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The hypothesis of continuum and physical properties of materials

1. The hypothesis of the continuum and the physical
properties of materials

Fundamentals of thermomechanics is to investigate the heat transfer between a given
system with its surroundings. This interaction is called the work and heat. However
thermomechanics must deal with the process, during which the heat transfer takes place
depending on changing conditions and time. Thus, we will consider not only the heat transfer
and its resulting effect, but also the transmission rate.

What is heat transfer? Heat transfer is a change in thermal energy due to the
existence of temperature difference. However, the temperature difference exists within a
single medium (media) or between multiple media. We discuss three types of heat transfer
[2]:
conduction that occurs in the solid or stationary fluid with a temperature gradient (gradient)
convection, defined between the solid surface and the flowing fluid, if they have different
temperatures
radiation arising between the surfaces which emit energy in the form of electromagnetic

waves,

T.2T> To2T
T1 T2

conduction convection radiation

Fig. 1.1 Conduction, convection a radiation [2]

In a complex context, it is necessary to consider not only the heat transfer, but also mass
and momentum transfer, that deal with the flow of gases and liquids (fluids).

1.1. The hypothesis of the continuum

Each substance consists of molecules that exist in the environment, they may also
move. But this environment is not considered as a discrete environment at the molecular
level. Thus, it has a molecular structure, but it is not always optimal to include this molecular

structure of the model. The intentional release of the molecular structure is known as a



The hypothesis of continuum and physical properties of materials

hypothesis of continuum, when the molecular structure of fluid is replaced by a set of
properties such as density, pressure, temperature and velocity [4], defined in fluid points
(very small volume) and varies continuously in the transition from one to another volume.
These properties are therefore described by continuous functions of position and time. It has
been proven that this approach can replace the problem at a molecular level in a certain sense.
Similarly, as in the general mechanics the concept of a mass point is introduced, the
concept of "elementary volume of fluid and solid" performs in the tasks of transfer. It is a
volume very small compared to the dimensions of the liquid stream but sufficiently large with
respect to the mean length of the free path of the molecule. It can be assumed, therefore,
that the statistical mean values of the kinetic theory apply to the number of molecules

contained in this volume.

//z ¥z

Fig. 1.2 Elementary volume of fluid [11]

For this "elementary volume" the equilibrium conditions of forces and energy will be

derived and the basic laws will be defined, i.e. the law of mass and energy conservation.

1.2. Methods for solving of heat, mass and momentum transfer

Basic laws of mass, momentum and energy conservation are described by partial
differential equations together with the boundary and initial conditions. Their analytical
solution is very difficult and is only possible for several significantly simplified applications.
Therefore, numerical methods are currently used on a large scale.

Numerical modeling of many physical phenomena is closely linked to modeling a form
of motion mathematically. Movement of fluids is associated with the solution of various
problems of the physical model:
¢ laminar and turbulent flow in both simple and complex geometries
e compressible and incompressible flow

e steady, unsteady and transient flow

10



The hypothesis of continuum and physical properties of materials

e heat transfer, natural and mixed convection, radiation

o transfer of chemical admixtures, including chemical reactions

o multiphase flow, free surface flow, flow with solid particles, bubbles, respectively. drops
e combustion and chemical reactions

e porous flow, etc.

Because phenomena are generally three-dimensional and time-dependent, they are
described by a set of partial differential equations that must be solved by numerical methods.
The flow solution is possible to use commercial software systems CFD (Computational Fluid
Dynamics) program systems, such as Ansys-Fluent, Ansys-CFX, Fidap, Flow 3D, Rampant,
Fluidyn-Panache, and others. The task of the user is to build the correct calculation model,
which contains some mathematical, physical and technical principles. For such a model it is
necessary to find all input data in the existing standards, to build the input data for a program
that can solve computational model, solving by the terminal, correctly interpret the results for
further use in all phases and carry out effective monitoring of all inputs and outputs. The user
must safely divide all the information on the geometric data (two-dimensional or three-
dimensional features, topology), data on the effect of external forces and physical data
(information about flowing media, its physical properties). Thus, an essential task is to know
hydromechanics, thermodynamics and other sciences to the complexity of the problem.

As regards the computational methods underlying the use of the program, the
designer should know the methods principle for reliable use in standard cases. For program
ANSYS Fluent or CFX it is a need to know in what shape the final volume will work, it follows
the choice of network density, approximation schemes, the nature of the time dependence of

the quantities and the resulting time step size, etc.

1.3. Properties of solids and liquids

State of substances found in equilibrium can be determined by density,
temperature, pressure and velocity.
Density p is equal to the ratio of mass of elemental particles of a substance dm to
its elementary volume dV
dm
P=av

Teperature 7 is a variable that gives information about internal energy of the

[kg-m~] (1.3.1)

substance. It is expressed in degrees of Celsius or Kelvin.

T[K]=t[°C|+273.15 (1.3.2)

11



The hypothesis of continuum and physical properties of materials

The temperature change of substances is often associated with convection or conduction of
heat.

The density of solids and liquids varies with pressure and temperature only slightly and most
of the calculations will be considered as constant p = konst. Yet the liquids have the ability
to reduce their fluid volume at increasing pressure and therefore their bulk compressibility
can be defined. Thermal expansion [11] is the ability of a substance increasing its volume
when heated. It is expressed as a coefficient of thermal expansion g

1(aV .
p= V(Ejp—kanst [°C7] (1.3.3)

Let at the beginning the liquid of density o and the volume

V is placed in the container, see Fig. 1.3. After heating the

:+dV p=konst liquid, its temperature is higher by At and the liquid

occupies a volume V,=V +AV . The volume, temperature
and density of the liquid after heating are Vg,t,, p,.

otV Substituting the volume and temperature difference after
R‘@;f heating and before heating in equation (1.3.4) it gives
equation (1.3.4), which expresses the change of ligiud

volume AV =V, -V per unit of original volume when the

Fig. 1.3 Thermal expansion of )
temperature change is At :(to —t).

liquids
1V,-V AV
= — - oc-l
=y £t VAt [°C (1.3.4)

The previous equation shows the relationship of the volume of liquid when heated
V=V + AV =V + VAt =V (1+ S AL) [m?] (1.3.5)
The density after heating is given by the following equation
m m

o= _ __ P
Y, V(A+pAt) (1+pAf)

[kg-m~] (1.3.6)

The liquid pressure is determined by the amplitude of the pressure force acting
perpendicularly to the unit area. When a pressure force is uniformly distributed, the pressure

is given by the ratio of the amplitude force and the area.

-

dF
resp. p = E [Pa]

F
p=§

(1.3.7)

12



The hypothesis of continuum and physical properties of materials

Pressure force in hydrostatics always acts
B perpendicular to the surface. This statement can be
SIRIIRRTIRRRAR! '

proved by negation, see Fig. 1.4. If the force d,E was

ﬁ dF; applied to area dS in non-normal direction, it could
4 - be broken down into normal and tangential
v as component. The tangential component of the force
would require the movement of liquid particles, that do

Fig. 1.4 Effect of pressure forces  not resist to relative movement. Because the fluid is at

on the wall of the container rest, the tangential component is zero and the

pressure force must act in the direction normal to the

surface.
The density of gases and vapors is a function of state variables, i.e. pressure p and
temperature T [K]. For its calculation there will be use a simple equation of state of ideal

gas

pV=mrT = P_ rT (1.3.8)
o,
where r is the specific gas constant [J-kg™-K], whose valuedepends on the type of gas.

The viscosity of fluid is reflected by the movement of real fluids. If the adjacent
layers of fluid move at different velocity, their interface shear stress arises and it prevents
movement. Slower layer is accelerated and in turn faster layer being held back. Tangential
(shear) stress is caused by internal friction or viscosity of the fluid. It is proportional to the
change in velocity in the direction perpendicular to the direction of motion according to

Newton's relationship

r=n j}'ﬁ [Pa] (1.3.9)

where 7 is dynamic viscosity and jv is gradient of velocity in the direction perpendicular to

the moving direction, see Fig. 1.5. This formula was formulated in 1687 by English physicist
Isaac Newton for laminar flow. Shear stress causes angular deformation of the elementary
volume of fluid (Fig. 1.5).

13



The hypothesis of continuum and physical properties of materials

Fig. 1.5 Shear stress under laminar flow [11]

The unit of dynamic viscosity 77 is defined by the equation for shear stress

[77]:[7 [y]:N'ZS: kg
[V] m m-s

=Pa-s

Kinematic viscosity is calculated by dividing the dynamic viscosity and density according to

the relation

2

_ kg m* _

= =m®.s™ (1.3.10)
m-s kg

1% _ [v] m
P

The dimension of kinematic viscosity does not contain units of weight and force. In practice,
the still important unit of kinematic viscosity in the technical system is Stokes for which
applies 1S = cm?s?t=10%m?s™,

Heat Q [J] (incorrectly used term the thermal energy) [12] , [2] is part of the inner
energy which system exchanges (i.e. to accept or surrender) in contact with another system,
without causing to produce work. The heat exchange between systems per unit time defines
the thermal power P [J-s=W]. The heat passing through a surface determines so called heat
flux. The density of heat flux (specific heat flux) is the amount of heat that passes through

the surface per unit time.

The basic law of heat distribution is known
Tyl A Fourier's law, which gives the relationship between
density of heat flux q and temperature gradient
T, . OadT:
q=£§;:3§=—AVT (1.3.11)
[J-s1Tm2=W-m?]
< AX where 4 [W-m1K?] is thermal conductivity, which

14



The hypothesis of continuum and physical properties of materials

Fig. 1.6 The principle of heat depends on type of material and temperature. The

conduction negative sign on the right side of the equation
expresses the fact that the density of heat flux and
temperature gradient as vectors have opposite sense
(heat propagates in the direction of decreasing
temperature).

The specific heat (heat capacity) is then defined as the amount of heat required to increase
the temperature by 1 °C of substance amount 1 kg.

dQ
c=—Hn J-kglK?
a7 [J-kg™K™] (1.3.12)

In heat transfer by conduction the temperature conductivity is defined by equation

A
a=—— [m2-s] (1.3.13)
C,p
Heat transfer coefficient is defined by the equation

q 2 -1
og=— m=-K

wall ref

where g je covective heat flux, 7,,, is wall temperature and 7, is reference temperature,

which should be representative of the problem.

The heat transfer through the planar wall in fluid flow
The simplest case of heat transfer is
a, T, stationary heat transfer through a homogeneous
~} isotropic unlimited planar wall [3]. The condition
st is, that the fluid surrounding wall on both sides,
T does not move significantly and thus avoid the
convective heat transfer. To calculate the heat
a5 7 flux density in this case, the fundamental

relationship holds:

9= 4 2y -T)=k(,-T)
Fig. 1.7 Heat transfer through the wall —t -t — (1.3.15)

where a, and «, represent heat transfer coefficient at the interface of boundary walls and

fluid, T, and T, represent the temperature of both the fluid surrounding the walls and S is the

wall thickness. This method can not be used for composite walls. The heat transfer

15



The hypothesis of continuum and physical properties of materials

coefficient k [W-m2K1] characterizes the heat transfer from one working fluid into the
second one via solid obstacle. In the heat transfer coefficient there is included thermal
conductivity A of solid wall that separates the two fluids and the heat transfer coefficient a for
the interface between the solid wall and the two fluids. Determination of thermal conductivity
is relatively easy because it is a material property. Heat transfer coefficient, as already
mentioned, specifies the intensity of heat transfer from the fluid to the solid walls, and vice
versa. This coefficient, however, is dependent on both the material properties of the flowing

fluid and on flow character around the fixed wall.

1.4. Dimensionless criteria

Reynolds number (Re) defines the ratio of inertial and viscous forces and is
determined from the boundary conditions and physical conditions as dimensionless criterion
in order to specify a laminar or turbulent flow. Its value characterizes the flow in the transition
region between laminar and turbulent flow [3].

ud,
- 1%

Re

(1.4.1)

where so called hydraulic diameter d, represents in case of the flow in the pipe the diameter

of the pipe, in case of flow around the pipe as well as its diameter, u is the mean velocity of
the flowing medium. For the flow in the pipe, if the value is Re < 2320 it is a laminar flow
(particles move in layers). At higher Re > 2320 it is a turbulent flow (swirl particles) [4].
Prandtl number is the ratio of the viscous and thermal diffusion, and is
dependent on the material properties of the fluid. It refers to the thickness of boundary layers,

the reference velocity and temperature.

proPSY _v (1.4.2)
A a
For air it is possible to assume a constant value 0.7.
Grashof number is the ratio of buoyancy and viscous forces. Its value so
indicates whether the fluid flow is significantly affected by gravity (thus lifting members)
_9 ,B(Ts —Teet )dh3 (1.4.3)

V2

Gr

Fourier number is the ratio of conduction of heat to accumulation in the solid
body

Fo= AT

T pdy? (1.4.4)

7 is the time constant.
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The hypothesis of continuum and physical properties of materials

Nusselt number expresses the influence of the flow on the wall heat flux, depending
on the geometric reference parameter (which is well-defined).
ad, Nui
= o=
A d,

Nu (1.4.5)

The value of Nusselt number so specifies the ratio of convection to conduction (heat
transfer to conduction). Heat transfer coefficient, as already mentioned, specifies the
intensity of heat transfer from the fluid to the solid walls, and vice versa. This factor, however,
is dependent on both the material properties of the flowing fluid and on flow character around
the walls

Second definition of Nusselt number contains more measurable variables, such as

thermal power P, characteristic dimension d,, area S on which the heat transfer s
determined, the temperature gradient between the wall temperature and the reference
ambient temperature AT =7_-7,,. The temperature gradient can be specified as a mean

logarithmic difference.

L_ Pd,
SAT A

(1.4.6)

Heat transfer coefficient can be determined on basis of a number of empirical relationships

and in practice the similarity theory is most commonly used. So if we know the value of

Nusselt number, we can determine the heat transfer coefficient « . Nusselt number is

generally a function of other similarity criteria

Nu = f(Re, Pr,Gr,Fo) (1.4.7)

Heat transfer is divided by gravity into two modes:

o Natural (free) convection - is dominantly controlled by buoyancy forces (gravity). The
flow of fluid is then invoked only by changing the density (warm liquid rises, cold drops)

e Forced convection - is dominantly controlled by the fluid flow through heat exchanger
and around the plates. The flow is caused by an external force acting on the fluid (pumps,
fans, etc.). Gravity is negligible in this case.

In the case of forced convection, the value of Nusselt number is determined as a function of

the value of the Re number. There are a number of empirical relations for calculating the

Nusselt number in various simple geometries [24], see Tab. 1.3

Tab. 1.1 Forced convection

laminar flow around the plate, Nu = 0,664 R91L/2 pr'® 0,6<Pr
Tsis constant Re, = % 10* <Re, <5.10°, L plate length
1%
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The hypothesis of continuum and physical properties of materials

laminar flow around the plate, ~ Nu=0908Re}’* Pr'’® 0,6 <Pr

q is constant Re, = ub 10 < Re, <5.10°, L plate length
Vv

turbulent flow around the plate, NU, =0.0405Re}”* Pr'’® 0,6 <Pr<60

Tsis constant 5.10° <Re, <10°

laminar flow in the tube Nu=4.36 pro g=const. on the wall

Nu=3.66 pro T=const. on the wall

turbulent flow in the tube Nu =0,023Re"® Pr", m=0.3 for cooling
3.10° <Re, <10° m=0.4 for heating

laminar, transverse and Nu=C, Re Pro%

Re C1 C2
turbulent flow across the tube 0.4+4 0.989 0330

4 +40 0,911 0,385

40 +4 000 0,683 0,466

4 000 + 40 000 0,193 0,618

40 000 =400 000 0,0266 0,805

laminar, transient and Nuy, =C, Rep ., pro N, )10, 2000 <Reg . <40000

turbulent flow across the tube  Pr=0.7, constants C; and m are given in table
bundle, Ni is a number of tube S, — horizontal distance of tubes, St — vertical distance

column of tubes

Tab. 1.2 Constants for determining the Nusselt number when flowing across the tube

bundle

tubes in row
S./D
1.25
1.50
2.00
3.00

tubes in
Cross

Su/D

1.000
1.125
1.250
1.500
2.000
3.000

St/D= 1.25

C1 m
0.348 0.592
0.367 0.586
0.418 0.570
0.290 0.601
St/D= 1.25

C: m
0.518 0.556
0.451 0.568
0.404 0.572
0.310 0.592

St/D=

C1
0.275
0.250
0.299
0.357

S+/D=

0.497

0.505
0.460
0.416
0.356

1.50

0.608
0.620
0.602
0.584

1.50

0.558

0.554
0.562
0.568
0.580

18

St/D=

C1
0.100
0.101
0.229
0.374

S+/D=

0.478
0.519
0.452
0.482
0.448

2.00

0.704
0.702
0.632
0.581

2.00

0.565
0.556
0.568
0.556
0.562

St/D=

C1
0.063
0.068
0.198
0.286

S+/D=

0.518
0.522
0.488
0.449
0.482

3.00

0.752
0.744
0.648
0.608

3.00

0.560
0.562
0.568
0.570
0.574



The hypothesis of continuum and physical properties of materials

Tab. 1.3
laminar flow inside tube
Nu=1,615(Re Pr?)m
Turbulent flow inside tube Nu =0,023 Re®® Pr™, m=0.3 for cooling

m=0.4 for heating

Transverse flow around tube P 0.25
_ 0,47 0.38 f

Nu=0,59 Re™"" Pr (P J pro 10 <Re <1000
r

w

0.25
Pr
Nu =0,21 Re?? Pr°'38(PfJ pro 1000 < Re <200000

w
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Transfer and its solution

2. Transfer and its solution

Understanding the tranfer of variables is the basis for many engineering applications
including mechanical equipment, such as motors, pumps and transport systems (transport of
oil, chemicals, food, etc.), energy systems and equipment [2]. In order to calculate the
transfer of mass, momentum, energy, and other properties and substances through the
surface, it is necessary to distinguish the movement of the fluid at various length scales -
macroscopic scale (particles) and a microscopic scale (molecules). At macroscopic Eulerian
approach it is necessary to determine the velocity field. Transfer of fluid particles via a
surface is called a convective transfer.

Transfer defined at the molecular level is called diffuse transfer. Convection is zero
if the fluid is not moving, but diffusion transport can also be zero at rest, eg. the existence of
temperature gradient is determined only by diffusive transport of heat. During fluid flow both
transfers are present, but one of them can be significantly higher than the second. For
example at turbulent flow the convective mass transfer of momentum and energy can be
surprisingly large. The surface over which the transfer is in progress, can be a real wall
bounding the volume of fluid or fictitious wall located inside the fluid (the inner surface of the
flow). To clarify the difference between both transfers, in Fig. 2.1 and Fig. 2.2 the
convection of heat from the walls and diffusion (conduction) heat between two walls of

different temperatures is shown.

L = S )

ﬁ
Ok
ﬁ
A
Fig. 2.1 Convective heat transfer Fig. 2.2 Heat transfer by diffusion

2.1. Definition of transfer

2.1.1. Convective transfer
Transfer [, at some point of flow area is defined by the rate, at which the given quantity

is transfered through the surface. In differential form it is defined
dary :g(u-njds (2.1.1)

where ¢ general variable (scalar)
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Transfer and its solution

dS element size of surface

normal vector to the surface element d S

5
n

- - .
(u- n) creates a normal component of the velocity vector to the surface d S

¢ u s called flux density of variable ¢ .

Fig. 2.3 Coordinate system and surface
definition dS

is used more often than the flux density defined by unit

Convection of scalar ¢ through

surface S is scalar defined by the

surface integral
I« =I§(U-n)d$ (2.1.2)
S

Surface integral is often called
convective integral of flow or flux. The

result of the integral, ie. convective

£]

transport is the value of the unit == (e.g.
S

volumetric and mass flow rate) and

<]

> Flux can be visualized, see
m--s

Fig. 2.4. It is proportional to the density of the vector field, it is changing by the setting of

direction of flow area and its size. Arrows coming from the area are sources (positive

divergence), while ending on the area are sinks (negative divergence). In the case of three-

dimensional space the area is oriented so that the flux coming from the area is regarded as

positive (in the direction of outward normal), and the flow entering the area is considered

negative.

8 o=

Fig. 2.4 The value of the flux depending on the density of the vector field, the direction of

flow area and its size
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N 2
If you mark the enthalpy A=U + ;(uj , then the heat flux is generally defined as

[ = Ih@- 77}13 (2.1.3)
S

Significant role in momentum transfer is the determination of momentum flux, i.e. the

flow of the velocity vector through the surface which is defined as
—> =>(—> -
[ = IU[U- njds (2.1.4)
S

At each point of area the transfer has a different value.

2.1.2. Diffusion transfer

The diffusion transfer arises from the microscopic movement of molecules, it depends
on the orientation and shape of the surface and on the distribution of properties at a given
point. It is useful to define a diffusion transfer flux at a given point, which has a dimension of
the transported quantity per unit area and unit time. For fluids such as air and water, the
relationship between the flow and gradient of transported quantities is modeled by linear
relationship, which is sufficiently accurate for engineering applications.

When determining the heat conduction according to the Fourier law, for example, the
heat flux density vector is:

q,=-AVT (2.1.5)
The situation is similar for concentration.

The total diffusion transfer is analogous to the total convective transfer given by the surface

integral

Ip =f(€70'3jd5 (2.1.6)
S

2.1.3. Total transfer
The total transfer is then expressed as the sum of convective and diffusion transfer

2.1.4. Balance transfer equation
The physical laws describing transfer are the conservation laws of mass, momentum,

heat or other scalar variables. They are expressed by the energy equation, Navier Stokes
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equations coupled with the continuity equation in general conservative form and describe

laminar and turbulent flow regime.
M%V + ﬂ(péﬁ-ﬁjds = [[le.vehs + [[[s.dv

accumulation + convection = diffusion + source

(2.1.8)

where ¢ is variable and the members in the equation are sequentially accumulation,
convection, diffusion and the source member, so the equation is also called convection -
diffusion equation.

This equation can be expressed in differential form (more common in textbooks of
Hydromechanics and Thermodynamics). We use the divergence theorem to convert the
surface integral to the volume integral.

Equation (2.1.8) has the form
W’W av + [fv (paclav = [[vlevehy + [fsav

accumulation + convection = diffusion + source

(2.1.9)

Since the equation is true for any integral applied to any volume, so it is true for the

expression under the integral

aws) . (pZé’j = Vieve] + s
ot (2.1.10)
accumulation + convection = diffusion + source

If ¢ represents the temperature, the substance or other scalar value, then it is a linear
equation of the second order, if { represents velocity component, it is a nonlinear equation.
The task to find a solution of equation ( 2.1.10) following boundary and initial conditions is
called mixed problem. If the boundary conditions equal to zero they are called homogeneous
boundary conditions, if the initial conditions equal to zero they are called homogeneous initial
conditions. Instead of boundary conditions, conditions of another type may also be given,
which are also called boundary. Consideration on the boundary and initial conditions for

temperature is valid for general variable & .

2.1.5. Boundary conditions

At heat transfer flow modeling there are defined the areas filled with flowing fluid or
solids. Areas are bounded by flow boundaries and walls. The walls can also separate the
flowing fluids and are washed from both sides. At flow boundary and wall, the state values

are entered based on available measurements (pressure, velocity, flow rate, temperature,
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heat flow, etc.). A typical example is the tubular heat exchanger, which is measured and

theoretically tested in the literature, see Fig. 2.5.

A

: rF :
1 '
ETinlet 2 ! Tinter 2 '
| I | I
: Tr:iutlet 2 : Tputlet 2
i
! 1 :\4_____|
1
:/,’Tr-‘l:suﬂetl :Toutlet 1 Tii;let 1
1
Dinlet 1 ! ! !
L > >

Fig. 2.5 Tubus exchanger, simplified geometry and typical temperature patterns for both co-

flow and counter-flow exchangers.

The flow surfaces are shown in the diagram as inputl, input2, outletl and outlet2. The walls
are simply defined by surfaces such as the inner, outer and supply tubes, but can also be
defined in the model by a real volume (eg a tube wall of 3 mm thickness). From the scheme
the following boundary conditions can be defined:

o flow areas - inputl, input2, outletl, and outlet2

e walls - tube inner, outer and supply
In terms of geometry simplification, other significant areas of the region can be considered

e symetry (the region is assumed to be symmetric by plane)

e axi-symetry (the region is rotationally symmetrical).

Fig. 2.6 Tubus exchanger, symmetry plane (left), solution area for rotationally symmetry
(right)
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Boundary conditions need not be a 0.05 1 ~—~_
. 0.045
constant value, but can be defined by 0.00 \\
functions, tables, etc.: 0.035 T =, Jkonst %
e constants y = konst — 0037
E o025 ~u-polynom
e polynomial function > 0024 u-po &astech
)(’X)Z/%+A1X+A2X2+..., 0.015 1 lin. funkce //4
0.01 —
where the coefficients are entered only of 0.005 /
five significant digits 0 ‘
0 0.5 1 15 2
e derivatives with respect to normal ufm.s™
X
M = konstl.
OX
piecewice linear function (xl,yl). (xz,yz), (x3,y3), (XN,yN)

combination of polynomial and piecewise linear function

2.2. Numerical methods of solutions

The aim of numerical methods for solution of partial differential equations is looking
for isolated solution defined in a sufficiently small subarea using so-called discretized
(algebraic) equations in basic points
¢ dividing the area into isolated geometric elements - establishing a mesh
e balancing the unknown variables in finite volumes or nodes and discretization
e numerical solution of discretized equations in general form
while the discretization error is defined as the difference between the solution of differential
and discretized equations. The basic properties of numerical methods are:

e level of accuracy of the discretization error and residual
o level of stability
There are some developments in the numerical solution of the equations defining the fluid

flow and heat transfer.

