Class Notes  

       MECH 646 Convection Heat Transfer    
                   Page:  16     

Week 1 
                 Introduction and Conservation Principles  
           Text: Ch. 1 - 3   

Technical Objectives:

· Discuss the difference between thermodynamics and heat transfer and demonstrate the ability to differentiate between problems that can be solved using the principles of thermodynamics vs. the principles of heat transfer.

· Discuss the limitations and utility of the heat transfer coefficient.

· Formulate the conservation of mass, momentum and energy for a control volume and explain each term.
· Show that the rate of deformation of a rectangular fluid element can be expressed as the velocity gradient du/dy and discuss the concept of viscosity of a Newtonian Fluid.

1. Introduction

This course is a graduate level course in convection heat transfer.  In broadly simplified terms, the subject of convection heat transfer deals with the transport of thermal energy to or from a solid body in the presence of a moving fluid.  For example, consider the Space Shuttle as it re-enters the atmosphere:

How would you determine whether a missing Space Shuttle tile would be a problem during re-entry?  
2. Equilibrium vs. Transport Processes
A common question in engineering is whether a process can be analyzed as an equilibrium process or a transport process.  The subject area of thermodynamics deals only with systems that are in thermodynamic equilibrium.  Thermodynamics is a very powerful science and can be used to solve many problems.  The subject area of Heat Transfer deals with systems that are not in thermodynamic equilibrium.

Consider the following problem.  

Example 1.1 

Known:  A steel cylinder with a bore of 1” and a stroke of 2” and a thickness of .080” is initially at room temperature.  It is then instantaneously filled with high temperature air at 1000 psia and 2000 K.  

Find: Assuming that the outer surface is completely insulated, calculate the final temperature of the air and final temperature of the cylinder.

Schematic Diagram:

Given:  s=8000 kg/m3, Cp,s=600 J/kg-K, ks  = 35 W/m-K, Cp,a=1000 J/kg-K, ka=0.080 W/m-K 
Assumptions:

How do you solve this problem?  Is it a thermodynamics problem or a heat transfer problem?  

Solution:

3. What is the Heat Transfer?

We were able to solve the above example using the principles of thermodynamics by assuming that the initial conditions and final conditions were both equilibrium states.  Thermodynamics would not have been able to tell us:

These are heat transfer problems, not thermodynamics problems.

3.1 Modes of Heat Transfer: Conduction, Convection and Radiation
Heat transfer is thermal energy in transit due to a temperature difference.  Whenever there exists a temperature difference in a medium or between media, heat transfer must occur.  

3.2 Conduction

Consider a fluid with a temperature gradient, in which the bulk velocity is everywhere equal to zero.  Conduction refers to the transfer of random kinetic energy from molecules with higher random kinetic energy to those with lower kinetic energy.  In a gas this process occurs solely due to molecular diffusion as shown below:


The transport of thermal energy via molecular diffusion is described from Fourier’s Law as:

(3-8)  

Where q” is the heat flux vector in (W/m2), k is the thermal conductivity of the conducting media (W/m-K) and (T is the temperature gradient (K/m).  

3.2 Convection

Consider now a fluid with a temperature gradient and, in which, the bulk velocity is not uniform.  In such a fluid, convection heat transfer occurs via two mechanisms.  In addition to energy transfer from random molecular motion (i.e. conduction), energy is also transferred by bulk or macroscopic motion of the fluid.  

Pure Conduction



Convection (Turbulent Flow Example)

In engineering applications of convection heat transfer, we are typically interested in the transfer of thermal energy between a solid surface and a fluid with a velocity distribution.  Consider the flow of a fluid over a heated surface as shown below:

Because of the no-slip condition at the fluid-solid interface, there exists a velocity boundary layer in which the velocity varies from zero to the free stream velocity, u(.   Similarly, if the surface temperature, Ts, differs from the free stream temperature, T(, a thermal boundary layer will also exist.  

Historically and empirically, the rate of heat transfer between a solid surface and the surrounding fluid is calculated using Newton’s law of cooling.  

(1-1)

Where qs” is the heat flux (W/m2), Ts the surface temperature, T( the free stream temperature and h the local convection heat transfer coefficient, W/m2-K.  

