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Transfer of Thermal Energy
August 25, 2019
 
Space Shuttle Thermal Protection System
pg. 6


[image: image1.png]Coating
‘The outer portion ofa il is coversd with a

Identification number black-glazed coating of borosilicate.

Each tle has an igentiication number which tells ‘These files do most of the coating job by

batch and location. This number can be fed inta a shedding about 85% of the heat encountered
computerto produce an identical tie. “The remaining 5% is absorbed by the file's interior,

x preventing itffom reaching the orbiter's aluminum skin

Composition

90% air, 10% silica fivers a few milimeters Glue

thick The tiles feels similar to plastic foam. Asilicon-rubber glue similar to common bathtu

The silica fbers are derived fom high-qualty caulking, bonds atile to a felt pad, thatis in tum bonded

tothe orbiter's skin. The felt absorbs the stresses of
aifftame bending that could damage the files.



         [image: image2.png]HASI - Black
LRSI Ot White
FRSI-White

RCC - Light Gray

Wl’i /////[lll/mnm--

&7 s ——
T et

Thermal Protection System, Orbiter 102

Reiaforced Carbon Carbon (RCC)

Hih Temporstr, Rrvsble
[ Rl

& Low Temperature, Reusable
Surtace Insultion (LASI)
[T Costed Nomex Felt Reusable

Surtace Inslation (FRSI)

===

. Are,
Sl sam a0

FRST 3527 @8N
LRS! 2548 2761

4197 (5164)
ReC 380 (409

53211173
1014.2 (22361
44125 (9723)
16973 (37421
9185 (2025)

o I |

“Includes bulk insulation, thermal
barriers, and clossouts




Primary Topic:  Forms of Energy, Transfer of Thermal Energy (Heat), Engineering Analysis
Supporting Topics:  Algebra, calculus (MATH 117,118,124, 125, 126, 160); Energy and Heat, (PHYS 141; CHEM 111); Engineering Thermodynamics (MECH 337) 

Technical Objectives:

· Explain the difference between temperature and heat. 

· Explain the difference between heat [W] and heat flux [W/m2].   
· Explain the need for a thermal protection system on spacecraft reentering the atmosphere and the different ways to design such a system.
· Calculate the rate of heat flux (heat per unit area; W/in2) at the surface of a 100 W light bulb and compare that to the radiant heat flux that the Earth receives from the Sun.  
· Calculate the rate of heat flux [W/in2] on the wing of the Space Shuttle with and without its thermal protection system.  
1. Background: Space Shuttle Thermal Protection System
On February 1, 2003, the Space Shuttle Columbia catastrophically disintegrated during reentry resulting in the loss of the space vehicle and the loss of life of all of the astronauts on board.  After an exhaustive investigation, it was found that the failure was caused by a breach in the thermal protection system.   The breach was caused by a large piece of insulating foam that broke away from the external tank and impacted the leading edge of the left wing during launch.  
An excerpt from the official investigation details how the breach in Columbia’s left wing resulted in the ultimate loss of the space vehicle:

“[The] conclusion is that Columbia re-entered Earthʼs atmosphere with a preexisting breach in the leading edge of its left wing in the vicinity of Reinforced Carbon-Carbon (RCC) panel 8. This breach, caused by the foam strike on ascent, was of sufficient size to allow superheated air (probably exceeding 5,000 degrees Fahrenheit) to penetrate the cavity behind the RCC panel. The breach widened, destroying the insulation protecting the wingʼs leading edge support structure, and the superheated air eventually melted the thin aluminum wing spar. Once in the interior, the superheated air began to destroy the left wing.”
Group Learning Exercise 1.
Break into groups of 4 and discuss the following:

· Why does the Space Shuttle orbiter need thermal insulation?
· Why did engineers decide to use “tiles” to provide the thermal insulation?
· What engineering properties/principles must be employed in design and development of the tiles?
· How would one prevent a failure of this kind in the future?
Demonstration.   Watch what happens when we subject a Space Shuttle tile to a blow torch.
Notes: 

2. Discussion and Theory
2.1 What is Temperature?

Although we have a feel for how hot an object is or how cold an object is, it is actually quite hard to define temperature. From practical experience, we know that certain objects are hotter than others but what is this hotness?

Thermal Energy Stored by a Gas: 

Thermal Energy Stored by Solid Matter: 

.

Temperature is a measurement of “stored thermal energy”.

2.2 What is Heat?
Heat is not the same thing as temperature!   Heat refers to the transfer of thermal energy.   Matter does not possess heat, but rather heat can be transferred to matter, heat can be transferred out of matter and heat can be transferred through matter.  Heat is measured in Watts [W].   

Consider a 100 W incandescent light bulb.  It is dissipating 100 W of power and that power must be transferred out of that light bulb via heat: 
Consider your body on a hot summer day.   Is heat being transferred to or from your body on a hot summer day?

Group Learning Exercise 2.  
Break into groups and discuss the following questions:

· Do our bodies actually “feel” temperature?

· Is it accurate to use the term “body heat”?

2.3  Heat Flux  

The word “flux” is a fancy word for transfer of something per unit area.  So, the term heat flux is simply the amount of heat transferred per unit area.  Heat flux therefore has dimensions of power per unit area, such as Watts per cubic meter [W/m2].   For example, the heat flux from solar radiation to the surface of the earth is 1500 W/m2. 
Is this a higher heat flux than the heat flux at the surface of a 100 W light bulb?  Lets find out.

Group Learning Exercise 3.  
Calculate the heat flux [heat per unit area] dissipated at the surface of a typical 100 W light bulb in W/in2 and compare that value to the heat flux from the sun at the surface of the Earth:
2.5 Conduction Heat Transfer
Conduction Heat Transfer refers to the transfer of thermal energy through a substance due to a gradient in temperature.   Consider, for example, the temperature difference across a Space Shuttle tile during reentry:

For conduction heat transfer, the rate of heat flux [W/m2] through a material is directly proportional to the temperature gradient, where the property called thermal conductivity, k, is the proportionality constant:

Mathematically, we can calculate the heat flux through a material using the following equation, where k is the thermal conductivity [W/m°C], T is the temperature difference and x is the thickness of a material:
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Now that we have been introduced to some of the underlying physics, we can try to calculate the effect of the Space Shuttle tiles on reducing the heat flux to the wing of the Space Shuttle during reentry.

Group Learning Exercise 4 (Homework 1).  
Known. Heat flux [W/m2] is defined as heat per unit area. For the conduction of heat, the heat flux can be calculated using the following equation, where k is the thermal conductivity [W/m°C], T is the temperature difference and x is the thickness of a material:
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Given: The thermal conductivity of the LI-900 thermal insulation material is 0.048 W/m°C and the thermal conductivity of aluminum is 250 W/m°C.  

Find: 
(a) The heat flux (W/m2) through a 2-inch thick section of LI-900 subject to a T of 2500 °C, 
(b) The heat flux (W/m2) through a 0.25 inch thick section of aluminum subject to the same temperature difference. 
(c) Compare these values to the heat flux (W/m2) at the surface of a 100 W lightbulb and to the radiant heat flux that the Earth receives from the Sun.   
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