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Users defined source term of turbulent kinetic

S rerey [ke/(m-s®)]
Se Users defined source term of dissipation rate [kg/(m-s*)]
Sy Users defined source term of viscosity [kg/(m-s?)]
T Thermodynamic temperature [K]

T* Dimensionless temperature (1]

t Relative temperature [°C]

t Time [s]

u velocity [m/s]

u; i"" component of velocity [m/s]

0, i"" component of mean velocity [m/s]

X; Coordinates [x1, X2, X3] nebo [x, y, z] [m]

X; Molar fraction of i" component of mixture (1]

Y; Mass fraction of i" component of mixture (1]

Yu Fluctuation dilatation source term [kg/(m-s*)]

Greek letters:

Sis Kronecker delta [1]
3 Dissipation rate [m?/s°]
Y Heat capacity ratio, Adiabatic index [1]
A Thermal conductivity [W/(m - K)]
n Dynamic viscosity [Pa-s]
Nesr Effective viscosity [Pa - s]
n; Turbulent viscosity [Pa-s]
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Viscosity

Turbulent viscosity
Density

Shear stress

Shear stress tensor
Empirical constant

Empirical constant
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List of Abbreviations:

CFD Computation Fluid Dynamics
LES Large Eddy Simulation

RANS Reynolds Average Navier-Stokes
RNG Re-Normalization Group
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1 Introduction

The interaction of fluid and solid bodies has been studied since the antics ages. Greek
Philosophers like Aristoteles or Archimedes studied fluid flow and the interaction of the
fluid with immersed bodies. Interaction of fluid and solid bodies occurs in many physical
branches like power engineering, automotive, hydromechanics, aerodynamics etc.
Nowadays, numerical methods like the Finite Volume Method (FVM), Finite Element
Method (FEM), Smoothed-particle hydrodynamics (SPH), etc. are used to perform
simulations of fluid flow. The main result of these simulations is a prediction of forces
acting on the solid body. The main result of these simulations is a prediction of forces and
torques acting on the solid body. Estimated forces and torques are often used to design
actuators or structures supporting solid bodies.

This report deals with the simulation of flow in a shut-off valve and torque acting on
the flap of the valve, respectively. The first step involved studying all possibilities of fluid-
solid interaction simulation using the Computational Fluid Dynamics (CFD) approach. A
simplified flap was designed to perform Fluid-Structure Interaction (FSI) and moving
mesh method testing. The flap geometry did not involve geometry entities which would
limit any method of FSI. The dimensionless numbers were applied to the problem and a
simple description of physics.

2 Moving solid body problem

Moving body and solid boundary, respectively, can be generally simulated by two
different approaches:

1) mesh modification i.e., moving, and deforming mesh
2) overset meshes i.e., overset mesh and immersed body.

They can be used to study stationary states and time-dependent deformations where
the geometry changes its shape due to the motion of solid boundaries and the deformation
of solid domains.

2.1 Moving mesh method

The moving mesh method splits the domain into stationary and moving frames. The
domains are connected via an interface, and the moving frame slides along the stationary
frame (see figure 2.1 for reference). The fluid flow is solved separately in stationary and
moving frames, and both simulations are coupled via the nonconformal interface. This
method is useful for the simulation of cases with simple rectilinear or rotary motion, e.qg.,
pump impeller rotation, opening or closing of a ball valve, opening or closing of a spool
valve, rotor-stator passing in turbomachinery etc.
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Interface
Stationary domain ~ Moving domain

Fig. 2.1 Moving mesh

2.2 Dynamic mesh method

The dynamic mesh model can simulate flows where the shape of the domain changes
with time due to motion on the solid body and its domain boundaries, respectively.
Combined with the six degrees of freedom (6 DOF) solver, dynamic mesh allows the
simulation of the trajectory of a moving object caused by the hydrodynamic forces from
the surrounding flow field. The elementary capabilities are three dynamic mesh schemes:
smoothing, layering, and remeshing. Combining these three schemes is used to solve the
most challenging dynamic mesh problems. The mesh Smoothing and Remeshing method
provide instant mesh deformation capability. The dynamic mesh technique consists of
three steps:

1. determining dynamic mesh methods,
2. specifying specific modes with dynamic mesh options,
3. defining the dynamic mesh zone.