Why is it that, in convection, the rate of heat transfer is proportional to T and in conduction, the rate of heat transfer is proportional to T/x?

4. The Convection Heat Transfer Coefficient

In many ways, the entire field of convection heat transfer is aimed at determining the local heat transfer coefficient, h, for a given flow field and geometry.  Unfortunately, the heat transfer coefficient is an entirely empirical entity with very little physical significance.  Consider once again the thermal boundary layer shown in the figure above:

Because of the no-slip condition, there really is no velocity at the fluid-solid interface and therefore heat transfer occurs solely due to conduction heat transfer at the fluid-solid interface.  In other words, there really is no such thing as convection!  

Based on conduction alone, the heat transfer at the interface can, in theory, be calculated by equation (3-8) as long as the local temperature gradient can be calculated everywhere at the fluid solid interface:

Why then, was the heat transfer coefficient invented in the first place?

1.   
2.    
Indeed, even though there is not much physical significance in the heat transfer rate being proportional to the difference between the free stream and surface temperatures, there are good reasons to define a heat transfer coefficient using (1-1).

Equating (3-8) and (1-1) results in the actual definition of the heat transfer coefficient:

(1-1a)

This equation shows why convection heat transfer is an entire field of study.  Because, in reality, the heat transfer coefficient has embedded in it dT/dy at the surface, which as you can imagine is influenced by the local flow field and the fluid properties.

Example 1.2 

Known:  I recently moved from Philadelphia, PA, where the average daytime temperature in January is 41 F to Fort Collins, CO, where the average daytime temperature is 41 F.  

Find:  Why does it seem so much warmer here?  

Analysis: Use equation (1-1a) to reason why it might feel warmer here than in Philadelphia in the winter.

4.1 Engineering Applications of the Heat Transfer Coefficient
For engineering applications, the heat transfer coefficient is ubiquitous in convection heat transfer and can be used to solve a variety of problems, assuming that a suitable correlation exists for the heat transfer coefficient for your application.  

Undergraduate heat transfer consists largely of figuring out the suitable correlation to solve engineering applications of heat transfer.   Consider the following example as a review:

Example 1.3  Forced Convection Cooling of a CPU Chip.

[image: image1]Known:  An Intel Pentium 4 processor chip generates 89 Watts of power.  The maximum allowable temperature of the chip casing is 69 °C.

Find: a) Calculate the required velocity of air flow over the surface of the chip to dissipate 89 W of power.  

Schematic Diagram and Given Data:

Assumptions:

Analysis


[image: image9.jpg]



5.  The Difference between this Course and Undergraduate Heat Transfer
What if there is no suitable heat transfer coefficient available for your flow field?  Consider again the space shuttle tile problem.  

In this course, we will understand the underlying theory behind development of the heat transfer coefficient.  

Like most engineering courses, we begin by looking at the conservation principles of mass, momentum and energy.

6.  Conservation Principles 
6.1 Control Volume Analysis

An open system is a system that exchanges mass (as well as heat and work) with the surroundings.  Open systems are analyzed using control volume analysis.  Consider the following rack-mounted instrument:

Actual System




Control Volume Analysis
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6.2 Conservation of Mass

In the open system above, air flows in and out, and air can, in principle accumulate within the chassis.  The conservation of mass for a control volume keeps track of the amount of mass that flows in and out of a control volume.  In words, the conservation of mass says:

Mathematically, the conservation of mass can be written as follows:

(2-1)

where 
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 is a mass flow rate in [kg/s] or [lbm/s].

6.2.1 Evaluating Mass Flow Rate Given Velocity

Often, in engineering practice, we are given an average velocity and we need to calculate the mass flow rate.  Consider the air flowing into the system above:

The mass flow rate can be calculated as follows:

(2-3)







where A is the cross sectional area [m2], v is the velocity [m/s] and  is the density [kg/m3].  

Example 1.4  Application of the conservation of mass for a control volume.

Known:  A heat transfer calculation has shown that the mass flow rate of air required to cool an electronic system is 0.03 kg/s.   For noise considerations, it is also known that the velocity of the inlet air must be less than 0.4 m/s.  

Find: a) The required air inlet area for the system in in2.  