2.2.1. Difference method
The oldest classical method is the difference method. The principle of difference
methods for solving of differential equations can be described as follows
e the area, in which a solution is looking for, is covered with mesh composed from a finite

number of non-overlapping elements. The simplest mesh is:
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'y
the lines in one-dimensional case [ { { ' { ' ' ' | |)
-
rectangles in two-dimensional case V4 : 7
yd /
/ /l’d}c‘
yd /
S/ |
S/
Pav
hexahedrons in three-dimensional case
iz
AX

e at these points the derivative will be replaced by differences of various precision (eg.

(ﬂj z(ATj = 77'”_7;), relationships necessary for derivative are derived from
oX ), AX ); Ax

Taylor series by specific labeling associated with heat conduction, convection, etc.
o (differential equation goes into a system of algebraic equations with unknowns, which
determine the approximate value of the unknown function in all mesh nodes

e system of algebraic equations is solved numerically

Solved example

T
ox?

or
Solve the heat equation in the rod given by the parabolic differential equation E =a

The solution is found in a rectangle D (#,x)and must satisfy the conditions:
Initial conditions  7(x,0)=T7,(x)=20°C O(X(L .
Boundary conditions (BC) 7(0,¢)=7,(¢)=80°C, T(L,t)=T,(t)=20°C
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D
t -1 i i+1
Tinn AX n+l
e |
T:Tl 01 T:T2
t=0 T:TO(X)
X L

Fig. 2.8 The area geometry, boundary conditions,

grid

Discretized

equation

conduction has a form

T

o+l

T

in

i+1,n

+ T/‘—’l,n

of

heat

2T,

in

T

i,n+1

At

7-/'+1n
=T,,+alNt—

va
a

Ax?

and after modification it applies

+ 7-/'—1,n

-27,

in

Ax?

Therefore, we can express

T

i,n+1

explicitly by using the values in the

previous time step n. In this case we

can find a solution in Excel.

In the following Tab. 2.1 it is shown (using Excel) definition of task and solution. The gray

values can be changed, that is the size of area, the number of mesh elements, heat transfer

coefficient and boundary conditions.

Tab. 2.1 Table of setting parameters for iterative calculation

a= 0.1 T(x=0)= 80 koef= 0.5

L= 1 T(x=L)= 20 Ax= 0.1

n= 10 T(t=0)= 20 At= 0.05

time 0.00 0.05 0.10 0.15 020 025 030 0.35 040 045 0.50

BC O 80.00 80.00 80.00 80.00 80.00 80.00 80.00 80.00 80.00 80.00 80.00
0.1 20.00 50.00 50.00 57.50 57.50 61.25 61.25 63.59 63.59 65.23 65.23
0.2 20.00 20.00 35.00 35.00 42.50 42.50 47.19 47.19 50.47 50.47 52.93
0.3 20.00 20.00 20.00 27.50 27.50 33.13 33.13 37.34 37.34 40.63 40.63

X 0.4 20.00 20.00 20.00 20.00 23.75 23.75 27.50 27.50 30.78 30.78 33.59
0.5 20.00 20.00 20.00 20.00 20.00 21.88 21.88 24.22 24.22 26.56 26.56
0.6 20.00 20.00 20.00 20.00 20.00 20.00 20.94 20.94 22.34 22.34 23.93
0.7 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.47 20.47 21.29 21.29
0.8 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.23 20.23 20.70
0.9 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.12 20.12

BC 1 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00
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Convergence of problem depends on the choice of time and space step. Another problem is
the efficient solution of this algebraic equations systems.

Fig. 2.9 shows changes in the temperature distribution along the length of the rod in
dependence on time. After converged task the temperature would be spread linearly from left

to right boundary conditions. Unfortunately, the graph would be unreadable.

TN
\

80.00

!

70.00 -

60.00

IR
BN
‘I“\\\\\\\\\\&\\\\gx\\\\\

AN
50.00 - ‘\‘\\\\& \ \\\\\\§§\\\
T 40.00 ‘ \\

30.00

20.00

10.00

) © time
0.00 - )

Fig. 2.9 Graphical presentation of solution in Excel

2.2.2. Finite volume method

Finite volume method (FVM) [1] , [13] consists briefly in three basic steps
e dividing area into discrete volumes using general curvilinear grid

e balancing unknown quantities in individual finite volume discretization

e numerical solution of discretized equations

Fluent defines discrete final volumes using non-staggered scheme, where all variables are
stored in the centers of finite volumes.

The physical laws of transfer are the conservation laws of mass, momentum, heat or
other scalar quantities and describe the laminar and turbulent flow regime. The balance
equation for a general variable has a shape (see eq. (2.1.8))
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v« [(pcanjas = [levchs « [fsav

accumulation +  convection = diffusion + source
After discretization of this general transfer equation in the control volume we obtain:

pe)

N¢ - - Ny —
D SR IR Slave s, + swv (2.2.1)
f f

where N, is the number of areas surrounding the cells, £, is value of variable £ passing

-> >

through the surface f, p; u; -S; is mass flow through the surface f , Sf is the size of the

surface f, V¢, is gradient of variable ¢ on surface f,V is cell volume.
All the equations solved in ANSYS Fluent have the same general shape on any

mesh. The discretized transmission balance equation contains a general variable in the

center of cells in its vicinity. This equation is generally nonlinear. Its linearized form is

88 =D By +b (22.2)

where the sum is performed over the neighboring cells (in 1D case is i=E, W; in 3D case i=N,
S, E, W, F, B,). am are coefficients, which contain contributions from convection, diffusion

and source members. The sign is visible from z Fig. 2.10.

\ i

[£3 \

Fig. 2.10 Coordinate scheme using special notation of cells for 1D and 3D model
instead of subscripts, where N — North, S — South, E — East, W — West, F — Front, B — Back

Each iteration consists of the steps that are shown in diagram on Fig. 2.11 and are

described as follows

e equations of motion for unknown velocity components are solved using the pressure
values in order to update the velocity field

o velocity specified in the previous step can not satisfy the continuity equation, thus the
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pressure correction and subsequent correction of velocity field shall be determined

e using new values of velocity the equation for the turbulent energy k and dissipation ¢ is
solved

e another equation to determine the temperature and other scalar variables are solved

e physical properties of fluids (eg. viscosity) must be updated

e checking the convergence

END START

Solution
of mass equation

Check convergence

Solution of continuity equation
(pressure correction)
Update velocity and pressure

Update fluid
properties

Fig. 2.11 Diagram of solution algorithm in Fluent [1]

2.2.3. Geometry and computational grid generation

Numerical finite volume method is based on a system of non-overlapping elements,
finite volumes. Originally, the finite volume method was based on finite volumes of curvilinear
rectangles, rectangles in two-dimensional case and blocks or general hexahedron in three-

dimensional problems (see Fig. 2.12).
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block prizmatic tetrahedron pyramid
element

Fig. 2.12 Shape of finite volume

Such a grid is called a structured grid. The fundamental rule is that the elements
boundary must adjacent with the single element boundary, so we can not arbitrarily refine
grid (it is analogous to the method of finite differences, including the possibility of using
indexing). Also, the resulting computational region is then a block or a rectangle. Today there
is starting to take a new approach of building a so-called unstructured grid. The final
volume is a 3D cuboid, tetrahedron, and pyramid prismatic element. The benefits have been

validated in problems of elasticity, solved by finite element method.
The above listed elements can now be combined to obtain the optimal grid near the

walls where the rectangles and blocks are used (to get more accuracy) and in other areas
where there are no large gradients of solved variables due to existence of the boundary
layer, we apply the remaining elements. They provide an easy change of grid density, see

Fig. 2.13.

4
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>
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(%
5

N
P i
S

v

Fig. 2.13 Using the different types of elements [1]

To create geometry and grid the different CAD software to create a grid are used. It should

be noted that it is appropriate to use the programs recommended in the manuals Ansys-
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Fluent, because the grid which is created in software solving the problem of deformation or

thermal conduction, is quite different from grid generated for the flow problem.

2.2.4. Choice of interpolation scheme

FLUENT stores the components of velocity and scalar quantities in geometric centers of
finite volumes defined by grid. Because the calculation process, the required values of these
variables on the border of finite volume are used. These values are obtained by interpolation,
while you can choose between the following variants differing in order of accuracy
(ascending)
e power interpolation
e uadratic upwind interpolation (QUICK)
e second-order interpolation / central difference
e QUICK
During large changes in pressure and flow it should be available to compute with the lowest
order of accuracy (which is predefined) and after a few iterations to use higher order of
accuracy (for vortex flow with heat transfer, dissipation, etc.)

2.2.5. Convergence and residuals

During flow simulation using Fluent it is very important to obtain convergent solutions.
The measure of convergence are residuals, which represent the maximum difference
between two corresponding values at the same grid point in two consecutive iterations.
Residuals are evaluated for all values computed in each iteration step and are displayed for

the selected variables.

[ S S S S S S
[ (LSS S S S

S /S S S S S i+1-th iteration
VA A A AV

[ [ OV [ L
7 7 7 7 /7 7 7 i-th iteration

[ L O [ [/
S S S S S S

778 7 7/
VA A A v A a4

R

I

Fig. 2.14 Iteration in numerical steady calculation
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It is also possible to assess at what point it is the highest residual value. Residuals are used
to evaluation convergence. Generally, the solution converges very well when the normalized
residuals are reduced to the value of the order of 1.10 and enthalpy residuals to the value of
the order 1.10°.

2.2.6. Convergence acceleration
Convergence is influenced by many factors such as initial conditions, a large number
of cell, relaxing factor, etc.

To accelerate convergence, it is proposed to use an initial estimation of the variables
important for flow which is the best way to start solving task successfully. Otherwise, all
variables defined by initialization, are often considered to be zero at the beginning of the
calculation. The most important examples of setting the initial conditions are:

e temperature for solution of heat transfer problems when using the equation of state

e velocity at a large number of cells

e temperature and velocity in soution of natural convection

o flow with chemical reaction, when it is available to set the temperature and the mass
fraction of species

An important technique to accelerate convergence is the step by step technigue (step by

step from simple to more complex tasks). To solve the problem of heat transfer it is good to

start the calculation from isothermal flow, in case of reacting flow to start the solution without

the inclusion of additives. The problem is defined at first complex and then would be

necessary to select the variables for which initial state will be resolved .

2.2.7. Relaxation
Due to nonlinearity of differential equations it is not generally possible to obtain values
of all variables by solution of originally derived approximations of difference schemes.

Convergence can be achieved using relaxation, which reduces the changes of each variable

in each iteration. Simply said, the new value in the finite volume containing point p
é/P,i+1
depends on the old value from the previous iteration , the new value from the current
P,i
iteration (or calculated changes and relaxation parameter
P,i+1,wp Aé/P = gP,i+1,vyp - é,P,/'
follows

ae <O,1>
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é’ A
’ A\S
gP,H:Lvyp —
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- - Aé’P
”
gP,Hl // -
A ”
y
-
-
-~
0 a e (0] L a
Fig. 2.15 Definition of relaxation parameter
Cpin = (1_a)é’P,/' +ALp vy (2.2.3)

These relaxation parameters can be set for all computed variables. Especially for velocity
they are defined as very small, the order of tenths to hundredths. It is desirable during the
calculation to change these values and accelerate the convergence, ie. if the residual
changes are large in the transition from one iteration to another, than set a small relaxation
factor and thus to damp non-linearity, if the residual changes become constant, you should

increase the relaxation factors.
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3. Heat transfer by conduction

3.1. Fourier equation

Heat conduction in solids is described by the first law of thermodynamics, ie the Fourier

equation, which has the form:
T _vy. (avT)
a

respectively using components

ar AT 0T o077
a Aae Ty A

(3.1.1)

If the area is geometrically simple (for example, heat conduction in the plate) and if the initial
and boundary conditions are simple, the problem can be solved analytically (1D) and
numerically (1D, 2D, 3D) due to the linearity of the equation. If the plate is of large size, the

influence of the plate ends can be neglected, then the solution can be simplified to 1D resp.
2D task, see Fig. 3.1.

1D - line 2D rectangle 3D block
T T o7 ar T 6T 07
ks ey e s ks [y Bl M
ot X XN ot X XN a

Fig. 3.1 1D, 2D, 3D computational area for large-size plate
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In the case of the axially symmetric task (heat conduction in the rod), the simplification is in

Fig. 3.2 and the equations are then defined in the cylindrical coordinate system.

1D - line 2D rectangle 3D cylinder

Fig. 3.2 1D, 2D, 3D computational area for cylinder

The images also show the meaning of boundary conditions, which must be in agreement with

the experiment.

3.2. Equation of heat transfer by conduction

To determine the temperature distribution the Fourier's law expressing the law of energy

conservation is used:
jf(ph)zv.(w T)+S, (3.2.1)

where density of the solid material

yo,
h enthalpy of conductive material, Cp(T — Trer)
A thermal conductivity

T teperature

S,  heat source

In the above formulas the calculating enthalpy is defined for the reference temperature (e.g.
7,

o =298.15K), which can be changed according to the situation.
When problem solving, where there is still movement or rotation of the object, then

these effects are included in the solution of the energy equation:
jt(ph)+v-(;h) =V-(AVT)+S, (3.2.2)

Convection of heat is included in the energy equation for flow-limiting regions due to the
wall's velocity movement.

Specifying the thermal conductivity allows to solve problems in which the solid
conductive region is formed by separated walls of different materials and characteristics. The
density and specific heat of the wall are important in solving the time-dependent problems.
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Typical examples are the solutions of conveyor belts, moving rolled steel strip in furnaces,
problems with rotating machine parts etc.

All physical properties can be constant or dependent on the temperature or on the
pressure. The most important variable in this sense is the density. The above formula is
generally assumed in three dimensional space. All variants such as
e heat transfer predominant in one or two direction
¢ heat transfer in axisymmetric (rotating, cylindrical) coordinate system (pipes)

are special, simplified case.

3.3. Boundary conditions

Heat conditions can be defined by four variants, see Fig. 3.3.

e Constant temperature

e Constant heat flux

e Zero heat flux - adiabatic or isolated wall

e Convection — heat transfer coefficient and reference temperature (Surface

temperature influenced by convection)

.

T(x.?)
l—-bX I——> X
Constant temperature surface Adiabatic or isolated wall
T(t,S)=T, oT(tS) _,
on
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e (N

Constant heat flux Surface temperature influenced by
or(t,S) convection
on T oT(5,0)

Fig. 3.3 Types of boundary condition

The last boundary condition is complicated because it involves the influence of fluid flow
around the walls. Determination of the external heat transfer coefficient is given empirically

and varies due to different fluids and flow velocities. The temperature on the outer wall is the
result of calculation.

All types of conditions can be time-dependent, if required by their character.

3.4. One-dimensional heat conduction

3.4.1. Analytical solution
At any given simplification there is considered time independent (stationary) task of

heat propagation in an infinitely large plate of thicknesses |, see Fig. 3.4.
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Fig. 3.4 Scheme of large plate of a given thickness in the coordinate systems and solution

area —red line (1D)

The equation for this problem is

0 oT
0=\ 2" 34.1
ax( ax] ( )

This homogeneous equation has nonzero solutions for non-zero boundary and initial
conditions, as shown in Fig. 3.4. Thus, when a constant heat conductivity A4 is supposed,
the solution can be deduced

ox\ ox ox A (3.4.2)

7T =Cx+C,
If they are given boundary conditions, e.g. 7(0)=7, a 7(/)=T,, then
7,=C0+C,=C, =T,

7,=C/+C, =01/+7_1:>q=r2-7;

The solution is then in the form

7'=T2_71
/

x+T, (3.4.3)

This result is also confirmed by the numerical solution in Fluent.
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If the heat source inside the area given by heat flux @' is assumed, then the differential

equation has the form:

0 oT
A—1+q'=0 3.4.4
( axj q ( )

ox

The general solution has the form:

T=-9 x +C.x +C, (3.4.5)
24
The constants are determined from the boundary conditions as well. The solution is a

parabola, in case of identical conditions in both border areas it is symmetric parabola.

3.4.2. Numerical solution
This chapter illustrates on how to set and solve the temperature distribution in the
plate of a given thickness in Fluent. Subsequently, this solution will be compared with the
analytical solution. The task is:
o define the physical model, the physical properties of the material
¢ define a mathematical model, boundary conditions
e create geometry and grid
¢ specify boundary and initial conditions in Fluent, calculation
e evaluate the computed values
e compare the solutions with the analytical solution

e apply the same technique to different variants of boundary conditions and heat sources

l wall_top

»

/ T,
2 q
Zi
// v ‘
\ X g
< ! » wall_bottonr

Fig. 3.5 Scheme of endless plate (2D)
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Solve the temperature distribution in an infinitely large steel plate of a given thickness.
The physical model is given by the shape of the area whose scheme is shown in 2D in Fig.
3.5 and the dimensions and physical properties in the table (1D area can not be resolved, it
does not correspond to reality).
The dimensions of the area and physical properties of various materials for calculating

variants are specified in Tab. 3.1 and Tab. 3.2.

Tab. 3.1 Geometry of area

thickness of area / [m] 0.01

height of area A [m] 0.1

Tab. 3.2 Physical properties of material (steel, aluminum, copper, wood) at 300 K

material wood steel aluminium cooper
density o [kg-m=] 700 8030 2719 8978
specific heat capacity ¢, [J-kg*-K?'] 2310 502.48 871 381
thermal conductivity 4 [W-m™*-K*] 0.173 16.27 202.4 387.6

Boundary conditions are defined on the left wall by temperature 7, and on the right

wall by temperature T, or by heat flux g, or by the ambient temperature 7_ and the external

heat transfer coefficient « . For solution it is prepared five variants of boundary conditions (A
to E in Tab. 3.3) to be tested, because their task and the calculation is using identical
geometry very easy. Due to the large plate dimensionality above and below the conditions of

symmetry are defined.

Tab. 3.3 Boundary conditions

variant  left wall right wall right wall right wall
270 o )
r0=r.  T0=T,  _,or()_, o
ox T a() T.
A 50 -10
B -20 100
C 50 162700
D 50 0
E 50 40 -10
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Matematical model
In this task there is no flow, it is fictionally solved with zero velocity of flow, therefore,
as laminar. The temperature distribution is controlled by the above-mentioned differential

equation.

Geometry and grid generation
In an environment DesignModeller there is creating the exact geometry using a
technique similar to the environment CAD programs. In addition, we use the options of this

program to form grid, see Fig. 3.6.

Fig. 3.6 Computational grid with red line marked for detailed evaluation of temperature and
detail of mesh.

The results of the calculation of variant A

For clarity the evaluation options are presented, i.e. filled isolines of temperature, and
other variables are meaningless, even if they are offered, such as pressure, velocity, etc.
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5.00e+01
. 4.408+01
3.808+01
3.20e+01
2.608+01
|| 2.00e+01
1.40e+01
8.008+00

2.00e+00

-4.00e+00

-1.00e+01

Fig. 3.7 The temperature distribution in the whole area [°C]

The temperature distribution in a cross section in the middle of area is in Fig. 3.8, which
shows a linear temperature decrease from 50 ° C to -10 ° C. This is consistent with the
analytical solution (line connecting boundary temperature values) in the previous chapter.
This figure can be edited in Excel transmission data in text format.

60

50

—T.A
40 \

20

10 \

T[C]

0.q01 0.go2 0.4qo3 0.go4 0.905 0.406 0.gqo7 0[08\0'6 9 0.m

-10

-20

11m]

Fig. 3.8 The temperature distribution in the cross-sectional area

Very interesting is the evaluation of the heat through the left resp. right wall:
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Tab. 3.4

heat through the wall Q [W] steel
wall left 9761.44
wall right -9762.65

Heat transfer through the wall elements in unit [W-m] can also be evaluate in detail in every
location of the wall. In this simple case it is constant, because the temperature distribution in
the x direction is linear, thus there is one slope (the derivative of temperature is the flow rate)
but in general this result is not realistic.

150000

100000 fFosseassvsessnisioe T T T T2 T I T 11122333313 O XTI IZ XTI I IR LTI L) p—

50000

01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 on

q [W.m-2]

-20000

+q0-A oqgl-A

B 0T g I T 8 A T O A T A 1 O A O O i

-150000

y[m]

Fig. 3.9 The distribution of heat flux through the left and right wall

The calculation results of other boundary condition variants for steel
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Fig. 3.10 The temperature distribution in the cross-sectional areas for variants A-E

Tab. 3.5

heat through the wall Q@ [W] A B C D E
wall left 9760 -19522  -1623 -4.365 225
wall right -9764 19526 16270 O -23.4

Heat flux through the wall in [W-m2] can be also evaluated in detail in each grid cell. Because

it is constant, it is evaluated only the average value for each variant:

Tab. 3.6
average heat flux through the

A B C D E
wall ¢ [Wm?
wall left 97518  -195216 -162536 -126 225
wall right -97720 195265 162700 0 -234

Values are approximately ten times larger, because the flow area is 0.1 m2,
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3.5. Temperature distribution at the transient transfer

A mathematical model solved by FVM is still the same, only in the equations there will
be considered a member generally called accumulation and containing time derivatives.
Thus, the solution will be defined with additional time step, which is estimated from a real
setting and the number of time steps. The total time is thus the product of the time step and
the number of steps.

Solve the problem of coating of infinite large aluminum sheet of given thickness by
epoxy, which must be applied at least 5 min at 150°C. The process thus takes place in two
stages. In the first stage the aluminum heats by the air in a furnace at a temperature of
175°C. In the second stage it is cooled in the space by air at temperature of 25°C.

The physical model is given by the shape of the area whose scheme is shown in 2D
in Fig. 3.11, only sizes will be updated. Physical properties and boundary conditions are

defined below in tables.

Tab. 3.7 Geometry of area y A
thickness area / [m] 0.003
height area /7 [m] 0.01
wall [¢ft
Jo

Tab. 3.8 Physical properties of material

(aluminium) at 300 K

material aluminium 1 1 "
density p [kg-m=] 2719

specific heat ¢, [J-kg™K"] 871 o S
heat conduction 4 [W-m™*-K?] 202 X

Fig. 3.11 Scheme of solved task

Boundary conditions

The boundary conditions are defined on the left and right wall by the same ambient
temperature and the same heat flux g,, influenced by the air flow, while the cooling or
heating variant is distinguished. Due to the large size of plate, symmetry conditions are
defined above and below the region. The temperature for this boundary condition must be

defined in Kelvin.
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Tab. 3.9

Variant a(/) W-m?] T, [°C] 7. K]
A heating 40 175 448

B cooling 10 25 298

Mathematical model

There is no flow in this task, so it is fictitious flow with a zero-velocity, as a laminar.
The temperature distribution is controlled by the above differential equation. The first stage is
solved, when the heating takes place for a time estimated in advance,

10 min = 600 s.

From the graph of the mean aluminum temperature vs time (Fig. 3.12), it is possible to see at
what time the desired temperature (150 °C) is reached. After 5 min, it is possible to change
the boundary conditions given in the second cooling stage and to continue the calculation. It
is again clear from the graph when the required temperature of the aluminum plate is
reached. Therefore, the calculation could be shortened by the period corresponding to the
crossed-out part of the curve, that is, by the time

T=600-463=137s
Thus, the calculation of the heating would be set not for 600 seconds but for 463 seconds,
and then the boundary conditions would change to the cooling conditions.

Notes:

Of course Fluent allows you to automatically change the boundary conditions when
the required time and temperature is reached using UDF functions (User Defined Function).
The temperature distribution throughout the area is constant, so the cross-sectional
temperature will not be plotted.

Results

The result is a temperature vs time plot showing the change in boundary conditions in

Excel.
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Fig. 3.12 Temperature vs. time graph
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Conduction and convection at laminar flow

4. Mass and momentum transfer

4.1. Continuity equation

Continuity equation is identical for ideal and real fluid, ie according to law of
conservation of mass (resp. mass flow rate). The sum of the temporal and convective flow
change is equal to zero eventually to source member (e.g. flue gas from the stack in the

solved area):

([ X2av ([ pu-nas=s, @11)
4 aL S
You can also write the continuity equation in differential vector form:
0 —
a_/;+v'(puj:sz 4.1.2)

or in differential form:

op) , dpu,) alpu,) alpu.)_
ot X oy o0z = (4.1.3)

This equation is the general equation of continuity for spatial unsteady flow of
compressible fluid.
For steady flow of an incompressible fluid (o = const) the continuity equation is

expressed by the relationship in vector form (source equals zero):

V-.u=0 (4.1.4)
In case of pipe flow and compressible respectively incompressible fluid a simplified well

known relationship is applied and mass respectively volumetric flow rate Q,, is constant

Q. =puS=konst. resp. Q, =uS = konst. (4.1.5)

4.2. Navier-Stokes (momentum) equation

Balance of forces in the flow of a real fluid is given by the Navier-Stokes equations
expressing the relationship, when inertia force is equal to the sum of the mass and

surface (pressure and friction) forces.

;s :IEU"F;P (4.2.1)

In the real fluid flow we choose elementary volume dV/. To that fluid volume the

N
external volume force dF, is applied (e.g. gravity, centrifugal force or general force vector
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N
defined by acceleration &). Differential of mass force and consequently the total mass force

is given by
dFo=adm=padV =F,=|[[apdV (4.2.2)
%4
Similarly, the inertial force is determined by the fluid acceleration (substantial derivative)
Do
D¢’
d/?s=[[))‘t’dm=[[))‘t’pdv:/?s=j£j%pdv (4.2.3)

Surface force that includes both pressure and friction force can be written using molecular

stress tensor /:7 , ie. both shear and normal stress [4] [5] [10] :

[I=-po+7
where P in the normal component of the stress (static pressure), which specifies the

pressure force in the direction of inner normal in hydromechanics, and so that a pressure

force is defined with a minus sign, 7 is the shear stress tensor, 5 is a unit tensor with
components which may take the values 1 if i =jand 0 if i #]. To illustrate the mathematical
presentation of the friction forces the simplified Newton relationship applied in the coordinate

system is used (see Fig. 4.1):

Fig. 4.1 Velocity profile depending on coordinate y [11]

T=n @ (4.2.4)

This already known form expresses the relation between viscous stress and velocity
derivative according to one direction perpendicular to the movement.

