
9. Fig. I Shows The Flow Between
Parallel Plates Without A Pressure
Gradient. Upper Plate Moving With

Introduction to Flow Between Parallel Plates
Without Pressure Gradient

9. Fig. I Shows The Flow Between Parallel Plates Without A Pressure Gradient.
Upper Plate Moving With a constant velocity represents a classical problem in
fluid mechanics known as Couette flow. This scenario involves two parallel,
horizontal plates separated by a fluid layer where one plate remains
stationary while the other moves uniformly. Unlike flows driven by pressure
differences, this setup provides insight into shear-driven flows and the
behavior of viscous fluids under simple boundary conditions. Understanding
this flow configuration is fundamental for applications ranging from
lubrication theory to manufacturing processes involving shear stress.

This article provides a comprehensive exploration of the physics governing
flow between parallel plates with a moving upper plate, including derivation
of velocity profiles, shear stresses, and practical implications.

Fundamentals of Couette Flow

Basic Assumptions and Conditions

To analyze the flow between the plates, certain simplifying assumptions are
typically made:

The fluid is incompressible and Newtonian, meaning its viscosity remains
constant regardless of shear rate.

The flow is steady, with no acceleration over time.

The flow is laminar, with no turbulence involved.

Gravity and other body forces are neglected.

The plates are infinitely long and wide, eliminating edge effects.

The lower plate is stationary; the upper plate moves at a constant



velocity, \( U \).

Under these conditions, the problem reduces to a two-dimensional steady shear
flow, simplifying the mathematics and physical interpretation.

Physical Setup and Coordinates

The typical coordinate system used involves:

- \( x \)-direction along the length of the plates.
- \( y \)-direction perpendicular to the plates, with \( y=0 \) at the
stationary lower plate and \( y=h \) at the moving upper plate.
- The fluid occupies the space between the plates: \( 0 \leq y \leq h \).

The boundary conditions are:

- \( u(y=0) = 0 \) (no-slip at the stationary plate).
- \( u(y=h) = U \) (the velocity of the moving plate).

Derivation of Velocity Profile

Governing Equations

The flow is governed by the Navier-Stokes equations. For steady, laminar,
incompressible flow with no pressure gradient, the simplified form reduces
to:

\[
\frac{d^2 u}{dy^2} = 0
\]

This is because the shear stress \( \tau \) is constant across the gap and
related to the velocity profile via:

\[
\tau = \mu \frac{du}{dy}
\]

where \( \mu \) is the dynamic viscosity of the fluid.



Solution of the Velocity Profile

Integrating the differential equation twice gives:

\[
u(y) = Ay + B
\]

Applying boundary conditions:

- At \( y=0 \), \( u=0 \Rightarrow B=0 \).
- At \( y=h \), \( u=U \Rightarrow A h = U \Rightarrow A = \frac{U}{h} \).

Thus, the velocity distribution is linear:

\[
u(y) = \frac{U}{h} y
\]

This linear profile indicates that the fluid velocity increases uniformly
from zero at the stationary plate to \( U \) at the moving plate.

Shear Stress and Viscous Forces

Calculation of Shear Stress

The shear stress exerted by the fluid on the plates is uniform across the gap
and given by:

\[
\tau = \mu \frac{du}{dy} = \mu \frac{U}{h}
\]

Since the flow is steady and there is no pressure gradient, this shear stress
is constant and acts tangentially on both plates, transmitting shear forces
through the fluid.

Implications of Shear Stress

- The shear stress is directly proportional to the fluid's viscosity and the
plate velocity.
- It provides the necessary force to maintain the upper plate's motion.
- In engineering applications, this shear stress correlates to power
consumption and energy dissipation.



Physical Interpretation and Key Features

Linear Velocity Profile

The hallmark of Couette flow is its linear velocity distribution across the
gap. Unlike pressure-driven flows (Poiseuille flow), where the velocity
profile is parabolic, Couette flow exhibits a uniform shear rate:

\[
\frac{du}{dy} = \frac{U}{h}
\]

which remains constant throughout the fluid layer.

Flow Characteristics

- No pressure gradient is necessary; the flow is maintained solely by the
movement of the upper plate.
- The shear stress remains constant and is independent of the flow's position
within the gap.
- The flow is laminar and stable under the above assumptions.

