by To the imposed wall temperature and referring to Figure A.8, the wall functions
(1.35) and (1.36) lead to:

a5 =0 (3.10)
C C
y <12 = S =AlL P T, S, =AL" (3.11)
Pr AL, Pr AL,
¢, C 0% Jk ¢ C 0%k
y'>12 = S =AL ’ZP Sk T, ; S, =4l ’ip Lk (3.12)
Pr{ln(E*y*)+P*} Pr{ln(E*y*)+P’1
x X

A3.5 - Turbulence Kinetic Energy and Dissipation Rate (k-¢ model)

Note: Treatment for SST k-& model follows an approach similar to the one described next,
adapted for the corresponding equations.
A3.5.1 - Outlet boundaries and symmetry boundaries

In these boundaries, a null gradient condition is imposed, by setting to zero the corresponding
coefficients in the transport equation.
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A3.5.2 - Walls

Turbulence kinetic energy
As stated in section A1.7.3, the turbulence kinetic energy flux is set to zero in the direction
perpendicular to the wall. Thus, referring to the CV depicted in Figure A.8:
ag =0 (3.13)

The source term for k also includes the terms P, pe and G; (cf. equation (1.23)) and, in the CV

neighbour to the wall, equations (1.31) to (1.33) are employed. The implementation in the source term
is made as follows:

(Gr - pe)
k

If G, >0 = S, =J(P+G,) ; SZ:—J% (3.15)

If G, <0 = S,=JP, ; S,=1J (3.14)

Negative terms are no included in Sy, in order to prevent k from becoming negative.

Dissipation rate of turbulence kinetic energy
In the CV adjacent to the wall, the dissipation rate is evaluated by the equation (1.34),
implemented in the source term:

s, =10%¢, ; S,=-10% (3.16)

For the remaining control volumes (not adjacent to the wall), the different source terms in
equation (1.24) are included in S; or in S depending on whether they are positive or negative,
respectively (for more details on the linearization of the source term, please cf. Patankar, 1980)

A3.6 — Other Scalars

Other scalars include passive scalars and the concentration of the secondary fluid in multi-
component fluid flow.

A3.6.1 - Outlet boundaries and symmetry boundaries

In these boundaries, a null gradient condition is imposed, by setting to zero the corresponding
coefficients in the transport equations.

A3.6.2 - Walls

Other scalars are treated similarly as for energy, with the Prandtl number Pr replaced by the
Schmidt number, Sc.
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A4 - Solution of the equations

The solution of the equations previously described (equations for u, w, p’, T, k, and &) is carried
out with an iterative procedure based on the TDMA (TriDiagonal Matrix Algorithm), which is
described in detail in Patankar (1980). Basically, instead of sweeping the mesh node by node, this
algorithm solves line by line. In the present code, alternated line sweeps are made for the two
directions. For accelerating the converge rate, two relaxation factors (described next) are applied.

A4.1 - Relaxation of the Equations Solution

The solution of the equation is sub- or overrelaxed in the following manner:
¢ = f¢computed +(1_ f )¢previous (4-1)

Values of f lower than unit lead to subrelaxation, while values greater than unit overrelax the
solution process. In the present code, the value f =1.1 is employed for the transport equations, while,

for the pressure correction equation, the Point Successive Over Relaxation method (PSOR; cf. Ehrlich
(1979) is employed.

A4.2 - Criterion for Stopping the Solution of the p *~ Equations

The transport equations for u, w, T, k and & are easy to solve and do not need special care. For
these equations, the user simply specifies a fixed number of cycles (iterations) for their solution. The
p’ equations, on the other hand, may be quite difficult to solve and require a number of cycles that
cannot be predicted in advance. Furthermore, it should be ensured that the p’ field is sufficiently
converged before correcting the velocities, as the mass conservation for the velocity field depends on
it. Van Doormaal and Raithby (1985) propose a stopping criterion which is based on the Euclidian
norm of the residuals. This norm is defined as follows, for iteration n:

all nb

7] = \/Z(Z a, Py, +h—a, p'pj 4.2)

where the summation of the residual squares is performed for the entire domain (all). The criterion
establishes that the p’ equations are sufficiently converged if the following condition is satisfied:

Ve = M <Y rmax (4.3)
A

where y, is the normalized Euclidian residual and y, ., is its maximum allowed value (y,,,., =0.1,

by default, in the present code). This criterion works rather well, though in some occasions it
underpredicts the necessary number of cycles, especially at the beginning of the SIMPLEC iterative
procedure. It is recommended the number of cycles to be no less than 20.
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A4.3 - Convergence Criteria

The whole flow field calculation is considered to be converged when all the normalized residuals
are lower that a predefined value R

conv *

R,,R,,R R ,R,R <R (4.4)

w? ‘m? k1" Ye conv

A4.3.1 - Normalized residual for the mass conservation equation

After solving the momentum equations (cf. SIMPLEC sequence in section A4.4), the total
normalized residual of equation (1.29) is computed as follows:
Po—Ps _

] _;‘J T [p(zgu—xgw)]e+[p(zgu—xgw)]o—[p(xgw—zgu)l+[p(x§w—z§u)]b‘ .

" 2 Fa

all

The summation of the absolute value of the mass residuals is thus normalized with the
summation of all mass fluxes F,, entering the control volumes.

A4.3.2 - Normalized residual for the transport equations

The total normalized residual for the transport equations (cf. equation (2.27)) of ¢ (
$=u,w,T k,e) is determined as follows:

s _Zanbunb +b|J

”b 1Y 4.6
all a (¢max _¢min) ; ( )

where (4., —#min ) Quantifies the amplitude of the variable ¢ in the calculation domain.

A4.4 - The SIMPLEC Algorithm
The main steps of the SIMPLEC algorithm are described next. Note that,
1 — Initialisation of variables.

2 — Calculation of coefficients and source terms for the momentum equations. Calculation of
residuals.

3 — Solution of the momentum equations.

4 — Calculation of coefficients and source terms for the p’ equations. Calculation of residuals.
5 — Solution of the p’ equations.

6 — Correction of the velocity field.

7 — Correction of the pressure field.
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8 — Calculation of coefficients and source terms for the energy (T), secondary fluid
concentration (¢,,) and turbulence (k and &) equations. Calculation of residuals.

9 — Solution of energy, secondary fluid concentration and turbulence equations.
10 —Checking of convergence criteria and return to point 2 if convergence is not achieved.
11 —Calculation of coefficients and source terms for passive scalar transport

12 —Solution of passive scalars equations.
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A5 - Mesh Generation

The quality of the flow solution is greatly dependent on the mesh characteristics. The major
requirements for a good mesh are:

o Higher resolution (i.e., higher nodes concentration) in regions where the flow characteristics
are expected present higher gradients: these regions are, typically, near solid walls (the flow
velocity at the wall is equal to the wall velocity and, thus, a boundary layer is created), and,
especially, near solid boundaries with curvature and where recirculation regions are
expected to be present.

o Smoothness. The mesh spacing should change gradually, to reduce discretisation errors.

o Low degree of skewness. The higher the skewness, the larger the discretisation errors.
Ideally, the angle of intersection of mesh lines should be close to 90°, though in most cases
this is not possible.

Two types of quadrilateral meshes are available within EasyCFD: structured meshes and
unstructured meshes.

Structured meshes allow more control on the final result, but are more complex to setup and may
be difficult to proper setup in complex geometries.

Unstructured meshes are easier to setup, but the user has less control. For instance, for a
symmetric geometry, the final mesh will be, more likely, non-symmetric mesh.

Both types of mesh compute the position of inner nodes starting from the 1D domain boundary
nodes, which are generated as described next.

A5.1 - 1D algebraic mesh generation on the domain boundaries

The calculation of the mesh nodes distribution on the boundaries (geometric elements defined in
the drawing stage) is carried out using an algebraic method. Let’s consider, for simplicity, a line
segment (for an arc geometric element, the method is analogous). Given the total number of mesh
nodes in the element and the mesh spacings AL, and AL, (cf. Figure A.9) in the element edges, the

problem is to find the mesh distribution along the whole element.

*L, L,
[c,
i=1 =2 i=ntot-1 i=ntot

YL

Figure A.9 — Mesh generated using the Laplace system (i.e., without control functions).

Let’s suppose that the line segment length is AL=2.5m and the total number of nodes is
ntot = 26 . If a uniform mesh spacing is considered, AL, = AL, =0.1m. If the imposed value for AL,
and/or AL, is not 0.1 m, the mesh spacing distribution will be non-uniform. To exemplify, let’s
consider AL, =0.025m and AL, =0.05m. The solution method is as follows:
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1. A first solution (solution A) for the mesh distribution is computed so as to satisfy the
imposed AL, value, using a constant expansion factor (i.e., a constant value for the ratio

between two consecutive mesh spacings). Figure A.10 shows the obtained solution. Note
that the imposed AL, value is not satisfied in this solution.

2. A similar procedure is followed to compute a second solution (solution B) that satisfies the
imposed AL, value (cf. Figure A.11). Note that the imposed AL, value is not satisfied.

3. The final solution, satisfying both AL, and AL, imposed values is obtained by properly
combining both solutions, as follows:

% =(1-f)x,+fxg ; 3<i<ntot-1 (5.1)

The weighting factor f is given by:

. _ntot f{zﬂ} .

2 ' ntot — 3
) (5.2)
tot—1—i
L PlU SO | P
2 ntot —3

The exponent c in the previous equation (Decay, in section B1.3.2) controls how f changes across

the element. Figure A.17 displays the weighting factor for different values of the exponent c.

LR R R * + + * L * * * * * + * * *

Figure A.10 — Solution A: 1D mesh for a constant expansion factor, satisfying the imposed AL, value.

L) L) L] * L] L L L] L] L L) L N D e e D T e e I

Figure A.11 — Solution B: 1D mesh for a constant expansion factor, satisfying the imposed AL, value.

0.6

0.4 -

0.2

@) (b) (©
Figure A.12 — Weighting factor f along the geometric element. (a) c =0.3; (a) c=1; (a) ¢ = 5;

Figure A.13 and Figure A.14 show the final result for two different values of the exponent c.

L LB L] L] L * L] * L L] L] L

Figure A.13 — Final 1D mesh distribution in a line segment. A: ¢=5; AL, =0.025m; AL, =0.05m.
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L I B N * L] L] * * L] * * L] * L] * * * * * L] LI A |

Figure A.14 — Final 1D mesh distribution in a line segment. A: c=1; AL, =0.025m; AL, =0.05m.

In these two examples, the mesh size increases from both edges of the line segment into the

middle region. Of course, the final result depends on the segment length, total number of mesh nodes
and mesh spacings AL, and AL,. Figure A.17 and Figure A.18 represent an example where the mesh

spacing is contracting towards the segment middle.

L] L] L L] L] L L B B B L L] L] L) L] L]

Figure A.15 — Final 1D mesh distribution in a line segment. A: ¢=0.3; AL, =0.3m; AL, =0.3m.

- L] * * L] * LI I L L L * L] * * L] -

Figure A.16 — Final 1D mesh distribution in a line segment. A: ¢=0.8; AL, =0.3m; AL, =0.3m.

A5.2 - 2D numerical generation of structured mesh in the inner domain

Numerical generation of structured meshes represents a good and practical method to achieve
some of the characteristics described previously. The numerical procedure implemented in EasyCFD
closely follows the method described in Steger and Sorenson (1979) and Thomas and Middlecoff

(1979).

Mesh generation is a procedure for the calculation of the Cartesian coordinates (x, z) of each
mesh node, i.e., a process of finding a relationship between computational coordinates (&, &) and
Cartesian coordinates (X, z). Numerical mesh generation using Laplace differential equations (and
Poisson differential equations) is mostly used due to the associated smoothness of the meshes
produced by these methods. The Laplace system has the following formulation:

2 2
re L o,
OX 0z

624“ 624”

(5.3).a

or

§XX + 522 = O

Covl =0 (9.3).b

This equation system states, in fact, that the x and z coordinates of a mesh node is given as the
arithmetic average of the x and z coordinates of its neighbour nodes. Figure A.17 shows a mesh
generated with the Laplace system. The boundary nodes distribution is given as input and the inner
nodes distribution is computed with the differential equations (5.3). Due to its averaging
characteristics, the Laplace system tends to produce an equally nodes distribution inside the domain.
The non-uniform nodes distribution in regions 1 and 2 of Figure A.17 is lost inside the domain (which
may be a disadvantage) and the nodes clustering at the lower boundary is non-uniform, i.e., the
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distance of the first computed £ line to the lower boundary is increased in convex regions (like region
3) and decrease in concave regions (like region 4).

The remedy to these problems is to use control functions. The Poisson system, which
incorporates control functions, is:

§XX+ ZZ:PCJFPt

(5.4)

gXX +§ZZ = QC +Q’[

In this set of Poisson equations, the terms P, Q. are forcing terms which allow the control of the

mesh lines clustering near the boundaries (to avoid the effects shown in regions 3 and 4 of Figure

A.17). In turn, Py, Q: are forcing terms to transmit the mesh spacing into the interior of the domain (to
allow the nodes spacing of regions 1 and 2, in Figure A6.1, to be felt in the inner domain)

TS
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Figure A.17 — Mesh generated using the Laplace system (i.e., without control functions).

Since the unknowns in equations (5.4) are the Cartesian coordinates, the solution of these
equations must be carried out in the computational domain. For that purpose, the dependent and
independent variables are interchanged, yielding:

00X _2912X5; 0 X, = -J? I:(Pc + R)Xg +(Qc +Qt)X§]

) (5.5)
95Z:: — Zglzzgg 032, = -J I:( Pc + Pt ) Z: +(Qc "’Qt)zg:'

where the covariant metric relations g; are as defined by equations (2.58) to (2.60) and the Jacobian J
is as defined by equation (2.3).

A5.2.1 - Control functions: Clustering and orthogonality at boundaries
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Steger and Sorenson (1979) proposed, for two dimensions, an efficient method for,

simultaneously, achieve orthogonality and a pre-specified mesh clustering (normal distance to a
boundary) near the boundaries.

Let’s assume that clustering and orthogonality is to be controlled near the lower boundary
defined by a £ line?, as depicted in Figure A.18. This boundary is characterized by ¢'= ¢. The forcing
terms (or control functions) Pc and Q. assume values Pc1 and Qc: at this boundary and an exponential
decay is considered into the inner domain, as given by the following equations:

=P, e (5.6)

Q. =Q, e (5.7)

where a, b are decay factors which control how far and with which intensity the control function
effects are felt in the inner domain.

O
O T EA T O
st
ii'.ﬁ!glﬁhl“"‘“\“‘\

-‘ “ &line: {=¢

Figure A.18 — Definition of the lower boundary = &.

To compute Pc1and Qc1, equations(5.5) are evaluated at § = ¢, yielding the following set:

p. :[zgRl—ngzj
J ¢=

(5.8)
0. :[—zgRl + ngzj
J =6,

with:

2 £lines are defined as lines along which the computational coordinate & varies. They are characterized by a constant value
of the £'computational coordinate. A similar reasoning applies to £’lines.
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R | _92% —205,X + 90Xy,
l J? ¢=¢,
1 (5.9)

R — [_ 202z = 29102 + Quly; J
2 2
J ¢=¢,

Note that, in this derivation, control functions P and Q: were set to zero.

In the previous equations (5.8) and (5.9), all the derivatives in & are known, since the location (x
and z coordinates) of the mesh nodes on the boundary ¢; is specified as imposed condition.

The derivatives in ¢ are computed as a function of the (imposed) distance As of the first mesh
nodes ¢ =¢, to the surface ¢ =¢; (clustering distance). It may be proven that, based on the

orthogonality condition, the following relations (which include derivatives solely with respect to &
direction) apply:

—7 —Z
X =As| — =8| =——
( 4);:{1 \/gill ‘¢, \/@ ¢=¢
(5.10)
X X
. =As| ——=— =8s| ——| s
( g)é“:ﬁ \/gill ¢=¢ W g=¢1

Evaluation of the second derivatives with respect to ¢, at { =¢;, in equations (5.9), is made
using a one-sided second order discretisation, as follows:

_7x +8% —
(X§§ )4:4‘1 - ( K +2 Lo j_ 3(X§ );:gl

-7 87 —
(244)¢—¢1=( ZlJFZZZ Zgj_3(24)¢—¢1

where the subscript 1, 2, 3 indicates the position of the mesh node relative to the boundary, along the
¢ line.

(5.11)

The equations derived previously allow the determination of the forcing terms Pc, and Q¢ as a
function of the imposed clustering distance As.

Coefficient b, in equation (5.7), controls the attraction of the & lines (clustering) into the
boundary (cf. Figure A.19)

Coefficient a, in equation (5.6), determines how deep inside the computational domain the
orthogonality condition is transmitted (cf. Figure A.20).
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Figure A.19 — Effect of the value for the b clustering decay factor. (a) b
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12

=0.1;(b) a

Figure A.20 — Effect of the value for the a orthogonality decay factor. (a) a

Similar equations are considered for imposition of the mesh clustering at other boundaries (top,

east and west, in the computational domain).

A5.2.2 - Control functions: Transmission of the mesh spacing into the interior of the domain

Transmission of the boundary mesh spacing into the inner domain is accomplished with the
control functions proposed by Thomas and Middlecoff (1979). The terms Py and Qq, in equations (5.4)

and (5.5) have the following formulation:

(5.12)

92 ¢

P=

(5.13)

where

(5.14)
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] = (5.15)
X: +2

The term ¢, responsible for the transmission of the ¢ lines spacing, is directly evaluated at two
opposite boundaries (location pairs like 1 and 2 in Figure A.21). The corresponding values inside the
domain are obtained through a linear interpolation. A similar procedure is followed for the term o,
responsible for the transmission of the & lines spacing. The remaining terms, necessary for the
computations of Pt and Q, are evaluated directly in each inner node.

Figure 6.4 shows the effect of these control functions. In these meshes, Steger and Sorenson
control functions for mesh clustering and orthogonality were also employed.

@ (b)

Figure A.21 — Effect of the transmission of the mesh spacing into the inner domain (orthogonality and mesh clustering is
also activated). (a) without transmission; (b) with transmission.

A5.2.3 - Solution of the equations

For their solution, equations (5.5) are cast in the following form:

ApXp = A Xg +ag Xy + 8 X +35X +D,

(5.16)
ApZp =8pZp + 852y +8;Z; +85Z5 +D,
where:
aE:(gZZ)E ; ao:(gzz)o ; aT:(gll)T ; aB:(gll)B (5.17)
b =2g,X%., —J*| (P.+P)x. +(Q, +Q)x
LA [( t) £ ( t) 4] (5.18)

b, =29,z ~3*[(P.+R)z. +(Q. +Q)z]

In these equations, second derivatives are evaluated using central differences. First derivatives
are evaluated using forward or backward differences, depending on the sign of the corresponding
coefficient. Solution of these equations is carried out using a Point Successive Over Relaxation method
(PSOR), where optimum relaxation parameter is computed at every node in the mesh following the
procedure proposed by Ehrlich (1979). Control functions are introduced only after a given number of
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iterations defined by the user (cf. section B1.3.8). Steger and Sorenson control functions need heavy
under-relaxation at the beginning of the iterative process. The under-relaxation factor starts at zero
(total under-relaxation) and then is allowed to increase gradually (lesser under-relaxation) following an
exponential-type law.

A5.3 - 2D numerical generation of unstructured mesh in the inner
domain

The unstructured mesh generation method (called Paving Method) implemented in EasyCFD
closely follows the proposal described in detail in Blaker and Stephenson (1991). Only a brief
overview of the procedure is given here. Please refer to Blaker and Stephenson (1991) for details.

Nodes coordinates are computed starting from the boundary nodes distribution, already
computed as described in A5.1. Thus, a paving row (row of nodes which is being computed) starts
from a boundary row (row which lies in a geometric boundary), by adding nodes to the previous row
(Figure A.22). The process continues until the whole domain is filled (Figure A.23).

Boundary rows

LY J T IJTT T T T 7T 7T o7

L —

Figure A.22 — This geometry is composed by two boundary rows, corresponding to the envelope and an inner block.
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Figure A.23 — Paving process.

