m TIP SPEED RATIO pp—

Time Frame: Standards:

45-60 minutes Idaho Math Standard 1.2, 2.2,2.3, 2.4, 3.1,
3.2

Objectives:

1. Students will be able to calculate ratios and rates.
2. Students will be able to use unit rates as a method of comparison.
3. Students will be able to convert rates.

Background Information:

- The teacher should read through the lesson before teaching it and become familiar with
the concepts covered.
- The students should have a background knowledge of the following:

o Substituting numbers for variables into equations.
-This lesson uses wind turbine energy references, and thus the students and teacher should
have already formed a background on wind energy. (A good way to do this is to teach the
lesson Wind Power and Turbines.)

Materials:

- Math Minutes Al.1 and Math Minutes Al1.2
- Tip Speed Ratio (TSR) handout
- Comparing Energy handout

Procedure:

1. Students complete Math Minutes Al.1
2. Teacher explains the definition of a ratio and the variety of ways to write them.

As a fraction -
Using the word “to” atob
Using a colon a:b
3. Explain the difference between ratios and fractions.
(Fractions are an example of a specific type of ratio, in which the two numbers are
related in a part-to-whole relationship.)
4. Explain rates, and the difference between rates and ratios.
5. Teach how to change a rate into a unit rate and how unit rates can be used as a way
of comparison. (Be sure to show examples.)
6. Teach how to convert rates. (It would be good to show an example of changing
miles per hour to meters per second.)
7. Handout Tip Speed Ratio (TSR) and Comparing Energy and explain worksheets to

the students.

Vocabulary:

Math:
Ratio: A comparison of two numbers by division.



http://www.energyforeducators.org/lessonplanstopic/wind.shtml
../minutes.docx
../minutes.docx
TIP%20SPEED%20RATIO.docx
Comparing%20Energy.docx
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Rate: A ratio comparing two different quantities.
Unit rate: A rate with a denominator of 1.

Wind Energy:
Tip Speed Ratio (TSR): ratio between the wind speed and the speed of the tips of the

wind turbine blades.

Assessment:
The anticipated assessment is the completed problems from the TSR and Comparing
Energy handouts, done correctly.
Also, the students will complete Math Minutes Al.2 the following lesson day.
I References:
Pre-Algebra online textbook www.pearsonsuccessnet.com
KidWind Math Documents: Tip Speed Ratio www.kidwind.org
EIA Energy Kids www.eia.doe.gov/Kids
Addition Material:

Math Minutes Al.1

Name MATH MINUIES .1

Date

A variable is a svmbol {usually a letter) that stands in place of a number. Variables are often found in
equations, and thev represent an unknown value. We can solve for variables to find unkmown values by
doing inverse operations. We can also set up an equation for a problem using variables.

Math Problems
Solve for the variable in the following | Simplify the following equations fora = 3,b =2, and ¢ =5
equations:

1. 7=4+x 4. 7—cta=

2. 18+y=6 S 4b+ b=
20

3 3z=24 6. ——b=

Word Problems
7. Write and solve a vanable expression for the following problem:
On one windy dav in April, the combined winds of 3 cities, Idaho Falls, Pocatello, and Rexburg,
totaled 76 mph. Ifthe windin Idaho Falls was 22 mph and the wind in Rexburg was 29 mph,
how fast was the wind blowing in Pocatello?

Tip Speed Ratio (TSR) Handout:



http://www.pearsonsuccessnet.com/
http://www.kidwind.org/
http://www.eia.doe.gov/kids
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The Tip Speed Ratio (TSR) it an extramaly ‘Tha only thing wa hava left to figuss ont is the wind speed, which iz the denominator of the TSR
important factor in wind turbine dasign. TSP rafors “Wind spasd is usually given in mph. Howaver, you naad to maka sie that vow unitsars all tha
to the atio batwesn the wind spaad and the zpaad szma. Foraxampls vou can't use a wind spead inmileshow and 3 tip spasd in maters /sacond.
oftha tips of the wind turbina bladas. ‘Thiz formula will help if vou nesd to maks soms conversiors:

Tip Speed of Blade
Wind Speed

TSRQ) = 1 meter per second = 2.237 miles per hour

Mo that wa know the tip spaed of blada and the wind spasd and wa have convertad them to the
Ifthe rotor of the wind turbine zpins too slowly, samaumits, wa should basbla to figers out e TSR

most of the wind will pass straight theough the zap :

‘betwasn the bladas, thersfors giving it no powar! m% Tip Speed of Blade

But iftha rotor spins too fast, the blades will blur wind Spoed

and act 1ik= 3 solid wall to the wind. Also, rotor

‘blades craats terbulencs g they spin through the Ifyour TSR is sbove 1, that mesns thers is Jjftizvelvad to maks your blades spin fster than the
sir. [fthe naxt blads amives too @ t willkit wind spaed. Ifyour TSR is below 1, there is alot of draz going on! Old windmills wsad tolift
that turbulant sir. o, somstimes it iz actualby b waights, grind grain, of punp warar probably had TSR: around 1. Modem wind rerbines hava
10 5i6 doven your blades! . highar TSR valuas like 5.

