Module VI: Introduction to CFD and Heat Transfer

1. Basic Theoretical Framework

What is Computational Fluid Dynamics (CFD)?

e CFD is a branch of fluid mechanics that uses numerical methods and algorithms to simulate
and analyze fluid flows and heat transfer on computers.

e The governing equations are the conservation laws of physics: mass (continuity equation),
momentum (Navier-Stokes equations), and energy (first law of thermodynamics). 1 2 18]

Core Steps in a CFD Analysis

1. Defining the Physical Domain

o Model geometry is prepared, encapsulating the region where flow and thermal analysis
are needed.

2. Discretization

o The domain is divided into small elements or cells (the mesh). Finite difference, finite
volume, and finite element methods are commonly used to convert the governing partial
differential equations into algebraic equations.

3. Setting up Governing Equations

o The appropriate conservation equations (mass, momentum, energy) are formulated for
each cell.

4. Boundary and Initial Conditions
o Physical constraints and initial values are established (details in Sec. 2).
5. Numerical Solution

o Algebraic equations are solved iteratively (or directly) until solution convergence is
achieved.

6. Post-Processing

o Results (velocities, pressures, temperatures) are visualized and interpreted using
specialized software. 1 2] [4]

Heat Transfer in CFD

CFD models all three heat transfer modes:

e Conduction: ¢ = —kVT
e Convection: ¢ = h(T; — T%)



e Radiation: ¢ = eo(T*-T4 )I5l6l
Combining these with flow physics allows simulation of temperature fields, heat fluxes, and their
impact on fluid behavior.
2. Boundary Conditions in CFD

Boundary conditions are vital for physical fidelity and stability of CFD simulations. They define
fluid properties and behavior at the edges of the computational domain, directly affecting
solution realism and accuracy.IZl I8] [o] 0]

Major Types of Boundary Conditions

Type Description & Example Common Application

Specifies flow variables entering the domain (velocity,

Inlet Pipe entrance, fan intake
pressure, temperature)
Specifies conditions for exiting flow (fixed pressure . .
Outlet R . g ( P ! Duct exit, open boundaries
zero gradient)
No-slip (zero velocity at solid wall), heat transfer
Wall . P ( y ) Pipe walls, machine surfaces
(adiabatic or set temperature)
. Zero flux/gradient across boundary; used on planes of Half/quarter models, no flow
Symmetry/Axis
symmetry through plane
L Rotating machine parts,
Periodic Repeated boundary patterns 9 . P
combustion chambers
Far-Field Simulates unbounded/external flow Aerodynamics, open-air systems

Mathematical Formulations

 Dirichlet (Fixed Value): Sets the variable directly (e.g., v = 0 at a wall).

e Neumann (Fixed Gradient): Sets the derivative of a variable (e.g., g—: = 0 for insulated
walls).

e Mixed (Robin): Combination of values and gradients.

Correctly assigning these to each physical field (velocity, pressure, temperature) ensures
stability and accurate physical representation.z1 [91 1101 [11]
3. Application Examples: Thermal and Fluid Machines

CFD and heat transfer tools are routinely applied to analyze, design, and optimize a wide variety
of engineering systems involving fluids and heat:



a. Thermal Machines

Heat Exchangers: CFD predicts heat transfer rates, identifies hot/cold spots, and optimizes
design for efficiency and performance.fﬁl 2]

Boilers & Condensers: Simulate combustion, phase change, and heat distribution for
improved safety and output.

Electronics Cooling: Air or liquid cooling systems are analyzed to ensure adequate removal
of waste heat from chips and devices.

b. Fluid Machines

Pumps and Compressors: Internal flow paths are studied for pressure losses, turbulence,
and efficiency.

Turbines (Gas/Steam): CFD helps optimize aerofoil design, analyze cooling, and reduce
losses.

Fans and Blowers: Desigh and placement are improved for target flow rates and energy
efficiency.

c. Combined Systems

Automotive Radiator Systems: CFD/HT is used to maximize heat removal from engines
while minimizing pressure drops.

HVAC (Heating, Ventilation, Air Conditioning): Evaluate room airflow distribution,
temperature uniformity, and comfort.

Environmental Engineering: CFD investigates pollutant dispersion and temperature control
in large spaces.

d. Research and Advanced Engineering

Aerospace: External aerodynamics and thermal protection (e.g., spacecraft reentry).
Renewable Energy: CFD optimizes wind/solar thermal systems for maximum energy yield.

Additive Manufacturing: Thermal simulation ensures quality and reduces defects in metal
3D printing.[ﬁlm“El

Table: Sample CFD Applications in Industry

Domain Typical Analysis Goals
Power Plants Optimize heat exchangers, minimize losses
Automobiles Engine cooling, aerodynamic drag
Aerospace Wing/bodie airflow, fuel combustion, cooling
Electronics Component temperature, airflow optimization

Chemical Processing Reaction vessel mixing, heat transfer



Conclusion

CFD and heat transfer modeling enable engineers to predict, optimize, and design complex fluid
and thermal systems virtually. By leveraging a strong theoretical framework, applying rigorous
boundary conditions, and employing advanced analysis tools, industries achieve safer, more

efficient, and innovative products across automotive, power, aerospace, electronics, and
environmental sectors 1 121 1611121 [13]
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