A5.3.1 - Row projection

Each row is generated by projecting each node from the previous row by an appropriate distance
(projecting distance), in the appropriate direction. Depending on the local characteristic angle of the
previous row, four types of projection may exist: end, side, corner and reversal.

Row end projection

In this case, each node in the previous row generates a single node in the new row. One new
control volume (also called, in this context, a new element) is thus generated. Three nodes in the
previous row are used for the new element. This type of projection is applied for values of angle & (cf.
Figure A.24) in the range:

0 <180° -0, (5.19)

/

0

k

%__

Figure A.24 — Row end projection.
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Row side projection

In this case, each node in the previous row generates a single node in the new row, corresponding
to the generation of one new element. Only two nodes in the previous row are used for the new
element. This type of projection is used for values of angle @ (cf. Figure A.25) in the range:

180° -0, <0 <180° + o, (5.20)

-0

Figure A.25 — Row side projection.

Row corner projection

In this case, each node in the previous row generates three nodes in the new row, corresponding
to two new elements. This type of projection is used for values of angle @ (cf. Figure A.26) in the
range:

180" + o, < 6 <360° — o, (5.21)

Figure A.26 — Row corner projection.

Row reversal projection

In this case, each node in the previous row generates four nodes in the new row, corresponding to
three new elements. This type of projection is used for values of angle & (cf. Figure A.27) in the
range:

360° — o, < 6 < 360° (5.22)
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Figure A.27 — Row reversal projection.

Default values are o,=55"; o0,=60"; o,=50°. By changing these values (cf. section

B1.4.3), different types of row projections can be achieved for the same feature. Some examples are

given below.

(b)

(a)
Figure A.28 — Feature mapped as: (a) row end; o, = 55"; (b) row side; o, =60°.

(b)

Figure A.29 — Feature mapped as: (a) row side; o, =60"; (b) row corner; o, =50°.

(@)

Figure A.30 — Feature mapped as: (a) row corner; o, =60°; (b) row reversal; o, =60°.
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A5.3.2 - Seaming of rows

Seaming of a row is the process of closing a crack that may form in the paving row. A crack
occurs when the paving row angle is very small (or even negative). During this process, two nodes are
combined into a single one, resulting in an increased paving row angle (cf. Figure A.31).

Figure A.31 — Seaming process for a small paving row angle.

A5.3.3 - Intersection of two rows

When two rows intersect, the intersection point is computed and the closest nodes in each row
are combined to form a single node. The remaining row is seamed, leading to a single row. Figure
A.32 and Figure A.33 illustrate the process.

Ab5.3.4 - Self intersection of a row

When a row self intersects, the intersection point is computed and the closest nodes are combined
into a single one. The row is then seamed, generating two different rows. This is illustrated in Figure
A.34.

Figure A.32 — Intersection of two rows: general view.
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Figure A.34 — Self intersection of a row.

Ab5.3.5 - Control of mesh size

Mesh size should be kept between specified values. In what concerns projection distance, this is
done directly through the assignment of the projection value. Projection value starts at the clustering
distance (cf. B1.4.2) and is progressively increased as rows are build, through a constant expanding
factor (cf. B1.4.2), up to the specified maximum for the inner mesh size (cf. B1.4.1).

Distances parallel to row direction are kept within certain limits through the insertion of tucks
and wedges, as described next.
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Minimum mesh spacing

Control of the minimum mesh spacing is especially important for concave boundaries, where
mesh spacing tends to decrease as new rows are built. This is achieved through the insertion of tucks.
Basically, inserting a tuck consists in combining two elements into a single one, as depicted in Figure
A.35.

.
‘::::‘ o
"‘““‘“ i
3 3‘3“%‘33““\“‘“
@ SRR
(b)

Figure A.35 — Controlling the minimum mesh size through the insertion of tucks; (a) without tucks; (a) with tucks.
Maximum mesh spacing

Control of the maximum mesh spacing is especially important for convex boundaries, where
mesh spacing tends to increase as new rows are built. This is achieved through the insertion of wedges.
Inserting a wedge consists in inserting a new element at a certain location, as depicted in Figure A.36.
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Figure A.36 — Controlling the maximum mesh size through the insertion of wedges; (a) without wedges; (b) with wedges.
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B- Working with EasyCFD

Working with a problem goes through three major stages to be accomplished sequentially:
o Problem Definition
o Solver
o Post-Processing

Each of these stages is described next. In the following exposition, references to objects of the
graphical interface are made using the italic.
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B1l - Problem Definition

B1.1 - Brief Description of the Interface

Figure B.1 represents the graphical interface for the Problem

Definition. Several spatial regions (Spaces) are identified, for easier
reference in the remaining text. The working stage is selected in Space 1. Each of these stages can only

be selected if the precedent stage was already completed.

Froblem Definition l Salver ] F'ust-F‘rocessing]

## - [EasyCFD_G - Problem Definition: El-.i-
| Project Ex@ - 8
2 <[ Problem Definition | Solver Y Fosfuomm> | < Fluid - Air | SteadyState, Laminaisothermal | 2D 9
1 @w = Mesh (" Physice (" Boundary conditions [ Calcula@s  Initislisation x@:lﬂ}”?ﬁ dx = dz =

— Geometry

D Axizprmetric j 4
Dirawing ransforml Coni ctionsl J +
= Grid
il / -!' i // V¥ Snap
1 ¥ Show
fr.l(i G "?l&\l Size:
&l

Diizplay
Alc
r centerz
zfer | [ Nodes
Block Elm. Type Length Incl. Arcingle
1] 1 Segm. B2 i}
] 1] 2 Segm. 4.2 90.0
0 3 Segm. 5.2 1800
0 4 Seam 42 270.0
1 1 Ao 04442883 900
1 2 Al 04442803 2700
1 3 Ao 04442883 900 3
W 1 4 Ao 04442883 900
. C:\Program Files\E azyCFD_GE 2ample

Define first point for line segment

.

k 2 [m] )

Figure B.1 — Graphical interface for the Problem Definition.

A new problem (Project)
can be started by clicking Project

-
Project | Exit Help

— New (this will erase any loaded i
. . Load
project). If there is no loaded Lond Reeulte
Project, you can simply choose o
Save As to assign a name to the sovehs
current Project Run Bateh
Import Geomnetry 3
When creating a Project, it Export Results ,
will be saved in a folder with a Recent Projects >

47 Choose path and name for the project

Uik Igc:

Folder :

([ Adobe
[3IDE
([ IndiceRemissivo
([ Instalacoes

_CI LMiranda

Mew Folder : IEgampleCase

Selected folder : C:\EzampleCase

Project name : ExampleCasze

aK | Cancel

name similar to the project’s name. If the does not
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exist, a new one is automatically created. The following files are created in the project folder (taking,

as example, the name ExampleCase):

o ExampleCase.def: file containing all the necessary information for the solver.

o ExampleCaseST.res or ExampleCaseTR.Res: file with the calculation results, for steady-
state and for transient problems, respectively. This file, along with the ExampleCase.def file,
contains all the necessary information for the post-processing of the results.

For transient problems, intermediate results are stored in the folder Trans, in files named Trl.res,

Tr2.res, etc.

Other files and folders created during the Post-Processing are described in sections B3.9 and

B3.10.

To load a previous Project, choose Load, or Recent Projects
for a list of the 6 most recent projects.

The loaded project name is displayed in Space 3 (cf. Figure
B.1).

After loading a project, you may also load previously
computed results, either to post-process them or, for example, to
start or continue a transient simulation from the present results

@A - [EasyCFD_G - Problem Deﬁnition]-- —

Project | Exit Help

Mew
Load

Load Results

Save

Save As
Run Batch
Import 3

Recent Projects . 3

- - - - - - -y - - o o -
(this functionality is also available in the Initialization of S— v
Variables; cf. section 0). %: [310

A . 2240 A
The Option-Buttons shown below list the several phases for o
defining a problem (Space 4). Space 5 contains controls specific
for each phase.
" Physice ¢ Boundary conditions (" Calculation parameters ¢ Initialization

Space 6 is the visualisation interface.
Space 7 displays information messages and tips as necessary.

Space 8 presents a brief summary of the problem physics.

5 olver

T Fost-Process

2]

.

& wizyrnmetric i‘

ections l

Grid

¥ Snhap

W Show

C:\Program Files\EasyCFl
C:\Program Files\EasyCF|
Cihtested\tested.def
Cihtestel\testel .def
C:\Users\amgl\Dropbox\
C:\Users\amglh\Desktop\l

Space 9 displays the coordinates at the cursor location and distances from the previous location.

Space 10 displays a rule with a reference length.

Space 11 contains several tools for visualisation control, as
described next.

The tools for the visualisation control are:

Znnm:mﬁﬁr_l-it y

ﬂ When the user clicks on the visualisation area, a “zoom in” is made with the factor specified
in Zoom. There are two ways of doing the zoom: a) if the Shift key is not pressed, the images
will be centred in the click point; b) if the Shift key is pressed, the click point remains

unchanged.
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\ﬁ‘ A “zoom out” is made with the factor specified in Zoom, when the user clicks on the
visualisation area. The Shift key works in a similar way as previously described.

=
\_-" “Zoom in” for the rectangular region selected by the user (usage: click on a diagonal side and
then click on the opposite corner of the diagonal).

\i‘ Pan the visualisation area (usage: click on a location and then, keeping the mouse button
pressed, drag the mouse). Note: the same functionality is achieved by pressing the mouse
middle button, independently of the selected zooming tool).

H Fits the whole geometry to the visualisation area.

The visualisation control tools are deselected with the mouse right button.

You may obtain additional information about each control or command = || ~ ‘r' 7l = l
by letting the mouse pointer for some time over the object (a small text is .
Y letting pointer Tor Ject ( | | et
displayed near the cursor; cf. at right). —

i

B1.2 - Geometry Definition

B1.2.1 - Choosing 2D or 3D axisymmetric problems

The type of problem may be chosen between 2D and 3D " 20 & 3D Asisymmetic |7 -
Axisymmetric. For the later option, the axisymmetry axis may be the  Trarstom| Cornections |
X or the z axis and the geometry must be defined in the -
corresponding positive area (for example, if z is the axisymmetry axis, the geometry must be defined
for x > 0).

N
by

B1.2.2 - Drawing Aids

Grid

Dimension units are meters. Angles are given in degrees. vl Snap
v Show

The geometry may be composed by two types of geometric elements: Line | sie:
Segments and Arcs. Two contiguous geometric elements are connected by a geometric | lo.0
Node.

o To help drawing, the Snap feature may be activated. This enforces all selected locations to
snap to the drawing grid (cf. Figure B.2). The drawing grid visibility may be turned on or
off (check-button Show). Its Size is also adjustable.

o Drawing locations may be forced to snap to existing geometric nodes (Snap to | ¥ Snaptanode

node).
Locks
Ang |29 v
o Distances and/or angles may be locked to help drawing. L:[10 v
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Instead of clicking on the drawing interface to define a location, the ;. ...
corresponding coordinates may be entered by keyboard (Data Input). w [om
Z: |0

Al
o By holding down the Shift key, angles are enforced to 45° increments. oK,

Diizplay

Arc
centers

o Display of Arc centres and geometric Nodes may be switched on or off. g
W odes

o A white arrow cursor indicates that no tool is selected (default state). This state is B
recovered by clicking the mouse right-hand button.

o A black arrow cursor indicates that, based on the selected drawing tool, you should K
pick a geometric element.

o A cross cursor indicates that, based on the selected drawing tool, you should select a _I_
geometric location.

o To delete a geometric element, select it by clicking over the element (picking the element)
and press the Delete key on the keyboard. Several geometric elements may be selected at
once by dragging the cursor. Deleting is allowed only if the cursor is in the default state
(white arrow).

Figure B.2 — Drawing grid (gray lines) and coordinates axis (red lines).

B1.2.3 - Drawing Tools

A set of drawing tools is available to draw line segments and arcs,  Drawing | Transforn| Connectio

using several techniques ’7 .
o /|J’ - I:I|

A s ~

’7. Tool: Draw Line Il SlimiES
|||

Draws a line between two locations.
Usage: 1 — specify several locations to draw several consecutive line segments. / _|_
Mouse right click to finish.

- /
]f . Tool: Move node

Moves the selected geometric node.



Usage: 1 — pick the desired node; 2 — specify its final location.

Nodes associated to arcs cannot be moved. Mouse right click to cancel at any of the stages.

I”'J - Tool: Extend up to intersection
Extends two line segments up to their intersection.

Usage: 1 — pick one line segment; 2 — pick another line segment; 3 — "’f 3
pick, again, the second line segment to confirm.

Mouse right click to cancel at any of the stages.

JI:I Tool: Draw rectangle

Draws 4 line segments forming an horizontal rectangle.

Usage: 1 — select one location for one side of the diagonal; 2 — select a second ‘|‘
location for the opposite side of the diagonal.

Mouse right click to cancel at any of the stages.

’F. Tool: Draw arc by 3 points
Draws an arc that passes through 3 locations.

Usage: 1 — select one location for the arc beginning; 2 — select a second —|—
location; 3 — select a location for the arc end.

Mouse right click to cancel at any of the stages.

I*/: .Tool: Draw arc by centre and angle

Draws an arc given its centre, one end and the arc angle.

Usage: 1 — select the centre location; 2 — select the arc beginning; +
3 — drag the mouse to define the arc angle and left click to
draw. ’

Mouse right click to cancel at any of the stages.

]
** Tool: Draw circle

Draws circle with a given radius. The circle is composed by four arcs.

Usage: 1 — select the centre location; 2 — define the radius, dragging the mouse;
3 —click to finish.

Mouse right click to cancel at any of the stages.
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I’“’ .Tool: Draw arc by tangent to 2 line segments

Draws an arc with a given radius, tangent to 2 consecutive line segments. The e |00
arc Radius must be specified in the corresponding TextBox. s

Usage: 1 — pick one line segment; 2 — pick another line segment, consecutive -
to the first one; 3 — pick, again, the second line segment to confirm.

Mouse right click to cancel at any of the stages.

S
I *" Tool: Draw arc between segments

Draws an arc with a given radius, centred in the intersection of two consecutive ;... Ga——
line segments. The arc Radius must be specified in the corresponding TextBox.

Usage: 1 — pick one line segment; 2 — pick another line segment,
consecutive to the first one; 3 — pick, again, the second line 3
segment to confirm.

Mouse right click to cancel at any of the stages. The arc is generated,
counter-clockwise from the first to the second line segment. Thus,
inverting the picking order generates the complementary arc (cf. at right). R

J 7 Tool: Draw arc tangent to segment
Draws an arc tangent to a segment end.

Usage: 1 — pick a free node at the end of a line segment; 2 — select the end ‘|‘
location for the arc.

Mouse right click to cancel at any of the stages.

’7. Tool: Break geometric element

Breaks a geometric element (either a line segment, an arc or a spline), by —|— /{
inserting a node at the selected location.

Usage: 1 — pick a geometric element; 2 — select the location for breaking the element.

Mouse right click to cancel at any of the stages.

I“ﬁ Tool: Break at intersection

Breaks two geometric elements at their intersection. The geometric elements may be, either, two
line segments, two arcs or an arc and a line segment. If the elements intersect at two locations, a
second operation must be carried out for the second intersection.

Usage: 1 — pick a geometric element; 2 — pick another geometric
element. (_\‘ Ly
X '
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Mouse right click to cancel at any of the stages

s

Draws a cubic spline through specified locations (fit points).

. Tool: Draw spline

Usage: 1 — specify several locations for the fit points.

Mouse right click to finish

~

Tool: Create spline from end points

Creates a spline taking as input the end point of selected elements.

Usage: 1 — select elements; 2 — press the button and confirm to create the spline.

B1.2.4 - Transform Tools

Drawing T

Transform tools allow either moving or creating a copy of existing
geometric elements. The operation is applied (Button Apply) only to the -
R e R . PEratan -
selected elements. There is the possibility to Preview the results (in  [Ramion =  Angem: 15

* Copy " Move

gray, in the examples of Figure B.3, Figure B.4 and Figure B.5) before  Ratate sbou: Fiotation Centre
carrying out the transformation. Selected cerve 7] | . [g
Z: |0
Selectable operations are: I Pick

Rotate about

Rotation: a rotation is performed for the e'ect“e”"e Preview
aelected centre

specified Angle[®] about a Selected centre or about [individual cenires

Apply ‘

the Individual centres. If Selected centre is chosen,

all selected geometric elements are rotated about the same location (cf. Figure B.3(a)). The Rotation
Centre location may be defined by entering the corresponding coordinates X and Z, or by picking with
the mouse (enabled only if Pick is checked). If Individual Centres is chosen, all selected elements are
rotated about each individual centre (cf. Figure B.3(b)).

(@) (b)

Figure B.3 — Rotation. (a) about a selected centre; (b) about individual centres.

Translation: needed data are the horizontal (Dx [m]) and vertical (Dz ~ Aperstion:

[m]) displacements (cf. Figure B.4). et EE:; |—1D
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Figure B.4 — Translation.

Scale: this tool applies a Scale factor to the selected elements. If the  gperaion:

scale factor is larger than 1, the elements size will be increased. The Soale [4]: |1
. . Scale shout - Scale Centre
selectgd elements remain centreq in th(_e Selected _C(_entre S onle sbout osmsoote =] |x. p———
(cf. Figure B.5(a)) or, alternatively, in the Individual [sclectedcente ~ o
H Selected centie "
Centres (Cf Flgure BS(b)) i [ Pick
A T EEEEEEEEEE |
(@) (b)

Figure B.5 — Scale. (a) about a selected centre; (b) about individual centres.

OffSet: this tool applies a perpendicular translation to the selected & cow  © bove
elements in both directions, with the chosen Offset distance. This is a very  Gesratin:
. . . . = - st m] ;|02
convenient tool for drawing pipes, for instance. — et

. Operation :
Figure B.6 — Offset. Mo =]
Mirror: this tool applies a mirror operation to the selected elements, about Mo bout
the selected axis. Vertical aris (+=0) x|

Figure B.7 — Mirror.
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B1.2.5 - Connections for U-Type and C-Type meshes
Cf. example files NACA2412_UMesh.def and C-TypeMesh.def

For calculations around certain types of objects, such as airfoils, a good solution is to use C-Type
or U-Type structured meshes. In these cases, the physical domain folds over itself, leading to a
coincidence of some geometric elements (cf. Figure B.8(a)). Since there are four geometric elements
that share a common punctual location (cf. Figure B.8(b)), the connection ambiguity must be solved by
properly specifying the actual connections.

8

Coincident lines

<>6 . / Connection ambiguities
. 3 / \
2

D

(@) (b)

Figure B.8 — Geometry for a U-Type or C-Type Mesh. (a): In this representation, coincident lines3 and 7 are show moved
apart, for a better visualization; (b) Identification of connection ambiguities.

Drawing] Transform Connectionsl

Block Elml  Elm2

1] 7 g Connect
Delete

Figure B.9 — Defining connections.

Referring to Figure B.8(a), one possibility would be to specify the connection between elements
6 and 7, and another connection between elements 7 and 8. Another possibility would be to take the
pair 4-3 and 3-2, or even 6-7 and 3-2. This is accomplished by selecting the corresponding elements
(pressing down the shift key to be able to pick more than one element) and clicking on the button
Connect (cf. Figure B.9). Every time a new connection is created, the elements constituting the pair are
added to the ListBox. To delete a connection, select it on the ListBox and press Delete.

B1.2.6 - Closed- and open-blocks; other general drawing concepts
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The calculation domain is externally delimited by the envelope. The envelope is a closed
boundary (or closed body) constituted by one set of interconnected line segments and/or arcs. Inside
the envelope, one or more blocks may exist.

There are two types of blocks:

o Closed-blocks: Similarly to the envelope, closed-blocks are defined by a closed set of
geometric elements.

o Open-blocks: by default, an open-block constitutes a region pervious to the flow and heat
transfer. These entities can be used to create thin plates (cf. section B1.6.10), to provide a
better control for mesh characteristics or to impose velocity values inside the fluid domain
(cf. section B1.6.6 ).

Figure B.10 — Envelope (closed block, in gray), closed inner block (in yellow) and an open-block (in blue).