Wind turbines piust ba designed with optimal tip | L. . Wy is This Importane???
spaad ratios to g=t the maximum smount of powar e . L Enowing the tip spead ratio of vour turbine will help vou marinizs the powsr output and
from the wind. afficiency of your wind turbine. Femembar that if vowr rotor spinstoo shwly, alot of windwill
pasz through the gaps batwasn the blades rather than giving snerey to vour terbins. But if vour
Bafors wa can caloulats the TSR, wa nasd to fizurs out the g speed of blade (which is the Elades zpin too quickly, thay coulderastatoo munch fusbulent sir of act 2= 2 solid wall azsinst the
numearator of the TSE). Toéotﬁisv-‘eteadtocal:\j.atetv-'otth:;s:éistat:eauitine. V‘TR' So..wf}'u.tv-'a:ttonammzaymt\;rbn:e 3 sfficiancy, youve gotto calulate the parisct
1. Distance: The diztancs iz how far the tip of a blads goes to maks ons revelution. In Tip Spe=d Ratie.
order to find thiz out wa nead to first know the rotor radius (lengthof ons blads). Wacan
then usa tha aquation for the cisoemfarenca of a circle, £ = 2w, to find the totsl dstance
travelad of the blads tip.
. Time: Wanead to kmow how long it takes the rotor to maks ons full revolution. Ifwe
Imow the FPM {r=volutims par mimts) then we nesd to convert thisunitrate into 2 unit
rat2 whare revolution is the denominator and time is in the nemerator. Thear= are 60
saconds in one minuts, 50 take 80 dividad by the RPM valus. That will tall vou how
many saconds it takes to make ons revolution.
IMow that wa kmow distance and tims wa can caloulats the iy speed of blode:

How do you know theperfect tip spesd Ratia?
Ifyou want the optimum TSR for manimmmpowar output, this formmla bas bem empirically
prevam:

A (max power) :% (n=rumber ofblades)

distance
Speed = —
time

Answer Key
Problems
The length of cne blade is equal to the radins. The distance travelled is equal to the
circnmfarence of the circle created by the blades Circumference of a circle = k. So, (2

If you have a wind turbine with three blades, each 4 meters long, what —an
¥ 2 xTTx4)= 2513 meters.

distance does the tip of each blade travel in one full revolution?
1 mim

& .
Lt = 2= 1,43 seconds per revolution
T rewolutions : [

. If this furbine is rotating at a rate of 42 Revolutions per Minute (RPM), how

long does it take to make one full revolution? 2 s

Velocity = distance divided by time. =

PEp—n
e of biade

. Based on your answers from 1 and 2, calculate how fast the tips of this wind = .:zm;,:mr == =9

turbine are moving through the air.

Opbrmal TSR =" = 2T~ 4.2 —— The blades are moving too slow

. Ifthe wmd':s blowing at 6 meters per second, what is the tip speed ratio of 1xTIx60=377 travelled ;-h_< seconds perrevalution.

this turbine? Use your answers from questions 1-3 to help solve this BTTMElers 05 4 0 TR =75.4/18 = 43 — Thic s the TS for this wind

problem. 5 secoms optiznal

. e . . 2xIIx0.25= 157 meters travelled 600 = 10 revoluty ond. 1 revolution =
According to the “optimal” tip speed ratio for this three-bladed turbine, are 1_§7 ;@m -[,'p];pkd = 515,7‘,.,‘-5 e TeveTReRs par e pevehinen
these blades moving too fast or too slow?

1 meter per second =2.237 miles per howr. $2.237=4.02m/s

tip speed of biade _ 15
TSR = Mppesdof blade 157

. An offshore wind turbine with three 60 meter blades rotates at a leisurely 12 Wind tpeed

RPM. The wind is whipping along at 18 meters per second. What is the tip
speed ratio for this tarbine? How does this compare to the “optimal” tip
speed ratio for this tarbine?

. A home-made turbine has blades that are (.25 meters long. They are
spinning rapidly at 600 RPM. What is the tip speed?

. You have measured the wind speed to be 9 miles per hour. How fast is the
wind blowing in meters per second?