Vector-tensorial formulation of shear stress in space is [8] :

50



Conduction and convection at laminar flow

o [wn(w) 2 (V) (629

;
- -
where Vv is tensor of velocity gradients with components [;ij, (V Vj is transposed
X/'

tensor of velocity gradients with components {aajv, and div(vj is divergence of velocity
X
J

vector. For incompressible fluid the div[vj = 0. Then the differential of surface forces is

- = = - = - >N\ -
ndS:(_p5+rj-ndS=[—p5+77{Vv+(ij D-nds (4.2.6)

:;]\|

5
dFe =
where 1 is outer normal vector to element of closed surface dS.
The balance of all forces using vector notation for general compressible fluid in a
rectangular coordinate system has the form
Dpu ( )
m _m d|/+ﬁpu u-nlds = ﬁpnd8+ﬂzd3+mfdv

resp. (4.2.7)

8(/%/) s .
PR +V-(puu):—Vp+pa+V-(r)+Sm
where v U is so called dyadic product of vectors, see chap. 13.1. Equation is called Navier -

Stokes equation. This equation for illustration can be formally written into three coordinate

directions x, y, z in case of incompressible flow:

ou, ou, ou, ou, 10p o’u, ou, ou,
+u, +u, +u, =4, - ——"—+V e
ot ()¢ oy 0z p OX oX oy 0z
8Uy+u o vy, gy auy:a _top,, azuy+82uy+82uy (4.2.8)
ot “ox Yoy ‘oz U poy ox*  oy® oz? o
ou, ov, ou, ou, 1op (0°u, o°u, ©ou,
+U, +u, +u, =a,—— — L+
ot ox oy 0z p 0z ox oy 0z

For one-dimensional flow, this equation is reduced like the continuity equation into a

very simple form
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0 0 190 02
Ue y Yx _ 5 _ P+V( “xj (4.2.9)

ot ax T sox N ax?
From equation above you can easily deduce known Bernoulli equation. By solution of flow
field the velocity and pressure distributions is calculated. In addition to the momentum
eqguation the continuity equation applies too.

All physical properties can be constant or dependent on the temperature or on the
pressure. The most important variable is the density.

In the system of differential Navier - Stokes equations and continuity equation there are

four unknowns, ie. velocity components u,,u,,u, and pressure p. To solve these

N
equations the external acceleration &, fluid density o and boundary conditions must be

defined. Navier - Stokes equations are non-linear partial differential equations and are not
generally solvable. The analytical solution is available for simpler cases of laminar flow.
Nowadays even complex cases of laminar and turbulent flow are solved using numerical

methods, eg. finite volume method and finite element method.

4.3. Conditions on flow boundaries and walls

For two flow boundaries only following

outlet

basic combinations of boundary conditions

may occur, (a combination of input velocity Velocity pressure static
and output velocity can not occur because the
velocity on the second input is calculated from

velocity pressure static..

the continuity equation).

pressure total,

Fig. 4.2 Combination of input and
output boundary conditions

Tab. 4.1 Boundary conditions on flow boundaries and walls

Type (Fluent) Variable Unit
INLET VELOCITY INLET velocity U [ms™]

MASS FLOW mass flow rate Qn [kgs™]

RATE

PRESSURE total pressure [Pa]

INLET
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1 5
ptat :pstat +pdyn :pstat +_pu

2
OUTLET OUTFLOW condition of stable flow
ou
=0, P =0
on on
PRESSURE static pressure p,,., [Pa]
OUTLET (equals zero at flow into
atmosphere)
MASS FLOW mass flow rate Qm [kgs™]
RATE
WALL WALL U=0 is default (moving wall —
insert velocity - eg. rotating or
sliding wall),
WALL shear stress — fluid adheres to the
wall (no slip)
Note:
For compressible flow
K—l 2 ﬁ
Piot = Psia| 1+ Ty Ma (4.3.1)
where p,  total pressure
P, Static pressure
u u
Ma  Mach number Ma= "=~
c (K/'Ts) '
- R . .
r specific gas constant 7 = "’ M is the molecular weight
K rate of specific heats .- — Cr
CV
o sound speed in fluid

When entering a pressure condition, it is necessary to define the direction of flow with the
components of the velocity or flowing in the normal direction to the boundary.

Static inlet pressure must be specified for supersonic flow.
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If the flow is influenced by buoyancy forces, the pressure field and the total and static
pressure input values are automatically increased by the hydrostatic pressure in the
numerical calculation:

P'=PerGX; + P (4.3.2)
Thus the deviation from hydrostatic pressure is entered into the boundary condition, it is
calculated and also evaluated. However, it is necessary to enter a reasonable reference

density value at the reference temperature.
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5. Conduction and convection at laminar flow

5.1. Energy equation

Energy equation is derived from the Navier-Stokes equation by scalar multiplication of
velocity vector and a coefficient of 0.5. Then the equation will complement by other members

expressing the internal energy

] PoE)gy - ] AE)gy [ (s s -
=jsjwrd5—jsjrd3+jg5dv (5.1.1)
%(pg)w.@(pap)]:v.(wr)_v.(?ﬂjwh

where the total energy £ = U +%7/Z is the sum of the internal and kinetic energy, A is the

coefficient of molecular thermal conductivity, the second term on the right side represents the

heat generated due to friction, S, involves chemical reactions and other heat sources.

Introduce the concept of enthalpy change /A, which is equal to the heat that the system

performs at constant pressure (if no volume work take place) and is defined by the relation

h=U+P
o,
then £E=h _P + %Z; . Change of entalpy is defined for ideal gas as
o,
,
h=[c,ar [I-kg™] (5.1.2)

Tref

and for incrompressible fluid (incrompressible gases and liquids) as

f p
h= jcpdr+p [3kg™] (5.1.3)

Tref
In the above enthalpy equations, the calculation is defined for the reference temperature (eg.

7., =298.15K), which can be changed according to the situation.

State function S is called entropy and is defined by formula

S- j S- jCVdr (5.1.4)
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5.2. Mathematical model of laminar flow with conduction and
convection

In the vast majority of cases, heat transfer is carried out simultaneously by conduction

and convection. The mathematical model consists from following equations:
N . Op -
e continuity equation §+V- pul|=S,

e momentum equation - Navier - Stokes equations at laminar flow

6('02) - -
o +V-(puu): ~-Vp+pa+V-(r)+S,

e energy equation %(pE)+V-(Z(pE+p)j =V-(AV T)—V-(;- L_/))HS‘,7

The solution is complemented by boundary conditions on the flow boundaries and on
the wall (see chapter above). In solution of conduction and convection we will model more
areas, some of which will be defined as the flowing medium (conduction and convection),
some areas will be only solid wall given by thickness where the detailed temperature
distribution (conduction only) will be resolved. Then between areas there exist a special
interface with special boundary conditions. On the following more or less simple examples of
typical energy applications the advantage of numerical finite volume method will be

demonstrated.

5.3. Boundary conditions at laminar flow with conduction and
convection

In isothermal flow the boundary is meant thin wall surrounding fluid with the boundary
conditions given only by fluid variables. In the case of non-isothermal flow the boundary
conditions depend on each specific case, ie. if it is necessary to use the full model, partly
simplified model or simplified model of heat transfer:

e full model - it solves the temperature distribution in the flowing medium, in the tube wall
(conductive zone) and in the environment (air), the boundary conditions are defined by
external thermal environmental conditions

e partially simplified model - it solves the temperature distribution in the flowing medium
and in the tube wall (conductive zone), it is necessary to define the temperature or heat
flux density on the outer wall of the tube

e simplified model - it solves the temperature distribution in the flowing medium with a

defined wall boundary of zero thickness (can also respect the thermal resistance of the
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specified wall thickness) with defined non-izotermal properties and boundary onditions.

Different approaches are shown in Fig. 5.1

interface

G, DOUNdary /

full model partially simplified model simplified model

fluid + wall + neighborhood of tube fluid+pipe wall fluid + thin wall

Fig. 5.1 Fluid flow in the tube I fiuid, BB tube wall, 2 neighborhood of tube

The next chapters will clarify the definition of special boundary conditions at the
boundary of the area and at the interfaces between different material areas.

The boundary is the most distant surface of zero thickness with defined boundary
conditions. On the boundary the flow conditions (chap. 4.3) and conditions of heat transfer

must be specified.

Type (Fluent) Variable Unit
INLET VELOCITY INLET velocity U [ms?]
temperature T (K]
-1
MASS FLOW mass flow rate Qn [kgs™]
RATE temperature T [K]
PRESSURE total pressure [Pa]
INLET 1 .,
ptot = pstat +pdyn = pstal + Epu
temperature T K]
OUTLET OUTFLOW condition of steady flow
au_g o T,
on on on
PRESSURE static pressure Py, [Pa]

OUTLET
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(equal zero at flow into the
atmosphere) K]

temperature T

-1
MASS FLOW mass flow rate Qm [kgs™]
RATE temperature T [K]
WALL WALL U=0 is default (moving wall —
insert velocity)
temperature T
constant heat flux density q
zero heat flux density (insulation)
q=0,
convective heat transfer o, Tres
radiation
WALL shear stress — fluid adheres to the

wall (no slip) (can be specified
shear stress and roughness for
turbulent flow).

temperature T

constant heat flux density q

zero heat flux density (insulation)
q:07

convective heat transfer o, Trer
radiation

If the heat transfer is solved, at the border there are setting the temperature
conditions, see chap. 3.3 (the latter characterizes the radiation).
The interface can be simplified regarded as single - or bilateral wall zone. If the wall zone is
two-sided wall, i.e. the wall forms the interface between two areas, such as the interface
fluid/wall or wall/wall for the problem of heat transfer, then it is possible to model the thermal
conductivity inside the boundary walls and the inner walls. Furthermore, there exists also the
option to choose whether or not conditions for two-sided wall are linked (COUPLED).

Fig. 5.2 can monitor the temperature distribution in the flowing medium and at the
wall when on the outer wall surface a constant temperature condition is given. Heat transfer

is affected by the material, i.e. wall and water conductivity, and of course by the flow.
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Fig. 5.2 Detail of the end of solved area with a temperature distribution for partially simplified
approach.

5.3.1. Boundary conditions on thin wall

As expected, the wall has zero thickness. If the wall thickness is of the non-zero, then
the parameters for calculating of the thermal resistance of the thin wall can be set and you
can model a thin layer of material between two zones, eg. piece of sheet between the two
zones of fluid coating solids, or the contact resistance between two solid regions. FLUENT
solves the 1D conduction equation to calculate the thermal resistance defined by wall and
heat generation in the wall.
In order to include these effects in the
calculation of heat transfer, it is
necessary to specify the type of

material, wall thickness and heat

generation in the wall. Thus, the i
material is selected and the wall
thickness is  specified.  Thermal Tw
/ resp. qw
resistance of wall is — , wherein A is
y) / e
thermal conductivity of the wall material
and / is wall thickness. Temperature cells of fluid Au
condition respectively condition of heat S(r)rs:gﬂgting —> <
flux density will be wall |

Fig. 5.3 The boundary condition on thin wall
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specified on outside of the wall, as seen in Fig. 5.3. According to the convention used in
Fluent the wall will be called the inner wall. T, is constant temperature on the wall. It should
be noted that for the thin wall a constant thermal conductivity is only possible to define. If

required to use a non-constant thermal conductivity for a non-zero thickness, it is necessary
to define a particular geometry of the wall and to mesh it.

5.3.2. Boundary condition on two — sided thin wall

If the wall has on each side a liquid or a solid wall, this wall is called two-sided wall,
and is illustrated schematically in Fig. 5.4.

Twl
qwl

TW2
QWZ

-t conducting wall
Awgitiriiiiiiiiinini

Fig. 5.4 The boundary condition on the wall with two surfaces [1]

When the mesh is loaded with this type of wall in Fluent, we automatically create a "shadow"
zone so that each side of the wall is the wall zone. The panel WALL emerges as Shadow
Face Zone. Then you can define different thermal conditions in each zone named WALL and
SHADOW WALL, or link (coupled) both zones.:

e At linked wall zones the Coupled option in Thermal Conditions (this parameter appears in
the Wall panel when the wall is two-sided) must be selected. No additional thermal
boundary conditions are required, because the heat transfer is solved from the equations
for neighboring cells. But one can define the type of material, thickness and heat
generation for the calculation of the thermal resistance, as mentioned above. Heat

resistance parameters are automatically set to "shadow" wall zone
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e At different (unlinked) wall zones the different thermal conditions on each of them can be
defined. You need to select Temperature or Heat Flux (Convection and Radiation are not
possible for two - sided wall). Both unlinked walls may have a different roughness, and
are mutually insulated. If it is necessary to specify a non-zero thickness of the walls for
the unconnected zone, the thermal conditions are defined on the outer surface of non-

zero walls, as shown in Fig. 5.4, where T, and T, are temperatures (q,,and q,, are

the heat flux densities) defined on either side, A4,, and A,, are the thermal

conductivities of on non-zero unconnected walls. The gap between the walls is not part of

the model and it is for illustrative purposes only included in figure.

5.4. Heat transfer coefficient

The heat transfer coefficient on the wall is the quantity defined by the equation

-9 2K
a=r— [W-m™=-K-] (5.4.1)

wal, ref

where g@is the convective heat flow rate, 7,

L 1S the wall temperature and 7, is the

reference temperature that should be representative for the problem. The reference

temperature can be defined as:

e constant value (Surface Heat Transfer Coefficient) is appropriately defined on the basis
of the user's experience and is commonly used in engineering applications

e temperature near the wall (Wall Heat Transfer Coefficient) resulting from numerical
calculation. It depends on the boundary layer and in case of modeling also on cell size.
Additionally, in the case of an irregular mesh, the size of the cells may change this value
significantly.

Therefore, the heat transfer coefficient will be evaluated as Surface Heat Transfer

Coefficient. The second variant is suitable for detailed investigation of heat transfer with

very fine grid.

5.5. Heat transfer at flow aroud plate

Following an experience of modeling of heat transfer in different materials presented
in chap. 3 the same geometry with more layers of material will be used. The middle layer will
be again SOLID material (steel), but around the left and right side the air in a laminar regime
will flow.

Solve the temperature distribution due to conduction and convection in the layer of

steel, the airflow will be on both sides. The physical model is given by the shape of the area
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whose 2D scheme is shown in Fig. 5.5 and the dimensions and physical properties are in
v Tab. 5.1 aTab. 5.2.

Tab. 5.1 Geometry of region

thickness of region I, =1,; [m] 0.01

height of region A [m] 0.1

Tab. 5.2 Physical properties of material (steel, air) at 300 K

material steel air

density p [kg-m?] 8030 1.225
specific heat capacity ¢, [J-kg™K"] 502.48 1006.43
thermal conductivity 4 [W-m1-K?] 16.27 1006.43
viscosity 7 [kg-m?*-s?] 1.7894-10°

Fig. 5.5 Scheme of the plate in coordinate system and boundary conditions

Boundary conditions
Boundary conditions are defined on the left and right wall by temperature, eg. variant
A from last excercise. At air inlet the velocity is defined and at outlet the static pressure is
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specified. Due to the large dimensionality of the plate, the conditions of symmetry above and
below are defined.

Between the flowing gas and the plate there is the interface where the heat transfer is
solved. In Fluent, this interface is defined by two zero-thickness surfaces. This method is
used in the flow around thin plates (compared to the solved region), radiators, etc. These
objects may not be caught by the grid, thus we save the amount of cell during meshing. This
duplicate surface will always appear when transferring Meshing data or another geometry
creation program to Fluent. The wall name remains and, in addition, creates its shadow.

interface vs. interface shadow

On these walls the boundary conditions do not have to be entered, the heat
penetrates them, they are called "coupled". This case suits the task assignment. Another
option is specification of the detailed boundary conditions on both sides.

For all types of walls, the wall thickness is entered. If the wall is a boundary, its

thickness is zero, if it is a real wall, a thickness (3 mm) can be entered.

Tab. 5.3 Boundary conditions

name type (Fluent) temperature velocity pressure
[K] [m-s] [Pa]

wall left wall 323

wall right wall 263

inlet left air velocity inlet 323 0.1

inlet right air velocity inlet 263 0.1

outlet left air pressure outlet 323

outlet right air pressure outlet 263

wall top symmetry

wall bottom symmetry

interface left coupled

interface left shadow coupled

interface right coupled

interface right shadow coupled

Estimation of dimensionless flow parameters
For calculation, formulas for flow around the plate were used, see chap. Chyba!
Nenalezen zdroj odkazt.. The calculations are made for left flow around the plate, with the

right flow around the plate, the estimates are slightly different because other physical
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properties of the air are used due to temperature changes.

Resultes

Reynolds number Re= 629

Prandtl number Pr= 0.773856

Nusselt number Nu= 15.29314

Heat transfer coefficient a= 40.22 W.m?2.K?
tepla

Matematical model

In this task, there is a laminar flow, a laminar mathematical model is thus used.
Velocity, pressure and temperature distribution is controlled by above differential equations.
Laminarity criterion is the Reynolds number:

_ud _ 01.01

v 1.7894.10

629

Creating geometry and mesh
In environment Workbench the exact geometry is creating and covering by mesh,
see Fig. 3.6.

Calculation results

To illustrating, the possibilities of evaluation shall be indicated, i.e. filled isolines of
temperature. It can be seen that heat permeates through the steel very well but there is no
linear temperature distribution across all three area. In the vicinity of the material (steel plate)
there is observed typical temperature distribution when air flows aroud the material. The
temperature is not constat in limits, because the thickness of two outer layers should be
greater, plus the velocity profile was not properly evolved from rectangular to steady

parabolic profile, see Fig. 5.6.
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Fig. 5.6 Distribution of temperature [K] in the steel plate, in surrounding air and at the

evaluation plane in the middle of the region

To calculate Nusselt number it is necessary to use the reference values. Reference
temperature for the wall is determined by the left wall temperature and reference dimension
is given by the length of the steel plate. First, determine an surface heat transfer coefficient
according to equation:

q
aO=_———— (5.5.1)
Ts _Tref
which is proportional to the heat flux and subsequently Nusselt number:
d
Nu = “/{ef (5.5.2)

For the right wall the procedure is analogous, only the reference temperature values are
different.
Reference values

left area right area

area of the plate wall

air density

length of the plate
enthalpy

size of the air area (Re)
pressure

temperature of the left wall

air velocity at the inlet
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Reference Values viscosity of air

Aea(m2)[t
Densty (ka/m3) [1.225
Depth (m)[1
Enthalpy (i/ka) 0.,
Length (

Pressure (pascal) |0
Ternperature (
Velocity (m/s) |0.1
scosty (kg/m) L7ssaegs  VEcosty (kgims) 17954605
Ratio of Specfic Hezts[1.4  Ratio of Specfic Heats[1.4

Fig. 5.7 Definition of the reference values for calculating the parameters of heat transfer

specific heat

Fig. 5.8 shows the distribution of heat flow, heat transfer coefficient and Nusselt numbers at
the air - steel and steel - air interfaces, where the opposite orientation of the heat flow at the
interface. It is also necessary to evaluate these values in cells on the wall, not in the middle

of the cells.
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Position (m) Position (m)
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Fig. 5.8 Distribution of heat flux density, surface heat transfer coefficient and surface

Nusselt number along the interfaces calculated by Fluent for T=323 K and 263 K

Heat transfer coefficient and Nusselt number depend of reference values, which is practically

very difficult to define because of dependency on measurement. In Fluent these values are

the result and for further calculations they are not required. Nusselt number on the left

interface takes two values, while on the left interface shadow the Nusselt number is equal to

zero. So this wall does not make sense physically, but it's always necessary to verify if the

Nusselt's number on the wall or wall_shadow is equal zero at the "coupled" condition.

Fluent software evaluates the above mentioned variables at every condition and the

user must consider which values have the physical sense. CFX is treated in this sense

better.
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Fig. 5.9 The distribution of enthalpy and entropy along the evaluating central plane

For practical application, it is possible to obtain an average value of all the above

parameters, but you need to consider accuracy of the weighted average. The weight is the

area of mesh elements. Heat power per surface is determined uniquely, see Fig. 5.10.
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Options

(O Mass Flow Rate

@ Total Heat Transfer Rate [ interior-ocel

(O Radiation Heat Transfer Rate [T e IS NIIeey
intenor-vzduch_pravy
rozhrani_leve -17.95827571369575
rozhrani_leve-shadow 17.95827571358166
rozhrani_prave -17.96032498172244
rozhrani_prave-shadow | 17.96032498169842
stena_dolni -0

Boundaries |Fiter Text = T Resuls

stena_homi -0
stens_levs_vzduch 1.917046325926257
stena_prava_vzduch -1.918975089784299
vstup_levy_vzduch 31.40043467977316
vstup_pravy_vzduc -44,09953256309372
vystup_lev -15,36399740273825
| vystup_pravy vzduch { 28.06299167518727

Fig. 5.10 The heat power per individual walls.

Other parameters (Total Surface Heat Flux g, Surface Heat Transfer Coefficient and Nusselt
number Nu) are determined by weighted average.

Tab. 5.4 Averages (Area-Weighted Average) of heat flux, surface heat transfer coefficient and

Nusselt number

Surface Heat Nu Surface Heat Nu

Transfer Coef. Transfer Coef.

[W-m-2-K-1] [W-m-2-K-1]

estimation estimation  Fluent Fluent
Wall left air 0 0
Interface left 5.14 195 6.00 24.8
Interface left shadow -6.00 0
Wall right air 0 0
Interface right shadow 55 20.9 6.00 24.8
Interface right -6.00 0

Differences between the estimation of the Nusselt number and the heat transfer coefficient
against the Fluent calculation are due to the influence of the current acceleration and the
short flow direction.

If the averaged heat transfer coefficient for the left wall is determined, it is possible to
simplify the area so, that it will not be dealt with the left part of the air flow. The boundary
condition on the left side of the steel will be given by heat transfer coefficient and the
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reference temperature, i.e. 323 K. The same boundary condition can be applied to the right
wall. The result is a temperature distribution of practically constant value, i.e. 293 K, which is

the same temperature value in the steel, as on Fig. 5.6.

2 930402 3.23e+02
I - 930402 l 3.208+02
2 93402 3.17e+02
2 930+02 3.14e+02
2 936402 3.11e+02
2936402 3.08e+02
2 930+02 3.05e+02
2 93e+02 3.02e+02
2 93e+02 2.99e+02
2 93e+02 2.96e+02
2 932402 2.93e+02
. 2 93e+02 . 2.90e+02
2 93e+02 2.87e+02
2 93e+02 2.84e+02
2.93e+02 2.81e+02
2 93e+02 2.78e+02
2.93e+02 2.75e+02
2.93e+02 2.72e+02
2.93e+02 2.69e+02
2.93e+02 2.66e+02
2.93e+02 2.63e+02

Fig. 5.11 Comparison of temperature [K] in a simplified geometry by boundary condition of
heat transfer coefficient and in the geometry with flowing parts
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6. Turbulence

The flow of real fluids can be 0.18 ' '

classified as laminar or turbulent os L | !

flow. The flow is generally called L) M& 'MV /I

turbulent if the variables exhibit o4 | ‘| [M m‘ | m ]
IRal ¥

/W \ ‘

vV [ms)
e

chaotic fluctuations both in space

0.12
and in time, see Fig. 6.1. Despite \« \J
turbulence randomness the detailed etor \W ]
studies indicate that turbulent flow 008 s .
. . . oo 1.0 20 3.0
comprises a spatial structures which t [s)

are commonly called "Eddies” Fig 6.1 Fully developed turbulent flow - velocity as a
(turbulent eddies). function of time [13]

Because in mechanical applications the turbulent structures can be characterized with
dimensions of order of magnitude smaller than the characteristic dimensions of the region
and changing in time of the order of ten-thousandths of a second, the detailed modeling of
turbulent structures due to current hardware capabilities is very limited. Therefore, it is effort
to find so called turbulent models that could reasonably filter the small turbulent fluctuations
and engineering applications could deal only with great vortices. The above described
equations describe both laminar and turbulent flow and for their solutions so-called ,Direct
solution methods“ can be used. For turbulence other approaches will be discussed,
especially a time averaging method.

Modeling of turbulence is still in state of research and development, which is constantly
changing with advances in the mathematical, physical and technical fields. In numerical
simulation of turbulent flow, there are three theoretically different approaches that result from
simplifying modifications of the initial equations describing the flow [13]

e DNS-Direct Numerical Simulation

e RANS-Reynolds Averaged Navier-Stokes equations
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Fig. 6.2 Methods of turbulence modeling [13]

For most of the engineering tasks of turbulent flow, the most frequently used tool remains

statistical turbulence models that are based on the Reynolds averaged method of turbulent

flow vaariables and on the following procedure of time averaged balance equations (RANS).

DNS is problematic because of the large
capacity requirements of the computer for
very fine grid. The number of grid cells can
be estimated Np ~ Rel9 / 4.

is based on the modeling of large

vortices as spatially time-dependent

objects that can be captured by the grid.

small-scale vortices

by

Turbulent are

parameterized so-called  subgrid

models.
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RANS are statistical models of turbulence,
based on the time averaged (Reynolds)
method of turbulent variables and on the
following time-averaging procedure of ‘

equilibrium equations.

A

For example, in engineering applications it is possible to characterize turbulent structures
with dimensions much smaller than the dimensions of the region and changing over time in
the order of ten thousandths of a second, the modeling of all details of turbulent structures
with respect to the current hardware possibilities is very limited. Therefore we will only deal

with large vortices and, above all, with the method of time averaging.

6.1. Reynolds time averaging

According to O. Reynolds (1895) instantaneous values of parameters describing

turbulent flow can thus be decomposed into a time averaging part ¢ and fluctuation

component ¢’ (see Fig. 6.3), whichever is [6]

S={+¢" (6.1.1)
1% , L1 o .
where ¢ = ?Igdr ¢'=0 resp. { = NZQ’,. For calculation with the time-averaged
0 i

quantities there are certain rules, see Fig. 6.3, [6] .

