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Understanding how particles settle in a fluid under gravity is fundamental in
fields ranging from environmental engineering to chemical processing. When
particles are suspended in a fluid, their settling velocity—the speed at
which they descend—is influenced by several factors, including particle size,
shape, density difference, and fluid viscosity. In many practical scenarios,
especially when particles are densely packed, their settling behavior becomes
hindered, leading to what is known as hindered or zone settling. Determining
the terminal velocity during hindered gravitational settling is crucial for
designing efficient sedimentation tanks, clarifiers, and understanding
natural sediment transport processes.

This article explores the methods and principles used to determine the
terminal velocity of particles during hindered settling, focusing on the zone
settling regime. We will examine the theoretical background, key parameters,
experimental approaches, and practical considerations involved in this
process.

Understanding Hindered Settling and Zone
Settling

What is Hindered Settling?

Hindered settling occurs when the concentration of particles in a suspension
becomes sufficiently high that particles interfere with each other’s
movement. Unlike free settling—where particles settle independently—the
interactions cause a reduction in individual particle velocities, leading to
a collective settling behavior.

Characteristics of hindered settling include:

- Reduced terminal velocities compared to free settling.



- Occurrence in dense suspensions, such as sludge in wastewater treatment.
- Dependence on the particle concentration, often expressed by the volumetric
solids concentration or solids volume fraction.

Zone Settling Phenomenon

Zone settling, often observed in sedimentation tanks, involves the formation
of distinct zones within the suspension during sedimentation:

- Clear zone: The upper layer with low particle concentration.
- Hindered zone: The middle layer where particles are densely packed and
settling is hindered.
- Sludge zone: The bottom layer where particles accumulate.

Understanding the terminal velocity during zone settling allows engineers to
optimize sedimentation processes, control sludge blanket formation, and
improve system efficiencies.

Key Parameters Influencing Terminal Velocity in
Hindered Settling

Several parameters influence the measurement and calculation of terminal
velocity during hindered settling:

- Particle properties: size, shape, density.
- Fluid properties: viscosity, density.
- Suspension concentration: solids volume fraction (often denoted as φ).
- Gravity (g): acceleration due to gravity.
- Inter-particle interactions: electrostatic charges, aggregation.

Accurate determination requires considering these factors within the
appropriate theoretical and empirical frameworks.

Theoretical Foundations of Hindered Settling

Stokes’ Law for Free Settling

In dilute suspensions, the terminal velocity (V₀) of spherical particles can
be estimated using Stokes’ Law:

\[
V_0 = \frac{(d_p)^2 (\rho_p - \rho_f) g}{18 \mu}



\]

Where:

- \( d_p \) = particle diameter
- \( \rho_p \) = particle density
- \( \rho_f \) = fluid density
- \( g \) = acceleration due to gravity
- \( \mu \) = dynamic viscosity of fluid

This law applies when particles are sufficiently separated, and interactions
are negligible.

Hindered Settling Velocity Models

In concentrated suspensions, the actual settling velocity (\( V \)) is less
than \( V_0 \) due to hindered effects. Several empirical and semi-empirical
models relate \( V \) to \( V_0 \) and solids concentration:

- Richardson-Zaki Equation:

\[
V = V_0 (1 - \phi)^n
\]

Where:

- \( \phi \) = solids volume fraction
- \( n \) = empirical exponent, typically ranging from 4.5 to 5.5 depending
on the system

This equation is widely used because of its simplicity and reasonable
accuracy for many suspensions.

- Other models: include those proposed by Levenspiel, Wang and Chen, among
others, which incorporate additional parameters like particle shape and
inter-particle forces.

Methods to Determine Terminal Velocity in
Hindered Conditions

Determining hindered terminal velocity involves a combination of theoretical
calculations, laboratory experiments, and empirical correlations. Here are
the main approaches:



1. Laboratory Sedimentation Tests

Step-by-step procedure:

1. Prepare the suspension: Create a suspension with a known and uniform
solids concentration, ideally in the zone settling regime.
2. Set up a sedimentation column: Use a transparent graduated cylinder or a
sedimentation tube.
3. Measure settling velocities: Record the time taken for particles or the
sludge interface to move over a known distance.
4. Calculate the observed settling velocity: \( V_{obs} = \frac{\Delta
h}{\Delta t} \), where \( \Delta h \) is the sedimentation distance and \(
\Delta t \) is the elapsed time.
5. Repeat at different concentrations: To establish the relationship between
velocity and solids concentration.

Advantages:

- Direct measurement under controlled conditions.
- Allows for empirical correlation development.