A new block is created simply by pressing the button New. Blyshs
v| Envelope M
The ListBox showing the existing blocks allows you to choose which :'0 ! -

blocks are visible (checked items). The active block (i.e., the block that Transfer
receives the drawing elements) is selected in blue and the corresponding

geometric elements are shown in blue. The geometric elements associated with the remaining blocks
are displayed in gray.

The Transfer button allows you to transfer the selected elements into the active block.

Different blocks cannot intersect but they can partially overlap. Figure B.11(a) shows 3 blocks
inside each other. Figure B.11(b) shows 2 blocks that partially overlap. The coincident line segments
in this case must share the same ending points. This means that, in the case shown, the bottom
boundary of the larger block (the envelope) should be constituted by 3 line segments, so that the
middle segment is coincident with the bottom boundary of the internal block. Is this is not done,
EasyCFD will break the line segments at the necessary location, before changing to the Meshing menu
(cf. section B1.2.9).
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@ -

The Overall precision

Figure B.11 — Different arrangements for blocks.

which two locations are considered as coincident.

represents the minimum distance below

The ListBox shown at right displays all the geometric elements
in the project and some of their characteristics. Double-clicking one
item in this ListBox opens a Dialog-Box with detailed information
about geometry and mesh of the selected element, as shown in Figure
B.12 (mesh information is displayed only if meshing data is already
available). The same functionality is achieved if you double-click over
the element, on the drawing-space. By checking Edit element, the geometric characteristics of line
segments and arcs can be modified.

- ()

Owerall precizgion [m] : | 0.0007

Block Elm.  Type Length Inel. Adrcéngle

a 1 Segm. 071577 23.2

1] 2 Segm. 05830395 329.04
1] 3 Segm.  1.0139204 1.3
i 4 Arc 0.816683 157.38
1 1 Arc 1161312 5253
1 2 Segm.  0.223607 11657
1 3 Segm.  0.360555 3363

1 4 Segm.  0.316228 108.43
1 5 Segm.  1.414214 18813
1 B Segm. 0632456 288.43

Note: the order of the elements in this listing reflects the sequence of their generation. When the
Mesh mode is open, the elements are reordered according to the block to which they belong and to

their connection sequence.

@ Element Details [&J @ Element Details [&J
Block : 0 Element : 1 Global order : 1 Block : 0 Element : 2 Glaobal arder : 2
Geametry Mesh Geamnetry Meszh
e Segmerd Information not available for this bR Information not available for this
Al [m]: 23 eleme o1 [m]: 0.8 elamel
z1 [m]:-0.7 21 [m]: 0.8
#2 [m]:-0.9 #2[m]: 0.5
22 [m]: 0.4 22[m]: 1.0
Length [m] : 1.780449 Length [m] : 1.495451
Inclination [%]: 38.157227 Radiuz [m]: 0.863123
# Centre [m] : -0.065
z Centre [m] ; 0.3475
Angle 1[%): 49.110893
Angle 2[%): 148381625
Tot. Angle [7]: 99.270339
Edit Segment Edit Arc
&+ End points " Length and inclination % Centre [m] : [0.085 Angle 112): [45.110693
v
1 [m]: |-23 Length [m] - [1 7e0449 z Centre [m]: [0,3475 Angle 2[7]: [148.381625
Aml: |07 Inclination [m] : [35157227 Tal Angle [¥]: |99.270933
#2[m]: o9 Apply
2[ml: o4 “pely
(@ L (b)

Figure B.12 — Detailed information for a geometric element (no mesh information is available) and editing parameters.
(a) data for line segment; (b) data for arc.
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B1.2.7 - Importing DXF data
&

- [EasyCFD_G - Problem Definition] (R

EasyCFD may import geometric data from a DXF file (cf.
menu at the right). Allowed elements for import are line
segments, arcs and circles.

The menu show at right is displayed after specifying the file
to import data from.

DXF Settings:

If the DXF file has 3D information, you must specify which
coordinates are to be imported (Import from): xy plane or xz plane.
The Length units in the DFX file must also be supplied.

File Data:

This provides information about the data: total number for each
element type and x and z range.

EasyCFD Settings:

Each circle must be split into 2 arcs. The angle for the split
location must be specified.

Mesh nodes per element represents the initial information for
the meshing process.

If checked, the Fit view to new elements enforces the view to fit
into the new elements after importing.
B1.2.8 - Importing data from Point Data File

EasyCFD may

IO

Project | Exit Help

Mew Balver T Pogt-Froc
Load
-~
Save
Save As |
Import 4 Dxf data %
Recent Projects » s
e S —._n-mp—-—]—-
Geometry
Irnpart DF

File : T:AE xamplehE xample. dxf
Di<F Settings

Import from : | xy plane ¥
Length urits :  |Meters =

File Data

Segments: 4
Arcg: 0

Fange = [m] : -0.3468 to 1.0344
Fange £ [m]: -0.4149 to 1.1265

EasyCFD_G Settings

Split circles at [7]: |0-180 -

Active Block :

—

Preview

Mesh nodes
per element : 2

Fit wigw to hew
elements

Import D ata Cancel |

Impart Pairt Data-

File: . wemplos\NACAZA1 2 UMesh\MACAZ41Z dat

geometric data from a Point Data [Froeet] et Help
Mew

Post-Proc

File (cf. Menu at the right). This file pover |
is a text file (ASCII file; cf. Figure o c

B.13) containing the coordinates of

2 or more spatial locations. Each
line represents one point, with the x
and z coordinate in the first and in

Save As [

Import 4 Df data

. Point data
3
Recent Projects = %_ﬁ

the second column, respectively. Each pair of points will be connected

by a line segment after importing into EasyCFD.

Settings and information in the Import menu are similar to the

corresponding ones in the DXF file import described previously.

File5 ettings

Length units :  |Meters =
File D ata

Segments ; 48

Range # [m]: 0.0 to 1.00008
Range £ [m] : -0.04233 to 007321

EasyCFD_G Settings

Generate : |Line segments w
Active Block :
Mesh nodes
per element : 2

v Fit wigw ta new

elements
Preview

Import Data Cancel ‘
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| Naca2412.dat - Notepad SRR
———

File Edit Format VYiew Help

0 0

0.01 0.018024574
0.025 0.028569074
0.05 0.040234357

4

-

Figure B.13 — Point data file. This example would produce 3 line segments.

B1.2.9 - Final auto-verification before meshing

When the geometry is ready, the next step is to generate the mesh. When & Geomety ¢ Mesh
choosing the Mesh mode (by pressing Mesh at the option-button shown at right) a - seemem
general checkup is performed to the geometry, to detect for errors. Additionally, the geometric
elements are reordered. If any error is detected, EasyCFD jumps back the Geometry mode. Next table

lists some of the errors that may be detected.

Table 1 — Error Messages

# Example of Error Message

Description

rError ﬁq

I:Q:I All the elements in the envelope must be intercennected

1

The envelope must be formed by a
closed set of geometric elements. If
you define a new set and don’t assign
it to a new block, some elements
appear to be disconnected (cf. Figure
B.14).

A similar message is displayed if,
within a block, one element is not
connected to any other.

EasyCFD_G 25 The message is self explanatory. Even
if the envelope should represent, for
The envelope must contain, at least, 4 elements, instance a Closed Circumference |t

2 1 ]
must be split it into four arcs (cf.

Figure B.15).
B — If two blocks share one edge or part of
Coincidentlingsbgtweentwo blocksmustsharethesamgending Foints.The one Edge' the COInCIdence between
3 elements are highlighted. Do you want to try an automatic correction? E|ementS mUSt be tOta| (Cf. Flgure
B.16). If you didn't break the
Yez Mo

necessary elements, EasyCFD can do

this for you at this stage.
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e =581 | Three or more geometric elements

o , , within the same block share a
Fag | Connections with the red element are wrong, leading to nodes with 3 or A
4 ‘S more connected elements common edge (Cf F|gure Bl?)

(EasycFD G =)

Some blocks intersect each other (cf.
Figure B.18).

l L There are blocks that intersect each other.

5
= el Some blocks are outside the envelope
(cf. Figure B.19).
6 IQI There are blocks outside the domain.

Blocks Dizplay

L3 A
New s
r centers
Transfer I Modes

Block Elm. Type Length Incl. Adrcingle

1 Segm. 1.3 0.0 — ==
2 Segm. 1.1 0.0
3 Segm. 1.3 180.0
4 Segm. 1.1 270,0
5 Arc 0,350111 63.43
B

7

8

Arc 0541601 9812
Ao 0598476 108,43
Arc 0496732 -270.0

ocoooooDo o

Figure B.14 — Example of situation for Error Message #1 (cf. Table 1). There are two different closed bodies sharing the
same block (block 0: the envelope). Solution: Transfer all the circle elements into Block 1.

Blocks Dizplay

v A
MHew iz
r centers
Transfer I Modes

Block Elm.  Type Lenath Incl./ArcAngle

i 1 Segm. 2906988 206.57
0 2 Segm. 35 0o
i 3 Segm. 1581139 1247 B

Figure B.15 — Example of situation for Error Message #2 (cf. Table 1). The envelope is composed by only 3 elements.
Solution: break at least one of the line segments of the triangle.
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(a) The envelope (b) Block 1 (¢) The whole geometry

Figure B.16 — Example of situation for Error Message #3 (cf. Table 1). The lower edge of the envelope must be broken at
two points to obtain a total overlapping between the coincident elements.

% ‘-I Connections with the red element are wrong, leading to nodes with 3 or
@7 more connected elements

Figure B.17 — Example of situation for Error Message #4 (cf. Table 1). Three or more line segments share a common
edge. In this case, this should be corrected by specifying the proper connections; cf. section B1.2.5 .

Blocks Display
| Envelope Mew Ao

| Block 1 centers T T

Transfer v Nodes

H

Block Elm. Type Length Incl AArctngle
0 1 Segm. 1.4 0.n -
0 2 Segm. 1.1 30,0
0 3 Segm. 1.4 180.0
0 4 Segm. 1.1 270.0
1 1 Segm. 05 0.0 E - -
1 2 Segm. 0.4 30,0
1 3 Segm. 05 180.0
1 4 Segm. 0.4 270.0
2 1 Segm. 0.4 180.0
2 2 Segm. 0.4 270.0 &

Figure B.18 — Example of situation for Error Message #5 (cf. Table 1). Blocks 1 and 2 intersect each other.
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Blocks Dizplay

v| Envelope
4| Block 1

MNew Ao
centers

Transfer v MNodes

Block E

El

Type Length Incl fAarcangle

Segm. 1.1 0.n
Segm. 1 30,0
Segm. 1 180.0
Seam. 1 2700
Seam. 4 0.0
Segm. 5 2700

4

5

Segm. 180,0
Segm.

rhm oo oo
I
ot

90,0

Figure B.19 — Example of situation for Error Message #6 (cf. Table 1). Block 1 is outside the envelope.

B1.3 - Mesh Generation: Structured type

By pressing the Option-Button Mesh, EasyCFD enters the auto- " Geomety & Mesh

verification described in the precedent section. If no errors are
found, an initial equally spaced mesh is assigned to the boundary
elements. The mesh spacing is automatically adjusted so as to
achieve approximately 160 mesh nodes over the envelope
perimeter. This is a low resolution mesh with the only purpose to
initialize the mesh generation process.

As an example, let’s consider the geometry displayed in
Figure B.20. You may have noticed that, when selecting an
element, each of its two geometric nodes (element sides or edges)
are coloured differently as a means of identifying each side: orange
for side 1 and light blue for side 2.

When selecting Boundary nodes or | Visuaizstion
Mesh, in the Visualisation frame (cf. at ™ &e
right), the corresponding visualisations are
obtained, a depicted in Figure B.21 and Figure B.22. If the mesh is
not yet computed (like in the example of Figure B.22), the
displayed mesh corresponds to the initial solution, where the inner
mesh nodes distribution is obtained by linear interpolation from the
boundaries.

tesh
* Stuctured " UnStructured

Elements | Blocks | CF's| Conw. /Mesh Quaty |
Boundary Modes ] M. Clustering ] Comp. Map ]

E oundary nodes distribution

Method : | Uniform -

{* Target number of nodes :

" Target nodes spacing [m] : 17

Apply

Change rezolution

Change factar : | 2 - Apply

Block Elm. Type Diection Location Modes

Arc Har. Low 17 -
A Wert, High 17
Arc Hor. High 17
Arc Wert, Lo 17
Arc Hor. High 17
Arc Wert, Lo 17 &

—_—ooooo
[T
m

Modes: ni = 26; nk = 26; Total 161

Statug: Computational domain clozed
Wisualization Werify
[v Boundary nodes [w Mesh

0 Stop

7

Figure B.20 — Geometry for example.
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Figure B.22 — Geometry of initial mesh (linear interpolation from boundaries).

B1.3.1 - Computational Domain; Concept of Computational Direction

As described in section A2, the computational domain represents the indexation of the
bidimensional arrays that store the variables. It may be regarded as a representation of mesh nodes
taking a unitary spacing and perfect perpendicularity between the mesh lines. The physical domain is
obtained by properly deforming the computational domain (and vice-versa). The location of each mesh
node in the computational domain is given by their computational coordinates (&, ), which represent
the (i, k) indexation of the storing arrays in the computer implementation. The computational domain
is displayed at the top left of the physical domain representation, as shown in Figure B.23.

The size of the window representing the computational =275
domain can be changed by pressing the buttons “+” and “-”, as
show in the right. The labels i: and k: display the indexation at
the cursor location.

k.54 Computational Domain

Project Exit Help

Problem Definition | Solver | PostPiocessing | Fluid - 4ir | Regime : SteadyState. Turbulent. Isothermal x=-1193423  z=-0.728269

dr=— dz = —

€ Geomely & Mesh (" Physics (" Boundawycondtions ¢ Caloulation parameters ¢ Initalisation

Mesh O - k- Conpialional Darman

oo
Elements | Blocks | ControlFunc. | Convergence |

- ——
~
Boundsiy Nodes | N. usteing  Comp. Mep | - ~
” ~
7 N
y
I Diection I Location 1 S
Horzorta Low / \
Hoply \ D J
N 7
_Changeresohion N Jid
A S -
- Apply ~
Change factor:[15 N ="
Block_Elm. Type Dieclion Locafion Nodes
0 1 Segm Hor. Low 26
0 3 Segm Ho Low 19 \5\
0 4 Segm Vet Hgh 13
0 5 Seam Ho Hoh 56
€ Segm Vet Low 13 T

Vi

i
I Boundarynodes [~ Mesh M

[

Figure B.23 — User interface, showing the computational domain representation.

EasyCFD - 71



In the computational domain, the boundaries may be horizontal (corresponding to & lines, with
constant k index), identified through the blue colour, both in the computational and in the physical
representation, or vertical (£ lines), identified through the green colour, both in the computational and
in the physical representation.

You should note that there is not any direct relation between the horizontality (or verticality) in
the computational and in the physical domain. Figure B.24 highlights some elements of a C-shaped
geometry, showing the relation between the computational and the physical domain (in fact, this is not
the only solution for this problem; cf. Section B1.3.4).

=+ - [ Computational Domain

[CTT - E= Computational Diomain B ki Computational Domain

BN [ Computational Damain

Figure B.24 — Example of correspondence between the computational and physical representation for several elements in
a C-shaped geometry.
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B1.3.2 - Mesh distribution on the boundaries (Elements - Boundary Nodes tab)

The 1D mesh distribution on the boundaries is computed with the  sounday Nodes | b Custering | comp. Map |
algorithm described in section A5.1. Controls for 1D mesh generation are
available under the Boundary Nodes tab, as shown at the right. Method: [Unfom ]

When choosing Uniform for the Method, an  Metes: [uriem =] Tosstmmberoinodes o
. . . . (" Target nades spacing [m] :
equally spaced mesh distribution is adopted for the
selected elements. In this case, you may either impose the number of i
nodes or the nodes spacing.

When choosing Specify for the Method, you may impose the oy Nodes | . custaing | comp ep
spacing at each of the elements ends (side 1 or side 2, which are  feunday nodes defibuion
identified with different colours). The number of nodes (N. nodes) and ~ Method:|Spesiy =
Decay (exponent c, in equation (5.2)) can also be chosen in this part of @ spacing 1@ ™ Hnodes
the interface (refer to section A5.1 for a description of the 1D mesh P& [ &k
generation method). Only the values with a checked mark in the [ =22 =
associated CheckBox are applied (button Apply) to the selected elements.
By checking Update neighbors, the selected spacing (Spacingl, Spacing2 or both) are transmitted to
the neighbor elements, provided they possess the same computational direction (cf. Figure B.25). This
is a useful tool to avoid sudden changes in the mesh spacing.

Figure B.25 — Transmission of mesh spacing to the neighbour elements (in this case, yellow element right edge spacing
was transmitted to the left edge of the blue element on the right).

B1.3.3 - Nodes clustering (Elements - N. Clustering tab)
A . A Boundany Modes M. Clustering Comp.h-'lap]
The clustering distance represents the normal distance of the

mesh nodes to the adjacent boundary (As parameter in equation (5.10)
). The NormalClustering CheckButton allows you to activate or
deactivate the Steger and Sorenson control functions for clustering and
orthogonality at the boundaries (cf. Section A5.2.1) for each of the Apply
selected geometric elements (i.e. for each of the selected boundaries).

[v Mormal Clustering

Type : [N ~| Value: |0.041453

When selecting Auto for Type, the clustering distance will be

Type : | Auto -
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considered as a weighted average between the boundary nodes spacing of the two perpendicular
neighbour elements (note: this perpendicularity concept referrers to the computational domain; these
elements will be referred to as computationally perpendicular neighbour elements), or taking the
imposed mesh clustering of the closest element with the same computational direction. To clarify, let’s
examine Figure B.26. The yellow element has an imposed mesh clustering. Its neighbour elements, in
blue, show a clustering that is a weighted average between the yellow element clustering and each
computationally perpendicular element (vertical boundaries).
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Figure B.26 — Example for the clustering computation.

As a second example, consider the case depicted in Figure B.27. The mesh clustering at the lower

boundary (selected elements displayed in yellow) is computed as a weighted average between the
mesh spacing at lower edge of each of the two vertical boundaries (As, and As, ).

[

T

L]

|
[

L ITT]

|

1
]

]
Y|

o S B i JERRRRRERER “)

*r’ \"’
1 e
I VAR
y = ! \
I 1
As it D | 1 AS,
U | \ 1
<7 \ /

Figure B.27 — Distances As, and As, for computational of the automatic clustering distance.

Note: both As, and As, are taken as the values obtained from the projection along the normal to
the boundary. Figure B.28 exemplifies this concept.
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As, ¢

Figure B.28 — Definition of As, distance.

The Auto Type also works if the perpendicular edges are oriented in the opposite direction, as
explained next.

Consider the case for the small rectangular “hole” in the domain shown in Figure B.27. If the
clustering distance needs to be reduced using the Auto Type, one must decrease the mesh spacing at the
edges of the computationally perpendicular line segments, as exemplified in Figure B.29.

-
T - AS,

B D N

sSEEs
Figure B.29 — Automatic clustering. The As, and As, values will reflect on the mesh clustering of the central region of
the lower edge.

When selecting Spec. for Type, the specified clustering
distance Value is considered. In situations like the one exemplified
above (Figure B.29), this allows imposing the mesh clustering value without changing the mesh
spacing on the computationally perpendicular neighbour elements (cf. Figure B.30).

Type:|Spec.  +| “alue: |0.044444

However, in the opposite situation. i.e., when the computationally perpendicular neighbour
elements are in the inner domain region (like the situation depicted in Figure B.27), mesh spacings As,

and/or As, may conflict with the imposed clustering value, potentially causing divergence of the

iterative calculation when generating the mesh. Figure B.31 shows an example, where the mesh
clustering imposed at the lower boundary (in yellow) is 1/6 of the mesh spacing of one of the
computationally perpendicular neighbour elements. In this case, a warning message is displaying,
alerting for this situation (cf. Figure B.32) and the conflicting elements are highlighted in red and
magenta.
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Figure B.31 — Situation where an imposed mesh clustering is conflicting with the mesh spacing of one of the
computationally perpendicular neighbour elements.

r 5
EasyCFD_G LJ

The imposed clustering distance of the magenta highlighted element is different
from the mesh spacing of the neighbour red highlighted element.

