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LTA 11

Helium Usage at Kennedy Space Center

ThisLTA involves the mathematica relationships that describe the characteristics of a gas under
different conditions of pressure, temperature and volume. The Kennedy Space Center (KSC)
uses hdium for avariety of activities, including purging and cleaning the hydrogen system and
engines of the Space Shuitle Orbiters. The helium is ddlivered to KSC with a certain pressure,
temperature and volume, but it is used under different conditions.

Following are some problems involving heium that could arise at KSC, and your task isto solve
these problems. Resources caled “Mathematicd Asides’ and Hints are set up aslinks to provide
information that you may need to solve the problems or to do the exercises.

Problem 1

The Kennedy Space Center uses approximately 70,000 standard cubic feet (scf) of gaseous
helium each day for normal operations and processing. Prior to the spring of 1998 KSC
purchased its helium in gaseous form ddivered in rallcars. These pecid railcars conssted of a
pressurized tube bank mounted on arailcar structure. To maximize ddiverable helium volume,
the tube banks were pressurized to 3,500 pounds per square inch absolute (psia). The fixed
volume of each railcar was 1,050 cubic feet. How many days did the helium in one rallcar last
for norma operations usage? For extra help see resource links following Problem 2.

Problem 2

When a Shuttle is launched gpproximately 1,000,000 standard cubic feet (scf) of helium are used
to purge the Shuttle hydrogen systems, externd tank, and main engines. How many railcars of
helium are needed for each Space Shuitle launch? For extra help see resource links below.

Resource Linksfor Problems 1 and 2

Mathematica Asde: Direct and Inverse Proportions - To model these gas problems we must
under stand the concepts of direct and inverse proportions. Gases obey several laws, each of
which is either a direct or inverse proportion. If you want to learn more about direct and
inverse proportions, click on the following link.

Mathematical Asde: Direct and Inverse Proportions

Mathematical Asde: The GasLaws- Since heliumis used by KSC in its gaseous form, we need
to know several physical laws called the Gas Laws to be able to solve our problems. If you are

not familiar with the Gas Laws, click on the following link. | Mahematicd Asde: The GasLaws

Glossary of Terms— Terminology that might be helpful for your solutionsto Problems 1 and 2
can be found at the following link| Glossary of Terms

Hints, Problems 1 and 2
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Problem 3

In the spring of 1998 KSC was required by law to use private vendors to acquire helium. The
private vendors did not have hedlium railcars to supply the helium in gaseous form. Over-the-

road gaseous helium tankers have amuch smaller capacity than railcars, so it was not
economically feasble to deliver gassous helium using these containers. Liquid helium (LHe) is
much denser than gaseous helium and can be carried more economicaly. The liquid helium can
be converted to gas as needed through a vaporization process at KSC. To meet its helium needs,
K'SC now receives over-the-road liquid helium tankers. Liquid helium is sold by the liter, but
KSC expressesits need in standard cubic feet (scf) of gas. The pressure and temperature for
liquid helium in these tankers is gpproximately 47 psaand — 271.5° C, respectively. How much
liquid hdium in liters will KSC need on a daily basis for normd operations?

Resource Linksfor Problem 3
Mathematical Asde: Unit Andyss- Because the given units of measurement are different from

the units needed, we must use unit analysis to convert to the desired units. If you are not familiar
with using unit analysis to convert between various units, click on the following link.

Mathemeticd Asde: Unit Analyss

Glossary of Terms - Terminology, including conversion factors, that might be helpful for your
solutions to Problem 3 can be found on the following link.| Glossary of Terms

Hints. Problem 3

Problem 4

If aliquid hdium tanker contains gpproximately 42,000 liters of liquid helium, how many days
will the contents of one tanker last under normal operations?

Problem 5

Because of government regulations, KSC was required to switch to private vendors and to
purchase hdiuminitsliquid form. Previoudy KSC purchased gaseous helium at a cost of $0.07
to $0.08 per scf. Presently they are paying $2.00 per liter for the liquid helium. Hasthis
required change been cogt effective for KSC? Justify your answer.