Limitations:

- Time-consuming.
- Sensitive to experimental errors and assumptions about uniformity.

2. Use of Empirical Correlations and Models

Once experimental data is obtained, the Richardson-Zaki equation and other
models can be used to extrapolate or predict terminal velocities at various
concentrations.

Process:

- Plot \( V_{obs} \) versus \( (1 - \phi)^n \) for different \( \phi \).
- Determine the best-fit \( n \) value.
- Use the model to predict \( V \) at desired solids concentrations.

3. Computational and Analytical Methods

Advanced techniques involve computational fluid dynamics (CFD) simulations
that model particle-fluid interactions in dense suspensions. These methods
are especially useful when experimental data is limited or when complex
particle shapes and interactions are involved.

Steps include:



- Developing a detailed model of particle interactions.
- Incorporating hindered settling theories.
- Running simulations to estimate terminal velocities.

While highly accurate, these methods require specialized software and
expertise.

Practical Steps to Determine Terminal Velocity
in Zone Settling

To effectively determine hindered terminal velocity, follow these practical
steps:

1. Identify the appropriate regime: Confirm that the suspension is in the
zone settling or hindered regime based on particle concentration.
2. Conduct laboratory tests: Use sedimentation columns to measure settling
velocities at different concentrations.
3. Calculate free settling velocity \( V_0 \): Use Stokes’ law for dilute
suspensions.
4. Apply empirical models: Utilize the Richardson-Zaki equation to relate
observed velocities to concentration.
5. Determine the hindered velocity \( V \): At the specific solids
concentration of interest.
6. Validate with field data: Where possible, compare laboratory results with
real-world measurements in operational sedimentation tanks.

Factors Affecting Accuracy and Reliability

When determining hindered terminal velocities, consider:

- Particle size distribution: Polydisperse systems can complicate analysis.
- Particle shape: Non-spherical particles may require shape correction
factors.
- Aggregation: Flocculation can alter effective particle size and settling
velocity.
- Fluid properties: Temperature fluctuations affecting viscosity.
- Measurement precision: Accurate timing and level measurements are
essential.

Applications of Determined Hindered Terminal
Velocity

Knowing the hindered terminal velocity is vital for:



- Designing sedimentation tanks and clarifiers.
- Predicting sediment transport in natural water bodies.
- Optimizing sludge dewatering processes.
- Modeling the behavior of dense suspensions in industrial processes.

Understanding and accurately determining hindered settling velocities enable
engineers and scientists to design more efficient systems and better predict
natural phenomena.

Conclusion

Determining the terminal velocity during hindered gravitational settling in
the zone settling regime involves a combination of theoretical understanding,
experimental measurements, and empirical modeling. Laboratory sedimentation
tests provide direct data, while models like the Richardson-Zaki equation
help relate particle concentration to settling velocity. Advanced
computational methods can supplement experimental approaches, especially for
complex systems.

By accurately establishing hindered terminal velocities, practitioners can
optimize sedimentation processes, improve system designs, and contribute to
more sustainable environmental management. Remember, the key to success lies
in careful experimentation, appropriate model selection, and validation
against real-world data.

---
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Frequently Asked Questions

What is terminal velocity in the context of hindered
gravitational settling in zone settling?
Terminal velocity in hindered gravitational settling refers to the constant
speed achieved by a particle falling through a fluid when the gravitational
force is balanced by drag forces, considering the effects of particle
concentration and hindered flow in zone settling conditions.

How does hindered settling affect the calculation of
terminal velocity?
Hindered settling reduces the terminal velocity compared to isolated particle



settling due to interactions and increased drag from neighboring particles,
requiring correction factors or empirical correlations for accurate
determination.

What experimental methods are commonly used to
determine terminal velocity in hindered settling
zones?
Experimental methods include conducting settling column tests with varying
particle concentrations, measuring settling velocities at different depths,
and applying image analysis or laser-based techniques to observe particle
motion under controlled conditions.

Are there analytical models available to estimate
terminal velocity in hindered settling?
Yes, models such as the Richardson and Zaki equation provide empirical
correlations to estimate hindered settling velocity based on particle
concentration and fluid properties.

How do particle concentration and size distribution
influence terminal velocity in hindered settling?
Higher particle concentrations and broader size distributions increase
interactions among particles, leading to greater hindered effects and a
reduction in terminal velocity compared to dilute suspensions.

What are the key parameters needed to calculate
terminal velocity in zone settling using hindered
settling models?
Key parameters include particle diameter, particle density, fluid viscosity,
fluid density, particle concentration, and empirical correction factors or
settling velocity coefficients from experimental data.