Fig. 6.3 Fluctuation ane time averaging part Osborn Reynolds

Applying time averaging to the basic continuity equation and Navier-Stokes equations so
called Reynolds equations are obtained. They are characterized in that they are formally
similar to default equations, but solved variables are time-averaging. Due to nonlinearity of
the Navier Stokes equations the additional member appears in them and corresponds to the

stress and is defined as
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T, _; =—puil; (6.1.2)
The number of members is nine for various indexes and they are called Reynolds (turbulent)
stresses that exist only in turbulent flow. They manifest themselves as a viscous deformation
by stress effects on elementary fluid volume. Turbulent stresses are new, unknown variables
in the equation system, therefore it is necessary to define them. The most commonly used
method is a method of Bousinesq hypotheses about “eddy (vortex)” turbulent viscosity. This
hypothesis assumes that (as in simplified two-dimensional laminar flow the shear stress
Newtonian relationship is used) turbulent stresses and turbulent fluxes are proportional to the

gradient of time averaging velocity, temperature, concentrations, etc.

laminar flow Boussinesq hypothese turbulent flow
molecular viscosity (analogy) eddy turbulent viscasity
r= = 7, =—pULUy =

6.2. k-¢ two-equation model of turbulence

In the heat exchangers tasks the most general equations expressing the conservation
laws must be considered. Additionally non-constant density, which may be dependent on
temperature and pressure, both for gases and liquids, can be supposed. You can specify an
external volume forces. These equations can be expressed as in integral form, so in
differential form. Differential form is common form in the theory of fluid mechanics, so that the
equations will be presented in this form. But according to the previous chapter the equations
will be solved by finite volume method based on integral form. As already noted, we assume
turbulent flow, thus equations will be defined for time averaging quantities (pressure,
velocity). As already mentioned, turbulent flow is assumed, ie the equations will be defined
for the mean values (pressure, velocity) and will formally be analogous to the laminar
equations:

e continuity equation valid for time averaging variables

%w.(p&j:sz (62.1)

e three Reynolds equations for the transfer of momentum for time averaging variables

(Navier - Stokes equations modified by time averaging)

73



Turbulence

8 pu
22 - > - (6.2.2)
T+V~ puu =—Vp+pa+V-(rf)+$m

e equation for turbulent kinetic energy k = E(uiz +uy + uéz), while it is possible to take

into account the production of turbulent kinetic energy due to the tension and lift forces

2(pk)+v-(t_/kj:V{injﬂoP—pg (6.2.3)
at o

3,7 3,7 3/2
e equation for turbulent dissipation rate ¢ =vé’u’0’;u’ =C, k/ where | is the

J
turbulent length scale

2

%(p8)+v-(agJ :V-(£V5J+C1Spp—025p% (6.2.4)

¢ in the model the number of constants determined empirically is also used

To complement the Reynolds stresses u,‘.u/. are defined according Boussinesqg hypotheses

by relationship

ou,
ox

—puU; = p, (6.2.5)

J
where turbulent (eddy) viscosity x, is expected as a function of length and velocity scale

according to the Kolmogorov-Prandtl hypothesis:
_ k?
w=lu=pC, o (6.2.6)
In some applications, the basic model can be extended to other equations focused on mass
fractions of chemicals and compounds, etc.

The standard k-¢ model is suitable for high turbulent flow. For low Reynolds number
so called RNG k-& model is preferably used. In Fluent there are many other turbulent models,
each of which is recommended for a different type of flow. Nevertheless, it is necessary to
have a physical experiment to verify at least some flow parameters. All turbulent models near

the walls utilize the wall functions to approximate the turbulent velocity profile near the wall.
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6.3. Boundary conditions for k-g¢ turbulent model

6.3.1. Turbulent variables on boundary

Great importance in connection with initial boundary condition is the seting of
turbulent parameters in the form of values of turbulent kinetic energy and dissipation rate.
A more accurate statement of these values is, of course, the profile obtained from empirical
data or from empirical formulas. If the profile is not precisely known, you can enter a constant
value estimated on the basis of experience. These turbulent quantities can be determined by
means of quantities more easily identifiable such as turbulent intensity, ratio of turbulent and
molecular viscosity, hydraulic diameter and turbulent length scale. The size of turbulent
fluctuations usually is described by intensity of turbulence. Assuming isotropic turbulence

(\/l?:\uif:\uif) the relative turbulent intensity is explained as the ratio of rms

fluctuation velocity component to the mean velocity in the same point of the flow usually

expressed as a percentage. Usually only one directional component is measured:
/2
u
[ =T (6.3.1)
Ul
Ordinary turbulent flow is an anisotropic flow (heterogeneous in coordinate directions), but

the anisotropy is small. The large differences are between the longitudinal and transverse

components of motion. In general the turbulent intensity is specified by formula:

I, 7
_ il (6.3.2)
3uu
The difference between the velocity fluctuations in transverse direction u} and u} is usually

very small. The value of turbulent intensity in several cases is approximately given in

Tab. 6.1:
Tab. 6.1

| [%]
windtunnel 0.05%
turbulent flow generated by grate 1-5%
wake 2-10%
flow in the boundary layer and in the flow in the tube 5-20%
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drowned stream 20%

recirculation flow with low velocity u 100%

Turbulent scale | is limited by the size of the region, because the turbulent vortices
can not be larger than the dimension of region. Approximate value of the turbulent scale is
determined from the relation | =0.07L, where L is the characteristic size or hydraulic
diameter. Turbulent intensity and hydraulic diameter are available variables that can be
specified as boundary conditions, the others are then converted by the following
relationships.

Tab. 6.2
u'u,
turbulent intensity /=1
\| 3uu
turbulent scale | =0.07L
N 3
rate of turbulent viscosity — v=_-ull
U 2
. . 3 N2 3 —\2
turbulent kinetic energy k = E(u )’ nebo k = E(u/)
3 1
3 2 2 -
dissipation rate ceci K _ pC k('“fj
"l /AN

Of course, turbulent energy and dissipation rate can also be defined directly.
Depending on the complexity of the mathematical model other variables associated with heat
transfer or other scalar variables can be defined. The value of turbulent intensity in the case

of LES is defined by a random velocity fluctuations at the input.

6.3.2. Variants of turbulent boundary conditions

In any case, two boundary conditions must be entered because of number of
equations for turbulent quantities (two). It is possible to select from the following
combinations:
e Turbulent kinetic energy + turbulent dissipation
e Turbulent intensity + turbulent length scale

e Turbulent intensity + viscosity rate
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e Turbulent intensity + hydraulic diameter
The most commonly used variant is the last variant because the turbulent values can be

qualified. If another measurement is available, another variant can be used.

6.3.3. Boundary conditions

On flow boundaries the conditions are the same as the boundary conditions for
laminar flow and, in addition, turbulent conditions are added to each variants, with the
exception of the reverse flow conditions, otherwise they are counted, see Tab. 6.3.
Tab. 6.3

Type (Fluent) Variable Unit
INLET VELOCITY INLET  velocity U [ms?]
turbulent intensity | [%0]
hydraulic diameter dn [m]
MASS FLOW mass flow rate Qn [kgs™]
RATE turbulent intensity | [%]
hydraulic diameter dh [m]
PRESSURE total pressure [Pa]
INLET 1,
Priot = Pstat ¥ Payn = Pstar + EPU
turbulent intensity | [%0]
hydraulic diameter dn [m]
OUTLET OUTFLOW steady flow condition
turbulent intensity | [%0]
hydraulic diameter dy [m]
PRESSURE static pressure p,,. [Pa]
OUTLET (O at outlet into atmosphere)
turbulent intensity | [%]
hydraulic diameter dh [m]
MASS FLOW mass flow rate Qnm [kgs™]
RATE turbulent intensity | [%2]
hydraulic diameter ds [m]
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WALL WALL U=0 default (moving wall -
define velocity)
roughness for turbulent flow
WALL shear stress or fluid sticks on the
wall (no slip)

roughness for turbulent flow

6.4. Wall function, possibility of more accurate calculation

Modeling of the flow near the wall affects the accuracy of numerical solutions in the
whole area. Near the wall the solved variables are rapidly changing, significantly the transfer
of momentum and scalar quantities is here applied. Turbulence is suppressed close to the
wall. However, in the outer part of boundary layer there is a significant production of turbulent
kinetic energy due to Reynolds stresses and the mean velocity gradient. Numerous
experiments have shown that the area near the wall, so called boundary layer can be
divided into multiple parts. Immediately near the wall the viscous (laminar) sublayer is
placed, the flow is here nearly laminar and molecular viscosity has a dominant influence on
the transfer of momentum, heat and mass. The outer part of the boundary layer becomes
fully turbulent layer and turbulence plays a dominant role here. Between laminar and fully
turbulent layer the transition layer occurs, in which the effects of molecular viscosity and

turbulence apply equally. Distribution of the boundary layer is shown in Fig. 6.4.
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Fig. 6.4 Distribution of layer near the wall - in linear and logarithmic coordinates

Flow near the wall can be modeled in two approaches:

MODELING OF FLUID
FLOW NEAR THE WALL
(FLUENT)

O\

Wall function

Two layer modeling

.

Standart wall
function

Nonequilibrium
wall funkction

e using of wall functions (coarsen mesh) by which the region between laminar sublayer

and transition layer is spanning, where the molecular and turbulent viscosity appears, ie

the area between the wall and the area of fully developed turbulent flow

e two layer modeling for finer mesh (Enhanced wall teratment) includes the viscous

sublayer in connection with the finer mesh near the wall.

The essence of both approaches is illustrated on Fig. 6.5.
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| full déveloped turbulence !
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i : i i fluid flow | : : i

S T S RN SR DA S

e~ o | IS SUU N U e

. AV viscose and transition sublyer - oo
A sténa A

using of logarithmic method of modeling
wall function near the wall

Fig. 6.5 Two approaches to the modeling of flow near the wall in Fluent

Theory of wall functions by Launder a Spalding
Wall functions based on Launder and Spalding theory are widely used mainly in
industrial applications. In turbulent flow the boundary layer consists of a viscous sublayer and
the logarithmic law for time averaging velocity in the turbulent field in a simplified two-
dimensional case:
U= iln(E.y*) (6.4.1)

Dimensionless variables in this equation are defined as:

—+

. _puy 7,
yr="m

u =LIIJT B urz\? (6.4.2)

where

K = von Karman constant (=0.42)

E = empirical constant (=9.81)

u = time averaging flow velocity in point P

u. = friction velocity

y = difference of point P from the wall in normal direction

7 = dynamic viscosityof fluid
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Friction velocity u_ is determined by shear stress defined as Reynolds stress.

Wall functions are a set of empirical relationships and functions that allow you to "link"
variable solved in a cell near the wall with the corresponding value on the wall. Wall functions
include logarithmic law for mean velocity and temperature and equations for turbulent

gquantities near the wall.

6.5. Influence of mesh quality on the choice of wall functions for
various models of turbulence
The dimensionless distance of the center of cells adjacent to the wall from these walls is
determining if the choice of the logarithmic wall function is correct or a second approach is to

be selected.

« logarithmic law is valid for y )30+ 60

« enhandced wall treatment is valid for y (4 +5, ideally at least 10 cells should be in
the laminar sublayer
+ Spalart Allmaras model uses wall logarithmic function assuming a very fine grid
(y" =1) or grid for which itis y~ > 30.
» Large Eddy Simulation model uses a logarithmic wall function for very fine grid (oder
ofy =1)
Determination of dimensionless distance y* is possible up in Fluent, so mesh
refinement is carried out to find the command ADAPT. Boundary layer of velocity and
temperature profile will then be better detected and will lead to a more accurate calculation of

heat transfer between the wall and the fluid. For illustration, in examples using adapted and

coarse grid the differences in heat flux and other variables will be also evaluated.

6.6. Choice of turbulent model for more accurate calculation

The basic problem of the turbulent shear flow calculation lies in the presence of
unknown Reynolds stresses in the equations describing the motion of fluid medium, so that
the system of equations is not closed as in the case of laminar flow. Set of additional
equations and empirical relationships, which together with the equations of motion forms a
solvable system of equations, is called a model of turbulence. Selection of turbulent model
depends on the type of flow:

e level of turbulence, which is determined by the Reynolds number. At high Reynolds

number (10° in the order) it is developed turbulent flow and the standard k-& model is
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used. At lower Reynolds numbers it will be appropriate another variant, for example.
RNG k-& model or k- model.

e simple flow vs. swirl flow in the field. At the existence of a secondary swirl flow it is
again advisable to use RNG k-&£ model or k-o model.

e calculation of heat transfer. In the tasks of heat transfer k- model is useful.

e computational speed. The fastest and most stable calculation is by using the standard

k-& model.

Turbulence models can be divided into several groups. For simplicity there are the most
commonly used models, whose selection is determined by the Reynolds number and speed

of calculation.

Tab. 6.1
k- model high Re number
RNG k-¢ model low Re humber

k-¢ available model

k- model low Re number + heat transfer

6.7. Flow around the tube in transverse direction

6.7.1. Flow around the tube - theory, measurement

Flow around the tube and subsequently flow through tubular bundle is one of the
basic fluid flow and that is a typical problem for a range of heat exchangers. In the opening
chapters these issue will be discussed on a steady flow around one tube with heat transfer
and then on steady flow through tubular bundle.

When solving tasks flow around the tube it can be evaluated in addition to basic
physical quantities such as velocity, pressure and their statistical processing also Reynolds
number, Strouhal number (frequency of the largest floating vortical structures), resistance
coefficients, location of the boundary layer separation, or the length of the wake [17] .

Effect of actual flow field of viscous fluid flow around the body depends on the value

ud,
14

of Reynolds number Re = . The basic distribution of flow character around the tube at

different Reynolds numbers was established experimentally by Roshko [9]. He divided the

flow around the tube, depending on the Reynolds number in the following areas:
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Tab. 6.4

40 < Re < 150 stabil area
150 < Re <300 transient area
300 < Re < 200 000 instabil area

More detailed separation is yet problematic due to the character of turbulence. Further
examination of the parameters is given in the literature.
Strouhal number specifies the flow dynamics, ie. the frequency of vortex shedding
fa,
- u

Sh

(6.7.1)

The value Sh=0.2 permits for a given geometry (diameter) and for the physical properties
of the flowing medium (viscosity) to determine the frequency of vortex shedding. It follows
that the solution is time-dependent, i.e. at each time step of period given by relationship

T = ? the flow field is different. This is in terms of numerical solution and also in terms

global determining of heat transfer disadvantageous. We also can not forget the time
dependence, since the stationary task does not converge, but converges at each time step,
which is eg. hundred-th of period. But there is a possibility to find a solution statistically
averaged, and thereby estimate the basic parameters of heat transfer. This is a complicated
process, but the only one possible. Furthermore, this procedure corresponds to experimental
measurements.

Measurement of such time-dependent processes can be carried out by series of
measuring instruments whose outputs can be recorded as a time series into a computer.
They include hot-wire anemometer CTA, Laser - Doppler anemometer LDA, Particle Image
Velocimetry PIV etc. In this case to measuring the air flow field behind the tube the device
Mini-CTA was used. To determine the parameters of the flow field the measurements were
taken at certain points behind the tube (Fig. 6.6), the profile of the mean velocity and
turbulence intensity was drawn (Fig. 6.7) and further the vortex shedding frequency from a
time series with the FFT method was evaluated (Fig. 6.8). The frequency of vortex shedding
is £ =105 Hz.
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Physical experiment:

tube diameter: 20 mm
air temperature: 22°C
air density: 1.225 kg-m3

viscosity of the air: 1.7894.10° Pa's
The flow parameters at the inlet into the

'\ measuring part of the tunnel:

air velocity: 10 m-s?

Scheme of measurement [17] intensity of turbulence: 1.5 %

Fig. 6.6 Scheme of the measuring section and flow parameters

20 80
15 60
0”’ '0‘ ’;‘

Q NN b i LA
£ 10 povtesen,, # S 40 ” *
> 0, R4 a N &,

0 T T 0 T T T

0 20 40 60 0 20 40 60
[ [mm]

I[mm]
Fig. 6.7 Distribution of the mean velocity and turbulent intensity in cross-section 40
mm behind the tube [17]
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Fig. 6.8 Time velocity record measured at a point 40 mm behind the tube and 10 mm

next the tube axis and the power spectral density [17]
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6.7.2. Flow around the tube - numerical solution

For an easy testing the task in longitudinal section through the center of the
dimension was solved. To obtain satisfactory precision the symmetrical mesh along the axis
of symmetry and most significantly compressed to the tube vall has been formed. This is a
necessary condition not only for flow around obstacles, but also for heat transfer, see Fig.
6.9.

Fig. 6.9 Creating geometry and mesh of area [17]

Stationary boundary conditions were set according to the physical experiment, see
Tab. 6.5.

Tab. 6.5

diameter of the inserted tube [mm] 20

air velocity [m-s™] 10

ambient air temperature [°C] 22

air density [kg-m] 1.225

air viscosity [Pa-s] 1.7894.10°

intensity of turbulence at inlet into measuring part of the tunnel [%] 15

The series of mathematical models to get high-quality results for a confrontation with
experiment was tested. To illustrate here the RNG k-¢ turbulent model was chosen. The
results were evaluated by means of instantaneous and time averaging values, see Fig. 6.10.
Using better quality of numerical models and modeling in 3D geometry, the numerical
calculation is even more complicated as the flow exhibits swirl structures even in the
direction of the axis of the pipe, see Fig. 6.11. When evaluating the power spectral density,

however, the result is much more consistent with the experiment (Fig. 6.12).
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Instantaneous values of the velocity vector magnitude
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Fig. 6.10 Velocity magnitude [17]
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Fig. 6.11 3D model — velocity vector magnitude in the axis, detail and space view [17]
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Fig. 6.12 Comparison of experiment and model [17]

6.7.3. Flow around two tubes

At flow around two or more tubes the flow and heat transfer depends on the tube
diameter, on the flow velocity and on distance between the tubes. Modeling will evaluate
these proposals and new optimal possibilities in the design will arise.

For this task the physical experiment was at first prepared. All preparations and settings
were the same as for the task of flow around one tube in the previous chapter. Only one
difference to the previous task was the fact that in the measuring section a second cylinder of
the same diameter, i.e. D = 20 mm, has been inserted. Spacing between the cylinders was
setto 2D i.e. 40 mm.

. A

Fig. 6.13 Schematic view of the modeled the task [17]
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At a distance of x/D = 2,5 the velocity profile and the turbulent intensity under one
cylinder and two cylinders was again measured, see Fig. 6.14 and Fig. 6.15, both for the

purpose of mutual comparison and for comparison with the mathematical model.

Profil rychlosti ve vzdalenosti x/D = 2,5
| mezera 2D ° samostatny valec |
1,2
1 Lﬂmﬁw‘”‘z%‘h«’h oSSR —“
_ . : Y |
2 0,8 % o —
42 ‘Bbrp @y
> ° =
3 0.6 % o )
S @D%sbul,gg;;tﬁ’u
o 04
e
= 0,2
0]
-2 -1,5 -1 -0,5 [0} 0,5 1 1,5 2
y/D[1]
Fig. 6.14 Profile of mean velocity [17]
Profil intenzity turbulence x/D = 2,5
mezera 2D ° samostatny valec
1
= 08
8
o 0,6
@
E 04 It
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Fig. 6.15 Turbulence intensity profile [17]

For illustrative purposes Fig. 6.16 shows the velocity and the vortex shedding behind
second tube in numerical testing.
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Fig. 6.16 Visual comparison of the size of the instantaneous velocity magnitude in the flow

around one and two tubes [17]

The question remains whether the dominant frequency at which a transfer of much
energy will be changed. The answer to this question is in Fig. 6.17, where the comparison of
power spectra obtained from measurement at a distance of X = [25; 10] behind one cylinder
and second cylinder in the pair.

a) CTA

x/D=1,25

under one

Sff

cylinder

F=T75Hz

Freq.(Hz)

b) CTA

x/D=1,25

behind second

cylinder in the

pair

o1 1 0 * oo 1000

Freq.(Hz)

Fig. 6.17 Comparison of the power spectrum measurement by CTA [17]
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The comparison shows a marked change in the first frequency at which the most energy
transfer occurs. Its value is lower, 75 Hz. In terms of design impact, it is more dangerous
than higher own frequencies.

The same information was obtained from numerical experiment.
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7. Conduction and convection in turbulent flow

7.1. Energy equation at turbulent flow

The energy equation is analogous to the energy equation for laminar flow, but it is
defined for time-averaged energy, temperature, while velocity and stress are also time-
averaged:

%(,OE)Jr V. (i(p?)j —v -(ﬂ,V7=')— % -(r_,- ZJ +S, (7.1.1)

A, turbulent thermal conductivity is proportional to turbulent viscosity.

7.2. Mathematical model of turbulent flow with convection and

conduction
When dealing with heat transfer by conduction and convection in turbulent flow, which

is the vast majority of engineering applications, the following system of equations will be
used:
e continuity equation for time averaging state values
e momentum equations — in turbulent flow Reynolds equations for time averaging

values of pressure and velocities
e equation for turbulent kinetic energy and turbulent dissipation
e energy equation for time averaging state variables
The solution is complemented by boundary conditions. The accuracy of the solution does not
depend on the shape of the area being solved, only on the quality of the grid created.
Advantageously, simplicity is used in symmetrical and axially symmetrical regions. The
following more or less simple examples of typical energy applications will demonstrate

benefits of numerical finite volume method.

7.3. Boundary conditions

The boundary conditions for turbulent flow are supplemented by heat transfer conditions.

The following table lists the most commonly used boundary conditions.
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Tab. 7.1
Type (Fluent) Variable Unit
INLET VELOCITY INLET velocity U [ms?]
turbulent intensity | [%0]
hydraulic diameter dn [m]
temperature T (K]
MASS FLOW mass flow rate Qn [kgs™]
RATE turbulent intensity | [%2]
hydraulic diameter dn [m]
temperature T [K]
PRESSURE total pressure [Pa]
INLET 1
Prot = Pstat ¥ Payn = Pstar + EPU
turbulent intensity | [%0]
hydraulic diameter dx [m]
temperature T K]
OUTLET OUTFLOW steady flow condition
T
turbulent intensity | [%0]
hydraulic diameter dn [m]
temperature gradient ar =0
on
PRESSURE static pressure P, [Pa]
OUTLET (O at outlet into atmosphere)
turbulent intensity | [%]
hydraulic diameter dn [m]
temperature T [K]
MASS FLOW mass flow rate Qn [kgs™]
RATE turbulent intensity | [%2]
hydraulic diameter dn [m]
temperature T [K]
WALL WALL

U=0 default (moving wall —

define velocity)
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WALL

roughness for turbulent flow

temperature T

constant heat flux density q

zero heat flux density (insulation)
q=0,

convective heat transfer o, Tre
radiation

shear stress or fluid sticks on the
wall (no slip)
roughness for turbulent flow

temperature T

constant heat flux density q

zero heat flux density (insulation)
q=0,

convective heat transfer o, Tret
radiation

7.4. Heat transfer at turbulent flow around the plate

Following the experience of modeling of heat transfer at laminar flow around the plate
the same geometry with the middle layer as SOLID material (steel), but with the left and right
layer as FLUID will be used. There will be air and water flow in turbulent regime.

Solve temperature distribution due to conduction and convection in a layer of steel,
where on left side the water flows and on right side the air flows. The physical model is given

by the shape of the region whose diagram is shown in 2D in Fig. 7.1 and the dimensions

and physical properties in the tables Tab. 7.2, Tab. 7.3.
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Fig. 7.1 Scheme of dimensional plate in coordinate system and boundary conditions

Tab. 7.2 Geometry of region

thickness of region I, =1, [m] 0.01

height of region A [m] 1

Tab. 7.3 Physical properties of material (steel, water, air) at 300 K

material steel air water
density p [kg-m] 8030 1.225 998.2
specific heat capacity ¢, [J-kg*K™] 502.48 1006.43 4182
thermal conductivity 4 [W-m1-K?] 16.27 1006.43 0.6
viscosity 7 [kg-m-s?] 1.7894.10% 0.001003

Boundary conditions

Boundary conditions are defined on the left and right wall by temperature. At air and
water inlet the velocity is defined and at the outlet the static pressure and turbulent parmeters
are specified. Due to the large dimensionality of the plate, the conditions of symmetry above
and below of the plate are defined.
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Tab. 7.1 Boundary conditions

name type (Fluent) TI[K] u[m-s? plPa] dn[m] I1[%]
wall left water wall 323

wall right air wall 263

inlet water velocity inlet 323 1 1 1
inlet air velocity inlet 263 10 1 1
outlet left water pressure outlet 323 1 1
outlet right air pressure outlet 263 1 1
wall top wall 293

wall bottom wall 293

interface left coupled

interface left shadow coupled
interface right coupled
interface right shadow  coupled

Estimation of dimensionless flow parameters

For the calculation, formulas for turbulent flow around the plate are used, see chap.
1.4. Calculations are made for the water flow around the plate from the left. With the air flow
around the plate from the right, the estimates vary due to the change in the physical
properties of the flow medium and temperature.

Results —water (left) Results —air (right)

Reynolds number Re= 1000000 Reynolds number Re= 629327
Prandtl number Pr= 6.957454 Prandtl number Pr= 0.77429752
Nusselt number Nu= 4878 Nusselt number Nu= 1620.05179
Heat transfer Heat transfer

coefficient o= 2927 coefficient o= 42.61

Mathematical model
In this task, there is a turbulent flow. Velocity, pressure and temperature distribution is

controlled by above differential equations. Turbulent criterion is the Reynolds number:

Re,, = ud _ LOS = 629327
v 1.46073.10
re, =Y9_ 11 1600000

water 06
v 10

The value of Reynolds number is higher than the limit, flow is turbulent or rather the transition
from laminarity to turbulence. Therefore, a turbulent model was chosen, that is more suitable

for tasks with a low Reynolds number and for a heat transfer, ie k- model.
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Creating geometry and mesh
In environment Workbench the exact geometry is creating and covering by mesh,
see Fig. 3.6.

