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Free and Forced Convection in Thermodynamics

Introduction

Flow over flat plates and flow through pipes are fundamental topics in fluid mechanics, a
branch of thermodynamics that deals with the behavior of fluids (liquids and gases) in motion.
These concepts are essential in understanding heat transfer, fluid dynamics, and energy

conservation in engineering applications.
In this seven-page content, we will delve into the following aspects:

Theoretical background of flow over flat plates and through pipes.
Laminar and turbulent flows.

The boundary layer theory for flat plates.

Velocity profiles and pressure drops in pipes.

Energy losses and friction factors.

Application of these concepts in real-life scenarios.
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Concluding remarks.

1. Theoretical Background: Flow Over Flat Plates and Through Pipes

Flow Over Flat Plates

When a fluid flows over a flat plate, the flow can be characterized into different regions
depending on the velocity of the fluid, surface roughness, and fluid properties like viscosity. The
most critical region is the boundary layer, where the fluid velocity transitions from zero at the

surface of the plate (due to the no-slip condition) to the free-stream velocity of the fluid.



o Boundary Layer Formation: When a fluid flows over a flat plate, a thin layer of fluid,
called the boundary layer, forms near the surface due to the effect of viscosity. This layer
grows in thickness as the fluid moves downstream along the plate.

o The boundary layer is divided into two main types:
1. Laminar boundary layer: Smooth and orderly flow, where fluid particles
move in parallel layers.
2. Turbulent boundary layer: Chaotic flow, where fluid particles
experience significant mixing and velocity fluctuations.
e Reynolds Number: The transition from laminar to turbulent flow depends on the

Reynolds number (Re), a dimensionless number given by:

where:
e pis the density of the fluid,
e V is the velocity of the free-stream fluid,
e L isthe characteristic length (for a flat plate, this is the length of the plate),

s i is the dynamic viscosity of the fluid.

Laminar flow occurs when Re is below a critical value (typically Re = 5 = 10™), and turbulent
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flow occurs beyond this point.

Flow Through Pipes

The flow inside a pipe, similar to the flow over a flat plate, can be categorized based on the
Reynolds number. However, in the case of pipe flow, the characteristic length used in the

Reynolds number is the pipe's diameter (D).

¢ Reynolds Number for Pipe Flow:
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Laminar flow in pipes occurs when Re < 2000, while turbulent flow occurs when Re = 4000.

Between these two values, the flow is considered transitional.

Between these two values, the flow is considered transitional.

e Flow Regimes in Pipes:
o Laminar Flow: In this regime, fluid particles move smoothly in parallel layers
with minimal mixing between them.
o Turbulent Flow: Characterized by chaotic mixing, resulting in increased friction

and energy losses.

2. Laminar and Turbulent Flows

Laminar Flow

In laminar flow, fluid particles move in straight, parallel paths. There is little mixing, and the
flow is smooth and predictable. The velocity profile of a laminar flow over a flat plate or inside a
pipe follows a parabolic distribution, meaning the fluid moves faster at the center and slower

near the walls due to viscous effects.
Turbulent Flow

Turbulent flow, on the other hand, is highly chaotic. Fluid particles move in erratic directions,
causing significant mixing and fluctuations in velocity and pressure. The velocity profile in
turbulent flow is flatter in the core region, but near the walls, there is a sharp drop in velocity due

to the formation of the boundary layer.

The transition from laminar to turbulent flow is crucial because it affects the heat transfer
rate, drag forces, and energy losses. Turbulent flow, despite its chaotic nature, tends to enhance

heat transfer because of the increased mixing.



3. Boundary Layer Theory for Flat Plates

The concept of the boundary layer was introduced by Ludwig Prandtl in 1904. The boundary

layer plays a critical role in determining the drag force on an object, heat transfer rates, and fluid

flow characteristics near surfaces.

Boundary Layer Thickness: The thickness of the boundary layer grows with the
distance from the leading edge of the plate. The thickness at a point is dependent on the
fluid velocity, viscosity, and distance from the leading edge. In laminar flow, the
boundary layer grows more gradually, whereas in turbulent flow, it thickens faster.

For laminar flow over a flat plate, the boundary layer thickness 6 can be approximated as:
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where Re, = &= is the Reynolds number based on the distance  from the leading edge.
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Separation of Boundary Layer: As the boundary layer grows, adverse pressure
gradients can cause the boundary layer to separate from the surface, leading to a
phenomenon known as flow separation. This can result in increased drag and loss of

efficiency in fluid flow systems.

4. Velocity Profiles and Pressure Drops in Pipes

In pipe flow, the velocity profile depends on the nature of the flow (laminar or turbulent).

Laminar Flow in Pipes



In laminar flow, the velocity profile is parabolic, with the maximum velocity at the center of the
pipe and zero velocity at the walls (no-slip condition). The velocity distribution for laminar flow

can be described by:

where:
e v(r) is the velocity at a distance r from the center of the pipe,
o Vi is the maximum velocity (at the center),

e R is the pipe radius.

Turbulent Flow in Pipes

In turbulent flow, the velocity profile flattens out near the center, but near the pipe walls, there is
a sharp gradient. The velocity profile is not easy to describe analytically, but empirical formulas

and correlations are used to model the flow.
Pressure Drop in Pipes

The pressure drop in a pipe due to friction is a critical parameter in fluid dynamics. The Darcy-

Weisbach equation is commonly used to calculate the pressure drop due to friction in a pipe:
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where:
e AP is the pressure drop,
s f is the Darcy friction factor,
e L isthe length of the pipe,
¢ D is the diameter of the pipe,
e pis the fluid density,

o Vs the average flow velocity.

The friction factor fff depends on the flow regime (laminar or turbulent) and the roughness of the

pipe's inner surface.

5. Energy Losses and Friction Factors

In both flat plate and pipe flow, energy losses due to friction and turbulence are significant
factors. These losses are typically quantified by the friction factor (in pipes) or drag coefficient

(in external flows like over flat plates).
Friction Factor in Pipes

e Inlaminar flow, the friction factor is given by
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e Inturbulent flow, the friction factor depends on the Reynolds number and the relative

roughness of the pipe. The Moody chart is a widely used tool for determining the

friction factor in turbulent flow.



Drag Coefficient for Flat Plates

The drag coefficient CdC_dCd represents the resistance force experienced by a flat plate due to
the flow of fluid over it. It depends on the shape of the plate, the flow regime, and the Reynolds

number.

6. Applications in Real-Life Scenarios

The concepts of flow over flat plates and flow through pipes are widely applied in engineering

and industrial processes:

o Heat exchangers: Understanding pipe flow is essential for designing heat exchangers,
where fluids transfer heat through pipes.

o Aerodynamics: The flow over flat plates is a simplified model used in aerodynamics to
understand the behavior of airflow over aircraft wings and other surfaces.

e Piping systems: Engineers design piping systems to minimize pressure drops and energy
losses, ensuring efficient fluid transport in industries like oil and gas, water distribution,

and chemical processing.

7. Concluding Remarks

Understanding the behavior of flow over flat plates and through pipes is vital in various
engineering applications, from designing efficient piping systems to optimizing heat exchangers
and aerodynamic surfaces. Both laminar and turbulent flows play a crucial role in determining
the performance of these systems, and controlling the flow regime can lead to enhanced

efficiency and reduced energy consumption.

In summary, mastering these concepts enables engineers to predict, analyze, and optimize fluid

behavior, ensuring that processes involving fluid motion are as efficient and effective as possible