Can computational fluid dynamics (CFD) be used to
determine terminal velocity in hindered settling
conditions?
Yes, CFD simulations can model particle-fluid interactions and turbulence
effects to predict hindered settling velocities, supplementing experimental
data for complex systems.

How does the Richardson and Zaki correlation help in



estimating terminal velocity under hindered
conditions?
The Richardson and Zaki correlation relates the hindered settling velocity to
the terminal velocity of an isolated particle, particle concentration, and a
shape-dependent exponent, enabling estimation of hindered velocities from
experimental data.

What are common challenges faced when determining
the terminal velocity in hindered gravitational
settling zones?
Challenges include accurately measuring particle velocities at high
concentrations, accounting for particle interactions, variations in particle
size and shape, and ensuring representative experimental conditions for
reliable data.

Additional Resources
Determining Terminal Velocity in Hindered Gravitational Settling within the
Zone of Settling

Understanding the behavior of particles settling under gravity in a fluid
medium is fundamental across various fields, including chemical engineering,
environmental science, and mineral processing. When particles are
sufficiently small or concentrated, their settling velocity deviates from the
idealized Stokes' law due to interactions with neighboring particles—this
phenomenon is known as hindered settling. Accurate determination of the
terminal velocity in such conditions is crucial for designing efficient
separation processes, predicting sedimentation rates, and modeling
particulate systems. In this comprehensive review, we explore the principles,
methods, and considerations for determining terminal velocity during hindered
gravitational settling within the zone of settling.

---

Understanding Gravitational Settling and the
Zone of Settling

Before delving into the methods for determining terminal velocity, it is
essential to clarify the concepts involved:

- Gravitational Settling: The process by which particles move downward
through a fluid under the influence of gravity. The terminal velocity is
achieved when the downward gravitational force balances the upward drag



force.

- Zone of Settling: In a sedimentation process, the fluid column can be
divided into different zones:
- Hindered (or Zone of Hindered Settling): The region where particle
concentration is high enough that interactions between particles
significantly influence settling velocity.
- Free (or Zone of Free Settling): The region where particles settle
independently, with minimal interactions, typically at lower concentrations.

In the hindered zone, particle interactions cause the settling velocity to
decrease relative to the ideal terminal velocity observed in dilute
suspensions. Accurately determining this hindered terminal velocity is
challenging but essential for modeling and process control.

---

Fundamental Principles of Hindered Settling

1. Stokes' Law and Its Limitations

For very small particles (Reynolds number < 0.1) settling in dilute
suspensions, the terminal velocity \( v_t \) can be calculated using Stokes'
law:

\[
v_t = \frac{(d_p)^2 (\rho_p - \rho_f) g}{18 \mu}
\]

where:
- \( d_p \) = particle diameter
- \( \rho_p \) = particle density
- \( \rho_f \) = fluid density
- \( g \) = acceleration due to gravity
- \( \mu \) = dynamic viscosity of the fluid

Limitations of Stokes' Law:
- Valid only for dilute suspensions
- Assumes particles are spherical and non-interacting
- Ignores hindrance effects due to particle concentration

2. Hindered Settling and Its Empirical Nature

In concentrated suspensions, particles interfere with each other's motion,
resulting in a reduced settling velocity \( v_h \) compared to the free
settling velocity \( v_f \). The relationship is often expressed via
empirical or semi-empirical models, such as the Richardson–Zaki equation.

---



Empirical Models for Hindered Settling

1. Richardson–Zaki Equation

The most widely used model for hindered settling velocity is the
Richardson–Zaki equation:

\[
\boxed{
v_h = v_f (1 - \phi)^n
}
\]

where:

- \( v_h \) = hindered (or actual) settling velocity
- \( v_f \) = free (or terminal) settling velocity (as predicted by Stokes or
other methods)
- \( \phi \) = volumetric concentration (particle volume fraction)
- \( n \) = empirical exponent dependent on Reynolds number and particle
characteristics

Understanding the Parameters:

- Free settling velocity \( v_f \): Can be calculated via Stokes' law or
measured in dilute conditions.
- Concentration \( \phi \): Usually expressed as a volume fraction or
particle loading.
- Exponent \( n \): Typically ranges between 4.5 and 5 for laminar
conditions, but varies with flow regimes and particle types.