So, it means mesh is split into the stationary zone and the zone with deformed mesh.
Both domains are connected. Thus, no interface is necessary, and interpolation of
solution between two domains is performed. The contact of boundaries is not allowed,
which creates a restriction in some cases, e.g., simulation with a fully closed valve is
impossible.
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Internal surface
Stationary domain ~ Deforming domain

Shrunk mesh
Deformed mesh

(inside)

Fig. 2.2 Deforming mesh

2.3 Overset mesh method

Overset mesh, also known as “chimaera” or “overlapping” mesh, is a method based on the
solution of the flow field on two independent meshes which overlap each other. Overset
mesh can be handy in cases when a large relative motion between components occurs.
Compared to remeshing, overset mesh allows greater control of local mesh characteristics
as the geometry moves through the domain. Individual mesh zones need not deform to
accommodate moving geometry. When used appropriately, the overset mesh can optimise
local cell types and quality, reduce cell count (and, therefore, computation time), or simplify
model setup. The simulation with overset mesh includes two independent meshes (no
interface, no connection). The first is background mesh, containing boundary conditions
like inlet, outlet, stationary walls, etc. This mesh represents a free stream without moving
the body, and it can be relatively coarse. The second mesh is called foreground mesh and
contains boundary conditions (walls) representing the moving body. This mesh is usually
fine to precisely describe the shape of the body. This mesh does not usually contain inlet
or outlet boundary conditions.
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Background mesh Foreground mesh

Inlet Outlet

Overset mesh

Fig. 2.3 Overset mesh

2.4 Immersed body method

Immersed body method is very similar to overset mesh. The difference is that immersed
body method contains solid body mesh instead of fluid mesh surrounding a solid body's
outline. The solid mesh can pass through the fluid mesh without limitation. So, this method
is easy to use and very robust. If the solid and fluid mesh overlaps, the fluid’'s main physical
properties are set to zero, e.g., velocity. The disadvantage is the necessity of a fine fluid
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mesh to respect the outline of a solid body overlapped with fluid.

Background mesh Solid mesh

Inlet Outlet

\ Overlap mesh

Fig. 2.4 Immersed body mesh

3 CFD Simulation flow around the flap

3.1 Mathematical model of fluid flow

The mathematical background of fluid flow is discussed in several books, which deal with
fluid mechanics and numerical simulation of fluid flow.

At first, it investigated the influence of coupling the CFD with the moving body previously
discussed. The effect of turbulence was modelled using standard k-¢ approaches. The
classical approach to modelling turbulent flows is based on averages of the Navier-Stokes
equations. These are commonly called Reynolds Averaged Navier-Stokes equations
(RANS). The simplest model for turbulent flow is k-¢. Even though it certainly is the best
compromise for engineering design using the RANS approach.

For non-constant density flows, the Navier-Stokes equations are written in the
conservative form:

Momentum equations (3.1)
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where v is the velocity (u,v,w), t is time, x is coordinate (x,y,z), p is static pressure, p is
density, u is dynamic viscosity, 7;; is the viscous stress tensor, S;; is the rate of the strain
tensor, g is gravity acceleration, d;3 is Kronecker symbol (6;; =1 fori=j, §;; =0 fori #
Jj). €ijk is a unit tensor (g, =1 for ijk = 123,231,312, ¢, = —1 for ijk = 321,213,132,
gijx = 0 for other combination of ijk).

In equation (3.1), the two left terms on the left-hand side represent the local rate of
change and convection of the momentum, respectively. The first term on the right side is
the pressure gradient, and the second term represents molecular transport due to
viscosity. The third term represents the buoyant effect, and the fourth term represents the
Coriolis effect. Using Reynolds averaging on equations (3.1) and (3.2), one obtains
averaged equations.

Averaged momentum equations
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Equation (3.3) is like (3.1) except for the third term of the right side of the equation. The
new term (p-v,-v') is called Reynolds stress tensor. This tensor is unknown and
represents the first closure problem for turbulence modelling. It is possible to derive the
equation for the six components of the Reynolds stress tensor. Although the Reynolds
stress model contains a complete description of the physics, it is not yet widely used in
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turbulent combustion. Many industrial codes still rely on the k-¢ model, which introduces
the assumption of isotropy by using an eddy viscosity. It is known that turbulence becomes
isotropic at the small scales, but this does not necessarily apply to the large scale at which
the averaged quantities are defined. The k-¢ model is based on equations where the
turbulent transport is diffusive and therefore is more easily handled by numerical method
than the Reynolds stress equation. This is probably the most important reason for its wide
use in many codes. An important simplification is obtained by introducing the eddy
viscosity uy, which lead to the following expression for the Reynolds stress tensor.

77, <2 S, —2e6 aﬁ‘) 25y pk (3.5)
BT =25 =26, T L5 p _
v U3 U gx) 37U

Where k is turbulent kinetic energy.

