*** Governing Equations of Fluid Flow and Heat Transfer
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2.2 Equations of State

L)

* Thermodynamic variables

L)

p,p,iand T

® Assumption of thermodynamic equilibrium

L)

» Equations of the state

L)

® Relate two state variables to the other variables

p=pp, T) 1=up, T)

L)

* Compressible fluids

L)

® EOS provides the linkage between the energy equation and other governing equations.
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*** Incompressible fluids
® No linkage between the energy equation and the others.
® The flow field can be solved by considering mass and momentum equations.



2.3 Navier-Stokes Equations for a Newtonian Fluid

** Viscous stresses T; in momentum and energy equations
® Viscous stresses can be expressed as functions of the local deformation rate (or strain rate).
® In 3D flows the local rate of deformation is composed of

= the linear deformation rate
= the volumetric deformation rate.

® All gases and many liquids are isotropic.

*** The rate of linear deformation of a fluid element
® Nine components in 3D
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® Linear elongating deformation | | L x
® Shearing linear deformation components s
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*¢* The rate of volume deformation of a fluid element




2.3 Navier-Stokes Equations for a Newtonian Fluid

** Viscous stresses T; in momentum and energy equations
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Fig. 5.5 Pictorial representation of the components of fluid motion.

All gases and many liquids
are isotropic.
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Fig. 5.7 Rotation and angular deformation of perpendicular line segments in a two-dimensional flow.



2.3 Navier-Stokes Equations for a Newtonian Fluid

** Viscous stresses T; in momentum and energy equations
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2.3 Navier-Stokes Equations for a Newtonian Fluid

** Newtonian fluid
® Viscous stresses are proportional to the rates of deformation.
® Two constants of proportionality

= Dynamic viscosity (4): to relate stresses to linear deformations
= Second viscosity (A): to relate stresses to volumetric deformation
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2.3 Navier-Stokes Equations for a Newtonian Fluid

“* Momentum equations
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2.3 Navier-Stokes Equations for a Newtonian Fluid

** Rearrangement
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** N.-S. equations can be written as follows with modified source terms; S, =5, +[s\]
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2.3 Navier-Stokes Equations for a Newtonian Fluid

“* For incompressible fluids with constant u
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2.3 Navier-Stokes Equations for a Newtonian Fluid

** Internal energy equation
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® Dissipation function ®
= Always positive
= Source of internal energy due to deformation work on the fluid particle.
= Mechanical energy is converted into internal energy or heat.
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2.4 Conservative form of the governing equations of fluid flow

Mass

X-momentum

y-momentum

Z-momentum

Internal energy

+ EOS
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This system is mathematically closed!




2.5 Differential and integral forms of the general transport equations

** General form of fluid flow equations
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2.5 Differential and integral forms of the general transport equations

¢ Starting point for computational procedures in FVM
® Integration of the general form over a 3D control volume (CV)
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® Gauss’s divergence theorem
= Volume integral < surface integral
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A special case of the Reynold’ transport theorem




2.5 Differential and integral forms of the general transport equations

¢ Starting point for computational procedures in FVM
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® Intime-dependent problems
= |Integrate with respect to time t over a small interval At
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2.10 Auxiliary conditions for viscous fluid flow equations

** Initial and boundary conditions for compressible viscous flow
® Initial conditions for unsteady flows
= Everywhere in the solution region, p, Uand T must be given at time t=0.

® Boundary conditions
= On solid Walls

— No-slip condition: U= UW

— Fixed temperature 6"‘

— Fixed heat flux T = TW k % — _qw

= On fluid boundaries

— Inlet o, U and T

— Outlet a a
u u,

—Ppru = |:n H = |:t

on on

= Qutflow boundaries
— Far from solid objects in an external flow
— Commonly, no change in any of the velocity components in the direction across the boundary

-p=F, 0=F

— Open boundary



2.10 Auxiliary conditions for viscous fluid flow equations

¢ Initial and boundary conditions for compressible viscous flow

® Symmetry boundary condition

dQ/dn = ()
® Cyclic (periodic boundary condition)
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As inflow bc where flow into Or as outflow bc where

domain through open boundary flow out of domain




2.10 Auxiliary conditions for viscous fluid flow equations

¢ Initial and boundary conditions for compressible viscous flow
® Symmetry boundary condition

dQ/dn = ()
® Cyclic (periodic boundary condition)
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