Results

The evaluation options are the same as in the previous examples, so only some
important variables such as the temperature and profiles of the quantities characterizing the
transfer of heat through the steel wall will be shown. In addition, turbulent quantities and
turbulent physical properties will be evaluated.

Fig. 7.2 shows the temperature distribution in the air, steel and water layers. It can be

seen that the air again acts as a good insulator.

3.30e402
3208402 —W
3‘10e+02-f
3‘009+02-f
2‘909+02-f
2‘80e+02—5
2‘70e+02—f
zeoe+02:w..www‘.
0 0005 001 0015 002 0025 0.0
| Position (m)

Fig. 7.2 Temperature distribution [K] in the air, steel and water layer and in detail and in the

3.23e+02
l 3.20e+02
3.17e+02

3.14e+02
3.11e+02
3.08e+02
3.05e+02
3.02e+02
2.99e+02
2.96e+02
| 2.93e+02
2.90e+02
2.87e+02
2.84e+02
2.81e+02
2.78e+02
2.75e+02
2.72e+02
2.69e+02
2.66e+02
2.63e+02

evaluation plane (right part)

Left region — water Right region — air
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Reference Values
aea(m2)[t
Densty (ko/m3)[1.225
Depth (m)[1L
Enthaby G/ka) [0
Length (m)[1L__
Pressure (pascal) C
Ternperature (k) E
Velocty (/)1
Viscosty (kg/ms) [1.7894e-05
Ratio of Specific Heats [1.4

Reference Values
Aea(m2)[t
Densty (ko/m3)[1.225
Depth (m)[1
Enthaby G/ka) [0
length (m)[1_
Pressure (pascal) IC
Termperature (k) Ii
Veoty (mys)[L_
Viscosty (ko/m-s) [1.7894e-05_
Ratio of Specific Heats [1.4
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Position (m)

-8000.00 —
0t
000 010 020 030 040 050 060 070 080 090 1.00
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Position {m})

-150.00
]
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o
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Position (m)

Fig. 7.3 Distribution of total surface heat flux, surface heat transfer coefficient and Nusselt

number along the interfaces, T=323 K and 263 K, dr=1 m

Other parameters (Total Heat Transfer Rate P, Total Surface Heat Flux, Surface Heat
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Transfer Coefficient a and Nusselt number Nu) are also determined by the area weighted

average.

Options
() Mass Flow Rate

(@ Total Heat Transfer Rate
() Radiation Heat Transfer Rate

Boundaries |Filter Text

inlet_air

inlet_water
interface_left
interface_left-shadow

interface_right

interface_right-shadow

interior-air
interior-steel
interior-water
outlet_air
outlet_water
wall_bottom
wall_left_water
wall_right_air
wall_top

Fig. 7.4 Heat power

| |°X Results

-4333.7114602453844
1037356.482474339
-3130.670365835302
3130.670365885664
-3130.584225243243
3130.584225242852

1665.56470452577
-1034307.045005039
-0
41.15368235031519
-462,2194374715116
-0

For simplified practical applications, it will make sense to evaluate the average values

of these values and compare them with estimations, Tab. 7.4.

Tab. 7.4
Average values water  air water air
left right left right
estim. estim. Fluent Fluent
Inlet velocity [ms™] 1 10 1 10
Total Heat Transfer Rate [W] 3130 3130
Surface Heat Transfer Coef. [W-mZK1] 2927 42 4507 53
Nusselt number [1] 4878 1620 7512 2228

Different values are due to the constant boundary conditions of the flow and thus due to the

acceleration of the flow at the inlet to the area.

7.5. Flow around the tube with heat transfer (without flow inside)

The above defined problem of air flow around the tube will now be complemented by

solving of heat transfer. Thus the geometry is identical to a previous task. It is also defined
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the air temperature, the wall temperature. The flow inside the tube is not for reasons of
simplicity expected, but it is solvable, as will be seen in subsequent chapters.

This element is the cornerstone of a wide range of tubular heat exchangers, therefore
partly empirical theories have been developed and which allow to define the relevant flow
parameters such as:

Reynolds number is defined as:
U, d
Re =

ref

\4

(7.5.1)

Prandtl number is the ratio of the viscous and thermal diffusion and is dependent on
the material properties of the fluid.
_ pCyv

A

Nusselt number is given by formula :

Pr (7.5.2)

laminar, transient and turbulent Ny =C, Re® Pr®*®

flow around the tube in cross Re C1 C2
. . 04+4 0,989 0,330
direction 4+ 40 0.911 0.385
40 + 4 000 0,683 0,466
4 000 + 40 000 0,193 0,618

40 000 + 400 000 0,0266 0,805

Solve turbulent flow around the heating tube, evaluate the influence of grid and turbulent
model on results that compare with empirical estimates. Area is defined by 2D scheme in
Fig. 7.5

Uref
Tref

Fig. 7.5 Definition of the region when air flows around tube with heat transfer

Geometrical and physical parameters of the tube and of the neighborhood with the flowing

air are given in tables.
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Tab. 7.5 Geometrical and physical parameters of the tube

diameter dre= 0.0127 m length h=0.094 m
0.00375 m? wall temperature Ts= 1284 °C

area of the tube wall S

Tab. 7.6 Geometrical and physical parameters of the neighborhood with a air stream

neighborhood

height D= 0.06 m length L= 0.1 m

Air properties

density os 1.23 kg-m3 temperature  Trer= 26.2 °C

velocity Vief= 10 m-s? viscosity dyn. n= 1.78E-05 Pas

viscosity v= 1.59E-05 m?s? thermal A= 0.0242 W-mtlK?

kinematic conductivity

specific heat cp= 1066.6 J-kg:K! thermal a= 2.25E-05 m?s?
conductivity

From given parameters you can calculate the above parameters of flow and heat transfer.

N — . ad
Estimation of heat transfer coefficient is then determined from Nusselt number Nu= 7by

the relationship o = Nu4 .

Tab. 7.7

Reynolds number Re= 7992
Prandtl number Pr= 0.68

Nusselt number Nu= 38.86

Surface heat transfer coefficient a= 80.47 W-m?2K1

For the numerical solution 2D model is selected and the results will be compared with the
calculations for typical tasks such as the dimensionless parameter Reynolds, Prandtl and

Nusselt number and heat transfer coefficient.

Mathematical model
In this task we suppose turbulent flow and a mathematical model k-o is used. The
criterion of turbulence is Reynolds number, which is determined by the velocity of the air, its

viscosity and cylinder diameter:
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Reynolds humber Re= 7992

turbulent flow

Reynolds number is higher, but it is a transition from laminarity to turbulence.

Creating a geometry and mesh

In an environment Workbanch the
exact geometry is created, but with the
regard to the further use of modeling
heat transfer with the flow in the pipe

there is made simpler grid, see Fig. 7.6.

Results

Fig. 7.6 Grid for 2D geometry of the flow

around the tube

Evaluated options are the same as in the previous examples, therefore, only some

significant variables are shown. To calculate the Nusselt number and the heat transfer

coefficient it is necessary to update the reference values, which are basic for calculating the

heat transfer coefficient and Nusselt number. Estimation of surface heat transfer coefficient is

determined again by equation:

_q
Ts _Tref

(24

and subsequently Nusselt number

0{d ref
A

Nu =

The reference values are defined as follows:
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Problem Setup Reference Values
General Compute from
Models v]
Materials
Phases Reference Values

Cell Zone Conditions
Boundary Conditions
Mesh Interfaces
Dynamic Mesh

Area (m2) [0.00375 Area of the tube wall

Density (ka/m3) [1.225 Density of air

Salution LR | 0.054 Depthe of the tube
Solution Methods Enthalpy (/ka)
Solution Controls | o Enthalpy
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Solution Initialization QD'DIZF) Tube diameter (Re)
Calculation Activities
Run Calculation o | o Pressure

Results Temperature (KM 599 35 . .
Graphics and Animations : Temperature of air at inlet
Plots Velod . . .
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Viscosity (ka/m-=) | 1.5894e-05 Viscosity of air

Ratio of 5 ific Heats . .
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Fig. 7.7 Definition of reference values for calculating the parameters of heat transfer
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Fig. 7.8 Distribution of static pressure [Pa]

With these parameters it is possible to evaluate the Nusselt number and the heat transfer

coefficient on the tube wall, or determine their mean value.
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Fig. 7.9 The total surface heat flux and surface heat transfer coefficient along the perimeter

of the tube wall, an average value =99.33, T=299.35 K, dy=0.0127 m
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Fig. 7.10 Nusselt number along the perimeter of the tube wall, whose average value is Nu=
44.37, Te=299.35 K, dn=0.0127 m

The whole numerical calculation was solved earlier by RNG k-¢ model and repeated on a
much finer mesh around tube. Mesh can also be done in Fluent using command ADAPT. It
was then recognized better boundary layer of velocity and temperature profile and it caused
substantial heat transfer between the wall and the fluid. Therefore, the different values were

found due to coarsen mesh, where the heat from the wall almost did not spread to the
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surrounding area. In Fig. 7.11 a Fig. 7.12 you can compare differences in temperature
distribution in the area behind the tube. Third variant was solved on coarsen mesh using k-o

turbulent model.
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Fig. 7.11 Static temperature distribution on the coarsen mesh
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Fig. 7.12 Static temperature distribution on the fine mesh

Another important parameter is the pressure loss in the flow direction using PLOT X-Y

evaluation.
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Fig. 7.13 Static pressure distribution in flow direction

The pressure drop from the numerical calculation is determined as difference of the
averaged static pressure on the inlet area and the outlet area. From Fig. 7.13 it is seen that
in the area around the tube there are significant changes of pressure, but the pressure loss is
given by the above definition. It is obvious that in case of close placement of tubes in a row it
will be necessary the pressure changes to model.

AP = Pintet — Pouter =11.7—0=11.7 Pa

Comparison between the estimation and the numerical solution obtained by calculating on

coarsen and fine mesh is evaluated in the following table.

Tab. 7.8
estimation coarsen Fine Coarsen

mesh mesh mesh
k-& k-& k-w
Surface heat transfer coefficient [Wm2K1] 80.47 89.48 142.26 121.1
Nusselt number [1] 38.86 46.96 74.66 63.30
Thermal power [W] 30.84 34.4 54.7 46.11
Pressure loss [Pa] 11.4 7.7 12.8
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7.6. Flow around the tube with the heat transfer (with the flow
inside)

While simplifying assumption by the previous task the fluid is not flowing through the
tube and it is assumed only that the tube wall is heated to a constant temperature, it makes
no sense to deal with spatial modeling, as in each section perpendicular to the tube axis the
distribution of flowing and temperature field is the same. When fluid passes through a long
tube, then there is observable a temperature change along the pipe. In this case, flow and
temperature field especially in sections perpendicular to the axis of the tube varies.
Therefore, the task was solved with a flowing fluid inside the tube as a 3D spatial problem. It
can be seen that for pipe lengths on the order of 1 meter the temperature remained almost is
unchanged, the result will not be displayed. In the longer tubes arranged for example in a
spiral, the 3D calculation has sense.

7.7. Flow across the tube bundle with heat transfer

The heat transfer at cross flow through the tube bundle has a number of industrial
applications, such as steam generation in the boiler or cooling air-conditioning units. The

geometrical configuration is in Fig. 7.14.

v /

proudeéni trubkami

Vorv

pricné proudeéni
pres trubky

Fig. 7.14 Arrangement of the tubes at cross flow.

The arrangement may be of two kinds, row arrangement and cross arrangement [2] , [3] .
When looking in 2D the arrangement is structured as follows:
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Fig. 7.15 Schematic representation of the arrangement of the tubes in cross flow.

row arrangement

| !(—S"—>! |
! — =] —_
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Ccross arrangement

Heat transfer coefficient in this case is associated with the location in the tubular system.

Coefficient for the first tube is approximately equal to the coefficient defined for one tube in

the cross flow, while coefficients of the tubes inside the tubular system vary and depend on

the type of arrangement. In most configurations, the heat transfer conditions have stabilized

and small changes appear in the heat transfer coefficient for the tube in the fourth to fifth row.

When a larger number of rows (N, is greater than 10), it is possible to define an average

coefficient:

laminar, transient and
turbulent flow across the tube
bundle, NL is a number of tube

column

of tubes

Nuy, =C, Rep ., pro N )10,

2000 < Rej

D,max —

Pr=0.7, constants C; and m are given in table
S, — horizontal distance of tubes, St — vertical distance

< 40000

Constants for determining the Nusselt number when flowing across the tube bundle

tubes in row
S./D
1.25
1.50
2.00
3.00

tubes in
Cross

Su/D

1.000
1.125
1.250
1.500

St/D= 1.25

C1 m
0.348 0.592
0.367 0.586
0.418 0.570
0.290 0.601
St/D= 1.25

C: m
0.518 0.556
0.451 0.568

ST/D=

C1
0.275
0.250
0.299
0.357

S+/D=

0.497

0.505
0.460

1.50
m
0.608
0.620
0.602
0.584

1.50

0.558

0.554
0.562
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ST/D=

C1
0.100
0.101
0.229
0.374

S+/D=

0.478
0.519
0.452

2.00
m
0.704
0.702
0.632
0.581

2.00

0.565
0.556
0.568

ST/D:

C1
0.063
0.068
0.198
0.286

S+/D=

0.518
0.522
0.488

3.00
m
0.752
0.744
0.648
0.608

3.00

0.560
0.562
0.568
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2.000 0.404 0.572 0.416 0.568 0.482 0.556 0.449 0.570
3.000 0.310 0.592 0.356 0.580 0.448 0.562 0.482 0.574
(7.7.1)

During the flow through the tubular system there is a significant change in temperature. In
this case the wall temperature is reducing and thus the temperature difference is reducing
too. The thermal power would be highly overestimated by using the temperature difference
AT =T, —T,, . Therefore so called logarithmic temperature difference is used:

ref

(7 -7)-(T.-T,)
A= m( (7. —T,)j (7.7.2)

(7 -7o)

where T,,T, is inlet and outlet temperature of the flowing medium. The outlet temperature

which is required for determination AT, may be estimated from follows:

TS—To:exp( ”dN“J:TO:_[exp(_ﬂdNa}(TS—T,)—TS]

- PUN;S;c, PUN;S;c,

where N is the total number of tubes in the system and N; is the number of tubes in a
vertical direction. Thus AT,  is known value and thermal power per unit length of the tube
can be calculated from the relationship

P = N(mdaAT,,) (7.7.3)

An important parameter is the pressure loss, which is defined by the Bernoulli
equation and depends on the loss coefficient corresponding to system of tubes and is

determined empirically.

2 8 2
Ap= NL;(/’“ZW J resp. Ap = Ng(pf;& J (7.7.4)

Loss coefficient is specific for a different arrangement of tubes. When arranging the tubes in

a row the loss coefficient is defined as follows:

§:7£NL§LA+BJ

T

2 2
where A:o.ozs(z’Tj a= 5 —d Bz(ST 1)
a

(7.7.5)

2 2a

At cross tubes arrangement it is similarly defined:
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¢ = 7/(0.7+0.8(NL :LA+ BD
T

2 2
where A=0.028 St a:ST‘d B= S—T—l
2a 2 2a

(7.7.6)

Coefficient y depends on the Reynolds number. For values higher than 40 000 it is equal to

one and for lower values it is estimated from empirical measurements shown in Fig. 7.16.

154 y : : :
18f----- T=—-—— - -m———— ==
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13 L e oo oo -
12" Y I G S S
11 1) I S

1810000 20000 30000 40000 o000 20000 30000 4000
Re Re
raw tubes arrangement cross tubes arrangement

Fig. 7.16 Values of the coefficient » depending on the number Re [3]

As you can see, the solution of flow across a such tubular system is dependent on
number of empirically determined coefficients, the specification is not the goal of this course.
In Fluent the pressure gradient is acquired directly. It is also possible to re-determine the loss
coefficient which can be the result of calculation. The next chapter outlines the possibility of
solving of flow across the tubular system with heat transfer for simplicity in 2D by numerical

way.

7.7.1. The arrangement of the tube bundle in a row

According to the above scheme a tube bundle was solved. The number of tubes is
N =N, N; =7*8=56 and geometry and mesh was created. Geometrical parameters of the

region are as follows:

Tab. 7.9

Tube

diameter d= 0.0164 m length = 1
surface of the tube wall S= 0.0515 m?
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horizontal spacing Si= 0.0343 m vertical spacing Sr= 0.0313
Su/d= 2.0915 St/d=  1.9085
St/Si= 0.9125
number of tubes horizontally  N.= 7 number of tubes vertically Nt= 8
number of tubes in system N= 56
wall temperature Ts= 70 °C wall temperature Ts= 343.15

The tubular system was blown with air in region defined as surroundings while the desired
physical properties of air and the flux were given. Data are defined identically for comparison
with example published in lit.[2] .

Tab. 7.10

Surroundings

width D= 0.2555 m length L= 0.2422 m
Tab. 7.11

Properties of air

density p= 1.2295 kg-m3 temperature Trer= 15 °C
viscosity = 1.48E-05 m?s? viscosity dyn. n= 1.82E-05 Pa's
thermal A= 0.0253 W-ml-K?! temperature a= 2.04E-05 m?st
conductivity conductivity

specific heat Cp= 1007 J-kgtK?

velocity u= 6 m-st velocity max. Umax= 7.7 m-st
mass flow Qm= 0.176 kg-s?

The parameters are estimated according to [2] that will be necessary in a calculation, such
as the maximum velocity. Mass flow is defined in 2D task for the depth of region (tube length)
equal to 1 m. Physical properties are defined as temperature independent, but they can be
used when calculating the relationship of these variables depending on the temperature
which offers Fluent (polynomial dependence or using kinetic theory) .

The above parameters of flow and heat transfer (Reynolds number is calculated from
velocity maximum) can be computed using given parameters. Estimate of Nusselt number is

problematic and it is really approximated only. From this estimation the calculation of heat

- NuA
transfer coefficient on the wall follows o = ; .

110



Conducction and convection at turbulent flow

Tab. 7.12
Reynolds number max. Re= 8521 turbulent flow
Prandtl number Pr= 0.7253
correction factor Ci= 0.229
exponent m= 0.632
Nusselt number Nu= 69.81
i — m2K-1
heat transfer coefficient a= 19769 WmTK

Next, a calculation of thermal power will has been done, where the estimate the average

logarithmic temperature is used. The results are in the following table.

Tab. 7.13

Calculation of thermal power

temperature difference at the input Ts-Ti= 55.00 K
estimate of the temperature difference at the output Ts-To= 48.28 K
logarithmic mean temperature ATim= 51.57 K
thermal power P= 16023.83 W

Calculation of pressure drop again uses empirical relationships, see Tab. 7.14.

Tab. 7.14

Calculation of pressure drop

coefficient A= 0.1236
coefficient B= 1.2115

loss coefficient = 2.1593
correction coefficient g= 1.4000
pressure drop Ap= 33451 Pa

These calculations will again be compared with the numerical model. It is expected that the
task is more complicated in terms of geometry and so the results of humerical solutions are

different.

Mathematical model
In this task, there is a turbulent flow according to previous calculations of Reynolds
number. Mathematical model RNG k-¢ is again used. The Reynolds number is high,

therefore it is the turbulent regime, but model k- will also be tested.
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Creating geometry and mesh

According to the above dimensions the mesh has been formed, see Fig. 7.17.

Fig. 7.17 Geometry and mesh

Results

Fig. 7.18 shows a decrease of the static pressure in the flow direction and,
moreover, irregular distribution close to tubes due to velocity changes, swirl eventual flow
separation behind tubes, which is evident from a further detailed view of the stream function
in Fig. 7.19.
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Fig. 7.18 Distribution of static pressure inside the area and a detail of pressure distribution
inside the area vs. length area in the graph
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Fig. 7.19 Detail of flow separation behind tubes

It is interesting the temperature distribution. Due to a predefined constant temperature on the
tube walls the flow temperature is certainly overestimated, since the tube due to the cool air
flow through the tubular system must be cooling. Also, the temperature in the tubes is

assumed constant.
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Fig. 7.20 Static temperature in the whole region and at the input (constant) and the output
(periodicity is given by bypassing a number of tubes)

Very informative graph dependency is gained using PLOT X-Y. On Fig. 7.21 and Fig. 7.22

the curves estimating the surface heat transfer coefficient and Nusselt number are evaluated.

It is interesting to observe the periodicity of the values on which it is necessary to determine
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the area averaged values to compare it later with empirical estimates. See that the
progression of these functions do not change much behind the fourth-fifth series of tubes.
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Fig. 7.21 Surface heat transfer coefficient on the walls of the pipe
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Fig. 7.22 Nusselt number evaluated on the walls of the pipe

The results of theoretical - empirical estimation of significant quantities during the air flow
through the tubular system with heat transfer are compared in the following table with the
area averaged values obtained from numerical solution. The differences are significant and

are caused by bypassing the first three to five tubes, and that the total number of rows is in
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real exchangers considerably greater. Average logarithmic temperature in the numerical
calculation does not occur because it is not needed to determine other variables.

Tab. 7.15
estimation k- model

adapt
Surface heat transfer coefficient [W.m2.K™] 107.69 85.42
Nusselt number [1] 69.81 57.89
Mean logarithmic temperature 51.57
thermal power [W] 16023 13591
pressure drop [Pa] 334.51 179.67

7.7.2. The arrangement of the tube bundle to cross

The second commonly used variant of the tube arrangement in heat exchanger is a
variant of the arrangement of the tube bundle to cross.

Geometrical parameters of region are very similar, tube dimensions and spacing agree,
tubes in each second row are shifted in the vertical direction. Also, velocities, inlet
temperature and tube temperature are identical to the previous example. Therefore, only the
different parameters are given.

The tubular system was blown with air in an area defined as surroundings, where due

to the shift tubes the overall dimensions of region were changed

Tab. 7.16

surroundings

width D= 0.27125 m length L= 0.2422 m
Tab. 7.17

properties of air

density p= 1.225 kg'm3 temperature Trer= 15 °C
viscosity v= 1.48E-05 m?s? viscosity dyn. n= 1.82E-05 Pa‘s
thermal A= 0.0253 W-m*-K?! temperature a= 2.04E-05 m?st
conductivity conductivity

specific heat Cp= 1007 J-kgtK1

velocity u= 6 m-st velocity max.  Umax= 7.38 m-st
mass flow Qm= 0.176 kg-s?
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The above parameters of the flow with heat transfer (Reynolds number is calculated from the
velocity maximum) can be calculated by specified parameters:

Tab. 7.18

Reynolds number max. Re= 8167 turbulent flow
Prandtl number Pr= 0.7253

correction factor Ci= 0.48

exponent m= 0.56

Nusselt number Nu= 72.13

heat transfer coefficient a= 111.28 W:m?2K?

Estimation of Nusselt number and other flow parameters is performed as in the previous

case and is approximated.

Tab. 7.19

Calculation of thermal power

temperature difference at the input Ts-Ti= 55 K
estimate of the temperature difference at the output Ts-To= 48.32 K
logarithmic mean temperature ATim= 51.59
thermal power P= 15289.96 w

Calculation of pressure drop uses empirical relationships too.

Tab. 7.20

Calculation of pressure drop

coefficient A= 0.1236
coefficient B= 1.2115

loss coefficient = 2.4274
pressure drop Ap= 376.0533 Pa

These calculations will be compared with the numerical model.

Mathematical model
In this task, there is a turbulent flow, but Reynolds number is relatively low. Thus, he

results of the numerical model and estimates are accompanied by greater error, because we
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are moving in the transition region between laminar and turbulent model, where definition of
mathematical model is very difficult. So turbulent model k-@ will also be used, because it si

usefull for tasks with heat transfer for lower Reynolds number.

Creating geometry and mesh
According to the above dimensions the mesh has been formed, see Fig. 7.23

Fig. 7.23 Geometry and mesh

Results

Fig. 7.24 shows a decrease of static pressure in the flow direction and, moreover,
irregular distribution close to tubes due to velocity changing, swirl eventual flow separation
behind the tubes.

117



Conducction and convection at turbulent flow

1.57e+02
. 1.42e+02
1.27e+02
1.12e+02
9.73e+01
8.23e+01
6.73e+01
5.23e+01
3.73e+01
2.23e+01
I 7.28e+00
-7.71e+00
-2.27e+01
-3.77e+01
-5.27e+01
-6.77e+01
-8.27e+01
-9.77e+01
-1.13e+02
-1.28e+02
-1.43e+02

a JUJ 2000402 4
- ’ :( 1.50e+02

; 1.00e+02
)

(1 )

%
-

p _ )1 | 5.00e+01
- J -
- | )
b4 ) 0.00e+00
- - ) ( -5.008+01
~ - A "

X ) ) ( -1.00e+02
— -~ 7 - |
~ '

. Y W -1s0ek02
» [ f
™ -
X 3 <| ) T
-
10 e _
* A
B% [\

| 0 0025 005 0075 01 0125 015 0175 02 0225 025

Position (m)

Fig. 7.24 Distribution of static pressure inside the area and a detail of pressure distribution

inside the area vs. length area in PLOT X-Y

It is interesting the temperature distribution at the inlet (constant) and at the outlet (periodicity

of temperature), see Fig. 7.25.
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Fig. 7.25 Static temperature in the whole region and at the input (constant) and the output

(periodicity is given by bypassing a number of tubes)

Very informative dependency is again evaluated in Fig. 7.26 and Fig. 7.27, i.e. the heat

transfer coefficient and Nusselt number. It is interesting to observe the periodicity of the

values for which it is necessary to determine the area averaged values and to compare the
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results of numerical solution with empirical estimates. See that the progression of these

functions do not change much behind the fourth-fifth series of tubes.

0 005 005 005 04 0425 015 0475 02 0125 025
Paosition (m)

Fig. 7.26 Surface heat transfer coefficient on the walls of the tube

0 0025 005 0075 0 0125 015 0475 02 D225 025

Dneffinn fm’i

Fig. 7.27 Nusselt number evaluated on the walls of the tube
The results of theoretical - empirical estimation of significant quantities during the air flow

through the tubular system with heat transfer are compared in the following table with the
averaged values obtained from the numerical calculation. The differences are significant and
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are caused by bypassing the first three to five tubes. Average logarithmic temperature in the

numerical calculation does not occur.