Energy Considerations

The moving upper plate does work against viscous forces, resulting in energy
dissipation within the fluid. The power \( P \) transferred to the fluid per
unit area is:

\[
P = \tau U = \mu \frac{U^2}{h}
\]

This power transfer is significant in lubrication systems and mechanical
devices where shear forces dominate.

Practical Applications of Couette Flow

Lubrication Theory

The principles of Couette flow underpin many lubrication models, especially



in thin film lubrication, where a moving surface slides over a stationary one
with a lubricant in between. The linear velocity profile helps predict shear
stresses, lubrication forces, and film thickness stability.

Polymer Processing

In manufacturing processes like extrusion and stretching, understanding shear
flows between rollers or plates assists in controlling material properties
and flow uniformity.

Material Testing and Rheology

Couette flow devices are used in rheometers to measure the viscosity of
fluids by imposing a known shear rate through the movement of one plate
relative to another.

Limitations and Extensions of the Basic Model

Assumption of No Pressure Gradient

While the idealized model assumes no pressure gradient, real systems often
involve combined pressure and shear forces, leading to more complex flow
profiles.

Effect of Non-Newtonian Fluids

Many industrial fluids exhibit non-Newtonian behavior where viscosity depends
on shear rate. The velocity profile in such cases deviates from linearity,
requiring advanced models.

Finite Plate Dimensions and Edge Effects

In practice, finite-sized plates introduce edge effects, causing deviations
from the ideal infinite-plate assumption.

Transient and Turbulent Flows



At high velocities or small viscosities, the flow may become unsteady or
turbulent, invalidating laminar assumptions and necessitating more complex
analyses.

Summary and Conclusions

Flow between parallel plates with the upper plate moving at a constant
velocity, under conditions of no pressure gradient, exemplifies fundamental
shear-driven flow behavior. The key features include:

- A linear velocity profile \( u(y) = \frac{U}{h} y \).
- Uniform shear stress \( \tau = \mu \frac{U}{h} \).
- No pressure gradient is needed to sustain the flow, making it a pure shear
flow.

This model provides foundational understanding for numerous engineering
applications, including lubrication, materials processing, and rheology. Its
simplicity allows for analytical solutions, offering clear insights into
shear forces, energy dissipation, and flow stability. Extending this basic
model to real-world scenarios involves incorporating pressure gradients, non-
Newtonian effects, and boundary effects, making the study of Couette flow
both rich and practically significant.
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Frequently Asked Questions

What does Fig. I illustrate regarding fluid flow
between parallel plates?
Fig. I illustrates the flow of a fluid between two parallel plates when there
is no pressure gradient, with the upper plate moving laterally.

How does the motion of the upper plate affect the
flow between the plates?
The movement of the upper plate induces shear flow in the fluid, resulting in
a velocity profile that varies from zero at the stationary plate to the
velocity of the moving plate.



What is the nature of the flow when the upper plate
moves without a pressure gradient?
The flow is a shear-driven laminar flow, often referred to as Couette flow,
characterized by a linear velocity profile between the plates.

Does the fluid experience any pressure difference in
this flow scenario?
No, there is no pressure gradient involved; the flow is solely driven by the
moving upper plate.

What assumptions are typically made in analyzing
this type of flow?
The assumptions include steady, incompressible, laminar flow with no pressure
gradient, no slip boundary conditions at the plates, and negligible body
forces.

How is the velocity distribution of the fluid
described in this flow?
The velocity distribution is linear from zero at the stationary lower plate
to the velocity of the moving upper plate, indicating a uniform shear rate.

What real-world applications involve this type of
flow?
Applications include lubrication in machinery, flow between conveyor belts,
and the study of shear stresses in materials.

How does the shear stress relate to the velocity of
the moving plate?
Shear stress in the fluid is proportional to the velocity of the moving
plate, following Newton's law of viscosity, τ = μ(du/dy).

What parameters influence the flow characteristics
in this scenario?
The key parameters include the fluid's viscosity, the velocity of the moving
plate, and the distance between the plates.

Can the flow between the plates become turbulent



under these conditions?
No, under the typical assumptions and low velocities, the flow remains
laminar; turbulence may occur at higher velocities or with other
disturbances, but not in the basic scenario shown in Fig. I.