Schematic Diagram and Given Data:
Assumptions:

Analysis:

6.3 The Conservation of Energy
Consider again the forms of energy that cross the system boundary for the rack mounted system:

In addition to 
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 and 
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, which cross the system boundary, the mass that flows through the control surface carries along its own energy!

This energy is in the form of internal energy, potential energy and kinetic energy:

In addition to carrying along its own energy, the mass flow also does P-V work on the system boundary.  This phenomena is called flow work:
Taking into account
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, 
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, flow energy and flow work, we can now formulate the conservation of energy for an open system:
(in words)   

(2-5)

Recognizing that u + P/ = h, we can substitute in for enthalpy.  The above equation becomes:

(2-5a)

This is the conservation of energy for an open system (control volume).

Example 1.5  Application of the conservation of energy for a control volume.

Known:  The input power into an electronic system is 500 W.  It is known that 200 W of heat can be effectively dissipated through natural convection to the atmosphere.    The remaining energy must be dissipated through forced convection through the chassis.  The maximum allowable exit temperature of air is 110 °F.  

Find: The required mass flow rate of air in kg/s.  

Schematic Diagram and Given Data:

Assumptions:

Analysis

6.4 Conservation of Momentum

As an example of the conservation of momentum for a control volume, consider a solid rocket motor undergoing a static test firing:

Drawing a control surface around the rocket, the conservation of momentum can be formulated as follows:

(in words)

Results in the following equation:

(2-4)

Example 1-6.  Conservation of Momentum for a Control Volume
Use Equation (2-4) to Derive an equation for thrust for a static firing of a solid rocket motor.

External Forces:

Momentum Flux:

Results in the following equation:

7. Fluid Stresses and Flux Laws

As discussed above, convection heat transfer is really the science of figuring out the gradient of the temperature profile at the surface of a solid-fluid interface under conditions where the fluid is in motion with respect to the solid.  That temperature gradient is governed by fluid properties and the flow field within the boundary layer.  So, in convection heat transfer, momentum transport and energy transport are fully coupled.  
7.1 Viscous Fluid Stresses

A fluid is defined as a substance that deforms continuously under the action of a shear stress.   Consider the behavior of a fluid element between two infinite plates shown below:

Assume that the upper plate is moving at a velocity of du, with respect to the wall.  During the time interval dt, the upper plate moves a distance of dL, resulting in the deformation of the rectangle MNOP into the parallelogram NM’O’P.
The shear stress, yx, on the top plate is defined as the force, dFx, in the x direction per unit area, dAy of the y-face of the plate:  

(3-1a)
The rate of deformation of element NMOP is defined as follows:

(3-1b)

For small angles, d is equal to dL//dy.  But, dL is also equal to (du)(dt).  Eliminating dL shows that the rate of deformation is actually identical to the velocity gradient, du/dy:
(3-1c)

Thus, the fluid element above is shown to experience a rate of deformation (or shear rate) of du/dy when subjected to a shear stress, yx.  

A Newtonian Fluid is defined as a fluid in which the shear stress, yx, is directly proportional to the shear rate, du/dy: 
(3-1d)
Where the constant of proportionality is the absolute (or dynamic) viscosity, .  The physical significance of viscosity, as given by equation 3.1d can be thought of as the resistance to deformation under an applied shear stress.  Consider the difference between glycerin and water, for example.  
Consider now, the more general 3-D Cartesian fluid element shown below:

In general, this element can be acted on by the following 6 components of stress.  

(3-1)

(3-2)

(3-3)

(3-4)

(3-5)

(3-6)

Note the nomenclature:

Equations (3-4) through (3-6) represent normal stresses.  For many applications the second and third terms are negligible and the normal stresses simply equal to the pressure, P.
In tensor notation, equations (3-1) to (3-6) can be expressed as follows:

(3-7)

7.2 Fourier’s Law of Heat Conduction (Revisited)

As discussed in Section 3-2, Fourier’s Law of Heat Conduction states that the transport of heat via molecular interactions at any point in a solid or fluid is proportional to the temperature gradient.  The direction of the heat transport is the negative of the temperature gradient and the proportionality constant is the thermal conductivity, k.  
(3-8)

Note that the thermal conductivity, k,  is typically a very strong function of temperature.
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