. Using the data from questions 7 and 8, calculate the Tip Speed Ratio of this
wind turbine.

Comparing Energy Handout:
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Bidyen know ?

BLACKHAM

Conversion Problems

Somes popular units for comparing

enarzy includs British Thamal Units
{Bitu), barrsls of oil aquivalent, metric
tons of oil aquivalant, matic tons of

«coal aquivalant, and tarsjoulas.

In tha United States, thaBru,a
‘maasnes of hast anarey, is the most
‘commaonly wsad unit for comparing
fizels. Bacauss snergy ussd in diferat
coumtria: coma: from differamt places,
the Btu contant of fisls varias slightly

fiom country to country.

unit of magsure is a barral. A baal's
capacity is dstamined by who tees the term and what
it contains. For sxampla:
1 barsl {bbl) of patroleum or r=lated products = 42
Eallons
1 bamsl of Portland cement = 376 pounds
1 bamsl of owr= 106 pounds.
1 barral of pork or fish = 200 pounds
1 barsl of (U.5.) dry messure = 320123 bushels
or4 2104 cubic fast
A barr=l may be called & "drem, * but a dem
wruslly holds 55 gallors

-
-
-
-

Abasrel bigenough to camyaman over
Niagara Falls

Gel m Emersy Units

consumead in tha Unitad States.

The Btu contant of sach fuel provided below reflacts the averags margy coutent for fodls

Btu Content

Tl {32 gallons) ofcrude il

IR0 ER

1 gallom of za=eline

124 000 Bt

1 zallon of dizsal firal

150,000 Bt

T zllon of haating oil

130 000 Btu

‘barral of residual fisal oil

287 000 Bm

| T cutbic o0t of natu] gas

L2 B

=allon of propans

1000 Btu

short ton of coal

5,558,000 B

1 of slactricity

3,412Bm

Answer Key

. 81,300 cuic fraf
1. NammlGas - x
- nameal gos

Heating 08 ~ 5 #eme0F

2RI - 83576400 Bru

o0 gtu

——— = 81176,000 Fru

Answer: Your home (natural gas home) used more energy.

2. Jads (guspickup): 36miles w 1ESeriem

Tom (Diesel pickup); 36 2iles x>

( mmmam _ oo
W o———— = 372000 P

ZEER - 278000 Bru

Answer: Jack’s pickup uses more energy

= $9.19/million Bru
T

wer: Yes, itis time to switch to residual fuel oil.

Math Minutes Al1.2

Directions: Usathe sbove comvarsicn fctors toanswar the following problams:

1

You have a natural ga: fomacs in vour home that usad 81,300 cubic fast of natural ga: for
heating last wintsr. Your neighbor has ap odl fimacs that wead 584 gallon: of hestingodl last
wintar, Which hemeusad more snargy for heating?

. Jack owns a ragular gasoline pickup, Tom ownsadiessl pickup. While pulling a trailer,

+ on averazs 12 miles par gallon, and Tom gets on svarazs 18 miles per gallen, I
thay both pull a trailer for 36 miles, whick pickup will nee mo marey?

3. You woek for an slectric powar company. Your company's powar genarators an aum o one

of two fzals: natwrsl gas orsasidual fisal edl. Your job isto swith firals whan tha costof the
fial you are cumantly using bacomas mors axpansiva than th other fisal . This will kesp
«costs down for wou and vour slactricity customers. Your company’'s gansratogs ars cumantly
uzing rezidusl firsl odl, butfirel oil prices havs besn going upmuch faster than natoral gas
pricas. Curantly, Naturs] Gas pricas sr2$7.30 par thousnd cubic fast, and rasidusl fisl ofl
prices 22 $57.75 parbamsl. I3 it tima to switch to natues] gas?
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MATH MINUTES .

a2 el 38 3 magns O

COMEpEiE0n.
Dizzcribe af 12ast one way rates and ratios are usad

Foatios can b spressad as
,of

L 357
2. 508 rotations in 4 minuwies.

Word Problems
pasd i arate of CiEtancs OVEr HMa.  SUppOoEs VOU &2 travaling non-stop
Jackzom, WY, which iz approwimatsly 07 milez. You leave Idshe Falls at &: L"*aﬂamaﬁﬂ—"mlaﬂ\m
at 10:50 am. Also, vour car gtz a rate of 28 miles tothe gallon. You filled it up just bafors vou laft at
tha cost of 52, 71/ zallon.
5. What was vour svarass rata of spead in milas per how?
6. Howmany gallons of ga= did it taks vou to gat to Jadkson?
7. How much did the trip cost vou in gas?

