A 150 Mm Diameter Plunger Is Being
Pushed At 50 Mm/sec Into A Tank Filled
With Oil Having A Specific

A 150 mm diameter plunger is being pushed at 50 mm/sec into a tank filled with
oil having a specific viscosity, a scenario that involves complex fluid dynamics
principles, including fluid resistance, pressure distribution, and energy considerations.
Understanding the behavior of the oil as the plunger moves is essential in designing
efficient hydraulic systems, optimizing pump operations, and ensuring safety and
reliability in industrial applications. This article explores the fundamental concepts
involved in such a process, offering insights into the physics of fluid resistance,
calculations of the forces involved, and practical considerations for engineering
applications.

Understanding the Scenario: Basic Parameters
and Assumptions

Before diving into the detailed analysis, it is crucial to clarify the key parameters and
assumptions involved in the scenario:

Plunger Diameter: 150 mm (0.15 meters)

Plunger Velocity: 50 mm/sec (0.05 meters/sec)

Fluid: Oil with known viscosity and density

Tank: Contains the oil, possibly with free surface or confined environment

e Objective: Understand the resistance force, pressure distribution, and energy
transfer during plunger movement

Assumptions:

- The oil behaves as a Newtonian fluid, meaning its viscosity remains constant regardless
of shear rate.

- The flow around the plunger is laminar, which is typical for low velocities and small
characteristic lengths.

- The plunger's motion is steady and uniform.

- The fluid is incompressible.

- Effects of turbulence, temperature variations, and cavitation are neglected for simplicity.



Fundamental Concepts in Fluid Dynamics

Understanding the movement of the plunger into the oil involves several core principles:

Viscous Resistance and Shear Stress

When the plunger pushes into the oil, it experiences a resistive force due to viscous shear
stress. This shear stress arises from the velocity gradient in the fluid adjacent to the
plunger surface, which resists motion.

The shear stress (\(\tau\)) in a Newtonian fluid is given by:

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

where:

- \(\mu)) is the dynamic viscosity of the oil (Pa-s)

- \(du/dy\) is the velocity gradient perpendicular to the surface

Note: For a flat, circular plunger moving into a viscous fluid, the calculation of shear

stress depends on whether the flow is modeled as flow over a flat plate or through a
confined space.

Flow Regimes: Laminar vs. Turbulent

The Reynolds number (Re) determines whether the flow is laminar or turbulent:

\[

Re = \frac{\rho v L}{\mu}
\]

where:

-\(\rho\) is the fluid density (kg/m?3)
-\(v\) is the velocity (m/sec)

- \(L\) is the characteristic length (m)
-\(\mu\) is the dynamic viscosity (Pa-s)

For low velocities and small characteristic lengths, Re is small (< 2000), indicating
laminar flow, which simplifies analysis.

Calculating the Resistance Force on the Plunger

The primary force resisting the plunger's motion is viscous drag. Depending on the



configuration, different models can be applied.

Model 1: Shear Flow Over a Flat Surface

If the plunger moves into a relatively deep tank, the flow near the surface resembles
Couette flow, where the shear stress is:

\[
F {resist} = \tau \times A
\]

with:
-\(A\) being the surface area of the plunger:

\[

A = \pi \times \left(\frac{D} {2 }\right) "~ 2
\]

Given:

-\(D = 0.15\, \text{m}\)
Calculate \(A\):

\[
A = \pi \times (0.075)"2 \approx 0.01767\, \text{m} "2

\]

The shear stress:

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

For a moving flat plate in a viscous fluid, the velocity gradient:

\[
\frac{du}{dy} \approx \frac{v}{h}
\]

where \(h\) is the characteristic boundary layer thickness, which depends on flow
conditions.

However, in practical scenarios, especially for a plunger pushing into oil, the dominant
resistance often comes from the viscous pressure drop in the confined space behind the
plunger, especially if oil is displaced in a narrow gap.



Model 2: Resistance in a Narrow Gap (Hagen-Poiseuille
Equation)

If the plunger pushes into a confined space with a small clearance, the flow resembles a
squeeze film or thin film flow, and the Hagen-Poiseuille law applies:

\[

Q = \frac{\Delta P \times \pi r"~4}{8 \mu h}
\]

where:

-\(Q\) is volumetric flow rate

-\(\Delta P\) is the pressure difference

-\(r\) is the radius of the plunger (\(D/2 = 0.075\, \text{m}\))
-\(h\) is the gap height (assumed or measured)

The resistive force due to viscous pressure:

\[
F = \Delta P \times A
\]

Given the velocity \(v\), the flow rate:

\[
Q = A {gap} \times v
\]

where \(A_{gap})) is the cross-sectional area of flow in the narrow gap.