This may lead to a divergence in the numerical grid generation process.

Do you wish to proceed?

Yes | Mo

Figure B.32 — Situation where an imposed mesh clustering is conflicting with the mesh spacing of one of the
computationally perpendicular neighbour elements.
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B1.3.4 - More on the Computational Domain. The Comp. Map Tab

Each geometric element has an associated Computational Direction (horizontal or vertical, as
described in section B1.3.1) and an associated Computational Location, which may be High or Low.
An element has a low location if, in the computational domain, the direction perpendicular to the
element encounters higher values of the computational coordinate. The reverse situation occurs for
elements with a high location. Figure B.33 up to Figure B.36 exemplify all combinations of
computational directions and computational locations. Once again, note that these concepts are defined
in the Computational Domain (not in the Physical Domain).

[+ i~ (= Computational Domain

I I I I

Computational Domain Physical Domain

Figure B.33 — Highlighted elements are: Computational Direction: Horizontal; Computational Location: Low.

=+ P~ k- Computational Domain

Computational Domain Physical Domain

Figure B.34 — Highlighted elements are: Computational Direction: Horizontal; Computational Location: High.

=+ 0~ k- Computational Domain

Shh
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Computational Domain Physical Domain

Figure B.35 — Highlighted elements are: Computational Direction: Vertical; Computational Location: Low.
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jﬂ [ ko Computational Domain
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Computational Domain Physical Domain

Figure B.36 — Highlighted elements are: Computational Direction: Vertical; Computational Location: High.

The elements computational characteristics (Direction and Location) are automatically assigned
for new elements, when starting the Mesh module. As first approach, the computational direction is
assigned based on the closest physical direction (horizontal or vertical). For arcs, the physical direction
is taken as the direction of the line segment connecting the arc edges. In many cases, this initial

attribution must be corrected manually using the Comp. Math. Tab.

The Comp. Map Tab allows you to change the computational
characteristics (direction and location) of the selected elements.

The examples shown previously exhibit the default settings,
which were adequate for this problem. Actually, the semi-circle
part at the bottom boundary could have been considered differently.
An alternative solution would be to split the semi-circle into three
parts, considering two parts as a vertical boundary, and one part
(the middle one) as horizontal (cf. Figure B.37).

Boundary Nnde&] M. Cluztering

Cormputational mapping

Lo

Horizantal

High

Yertical

(40— [ Computational Domain

I O A

I I I I

Computational Domain Physical Domain

Figure B.37 — Alternative solution for meshing a half-cylinder.

Figure B.38 shows another example of two possible solutions for the same problem.

As previously referred, the default attribution for computational directions and locations is not
always satisfactory and, sometimes, errors may even arise. Consider Figure B.39. In this situation, all
geometric elements are identified as vertical (the start and end points of the arcs are aligned vertically),
S0, as initial attribution, all elements will be computationally vertical. This will raise an error message,
since, at least, two computationally horizontal elements must exist. In this case, the correction should

be done manually in the Comp. Map Tab.
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Computational Domain
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Figure B.38 — Two solutions for the same problem.

==

There is an unsuficient number of elements with herizontal

computational direction.

DG

| EasyCF

Two solutions for the same problem.

OK

Figure B.39

B1.3.5 - The concept of Closed Computational Domain

For simplicity, consider a rectangular computational domain, such as the one depicted in Figure

B.38. If one increases the number of mesh nodes in

say, the lower boundary, the upper boundary

cannot match the indexation of the lower boundary. In its graphical representation, the computational

domain doesn’t close (cf. Figure B.40). A similar situation may

Claze
Damain

Modes: ni: 85; nk:29; Total: 2028
Statuz : Computational domain nat clozed

Werify

Wistialization

occur when changing the computational direction and/or position of

some geometric elements.
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For the computational domain to be closed, there must be a perfect much between the number of
mesh nodes in the horizontal low and horizontal high boundaries and similarly for the vertical
boundaries.

Closing an open computational domain is achieved by properly adjusting the number of mesh
nodes in some boundaries. This process can be done either manually or automatically, by pressing the
Close Domain button. You can prevent the number of mesh nodes of some elements to be changed
during this process, by selecting them before pressing Close Domain.

=[] i ko Computational Diomain

Figure B.40 — Open computational domain. The number of mesh nodes in the low horizontal boundary is higher than in
the high horizontal boundary.

B1.3.6 - Blocks Computational Position and Blocks Meshing: The Blocks Tab

Adjusting the blocks computational position

The computational position of existing blocks can greatly affect  eimensie
the mesh skewness. The blocks computational position relative to the
envelope and relative to other blocks should reflect the corresponding
relative position in the physical domain.

l CF'SI Conv. / Mesh Quality ]

Let’s consider the example given in Figure B.41(a). In this case, S
the computational position of block 1 is deviated in the up-right sotomi: 16 ]
direction when compared with its relative position in the physical ic 20 <]1] M
domain. As a result, the mesh will appear with a higher skewness
degree. Changing the block computational position is done using the
up-down and left-right arrows (cf. at right). Note: several blocks may be
selected simultaneously in the ListBox and moved together.

Mesh
[ Elack with mesh

Figure B.41 (b) shows the corrected layout.

Meshing a block
A block may be meshed or unmeshed.
As we’ll see in sections B1.6.7, B1.6.8 and B1.6.9, a block may represent:

o A void region. In this case, the block must not be meshed.
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Computational Domain

quantities in the post-processing. A meshed block representing a fluid region may also be

characteristics within a fluid region or simply to define a fluid region to compute statistical
used to simulate thin plate (cf. section B1.6.8).

order to solve the heat conduction equation.

[

o A solid region for conjugate heat transfer problems. In this case, the block must be meshed in
o A fluid region. This may be a good option to achieve a better control of the mesh

Only meshed blocks may contain other blocks (meshed or unmeshed) within it. Figure B.42

shows an example of a meshed block containing a void block.
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Figure B.42 — Example of meshed block containing a void block..




B1.3.7 - Control functions settings: The CF s Tab

This menu contains the settings for the Clustering and
Orthogonality Decays associated with the control functions by Steger
and Sorenson (cf. Section A5.2.2). The decay factors b
(Orthogonality decay) and a (Clustering decay), as defined in
equations (5.6) and (5.7), may be chosen for each boundary location
type (Bottom, Top, West and East).

Control functions by Thomas and Middlecoff for transmission
of the grid spacing into the interior of the domain (cf. section A5.2.2)
are multiplied by a factor in the range 0 to 1, chosen independently
for Bottom-Top transmission and for West-East transmission, as a
means for adjusting their strength.

B1.3.8 - Numerical solution control and mesh quality: The
Conv./Mesh Quality

Convergence

Elements | Blacks CF'si| Cor. # Mesh Quality]

Cluztering and Orthogonality Decaps

Bottorn B oundaries

c:fos =] oos ~
Top Boundaries

c:fos =] o:fos <]
‘whest Boundaries

C:|0E = 0:|0E -
East Boundaries

C:|0E - 0:0 -

Transmission Factors
Bottor - Tap “West - East
05 05

The process of numerically solving the mesh generation differential equations presented in
section A5 may be prone to convergence difficulties unless the terms associated with the clustering
and orthogonality control functions are under-relaxed. As referred in section A5.2.3, the under-
relaxation factor for the control functions starts at zero (total under-relaxation) and is increased

gradually (lesser under-relaxation) during the course of the iterations.

This menu allows the user to choose the settings to some parameters that help controlling the

convergence process.

o lterations without CF’s: number of iterations to be
performed prior to introduce the control functions.

Elements] Blocks] CFz Conv. / Mesh Quality l

Convergence

Increasing this number may stabilize the calculation;

o Relaxation for CF’s: maximum value for the under-
relaxation factor for the control functions. This is the
most _important parameter to control convergence. lIts
value should be decreased if converge difficulties as
encountered,;

[terations without CFz -
1

25 -

Relaxation for CFs "3'2—L|
Iterations to reach : lﬁ
tax. numb. iterations : |8507

Iterations to reach: number of iterations during which the under-relaxation factor for the
control functions is increasing. In the example shown above, the maximum value for the
under-relaxation factor is reached at iteration 100 (= 25 + 75). This value should be
increased if converge difficulties as encountered,;

Max. Numb. Iterations: maximum number of iterations
allowed to be performed during the mesh generation
process. The process can, nevertheless, be stopped
manually by pressing the button Stop and restarted by pressing again Compute.

Wizualization
[w Boundary node: W Mesh

i

ENEREREEN 440
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Mesh Quality

Mesh quality is directly related to the mesh skewness and to ="

the aspect ratio. The menu displayed at right allows you to visualize =~ ¥ Visusiz=
both these mesh parameters (by choosing Quality parameter), with 2 psrameter: [Skewness ]
a color code in the selected Display range. Pisplayenge: o075 7]

Skewness: is a measure of the average angle between the mesh
lines of each mesh element. Skweness 0 indicates perfect — Masimum skew value  1.57
orthogonality , while value 1 is obtained for a 45° angle. a2

Aspect ratio: represents the ratio between the maximum and
the minimum edge length of a mesh element.

Figure B.43(a) and (b) show visualizations for both mesh quality parameters.

Wiy
gy

(b)

Figure B.43 — Example of visualization of mesh quality. a) Skewness in the range 0-0.5; b) Aspect ratio in the range 1-3.

B1.3.9 - Other menus

o Change resolution: this feature allows changing the ‘i e

number of_r_nesh nodes of the selected elements by the Chonge factor [15 =] Apply |
factor specified in Change factor. Mesh spacings are also

affected by this factor. This is a very convenient way to change the mesh resolution for the
whole geometry.
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o Elements listing: a list of all the geometric elements is

Block Elm. Twpe Direction Location MNodes

provided, along with some information regarding its type, |§ 1 g&m jo L
computational domain direction and location and number |§ ; &n pe e B

of mesh nodes. A double-click on an element, using this
list or in the visualization display, opens a window with
detailed information, as shown in Figure B.44.

o Nodes: presents the maximum indexation of mesh nodes in
each computational direction, along with the net number of
mesh nodes in the calculation domain.

Modes: ni: 58; nk: 26; Tatal: 1265

o Verify: verifies all mesh settings to check for errors. This verification is also
automatically performed before computing the mesh.

Werify

o Compute and Stop: these buttons (re)start and stop, respectively, the —_=omPHe
mesh computation. Sl N
o Horizontal bar: the horizontal bar provides visualisation for the T e

percentage of iterations accomplished as relative to the
maximum allowed.

## Element Details

S5

Block : 0 Element : 3 Global arder : 3

Geometry Mesh

Type : Segment Comp. direction : Horizontal

w1 [m]: 1.7

Inclination [2]: 180000005

Comp. location : High

z1 [m]: 0.6 Total nodes : 57
w2 [m]:-1.5 i1 5a
z2[m]: 0.6 K1 26
Length [m]: 3.2 i2: 2

k2: 26

Spacingl [m] : 0.057143
SpacingZ [m] : 0.057143
Decay: 0.0
Mormal clust. mode : Yes

Mormal clust. mode : Auto

Marmal clust. value [m] : -

Figure B.44 — Window showing element details.

B1.3.10 - Using C-Type and U-Type meshes
Cf. example files NACA2412_ UMesh.def and C-TypeMesh.def

Sometimes, the utilization of a C-type or even a U-Type mesh is the best solution for getting a
good mesh quality, when computing the flow around a closed body. C-Type and U-Type meshes both
take a folded domain that touches himself along a line segment, like the one presented in section
B1.2.5.

U-type meshes are well suited for bodies that possess a round edge and a sharper edge, like an
airfoil. Figure B.45 shows the computational arrangement for a U-type mesh generated around such a
body. Note, for the yellow line, the correspondence between its location in the physical domain and in
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the computational domain. By default, the line where the mesh touches itself (horizontal straight
yellow segment in Figure B.45(c)) is considered as pervious to the flow.
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Figure B.45 — Computational arrangement for a U-Type mesh.

Although C-type meshes can be used for bodies with a sharp edge, like the one presented above,
they are more suited for rounded bodies. Figure B.46 shows the computational arrangement for a C-
type mesh around such a body. Note that the coincident horizontal lines are, in this case, in opposite
sides of the computational domain.

For both U-type and C-Type meshes, the central body is defined using the envelope itself.
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Figure B.46 — Computational arrangement for a C-Type mesh.
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B1.3.11 - Using split meshes
Cf. example file SpliMesh.def

When the leading and the trailing edge of a body are both sharp, it may be more convenient to
employ a split mesh. In this case, the body is defined as block with zero thickness in the computational
domain. EsyCFD allows only for split meshes in the horizontal computational direction. Figure B.47
shows an example.

=] i k- Computational Domain

!
I
I
I

T

I
1
I
I
1

Figure B.47 — Computational arrangement for a split mesh.

B1.3.12 - Some advices on mesh generation

Every feature in the geometry must be meshed with, at least, four nodes (in which the edge nodes
are included). This comprises geometric elements (such as depicted in Figure B.48(a)) and also gaps
between geometric elements (such as depicted in Figure B.48(b)).

-1+ i~ k- Computational Diomain
{ Warning [_J&
! The highlighted element in red has too few nodes,
~ |
A [
y b—— :
\/ | -~
| I— [ I
I Bl ! T
——————— b
\/ 1 } I
e |
==
B ,_»_4‘“*"‘ e The two highlighted elements in red are too close in the computational
Ll : - L domain.
- :
l . IEEEEE
! SRR AR R R [
I 1
\—
-

Figure B.48 — Examples of insufficient mesh nodes to resolve a feature.
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In order to reduce skewness, the relative distances and comparative lengths in the physical
domain should be preserved as much as possible in the computational domain. This can be achieved

by:
o properly positioning the inner blocks using the tools available in the Comp. Map tab, as
described in section B1.3.6.

o adjusting the distribution of mesh nodes between the geometric elements. In the example
shown in Figure B.49, you may notice that elements of equal length in the physical domain
have different lengths in the computational domain (i.e., these elements have different
number of mesh nodes). This may lead to a skewed mesh, as shown in Figure B.49(b). The
corrected mesh is presented in Figure B.50.

-+ P80 k4 Camputational D omain \“t':‘ Q‘%ﬁ% g\‘.\
i
VHJJE\
A
i
\ i 3 A
7 J:}r iy
T
(a) (b)
Figure B.49 — Poor quality mesh nodes distribution. (a) computational and physical domain views; (b) obtained mesh.
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(@) 1 FHHEEES (b)

Figure B.50 — Correct mesh nodes distribution. (a) computational and physical domain views; (b) obtained mesh.

Often, breaking some geometric elements at selected locations may constitute a great help for the
meshing stage. Figure B.51 shows the mesh around a car shape. In this example, the low boundary of
the envelope (soil) was broken at two location vertically aligned with the vehicle front and rear ends,
in order to help finding the correct computational position and size for block 1 (representing the
vehicle).
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Abrupt changes in mesh size should also be avoided. This can occur when two contiguous
geometrics elements have imposed number of nodes with uniform spacing, such as depicted in Figure
B.52(a). This is easily corrected without changing the number of nodes, simply by specifying, in the
Boundary Nodes Tab, a Specified Type (cf. section B1.3.2) and ensuring that the contiguous elements

share a similar mesh size, by checking Update neighbours. Figure B.52(b) presents the correct
solution.
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Figure B.52 — Meshing of contiguous elements. (a) abrupt change in mesh size; (b) correct solution, ensuring a smooth
transition.

B1.4 - Mesh Generation: Unstructured type Mesh
" Stuctured & UnStuctured

From the user point of view, mesh generation for the
unstructured type is much simpler than for structured type. In this case, the concept of vertical and
horizontal computational directions does not exist, since there are no computational alignments.
Generation for the 1D meshes on the domain boundaries is identical to the structured type.

. Elements  Inner Mesh | Settings | Mesh Quality
B1.4.1 - Inner Mesh Size | | |

For each closed block, provided a mesh is to be generated in Block 1
that block, minimum and maximum values for mesh size must be
specified. The mesh generation process tries to ensure that mesh
size is within these limits through the insertion of tucks and/or
wedges (cf. section A5.3.5).

Meszh

-
By checking Visualize, the two chosen sizes are visualized e e o = | TS
by two squares displayed at the top right side of the visualization Mastmum mesh 528 0.1

area. v “izLalize Apply

If these values are not changed by the user, default values are
assigned when mesh generation is started.

B1.4.2 - Inflation layers

By default, rows are built with the goal of obtaining nearly squared elements. This may not be
desirable near boundaries. In these regions, inflations layers may be used to control the projection
distance. The distance of the first node to the boundary (inflation layer first Height), the ratio between
the height of two consecutive layers (Exp. Factor) and Total levels must be specified.
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The maximum aspect ratio controls the aspect ratio of the first | o i
layer volumes, by adjusting the nodes distribution along the boundary
geometric element.

v Inflation Layer

Heigh: |8.3E-03

When using inflation layers, the nodes distribution along the Exp. Factor: 1.2
. . . . . gn Total levels :
boundary geometric element is adjusted so as to satisfy the specified t : Apply
Max. agpect ratio: |1:5 -

maximum aspect ratio. Near corners and reversals, the nodes spacing
is automatically adjusted so as to achieve nearly squared elements. This is exemplified in the next
figure.
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Figure B.53 — Examples of automatic adjustment of nodes along the boundary elements, when using inflation layers. (a) —
without inflation layer; (b) — with inflation layer.
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Near ends, the neighbour element nodes spacing is automatically adjusted to allow the correct
growth of the inflation layer. This is exemplified in the next figure.

Figure B.54 — When a end exists near an inflation layer, the nodes distribution of the neighbour element is automatically
adjusted.

An inflation layer with a maximum aspect ratio of 1:3 is by default assigned to all geometric
elements of inner blocks. Elements in the envelope are not assigned, by default, any inflation layer.
This can, of course, be override with the appropriate controls.
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B1.4.3 - Settings Elements | Inner Mesh  Settings ] Mesh Qualityl

Settings for unstructured meshes consist on the specification Al Pl igles

of values for the sigma values defining the type of row projection,

as described in section A5.3.1 (Side Lower: o,; . Side Higher: o,; sretoneri]® Lz

. Reversal Lower: o). Side Higher: |55 v
Reverzal Lower: |60 -

B1.4.4 - Smoothing the mesh

Although a mesh smoothing algorithm (cf. Blacker and
Stephenson, 1991 for details) is applied after mesh generation, in order to ensure smooth
transitions, further smoothing may be necessary to further enhance the mesh. This is
accomplished every time the Smooth Mesh button is pressed. This is exemplified in Figure
B.55 where further smoothing was applied in order to smooth some irregularities that arose
from the intersection of two paving rows.

Smoath
b ezh

Compute

Stop

AT
A
i : AL L LN
(a) (b)
Figure B.55 — Mesh further smoothing after mesh generation. (a) before further smoothing; (b) after further
smoothing.

B1.4.5 - Increasing mesh resolution through interpolation; multigrid.

Large non-structured meshes can be very time consuming to generate and also lead to
lengthy computations when solving the fluid flow. In the interpolation method, each mesh
element (control volume) is split into four elements, a process that is carried out quite fast.

Increasze
Res.

tezh

Smooth

Coarpute

Stop

When increasing mesh resolution, the new mesh is automatically saved as (taking ExampleCase

as the project name): Elements: 48358

Multgric: 3 mesh
ExampleCase_n.msh HHRIE T

Increaze
Res.

[T I |

where n is the mesh level (0 for the base mesh). This will allow multigrid calculations, as described in

B2.1.3).
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(@) (b)
Figure B.56 — Interpolation process for splitting the mesh. (a) before split; (b) after split.

(a)
Figure B.57 — Mesh (a) before split; (b) after split.

B1.4.6 - Some advices on unstructured mesh generation
Intersection of rows close to the boundaries

The intersection of paving rows is the most critical process when building the mesh. This can
lead to some irregularities that, most often, are removed by the mesh smoothing algorithm.
Nevertheless, this algorithm is not applied for nodes less than 5 rows from the boundary. If two rows
intersect less than 5 rows from the boundary, the irregularities cannot be removed, as exemplified in
Figure B.58. In this case, the solution is to decrease the mesh clustering value at the boundaries.
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Figure B.58 — Irregularities created by the intersection of two rows.
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Using closed inner blocks to help controlling mesh size

Closed inner blocks may be useful to control mesh size near the region of interest. This
exemplified in Figure B.59 for the mesh around an airfoil.
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Figure B.59 — Using a meshed inner block to help controlling mesh size; (a) without inner block; (b) with inner block.
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B1.5 - Physics and Properties

The physics of the problem are defined in this section.

