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Constant. The Vessel Is Filled with a fluid from a steady source, and
understanding the behavior of such a system is fundamental in fluid mechanics
and engineering applications. This scenario is common in various fields,
including hydraulics, pneumatics, chemical processing, and thermodynamics.
Analyzing how the fluid interacts within a rigid container, especially
considering the constant properties of the source, provides insights into
pressure changes, fluid dynamics, and energy conservation under constrained
conditions.

In this comprehensive guide, we will explore the principles governing the
filling of a rigid vessel with a fluid from a constant property source,
examine the physical phenomena involved, and discuss practical applications.
We will delve into the theoretical background, mathematical formulations, and
real-world implications to give a holistic understanding of this essential
topic.

---

Understanding the Setup: Rigid Vessel and
Constant Property Source

What is a Rigid Vessel?
A rigid vessel is a container with a fixed shape and volume that does not
deform under internal or external forces. Unlike flexible tanks, the volume
of a rigid vessel remains constant regardless of the internal pressure or
temperature changes. This characteristic makes it ideal for studying fluid
behavior under controlled volume conditions.

Key features of a rigid vessel:
- Fixed volume
- Non-deformable walls
- Suitable for containing gases or liquids under pressure

Source with Constant Properties
The source supplying the fluid maintains consistent properties during the
filling process. These properties typically include:



- Pressure (P₀): The source pressure remains constant.
- Temperature (T₀): The temperature of the fluid is steady.
- Fluid composition: The fluid’s chemical makeup does not change.
- Flow rate: The rate at which fluid is supplied might be steady or variable,
but the source properties themselves are unchanged.

This constancy simplifies the analysis because the properties of the incoming
fluid are predictable and do not vary with time or flow conditions.

---

Fundamental Concepts in Filling a Rigid Vessel

Mass Conservation
The core principle governing the filling process is the conservation of mass:
- The mass of fluid entering the vessel equals the change in the mass inside
plus any mass lost (if applicable).
- Since the vessel is closed after filling, the total mass inside the vessel
increases until the filling process concludes.

Mathematically:
\[
\frac{dm}{dt} = \dot{m}_{in} - \dot{m}_{out}
\]
Where:
- \( m \) is the mass inside the vessel.
- \( \dot{m}_{in} \) is the mass flow rate into the vessel.
- \( \dot{m}_{out} \) is the mass flow rate out (if any).

In many cases, once filling is complete, \( \dot{m}_{out} = 0 \).

---

Energy Conservation and Pressure Dynamics
The energy perspective involves analyzing how pressure, temperature, and
internal energy evolve during filling. Since the vessel is rigid, volume
remains constant, and any pressure or temperature changes are primarily due
to:
- The addition of fluid mass
- Heat transfer (if any)
- Work done on or by the system

The Bernoulli principle and thermodynamic laws help describe these
conditions, especially when dealing with compressible fluids like gases.



---

Filling Process of a Rigid Vessel with a
Constant Property Fluid

Step-by-Step Overview
1. Initial Conditions: The vessel starts empty or partially filled with a
known initial state.
2. Flow Initiation: Fluid begins entering from the source at a steady or
varying flow rate.
3. Pressure and Temperature Evolution: As the fluid fills the vessel,
internal pressure increases due to the added mass.
4. Equilibrium State: Filling continues until the internal conditions reach
equilibrium with the source or a specified criterion.

Key Factors Influencing the Filling Process
- Source pressure \( P_0 \): Determines the driving force for fluid flow.
- Flow rate \( \dot{m} \): Influences how quickly the vessel fills.
- Fluid properties: Density \( \rho \), specific volume, and compressibility
affect pressure buildup.
- Vessel volume \( V \): Fixed, so the internal state depends solely on the
amount of fluid added.
- Temperature \( T \): If constant, simplifies analysis; if variable,
thermodynamics become more complex.

---

Analyzing the Filling Dynamics

Mass and Volume Relationships
Since the vessel volume \( V \) is fixed:
\[
V = \frac{m}{\rho}
\]
where:
- \( m \) is the mass of fluid inside the vessel.
- \( \rho \) is the fluid density, which may vary if the fluid is
compressible.

Incompressible fluids (liquids):



\[
\rho \approx \text{constant}
\]
which simplifies calculations.