Note: Precise calculation requires knowledge of the gap size and boundary conditions. For
simplicity, we often estimate the force based on typical values or experimental data.

Estimating the Force and Power Required

Assuming typical oil viscosity and the parameters provided, we proceed to estimate the
resistive force.

Example Calculation with Assumed Viscosity

Suppose the oil has a dynamic viscosity:

\[
\mu = 0.1\, \text{Pa-s}

\]



and the flow is laminar with a characteristic boundary layer thickness or gap of:

\[
h =1\, \text{mm} = 0.001\, \text{m}

\]

The shear stress:

\[

\tau = \mu \times \frac{v}{h} = 0.1 \times \frac{0.05}{0.001} = 0.1 \times 50 = 5\,
\text{Pa}

\]

Resistive force:

\[
F {resist} = \tau \times A = 5 \times 0.01767 \approx 0.088)\, \text{N}
\]

This indicates a relatively small force under these assumptions.

However, in real applications with narrower gaps or higher viscosities, forces could be
significantly higher, impacting pump design and energy requirements.

Power Calculation

The power required to push the plunger is:

\[
P = F {resist} \times v
\]

Using the estimated force:

\[
P = 0.088\, \text{N} \times 0.05\, \text{m/sec} = 0.0044\, \text{W}

\]

which is minimal, but actual power may be higher depending on real conditions.

Practical Considerations in Engineering
Applications

Understanding the resistance forces and flow behavior is vital for designing efficient
hydraulic systems, including pumps, cylinders, and valves.



Designing for Viscous Resistance

- Material Selection: Choose materials compatible with oil and capable of withstanding the
forces involved.

- Clearance Optimization: Minimize gaps to reduce viscous resistance without
compromising safety or function.

- Lubrication and Seal Design: Ensure seals prevent leaks and maintain consistent oil flow.

Energy Efficiency and Safety

- Estimating the energy required to push the plunger helps in selecting appropriate motor
sizes.

- Monitoring pressure to prevent exceeding maximum allowable limits, avoiding cavitation
or damage.

- Incorporate safety margins considering temperature variations affecting oil viscosity.

Advanced Topics: Non-Newtonian Fluids and
Turbulent Flow

While the above analysis assumes Newtonian, laminar flow, real-world scenarios may
involve:

- Non-Newtonian Fluids: Oil additives, temperature changes, or other factors can alter
viscosity, requiring more complex rheological models.

- Turbulence: At higher velocities or larger scales, flow may become turbulent, increasing
resistance unpredictably.

Conclusion

Pushing a 150 mm diameter plunger into a tank filled with oil at a velocity of 50 mm/sec
involves intricate fluid dynamics considerations. The primary resistance stems from
viscous shear stresses, which depend on the oil’s viscosity, the flow regime, and the
geometry of the interface. Simplified models like shear flow over a flat surface or Hagen-
Poiseuille flow in narrow gaps provide valuable estimates for designing hydraulic systems
and predicting energy requirements.

In practical engineering, detailed analysis often involves computational fluid dynamics
(CFD) simulations and experimental validation to account for complex factors like
turbulence, temperature effects, and boundary conditions. Nonetheless, understanding
these fundamental principles equips engineers with the tools to optimize equipment
performance, ensure safety, and improve efficiency in applications



Frequently Asked Questions

What factors influence the force required to push a 150
mm diameter plunger into an oil-filled tank at 50
mm/sec?

The main factors include the oil's viscosity, the plunger's speed, the diameter of the
plunger, the temperature of the oil, and the properties of the tank and plunger surface
friction. These determine the resistance or drag force encountered during the movement.

How does the oil's viscosity affect the pressure needed
to push the plunger at a constant speed?

Higher viscosity oils increase the viscous resistance, requiring greater force or pressure to
move the plunger at the same speed of 50 mm/sec. Conversely, lower viscosity oils offer
less resistance, reducing the required force.

What is the significance of the specific gravity of the oil
in this scenario?