B1.5.1 - Main settings

The first two OptionButtons
allow the choice between:

* Fluid domain " Solid domain

o Fluid domain, which may also include solid blocks;

o Solid domain, where no fluid is present. This case
corresponds to a pure conduction problem.

The next two Combo-Boxes allow choosing the Main fluid and
the Secondary fluid, if multi-component flow is considered (by
checking the Secondary fluid button).

Solution for Passive scalars is activated in the corresponding
CheCk-BOX | Passive scalars

The next four ComboBoxes allow definition of the flow Regime
(SteadyState or Transient), the Flow type (Laminar or Turbulent), the
Thermal effects (Isothermal or Nonlsothermal) and the Buoyancy
inclusion (Buoyant or non-Buoyant).

B1.5.2 - Materials

" Fluids

Several materials are predefined,

for Fluids, Solids and for Passive [ Sdids
scalars. Their properties can be L -
changed in  the  corresponding | [gumim =
TextBoxes, as shown on the right. The

M arne : |Cu:||:||:|er

fluids Air and Water are special in the
sense that only they allow non-
Boussinesq calculations (cf. section
Al1.8). The names of these two fluids
cannot be changed.

Conductivity . (401 Wl A 9C)
Diensity ; 8533 kg/ma3
Cp: |385 J/kg °C)

B1.5.3 - Energy

The user can choose to adopt, or not, the Boussinesq
approximation to deal with Density variations (cf. section A1.8).

The Reference temperature, necessary to compute the
buoyancy term, should be specified on the TextBox shown on the
right.

Physics and Properties

(% Fluid dornain (" Saolid domain

M air fluid : ¥ Secondary fluid :

| i | |caz |

Regime : Flow type :
| SteadyState ﬂ | Turbulent ﬂ
Themal effects : Buoyancy :
|Non|sothermalﬂ |Bu0_l,lant ﬂ

[~ Passive scalars
I aterials l Energy ] Turb.ModeI] Ref. Pressure ]

¢ Flids " Solide

Fluids

coz
Heliurm
Hydrogen 5

M amne : |Air

Density :11.1884 kag#m3
Dynamic visc.: |1.824e-5 M z/m?

Thermal cond.: |0.0257355  wid(m °C)
Expansion coef: |3.4113e-3 1/K

Cp: 1006

Prandtl: 0.713

JAkaK)

" Fluidz

Mulicomponent Misture

Kin. difugivity : |[1e-5 mais

" Solids * Passive scalars

Paszzive Scalars

calar 1
Scalar 2
Passive Scalar 3
Pazzive Scalar 4

Passive

Mame : |Passive Scalar 2

Fiir. difugivity - |0.00001 mais

I aterials Energyl Turb kodel ] Ref. Pressure ]

Density . |Boussinesg -

Reference temperature ;. |20 LN
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B1.5.4 - Turbulence model

If k-¢ is the chosen model, the
values for several variables of this
model can be changed in the
TextBoxes shown on the right.

Turbulence model : | k-epsilon -

Sigma k. |1

B1.5.5 - Reference pressure

As described in A3.2, pressure levels are established by
pressure corrections that take place during the iterative process.
Final pressure values are, thus, arbitrary (though pressure gradients
are not). The user can, nevertheless, impose a desired pressure (or
total pressure) at a chosen location in the fluid domain (the
remaining pressure field will, thus, be shifted according to this
imposition). The location may be specified through the X and Z
coordinates, or picked with the mouse.

B1.5.6 - Multi-component mixture properties

The kinematic diffusivity characterizing the fluids pair may
be changed in the TextBox shown at right.

B1.6 - Regions and Boundary Conditions

Regions are zones, in the envelope or in blocks, which are
created with the purpose of imposing particular boundary
conditions, or simply for analysis in the post-processing.

The envelope and blocks constitute, themselves, regions that
are automatically created. These regions (envelope and blocks) are
unique, in the sense that they cannot be deleted and their boundary
condition for Momentum is Wall with zero velocity (for blocks, this
applies to those which are impervious to the flow: void blocks and
solid blocks).

You can create, in the envelope, in void blocks and in solid
blocks, other regions with specific characteristics. The
characteristics of these new regions replace the default attributes for
the envelope or the block (including creating wall boundaries with
non-null velocity). To create a new region proceed as follows:

Materials | Energy  Turb.Model ] Ref. Pressure

Turbulence model ; | k-epsilon -

Sigma k. |1 Sigma D :|1.3
Crnw : |0.09 C1:]1.45
c2:1.3 C3:[1.45

Tl
o
[TE)

K.appa: |0.4187 E: 3.
w+mam. : |11.63
Pr. turb. : |09

W+ BREr

ili

Sc.turh.

Materials] Energy l K-emodel  Ref. Pressure l

* Pressure

Walue : |0 Pa

" Tat. pressure

Lozation

*: (oo
z- IDﬂi [ Pick

Apply

tulticomponent Misture

Fin. difugivity - | 1e-5 mais

Boundar Conditions

Ervelope o Type: Wwall

MetalBlack : Type: Solid black
Central hole  Type: Woid block
Inlet 2 o Tuvpe: Inlet
Reqion 3 © Type: Outlet
MName : |Inlet]
Type: |Inlet hd
Imposzed variable : | Welacity -
M amentum

Vel 1.0 mdz  Angle (2] |00

[ Profile Fielative to: |Boundary -

k-e model

IT: |50 kS L: |01 m
Erergy
(» Temperature
~
~ Temp.: ’W L'
Apply | Delete Mew Region
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1. Select the boundary elements to assign to the new region (note: the selected elements cannot
be already assigned to other region);

2. Press the button New Region.

With this procedure, the newly created region will have the defaults attributes (wall type, zero

velocity and zero heat flux). EnveoRe ; ﬁ?sﬂﬂ'bmk
Central hole  Type: Woid block

To change the settings for a region, make the corresponding

. . . . } i Inlet 2 o Type: Inlet
selection in the Regions List (cf. at right), choose the desired IRegion3  Type: Outlet

settings and press Apply. If one or more boundary elements are also selected, this process will also
change the boundary elements associated to the region (the selected region will be composed
exclusively by the selected elements).

Please note that the new settings become effective only after pressing the button Apply. Values
and attributes not yet effective are easily identifiable by their red colour.

Each region is identified by its Name, as shown on the right. Name : [Inlet 1

The Type of boundary condition is selected in the corresponding wame: |Region 1

ComboBox. For Inlets and Outlets, different Imposed variables are available. Type: |Inlet s
. . A A sriable :
Boundary values assigned to regions can be either constant or given as a Dt
TableFunction (cf. section B1.6.12). — |Bymmely

Lat.Opening
Perviousz line

Wfile

B1.6.1 - Wall boundary condition

Momentum

The wall velocity (Vel) is defined as positive when it [ Momentum
corresponds to a counter-clockwise rotation of the corresponding | “®*1#® s
block. The velocity direction is displayed with an arrow, as
exemplified in Figure B.60.

Figure B.60 — Simulation of a rotating cylinder. A new region was created with the four elements composing the cylinder
and a positive velocity was assigned to that region.
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Energy

The following options are available: iTgympt
.- " Heat flux
o Imposition of wall Temperature; - HTC Temp.: [20 i
. B i Energy
o Imposition of wall Heat flux (the heat flux is defined as ¢ remperatue
.- . R ¢ Heat flux
positive when entering the domain); C HIE ezl [ wiim2
.. .. Energy
o Imposition of a Heat Transfer Coefficient (HTC) and |« rewpeatwe Entem:[zn o
external temperature (Ext. Temp). o et HTC: fio wimee

Passive scalars

Pazsive scalars

The wall condition may be set independently for each of

(| Pas calar 1 -
the four scalars available simultaneously. Options are Value and Passive Scalar 2 -
. .- . . . Flus :
Flux. As for energy, the flux is positive if entering the domain. - {7 Value

0 kafm2s) &
Secondary fluid concentration

For multi-component fluid flow situations, walls are treated as impervious for secondary fluid
concentration. A zero flux is, thus, assigned.

B1.6.2 - Inlet boundary condition

Three different choices are available for the imposed variable (flow condition) in inlets:

Yelocity
Wieloity k
a constant value is specified (corresponding to a uniform velocity profile). If -‘u"culume Flovrate
fel:|1.0
a TableFunction is used (cf. section B1.6.12), negative values are allowed Mass Fowiale
for time-dependent conditions. This allows the simulation of pulsatile flows (cf. example in section
C5).

Velocity, Volume Flowrate, Mass Flowrate: Values must be positive if mpessdvariable:

Aarmentum

Momentum

The angle @ is the angle, in degrees, between the velocity vol: [T s ange [ [T7—

vector and: I Profile Relative to . |Boundary -
- the vector perpendicular to the inlet, pointing into the
domain, if Relative to: Boundary is selected; nalididl S =~
izntl ]
- the x-axis (horizontal direction) if Relative to: Horizontal is vl
selected. —/9
The Relative to: Horizontal is the proper choice when using ,/ <>
C-Type or U-Type meshes, as in these cases, most likely, the inlet l\
boundary is a curved line (cf. example at right). \
y ( p ght) _@\

When the option Profile is checked, the inlet profile is made similar to the profile solution at
certain computational distance downstream of the inlet. This transposition process takes place at every
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iteration, ensuring that the inlet mass flow remains unchanged. An inlet developed velocity profile is,
thus, easily obtained, without the need for a large entrance length. The computational distance
downstream and relaxation factor to apply in this process are defined in Calculation parameters (cf.
section B1.8.1). The downstream location from which the profile is transposed is represented as shown
in Figure B.61.

Figure B.61 — Representation of an inlet with profile transposition from downstream.

k-€¢ model k-e model

. IT:|5 x L: o1
The input data are: - "

o IT: Turbulence intensity IT =100 x /%k I'V,, , where Vin is the inlet velocity; [%];

3/2
o L: Turbulence length scale L=——/; [m]. L may be taken from a fraction of the inlet
&

dimension (typically10%).

Energy
. . Energy
The Temperature value must be specified for all the inlet
. Temperature : * Temperature
boundaries. o e

Passive scalars

The value for the concentration of passive scalars must be | Fassive scalars

M| Fazzive Scalar 1

specified for all inlet boundaries. R i
Concentratior : o
Secondary fluid concentration 01 katka ~

For multi-component fluid flow situations, the mass ..,
fraction of the secondary fluid must be specified for all inlet Massfraction: |01 karkg
boundaries
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After validating the entered values with the button Apply, the inlet
region is displayed with an arrow that indicates the flow direction.

S
|
i
B1.6.3 - Outlet boundary condition ‘\

The choice of the flow condition at the outlets includes the available  jmposed variable
options for inlets plus the additional option Conservative.

Welocity
Wolume Flowrate
t ass Flovrate
Cohzervative

Unlike inlets, a fundamental difference exists between the Velocity
and the remaining options. If Velocity is chosen, a uniform velocity profile
is imposed. For the remaining options, the velocity profile shape computed at the control volumes
upstream of the outlet is assigned to this boundary.

The outlet mass flow rate is automatically computed for all the Conservative outlets so as to
satisfy global mass conservation.

For all the remaining scalars (temperature, turbulence quantities, passive scalars and secondary
fluid concentration), a parabolic condition is assigned; thus, no other specification is needed.

B1.6.4 - Symmetry boundary condition

No values are necessary to be defined for this type of boundary.

B1.6.5 - Lateral opening boundary condition

Lateral openings are boundaries that may accept inflow and outflow, or a mix of both. Inlet
velocities are not specified at these boundaries, as they come as a result of the computation. Values for
scalar quantities (such as temperature, turbulent kinetic energy, etc,) must be specified, to be used if
inflow is verified. This boundary type is to be used for situations where the flow is predominantly
parallel to the boundary. This boundary is considered as a symmetry boundary during the first 10
iterations, thus providing better numerical stability than if an outlet type boundary was used. Figure
B.62 shows a typical application case, where a boundary layer is developing from the bottom
boundary, creating a small vertical velocity component that leads to a very small (yet not negligible)
outflow at the top boundary.

_________________________________ Lateral opening

4
= -

Figure B.62 — Utilisation of a lateral opening for a boundary-layer development.
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As referred above, lateral openings admit inflow. Nevertheless, this may lead to numerical
instabilities and erroneous results if the inflow region is dominant in the corresponding boundary. This
is exemplified in Figure B.63, where the top boundary presents a large portion of inflow. In this case, a
much better solution would be to increase the calculation domain, by displacing the top and bottom
boundaries farther from the airfoil. This would even allow you to use a symmetry boundary instead
(which is equivalent to a slip wall), which is more robust numerically. In this case, you should ensure
that the lateral walls are far enough so they do not influence significantly the flow around the airfoil.

_________________________________ Lateral opening

- -~

In summary, lateral openings should be used when the flow is expected to be predominantly
parallel to the boundary, mostly with outflow component (as compared to inflow). Inflow as admitted
as long as it is restricted to a small portion of the boundary.

B1.6.6 - Pervious line boundary condition

This boundary condition is used to impose specific | Momentum
values for fluid velocity inside the calculation domain (to | “el:|-3.0 mfs Angle [%]: 0.0
simulate a fan for instance). It can only be assigned to | W Impose'elocity — Relativeto: |Boundany -
delimiting boundaries of pervious blocks. You may impose
velocity values and direction, in a similar way as for inlets. For pervious lines, negative velocity values
are allowed. Imposition of velocity values can also be done directly to open blocks. In this case, there
is no need to create a new region.

Figure B.64 demonstrates the utilization of a pervious line region to simulate a fan inside a
cylindrical shell.
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Figure B.64 — Utilisation of a pervious line region to impose fluid velocity inside the domain.

B1.6.7 - Void blocks

A void condition can only be assigned (and is the only

Type
f* ‘/oid i i

choice) to unmeshed blocks. Void blocks (cf. Figure B.65) are
impervious to the flow and may receive regions with the available boundary conditions: inlet, outlet,

wall or symmetry.

Figure B.65 — Example of a void block (delimited by the red line), inside a solid block (filled in gray).

B1.6.8 - Pervious blocks

Pervious blocks are regions that are pervious or partially

Type
(¢ Pervious " Solid

pervious to the flow (pervious to momentum). They can be used
with the following purposes:

o

o

For including porous regions in the simulation (cf. Section B1.6.13);

for imposing a volumetric Heat generation rate, by specifying the total heat generation rate
(W) or, alternatively, the heat generation rate per unit volume (W/m3) (the third dimension is

considered as unit);

for imposing a volumetric Generation rate of passive scalars, by specifying the total
generation rate (kg/s) or, alternatively, the generation rate per unit volume (kg/m?3s);

to create a space region for defining particular initial conditions, as for instance, a certain
temperature (cf. section 0);
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o to create a space region for the quantitative analysis in the post-processing phase (cf. section
B3.7).

Type
B1.6.9 - Solid blocks ) " Pervious i+ Sold
This type of condition is only available for meshed blocks
in non-isothermal problems, to compute heat transfer by [E™® & W
) ; ; . Heat generation rate : Iui
conduction. The solid Material for the block must be specified as " Wim3
well as the internal Heat generation rate. Additional regions can Material: |Copper >

be defined at the block boundaries.
B1.6.10 - Pervious line blocks and thin plates

Cf. example file SpliMesh.def

Open blocks are, by default, pervious to the flow (they are called pervious line blocks).
Nevertheless, these blocks can be used to simulate thin plates, by creating, in some of their geometric
elements, regions of wall type, such as exemplified in Figure B.66.

Boundary Conditions

Envelope : Type: Yoid block
Block 1 o Type: Pervious line
Region 1 : Type: Inlet
Fiegion 2 : Type: Outlet
{egion 3 : Type: Wal

I
|
|
Mame : |Region 3 %: —‘9
|
|
|

Type - |'wal -

|

|

Marmentum |

Vel |0.0 mis |
| S EN

|

Figure B.66 — Utilization of a pervious line block to create a thin plate.

B1.6.11 - Dummy boundary condition

A dummy boundary condition has no special effect on the problem physics and is used only to
create a region identifiable for the post processing purposes, such as, for instance, to compute a heat
flux or any statistical quantity. It can be applied to any element of any block, provided it has no other
boundary conditions already assigned. Due to its character, no values are necessary to be defined for
this type of boundary.

B1.6.12 - Space/Time dependent boundary values: TableFunctions

Boundary values can be either constant (when a numerical value iS  jomentum
specified) or space/time dependent. Space or time dependency is specified | wvel: [TbFnc més
through a table, listing the Independent variable (X, Z or Time) and the dependent
variable values, as show on the right. Independent variable - [Tme |

Z coordinate

Tinne

Time [z]

To open the TableFunction DialogBox, press the F5 key when the
corresponding input TextBox has the focus. The values should be listed in two
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columns separated by, at east, a blank space or a tab (note: you may also directly paste values from a
text file or from other software such as Microsoft Excel).

For a space-dependent profile, you may choose either X or Z | Beundary data for region ‘Inlet/Outiet Left”

as the independent variable. The proper choice should be made indspendent vaisble: [Tme ]
based on the boundary inclination: of course, for example, the X Time [s Velogity [mds]
dependency should be the choice for an horizontal or nearly- oo oo ‘
horizontal boundary. TableFunction data may be validated to §:125 §§§§%§

check for any errors by pressing Validate and Save. By pressing 0% D0sess

OK, the TableFunction data will be saved associated with the e e =
boundary; nevertheless, this data will be effectively used only if §§: %33233

the Use function table data is checked. If a boundary value is o o

given by a table function, its input TextBox will show TbIFnc, as || |&% Lo
depicted on the right. To override this and use a single value, you || |ots T ]
may either open the TableFunction DialogBox (by pressing F5) W Use TableFunction dets Valgae
and unchecking the Use TableFunction data button or, simply by

entering a numeric value in the input TextBox. i

TableFunction data is limited to 50 values. Values are
computed from TableFunction data using linear interpolation.

If the boundary independent variable value (X, Y or Time) falls outside the TableFunction range,
two possible situations may be considered:

[ a3 53
a) If the first and the last dependent |=¥<*°

variable values in the TableFunction _ o _
f . Thefirst and the last values for "Velocity [m/s]” in the TableFunction
are Similar’ periodic Conditions are I'_ 3 ) are identical. Periodic conditions wil be applied for "Time [5]" values
; ; outside theTableFunction range.
assumed (cf. example in section C5).

b) If no periodic conditions are assumed, oK
the boundary value will be similar to
the closest value in the TableFunction range.

Integral quantities such as mass flowrate, volume flowrate and volumetric heat generation rate
cannot be space-dependent (thus, only Time can be selected and the independent variable).

TableFunctions are not available for the following boundary variables: External temperature and
heat transfer coefficient (cf. section B1.6.1); values for passive scalars (either concentration or flux).

B1.6.13 - Porous losses

Momentum losses through porous regions may be assigned T_UFDUS Loss— - | =
- . - v Achivate on 1Eokropic
to pervious blocks. Inp.ut data_ are the viscous permgablllty e 05— 2 Anc BT
coeff!c!ent (Perm; K, in section Al.?), the. quadratic Io.ss Losscostt: T ml TFoctor T
coefficient (Loss coeff; C) and, for non isotropic porous media,

the streamwise direction Angle (¢ ) and transverse factor (T. Factor; F).
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B1.8 - Calculation Parameters

This section allows the specification of all parameters concerning the solution of the equations
and convergence control.
B1.8.1 - Iterations and Convergence

Max. number global iterations is the maximum number of - Calculation Parameters

outer iterations allowed in the SIMPLEC algorithm. When this Turb, Model| Eneray | Transient parameters
number of iterations is reached, the calculation is stopped even erations | Subel | P sobion | DitSchemes
if the convergence criteria were not attained. lterations and Corvergence

Maximum residual is the parameter Rconv (Cf equation P ax. number global iterations - | 350
(4.4)) that establishes the maximum normalized residual as Masimum resicual |5 6

b axirum residual [multigrid] ; |5e-5

convergence criterion.