Turbulent kinetic energy and eddy dissipation are related to turbulent viscosity by equation.
k2
I’lt:p'C“'_ (36)
£
Where ¢ is eddy dissipation and C, is constant.
The introduction of variables k, € requires that modelled equations are available for these
quantities.

Turbulent kinetic energy
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Where Gy is the production of turbulent kinetic energy, G, is the generation of turbulence
due to buoyancy, and Yy is the production of turbulence due to compressibility.

oy, 0dv;\ 07,

Gk:ﬂt'< 1+_l> 1

ox,  0x; ox
LT : (3.9)
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Where o, is Turbulent Prandtl number, A, is turbulent thermal conductivity, and c, is
specified heat capacity.

In equations (3.7) and (3.8), the two teem on the left side represent local rate and
convection, respectively. The first term on the right side represents turbulent transport,
the second is turbulent production, and the third is turbulent dissipation.

3.2 Test geometry

As mentioned above, the first step consisted of the flow simulation in a "simplified"”
flap valve. The flap was designed not to limit any method of moving mesh. The flap was in
the pipe, and the pipe does not contain any additional parts like a seal, gasket, flap stop,
etc. Mesh was very similar for all models due to the relevant comparison of results, such
as torque and velocity field surrounding flap, flow through the pipe, etc.

Outlet

Angular velocity of flap 1 rad/s

Inlet "

Fig. 3.1 Test geometry

The test was performed as an unsteady transient case, and the shut-off of the flap
was simulated. The total pressure inlet and static pressure outlet were set as boundary
conditions, which is the best combination for variable flow reaching zero.

Next, the phenomenon of moving the body in the fluid was analysed. In general, if the
motion of the body is very slow relative to fluid velocity, then the transient state can be
simulated as a set of stationary simulations of the flap in discrete positions (variable angle
of rotation).

3.3 Test case-results

The test simulations’ main goal was to compare the pressure field acting on the flap
simulated by different approaches. The torque acting on the flap was monitored during the
flap rotation for all solved variants. We can see that the contours of static pressure are
similar. More significant are differences in velocity contours, especially for immersed body
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method. Elementary principles of immersed body method can cause it. Only immersed body
method does not include a cavity representing the flap's real shape, and the flap's shape is
reconstructed in CFD simulation by overlapping solid and fluid mesh.

Dynamic Mesh Immersed Body Moving Mesh Overset Mesh
- e

l -»: Background
|'~

Fig. 3.2 Contours of static pressure, identical scale for all variants

e L
war
s
a0
a0

Dynamic Mesh Immersed Body Moving Mesh Overset Mesh

|-

Fig. 3.3 Contours of velocity magnitude, the identical scale for all variants

The torque-time characteristics were also compared with a set of stationary solutions
for the discrete angle of rotation of the flap.
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Notation:

MM — Moving Mesh

IB— Immersed body

DM - Dynamic Mesh

Overset — Overset Mesh

Finemesh — various size of elements
Steady — set of steady solutions

¢ [Nm)

Fig. 3.4 Torque characteristics of the flap with respect to the angle of rotation

Differences between methods are evident, and the shape of the curve calculated by
immersed body method is different from all other methods. As mentioned above, only
immersed body method does not include the real shape of the flap in the fluid mesh. We
can see that the method is very sensitive to the element size of the fluid mesh.

Flow characteristics of the flap were estimated as well. Differences are not so
significant, but the immersed body method is still different from others.

Notation:

MM — Moving Mesh

IB — Immersed body

DM — Dynamic Mesh

Overset — Overset Mesh

Finemesh — various size of elements
Steady — set of steady solutions

Fig. 3.5 Flow characteristics of the flap with respect to the angle of rotation

Finally, the effect of the closing speed was analysed, and the influence of the angular
velocity of the flap respectively. The rotation of the flap was simulated by the moving mesh
method for four angular velocities, namely 0.1, 0.2, 0.5 and 1 rad/s. The next steady state
of the flap was simulated in the range of O - 360 degrees with step 20 degrees. These
simulations represented a set of steady-state simulations and discrete points in flow-
angle and torque-angle characteristics.
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Fig. 3.6 Flow-angle characteristics for steady state set and various angular velocity transient
simulation
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Fig. 3.7 Torque-angle characteristics for steady-state set and various angular velocity transient
simulation

If the angular velocity reached zero value (limit variant), the solution would be the
same. Generally speaking, if the closing or opening of the flap is slow, then the process
can be simulated as a set of discrete positions of the flap (steady state). The problem is
how to find out the limit angular velocity.
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