Resource Link for Problem 5

Hints. Problem 5
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Mathematical Aside
Direct and Inverse Proportions
Direct Proportions
We say that an output varidble y is directly proportiona to an input variable x if y = kx where k
isacongant. Thisimpliesthat if x =0theny =0, and that equa changesin x produce equa

changesiny. Also, anincreasein the magnitude of the variable x resultsin an increase in the
magnitude of the variabley.

The following table gives data about the temperature (T) and the volume (V) of a confined gas.

Tablel: VolumevsTemperature

Temperdure (° C) Volume (in®) | Cors tart (k)
25 10 ?
30 12 ?
40 16 ?

Do you see any patterns to the table? If you don't, try dividing each volume by its respective
temperature. Place your answersin the “congant” column. Each divison gives the same
congtant k, and thisfact is characteristic of a direct proportion.

Question
1) What isthe vaue of the congtant k for the direct proportion in Table 1?

Let’slook at thisdirect proportion graphicaly. Using temperature for the horizonta axis and
volume for the verticd axis, plot the datain Table 1 on the following coordinate system.

U laz
2@
18
ie
14
1z

ia

Connect the points to creste a graph.
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Question
2) What isthe shape of the graph that passes through these points?

The straight line you drew through the data points is also characteristic of a direct proportion.
Notice that as you extend your line to the left, it will pass through the origin (or should be close,
depending on the accuracy of your points). Y ou can aways recognize adirect proportion
graphicaly becauseit isalinear graph that passes through the origin. Equations associated with
agraph like this can be written using the two equivalent forms below.
_ Yi_Ye
y=kx or X, x,

Question
3) What isthe linear equation that rel ates temperature and volume in Table 1?
Inver se Proportions

We say that an output varidble y isinversdy proportiond to an input varigble x if y = k/x where
k isacongant. Thisimplies that increases in the magnitude of the variable x result in decreases
in the magnitude of the variabley. The following table shows the rdationship between the
volume of a gas and the pressure being applied to it. When mass and temperature are held
constant, volume and pressure are inversaly proportiond.

Table2: PressurevsVolume

Volume (ft°)

40
50
70

Pressure (ps)
3.5
2.8
2
1
0.5

Constant (k)I

EV) EV) V) BNl BN

Do you notice any patternsin Table 2? Recal the previous example where a constant was
caculated from the quotient of temperature and volume. For an inverse proportion, we can
determine a congtant by multiplying the variables in each row.

Question

4) What isthe vdue of the congtant k for the inverse proportion in Table 2?
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Let's examine the grgph of an inverse proportion. Using volume for the horizonta axis and
pressure for the vertica axis, plot the datain Table 2 on the following coordinate system.

28 48 68 88 188 128 148 164 188 284 224 249 268 280 384

Draw a smooth curve to connect the points. The graph relating pressure to volume has a very
different shgpe compared to the linear graph of volume and temperature from Table 1. Notice
the graph for Table 2 shows that pressure becomes very large as the volume approaches zero.

Question

5) Asshown by the graph, what happens to pressure when the volume becomes very large?
Since the product of the varigblesis a congtant, the equation is commonly written using one of
the following three forms

X _Y;

=k or y= or
Y Y /X X, Y1

Question

6) What isthe equation that relates volume and pressure in Table 2?

NASA - AMATYC - NSF
11.8



Exercises

For the sets of datain Exercises 1 and 2 below, @) determineif the relationship isa direct or
inverse proportion, b) determine the congtant present in the relationship, and c) find the equation

inthefomy = kx ory = k/x.

1)
Temperature ( K) Pressure (ps) congtant
10 2000 ?
15 3000 ?
25 5000 ?
a) typeof reationship:
b) congtant:
C) equdion:
2)
Temperature (K) Mass (kg) constant
10 20 ?
15 13.3 ?
25 8 ?

a) typeof rdationship:
b) congtant:

C) equation:
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For the graphsin Exercises 3 and 4, @) determine if the rlationship isadirect or an inverse
proportion, b) determine the constant present in the relationship, and ¢) find the equation in the
formy = kx ory = k/x.