Maximum residual (multigrid) establishes the criterion to Numb. ierations momentum : |3 =]
change meshes during a multigrid calculation (cf. B2.1.3). Sl (IS

Mumb. iterations energy : |8

Comp. distance for profile transfer : |57
Subrelawation : [0.5

Numb. Iterations momentum is the fixed number of cycles
used to solve the momentum equations within each SIMPLEC
iteration. Allowed values are 4, 8 or 16.

Numb. iterations k-e is the fixed number of cycles used to
solve the k and the ¢ equations within each SIMPLEC iteration. Allowed values are 4, 8 or 16.

Numb. Iterations energy is the fixed number of cycles used to solve the energy equations within
each SIMPLEC iteration. Allowed values are 4, 8 or 16. The same values are used for the
concentration of the secondary fluid, in multi-component fluid flow problems

Comp. distance profile transfer is the computational distance, downstream of the inlet(s), where
the velocity profile(s) is taken for transposition (cf. section B1.6.2). A Subrelaxation factor is applied,
to prevent eventual instabilities during the calculation.

B1.8.2 - Sub-relaxation

There are two options for subrelaxation: using a local subrelaxation through the E factor, as
described in section A2.3, or adopting a transient-like approach, where the solution advances in time,
starting from the initial variables field.

lterations  SubRelax l P snlutinn] Diff. Schemes

The E-factor option generally leads to a faster converges
rate, but is some cases may lead to higher numerical Mode: [Efactar v
instabilities. The transient-like approach (Time step option),
provides a smoother convergence, but may require more

E factar

Type: |Varable -

f* Momentum

iterations. " Turbulence Initial value : (0.5
The E factor may be specified, independently, for the = Final value : |3.5
Momentum, k-e Energy and secondary fluid concentration = Numb.iter. : |EO

(CO2, in the case depicted) equations. The Type of variation
controls how E values depend on the global iteration number:
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Fixed: the E factor is constant throughout the iteration process.

Variable: the E factor starts with an Initial value, increases linearly during the number of
iterations specified in Numb. iter. up to the maximum specified in Final value and remains constant
during the remaining iterations. With this method, the subrelaxation is higher at the beginning of the
iterations (lower E values), which is an advantage to stabilize the calculation. As the calculation
approaches convergence, less subrelaxation is needed and the E factor can be
higher. Typical values are 0.5 to 3.5 during 60 iterations. Mode: [Tine step ~ ]

For the Time step option, the time step may be computed automatically  Tine step: [atomatic +|
based on the characteristics problem length and velocity scales. This value may Factor: [y
also be affected by a specified factor.

Alternatively the user may specify the time step. In both cases, during Mode: [Time step
the calculation, the automatic time step value is displayed.
Time gtep lm

Walue: [0 %

B1.8.3 - The p’ solution

, i i Turb. M-:u:lel] Energ_l,ll Tranzient parametersl
As already stated, the p’ solution needs special care.

The user may choose the minimum (Min. numb. Iterations
p’) and the maximum (Max. numb. Iterations p’) number of P salution
iterations (cycles) for its solution. The Max. Euclidean Min. rumb. terstions ' [z5

residual p’ is described by equations (4.2) and (4.3). __—
Max. rumnb. iterations p': |4|:||:|
Max. Euclidean residual p': ||:|.1

Iteratiuns] SubRelax P zolution l Diff. Schemes

Calculation Parameters

Turb. Mudell Energ_l,ll Tranzient parametersl

Iteratinns] SubHeIa:-:] P* zalution Diff.SchemESl

Advection Differencing Scheme

B1.8.4 - Differencing schemes Momentun | HighFies MIN_MOD 7D <]

The differencing scheme for advection (cf. section A2.2.3) Turbulence - | Hybrid =
and for time integration (cf. A2.2.2) may be chosen Energy : [Hybiid =
independently for each type of equation, as shown on the right. coz: ||H9b'id ﬂ

Fazzive [Hybnd

Computation of the projection location of the upstream node for
higher order schemes is optional. This is computationally quite
expensive and is undertaken only when residuals are near | [ TransientDifferencing Scheme

convergence criterion. If not selected, the upstream control Momentum : | First Drder
volume center is considered. kog o |First Orcler

Energy : IW‘

coz- [FistOider ]

Pazzive scalars IW‘

[ Compute projection node
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B1.8.5 - Parameters for the turbulence model

A subrelaxation is applied for the calculation of the turbulent viscosity, using an equation like

(4.1), as a means of stabilizing convergence (Viscosity
subrelaxation). Furthermore, it may be convenient to introduce
the turbulence model only after performing some iterations in
laminar regime (Number of iterations in laminar). The
Interpolation for viscosity may be set to Arithmetic or to
Harmonic (cf. equations (2.39) and (2.41)).

B1.8.6 - Parameters for the energy equation

A subrelaxation factor is provided for the buoyancy term
in the momentum equations (I in equations (1.3) and (1.3b)), and
for the thermal production terms of the k-& model equations (Gt
in equations (1.23) and (1.24)). This may be useful in situations
of high Rayleigh number (large temperature amplitude).

B1.8.7 - Parameters for transient problems

For transient problems, the time increment (Time step)
and the Maximum time for the simulation must be specified.
The temporal discretisation errors and numerical stability are
directly related with the time step and, consequently, this
parameter should be carefully chosen.

For transient problems, the Max. number global iterations
defined in section B1.8.1 refers to the number of iterations
within each time step. In this case, 5 to 10 iterations should be
enough to meet the convergence criteria, otherwise, most likely
the chosen time step is too large.

The parameter Data recording establishes the time
interval between two successive data recordings (intermediate
results). Since the total number of files may easily become be
very large, the user can select which variables should be stored,

b. M E|] Energy] Transient parameters]

Turbulence model

Wiscosity subrelaxation : [g5
Nurnber of iterations in laminar : |2

Interpolation for viscosity

Avrithmetic -

Turb. Model Energ_','l Transient parameters]

Energy

Subrelax. momenturmn buopancy term : (0.8

Subrelax. thermal produchion k-e : |4

Turb. Model| Eneray { Transient parameters |

Tranzient Fegime

Time step : (0.1 g
M amimum time: : |2 3
Data recording ; ||j17 :

Tatal number of time steps : 20
Tatal number of intermediate recordings : 20

Intermediate results

¥ [ Turb. ki en.
[ “elociyll [ Eddy frequency
[ welociia [ Wiscosity

[ Pressure [

[ Tatal pressure
W Temperature
[ “Wall Heat Flux
-

-
-
-
-

S0 as to minimize storage requirements. The available variables depend on the problem physics; for
example: if the Boussinesq approximation is adopted, density is constant within the domain and, thus,
this variable won’t be available for the intermediate results. As mentioned in section B1, intermediate

results are stored in the sub-folder Trans of the project folder.
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B1.9 - Initialisation of Variables

A problem may be initialized in two different ways: Wariables Initilisation

(* Specified values

1. Specified values: the values entered in the TextBoxes
shown at right are assigned to the selected region
(Regions). Selectable regions are the Calculation o
domain (default), pervious blocks and solid blocks. Calulation domain

" Previous calculation

M etalBlack, o Type: Solid Block
For the turbulence e v aRlees
k-2 miodel
mOdeI’ yOU may Ao [ 1A m2ds2 Marmentum
choose an Automatic | @ &eedié .. o1
CIIESE - - : s |01 medsd U:'iu .
initialisation, in which
. ] w0 m/z
case an average of the inlet values are considered, or,
alternatively, Specify the initialisation values for k k-e model
and < .sé.u.tgl
" Specify
2. Previous calculation: if you have a previous o

calculation, you can use the stored values to initialize o S
the problem (this is equivalent to select Project —

Load Results, as described in section B1.1). This is an

useful option for:

Yariables Initialization

o Post-process the results from a calculation already
made. In this case, after specifying the file name, you & SpEellEREles File

. . {* Previous calculation
can go directly to the Post-processing phase. _
File : ...al_Inglesh\ExemploProbhEzemploProblST res

o To solve a transient problem, starting from a previous Regions -
. Calculation domain
steady-state calculation. MetalBlock © Type: Solid block

The three ToggleButtons Activate allow the corresponding
variables to be imposed in the selected regions, overriding the
values stored in the initialisation file.

Energy

W Activate T |20 I
Pazsive Scalars

W Activate Mame: |Passive Scalar1 -
Concentration : |0

tazs fraction: |0
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B1.10 - Running in batch

Several pre-prepared .def files can be run [ g gatch fun (& - [E2syCFD_G - Probl
using the Run Batch feature. In the corresponding | (Brject Fites | (Project) Exit Help
Dialog Box, one may add a single .def at a time, or Add ;iwefne [ New
load a set of files specified through their path in a Losd files cct Load
text file. Only the files listed with a check mark will S osd fesuls
be run. ulT save

Save As

For each file, the mesh is generated only if the .def file does not contain Rmsstch [y

mesh information. For unstructured meshes, by activating the Increase res. by: mport

check button, the mesh size is increased the specified number of times, using the
feature described in section B1.4.5.

i B
#7 Batch Run l ﬁ

Project Files

5| C. este teste . def
V| Ctesteteste? def

. 1
Generating unstructured meshes
Go Clean
[ Increase res. by : |15 - List
Meszage ]
———
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B2 - Solver

Figure B2.1 displays the graphical interface for the Solver phase. Several spaces are identified for
easier reference.

-
@ - [FasyCFD_G - Solver] = | B |
- | -
File Exit Helé >
Problem Defirition Solver T Post-Pracessing W Fluid : Air | SteadyState, Turbulent SST, Honlsothermal | 2D
Monar:  Residuals " Values * Forces C
Iteration  Erwelope [F<.FZ) Block1 [FA.FZ] Blocks (B C2)

5 " 4ell 33328200 B.9123200 0000000 0000000
33413200 -6.0952e00 33315200 £.923%200  0.0000=00 0.000000
-3.3375e00 -6.1122e00 33286200 £.9385e00 0.0000=00 0.0000=00
13200 -B.1297200 33237200 £.9536e00 0.0000=00 0000000

0162
0164

¥ Compute farce: Message : — 5

Representation of the velocity field Moritoring paint

Reduction: |2 hd
Slze.ﬂ J ﬂ 8

Lacation of maximum residuals

{ r [T Momentums [ [~ Temperatwe [~ K [T
ion time: 2m 23.85s [ Auto-save results
= b

Tell

4342 [~ Show

— Residual U
Fesidual W
FResidual b

—— Residual T

—— Residual K
Residual O

e

[z E— N——

30 B0 =) 120 150 180

Project: C:\PessoaishSoftwaresE asyCFD_G4YManual_InglesE xemploFroblsE semploFrobl def

Figure B.67 — Graphical interface for the solver phase.

B2.1 - Listing of Monitoring Values and Residuals

Space 1 presents diverse
information concerning the
iterative process, depending of the selection made in Monitor:

Monitar : & Residuals " Yalues " Forces lﬁ

B2.1.1 - Steady-state problems

Residuals: The first column displays the iteration number. The next seven columns display the

normalized residuals for each equation and the number of cycles employed for the solution of the p’
equation as well as its final normalized Euclidean residual. (y,, in equation (4.3)).

Iteration  Residual U Fezidual W Fesidual M Fezidual K. Fezsidual D Fezsidual T Sec. Fluid MNawpp' Euclidean

0o 00000s00  0.0000:00  1.5723=00 0000000  00000=00  1.9433e-04  #id#dsds 404 229580

ooz 72EMe-04 3522404 10265200 0000000 0000000 21174204  HHSHEHEHE 404 27113307
0003 1.3693e-03 G0352e-04  5.2652e-01 0000000  00000=00  23310e-04  HHSHEGHE 404 1.9523=-0
0oo4  39878e-03 1564103 253Ne01 0000000 00000=00  27211e04 HUddHEHEE 404 204270
0005 91770e-03 3308403 1353001 00000200  00000=00  31110e-04  #Hd##gHs 404 223450
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Values: The first column

lteration  Monitor U tonitar K. Manitar D tonitor T Sec. Fluid
H H H 0001
displays the iteration number. The 0002 1.8024e-01 3750003  20668e-04  20000e01  0.0000200
; ; 0003 3768301 2476203 27500e03 2066804  20000e01  0.0000e00
next six columns display the values of | oy Zoziacnr  Eaaac0s 3700003 S0GREG04 2000001 00DDSOD
the variables at a spatial location 0005 B.0B84e-01 1200902 2.7500e03 2 0E68=04 2000007  0.0000=00
(monitoring location) selected by the user.
Forces: Forces on walls are lteration  Fesidual I Residt Iteration  Envelope [F<.FZ) Block1 [F<.FZ]
computed at every iteration if the 0003 0.0000=00 0.0000e00 26362601 366518601
; 0010 0.0000e00 0.0000e00 29118l 8 7E87e02
button Compute forces is checked. 0011 0.0000=00 0.0000eD0 2 7466601 6102601

0mz

(0.0000=00 0.0000=00

1.4822eM1 7.3352e-01

2.7838=00 3.4237e-01
Messza
Forces values listed in the monitor can be sent to Excel, by pressing the e i
corresponding button. If the selection at the listbox is not the latest value, the EXcel Will g~

contain only the values starting at the selection; otherwise, all values are sent to Excel.

B2.1.2 - Transient problems

For transient problems, the displayed residuals correspond to the iteration prior to the time instant
transition. The iteration (first column) represents the total number of iterations performed within the
time instant. The last column (for both Residuals and Values) displays the current time instant.

Iteration  Reszidual U Fezidual W Residual M Fezidual K Fezidual D Fezsdual T Sec. Flud MNaswpp' Euclidean Time instant

0005 1.681%e-04 2445103 1.5311e01 RUfHEHE  HEHRHEEEE 96S04e-06  HUHHHHHEE 036 S6Bdde02 01
0005  380E0e-05  2018B6e-04 20480202  HEHHHHE  HHHERHEHEEE 236270 HERHHEHHE 020 99706202 015
0005 1123305 BO416e05  B0951e-03 HEHHEHE  SHHSHEHEER 1.3633=00  HHHHHEHE 036 96749e02 02
0005 7757308 32407205 20918203  HHEHHHHE  HHHBHEHEEE 10338=0F  HURHHEHE 056 S914RB=02 025
0005 4892706 1.8184e05  S6274e-04 HEHHHHE  BHHHHEHEER 01313=07  HHHHHEHE 056 £9516=02 0.3

Intermediate storage for transient problems:

Selecting Trans.interm Storage the time Time instant  Intermediate results stored in:

. . ,
Qo C:hSoftware\E azyCFD_GAExemploshCHT A Transh Tl res

instant and the corresponding file name for 01 C:\SoftwareAE aswCFD_GAExemplassCHT A TransATr res

. . . nz E:\Su:uftware'xEas_l,lEFD:G'xE:-:emplu:us'xEHT\Trans'xTrZres
intermediate results storage are displayed. 03 CASoftware\E asyCFD_GAE semplos\CHTA TranshTidres
04 C:h\Software\E azyCFD_GAEwemploshCHT\TranshTrd res

For a better control, a horizontal indication bar in Space 2
shows the progress within each time step, relative to the maximum
number of iterations specified.

Iterations in the time step: 5 [HEN

Manitoring paint

| k:|s0

The indexation of the monitoring point is chosen in the
interface block shown at right (Space 2). When Show is checked, the
location of the monitoring point is represented in Space 4 by a small
circle. The monitoring point may be picked in the representation using the mouse, if Pick is checked.

i- |36

j [ Show

v Pick.
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B2.1.3 - Multigrid calculation

| L URTN] Ll TUPT N  y | IMTLTTET ILATT W Residusls vs. Iterations

el —— Residual U

Residual w

Multigrid calculation is available
for unstructured meshes, in steady-
state  problems, provided mesh
resolution was increased using the linear interpolation method (cf.
B1.4.5). This allows much faster calculations for large problems.
Calculation starts with the base mesh (coarser mesh). When the
limiting residual for mesh transition is reached (cf. B1.8.1), results
are interpolated into the next finer mesh and calculation proceeds.
If other finer meshes are available, the process is repeated. It is
normal that transition between meshes leads to a jump in the
residuals (as shown at right). 11

Residual M
— Residual K

Calculation tirme: Orn 1,503

v Multigrid: 2 meshes available

B2.2 - Graphical Representation of the
Residuals

The graphics with the normalized residuals (cf. equations
(4.5) and (4.6)) are presented in Space 3. The horizontal axis
represents the iteration number, using a linear scale, while the
normalized residuals are in the vertical axis, in logarithmic
coordinates. A different colour is assigned to each variable,
according to the displayed key.

For transient problems, the horizontal axis shows the time
instant counter.

The evolution of the residuals is very much problem o SN e
dependent, In the presented case, the solution presents a good 2w W w W m
convergence, though in the final stage the convergence rate is slow.

B2.3 - Vectorial Representation of the Velocity Field

The evolution of the flow field during the solution of the problem | Fepresentation of the velocity field
may be visualised in Space 4, with a vectorial representation of the W Activate  Reduction: [2 ~|
velocity field (this may slow down the calculation, specially for large Size: «| | v| 2
problems) . The controls shown on the right allow the user to adjust
display settings, such as the vectors Size and its quantity (Reduction).

B2.4 - Location of Maximum Residuals

The location where the maximum | acation of masimum residuals
residuals are verified may provide [ Momentum U [~ Momentum'w [~ W Temperate [~ K [~
valuable information for identifying the
origin of problems related to low convergence or even divergence of the iterative process. By checking
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for each equation, the respective location of maximum residual is displayed with a small circle in

Space 4.

B2.5 - Information messages

Whenever necessary, Space 5 Messzage : Data stored in : C:\Software\EasyCFD_GAExemplosACHTATrans\Tr3.res

displays information messages, such as
the current storage file for intermediate transient results, etc.

The time elapsed since the start of the computation is shown in Space 2

After the solver is finished, the results may be saved in a file with
the default name (project name with extension .Res) using Save Results,
or in a file with a chosen name (Save Results As). Results may,
alternatively, be stored when EasyCFD is exited.

Calculation time: O 8,75

-

i

- [EasyCFD_G - Solver]

Exit Help

Save Results olw
i

Save Results A

Iteration

Residual LI Residual
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B3 - Post-Processing

B3.1 - Example Problem

The illustration of the post-processing capabilities will be done recurring to the example shown
in Figure B.68.

- (o) *

t 2
Figure B.68 — Demonstration problem.
Here is some data for this problem:

1: Region type: Inlet
Velocity: 1 m/s ; &: Q°
Temperature: 20 °C
Turbulence intensity: 5% ; Characteristic length: 0.01m

2:  Region type: Inlet
Velocity: 1 m/s ; & Q°
Temperature: 30 °C
Turbulence intensity: 5% ; Characteristic length: 0.01m

3:  Region type: Conservative Outlet

4: Region type: Solid block
Material: Copper
Total heat generation rate: 0 W

5: Region type: Void block

The envelope walls are adiabatic. The total horizontal dimension of the domain is 2.4 m.
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B3.2 - General Description

The post-processing phase is available only after the solver is finished or calculation data was
loaded. A general view of the graphical interface is presented in Figure B.609.

,
4% - [EasyCFD_G - Post-Processing =R
File ColourSettings  Exit Help
I Problem Definiion | Saver | Post-Processing | Fluid : Air | Regime : SteadyState, Turbulent, Honlsothemal x=-2806533  z=0.724381
1| | PostProsessing
@ -
Contaurs | Vetors | Steamines | Analyss |
Variable Quantiy
elocity I R I
Range
& from. [E0E4T423

(o) o [3138778
Shaded

* Colour
I Show il G scale
Scale
r Pasiton: 4|+ 9 j 0
Digits: 4| +] 3 Colour: I
Lines

Thickness

™ Show Colour- M=

[ |

I Show Mesh Export

Project: C:A\SoftwarehEasyCFD_G4M anual_IngleshExemploProblE vemploProbl def Zoom: [1.5: - ,@ /9 "_I + Wl o if I

Figure B.69 — Graphical interface for the Post-Processing phase.