Compressible fluids (gases):
\[
\rho = \frac{P}{RT}
\]
for ideal gases, where \( R \) is the specific gas constant.

Thus, as fluid enters, the pressure inside the vessel can increase
significantly, especially for gases.

Pressure Evolution in the Vessel
The pressure inside the vessel during filling can be modeled using the ideal
gas law for gases or other thermodynamic relations for liquids.

For gases:
\[
P = \frac{m R T}{V}
\]
As \( m \) increases (more fluid enters), \( P \) increases proportionally,
assuming \( T \) remains constant.

For liquids:
Pressure changes are more subdued but depend on the flow dynamics and any
temperature variations.

Flow Rate Considerations
The flow rate \( \dot{m} \) can be governed by:
- Pressure difference between source and vessel
- Resistance in the inlet piping
- Fluid properties

Applying Bernoulli’s equation or Darcy-Weisbach law helps estimate flow
rates.

---

Thermodynamic Implications of Filling a Rigid
Vessel



Isothermal vs. Adiabatic Filling
The thermodynamic process during filling can be:
- Isothermal: Temperature remains constant, often assuming heat exchange with
surroundings.
- Adiabatic: No heat transfer occurs; temperature and pressure change due to
compression.

The nature of the process depends on the timescale and thermal conductivity
of the vessel.

Pressure-Temperature Relationship
- In an adiabatic process, increasing pressure during filling raises the
temperature of the fluid.
- In an isothermal process, temperature remains constant, and pressure
adjusts accordingly.

Understanding these relationships is crucial for designing systems that can
withstand internal pressures and maintain safety.

---

Practical Applications and Examples

Industrial Storage and Filling Operations
- Filling high-pressure gas cylinders from a constant pressure source.
- Filling hydraulic or pneumatic systems where the source maintains constant
pressure and temperature.

Design Considerations
- Selecting appropriate vessel materials to withstand pressure changes.
- Controlling flow rates to prevent pressure surges.
- Ensuring safety protocols for overpressure scenarios.

Example Calculation: Gas Filling
Suppose a vessel with volume \( V = 1\, \text{m}^3 \) is filled with air
(ideal gas) from a source at pressure \( P_0 = 300\, \text{kPa} \) and
temperature \( T = 300\, \text{K} \).

- Initial state: Empty vessel, pressure \( P_{initial} \approx 0 \).
- Final state after filling:



\[
P_{final} = \frac{m R T}{V}
\]
- Mass after filling:
\[
m = \frac{P_0 V}{RT}
\]

Using \( R = 287\, \text{J/(kg·K)} \):
\[
m = \frac{300,000 \times 1}{287 \times 300} \approx 3.48\, \text{kg}
\]
Thus, the vessel will contain approximately 3.48 kg of air at 300 kPa.

---

Conclusion: Key Takeaways

- Filling a rigid vessel from a constant property source involves a complex
interplay of mass conservation, thermodynamics, and fluid dynamics.
- The fixed volume of the vessel makes pressure and temperature changes
central to understanding the process.
- For incompressible fluids, pressure changes are minimal; for gases,
pressure can increase significantly during filling.
- Proper design and control of flow rates are essential to ensure safety and
system integrity.
- The principles discussed are applicable across numerous industries, from
gas storage to hydraulic systems.

By mastering these concepts, engineers and scientists can optimize filling
processes, ensure safety, and design effective systems for a variety of
applications involving rigid vessels and steady sources.

Frequently Asked Questions

What happens to the pressure inside a rigid vessel
when it is filled with a fluid from a constant
source?
The pressure inside the rigid vessel increases as it is filled with fluid,
since the volume remains fixed and additional fluid increases the internal
pressure.



How does the temperature of the fluid affect the
pressure in a rigid vessel during filling?
An increase in the fluid's temperature can lead to an increase in pressure
inside the rigid vessel due to thermal expansion and increased fluid
pressure, assuming the vessel is not designed to accommodate such changes.

Does the properties of the source fluid change
during the filling process?
No, the problem states that the source's properties remain constant during
the filling process, meaning the fluid's temperature, pressure, and other
characteristics stay unchanged.

What is the significance of the vessel being rigid
in the context of fluid filling?
A rigid vessel does not deform or change volume during filling, so any
increase in fluid volume directly results in increased pressure within the
vessel.