3)

)

type of relationship:

congtant:

equation:

a) typeof rdationship:

b) congtant:

C) equation:

ClicK

here

fo return to Helium Usage at Kennedy Space Center.
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Mathematical Aside
The Gas Laws
Charles Law

Charles Law describes how the volume and temperature of agas are related if mass and pressure
are kept constant. The table below shows severd values of temperature and corresponding
volume for afixed mass of gas maintained at a constant pressure. The temperature values are
expressed in the Kelvin scale, a scale based on the Celsius scale with — 273° C (absolute zero) set
equa to 0 Kelvin (0 K). Notice that the degree symbol “°” used for Cesus and Fahrenheit
temperature scalesis not used for the Kelvin scle. We can convert between the Kelvin and
Cedus scades using theformulaK = C + 273. We must convert temperatures from Fahrenheit or
Cdsusto the Kelvin scde when using the Gas Laws.

Temperature T VolumeV congtant k
(K) (ft)
240 40.0
252 42.0
255 42.5
270 45.0
276 46.0
279 46.5
291 48.5

We can use agraphing calculator to graph this datato seeif it isadirect proportion, an inverse
proportion, or neither. Oneway of doing thisisto create a scatterplot. To do thison the Tl-
83™, use these keystrokes.

STAT 4{ClrList} 2nd L1, 2nd L2 ENTER

STAT 1{Edit}
Enter the temperature datain L1, arrow over to L2 and enter the volume data.
2nd STAT PLOT ENTER ENTER

Highlight the first type of graph icon { a scatterplot graph} ENTER
Xligt should be L1 and Y ligt should be L2. If not, change them.
Make sure your window parameters match the data.

GRAPH

Quedtions

1) Examinethe graph of your data. From the graph, doesit appear that Charles
Law isadirect proportion, an inverse proportion or neither? Jugtify your answer.

2) What isthe vaue of the constant k for this proportiona relationship?
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Charles Law dates that the volume of agasisdirectly proportiond to the Kelvin temperature of
the gas. Thisdirect proportion can be expressed in ether of the two following ways:

CHARLES LAW
V =KkT or V%
Tl T2
Example 1

A 30 liter container holds 1 mole (a measure of mass) of oxygen gasat 20° C. If the temperature
israised to 30° C while the mass and pressure remain constant, what volume container is needed
to hold the oxygen gas?

Solution

Since the mass and pressure remain congtant, we can use Charles Law. Wefirst change the
temperatures to the Kelvin scale:

K=C+273 b 20°C=293K and 30°C=303K

We can now subgtitute into Charles Law asfollows:

3Oliters ~ V,
293K 303K
30(303
» = 30(303) =31
293

Thus, V, =31 liters,
Boyle'sLaw

The graph below is an example of the relationship between the volume of a gas and the pressure
exerted by the gas when the temperature and mass are held constant.

P lza "-lll
|

21

18

ik i

12 \

w gy T3

B ™

= —_—

NASA - AMATYC - NSF
11.12



Question

3) Based on the shape of the graph, is this relationship adirect proportion, inverse proportion or
neither? Judtify your answer.

Boyle'sLaw

Boyle' s Law states that the pressure exerted by agasisinversaly proportiona to its volume.
Thisinverse rdationship can be expressad in ether of the two following ways.

BOYLE SLAW
P :5 or BV,=R)V,
Example 2

A gas has avolume of 400 ml at a pressure of 1000 psia. What will the volume be if the pressure
isincreased to 2000 psia when the temperature and mass are held congtant?

Solution
PV, =RV,
1000(400) = 2000(V?2)
200m =V,

Click|herewhen you are ready to return to Helium Usage at Kennedy Space Center.
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Glossary of Terms
Absolute zer o is the temperature a which the atoms in a substance stop moving.

Atmospheric pressureis the pressure on the surface of the earth due to the atmosphere, the
envelope of air around the earth. One atmosphere (abbreviated atm) is approximatdly 14.7
pounds per square inch.

Boyle's L awisthe gas law that States that the volume of a gas of fixed mass and temperature is
inversaly proportiona to the pressure gpplied to the gas.