The specific gravity of the oil influences the buoyant forces acting on the plunger and
affects the overall pressure calculations. It helps determine the effective weight of the
displaced fluid, impacting the force needed to push the plunger.

How can the pressure exerted on the plunger be
calculated given the oil's properties and movement
parameters?

The pressure can be calculated using fluid dynamics formulas, such as the Hagen-
Poiseuille equation for viscous flow or Darcy's law, incorporating the oil's viscosity,
plunger diameter, velocity, and any applicable boundary conditions to determine the
resistance force and resulting pressure.

What safety considerations should be taken into
account when pushing a plunger into an oil-filled tank
at this speed?

Safety measures include ensuring the tank and plunger are rated for the expected forces,
controlling the movement speed to prevent splashing or rupture, wearing appropriate
protective gear, and monitoring pressure levels to avoid exceeding design limits that could
cause failures or leaks.



Additional Resources

A 150 mm Diameter Plunger Is Being Pushed At 50 mm/sec Into A Tank Filled With Oil
Having a Specific — this scenario encapsulates fundamental principles of fluid mechanics,
hydraulic systems, and force analysis. Understanding the interactions between the
plunger and the oil, including the pressure development, viscous forces, and energy
considerations, is crucial for designing efficient systems such as hydraulic actuators,
piston pumps, and fluid control devices. This article aims to provide a comprehensive
guide to analyzing such a setup, illustrating the key concepts, calculations, and practical
considerations involved.

Introduction to the Scenario

Imagine a cylindrical plunger with a diameter of 150 mm being pushed into a tank filled
with oil at a constant speed of 50 mm/sec. The oil possesses specific properties—density,
viscosity, and possibly compressibility—that influence how the system behaves under
these conditions. The primary goals are to determine:

- The force required to push the plunger at this speed
- The pressure distribution within the oil

- The energy losses due to viscous effects

- The impact of oil properties on system performance

Understanding these parameters is essential for engineers designing hydraulic machinery,
ensuring safety, efficiency, and reliability.

Fundamental Concepts and Assumptions
Before diving into calculations, let's clarify the core principles and assumptions:

Basic Principles

- Fluid statics and dynamics: The behavior of the oil as a viscous fluid under the movement
of the plunger.

- Viscous shear stress: Resistance offered by the oil to the plunger movement.

- Hydrodynamic pressure: The pressure exerted by the fluid due to the plunger's motion.

- Energy considerations: Work done by the plunger translates into overcoming viscous
forces and possibly compressing or moving the fluid.

Assumptions

- The oil is incompressible and Newtonian.

- The flow is laminar (valid if Reynolds number is below critical threshold).

- The system is steady-state during the movement.

- End effects are negligible, focusing on the local shear and pressure distribution at the
plunger face.

- The plunger moves in a straight line without tilt or wobble.



Geometric and Material Parameters
Let's define the key parameters:

| Parameter | Description | Value |

| | | |

| Diameter of plunger | \( D\) | 150 mm (0.15 m) |

| Radius of plunger | \( R\) | 75 mm (0.075 m) |

| Cross-sectional area | \( A\) | \(\pi R™2) |

| Speed of plunger | \( v\) | 50 mm/sec (0.05 m/sec) |

| Oil viscosity | \( \mu \) | To be specified (e.g., 0.1 Pa-s for typical hydraulic oil) |
| Oil density | \( \rho \) | To be specified (e.g., 900 kg/m?) |

Calculating the Cross-Sectional Area
The area of the plunger face directly influences the force and pressure calculations:

\[
A =\pi R™2 = \pi \times (0.075\\text{m})”~2 \approx 0.01767\,\text{m}"~2
\]

This area is central to determining the pressure developed within the oil and the force
required to move the plunger.

Analyzing Viscous Forces and Pressure Drop

The movement of the plunger creates a shear flow within the oil, resulting in viscous
forces that resist motion. The key to understanding these forces is to analyze the shear
stress distribution and the resulting pressure difference.

Laminar Flow Assumption and Hagen-Poiseuille Equation
In many hydraulic systems with small clearances or thin flow regions, the flow can be

approximated as laminar. The classic Hagen-Poiseuille equation describes the volumetric
flow rate \( Q\) driven by a pressure difference \( \Delta P \):

\[

Q = \frac{\pi R™4}{8 \mu} \frac{\Delta P} {L}
\]

where:

-\( R) is the relevant flow radius,
-\(\mu \) is the dynamic viscosity,
-\( L) is the length of the flow path.