How is the mass of the fluid in the vessel affected
during the filling process?
The mass of the fluid inside the vessel increases as it is filled from the
source, assuming no fluid leaks occur during the process.

What is the impact of filling a rigid vessel with a
fluid at constant source properties on the system's
energy?
Filling the vessel transfers energy in the form of fluid work and internal
energy, which can increase the pressure and temperature inside the vessel
depending on the process specifics.

Can the process of filling a rigid vessel be
considered isothermal? Why or why not?
It can only be considered isothermal if the temperature remains constant
during filling; otherwise, temperature changes may occur due to work done and
heat transfer.

What equations are typically used to analyze the
pressure change in a rigid vessel during filling?
The ideal gas law (PV=nRT) or other fluid state equations are used,



considering the constant volume and the properties of the fluid being filled.

How does the rate of filling affect the pressure
inside the rigid vessel?
Faster filling rates can cause rapid pressure increases and potentially lead
to transient phenomena, while slower rates allow the system to approach
equilibrium more gradually.

What safety considerations should be taken when
filling a rigid vessel with a fluid from a constant
source?
It is important to monitor pressure buildup to prevent rupture or failure of
the vessel, ensure proper venting if necessary, and control the filling rate
to avoid sudden pressure spikes.

Additional Resources
A Rigid Vessel Is Filled With A Fluid From A Source Whose Properties Remain
Constant. The Vessel Is Filled

In the world of fluid mechanics, understanding how fluids behave within
confined spaces is fundamental to numerous engineering applications—from
designing hydraulic systems to predicting natural phenomena. Imagine a
scenario where a rigid vessel, a sealed container impervious to deformation,
is filled with a fluid sourced from an environment where the fluid's
properties such as density, pressure, and temperature are maintained
constant. This seemingly straightforward setup opens a window into complex
interactions governed by the principles of conservation, thermodynamics, and
fluid dynamics.

This article delves into the intricacies of such a system, exploring how the
fluid fills the vessel, the resulting pressure distributions, and the
underlying physical laws at play. We will examine the behavior of the fluid
as it transitions from its source into the vessel, the assumptions that
simplify the analysis, and the real-world implications of these principles.

---

Understanding the Setup: The Rigid Vessel and the Fluid Source

Before diving into the physics, it's crucial to clarify the components
involved:

- Rigid Vessel: A closed container with a fixed shape and volume. Its
physical structure does not deform under internal pressure, meaning the
volume remains constant throughout the process.



- Fluid Source: A reservoir or environment that supplies the fluid to the
vessel. The key point here is that the properties of this source—such as
pressure, temperature, and density—remain constant during the filling
process, indicating an effectively infinite or well-regulated supply.

- Filling Process: The act of transferring fluid from the source into the
vessel, which may occur gradually or rapidly, depending on the pressure
differences and flow conditions.

This setup is common in laboratory experiments, industrial processes like
pressurized tanks, and natural systems such as aquifers interacting with
confined chambers.

---

The Physics of Filling a Rigid Vessel

Conservation of Mass and Volume Constraints

Since the vessel is rigid, its volume \(V\) remains constant. When fluid is
introduced:

- The mass of the fluid inside the vessel increases as it fills.
- The density of the fluid can vary depending on the flow conditions and the
thermodynamic properties.

Mathematically, the mass \(m\) inside the vessel is:

\[ m = \rho V \]

where \(\rho\) is the fluid’s density.

Given the source maintains constant properties, the initial flow is driven
primarily by the pressure difference between the source and the vessel. As
the vessel fills, the internal pressure rises, influencing the flow rate and
the distribution of pressure within the vessel.

Pressure Dynamics and Equilibrium

Initially, the pressure in the source \(P_s\) exceeds the internal pressure
\(P_v\) of the vessel, prompting fluid to flow in. Over time, as the vessel
fills, the internal pressure increases until it approaches equilibrium with
the source pressure, assuming the source can sustain its properties and
pressure.

The key questions include:

- How does the pressure within the vessel evolve during filling?
- At what point does the flow stop?
- What steady-state conditions are established?



Given the properties of the source remain constant, the flow continues until
the internal pressure matches the source pressure, at which point, the net
driving force diminishes, and flow ceases.