Celsius isatemperature scale set so that the freezing point of water at standard pressure (one
atmosphere) is0° C (Celsus) and the boiling point of water at standard pressureis 100° C. The
Celsusisaso caled the centigrade scale. The formulaK = C + 273 can be used to convert
between Celsus and Kedlvin scales.

Charles Lawisthe gaslaw tha states that the volume of a gas with afixed pressure applied to
it and afixed massisdirectly proportiona to the temperature on the Kelvin scale.

The Combined GasL aw isacombination of severa gaslaws and Satesthat if the mass of agas
is congtant, then the volume is inversay proportiond to the pressure and directly proportiond to
the temperature on the Kelvin scae.

A direct proportion isareationship between two variables in which the ratio of the associated
values of the two variablesis a constant.

Fahr enheit isthe common temperature scale commonly used in the United States. On thisscae
the freezing point of water a standard pressure is 32° F, and the boiling point of water at
standard pressure is 212° F. The formula C = 5/9(F — 32) can be used to convert between
Fahrenheit and Celsius scales.

A gas isan easly compressible fluid. A given mass of gas assumes the shape and Sze of its
container.

Aninverse proportion isareationship between two variables in which the product of the
associated vaues of the two variablesis a congtant.

Kevin isthe System Internationale (Sl) base unit of temperature in which absolute zero (the
theoreticaly lowest possible temperature) isO K (Kelvin). TheformulaC = K — 273 can be used
to convert between the Kelvin scale and Cesius scales.

A liter (I) isameasure of volumein the Sl metric system. One liter is one cubic decimeter
(dm?).

Pressure isameasure of the number of collisons between particles and of collisons between
particles and the walls of acontainer. Pressure is the force exerted per unit area of a surface.
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A proportion isastatement that two ratios are equal.

Standard cubic feet (scf) isaunit of volume used in the purchase and use of industrid gases.
One <cf is 1 cubic foot of gasat 70° F and 14.7 psa (1 atm). One cubic foot equals 0.0283 cubic
meters. 1 ft 3= 0.0283 r®

Standard temperature and pressure (STP) is0° C and 1 am.

Click] here|to return to Helium Usage at Kennedy Space Center.
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Hintsfor Problems1 and 2
1) Understand the problem.
In order to know which gaslaw to use, we need to know which of the potential variables of
pressure, volume, mass, and temperature remain congtant in this Stuation. To make use of the
hdium in aralcar, it is released into pipes which lead to various locations where the hdium is
used. The pressurein the pipesis 1 atmosphere and the temperature is the ambient temperature
(approximately 70° F).
Does the pressure change when the helium is rdleased from the rallcar? Explain your reasoning.

Does the mass (the number of helium molecules) change when the helium is released from the
rallcar? Explain your reasoning.

Does the temperature change when the helium is released from the railcar? Explain your
reasoning.

2) Deviseaplan.

Based on your answers to the above questions, which gas law (Boyle's or Charles') should be
used in solving this problem? How will the use of thislaw help you to solve this problem?

3) Carry out the plan.

How many standard cubic feet (scf) of gaseous helium could be obtained from one railcar filled
with liquid hdium? How many days will this amount of gaseous hdium last under norma
operations?

4) Look back.

What did you learn from solving this problem?

Click herelto return to Helium Usage at Kennedy Space Center.
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Mathematical Asde
Unit Analysis

Unit analyssis used to convert from one unit of messurement to a different unit of
measurement. The conversion process is done by multiplying the origind vaue by unit fractions
St up to produce the new units of measurement.  Unit fractions are fractions that equa the
number one. For example, you might have a measurement of 36 inches but want to know this
length infeet. For this conversion, we know that 12 inches equals 1 foot. Thisfact givestwo
unit fractions:

12 inches or 1foot
1 foot 12 inches

To decide which of these unit fractions to use, consder the following multiplications:

36 ,{12 inches _ 36inches :12 inches
1foot 1foot

36 N 1_foot _ 36m¢e5 :1foot — 3fent
12 inches 12 inches

In the second multiplication, the “inches’ labd divides out (or cancels), leaving the desired |abel
“feet”.

Example 1

Convert 4800 secondsinto hours.