Tab. 7.21

estimation k-o model

adapt

Heat transfer coefficient [W-m2K1] 111.28 87.65
Nusselt number [1] 72.13 50.8
Mean logarithmic temperature 51.32
Thermal power [W] 15289.96 11302.23
Pressure drop [Pa] 376.06 118.91
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8. Analysis of the heat exchangers

Heat exchangers are devices that provide internal transfer of thermal energy
(enthalpy) between two or more fluids, between a solid surface and the fluid, or between the
particles and the fluid, in their interaction delivered without external work and heat. Fluids
may be generally one-component or may be a mixture of both single- and binary. Typical
applications are two-fluid heaters and coolers of fluids, wherein the two fluids are separated
by a solid wall, and evaporators in thermal and nuclear power plants. Heat exchangers can
be divided according to the construction, working fluid, the principles of work and many other

different criteria.

Distribution by type of heat transfer

indirect interaction of media direct interaction of media
| |
direct transfer of energy immiscible liquids vapor-liquid
accumulative type gas-liquid
fluidized bed
single-phase multi-phase

Fig. 8.1 Distribution of heat exchangers by the heat transfer process

Depending on the number of flowing liquids there are two-, three- and N-fluid heat
exchangers. Compact heat exchangers have a heat exchange surface density greater than
700 m? - m and noncompact ones less than 700 m? - m=. According to the construction,

there are tubular, plate, with extended area by ribbing etc. and regenerating.
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Division by fluid flow

simple interaction multiple interaction of
of fluids fluids
|
| | | |
Paralel- Counter- Cross divided
flow flow flow
| | |

with ribbed surfaces shell-tubular tubular

Fig. 8.2 Division of heat exchangers by media flow

Division according to the mechanism of heat

Single-phase convection on both sides

Single-phase convection on one side, two-phase convection on the other side

Two-phase convection on both sides

Combined convection and radiation transfer

Fig. 8.3 Division of heat exchangers according to the mechanism of heat transfer

8.1. Basic types of heat exchangers and their description

8.1.1. Exchanger of fluid-fluid tubular type

Heat exchangers of fluid- fluid type are most common heat exchangers, in particular
the tubular, tubus, spiral heat exchangers, whereby it is used usually the liquid-gas system or
one of the fluids can change phase (boiling, evaporation, condensation). Heat exchangers
may be paralel-flow, counter-flow and cross type. Examples include heat exchangers in
boilers, superheaters, evaporators, economizers, parallel-flow and counter-flow water coolers
of stationary hydraulics etc. Their design is very varied and depend on the type and purpose

of the installation of the heat exchanger.
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Fig. 8.4 Scheme a tubular paralel-flow and counter-flow heat exchanger with the function of

temperature vs length of the heat exchanger and its implementation [3] , [20] , [21]
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Fig. 8.5 Scheme of cross and tubular heat exchanger [3]
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Fig. 8.6 Scheme of shell-tube heat exchanger [3]
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i tube-gide
Straight-tube heat exchanger shell-side fluid in
(two pass tube-side) fluid in @
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1 [ fluid
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tube bundle , inlet
with U-tubes shell-side plenum
fluid out

Fig. 8.7 Scheme of the shell-tube heat exchanger with a different location of inputs and

outputs and baffles [22]

8.1.2. Finned heat exchangers

This type of heat exchangers
consists of a flat plates, provided
with ribs made from thin sheet
metal. For the gas-liquid
exchanger, the heat exchange
surface on the gas side is always

riveted. If it is a gas-gas heat

exchanger, the area may be ribbed

on both sides of the exchanger.
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For liquids the ribs can not be used because of large pressure force of thin ribs and
the possibility of collapse of ribbed structure. The ribs are generally made from a material
with high thermal conductivity, eg. copper or aluminum, and are made of thin sheet bending
or shearing process, see Fig. 8.10. Average number of ribs is then 120-700 fins per 1 m of
length. At the heat exchangers with high power, this value may be up to 2100 ribs per 1 m of
length. This ensures a high heat transfer surface, which can be up to 1300 m?m3. The
following figure shows the typical configuration of the heat exchanger of type liquid-gas and
gas-gas. Structural arrangement can be very varied and again depends on the type of

application for which the exchanger is used.

< Liquid flow
direction

Gas flow direction <«

Gas flow
direction 1

Fig. 8.9 Typical configuration of finned heat exchanger gas-gas and gas-liquid [3] .
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Fig. 8.10 Examples of finn [3] .

Finned exchangers are mainly used in the field of cooling of liquids and gases through the
flowing air. It is thus eg. water cooler of an internal combustion engine, various cooler of air-
conditioning units, radiators, hydraulic circuits in mobile hydraulics. The cooler is usually
fitted with a propeller fan, which provides sufficient air flow. For the car the air flow exists due
to moving of vehicle (ie. ram air cooling) and the fan operates only when the vehicle is not

moving longer and engine possibly air conditioning unit is still running.

8.1.3. Plate heat exchangers

Plate heat exchangers are constructed from thin plates (sheets), which separate
media. This type of heat exchangers has a relatively large heat transfer area, but on the
contrary it is not designed for high pressures and temperatures, as well as temperature and
pressure difference. Plate heat exchangers are structurally very simple and variable. On the
base axis two mirror plates are placed to separate fluid. Depending on the desired power a
sufficient number of plates is then placed on a beam and the entire heat exchanger is ended
by lid. Each plate is fitted with a seal made of elastomer which ensures the separation of
media. The seal on each plates is alternating, ensuring the periodic alternation of media
between the plates.

This type of heat exchanger is predominantly compact with a relatively large heat
exchange surface (rib) and uses in cases where it is necessary to keep following criteria
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e Dboth fluids must be clean and shall not cause
corrosion because the heat exchanger has a
small hydraulic diameter due to the small flow
channels

e heat exchangers are characterized by
relatively high pressure drop which is
proportional to heat exchanger power

e pressure and temperature of the media are
limited by design, thickness of plates and
resistance of seal

¢ this type of heat exchangers is compact and

has a large heat transfer area that is to 6000

Fig. 8.11 An example of a plate heat

m2-m-3,
exchanger [19]

Plate heat exchangers are used wherever great power is required, with relatively small
installation dimensions. But they can not be used in heavy applications, due to their

sensitivity to pollution and consequent increase in pressure drop.

sealing

"9

9
inlet 2 ()
outlet 1

Fig. 8.12 Schema of the plate heat exchanger [3] .
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8.2. Thermal power and pressure drop of heat exchanger

8.2.1. Thermal power
The thermal power and pressure drop are two basic design parameters of heat
exchangers. For simplicity, the basic calculation formulas are based on a simple exchanger,

which will separate two fluids using solid walls of a given thickness, see Fig. 8.13, [3].

Temperature Fluid flows
th, - input of hot fluid Qm, - mass flow of heated fluid
th,o - output of cooled fluid Qm.n - mass flow of cooled fluid
te, — inlet of cold fluid
tc.o — outlet of heated fluid S - heat transfer surface
ths - temperature of solid walls, hot side q - heat flux
tc,s - temperature of solid walls, cold side d - dimension of solid wall
tn - curve of temperature in cooling fluid ohc- heat transfer coefficient

tc - curve of temperature in heated fluid

th, th,o
—> . th —>
o > cooled fluid —
’ _> _>
—> q o —>
A
d
v
<+ (079 tC,S <+
« v ) . ) = Omne
“— heat flow direction heated fluid <« :
<+ c <+
te,

5*
(@]
—
X
—+

Fig. 8.13 Scheme of fluid and heat flows in heat counterflow exchanger [3] .

Energy analysis is based on calorimetric equation, which describes the exchange of
heat between two immobile bodies. At substitution of the bodies mass in calorimetric
equation by the fluid mass flow we obtain an equation for the power of the heat exchanger.
Index ¢ denotes cool fluid, h denotes heat fluid, | denotes input of fluid, O denotes output of
fluid. Because the law of energy conservation is valid, at perfectly insulated system the

thermal power for cooling and heating fluid is identical. For heated fluid (indexing c) the

power P, is positive because the output temperature of the fluid is higher than the input
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temperature t_,)t. . In other words heated fluid receives heat, so the power is positive. For

cooling fluid (indexing h) on the contrary the outlet temperature of media is lower than the

input temperature t, o<t ,, power £, is so negative, because the fluid gives the heat. In
absolute terms, however, these powers are identical.
P =QueCpclteo —1es) (i
P, = Om,hcp,h (,/7,0 - 2‘/7,/) (8.2.1)
P=F.=-F,
where ¢, [J’kg™-K?] is the specific heat capacity of the cooling fluid (heated), and ¢, ,

[J-kgt-K?] is the specific heat capacity of the cooled fluid. Both thermal capacity are defined
at a constant pressure.

Heat also passes through a solid wall of heat exchanger from the hot fluid to the cold
fluid. Heat conduction through the solid wall is described by the following equation

poyineles g (8.2.2)

d

This equation solves only heat conduction in the solid wall. Near the wall, however, the
velocity and temperature boundary layer is situated. Thermal boundary layer is associated
with heat transfer coefficient that defines how strongly the heat is transferred from fluid to
solid wall or vice versa. The equation for heat transfer for hot and cold wall is given by the

following equation
P=a,lt ~t)S

P = ah(fh,s _fh)s

Heat transfer coefficient is related to the dimension of the thermal boundary layer. The

(8.2.3)

temperature boundary layer is a thin layer of fluid near the solid walls, in which the
temperature varies from temperature of solid walls to temperature very close to temperature
of uninfluenced flow. The velocity boundary layer is similarly defined, it is a thin layer near
the wall, where the velocity rises from a zero value on the wall to a value very close to the
uninfluenced flow. It is important to remember that the thickness of the thermal boundary

layer 6, and the thickness of the velocity boundary layer 6, are not identical, and their

thicknesses are controlled by different physical processes.
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Fig. 8.14 lllustration of velocity and temperature boundary layer

By introducing of heat transfer coefficient in the equation (8.2.2) we obtain the equation for
heat transfer.

t—t
___h e 8
1.4, 1 (8.2.4)

a, LA «a

P=

c

This removes the temperature of the solid wall, which does not interest us in the calculation
because it is the inner part of the heat exchanger and only the temperature of the inlet and
outlet fluids in the heat exchanger is of interest to us. Furthermore, the new variable is

introduced and will be called the heat transfer coefficient.

1

k=14
—+—+
a, A

1 (8.2.5)

ac

After introduction of heat transfer coefficient, then the equation for the power goes into

formula

P=k(t,~t,)S (8.2.6)

By analyzing the previous relationship we can thus determine the parameters that affect the

power of heat exchanger. If the intention is to maximize the power, then it must be based on

the following conditions

¢ wall thickness should be as small as possible (this is the reason of thin walls in heat
exchangers)

e thermal conductivity of the solid walls should be as large as possible (this is the reason
why using materials with high thermal conductivity, aluminum, copper, etc.)

e heat transfer surface should be as large as possible (that's why it's large number of ribs,
finnes, small tubes etc. in heat exchangers).

o coefficient of heat transfer should be as large as its value can be influenced by fluid
velocity, but with velocity increasing, however, the pressure loss increase with the square

of velocity.
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8.2.2. Pressure drop

Source of pressure and kinetic energy, which ensures the flow of medium through the
heat exchanger, is a pump, fan or blower. Pressure loss of the heat exchanger is highly
dependent on the physical fluid properties (density, viscosity, etc.). The power, which is
necessary to supply the fluid flow through the exchanger in a given amount, can be
determined by the pressure drop from the following equation, see [3] , [11] :
_Qutp
p
14
~ ¥

_0.046 % 4/ Q3F
2 p2 dh S(Z)I.Bd/(7)2

P

f(Re) for laminar flow (8.2.7)

P

for turbulent flow

/ is the length over which heat transfer occurs, d, is the hydraulic diameter and S, is the

minimum flow area of the heat exchanger.

Generally, the pressure loss of the exchanger depends on the following parameters:

o frictional losses associated with friction (viscous) forces of fluid flow around the heat
transfer surfaces

o torque effect related to the change of density during the flow in the exchanger

e compression and expansion of the fluid when it flows around bodies (heat transfer
surfaces)

e geometric parameters of heat exchanger (for large vertical heat exchanger we must also
include static pressure caused by gravity, for gases, this loss is neglected).

Determination of pressure loss is very difficult and in the literature there are numerous
empirical and semi-empirical formulas for each type of heat exchanger. Pressure loss in the
analytical calculation consists of friction and local losses [3]

Ap = (ﬂ C:/,Jr gJﬂzidﬁO’i (8.2.8)
where A is the friction loss coefficient, £ the local loss coefficient determined empirically for

hydraulic system, | is the length at which there is a heat transfer.

Pressure losses in the exchanger must always be solved at both sides of heat
exchanger i.e. for both fluids. In many heat exchangers the determining a pressure drop is
based on solution of pressure loss in flow around the body or pressure loss during flow in a
closed channel (a tube, a thin gap, etc.). The simplest case occurs in tubular exchangers,

where one fluid is flowing inside the tube bundle and a second one flows across the tube
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bundle. When fowing around the tube bundle it is possible to determine the pressure loss
based on the equation including all losses in the local loss coefficient [3] .

8

702
o (8.2.9)

Ap =<

where d, is the diameter of the tubes.

8.3. Methods for heat calculation of heat exchanger

Heat exchanger calculation can be done by a variety of methods, professional
standards, etc. The methods are therefore [3] :
e &-NTU* method
e P-NTU* method
e MTD** method
*NTU - Number of Transfer Units
*MTD - Mean Transfer Difference

For all methods there are idealized the material properties, it is believed that the
specific heat capacity is constant, and if it is a function of temperature, is necessary to
calculate the mean temperature of the fluid for which the value of the specific heat capacity
will be determined. The same procedure must be applied to other physical properties such as

density, thermal conductivity, etc.

8.3.1. Method &-NTU
In this method, the heat transfer from the hot fluid to the cold fluid in the heat

exchanger is represented by the equation [3]
Pc = g(Ome )min(th,/ - fc,/)
(chp )min = M ”\(Qm,ccp,c ’ (Qm,hcp,h ))

Variable ¢ represents the effectiveness, which is function of many variables, and may only

(8.3.1)

take values 0<¢e<1
e=f(NTU,C’) (83.2)
variable ¢ = f(NTU, C*) is expressed by relationship

QrrCo (fn,/ - l‘h,O) _ QncCpe (th/ ~lho )) (8.3.3)

°T (Omcp )min(th,/ - tc,,/) - (Omcp )min(l‘h'/ - fc,,/

Variable NTU can get values 0 = NTU = oo and is defined by
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kS 1 ¢
(Omcp )min (Omcp )min 0

Proportional flow rate C~ can take values 0<C" <1 and is defined by
(@.c

m p)min

:Oc

m=pP /max

NTU = kdS (8.3.4)

(8.3.5)

8.3.2. Method P-NTU

P-NTU is a variant of the e-NTU method which removes generality and specifies the
calculation due to the different designs of heat exchangers. In this method, the calculation is
related to one fluid, because from the relationship there is indicated equality of power in both
fluids. In this chapter the index 1 is used for heating liquids and the index 2 for cooling fluid
(for simplicity, here is done the procedure of calculation relative to heating liquids) [3] .

P:'Dlom,lcp,l(ill_f&/) (8.3.6)
Variable P, represents the thermal efficiency, which is a function of variable NTU,

temperature resistance R, and heat exchanger type (co-flow, counter-flow and cross
exchanger)

P, = f(NTU,, R, typeof heat exchanger ) (8.3.7)

Temperature resistance R, can be determined based on the temperature of both fluids

Rl — (fz,/ _fz,o)

(8.3.8)
tl,O - tl,/
For clarity, we will still find relationships for conversion between fluids 1 and 2
P = 'Dlom,lcp,l‘fl,/ - fz,/‘ = onm,ch,z‘fz,/ - fl,/‘
A=RR, F,=AR
NTU, =NTU,R, NTU, = NTUR, (8.3.9)
R-L
R

2

8.3.3. Method MTD

This method also regulates calculations in method P-NTU using a correction factor
F . This method does not include a simple temperature difference but a mean logarithmic
temperature difference Af,, (Log Mean Temperature). The power is then defined by the

relationship [3]
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P = kSFAL,, (8.3.10)

Mean logarithmic temperature difference is given by the relationship, which is dependent on

the fluid flows in the heat exchanger.

At — At
At, =—1 2% Af 2
In 2 (8.3.11)
At,

where temperature diference Af, and Af, are defined
At =t,,—t ,, Af,=t,,—t_, for all heat exchangers except co-flow one

Aty=t,,—t

c

(8.3.12)
At =t,, —t

cl!

o for co-flow heat exchanger

The following table lists the equations for the basic construction types of heat exchangers for
the method P-NTU and MTD, see [3] .

Tab. 8.1 Basic computational formulas for different types of heat exchangers for method P-
NTU and MTD

Type of heat exchanger formulas
Counter-flow heat exchanger p_ 1- exp(-NTU,(1-R)))
1 ' 1-Rexp(-NTU(1-R))
-l - - >
< NTU, = 1 |n(1_RlPlJ
; 1-R | 1-P
F=1
Co-flow heat exchanger p_1- exp(- NTU,(1+ R)))
v 1+R,
1
-l - ——— - >
, NTU, =1 In( L j
2 1+R (1-Al+R)

1-RRA,
(Rl+1)ln(1_/1ollj

(R -Dinl-A1+R,))

F =
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Cross heat exchanger
1 —flows in tubes or finnes

2 — flows aroud tubes

A2

—_———_e=e=eae———t -

_1-exp(-KR)
R

K =1-exp(-NTU,)

A

NTU, =In| —— L
1+ﬁln(1—RlF{)
1
n 1-R/A
F = 1-A

(Rl—l)ln(1+;ln(1—Rlﬁ)J

1

Cross heat exchanger
1 — flows aroud tubes

2 - flows in tubes or finnes

B=1- exp(— g)
1

K =1-exp(- RNTU,)

A2
1 NTUI:lIn( ! In(l—Pl)J
=4 HH L1 L —p» Rl l+'Ql
,n(l—RlPl]
F = 1-A
(1—;]In(1+ R In1-R))
1
Shell-tubular heat exchanger p_ 2
1 - flows in the tubus ! 1+ R +Ecoth(E'NTU1j
1
2 - flows in the tubes
f| 1 E=1+R
: N7, = L 27 AU+ R -E)
( Y E\2-RA+R+E)
|A
111

v

Eln(l_Plle

F = 1-A

2-P(l+R -E)
(1_’31)'"(2—/3(1+R1+E>j
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8.4. Solution of co-flow and counter-flow heat exchanger

To illustrate the flow and temperature field and the definition of the mathematical
model, the physical properties of the flowing media and boundary conditions, the simplified
scheme of co-flow heat exchanger was chosen. Flowing medium is water and air or possibly
again water. The physical properties of the gas are generally highly dependent on
temperature, which will be changing. Therefore, in the next the options defining these
dependencies will be listed. Physical properties of water may be defined as a function of
temperature by methods previously described. In conclusion the graphical evaluation of
options will be presented.

8.4.1. Physical properties of gases (kinetic theory)
In chap. 1.3. the basic physical properties were defined. The gas density is given by
the ideal equation gas and it is able to take into account the influence of temperature and

pressure, ie.

R M
pl/zmMT:>p=R’;)_:;[;_ (8.4.1)

Kinetic theory

Other physical quantities can depend on temperature by experimentally determined
functions, such as polynomial, table, etc. According to the kinetic energy of an ideal gas [6]
the following physical properties and characteristics can be defined:
e viscosity
¢ thermal conductivity
¢ specific heat capacity
¢ mass diffusion coefficients (for the special multi-species mixture)

Definition of the dynamic viscosity x using kinetic theory is as follows:

IMT
=2.67.10°° "
yZi ngﬂ (8.4.2)
where
. . T
Q =Q T al =—
)2 ;z( ) (8//{5) (843)

Function Q  is experimentally determined dimensionless dependence on temperature for

air, e.g. [8] :
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_1.16145 052487 2.16178
P epl0.77320T7)  exp(2.43787T7)

Q

The formula for the specific heat capacity ¢, using kinetic theory is:

Cc = /I/fl(f + 2) (8.4.4)

p

where f is the number of modes of energy (number of degrees of freedom). Thermal

conductivity A using kinetic theory is expressed as follows:

L 1R [4 c,M 1}

=" ul — + =
4 M,U 15 R 3 (8.4.5)

Parameters of air, vapor or other gases for the kinetic theory are given in the database
Fluent [9]:

Tab. 8.2 — Parameters of air and vapor (for kinetic theory)

mass Molecular mass Lennard-Jones parameters
M [kg-kmol™] o (A) &/ks (°K)

air 29 3.617 97

vapor H>O 18 2.605 572.4

8.4.2. Co-flow heat exchanger water-water

The flow in the co-flow heat exchanger has been tested to confirm the temperature
distributions presented in chap. 8.1. The flow must be assumed very slow in order to transfer
the heat in given geometry and to represent a typical temperature drop, or rise of
temperature. The optimal flow will be theoretically laminar, unfortunately this type of small
liquid flow rate source does not exist. Therefore, the examples in next chapters will be

devoted to real flow (i. e. turbulent).
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The schema of region with an inlet and outlet faces and a mesh are displayed na Fig.
8.15. Fluid (water) is assumed to be an incompressible liquid with constant physical
properties (for higher temperature the properties as a function of temperature can be
defined).

Inlet - Inlet -

inner

Outlet
inner

Outlet -
outer

Fig. 8.15 Scheme of region and mesh

Dimensions of region, input and output are given in Tab. 8.3.

Tab. 8.3

Region x= 0.5 m
y= 0.12 m
z= 0.08 m
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7.65E-05 m? d= 0.01 m
0.00031214 m? d= 0.02 m

Inlet — outer —water S

Inlet — inner - water S

For simplicity, a mesh from tetrahedral elements with 131,133 cells was created.

Physical properties and mathematical model

The water flows in both parts of area representing the co-flow cooler. The walls are
made from steel tubes of various diameters. Liquid is assumed to be an incompressible liquid
with constant physical properties (basic gas parameters can be found and copied from the
Fluent database, including the Lennard - Jones parameters).

Tab. 8.4

Physical properies Units Label Water
Density kgm=3 D 998
Specific heat J.kglK? Cp 4182
Viscosity kinematic m?s?t v 0.000001
Viscosity dynamic Pa.s 7, 9.98E-04
Thermal conductivity Wm?K? A 0.6
Temperature conductivity m2st a 1.44E-07

Reynolds number was determined from the mass flow estimation. Its value is low, it is

a laminar flow, see Tab. 8.5.

Tab. 8.5
Tube inner water Tube outer water
Mass flow rate kgs? Qm= 0.0003 0.0003
Velocity ms? u= 0.00096 0.0038
Reynolds number Re= 19 38

Boundary conditions
Because this is an illustrative example where the flow trajectories, temperature,
density will be monitored, the boundary conditions were pre-defined and modified so that

these characteristic variables were clearly visible. The input variable is mass flow rate.
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Tab. 8.6
Mass flow Static Total
rate pressure temperature
[kg®s] [Pa] [°C]
Inlet - outer 0.0003 20
Inlet - inner 0.0003 80

Outlet - outer

Outlet - inner

Numerical calculation is very stable and converges well. The complexity of the flow can be
evaluated by flow trajectories of liquid elements colored by temperature, see Fig. 8.16. This
phenomena also applies to other variables such as pressure, velocity and temperature, see
Fig. 8.17 till Fig. 8.19. Typical temperature distribution along the axis, i.e. decreasing curve
in the "outer" area, and increasing curve in the ,inner* area can be evaluated using a graph
of temperature in areas parallel to the axis of the tubes is evaluated, see Fig. 8.20. A curve
typical for the co-flow exchanger could be obtained by converting a graph into Excel and by

passing a trend line.

3.23e+02
3.20e+02
3.17e+02
3.14e+02
3.11e+02
3.08e+02
3.05e+02
3.02e+02
2.99e+02
2.96e+02

2.83e+02 U
k] [pascal ]

Fig. 8.16 Trajectories of particles colored by  Fig. 8.17 Static pressure in xial direction and
temperature _ _
in three cross sections
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[mis]

e+02
3.14e+02
3.11e+02
3.08e+02
3.05e+02
3.02e+02
2.99e+02
2.96e+02
2.93e+02

[k]

Fig. 8.18 Velocity magnitude in axial direction Fig. 8.19 Static temperature in axial direction

and in three cross sections and in three cross sections

3.00e+02 2

2.90e+02 T T ; T . : . . r s
0 005 01 015 02 025 0.3 035 04 045 05
Position (m)

Fig. 8.20 Static temperature in interior - inner, interior — outer

Surface heat flux is a significant parameter specifying the heat transfer and is evaluated on

the entire surface of the inner tube or by graph Fig. 8.21.

1 836403

-2.75e+03
-3.66e+03
-4 58e+03
-5.50e+03
-B41e+03
-7.33e+03
-8.24e+03

[wim2]

9.16e+03

T T T T T T T T 1
000 005 010 015 020 025 030 035 040 045 050

Position (m)

Fig. 8.21 Surface heat flux
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The heat transfer coefficient and the Nusselt number are evaluated on the inner wall. The
values are based on the heat flux towards the inner or outer flowing fluid. Because the wall is
a double-sided wall, it is necessary to determine which wall belongs to the wall-interface and
the wall-interface-shadow using Boundary condition command. Surface heat transfer

q

w ref

coefficient is determined again by equation « = and subsequently Nusselt number

od
Nu = ;f . It is clear from the definition that the reference values of the temperature and

the hydraulic diameter are related to the direction in which heat transfer is determined

whether in the direction of the tube inner (wall-interface) or the tube outer (wall-interface-
shadow), see Fig. 8.22 and Fig. 8.23.