B3.3 - State File, Colour Settings and Visualisation

Control & - [FasyCFD_G - Pcst—Processingi

Colour Settings  Exit Help

The settings for the present visualization may be saved in a file | ond State —
(Save State), so that they can be recovered later on (Load State). These Save State ks |
include all the visualization definitions, such as zoom settings, type of ||| = ~
visualization, contour values, etc. o

Within Colour Fil Line
Settings, you may choose |#® -[EasyCFD_G - Post-Processing] Colou | Colour Thickness Sl
the Colour for f||||ng 2D File | Colour Settings | Exit Help Background:
regions (Background, Problem Drefinition lﬁ? Salver el L

Yoid blocks : H
Envelope, different types of Puost-Processing Pervious blocks : u
blocks), and the Colour, Thickness and Style for different Sold blocks: u
lines, as shown on the right. The CheckButtons allows you to Flegions: ||
switch on or off the display of the different entities. Mesh u

Fredefinitions
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The selected definitions are saved with the project. Note that styles other than Solid are only
available for line thickness 1.

Most of visualisation control is performed in a similar manner as described in section B1.1. The
post-processing, nevertheless, features the additional functionality of fitting the " &g
whole geometry, not only in the visible windows (option S), but also in an extended €L

window 9 times larger (option L). The tool D allows you to capture the visible window (option S) or
the extended window (option L) and save the corresponding image in the .jpg file format.

B3.4 - Contours

Contours, either shaded contours or line contours, represent

Contours l Wechars l Streamlines ] Analyziz ]

the spatial variation of scalars (cf. example in Figure B.70). The _ .
Variable to be represented and the Quantity of contours are the e Auantiy:
. . |Temperature j ﬂﬂ 20
first selection to be made.
Range
Available variables depend, naturally, on the physics & Automatic fom 200
involved. Fluid flow problems (i.e., non-pure conduction " Speciied to: {300
problems) include Velocity, VelocityU (x component of velocity),
VelocityW (z component), Pressure and the Stream Function y defined as: Vailslile.
Welocity ﬂ i}
= = b
0z OX Eylb_.Kirj.Ener. i [
e

Non-isothermal problems include Temperature. If buoyancy effects are e . -
present, Total pressure (pwt, wWhich takes into account the hydrostatic
contribution), is available:

Pt =P—pQ92

For turbulent problems, turbulent kinetic energy (Turb.Kin.Ener), its rate of Dissipation,
Viscosity, turbulence intensity (Tub. Intensity) and y* (cf. equation (1.28)) are available.

Choices for Range are:
o Automatic: the contours are displayed using all available range for the chosen variable.

o Specified: the minimum (from) and the maximum (to) contour values are chosen by the user.
This option is particularly useful for analysing a particular region of the domain, for
example.

B3.4.1 - Shaded contours

The representation of shaded contours is activated in the -Shaded
corresponding CheckButton Show. Shaded contours can be | W Show Fill
displayed either in Colour or using a Gray scale. If y* is the chosen | scake
variable, the graphical representation is done only for control | ¥ showssale Postion: <[ »|9 =l g
volumes adjacent to wall-type boundaries. Digis: 4 *| 3 Colour: I i

+ Calour
" Gray scale
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The Show scale button activates the representation of the correspondence between colours (or
gray shades) and values range. The scale horizontal and vertical Position relative to the visualisation
window can be adjusted in the arrow buttons. The number of significant Digits for the labels and their
Colour can also be adjusted.

B3.4.2 - Line contours

Line contours are displayed with a constant Colour using the | Lines PE—
line Thickness chosen by the user. This type of representation is not v Zhei Coou: Wl [ <] |
available for y*.

25.3

247
241
235
229
22.3

21.7

21.1
20.5

'C

Figure B.70 — Temperature line contours (white lines), shaded contours and corresponding scale for the example problem.

B3.5 - Vectors

The flow velocity at the centre of each control volume is  Contous [ Vestors | Stieamines | Analsis |
represent?d with <'.i vector, the length of which is proportional to 5 Show e e
the velocity magnitude.

Size

The Size can be: & Auto.

" Spec. ﬂj ﬂ 2

o Auto.: a proportionality factor between vector length
and velocity magnitude is automatically adjusted. This Colour: [velodty =]
fact_or may be_ modified by the user, by sliding the e T
horizontal bar in the command block.
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o Spec., the ratio between vector length and velocity [ Sie

magnitude (given in m/(m/s)) may be directly specified by (275301 mimds)
the user. This option is quite useful if one intends to
compare different velocity fields and the same scale factor
is desired. Colour :
The command Reduction imposes a reduction for the number of vectors |Velacity =l
displayed, so as to achieve a better visualisation. anstar
Pressure
The vectors Colour may be: Turb.Kir.Erer.
Diszipation _
o *Constant*: the user chooses the desired Colour for the vectors. Turb Intensiy

o Variable: each vector colour depends on the local value of the chosen variable.
The line Thickness for the vectors can also be chosen.

Figure B.71 shows a representation of the vectorial velocity field using the local velocity as
criterion for the vectors colour.

e

Figure B.71 — Representation of the vectorial velocity field.

Caontaurs ] Yechars Sl l Analyzis ]

B3.6 — Streamlines
v Show

Streamlines connect locations with equal value of the ., m Trickness: [ <]
stream function, representing the fluid trajectory in steady-state
problems.

Frorn Regioh

. . . Inlet 2 o Type: Inlet
Streamlines can be represented using the available tools for Region 3 - Type: Qutlet

the contours representation, as described in section B3.4.

Cluantity ; ﬂ J ﬂ 10 Apply

From Specified Locations

Total: 0




Nevertheless, the streamlines Tab, described hereafter, provides additional functionality for the
streamlines representation.

After checking Show and upon pressing Apply, the chosen Quantity of streamlines is drawn from
the selected inlet or outlet boundaries, with the Colour and Thickness specified. Additionally, by using
the mouse right button, you may select specific locations in the domain for displaying the streamline
that passes through. An example may be seen in Figure B.72. The Button Erase clears the Specified
Locations streamlines

Figure B.72 — Representation of streamlines.

(a) 10 streamlines starting from the left inlet. (b) addition of more streamlines with the mouse cursor.

B3.7 - Analysis

After selecting a Variable among the available ones, diverse Variable | |Temperature -
information is displayed for the selected region.

Contours] Vectorsl Streamlines  Analysis l

Central hole o Type: Void block ~
. . . Inletl o Twpe: Inlet
Selectable regions are: the Envelope; a user defined region; a Ikt2  Type I
. . . . . EgIon : pe: Cutlet
pervious or impervious block; or the Calculation Domain. After  IEEEEIREER
selecting the desired region, the Maximum value, Minimum value Rlegion type : Volume
. Dimenzion :  7.1176737 m3
and Average value are dlsplayed' Totalmass: 1.38507e+4 ka

Minimum walue - 20.08C

If the selected region is the Calculation Domain, a pervious | iasimum vaiue: 2000
block or a solid block, the Dimension has the units m® (the Region | #vetase valus: 217872643 °C
Type is Volume, as the third dimension is considered with length 1~ Valeatlocation: -

Forces l Maments ]

m) and the Total mass for this region is displayed. The maximum,

minimum and average values are computed in that volume space,  Pressure campanent [N]

for all control volume centres. It should be noted that wall values  fr+:00 Fpz:00
do not enter in this calculation; this fact should be taken into  iscous camponent [N]
account when interpreting the results when, for instance, the  Fw:00 Fvz: 0.0
maximum value of the selected variable is located on a wall (this  Tatam

may happen for temperature, when the heat flux is imposed on the  F«: 0o Fz: 00
wall).
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If other region type is selected (the Envelope or a boundary
region, like inlets, outlets or walls), the corresponding dimension is
given in m? (once again, the third dimension is considered with
length 1 m; the Region Type is Area) and the Mass flow through that
region (zero, if a wall) is presented.

You may notice, when examining Figure A.8, that since
variables are computed at the control volume centres, there are no
available values exactly at the boundaries location. The
extrapolation of variables values for the domain boundaries is
performed considering the following criteria:

Outlet boundaries

Wanable . | Temperature j

© Type: Voidblock -

Central hole

o Type: Inlet =
o Tupe: Outlet
Calculation Domain

Area

0.8 m2
0.95072 kat's
20.08C
20.08C
200°C

Region type :
Dimenzion :
Maszsz flowrate
Minimum walue
A arimumm value ;

Average value

The second derivative is zero along the direction perpendicular to the boundary, for all variables.

Symmetry boundaries

The first derivative is zero along the direction perpendicular to the boundary, for all variables.

Walls

o Velocity: the velocity component perpendicular to the wall is zero and the velocity
component parallel to the wall has the same velocity as the wall.

o Pressure: the first derivative is zero.

o Turbulence Kinetic energy: its value is zero.

o Dissipation rate of turbulence kinetic energy: the first derivative is zero.

o Temperature: if the heat flux is imposed, the wall temperature is computed based on the heat

flux value, using equations (1.35) and (1.36).

o Other scalars: similar to temperature.

Forces ] Moments ]

For boundary regions (Area
Type), the acting forces,
decomposed along the x and z
direction, for both the pressure
and viscous components, are
presented. Moments computed
relative to a selected location
(moment center) are also

Pressure component [M]

Fpe: 37232475 Fpz: 7.1418483

Yizcous component [N]

Fuw: .7 46749%-F Fvz:1.3157%-3

Tatal [M]

Fu: 372324 Fz: 71431641

Forces Ml
Moment center : o oK
2.0

Fressure component [Mm]

Mpx: -0, 2096434 Mpz: -0.6434508

Wizcous component [Mm]

Mu: 8 3644223 Mvz: 384923

Tatal [Mm]
M -0.8545738

available. Moments are defined as positive in the counterclockwise direction.
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B3.8 - Representation of the Mesh

The representation of the mesh lines is activated with the CheckButton Show
Mesh. The colour for the grid lines is defined in the Dialog-Box Colour Settings (cf. " ShowMesh
section B3.3).

A A
T

Y
T

R

T
-

Figure B.73 — Mesh representation in the post-processing.

B3.9 — Data Export

The Export Button brings up the DialogBox for controlling the export process. Data oo |
. . . . . Rpar
can be exported for locations along a line, or for an entire region, as described next.

B3.9.1 - Line

s N
4% Data export u
[ Warablestoexpott———

V¥ #feincing ™ Turb. kin. en.
™ Welocity - 1) ™ Dissipation
™ Velasity - W [ Wiscosity
[ Pressure = Passive Scalar 1
[ Total pressure [T Passive Scalar 2
[~ Temperature [T Passive Scalar 3
[T Density [T Passive Scalar 4
[ ooz
Location © L
" Selected region [Analysis]
r~ Paint 1 Faint 2
|
w: |1.508768 w: |-0.905259
2. [0.z3008 z: [0.ram3z

Humber of locations : I Refresh
e Dirawing
Save in File DED::ne:n

Mote: you may specify, with the mouse, the two
boundary points of the line defining the locations,
or enter the coordinate values in the text-box.

Figure B.74 — Selecting a line for data export.
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For this option (cf. Figure B.74), you should specify the start and end point of a line segment in
the calculation domain (Point 1 and Point 2). This can be done either using the mouse (hold down the
Shift key to easily define horizontal or vertical lines), or entering the coordinates directly in the
corresponding TextBoxes. The line is sampled with the specified Number of locations (visible a green
dots in the graphical display). Refresh Drawing updates the visualisation for the latest changes.

Two options are available:

o Save in File: Data can be exported into a file in TecPlot (only available for region export,
unstructured mesh)) format or exported as text using the following format: the first line
identifies the location (Line, in this case); the second line is a header, listing the name of the
variables. The remaining lines store the coordinates and the values of the selected variables.
(cf. Figure B.75).

o Open in Excel: Data is sent to a Microsoft Excel sheet, which is automatically opened (cf.
Figure B.76).

File Edit Format View Help

Line Export

»

X, Z, velocity [m/s], Pressure [Pa] E
-1.417588e+00 , 1.648990e-01 , 1.001523e+00 , 1.095220e+00

-1.394965e+00 , 1.847901e-01 , 1.017480e+00 , 1.070002e+00

-1.372342e+00 , 2.046812e-01 , 1.033149=+00 , 1.046433e+00

-1.349719e+00 , 2.245723e-01 , 1.045411e+00 , 1.03083E8e+00 E
-1.327096e+00 , 2.444634e-01 , 1.059583e+00 , 1.016118e+00

-1.304474e+00 , 2.643545e-01 , 1.082575e+00 , 9.967750e-01

-1.28185%1e+00 , 2.842456e-01 , 1.112988e+00 , 9.761220e-01

-1.259228e+00 , 3.041367e-01 , 1.134969=+00 , 9.54086le-01 R
-1.236605e+00 , 3.240278e-01 , 1.14B387e+00 , 9.260020e-01

-1.213982e+00 , 3.43918%9e-01 , 1.162825e+00 , 8.902270e-01

-1.191359e+00 , 3.638101e-01 , 1.182700e+00 , B.498949e-01

-1.168736e+00 , 3.837011e-01 , 1.201028e+00 , 8.159160e-01

-1.146113e+00 , 4.035923e-01 , 1.223870e+00 , 7.803607e-01 -
4

Lnl, Coll

[

B
aste

53

Figure B.75 — Data exported into a file from a defined line of points.

Home Insert

Clipboard ™= Font

Page Layout
& Ccalibri - |11
2 |||B I U-|A A7 =

Formulas Data Review

=
== General =

|Ed- ||| 28 % s |

.0 .00

/'_'| | %o a0

(F] Alignment

(F Number [

A

Styles

j‘ﬂ Insert ~
5P Delete ~

[Ej Format =

View

Cells

> o0
IE'

Sort & Find &
7 Filter = Select~

Editing

F1 -

£

1
2
3
a
&
6
7
3
9

10
11

4”4 » W] Sheetl Sheetz

A

Line Export
X

z

-1.42E+00 1.65E-01
-1.39E+00 1.85E-01
-L37E+00  2.05E-01
-1.35E+00 2.25E-01
-133E+00 2.44E-01
-1.30E+00  2.64E-01
-1.28E+00 2.84E-01
-1.26E+00 3.04E-01
-1.24E+00 3.24E-01

C

D

Velocity [m/s] Pressure [Pa]

Sheet3 .~ 1J

1.00E+00
1.02E+00
1.03E+00
1.05E+00
1.06E+00
1.08E+00
1.11E+00
1.13E+00
1.15E+00

1.10E+00
1.07E+00
1.05E+00
1.03E+00
1.02E+00
9.97E-01
9.76E-01
9.54E-01
9.26E-01

Ready

Figure B.76 — Data exported into Microsoft Excel from a defined line of points.
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B3.9.2 - Selected region

This option exports the data for the region selected in the - .
. P P g ##% Data export &
Analysis Tab.

‘Waniables to export

There are two possible situations:

[v “elociy [ Turb. kin. en.
o If the selected region is of the Area Type (such as the B Vloly- LU B Dfselpaey
B A . [~ Welncity - W [~ Wiscosity

Envelope, a Void Block or a boundary region), data is ¥ Pressue -
exported for locations at the middle point between LI Tiatal pressiis S

[ Temperature o
mesh nodes over the region, as deplcted in Flgure - -
B.77. Data can be - r
exported into a file el

Location |

or into Microsoft (v Eelectad region [Analyzist

Excel, in the same fyicioiock - Type: Sold block
way as described in  [ni e L ek SaveinFie|  Openin
the preceding Inlet 2 o Type: Inlet 5
. Region type : Area L
section.

Figure B.77 — Identification of locations for export in an Area Type region.

o If the region is of the Volume Type (such as the Calculation Domain, a Solid Block or a
Pervious Block), data is exported for the control volume centres in that region. Data
exported into a file also includes, in this case, the indexation of each control volume, as
depicted in Figure B.78. Exporting into Microsoft Excel is not available for Volume Type
regions. If the region is the Calculation Domain and the mesh is unstructured, data can be
exported in TecPlot format.
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] exampe - Notep o N = -

File Edit Format View Help

Region name : MetalBlock

i, k, *, Z, Temperature [°C] K
52 , 34, -7.949921e-01 , -3.949806e-01 , 2.014918e+01 =
32, 35 , -7.949529e-01 , -3.840355%e-01 , 2.014942e+01
52 , 36 , -7.948834e-01 , -3.70203%9e-01 , 2.014957e+01
32, 7, -7.948068e-01 , -3.516166e-01 , 2.014948e+01
52 , 38 , -7.947313e-01 , -3.268846e-01 , 2.014884e+01
32, 39, -7.946581e-01 , -2.950057e-01 , 2.014727e+01
52 , a0 -7.945851e-01 , -2.553326e-01 , 2.014445e+01
32, 41 -7.945260e-01 , -2.07363%9e-01 , 2.014035e+01
52 , 42 -7.944901e-01 , -1.517107e-01 , 2.013529%9e+01
32, 43 -7.944686e-01 , -8.806771le-02 , 2.012962e+01
52 , 44 -7.944575e-01 , -1.721962e-02 , 2.012376e+01
32, 45 -7.944529e-01 , 5.995737e-02 , 2.011797e+01
52 , 46 , -7.94452%9e-01 , 1.400426e-01 , 2.011262e+01
32, 7, -7.944575e-01 , 2.172197e-01 , 2.010811le+01
52 , 48 -7.944686e-01 , 2.880677e-01 , 2.010448e+01
32, 49 -7.944901e-01 , 3.517107e-01 , 2.01016le+01
52 , 50 , -7.945260e-01 , 4.075640e-01 , 2.009927e+01

Lnl, Coll

Figure B.78 — Data exported into a file (.txt format) from a VVolume Type region.

B3.10 - Analysis of Transient Regime Problems

The illustration of the post-processing of transient regime
problems will be done recurring to the conjugate heat transfer
problem schematically depicted in Figure B.79. This
corresponds to the initial state. Calculations are performed
using a time step of 0.05 s and results are stored every 0.1 s.
This problem is supplied with the EasyCFD installation, with
the name CHT.

The saved intermediate data (cf. section B1.8.7) may be
visualised upon checking
Intermediate results. This
command is unavailable for steady-state problems. The
DialogBox shown on the right displays the stored Time instants.
The post-processing tools are the same as previously described,
but limited to the variables for which intermediate results were
stored.

" Final results

The available time instants may be worked in two ways,
as described next.

# Results for transient calculation

Time instants ;

Time = 0.00
File 1 Time=010¢
File2  Time=0.20¢
File 3 Time =030 ¢
Filed  Time=040¢
File5  Time=050% A

All Time [nstants
Yizualization

[v Show

[~ Saveinipg files

Data from Analysiz Tab

[~ Save -

Export Selection

o [ tut]
[v Save o
Start at
First -
Step:
o | o | F
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Teopper=15 °C
Copper Tair=20 °C
Tstee=30 °C
L1=0. 15m
L,=0.07 m
L3=O. 03 m
Air
—_—
Steel L3
v

Ly

Figure B.79 — Definition of transient problem.

B3.10.1 - Single time instant

For the individual mode, you simply need to click in the desired time instant using the available
list. The visualisation area and the data presented in the Analysis Tab (cf. section B3.7) are
automatically updated with the solution corresponding to the selected time instant.

B3.10.2 - All time instants

In this alternative, the PushButton Go, in All time instants, launches an automatic  Start at:

process where all available time instants are selected sequentially, either starting at the ~ |First =
First

first available, or at the currently selected time instant (based on the selection made for
Start at:).

Visualisation

By checking Show, the visualisation is updated as the time  iusication
instant changes sequentially. If, additionally, Save in jpg files is | i Show
checked, the several visualisations corresponding to the time instants | I Savein ipgfiles
are saved in image files with jpg format, in the subfolder
\Trans\Images\ of the project folder, with names Tr0.jpg, Trl.jpg,etc. These image files can then be
used to produce animations using adequate software (such as Windows Movie Maker).

Data from the Analysis Tab

This functionality takes all the data presented in Analysis Tab | Dt from&nalsis Tab
(cf. section B3.7) and either opens a new Excel sheet with that data | ¥ Save
(cf. Figure B.80) or, alternatively, saves the same data in the file
<ProjectFolder>\Trans\StatisticsRegion.dat.