BLACKHAM
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TIP SPEED RATIO

The Tip Speed Ratio (TSR) is an extremely
important factor in wind turbine design. TSR refers
to the ratio between the wind speed and the speed
of the tips of the wind turbine blades.

idoha Nationa
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Tip Speed of Blade
Wind Speed

TSR (A) =

If the rotor of the wind turbine spins too slowly,
most of the wind will pass straight through the gap
between the blades, therefore giving it no power!
But if the rotor spins too fast, the blades will blur
and act like a solid wall to the wind. Also, rotor
blades create turbulence as they spin through the
air. If the next blade arrives too quickly, it will hit
that turbulent air. So, sometimes it is actually better
to slow down your blades!

Wind turbines must be designed with optimal tip
speed ratios to get the maximum amount of power
from the wind.

Before we can calculate the TSR, we need to figure
out the tip speed of blade (which is the numerator of the TSR). To do this we need to
calculate two things: distance and time.

1. Distance: The distance is how far the tip of a blade goes to make one revolution.

In order to find this out we need to first know the rotor radius (length of one
blade). We can then use the equation for the circumference of a circle, € = 2mr,

to find the total distance traveled of the blade tip.
2. Time: We need to know how long it takes the rotor to make one full revolution.
If we know the RPM (revolutions per minute) then we need to convert this unit
rate into a unit rate where revolution is the denominator and time is in the
numerator. There are 60 seconds in one minute, so take 60 divided by the RPM
value. That will tell you how many seconds it takes to make one revolution.
Now that we know distance and time we can calculate the tip speed of blade:

distance

Speed = ———
time

The only thing we have left to figure out is the wind speed, which is the denominator of

the TSR. Wind speed is usually given in mph. However, you need to make sure that

your units are all the same. For example: you can’t use a wind speed in miles/hour and a
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tip speed in meters/second. This formula will help if you need to make some
conversions:

1 meter per second = 2.237 miles per hour

Now that we know the tip speed of blade and the wind speed and we have converted
them to the same units, we should be able to figure out the TSR!

Tip Speed of Blade
Wind Speed

TSR (A) =

If your TSR is above 1, that means there is lift involved to make your blades spin faster
than the wind speed. If your TSR is below 1, there is a lot of drag going on! Old
windmills used to lift weights, grind grain, or pump water probably had TSRs around 1.
Modern wind turbines have higher TSR values like 5.

Why is This Important???
Knowing the tip speed ratio of your turbine will help you maximize the power output and
efficiency of your wind turbine. Remember that if your rotor spins too slowly, a lot of
wind will pass through the gaps between the blades rather than giving energy to your
turbine. But if your blades spin too quickly, they could create too much turbulent air or
act as a solid wall against the wind. So, if you want to maximize your turbine’s
efficiency, you’ve got to calculate the perfect Tip Speed Ratio.

How do you know the perfect tip speed Ratio?

If you want the optimum TSR for maximum power output, this formula has been
empirically proven:

4
A (max power) =— (n = number of blades)
"

Source: http://www.kidwind.org/PDFs/SUPPORT Math Tip%20Speed%20Ratio.pdf



http://www.kidwind.org/PDFs/SUPPORT_Math_Tip%20Speed%20Ratio.pdf

NINL TIP SPEED RATIO

Problems

If you have a wind turbine with three blades, each 4 meters long, what distance
does the tip of each blade travel in one full revolution?

If this turbine is rotating at a rate of 42 Revolutions per Minute (RPM), how long
does it take to make one full revolution?

Based on your answers from 1 and 2, calculate how fast the tips of this wind
turbine are moving through the air.

If the wind is blowing at 6 meters per second, what is the tip speed ratio of this
turbine? Use your answers from questions 1-3 to help solve this problem.

According to the “optimal” tip speed ratio for this three-bladed turbine, are these
blades moving too fast or too slow?

An offshore wind turbine with three 60 meter blades rotates at a leisurely 12
RPM. The wind is whipping along at 18 meters per second. What is the tip speed
ratio for this turbine? How does this compare to the “optimal” tip speed ratio for
this turbine?

A home-made turbine has blades that are 0.25 meters long. They are spinning
rapidly at 600 RPM. What is the tip speed?

You have measured the wind speed to be 9 miles per hour. How fast is the wind
blowing in meters per second?

Using the data from questions 7 and 8, calculate the Tip Speed Ratio of this wind
turbine.

Answer Key
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1. The length of one blade is equal to the radius. The distance travelled is equal to
the circumference of the circle created by the blades. Circumference of a circle =
2I1Ir. So, (2 x IT x 4) = 25.13 meters.