2. Limitations of the Richardson–Zaki Equation

- Empirically derived; requires calibration
- Best suited for spherical particles in laminar to transitional flow regimes
- Less accurate at very high concentrations or non-spherical particles

---

Experimental Determination of Terminal Velocity
in Hindered Conditions

1. Laboratory Settling Tests

The most direct method involves conducting controlled settling experiments:

- Setup:



- Use a graduated cylinder or settling column with sufficient height
- Prepare suspensions with known particle concentration \( \phi \)
- Ensure uniform particle distribution before starting the test

- Procedure:
- Measure initial suspension concentration
- Allow particles to settle under gravity
- Record the settling front over time at various depths
- Determine the settling velocity by tracking the movement of the particle
interface

- Data Analysis:
- Calculate the average velocity over the zone of interest
- Repeat at different concentrations to observe hindered effects

2. Particle Image Velocimetry (PIV) and High-Speed Imaging

Advanced techniques enable detailed flow field analysis:

- Capture high-speed videos of settling particles
- Use image processing to track individual particles
- Derive velocity profiles and average settling velocities
- Useful for complex or non-spherical particles

3. Use of Standardized Settling Tests

- Standardized tests, such as those outlined in ASTM or ISO standards,
provide protocols for measuring settling velocities at various concentrations
- Data obtained can be used to calibrate empirical models like
Richardson–Zaki

---

Calculating the Free Terminal Velocity \( v_f
\)

Before determining the hindered settling velocity, it is critical to
establish the free terminal velocity:

- Method 1: Theoretical Calculation
- Use Stokes' law if conditions are suitable
- Correct for non-spherical particles or turbulent flow using empirical
correction factors

- Method 2: Experimental Measurement
- Conduct dilute suspension tests
- Measure the settling velocity of individual particles in a low
concentration environment



- Method 3: Literature Values
- Consult published data for similar particles and conditions

---

Applying Empirical Models to Determine Hindered
Terminal Velocity

Once \( v_f \) and \( \phi \) are known, the hindered terminal velocity \(
v_h \) can be calculated:

Step-by-step Approach:

1. Determine or measure \( v_f \): Use theoretical or experimental methods.

2. Estimate the particle volume fraction \( \phi \): From suspension
concentration.

3. Select an appropriate empirical model: Richardson–Zaki is most common.

4. Identify the exponent \( n \): From literature for similar particles or
calibrate experimentally.

5. Calculate \( v_h \): Using the Richardson–Zaki equation.

Example Calculation:

Suppose:
- \( v_f = 1.0\, \text{mm/s} \)
- \( \phi = 0.10 \) (10% volume fraction)
- \( n = 4.65 \)

Then:

\[
v_h = 1.0 \times (1 - 0.10)^{4.65} \approx 1.0 \times 0.90^{4.65} \approx 1.0
\times 0.636 \approx 0.636\, \text{mm/s}
\]

This illustrates how increasing concentration significantly reduces settling
velocity.

---



Factors Affecting Terminal Velocity in Hindered
Settling

Several factors influence the accurate determination of hindered terminal
velocity:

- Particle Size and Shape: Non-spherical particles or wide size distributions
complicate calculations.

- Fluid Properties: Viscosity, density, and turbulence levels affect settling
behavior.

- Concentration: Higher particle loadings increase hindrance effects.

- Flow Regime: Laminar vs. turbulent flow regimes alter the applicable models
and parameters.

- Particle Interactions: Electrostatic charges or aggregation can modify
settling velocities.

---

Model Limitations and Considerations

While empirical models provide practical means to estimate hindered terminal
velocities, they come with limitations:

- Calibration Needed: Models require calibration with experimental data for
specific systems.

- Flow Regimes: Models like Richardson–Zaki are less accurate in turbulent
regimes; more sophisticated models might be necessary.

- Particle Properties: Irregular shapes, polydispersity, and surface
properties influence settling and hindered effects.

- High Concentrations: At very high concentrations, particle interactions
become complex, and models may lose accuracy.

---

Advanced Techniques and Computational
Approaches



Emerging methods enhance the determination process:

- Computational Fluid Dynamics (CFD): Simulating particle-fluid interactions
at various concentrations; useful for complex systems.

- Discrete Element Method (DEM): Modeling particle interactions explicitly to
predict settling behavior.

- Combined CFD-DEM: Integrates fluid and particle dynamics for high-fidelity
simulations.

While computational approaches provide detailed insights, they require
significant expertise and computational resources.

---

Practical Recommendations for Accurate
Determination

- Perform Multiple Tests: Conduct settling experiments at various
concentrations to establish a reliable trend.

- Ensure Monodisperse Samples: Use particles of uniform size for clearer
interpretation.

- Use Proper Measurement Techniques: Utilize high-resolution imaging and
precise timing.

- Calibrate Empirical Models: Derive system-specific parameters rather than
relying solely on literature values.

- Account for Environmental Conditions: Control temperature, fluid properties
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