Additional Resources
Fig. I Shows The Flow Between Parallel Plates Without A Pressure Gradient.
Upper Plate Moving With

The visualization of fluid flow between two parallel plates is a foundational
concept in fluid mechanics, often referred to as plane Couette flow. In this
particular scenario, as depicted in Figure I, the flow occurs between two
infinite, parallel plates with the upper plate moving at a constant velocity
while the lower plate remains stationary. Significantly, the absence of a
pressure gradient across the flow domain simplifies the analysis and
highlights the effects of shear induced solely by the moving boundary. This
configuration provides critical insights into shear-driven flows, boundary
layer behavior, and the fundamental principles governing viscous fluids.

---

Understanding the Setup: Parallel Plates
Without Pressure Gradient

Basic Configuration and Assumptions

The classic plane Couette flow setup involves two horizontal, infinitely
large plates separated by a distance \(h\). The primary assumptions are:

- Infinite extent of plates: Eliminates edge effects, allowing the problem to
be treated as two-dimensional and uniform in the horizontal directions.
- Steady, laminar flow: The flow has reached a steady state, with no time-
dependent changes.
- Incompressible, Newtonian fluid: The fluid density remains constant, and
the shear stress is proportional to the velocity gradient.
- No pressure gradient: The pressure is uniform across the flow domain,
simplifying the governing equations.
- No-slip boundary condition: The fluid velocity at each plate matches the
velocity of the plate itself.

In this specific case, the upper plate moves with a constant velocity \(U\)
in the x-direction, while the lower plate remains fixed (\(U=0\)).
Visualizing this helps in understanding shear effects, viscous forces, and



the resulting velocity profile.

Physical Significance of No Pressure Gradient

The absence of a pressure gradient implies that the driving force for the
flow is solely due to the motion of the upper plate. Unlike flows driven by
pressure differences (such as Poiseuille flow), this configuration isolates
the effect of shear stress at the boundary, making it an ideal model for
studying viscous shear layers, boundary layer development, and the
fundamental nature of viscous stresses.

---

The Governing Equations and Analytical Solution

Navier-Stokes Equations Simplification

The flow between the plates is governed by the Navier-Stokes equations. Under
the assumptions listed, these equations reduce significantly:

- The flow is steady (\(\partial/\partial t = 0\))
- The flow is laminar and incompressible
- No pressure gradient (\(\partial p/\partial x = 0\))
- Uniformity in the y and z directions

The simplified Navier-Stokes equation in the x-direction becomes:

\[
0 = \mu \frac{\partial^2 u}{\partial y^2}
\]

where \(u(y)\) is the velocity component in the x-direction and \(\mu\) is
the dynamic viscosity.

This reduces to a second-order ordinary differential equation with respect to
\(y\), indicating a linear velocity profile.

Velocity Profile Derivation

Applying boundary conditions:

- At the lower plate (\(y=0\)): \(u=0\)
- At the upper plate (\(y=h\)): \(u=U\)



The general solution is:

\[
u(y) = Ay + B
\]

Applying boundary conditions:

\[
u(0) = B = 0
\]
\[
u(h) = Ah + B = U \implies A = \frac{U}{h}
\]

Thus, the velocity profile is:

\[
u(y) = \frac{U}{h} y
\]

This linear profile indicates that the fluid velocity increases uniformly
from zero at the stationary plate to \(U\) at the moving plate.

Shear Stress Distribution

The shear stress \(\tau\) in the fluid, given by Newton's law of viscosity,
is:

\[
\tau = \mu \frac{\partial u}{\partial y}
\]

Since the velocity profile is linear:

\[
\frac{\partial u}{\partial y} = \frac{U}{h}
\]

Therefore, shear stress is constant throughout the fluid:

\[
\tau = \mu \frac{U}{h}
\]

This constant shear stress acts parallel to the plates, exerted by the moving
upper plate on the fluid and transmitted downwards.

---



Physical Interpretation and Key Characteristics

Linear Velocity Profile and Shear Layers

The linearity of the velocity profile signifies a uniform shear rate across
the gap. This idealized laminar flow demonstrates a straightforward
relationship between boundary velocities and internal flow behavior. The
shear layer effectively transfers momentum from the moving boundary into the
fluid, producing a shear stress that remains constant in the cross-section.