---

Modeling the Filling Process: Assumptions and Principles

To analyze this scenario, certain assumptions are typically made to simplify
the complex physics:

- Steady or Quasi-Static Flow: The process occurs slowly enough that the
system can be approximated as moving through a series of equilibrium states.

- Incompressible or Compressible Fluid: Depending on the fluid type and
conditions, the analysis varies. For liquids, incompressibility is often
assumed, while gases require considering compressibility effects.

- Idealized Conditions: Neglecting viscosity, turbulence, or heat transfer,
unless specified.

Under these assumptions, the fundamental principles governing the process
include:

- Bernoulli’s Equation: Relates pressure, velocity, and height at different
points along a streamline.

- Conservation of Mass: The mass flow rate into the vessel equals the rate of
change of mass inside the vessel.

- Thermodynamic Relations: For gases, equations of state like the ideal gas
law connect pressure, density, and temperature.

---

The Filling Dynamics: From Source to Vessel

Initial Stage: Rapid Filling

At the onset, the pressure differential is at its maximum. The fluid
accelerates into the vessel, resulting in:

- High flow velocities.
- Pressure drops along the flow path due to kinetic energy transfer.

In this phase, the flow rate \(Q\) can be approximated by:

\[ Q = C_d A \sqrt{\frac{2(P_s - P_v)}{\rho}} \]

where:



- \(C_d\) is the discharge coefficient accounting for flow losses.
- \(A\) is the cross-sectional area of the inlet.

As fluid enters, the internal pressure begins to rise.

Intermediate Stage: Pressure Build-up

As more fluid accumulates, the internal pressure \(P_v\) increases, reducing
the pressure differential:

\[ \Delta P = P_s - P_v \]

This decrease in \(\Delta P\) causes the flow rate to diminish over time.

Final Stage: Equilibrium

Eventually, the internal pressure reaches the source pressure:

\[ P_v \rightarrow P_s \]

At this point, the net driving force for flow is nearly zero, and the vessel
is effectively filled to the equilibrium state dictated by the source
properties.

---

The Role of Fluid Properties: Constant Source Conditions

Since the source properties are assumed to remain constant, they serve as an
unchanging boundary condition. This scenario simplifies analysis because:

- Fixed Pressure: The source maintains a constant pressure \(P_s\).

- Constant Temperature: If the temperature remains constant, it influences
density and other thermodynamic properties.

- Stable Composition: The fluid's chemical composition remains unchanged
during the process.

This constancy ensures that the only significant variables changing during
filling are the internal pressure and the fluid distribution within the
vessel.

---

Real-World Applications and Implications

Understanding the filling process of a rigid vessel from a constant property
source has practical implications across engineering and natural sciences:

- Hydraulic Systems: Designing pressurized tanks and ensuring safe filling



protocols.
- Chemical Reactors: Filling sealed reactors with reactants while controlling
pressure conditions.
- Natural Phenomena: Modeling aquifer interactions with confined chambers or
volcanic chambers filling with magma.
- Aerospace Engineering: Filling fuel tanks with cryogenic fluids where
source conditions are stable.

Safety and Optimization Considerations

In engineering practice, controlling the filling rate is crucial to prevent
structural damage or safety hazards. Recognizing how pressure builds and
stabilizes helps in:

- Designing appropriate inlet sizes.
- Implementing pressure relief mechanisms.
- Optimizing filling times for process efficiency.

---

Conclusion: The Interplay of Physics and Engineering

Filling a rigid vessel from a constant-property source encapsulates
fundamental principles of fluid mechanics, thermodynamics, and conservation
laws. By appreciating the dynamics involved—how pressure gradients drive
flow, how internal pressure evolves, and how the system approaches
equilibrium—engineers and scientists can better design and predict the
behavior of complex fluid systems.

While the assumptions of constant source properties and a rigid vessel
simplify the analysis, real-world applications often require accounting for
additional complexities such as viscosity, turbulence, and thermal effects.
Nonetheless, the core concepts outlined here provide a foundational
understanding vital for advancing innovations in fluid handling, safety
protocols, and system optimization.

In sum, the seemingly straightforward act of filling a fixed-volume container
from a stable source reveals a rich tapestry of physics that underpins
countless technological processes and natural phenomena—a testament to the
elegance and practicality of fluid mechanics.
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