000 005 010 015 00 025 030 035 040 045 050 000 005 010 015 020 025 030 035 040 045 050

Position (m) Position (m)
Fig. 8.22 Surface heat transfer coefficient and Nusselt number on the wall interface T=353
K, dy=0.02 m

000 005 010 015 020 025 030 035 040 045 050 000 005 010 015 020 025 030 035 040 045 050
Position (m) Position (m)

Fig. 8.23 Surface heat transfer coefficient and Nusselt number on the wall interface shadow
Trer=293 K, dh=0.01 m

The heat power of this heat exchanger across all defined areas can also be determined:
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Flux Reports *
Options Boundaries |Filter Text @

() Mass Flow Rate L4 Results

(@ Total Heat Transfer Rate inlet-inner £8.90455443442593

O Radiation Heat Transfer Rate (WEastiias -6.461190000032728
interior-fluid-inner

interior-fluid-outer

outlet-inner -34,53729230399713
outlet-outer -27.90715359300373
wall-interface -34,36658988616685
wall-interface-shadow 34.36659462192866
wall-outer -0

Net Results (w)

Save Qutput Parameter...
|-0.001076727 |

|Cc—mpute| |Wr'rte... | |Close | ‘ Help ‘

After a detailed calculation of the heat power between the inputs and outputs we see, that

the value is the same as the heat power through the wall interface and is equal to 34 W.
From the results its possible to determine average values of outlet temperatures, inlet

pressures, heat transfer coefficients, Nusselt numbers, etc., see comparison of this results

with results from solution of counter-flow heat exchanger in next chapter.

8.4.3. Counter-flow heat exchanger water-water

Geometry for the counter-flow heat exchanger is the same as that defined in chap.
8.4.2 as a co-flow exchanger. Boundary conditions are the same, only the input for output for
the outer area are changed. On Fig. 8.24 till Fig. 8.27 the trajectories of particles colored by

temperature, pressure, velocity and temperature in the selected sections are evaluated.

3.38e+02
3.35e+02
332e+02

3.289e+02
3.26e+02
3.23e+02
3.20e+02
3.17e+02
3.14e+02
3.11e+02
3.08e+02
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3.02e+02
2.989e+02
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283e+02

[k1
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Fig. 8.24 Trajectories of particles colored by Fig. 8.25 Static pressure in axial direction

temperature and in three transverse planes
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3.14e+02
3.11e+02
3.08e+02
3.05e+02
3.02e+02
2.99e+02
2.96e+02
2.93e+02

2.46e-03
2.11e-03
1.76e-03
141e-03
1.06e-03
7.04e-04
3.52e-04

0.00e+00
[mis] [k]

Fig. 8.26 Velocity magnitude in axial Fig. 8.27 Static temperature in axial
direction and in three transverse planes direction and in three transverse planes

In Fig. 8.28 it is shown a typical temperature drop in both flow areas, more likely it would be
to convert to Excel and use trend line.

290 . . . . . . . : . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Position (m)

Fig. 8.28 Static temperature in interior - inner, interior — outer

The heat flux through the wall interface and the wall shadow interface, ie on the inner
wall is on Fig. 8.29.

0.00 005 0.10 015 020 0.25 0.30 0.35 040 045 050
Position (m)

Fig. 8.29 Total surface heat flux
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The heat transfer coefficient and Nusselt number are evaluated on the wall based on the

heat flux towards the inner or outer flowing fluid using the formula « = TqT and
s lref
NU — adref
A

000 005 010 015 020 025 030 035 040 045 050 0 —+ T T T T T T T T T 1
Position (m) 0.00 005 010 015 020 025 030 035 040 045 050
Position (m)

Fig. 8.30 Surface heat transfer coefficient and Nusselt number on the wall interface towards
the inner area T=353 K, d,=0.02 m

0 -+ T T T T T
0 T T T T T T T T T 1 i) i Y Y v k
000 005 0f0 015 02 0% 030 035 040 045 050 000 005 010 0.15 020 025 030 03 040 045 050

Position (m) Position (m)

Fig. 8.31 Surface heat transfer coefficient and Nusselt number on the wall interface shadow
towards the outer area of the area T=293 K, dy=0.01 m

The heat power of this heat exchanger across all defined areas can also be determined and
heat power accros the tube wall is 42 W.
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Options ) ; — — =
Boundaries |Filter Text == = (=5

() Mass Flow Rate @ |°v| [TX]| Results

(@ Total Heat Transfer Rate T — 63.243180213147

O Radiation Heat Transfer Rate |[yll=atetiias -6.467185%99987454
interior-fluid-inner

interior-fluid-cuter
cutlet-inner -26.54901631739769
outlet-outer -35.83900397045354
wall-interface -42.30022360631642
wall-interface-shadow 42.30022480800633
wall-outer -0

Met Results (w)
-0.001123963 |

Write... | | Close | | Help

Save Qutput Parameter..

Tab. 8.7 compares averaged pressure and temperature on inlets and outlets, averaged value
of Nusselt numer and Suface heat coefficient for co-flow and counter-flow heat exchanger.

Tab. 8.7

Tube - inner Tube - outer

co-flow counter- co-flow counter-
Fluent flow Fluent Fluent flow Fluent

Tret 353 353 293 293
det  0.02 0.02 0.01 0.01
Nu-lam 1.52 2.29 0.63 0.81
o-lam  46.12 68.45 36 49
Toutet  325.13 353 320.29 326.29
pinet _0.039 0.02 0.078 0.078
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8.4.4. Co-flow heat exchanger water-air

The geometry of this co-flow water and
air heat exchanger was the same as in chap.
8.4.2. Therefore, the same mesh was used.
The flow medium in inner part of the
exchanger will be high temperature air
(substituent of flue gas). The flow will be

turbulent and the boundary conditions will be

set as the real conditions typical of the stove

heat exchanger.

Approaches to solution

Solution of the hot gas flow with heat transfer is a complex problem and complete
mathematical model may ofen lead to divergence. Therefore, so-called step-by-step method
(from the simplest to the more complex model) was used to obtain a stable and convergent
solution. Subsequently, turbulent models, mesh, wall functions, or boundary conditions are
repaired. In our case, this means that the following variants have been solved:
¢ solution with constant physical properties, turbulent RNG k- model
¢ solution with physical properties depending on temperature or pressure
o if there are the convergence problems in stable regime, the task must be solved as time-

dependent and the statistically averaged values will be evaluated

e solution with a better k-w sst turbulent model, which is suitable for low Reynolds numbers
e correction of mass flow rate to get corresponding temperature gradient (evaluation using

average values of velocities and temperatures at inlets and outlets)

Physical properties, mathematical model, boundary conditions

The constant physical properties for water and air are taken from the Fluent

) ud . .
database. To determine the Reynolds number Re = —" however, air density at 1100 °C
v
was used.
Tab. 8.8

Tube Tube

outer inner
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pressure
temperature

temperature absolut

density

mass flow rate

velocity

Reynolds number

Pa
°C

kgm3

kgs?

ms?

Pref= 101325 101325
Trer= 55 1100
Trer= 328 1373

p= 998 0.255
Qm= 0.03 0.0003

u= 0.38274 3.74482

Re=

3827 4713

For the calculation, water with constant properties and air with physical properties defined by
kinetic theory is considered. The mathematical model is specified as turbulent. The task had
to be solved as time-dependent and the results are the mean values of all evaluated
guantities, including turbulent ones. Following these considerations, the boundary conditions

can be defined as follows:

Tab. 8.9
Boundary Mass flow Static Total Turbulent  Hydraulic
conditions rate pressure temperature intensity diameter
[kg®s™] [Pa] [°C] [%] [m]
Inlet - outer 0.0003 55 1 0.01
Inlet - inner 0.03 1100 1 0.02
Outlet - outer 1 0.01
Outlet - inner 1 0.02

Results

The mean value of the basic hydraulic quantities is again evaluated.

1378403
132e+03
1.27e+03
1.22¢+03
1.16e+03
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Fig. 8.32 The trajectories of particles

colored by temperature
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Fig. 8.33 Mean static pressure in axial

direction and in three transverse planes
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4 07e+00 1.37e+03
3.86e+00 1.32¢+03
3.66e+00 1.27e+03
3.46e+00 1.22¢+03
3.25e+00 1.16e+03
3.05e+00 1.11e+03
2.85e+00 1.08a+03
2.64e+00 1.01e+03
244e+00 9 55e+02
2 240+00 9.03e+02
2.03e+00 850e+02
1.83e+00 7.98e+02
1.63e+00 7.46e+02
142e+00 6.94e+02
1.22e+00 6416+02

5.89e+02

5.37e+02

Fig. 8.34 Mean velocity magnitude in axial Fig. 8.35 Mean static temperature in axial
direction and in three transverse planes direction and in three transverse planes

The effective viscosity (sum of turbulent and molecular viscosity) is very low, at least
surpassing turbulent viscosity, see Fig. 8.36. This means that the flow is assumed in the
transition between the laminar and the turbulent model, as evidenced by the value of the Re
numbers in the initial estimation. The dimensionless dimension of the first cell near the wall
of the inner tube is up to 10 (Fig. 8.37), meaning that the mesh is very fine, but it could be
more coarsen at the wall. Enhanced Wall Treatment (two-layer wall function, y + should be

up to 5) is better than the logarithmic wall function (y + should be between 30 and 60).

YT 1.080+01
27302 1.020+01

I 211002 I 9.700+00 /
9.17e+00

2.00e-02
8.63e+00

1.880-02
1.76e-02 8.09e+00
7.55¢+00

164e-02
7.01e+00

1530-02
141e-02 6.47e+00
1.29e-02 5.93e+00
1.186-02 5.390+00
1.066-02 4856400
9410-03 T
8 246-03 -
3.23¢+00
2.70e+00

2.16e+00
1.62e+00
1.08e+00
5.39e-01

0.00e+00

Fig. 8.36 Effective viscosity in axial direction Fig. 8.37 y+ on the tube wall

and in three transverse planes
Figure 8.38 shows a typical gas temperature drop and a slight increase in water temperature,

which is characteristic of the co-flow exchanger. The heat flux density is again symmetrical

on the inner wall of the tube on the liquid side and on the gas side, see Figure 8.39.
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20 T T T

w05 o 0

Fig. 8.38 Mean temperature of liquid and

T T T T T T 1 20000 T
0 05 0 0% 04 0% 0N 000 005

Posttion (m)

gas in axial direction

Heat power through the walls is:

Flux Reports

0 o 0n 0%

Posttion (m)

of inner tube

050

Fig. 8.39 Mean surface heat flux na the wall

Options

(7} Mass Flow Rate

@ Total Heat Transfer Rate

() Radiation Heat Transfer Rate

Boundaries Filter Text

E]Results

inlet-inner

uid-inner
~fluid-outer

outlet-outer
wall-interface
wall-interface-shadow

wall-outer

356.8145239055957
3744 981043798171

-24.83540021 211087
-4077.404024965355
-331.9792551441814
331.9792551441814
-0

4

[ 5ave Output Parameter...

Met Results (w)

-0.4438575

| compute | [write... | | Close | | Help |

An interesting result is comparison of the flow parameters in inner tube and outer tube, see

Tab. 8.10
Tab. 8.10
Tube inner Tube outer
Fluent Fluent
Tref 1373 328
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ret 0.02 0.01
Nu-turb 5.86 14.31
o 10.37 858.47
Toutlet 374.56 330.60
Pinlet 2.32 140.96

8.4.5. Co-flow heat exchanger air-water-air

Higher cooling and heating of the flowing media can be achieved by increasing the
heat exchange surface. For example, an extension area and inserting another tube with the
flowing air into inside area causes a significant increase in heat transfer surface, see Fig.
8.40. Inserting the tube into inner area is a simplified tube system in the axial direction.

Inlet inner - / Inlet outer -
air

water

Inlet inner -
air

Outlet inner -
water

Outlet outer

- air Outlet inner -

air

Fig. 8.40 Scheme of region

Dimensions of region, inlets of air and inlet of water are defined in Tab. 8.11.

Tab. 8.11
Region x= 0.2 m

y= 0.09 m

z= 0.04 m
Inlet outer — air S= 7.65E-05 m? d= 0.01 m
Inlet inner - water S= 5.7676E-05 m? d= 0.02 m
Inlet inner - air S= 0.00025447 m? d= 0.018 m

152



Analysis of the heat exchangers

The physical properties of the streaming media coincide with the previous task.

Boundary conditions
The boundary conditions have been defined so that the flow of hydraulic quantities and
temperatures can be monitored.
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Fig. 8.41 Trajectories of particles colored Fig. 8.42 Static pressure in axial direction
by temperature and in three transverse planes
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Fig. 8.43 Velocity magnitude in axial Fig. 8.44 Static temperature in axial direction
direction and in three transverse planes and in three transverse planes

In the previous figures it is possible to evaluate the difference in co-flow water-air heat

exchanger. Fig. 8.45 shows a more significant change in flow direction.
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Fig. 8.45 Static temperature in interior - inner, interior — outer and on interface

Heat pover of wall outer is 6.25 W and wall inner is 9.07 W.

Tab. 8.12 Co-flow heat exchanger

air —water - air
static static
temperature pressure
[K] [Pa]
Inlet-outer-air 283.136 38.237
Inlet-inner-water 313.150 1.869
Inlet-inner-air 283.148 0.4817
Outlet-outer-air 295.591 0
Outlet-inner-water 305.820 0
Outlet-inner-air 301.552 0
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9. Time dependent solution

Generally the flow around the body is typical by separating flow and vortex shedding,
which are time-dependent structures. Flow is time-dependent. Numerical solution of such
flow in both laminar and turbulent regime is time-dependent too, see Fig. 9.1. Response to
time-dependent boundary conditions is time-dependent too, see Fig. 9.2. Then you must

undergo a complicated and time-consuming solution. It is a function of time.

Fig. 9.1 The formation of vortex shedding when flowing around cylinder [18]

Time independent flow

—— QOutlet

= Mean velocity

—u
= gw

Time dependent flow (periodical flow)

Periodical velocity

Fig. 9.2 Progress of velocity as a response to a constant and sinusoidal velocity at the input

on the left side (periodic boundary condition produces periodic flow in the area)
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9.1. Discretization of time-dependent equation

In case of time dependent flow it is assumed default balance equation (for simplicity,

one-dimensional shape) for general variable in the form

0wl g %

d+@((U§)—d([“§ Onx}'se“ (9.1.1)
In integral form it is

Jgdv +£(u§)dA: ﬂag g}dA+JS§dV (9.1.2)

The default equation must be discretized in time and space. Spatial discretization for time-
dependent equation is identical to the stationary task. Time discretization includes the
integration of each member of differential equations with a time step Az Integration of time
expression is simple, as will be described below.

The above equation is written in general form

e

where the function F contains spatial discretization. On the time derivative it is applied

¢) (9.1.3)

differential approximation of the first-order forward, then discretized equation is given as
ip - P
a7 - 9.1.4
ot At F(2) ( )

and eventually discretization of second order accuracy is

3 n+1_4 n+ n-1
g ¢ +< — F(é/) (9.1.5)
At
where & general scalar variable

n+1  value in following time r+Az
H value in time ¢
n— 1 value in previous time rAz
Time discretization of default equation ( 9.1.2) assumes an implicit approach, ie convection,

diffusion and source term are evaluated in time 7+Aif

ag n+l n+1 aé/m—l n+1
[ZdV+[¢muidA=[a, == —dA+[S,dV (9.1.6)
ot OX
\Y A A \Y
In the iterative scheme, all equations are solved iteratively for a given time step until
convergence is reached. Thus, the solution in each time step requires a certain number of
external iterations until it converges within each time step (corresponding converging

stationary tasks in each time step).
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The choice of the time step is problematic. If the time dependence is caused by the known
boundary condition, then it is possible to approximately estimate the time step. Otherwise,
the time dependence due to eg. vortex shedding behind the sharp edge, it is necessary to

test the size of time step at the beginning of the calculation, and meet the following

requirements

.- —— —

Solution of momentum

equation

Solution of pressure
correction

L]

Correction of
velocity and
pressure flow

Olution of scalar variables
(T, k, &

Convergence

Other time step
n=n+1

no

Outer
iteration
(20)

(in every time step)

Fig. 9.3 Diagram of solution using segregation of solver.

e ideal recommended number of outer iterations at each time step is 10-20

e abigger number of iterations means a big time step

e asmaller number of iterations means a small time step

e beginning of calculation will be realized for relatively small time step Af and during

the calculation gradually it can be increased
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Evaluation of calculation with time-dependent step is possible with automatically storing
data files using the FILE-WRITE-AUTO-SAVE. It is a regular saving of solution results after a
certain number of time steps during calculation. Another option is to store the values of
selected variables in a specific location of the area during the time-dependent
solutions, to monitor their changes over time and to assess whether eg. the solution
approaches steady state while monitoring the run-up system. First, it creates so-
called monitoring points in the menu SURFACE-POINT by entering the exact
coordinates of the point or by mouse estimation. In the command SOLVE-
MONITORS-SURFACE INTEGRALS it is then possible to select the point and
variable being evaluated. Record versus time can be recorded in a file and in a graph
on a monitor. Of course the optimal evaluation is by animations created directly by
software during the calculation.

9.2. Boundary conditions

Time-dependent boundary conditions can be entered in two ways:

e using the file (table) to define a profile

e UDF (User Defined Function) — to define by the C language, store, compile, assign the
boundary conditions using the file (table)

9.2.1. Table for time-dependent boundary condition

Table is created by text editor vith extention TXT. Format of such table is following:

profile-name n_field n_data periodic?

field-name-1 field-name-2 field-name-3 .... field-name-n_field

v-1-1 v-2-1 ............v-n_field-1

v-1-2 v-2-2 ............v-n_field-2

v-1-n_data v-2-n_data ... ... ... ... v-n_field-n_data

where profile-name name of all variables
n-field number of variables
n-data number of data characterizing the functional

dependence (number rows in the table)

periodic? equals 1 for periodic condition,
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equals 0 for aperiodic condition

field-name-1 is exclusively used for a time vector whose values must
increase
field-name-i vectors of other time dependent variables

v-1-1 ... v-n_field-n_data items in a matrix whose columns correspond to the time

dependencies of the vectors of time

File of dependance of velocity vs time

Table of input values Table of input values for Fluent
time u sampletabprofile 23 0
1 10 time u
2 20 110
3 30 220
330

File of periodical dependance of velocity vs time

Table of input values Table of input values for Fluent
time u sampletabprofile 24 1
0 10 time u
1 20 010
2 30 120
3 10 230
310

All variables must be entered in Sl units (no conversion of data is required when
reading a profile, and only lowercase characters are used to label the variables). The profile
is read from the text menu by the following commands:

FILE-READ TRANSIENT TABLE

It is possible to use abbreviations (f-rtt). The file name is also given with the
extension, the file reading information appears on the screen. The profile then enters by
commands in the boundary condition

DEFINE-BOUNDARY CONDITIONS
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9.2.2. UDF for boundary condition
Time-dependent boundary conditions can be defined by the C-language procedure.
Variables have a precisely defined by designation that must be found in the manual, there
are also simple examples.

Define x-coordinate of velocity at inlet using sine function of time

u, (t)=u, + Asin(at):

/**********************************************************************

unsteady.c
UDF for specifying a transient velocity profile boundary condition

***********************************************************************/

#include "udf.h"

DEFINE_PROFILE(unsteady_velocity, thread, position)
{

face tf;
real t = CURRENT _TIME;

begin_f _loop(f, thread)

{
F_PROFILEC(f, thread, position) = 10. + sin(7.*t);

}
end_f loop(f, thread)

}

The file will be created as a * .txt file and will be saved with the extension C. It will be
compiled interactively using the DEFINE-UDF-ITERPRETED-COMPILE commands. Then it
joins the boundary conditions for the given entry boundary.

9.3. Time-dependent tasks, evaluation

Time-dependent problem in comparison with the time-independent (stationary task) is
much more complex because at each time there is observed a change of flow field and thus

all monitored values.
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The most perfect image of solution enables animation, for example the velocity vector,

pressure and other variables. But this is very demanding in terms of hardware. In addition,

the presentation of the results requires a computer that does not fit into text reports. If it is

really necessary to present time dependence of variables in text report, it is possible to

create a series of images so that the data files are stored in predefined time steps, then

create a graphic presentation and insert a picture into a text file. Because of the time and

hardware requirements the simpler means are used for evaluation, as are the graphs of a

variable vs. time at a predefined point, or evaluation of the mean value on the surface.

Example of evaluation of flow behind the step

Solve the flow in the area where at the input the velocity is varied periodically

according to the functional velocity versus time. Evaluate the velocity and pressure at

selected points.

n
_—ﬁ

= A
: y D int point-vortex
— / @ point-step
| v 2
Region-of flow z Evaluating
‘‘‘‘‘‘‘‘ N points
< X >

Fig. 9.4 Scheme of resolved area

Geometry of area:

Physical properties of air:

Boundary conditions at inlet:

Mathematical model:

x [m] 3.5

y [m] 0.5

z [m] 1.5

density o [kg-m3] 1.225
dynamic viscosity p [Pas] 1.7894e-05
velocity u [m-s] 2+sin(7t)
mean velocity Umezn [Ms'] 2

intenzity of turbulence / [%2] 2

hydraulic diameter df, [m] 0.4

Reynolds humber Re =235 294 turbulent flow
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Results:
It is necessary to define the points at which the graphic and text record of velocity and
pressure will be performed.

Commands:

Point definition:

SURFACE-POINT coordinates and name: POINT-INPUT,
POINT-STEP, POINT-VORTEX

Definiton of file:

SOLVE-MONITOR-SURFACE name, plot, write time step, define

DEFINE-AREA WEIGHTED AVERAGE- point choice POINT-INPUT

FLOW TIME-PRESSURE

SOLVE-MONITOR-SURFACE name, plot, write time step, define

DEFINE-AREA WEIGHTED AVERAGE- point choice POINT-STEP

FLOW TIME-VELOCITY

SOLVE-MONITOR-SURFACE name, plot, write time step, define

DEFINE-AREA WEIGHTED AVERAGE- point choice POINT-VORTEX

FLOW TIME-VELOCITY

Determined period is depending on the velocoty input
: 7
=2 =1 = =

2 2-3.14

Computation starts with time-dependent calculation, the estimated time step (less than one

=1,115—=T=0_1857

tenth of period)

Ar=0,02s
When calculating it is checked whether the number of internal iterations is less than 20,
otherwise the time step will be corrected. The calculation result is written into the file- POINT-
INPUT.OUT, POINT-STEP.OUT and POINT-VORTEX.OUT. The files are text files and can
be read into EXCEL to prepare graphs. The recording residuals shown the periodicity
happens except for the first few iterations, which are affected by the calculation starting from

an initial approximation, which is given by the zero-values of variables, see Fig. 9.5.

162



Time dependent solution

Residuals
— continuity
— x-velocity 16401
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Fig. 9.5 Residuals of periodical solution
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Fig. 9.6 Static pressures

Velocity value at POINT-STEP, POINT-VORTEX and pressure at POINT-INPUT are
evaluated and displayed in Excel, see Fig. 9.7.
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w— r_vortex | T -0-01

, . Step |
- —p-inlet -
_‘§, 10015 £
s -
1-002
1 -0.025
-0.03
45 5

Fig. 9.7 Evaluation of velocity and pressure in a point in relation to time

On Fig. 9.7 it is evident periodical curve of velocity and pressure, whose period is equal to
the period of input velocity determined previously. Period is initially deformed by calculation
starting with zero initial conditions inside the flow field. After about 1 s the amplitude of the
displayed functions is constant.
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10. Optimization (Adjoint solver)

The idea of the adjoint is everywhere in modern and classical mathematics. Dates
back to the 18th century. More recently it has emerged as a powerful technique for
expanding engineering CFD analysis. An adjoint solver provides specific information about a
fluid system that is very difficult to gather otherwise. An adjoint solver can be used to
compute the derivatives of an engineering quantity with respect to all of the inputs for the
system. The examples are:

e Derivative of drag with respect to the shape of a vehicle.
o Derivative of total pressure drop with respect the shape of the flow path.

An adjoint solver is a specialized tool that extends the scope of the analysis provided by
a conventional flow solver by providing detailed sensitivity data for the performance of a fluid
system. In order to perform a simulation using the ANSYS Fluent standard flow solvers, a
user supplies the geometry in the form of a computational mesh, specifies material properties
and physics models, and configures boundary conditions of various types. The conventional
flow solver, once converged, provides a detailed data set that describes the flow state
governed by the flow physics that are being modeled. If a change is made to any of the data
that defines the problem, then the results of the calculation can change. The degree to which
the solution changes depends on how sensitive the flow is to the particular parameter that is
being adjusted. Indeed, the derivative of the solution data with respect to that parameter
quantifies this sensitivity to first order. Determining these derivatives is the domain of
sensitivity analysis.

The process of computing an adjoint solution resembles that for a standard flow
calculation in many respects. The adjoint solver solution advancement method is specified,
residual monitors configured, and the solver is initialized and run through a sequence of
iterations to convergence. One notable difference is that a scalar-valued observation is
selected as being of interest prior to starting the adjoint calculation. Once the adjoint solution
is converged the derivative of the observable with respect to the position of each and every
point on the surface of the geometry is available, and the sensitivity of the observation to
specific boundary condition settings can be found. This remarkable feature of adjoint
solutions has been known for hundreds of years, but only in the last 25 years has the

significance for computational physics analysis been recognized widely.
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10.1. Using the adjoint solver

This chapter describes the process for working with the adjoint solver module, as well as

setting up, running, and postprocessing the adjoint solutions. Also, this chapter demonstrates

the shape modification proces that is guided by the adjoint solution. The typical use of the

adjoint solver involves the following steps:

Load or compute a conventional flow solution.

Load the adjoint solver module.

Specify the observable of interest.

Set the adjoint solver controls.

Set the adjoint solver monitors and convergence criteria.