Implications:

- The flow remains laminar as long as the Reynolds number is below a critical
threshold.
- The shear stress is directly proportional to the velocity of the moving
plate and inversely proportional to the separation distance.

Shear Stress and Viscous Forces

The uniform shear stress \(\tau = \mu U/h\) indicates the viscous force per
unit area acting within the flow. This shear stress is responsible for:

- The energy transfer from the moving boundary into the fluid.
- The viscous dissipation of kinetic energy.
- The fundamental mechanism behind shear-driven flows.

In engineering applications, understanding this shear stress helps in
designing lubrication systems, shear flow experiments, and understanding
boundary layer behavior.

Flow Rate and Wall Shear Stress Relationship

The volumetric flow rate \(Q\) per unit width (since the plates are infinite
in extent) is:

\[
Q = \int_0^h u(y) dy = \frac{U}{h} \int_0^h y dy = \frac{U}{h} \cdot
\frac{h^2}{2} = \frac{U h}{2}
\]

This linear relationship links the boundary velocity, plate separation, and
flow rate, illustrating how boundary conditions influence overall flow
behavior.



---

Flow Characteristics and Dimensionless Numbers

Reynolds Number and Laminar Flow Regime

The Reynolds number (\(Re\)) governs whether the flow remains laminar or
transitions into turbulence:

\[
Re = \frac{\rho U h}{\mu}
\]

where:

- \(\rho\) is the fluid density
- \(U\) is the velocity of the moving plate
- \(h\) is the separation between plates
- \(\mu\) is the dynamic viscosity

For plane Couette flow, the critical Reynolds number for transition varies
but generally remains high (on the order of several thousand). Maintaining
\(Re\) below this threshold ensures laminar, predictable flow.

Shear Reynolds Number and Its Significance

A related dimensionless parameter is the shear Reynolds number, which
emphasizes shear effects:

\[
Re_s = \frac{\rho U h}{\mu}
\]

This number reflects the ratio of inertial to viscous forces due to shear and
influences flow stability and transition phenomena.

---

Applications and Practical Significance



Industrial and Engineering Relevance

Understanding the flow between parallel plates with a moving boundary has
numerous applications:

- Lubrication: The thin film of lubricant between moving parts behaves
similarly to Couette flow, dictating the shear stresses and energy losses.
- Material Processing: Shear flows influence the behavior of polymers,
slurries, and other complex fluids.
- Flow Measurement Devices: Devices like shear stress sensors and flow meters
rely on principles derived from Couette flow.
- Boundary Layer Studies: Simplified models help in understanding boundary
layer development under shear conditions, which are critical in aerodynamics
and hydrodynamics.

Fundamental Physics and Research

The classical plane Couette flow serves as a benchmark problem in fluid
mechanics, aiding in:

- Validating numerical methods for solving Navier-Stokes equations.
- Exploring laminar-turbulent transition phenomena.
- Studying the stability of shear flows and transition mechanisms.

---

Limitations and Extensions of the Model

While the idealized model provides fundamental insights, real-world flows
often involve complexities such as:

- Finite plate dimensions: Edge effects and flow non-uniformities.
- Pressure gradients: Introduction of pressure-driven flows (e.g., Poiseuille
flow).
- Flow instabilities: Transition to turbulence at higher Reynolds numbers.
- Non-Newtonian fluids: Complex shear-dependent viscosities.
- Unsteady boundary conditions: Accelerating or decelerating plates.

Extensions of the basic model incorporate these complexities to simulate more
realistic scenarios, utilizing computational fluid dynamics (CFD) and
experimental studies.

---



Conclusion

The analysis of flow between parallel plates with a moving upper boundary,
absent a pressure gradient, embodies a classical problem that encapsulates
core principles of viscous flow, shear stresses, and boundary-driven fluid
dynamics. The linear velocity profile, uniform shear stress, and predictable
flow characteristics make it an essential theoretical framework for
understanding shear-driven flows in engineering and physics. Its simplicity
facilitates analytical solutions, serving as a foundation for exploring more
complex flow regimes and phenomena. As a fundamental model, it continues to
influence the design of lubrication systems, flow
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