Solution

We know that 60 seconds = 1 minute, and that 60 minutes = 1 hour. Thus,

4800sec 1min 1lhour 4
% x——— =—hours
1 60sec 60min 3

or 1 hour and 20 minutes (Why?)

Noticethat:

» dl of the units divided out ( or cancelled) except for the unit “hours’ which was the labd we
wanted from the conversion, and

» dl of the converson fractions have avaue of “1” snce the numerator and denominator are
equal to one another.
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Example 2

This year we want to replace the indoor/outdoor carpeting on an outdoor patio floor with terazzo
tile, which is measured in square centimeters. We used 12 square yards of carpeting when we
put the carpet in severd yearsago. To replace this carpet with tile, we need to know the area of
the patio in square centimeters.

Solution

In order to do a unit anadysis, we need to know the conversion factors between the units we begin
with and the unitswe want (asin 60 minutes = 1 hour or 12 inches = 1 foot). These factors can
be found in various places, such as dictionaries and other reference books. For Example 2, we
will usethefollowing: 1 foot = 0.03048 meters, 3 feet = 1 yard, and 100 centimeters = 1 meter.
Since our problem involves area, we will use square units. Thus,

1 square foot = 0.0929 square meters
1 square yard = 9 square feet
10,000 sguare centimeters = 1 square meter

We will use these conversions to change 12 square yards to an equivaent areameasured in
square centimeters. Remember to set up the unit fractions so that the appropriate labe s will
divide out (or cancd).

12sqyd 9sqft 0.0929sgm 10,000sgcm
1 1sq yd 1sqgft lsgm

=100,332sgcm

Exercises

1) A sprinter runsthe 100 m dash in 10 seconds. Assume this speed can be maintained.
a) What isthe equivaent speed in miles per hour? (1 m = 3.28 ft)?
b) How long would it take to run amarathon that is 26 miles 385 yards?

2) An adtronaut experiences pressure of 3 atm.
a) Expressthispressurein psia
b) Expressthis pressurein kiloPascals (kPA). (1 ps = 6.89 kPA)

3) The surface of the Orbiter Endeavor requires approximately 27,000 tiles that each cover an
average surface area of 500 sq cm. Approximate the surface area of this Shuttle in square
feet.

Click{ herefto return to Helium Usage at Kennedy Space Center.
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Hintsfor Problem 3
1) Understand the problem.
In order to know which gas law to use we need to know which of the potential variables of
pressure, volume, mass, and temperature remain congtart in thisStuation. To usethe hdiumina
rallcar, it isreleased into pipes that lead to the various locations that use helium. The pressurein
the pipesis 1 atmosphere and the temperature is the ambient temperature (gpproximately 70° F).
Does the pressure change when the helium is released from therailcar? Explain your reasoning.

Does the mass (the number of helium molecules) change when the helium is released from the
rallcar? Explain your reasoning.

Does the temperature change when the helium isrdleased from the raillcar? Explain your
reasoning.

2) Deviseaplan.

Based on your answers to the above questions, which gas law (Boyl€'s, Charles or the
Combined Law) should be used in solving this problem?

How will the use of thislaw help you to solve the problem?

In order to use agas law involving temperature, dl temperatures must be in the Kelvin scae.
Convert the temperatures in this problem to the Kelvin scale.

3) Carry out the plan.

In order to determine how much liquid helium (LHe) Kennedy Space Center will need on adaily
bass, 70,000 scf must be converted to liters. (1 liter = 1 cubic decimeter)

Use unit andysis to convert 70,000 cubic feet to cubic meters.

Convert your answer to cubic decimeters. Use the appropriate gas law to determine the number
of liters of LHe that Kennedy Space Center uses on adaily basis for normal operations.

4) Look back.

How did you use proportions in solving this problem? Could this problem have been solved in a
different way? Explan.

Click herefto return to Helium Usage at Kennedy Space Center.
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Hint for Problem 5
How much did Kennedy Space Center pay for 70,000 scf of gaseous helium at $0.075 per scf?

How much does Kennedy Space Center pay for the equivaent number of liters of LHe at $2.00
per liter?

Click herefto return to Helium Usage at Kennedy Space Center.
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