Initialize the adjoint solution and iterate to convergence.

Post-process the adjoint solution to extract the sensitivity of the observable with respect
to boundary condition settings.

Post-process the adjoint solution to extract the sensitivity of the observable with respect
to shape of the geometry.

Modify boundary shapes based on shape-sensitivity data and recompute the flow

solution.

10.2. Limitations of adjoint solver

Adjoint solver is a method that has some limitations and is implemented on the following

basis:

The flow state is specified as a steady incompressible single-phase flow in an inertial
reference frame that is either laminar or turbulent.
For turbulent flows a frozen turbulence assumption is made, in which the effect of
changes to the state of the turbulence is not taken into account when computing
sensitivities.
For turbulent flows standard wall functions are employed on all walls.
The adjoint solver uses methods that are first order accurate in space by default. If
desired, you can select second order accurate methods
The boundary conditions are only of the following types:

—Wall

— Velocity inlet

— Pressure outlet

— Symmetry
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— Rotational and translation periodic
It is important to note that these requirements are not strict limitations for the conventional
flow solver, but they are limitations for the adjoint solver. For hydraulic and pneumatic tasks
(ie flow in closed areas), it is appropriate to use the part of the solver for the optimization of
the pressure loss. For flow around the body, resistance and pressure forces are evaluated.
Also, the combination of the monitored parameters is very illustrative.

Notes:

For tasks that converge well, it is possible to prepare computational automation to make it
easier to work with the adjoint solver. In tasks with complicated geometry that converge
poorly in the basic solver, it is possible to assume problematic convergence even when using
the adjacent solver. The reason is that linearized Navier's Stokes equations (which are in
essence a non-linear system of partial differential equations) are dealt with.

10.3. Application

10.3.1. Minimizing the pressure drop in 180° elbow

The goal of the task is to reduce the pressure loss in the 180° tube elbow using the
Adjoint solver and to achieve a higher uniformity of the output profile. The problem is solved
as spatial, see Fig. 10.1. The flow is assumed to be stationary, isothermal, turbulent (k-¢
model, scalable wall functions). The flowing medium is air. The physical properties of the air

are given in Tab. 10.1.

Tab. 10.1 Dimensions and physical properties of air

Diameter of the tube d (mm) 20
Viscosity uy (kg/m.s) 1,789.10-5
Density p (kg/m?®) 1,225

Vstup

Vystup

Fig. 10.1 Elbow model and mesh
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Computational mesh consists from 43680 hexahedral cells, Boundary conditions are defined

as very simple conditions Wall, Velocity inlet — 15 m/s, Pressure outlet — 0 Pa.

The resolver settings are as follows:

e Solver Coupled solver.

e Gradient scheme Green-Gauss Cell based.
e Discretization Second Order Upwind.

e Method Pseudo Transient

e Under-relaxation.
0 Length scale 0,02 m.
o Timescale factor 5.
¢ High Order Term Relaxation (all variables 0,75) is used.

e Calculation till 100 iteration.

Evaluation

. 200es01
1 8001

1 600401

1 Alea

Q\
1 20401 s, b
100401 ) i
1
{
/

8000400

6002400
4000100

I 200000 -
0.008:00

Fig. 10.2 Evaluate output speed and axial section through contours

For further consideration, mean pressure drop (ie inlet pressure) and output velocity were

evaluated:

Pressure drop 107 Pa
The mean value of the output speed 15 m/s
Standard velocity deviation at output 1.14 m/s

Solving the Adjusted Solver:
¢ Inthe adjoint solver, it is possible to minimize the pressure drop between the control

points (areas) in the area (between input and output - Apo = 90 Pa)

168



Optimization (Adjoint solver)

To achieve a uniform output velocity profile, the target function is complemented by a
standard deviation of the output velocity of the domain and is determined from the
total output pressure values of the region

Definition of target function is a combination of pressure drop and standard deviation

of the velocity at the output in one equation:

+ A\ Var( ptot—vystup )

funkce = |dp g, — APygerup

e Setting the adjust solver: . 1.000401
Turn off convergence control - Check 9800100
convergence, :ZZZ
e Make the following settings in the menu 6200400
Adjoint Solution Controls: 5002100
Courant Number 2, 880e+00
Artificial Compressibility 0,05,
Flow Rate Courant Scaling 2, I 6200100 ‘ -
Under-Relaxation Factors 0,6, 5002400
Number of iteration 300

Fig. 10.3 Sensitivity map of geometry

Sensitivity evaluation and morphing:

The sensitivity map is in Fig. 10.3. Displays geometry locations where the pressure

drop and the size of the standard deviation are sensitive to the shape of the tube. We display

sensitivity map with contours log10(Shape Sensitivity Magnitude).

Morphing:

Only the tube elbow is closed in the morphing area - Fig. 10.4.

To change geometry, select Scale Factor 2.5.

Expected change of the monitored function is done by pressing Expected Change.
Optimal Displacement contours are shown in Fig. 10.5

To modify the geometry, press Modify Mesh.

Before accepting the edit (Accept), the modified geometry can be viewed and

reversed if necessary (Revert).
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5.00e-04
I 4.00e-04
3.00e-04

2.00e-04

1.00e-04
0.00e+00
. -1.00e-04
-2.00e-04

-3.00e-04
I -4.00e-04
-5.00e-04

Fig. 10.5 Conturs of Normal Oprimal

Fig. 10.4 Region of morphing

Displacement

Evaluation of the calculation:

The effect of the shape change is checked by calculation of the flow field. The table
shows the change of the monitored quantities against the initial flow field. Repeating the
calculation with the adjoining solver and adjusting the geometry will iteratively approximate

the optimal shape of the ube elbow. The results after six iterative loops are shown in Tab.
10.2

Tab. 10.2
Initial values Values after 6.
iteration
Pressure drop 107 Pa 89 Pa
The mean value of the output speed 15 m/s 15 m/s
Standard velocity deviation at output 1.14 m/s 1.03 m/s

2.00e+01
I 2006201
1.80e+01
1.80e+01
1608401 I
1.60e+01
1208401 = 120801
o+ f 1.00e+01
/N ...

6.00e+00 £.009+00
I — I———
I

e 4006700
I 2008400 I 2002400
0.00e+00 00000

Fig. 10.6 Velocity in the domain [m/s] (left-default, right-optimized).
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11. Multiphase flow

11.1. Specification of multiphase materials

A large number of flows encountered in nature and technology are the fows of phase
mixture. Physical phases of matter are gas, liquid, and solid, but the concept of phase in a
multiphase flow system is applied in a broader sense. In multiphase flow, a phase can be
defined as an identifiable class of material that has a particular inertial response to and
interaction with the flow and the potential field in which it is immersed. For example, different-
sized solid particles of the same material can be treated as different phases because each
collection of particles with the same size will have a similar dynamical response to the flow
field.

Multiphase Flow Regimes
Multiphase flow regimes can be grouped into four categories:

e gas-liquid or liquid-liquid flows - bubbly flow, droplet flow, slug flow, stratified/free-surface
flow,

e gas-solid flows - particle-laden flow, pneumatic transport, fluidized bed

¢ liquid-solid flows — slury flow, hydrotransport, sedimentation

o three-phase flows - three-phase flows are combinations of the other flow regimes listed in
the previous sections.

For multiphase modeling two approaches are used:

Euler — Lagrange approach (discrete phase) - the fluid phase is treated as a continuum by

solving the Navier-Stokes equations, while the dispersed phase is solved by tracking a large

number of particles, bubbles, or droplets through the calculated flow field. The dispersed

phase can exchange momentum, mass, and energy with the fluid phase. This requires that

the dispersed second phase occupies a low volume fraction, even though high mass loading

is acceptable. The particle or droplet trajectories are computed individually at specified

intervals during the fluid phase calculation. This makes the model appropriate for the

modeling of spray dryers, coal and liquid fuel combustion, and some particle-laden flows, but

inappropriate for the modeling of liquid-liquid mixtures, fluidized beds, or any application

where the volume fraction of the second phase cannot be neglected.

Euler — Euler approach - in the Euler-Euler approach, the different phases are treated

mathematically as interpenetrating continua. Since the volume of a phase cannot be

occupied by the other phases, the concept of phasic volume fraction is introduced. These

volume fractions are assumed to be continuous functions of space and time and their sum is

equal to one. Conservation equations for each phase are derived to obtain a set of
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equations, which have similar structure for all phases. These equations are closed by
providing constitutive relations that are obtained from empirical information, or, in the case of

granular flows, by application of kinetic theory.

In ANSYS Fluent, three different Euler-Euler multiphase models are available: the volume of
fluid (VOF) model, the mixture model, and the Eulerian model.

VOF Model

The VOF model is a surface-tracking technique applied to a fixed Eulerian mesh. It is
designed for two or more immiscible fluids where the position of the interface between the
fluids is of interest. In the VOF model, a single set of momentum equations is shared by the
fluids, and the volume fraction of each of the fluids in each computational cell is tracked
throughout the domain. Applications of the VOF model include stratified flows, free-surface
flows, filling, sloshing, the motion of large bubbles in a liquid, the motion of liquid after a dam
break, the prediction of jet breakup (surface tension), and the steady or transient tracking of
any liguid-gas interface.

Mixture Model

The mixture model is designed for two or more phases (fluid or particulate). As in the
Eulerian model, the phases are treated as interpenetrating continua. The mixture model
solves the mixture momentum equation and prescribes relative velocities to describe the
dispersed phases. Applications of the mixture model include particle-laden flows with low
loading, bubbly flows, sedimentation, and cyclone separators. The mixture model can also be
used without relative velocities for the dispersed phases to model homogeneous multiphase
flow.

Eulerian Model

The Eulerian model is the most complex of the multiphase models in ANSYS Fluent. It solves
a set of momentum and continuity equations for each phase. Coupling is achieved through
the pressure and interphase exchange coefficients. The manner in which this coupling is
handled depends upon the type of phases involved; granular (fluid-solid) flows are handled
differently than nongranular (fluid-fluid) flows. For granular flows, the properties are obtained
from application of kinetic theory. Momentum exchange between the phases is also
dependent upon the type of mixture being modeled. ANSYS Fluent’s user-defined functions
allow you to customize the calculation of the momentum exchange. Applications of the
Eulerian multiphase model include bubble columns, risers, particle suspension, and fluidized
beds.
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To choose between the mixture model and the Eulerian model, you should consider the

following guidelines:

o If there is a wide distribution of the dispersed phases (that is, if the particles vary in size
and the largest particles do not separate from the primary flow field), the mixture model
may be preferable (that is, less computationally expensive). If the dispersed phases are
concentrated just in portions of the domain, you should use the Eulerian model instead.

o If interphase drag laws that are applicable to your system are available (either within
ANSYS Fluent or through a user-defined function), the Eulerian model can usually
provide more accurate results than the mixture model. Even though you can apply the
same drag laws to the mixture model, as you can for a non-granular Eulerian simulation,
if the interphase drag laws are unknown or their applicability to your system is
guestionable, the mixture model may be a better choice. For most cases with spherical
particles, the Schiller-Naumann law is more than adequate. For cases with non-spherical
particles, a user-defined function can be used.

e |If you want to solve a simpler problem, which requires less computational effort, the
mixture model may be a better option, since it solves a smaller number of equations than
the Eulerian model. If accuracy is more important than computational effort, the Eulerian
model is a better choice. Keep in mind, however, that the complexity of the Eulerian
model can make it less computationally stable than the mixture model.

11.2. Mixture model

11.2.1. Continuity equation for mixture

The continuity equation for the mixture is

o)+ VPV |0 (112.1)

where v, . are the components of the mass-averaged velocity:

n
o V, :
Z‘ KOk ke (11.2.2)

Pm

vV .=

m.j
and p,, is the mixture density
P = D, OP (11.2.3)
k=1

where ¢, is the volume fraction of phase & .
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11.2.2. Momentum equation
The momentum equation for the mixture can be obtained by summing the individual
momentum equations for all phases. It can be expressed as

aaf(pmeHV(pme V)= Vo +V-ln, (W7, + V0, 4 png+F +

i (11.2.4)
+V. {Z PV ok Vdr,k:|

k=1
where n is the number of phases, f;, are the components of body force, and ,, is the

/

viscosity of the mixture
n
Hin = DOl (11.2.5)
k=1

and v, ; is the component of drift velocity for secondary phase

Vi =V —V, (11.2.6)

Equation of volume fraction of second phase is given by equation:

n

0 1
7(aqpq)+ \& (aqqum)— = —V-(aqqudr,q)+ Z(mpq - mqp) (11.2.7)
ot Pq p=1

11.2.3. Mixture flow behind the step

Compute and display the volume fraction of water and air in flowing mixture.

—_—_ O v

Ftow region 2
Intet-air e :—

I X

Fig. 11.1 Scheme of region

Geometry of region

Length of region X [m] 3.5
height of region y [m] 0.5
width of region Z[m] 15
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Physical properties:

Water Air source
Density p [kgm] 998 1.225
Dynamic viscosity » [kg(ms)™] 0.001003 1.7894e-05
Boundary conditions:
Inlet-water turbulent intensity 1 [%] mixture 2
hydraulic diameter d,, [m] mixture 0.4
velocity u [ms] water 1
air 1
volume fraction « [1] water 1
air 0
Inlet-air turbulent intensity 1 [%] mixture 5
hydraulic diameter d,, [m] mixture 0.0794
velocity u [ms] water 0.8
air 0.8
volume fraction « [1] water 0
air 1

It is also possible to monitor the effect of the buoyancy force on air propagation.

Matematical model:
Reynolds number Re =400 000 = flow is turbulent

Results:

Fig. 11.2 Contours of the volume fraction of air in longitudinal and three cross sections, the

buoyancy force is considered
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Fig. 11.3 Contours of the volume fraction of air in longitudinal and three transversal sections,

no buoyancy force is considered
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12. Cavitation

The flow of liquids in hydraulic systems is accompanied by cavitation and cavitation
destruction, noise and other undesirable phenomena, which are currently at the forefront of
interest in the areas of mathematical and experimental research on cavitation in hydraulic
components and systems of technical practice, as these systems are still working in
increasing operating conditions (pressures and flow rates) and, therefore, this phenomenon
occurs in many technical applications.

The cavitation fluid is a mixture of liquid, vapor and air, undissolved in the form of
bubbles. The gas content significantly influences the density of the liquid, resulting in a
change in the dynamic properties of the liquid. Thus, cavitation occurs when certain physical
states of the liquid, especially temperature and pressure, are reached. If the pressure drops
to the so-called cavitation pressure, or the saturated vapor pressure, which is the function of
the temperature of the liquid, the liquid continuity is disturbed and the cavitation cavity is
formed by evaporation of the liquid. On the other hand, cavitation can also arise in case of
separation of flow or as the result of oscillation and subsequent induced pressure waves.

Cavitation flow modeling is possible as a modeling of the multiphase flow of a mixture
of liquids and gases when bubble dynamics according to the Rayleigh - Plesset equation is
considered. This model is time-consuming, but due to the development of computational

options it is possible to use it.

12.1. Rayleigh -Plesset thory

All cavitation models are based on the linearized Rayleigho-Plesset equation describing
the growth of individual gas bubbles in the liquid:

Pe(t)-p.(t) _ pd°R | 3(de2 L dR 25,

, (12.1.1)
L d? 2\dt) R dt pR

where pg(t) is the bubble pressure, p«(t) is the pressure around the bubble, o is the density
of the liquid, w is the kinematic viscosity of the liquid, R is the radius of the bubble, Sg is the
area of the bubble. This equation was solved by a number of scientists, such as Rayleigh
and Plesset, in a simplified form (a member of surface tension, a viscous member and
members with higher derivatives were neglected). The simplified differential equation in
multiphase flow application was used in the form:

0R, :Jg Puap(t)—P.. (1)

dt 3 o}

(12.1.2)
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There are several cavitation models that are different in solution approach and entering of
input parameters. The tested system must contain a liquid and vapor phase. In FLUENT
program, Singhal, Schnerr-Sauer and Zwart-Gerber-Belamri cavitation models are available.
The Schnerr-Sauer and Zwart-Gerber-Belamri models are more stable and thus faster

conversion can be expected.

12.2. Schnerr and Sauer cavitation model

This model is a possible approach to deriving a phase change from liquid to vapor. The

equation for the vapor fraction is in shape

0 0 _
R= a(pvap(x)+§j(pvapotuj) (12.2.1)

where R it presents steam generation or evaporation rate

R :M(a—%a(u—i“)} (12.2.2)

p ot OX;

When this equation is implemented in the previous equation, then next shape is obtained
R=Pwl 1) |2 P 7P (12.2.3)
p R, V3 p

Radius of buble is
1
R, = -% 31 (12.2.4)
1-a 4nn,

Thus, in this model, the only parameter that must be defined is the number of spherical
bubbles in the volume of liquid n, . If we assume that no bubbles are formed or lost, then the
density of the bubbles will be constant.

The final form of equations is:

2
ifpSpvapRe—p"p' (- ai pvap (12.2.5)

2
iprpvapRc:p _a)S / [p p“"] (12.2.6)

;U

> |
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12.3. Cavitation in the nozzle

12.3.1. Description of experiment

Experimental equipment consisted of hydraulic circuit with circular converging-
diverging nozzle, frequency converter, flowmeter, pressure and noise sensors and dissolved
oxygen transmitter. The flow in the circuit was forced by the pump connected to the tank, the
working liquid was water. Water passed through the flowmeter and reached the nozzle. With
increasing pump motor's frequency more air was released in the nozzle. The change of
oxygen content in the water was measured by the dissolved oxygen transmitter located in the
tank. In the beginning and end of the nozzle the pressure sensors were installed. The nozzle
is made of transparent plastic. The flow was regulated by changing the frequency of pump’s

motor by means of frequency converter. The photo of the circuit is shown in

Fig. 12.1. The measurements were performed at twelve different pump’s motor

frequencies, from 10 Hz to 32 Hz with step equal to 2 Hz, see Tab. 12.1 and Fig. 12.2.

Tab. 12.1 Results of measurements

f Qv Pin Pout L
Hz | I/s Pa Pa cm
18 | 2.61 | 138982 | 96476 | 1.6
20 | 2.79 | 155301 | 96725 | 2.2
22 1295 |173085 | 97048 | 4.1
24 | 3.15 | 192279 | 97329 | 5.3
26 | 3.31 | 213556 | 97775 | 7.0
28 | 3.49 | 236471 | 98202 | 94
30 | 3.68 | 260885 | 98493 | 11.0
32 | 3.88 | 286609 | 97937 | 11.5

Fig. 12.1 Photo of circuit

179



Cavitation

18 Hz 20 Hz 22 Hz 24 Hz

28 Hz 30Hz 32Hz

26 Hz

Fig. 12.2 Cavitation clouds development

12.3.2. Results

To choose the most suitable turbulent model to the further calculation the series of
tests were performed. At one frequency of pump’s motor equal to 32 Hz (maximum flow) four
different turbulence models were tested: k-¢ RNG, k-¢ realizable, k-w, SAS. Finally based on
comparison of cavitation area size, the k- RNG model was chosen for further calculation

and the results are in Fig. 12.3.

Vapor fraction (scale is (0;1)) Undissolved air fraction (scale is (0;0.28))

Gas (vapour+air) fraction (scale is (0;1)) Gas measured area of cavitation cloud

Fig. 12.3 Comparison of vapor, air, vapor+air volume fraction with experimental evaluation

The changes of volume of air and of vapour in the domain in time are shown in Fig. 12.4. It
can be observed that for vapour the one frequency dominates the others, in case of air
volumes a few frequencies can be seen. The results of FFT analysis are shown in the same
figures in second raw.. The frequencies obtained by FFT analysis were 12.2 Hz, 24.4 Hz and
36.6 Hz.
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Fig. 12.4 Time series and FFT analysis of volume integral of vapor and air

After simulation performance it can be stated that in case of vapour phase there is one main

growing and shrinking frequency. Meanwhile the air phase is changing with number of

frequencies with no such clear domination. It also was observed that for vapour type of

cavitation (which occurs at flow rate 2.61 I/'s — 18 Hz motor’s frequency) higher frequencies of

phase changing appeared. When more air is observed in cavitation cloud, the frequency of

phase growing and shrinking is decreasing (which occurs at flow rate 3.88 I/s — 32 Hz

motor’s frequency). That indicates that air is responsible for lower frequencies in noise

analysis.
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13. Appendix

13.1. Vectors and scalars

Quantities that can be determined by a single number when a unit of measure is
chosen are called scalars. The vector is a variable that provides different data. One is
arithmetic (its size), the other is geometric. The vector is an oriented line.

Assume a rectangular coordinate system and let the point be given by three

- - -

- -
coordinates x =(x, y,z) . Let a_, a, , a, are the projections of the vector @ in coordinate

N
axes. Tyto These vectors are called components of vector a and are valid

N

- - - -

If i is unitvector of axis x, je a, = i a,, where a, is number, expressing the vector size a,

and is called x-coordinate of vector, see Fig. 13.1. Similarly, a, =ia, aa, =ia,. Itisalso

possible to write

a=ia, +ja, +ka, (13.1.2)
y A y A
ay.-
B—
T%
—" | - »
K > ex Xr
az :

Fig. 13.1 Vector components, vector coordinates, unit vectors

The vector in the coordinate system is defined as an ordered triple of numbers and is

recorded

a- (ax,ay,az) resp. g(ax,ay,az) (13.1.3)
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- - -
The scalar product of vectors a and b with coordinates a:(ax,ay,az) and

B:(b b b)isscalar

x1 My 1Mz

L2

a

-> -

a.b=ab,+ab, +ab,, resp. a.a=a,a, +a,a, +a,a, = (13.1.4)

Dyadic vector product is tenzor
ab,, ab, anb,
ab=\ab,, ab, ab, (13.1.5)
ab,, a,b, a,b,

If scalar function f(x,y,z) is given, than gradient of scalar function is vector with

. of of of
coordinates —, — and —, so
ox oy 0z
of of of
radf =VFf=| —, —, — 13.1.6
9 (6}( oy GZJ ( )
, : o 0 0 O
and a symbolic designation is oftenused V= —,—,—
ox oy o0z
_)

If a vector a with coordinates a..a,a, is given, then a gradient of vector function is

tenzor, so

oa, oa, oa,
ox oy oz
oa, oa, oda,
ox oy ' oz
oa, oa, oa,
ox oy oz

grada=Va-= (13.1.7)

- -
Let a is a vector with coordinates &a,,a,,a,. Then divergence of vector a is scalar

diva=V.a :(6 2 aj : (ax,ay,aZ

y— 4+ + = (13.1.8)
ox oy oz

ox oy oz

): oa, oa, oa

Derivative of vector a by vector b is signed [b.gradja and is defined as follows
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(Z.gradjgz(g.ngz bxi+b i+bzi a-
ox oy 0z

: oa, b, oa, b, oa, oa, b, + oa, b, + oa, b,
ox oy 0z ox oy 0z (13.1.9)
oa oa oa oa oa oa
=\b,—L+b,—L+b, L= Lb +_Lb +Lb,
ox oy 0z ox oy 0z
: oa, Vb, oa, +b, oa, oa, b, + oa, b+ oa, b,
oXx oy 0z ox oy 0z
Divergence of dyadic prodact of vectors (resp. tenzors) is :
a(a)(a)() + a(aan ) + a(azax)
ox oy 0z
- a(axa ) 6(3 a ) a(aza )
V.laa|= Yy Y Iy 4 (13.1.10)
ox oy 0z
a(axaz) + a(a}/az) + a(azaz)
ox oy 0z

13.2. Coordinate systems
Imagine we stand on the bridge and see how the concentration of fish just in place
changes with time. So we will see how the concentration varies with time in a fixed place

firmly connected to the surface of the earth. This space is called absolute space and is the

: . oC . : — . ,
basic space. The quantity Fl is partial derivative of concentration ¢ with respect toe t at

cnstant coordinates X,Y,Z.

Now, instead of standing on a bridge, we'll get to the motorboat and ride along the
river, sometimes upstream, sometimes across the river and sometimes downstream.
Changing the concentration of fish with time will depend somehow on the movement of the
boat. Then the total derivative of concentration by time is given by the relationship.

dc oc ocdx ocdy ocdz

= 4 T
dt ot oxdt oy dt oz dt (13.2.1)

x dy dz .
——, — and —— are the components of boat velocity.
dt  dt dt

Now we'll get to the boat, let go with the river stream and count the fish. The

where

observer's velocity is now the same as the flow velocity. Specifying the change in fish
concentration over time depends on the local velocity of the flow. This derivative is a special
kind of total derivative and is called a substantial derivative or a "derivative following

motion". Its relation to the partial derivative by time is
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Dc & @ v @
=+ U+ —u,
Dt & o EYR ™

u, a u, are components of local water velocity. Space is relative, ie it is small

(13.2.2)

where u

X!

spaceje, which can move according to absolut space.

13.3. Field of velocity and acceleration

When the field fluid flows, the velocity field given by the vector function will be

considered [1]

U= Z(f, 7() (13.3.1)

N
Velocity is defined at a point X whose components depend on the selected coordinate
system. In the most general case, the velocity is a three-dimensional time-dependent vector.

Fluid acceleration is prescribed in the usual way

S _Du (13.3.2)
Dt

The designation of the derivative by the letter D represents a substantial derivative.
Substantial derivative of the scalar (temperature, concentration) can be expressed by vector

D) 8+ 8¢

Dt ot} @),.(m 1359

local time convective
derivative ivati

derivative

og

=
First part 2t is called local time derivative and second part V{'.u is so called convective

derivative.
Substancial derivative of vector is more complicated and is valid (for clarity the vector is

written in columns)

Du ou, ou, ou, ou,
x + u, + u,+ u,
Dt ot  ox oy 0z
v | Du ou, ou ou ou u >
ki Y= L+ —Yu +—Lu,+—Tu, =6—U+V (uu) (13.3.4)
Dt Dt ot ox oy 0z ot
Du, ou, ou, ou, ou,
+ u, + u,+ u,
Dt ot  ox oy ¥ oz
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