1 minuts &0 seconds =14 .
2. * = — = 1.43 seconds per revolution

42 reveolutions 1 minute 42

3. Velocity = distance divided by time. = ﬁ =17.6 m/s
4. TSR=“EEEEATEE 22593
5. Optimal TSR = '“—F = : =4.2 --- The blades are moving too slow

b

6. 2 xIIx 60 =377 meters travelled. f—': = 5 seconds per revolution.
2 = 75.4 m/s. TSR = 75.4/18 = 4.2 - This is the optimal TSR for this
wind turbine.

7. 2xIIx0.25=1.57 meters travelled. 600 rpm = 10 revolutions per second. 1
revolution = 1.57 meters. Tip speed = 15.7 m/s

8. 1 meter per second = 2.237 miles per hour. 9/2.237 = 4.02 m/s

=7-301

wind spagd £.02

tip speed of blade

9. TSR=
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Comparing Energy

Did you know ?

Some popular units for comparing
energy include British Thermal Units
(Btu), barrels of oil equivalent, metric
tons of oil equivalent, metric tons of

coal equivalent, and terajoules.

In the United States, the Btu, a
measure of heat energy, is the most
commonly used unit for comparing
fuels. Because energy used in different
countries comes from different places,
the Btu content of fuels varies slightly

from country to country.

A confusing unit of measure is a barrel. A barrel's
capacity is determined by who uses the term and what

it contains. For example:

v" 1 barrel (bbl) of petroleum or related products = 42
gallons

1 barrel of Portland cement = 376 pounds
1 barrel of flour = 196 pounds
1 barrel of pork or fish = 200 pounds

1 barrel of (U.S.) dry measure = 3.29122 bushels
or 4.2104 cubic feet

A barrel may be called a "drum," but a drum
usually holds 55 gallons

ASEANEE NN

<

v" A barrel big enough to carry a man over
Niagara Falls.

The Btu content of each fuel provided below reflects the average energy content for fuels

consumed in the United States.

Fuel Btu Content
1 barrel (42 gallons) of crude oil 5,800,000 Btu
1 gallon of gasoline 124,000 Btu
1 gallon of diesel fuel 139,000 Btu
1 gallon of heating oil 139,000 Btu
1 barrel of residual fuel oil 6,287,000 Btu
1 cubic foot of natural gas 1,028 Btu
1 gallon of propane 91,000 Btu
1 short ton of coal 19,988,000 Btu
1 kilowatthour of electricity 3,412 Btu

Source: http://www.eia.doe.qgov/kids/energy.cfm?page=about_energy units-basics

-10 -
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Name
Date

Conversion Problems

Directions: Use the above conversion factors to answer the following problems:

1. You have a natural gas furnace in your home that used 81,300 cubic feet of natural
gas for heating last winter. Your neighbor has an oil furnace that used 584 gallons of
heating oil last winter. Which home used more energy for heating?

2. Jack owns a regular gasoline pickup, Tom owns a diesel pickup. While pulling a
trailer, Jack gets on average 12 miles per gallon, and Tom gets on average 18 miles
per gallon. If they both pull a trailer for 36 miles, which pickup will use more
energy?

3. You work for an electric power company. Your company’s power generators can run
on one of two fuels: natural gas or residual fuel oil. Your job is to switch fuels when
the cost of the fuel you are currently using becomes more expensive than the other
fuel. This will keep costs down for you and your electricity customers. Your
company’s generators are currently using residual fuel oil, but fuel oil prices have
been going up much faster than natural gas prices. Currently, Natural Gas prices are
$7.30 per thousand cubic feet, and residual fuel oil prices are $57.75 per barrel. Is it
time to switch to natural gas?

-11 -
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Answer Key

1. Natural Gas:
81,300 cubicftof «
’ﬁw&%’ =

= 83,576,400 Btu

584 gallonsof- « 135,000 Btu

Heating Oil: Lans ;1 ]

— = 81,176,000 Btu

Answer: Your home (natural gas home) used more energy.

2. Jack (gas pickup): 36 seilas x losiionefeer y TR0 _ 372,000 Btu
12 »eiiss 1 saliensofgas
Tom (Diesel pickup):
, 1 selisnofaicsst 135,000 Bru
36 miles X - ® _ = 278,000 Btu
18 ssilss 1 getienof Siesst

Answer: Jack’s pickup uses more energy.

57.30 i 000 swbiefeet

3. Natural Gas: ———— —
1,000 subicfost 1.028 million Bru

= $7.10/million Btu

Residual Fuel Oil: =——— x ——————= $5.19/million Btu

sl 6.287 million Bru

Answer: Yes, it is time to switch to natural gas.

-12 -