{ Excel
" File
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Bookl - Microsoft Excel
Home Tnsert Page Layout Farmulas Data Review View @ - o9 x
j‘ :E:;y Calibri -l | A AT = Wrap Text General < ijf‘ ﬂ _';% E- é‘ ’E 5:‘::‘35“’” : ? Eﬁ
P 3 tomt e | (B4 8 ] e ) e e~ % [ )| comtr P | e pee ot | G o, P
Clipboard i Font il Alignment il Number F} Styles Cells Editing
c1 - £ ¥
A B c D E F G H ] J K L 'I
1 Region name : Copper I .l
2 Variable : Temperature [ 2C]
3 Time instant [s] Region dimension [ Minimum value Maximum value Average value Total mass F_PressX [N] F_PressZ [N] F_ViscousX [N] F_ViscousZ [N] F_TotalX [N] F_TotalZ [N]
4 0.00E+00 7.50E-03 15 15 15 66.9975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
5 2.00E-02 7.50E-03 15 19.277362 15.059204 66.9975 6.49E-09 -1.59€-05 1.15E-08 -6.77E-06 1.80E-08 -2.27E-05
6 4.00E-02 7.50E-03 15 19.290985 15.084111 66.9975 -1.71E-09 -2.15e-05 -7.97E-11 -8.89E-06 -1.79e-09 -3.04E-05
7 6.00E-02 7.50E-03 15 19.302708 15.102859 66.9975 -5.16E-10 -2.64E-05 3.33E-09 -1.04E-05 2.81E-09 -3.68E-05
8 8.00E-02 7.50E-03 15 19.310786 15.118546 66.9975 -8.46E-10 -3.01E-05 5.04E-09 -1.16E-05 4.19e-09 -4.17E-05 i |
9 1.00E-01 7.50E-03 15 19.315809 15.132309 66.9975 -6.70E-10 -3.34E-05 6.16E-09 -1.26E-05 5.49E-09 -4.60E-05 1
10 0.12 7.50E-03 15 19.318602 15.144719 66.9975 -7.35E-10 -3.63E-05 6.96E-09 -1.35E-05 6.22E-09 -4.98E-05
11 0.14 7.50E-03 15 19.319771 15.156111 66.9975 -6.83E-10 -3.88E-05 7.56E-09 -1.43E-05 6.88E-09 -5.31E-05
12 0.16 7.50E-03 15 19.319747 15.1667 66.9975 -6.78E-10 -4.12E-05 8.04E-09 -1.49E-05 7.36E-09 -5.61E-05
13 0.18 7.50E-03 15 19.318842 15.176635 66.9975 -6.75E-10 -4.33E-05 8.43E-09 -1.55E-05 7.76E-09 -5.89E-05
14 0.2 7.50E-03 15 19.317282 15.186025 66.9975 -6.93E-10 -4.53E-05 8.76E-09 -1.61E-05 8.07e-09 -6.14E-05
15 0.22 7.50E-03 15 19.315235 15.19495 66.9975 -6.84E-10 -4.72E-05 9.04E-09 -1.66E-05 8.36E-09 -6.38E-05
16 0.24 7.50E-03 15 19.312829 15.203473 66.9975 -6.73E-10 -4.89E-05 9.29E-09 -1.71E-05 8.61E-09 -6.60E-05
17 0.26 7.50E-03 15 19.310159 15.211645 66.9975 -6.92E-10 -5.05E-05 9.50E-09 -1.75E-05 8.81E-09 -6.80E-05
18 0.28 7.50E-03 15 19.307301 15.219505 66.9975 -6.97E-10 -5.20E-05 9.69E-09 -1.79E-05 8.99E-09 -6.99E-05
| W« » »| Sheetl Sheet2 ~Sheetd ~¥J [ m
Ready

Figure B.80 — Excel sheet with the data from the Analysis Tab.

Export Selection

Export Selection takes the settings in the Data Export _g,..:seecion
DialogBox (cf. section B3.9) and creates several data files, one per
each time step. Files are saved in the subfolder \Trans\Export\ of the
project folder and named Export0.dat, Exportl.dat, etc. The files format is similar to that obtained for
a simple export as described in section B3.9, with an additional (first) line containing the time instant
information (cf. example in Figure B.81).

& [ tut]
[ .dat] TecPlat

For unstructured meshes, export is also available in TectPlot format, If the selected region is the
Calculation Domain. In this case, a single file is produced \Trans\Export\ExportTecPlot.dat.

| Export0.dat - Notepad [T —c—

File Edit Format View Help

Timestep [s] : 0.0e+0 -
Region name : Copper 3

i, k, ¥, Z, Temperature [°C] —
2 ., 41 , 1.675553e-04 7.016663e-02 , 1.500000e+01
2, 42 1.643123e-04 , 7.055020e-02 , 1.500000e+01
2, 43 , 1.642299e-04 , 7.104410e-02 , 1.500000e+01
2 ., 44 1.645090e-04 , 7.167216e-02 , 1.500000e+01
2, 45 1.64B074e-04 , 7.246459%e-02 , 1.500000e+01
2, 46 , 1.650989e-04 , 7.345402e-02 , 1.500000e+01
2, a7 1.653729e-04 , 7.467050e-02 , 1.500000e+01
2 ., 48 1.656160e-04 , 7.613465e-02 , 1.500000e+01
2, 49 1.658186e-04 , 7.785031e-02 , 1.500000e+01
2, 30, 1.659786e-04 , 7.980072e-02 , 1.500000e+01
2 ., 51, 1.661011e-04 , 8.195141e-02 , 1.500000e+01

-
-

Lnl, Coll

Figure B.81 — Data export file example for transient information (volume type region).
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C — Test Cases

Note: The files corresponding to the following test cases are supplied with the software.

C1 - Laminar Flow between Two Parallel Plates
File: LaminarProfile.def

The analytical solution for the developed laminar flow between two parallel plates is given by:

Vv :—ig—E(Hz—zz) (1.1)

where H is half the distance between the plates and z is the coordinate normal to the plates, starting at
the symmetry plane (cf. Figure C.1(a)). The longitudinal pressure gradient is:

dp 3V
__ 7 1.2
o pzh 1.2)
where V s the average velocity. The maximum velocity, reached at the symmetry plane (z=0), may
be obtained by substituting equation (1.2) into (1.1):

V.. =15V

Computations were carried out in half the domain, imposing a symmetry boundary condition and
using a uniform grid spacing (Figure C.1). To obtain a developed velocity profile without using a very
large length, the option Profile was activated when imposing the inlet boundary condition (cf. section
B1.6.2).

A e e
R ey
R Y
R
R

z
Vmax . o B

H

! Q
s
N

A oy

(a) (b)

Figure C.1 — Problem definition. (a) schematic drawing; (b) EasyCFD calculation domain.

Figure C1.1 — Problem definition.

The following values where used:
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H=0.04m;V =10"3m/s; fluid: water (x=10°Ns/m?; p=10%kg/m®)

I|~

T e e e e
06 [ —— — — 1 S .

T —— e —

02 B A

EasyCFD |
O  Teorico

o i i i i
0 0.2 0.4 0.6 0.8 1

Figure C.2 — Velocity profile.

Figure C.2 shows the obtained velocity profile overimposed on the theoretical solution. As one
may observe, the two curves are practically coincident. For this case, the theoretical pressure gradient
is:

-3
[@] =30 109 = 1.875x10 Pa/m
dx theoretical 0.04

To compute the pressure gradient given by the EASYCFD results, the Export feature was used to
open an Excel sheet for pressure along an horizontal line (cf. section B3.9.1). The obtained value is:

(d—pj ~1.8736 x10Pa/m
dx EasyCFD

The maximum velocity, at the symmetry plane, given by the software, is Vv, =1.497m/s,
while the theoretical value is 1.5 m/s.

As a suggestion, you certainly may improve these results by using a more refined grid with a
better clustering near the low boundary.

C2 - Turbulent Flow between Two Parallel Plates
File: TurbulentProfile.def

As for the previous case, computations where performed in half the domain, imposing a
symmetry boundary condition. In order to resolve the flow near the wall, proper clustering was
ensured at this boundary (cf. Figure C.3). To obtain a developed velocity profile without using a very
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large length, the option Profile was activated when imposing the inlet boundary condition (cf. section
B1.6.2).

Figure C.3 — Mesh used.

According to the following values adopted for this problem,
H=06m;V =1m/s; fluid: air (x=1.824x10°Ns/ m?; p=1.1884kg / m®)

the flow Reynolds number is 39092. Computations where carried out using the SST k- turbulence
model. Due to its hybrid characteristics, unlike the standard k-& model, this model allows computations
to be done in the viscous sublayer.

The obtained results were compared with the direct numerical simulation presented by Kim et al.
1987, which were done for a Reynolds number of 3300. Figure C.4 displays the boundary layer profile
obtained with both simulations. Note that, due to the lower Reynolds number adopted by Kim et. al.,
their range of u™ values is not as large as the present one. One may note a very good agreement, except
for the transition between the viscous and the log layer.

30

. | |

y — SSTmodel EasyCFD

25— ——DNS

_____ u =25 (u")+5.5 /

20 /

15 //
10

//

5 /

0.1 1 10 100 1000 3+ 10000

Figure C.4 — Boundary layer profile.
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C3 - Turbulent Flow Over a Backward-Facing Step
File: Step.def

The flow over a backward-facing step (Figure C.5) is a typical problem for the validation of
turbulence models and their implementation. This is a rather simple geometry, where the flow
separation point is fixed at the step corner. The reattachment length depends on the Reynolds number
and on the ratio between the inlet and the outlet sections. The prediction of the reattachment position is
a demanding test for the turbulence model, as it is quite sensitive to the fluid effective viscosity.

In the present case, the flow Reynolds number, based on the inlet centreline velocity and on the
height of the outlet section, is 132000. Present results are compared with the ones described by Ting
and Prakash (2005) and by Papageorgakis and Assanis (1999). The first work presents, among others,
(1) results obtained with the k-¢ model in a version implemented in the commercial software Fluent,
using wall laws; (2) computations performed by Thangam and Hur (1991) with the k-& model and (3)
experimental results obtained by Kim et al. (1978). In these works, authors took, for the inlet
boundary, a previously developed velocity profile. Papageorgakis and Assanis (1999) show
calculations obtained with the RNG linear and the non-linear k-& model, for Re=135000.

The hybrid discretisation scheme and the harmonic interpolation for viscosity were adopted. The
grid has 179102 nodes, with 15807 active nodes

In the present case, the inlet velocity profile was obtained with the feature Profile activated.
Figure C.6 presents the inlet velocity profile thus obtained, along with the profile by Ting and Prakash
(Fluent code) and by Papageorgakis and Assanis. As one may observe, the developed profile agrees
well with the experimental data (another possible approach would be to use a TableFunction to assign
the inlet profile according to the experiments).

Figure C.7 displays the streamlines in the recirculation region downstream of the step, together
with the results computed by other authors. The reattachment point was calculated, by EasyCFD, at
x/ H =6.4, while Ting and Prakash present the values 6.28, 6.30 and 5.7 for other works.
Papageorgakis and Assanis refer values in the range of 7.35 to 8.3.

The graphics in Figure C.8 represent the velocity profile at different locations downstream of the
step. The differences between the several contributions are certainly also due to the different inlet
velocity profiles. The predictions of both Fluent and EasyCFD underestimate the length of the
recirculation region, a well known characteristic of the predictions given by the k-& model for this type
of flows.

3H

X:
15H 1 30H .

Figure C.5 — Geometrical configuration of the backward facing step (the drawing is not to scale).
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EasyCFD
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Figure C.6 — Inlet velocity profile.

(a) — EasyCFD

(b) - Fluent (in Ting and Prakash 2005)
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(c) - Thangam and Hur (1991)
Figure C.7 — Streamlines in the recirculation region.
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Figure C.8 — Velocity profiles several locations downstream of the step.

U/Uc (f)

(2) - x/H=1.333; (b) - X/H=2.667; (c) - x/H=5.333; (d) - x/H=6.220; (e) - x/H=7.113; (f) - x/H=8.0
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C4 - Natural Convection Inside a Cavity
File: ConvLam.def

The natural convection flow in a cavity is a classical test for the numerical methods in fluid
dynamics. In this problem, constant temperature is imposed in two vertical walls. The horizontal walls
are adiabatic (cf. Figure C.9).

Figure C.9 — Problem definition.

The problem is governed by the following non-dimensional parameters:

v
Prandtl number, Pr =—
a

where the thermal diffusivity is a:ﬂ,/(pcp), v is the kinematic viscosity, 2 is the thermal

conductivity, p is the density and c, is the heat capacity.

gLAT L Pr

V2

Rayleigh number, Ra =

where £ is the thermal expansion coefficient, g is the gravity acceleration and AT =T, —T, is the

c

temperature difference between the vertical walls.

The transition between laminar and turbulent flow takes place for Ra=10", approximately.

Results are present Rayleigh number Ra=10° (laminar regime). Air is the operating fluid, for which
Pr =0.71.The hybrid advection scheme was used and the Boussinesq approximation was adopted.

Computations were performed in a non-uniform grid, with 82x82 =6400 nodes. Vahl Davis
(1983) and Vahl Davis et al. (1983) report reference results for several Rayleigh numbers in laminar
regime and compare solutions given by several authors. Dixit and Babu (2006) present results for
laminar and turbulent flow.
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fﬁ

(a) — EasyCFD

(b) — Dixit and Babu (2006)

Figure C.10 — Isothermal lines. Ra=10°.

=

(a) — EasyCFD

(b) — Dixit and Babu (2006)

Figure C.11 — Streamlines. Ra=10°

Figure C.10(a) and (b) display the isothermal lines, generated using uniform value spacing

between the minimum and the maximum verified within the domain. Figure C.11(a) and (b) represent
the flow streamlines. For this case, the minimum and the maximum values used do not correspond to
the amplitude of the stream function within the domain. These values were adjusted in EasyCFD to
correspond to those employed in Dixit and Babu (2006). The agreement between the calculations is
quite good, for both types of results.
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Vahl Davis and Jones (1983) present normalised maximum values for the u and for the w

components of velocity:

u*—UL
(04

wr=——

o

occurring in the vertical and in the horizontal symmetry plane, respectively. Table 2 shows the results
obtained with EasyCFD, the reference values of Vahl Davis and the range of variation for the 37
contributions reported by Vahl Davis and Jones (1983). This range does not include the minimum and

the maximum reported values, since these clearly fall outside the general trend of the remaining

contributions.

Table 2
EasyCFD Vahl Davis | Interval
Unnax 34.44 34.81 34.2-41.2
W 68.21 68.68 65.8-70.45
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C5 - Pulsatile Flow Inside a Symmetric Channel with Wavy
Walls

File: PulsatileFlow.def

This problem concerns a pulsatile laminar flow inside a channel symmetric with sinusoidal walls.

The geometrical configuration is presented in Figure C.12.
A

.

\ /

Figure C.12 — Geometry for the wavy channel.

The instantaneous inlet flow is defined by:

Re; (t) = Re,, (1+ Asin(27t / T))

where t is time, T is the oscillation period, A is the oscilation amplitude and Ren is the average
Reynolds number:

with Qm as the volumetric flowrate per unit depth.

The temporal scale is given by the Womersley number, o?:

2
(ZZ _ Hmax27[ / T
1%
The dimensionless time t* is defined as:
=t
T

For the present case, the following values where considered:

Geometrical parameters: 2a=35mm H_, =10mm A=14mm

Flow parameters: a? =650 A=25 Re. =50

m

Figure displays the instantaneous Reynolds number as function of the dimensionless time, for an
entire cycle.
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Figure C.13 — Instantaneous Reynolds number as function of the dimensionless time. Red dots represent time instants for
Figure C.15.

The channel is periodic. In the present implementation, 3 waves were considered, and periodic
boundary conditions were implemented by using the Profile option for the inlets (cf. Figure C.14). The
velocity value is imposed at the two inlets, using TableFunctions with opposite sign as function of
time (thus, at a certain time instant, there will be one inlet and one outlet). Although two entire
temporal cycles were simulated (in order to achieve a developed flow in temporal terms), only one
cycled needs to be specified in the TableFunction; since the first and the last velocity values are
similar, periodic conditions are automatically assumed. Comparison with data by Nishimura and
Matsune (1998) is presented in Figure C.15, at the central wave, for different values of the
adimensional time t* (cf. red dots in Figure C.13; the streamlines values used in the comparison is not
the same, as these authors don’t mention the criterion followed for the choice of the streamlines).

Figure C.14 — Geometric configuration for the implementation in EasyCFD (sinusoidal blue line represents the profile
option for the inlets).

t* =0.625
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Figure C.15 — Streamlines visualization for different values for the adimensional time. (a): EasyCFD; (b): Nishimura e
Matsune (1998).
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C6 - Drag Coefficient for a sphere
Files: Sphere.def

This problem consists on the determination of drag coefficient of a sphere for a wide range of
Reynolds numbers, defined as:

pV, D
Y7

Rey =

where D is the sphere diameter. The drag coefficient is:

F

X

Cp=——t—
° 05pV32A

where A if the frontal area and Fy is the total force along the streamwise direction. The flow is laminar
up to Re = 3.7E5, approximately. Flow prediction around the transition regime is particularly difficult
due to the large separation region, large scale vortex shedding, etc. Several studies were devoted to this
subject, such as, for example, Constantinescua and Squires, 2004.

The present simulations were carried out using the domain presented in Figure C.16. Note that,
due to the software limitations, the flow was considered as axisymmetric, though in reality, despite the
axisymmetric geometry and boundary conditions, the alternate vortex shedding breaks the symmetry.
Due to its tridimensional intrinsic character, this type if phenomena cannot, for the present case, be
predicted with EasyCFD.

a

Figure C.16 — Problem definition for the flow around a sphere.

For the turbulent region, both the k-& and the SST k- turbulence models were employed. The
supplied file Sphere.def can be used to solve this problem. The results hereafter presented were
computed using the multigrid capability, after doubling twice the unstructured mesh size, from the
initial 2063 nodes, up to 8252 nodes and, finally, 33008 nodes (cf. section B1.4.5).
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The obtained results are presented in Figure C.17. One may see that results in the laminar region
agree very well with experimental data. The turbulent region is not so well predicted, certainly due to
the limitations in the turbulence models. The reader is suggested to check for dependency of results
with mesh clustering near the sphere, namely with the y* values, for the turbulent region.

1000
CD .
Experimental
100 AN B Turbulent_KE —
\ Turbulent_SST
\ ® Laminar
10 \
1
¢ o‘\
v (]

0.1 _’J/r_

0.01
1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 Re 1E+7

Figure C.17 — Drag coefficient versus Reynolds number, for the flow around a sphere.
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C7 - Lift Coefficient for the NACA 2412 Airfoil
Files: Naca2412 NST.dat

This problem consists on the calculation of the lift coefficient for the turbulent flow around a
NACA 2412 airfoil. The airfoil profile is given by a point data file, which is imported into EasyCFD
(cf. section B1.2.8). The lift coefficient C; is defined as:

F

Z

T05pV2A

where F; is the total vertical force acting on the profile, Vv_ is the incident wind speed, A is the

planform airfoil area (Figure C.18) and p is the fluid density. The problem is governed by the flow
Reynolds number (assuming that compressible effects are negligible) and by the incidence angle 6.

Calculations were done for Re =3.2x10°. The results presented in Figure C.19 were obtained
with an ustructured mesh of about 20000 nodes. Experimental data was published by Anderson (1989).
The agreement is quite reasonable up to the stall region, after which the predictions underestimate the
lift coefficient. It must be emphasised that drag and lift values are quite dependent on mesh resolution,
so that further calculations should be done with higher resolution meshes. The stall region, which
occurs for the present case for angles above 16° is very demanding for turbulence models. It is
recognized that most likely the Reynolds average approach, such the one followed by most
commercial codes, is not enough for the prediction of such flows.

B e S

Figure C.18 — Problem definition.
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Figure C.19 — Lift coefficient as function of the incidence angle..

The validation cases here presented are, purposely, a starting point for other studies that may
contemplate the influence of grid characteristics, advection schemes, inlet conditions for turbulence,
etc. Wishing you a good work!!
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