However, in the case of a plunger pushing into a tank, the flow occurs in a gap or annular
space if the plunger does not fill the entire tank cross-section. If the plunger is perfectly



fitting and tightly sealed, the flow is primarily in the boundary layer at the face, and the
pressure distribution can be approximated differently.

Simplified Approach: Shear Stress at the Plunger Face

If the plunger moves into the oil with a certain velocity, the viscous shear stress \( \tau \)
at the face can be estimated using:

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

where:
-\(u) is the local fluid velocity,
-\(y\) is the distance from the surface.

In a simplified model, assuming a thin film of oil between the plunger and the stationary
tank side, the shear stress responsible for the force is approximately:

\[
F {viscous} = \tau \times A
\]

and the shear stress relates to the velocity gradient in the oil.

Calculating the Force Required to Push the Plunger
Viscous Drag Force

For laminar flow over a flat plate or within a narrow gap, the viscous force can be
approximated as:

\[
F {viscous} = \eta \times \text{shear area} \times \frac{v}{d}

\]

where:

-\(\eta ) is the dynamic viscosity,

-\( v\) is the plunger velocity,

-\( d) is the characteristic thickness of the oil layer or gap.

In the absence of detailed gap data, a common approach is to assume a uniform shear
stress:

\[
F {viscous} = \tau \times A
\]

with



\[
\tau = \mu \times \frac{v}{d}
\]

Assuming a known or estimated oil film thickness \( d \), the force becomes:

\[
F {viscous} = \mu \times \frac{v}{d} \times A
\]

Practical Calculation Example

Suppose the oil film or clearance between the plunger and the tank wall is approximately
1 mm (0.001 m). Using:

-\(\mu = 0.1\, \text{Pa-s} ),

-\(v = 0.05\, \text{m/sec} ),

-\(d = 0.001\, \text{m} ),

-\( A\approx 0.01767\, \text{m}~2\).

Calculate the shear stress:

\[

\tau = \mu \times \frac{v}{d} = 0.1 \times \frac{0.05}{0.001} = 0.1 \times 50 = 5\,
\text{Pa}

\]

Then, the force:

\[
F {viscous} = \tau \times A = 5 \times 0.01767 \approx 0.0884\, \text{N}
\]

This indicates a relatively low viscous force under these conditions; however, in real

systems, the actual force is often higher due to additional factors such as turbulence, non-
uniformities, and pressure buildup.

Considering Pressure Development

The pressure exerted by the fluid on the plunger can be estimated via the relation:
\[

\Delta P = \frac{F}{A}

\]

Given the viscous force, the pressure:



\[
\Delta P = \frac{0.0884\, \text{N}}{0.01767\, \text{m} ~2} \approx 5\, \text{Pa}

\]

This is consistent with the shear stress calculation, illustrating that at low velocities and
small gaps, the pressure build-up is modest.

In more realistic scenarios, especially with smaller clearances or higher viscosities, the
pressure can reach higher values, necessitating stronger actuators and more robust
system design.

Energy Losses and Power Requirements

The power required to move the plunger at constant velocity mainly compensates for
viscous energy dissipation:

\[
P = F {viscous} \times v
\]

Using the previous force estimate:

\[
P = 0.0884\, \text{N} \times 0.05\, \text{m/sec} = 0.00442\, \text{W}

\]

This minimal power indicates low viscous resistance in this simplified model, but actual
systems with tighter clearances or higher viscosities will have significantly higher power
requirements.

Practical Considerations and Design Implications

Seal and Clearance Design

- Ensuring appropriate clearance between the plunger and the tank is vital for controlling
viscous forces and preventing leaks.

- Tighter seals increase resistance but prevent fluid leakage; looser seals reduce force but
risk leaks and contamination.

Viscosity Management

- Oil viscosity varies with temperature; systems must be designed considering operating
temperature ranges.

- Using oils with appropriate viscosity ensures manageable forces and power consumption.

Force and Power Calculations

- For real systems, include safety margins considering wear, manufacturing tolerances,
and dynamic effects.

- Power calculations should account for transient conditions, acceleration, and potential



turbulence.

Monitoring and Control
- Incorporate pressure sensors to monitor developed pressure.
- Use feedback systems to adjust force application
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