Chapter 2. Units

2.1. Unitsof Measure

One of the foundations of phical science is measurement. What can be measured can
be communicated, can (hopefully) be reproduced, and can be manipulated/ecfidérer
information! Measurable quantitieshave wo components, aumerical value and aunit.

The unit is the basic amount and the numeriefier tells hav mary basic units there are in
the measured amount e.g., three dozen, 4.7 feetF6B 234" 10° mi, etc. Note the use of
an abbreiation in the units of the laskample, and the use efientific notation which dis-
plays all thesignificant (certain) digits (CEgure§' by shaving one digit before the decimal
point and pwers of ten to indicate the magnitude of the number

In this chapter we will discuss problems for which édh@unt remains constantub the
value changes when the basiair is changed.A key dement is the proportionalityattor
between diferent units of the same type, called toeversion factor (sometimes called the
unit factor). e will develop a units cowersion heuristic fromdmiliar examples, andwen-
tually apply it to problems dealing with scientiCEc measurements.

2.2. Metric Units

There are tw common systems of measurement units gibgic system of units (inher
ited from the French) used throughout therld, except in the United States where the
British system of units (inherited through the British Colonies) persite standard metric
system is called th8l system (for Syseme International d'Un&s"). Certaintypes of mea-
surement are considered fundamental, or basic, with all othevedifom the fundamental
types. Thebasic metric units are thelogram (kg) for mass, theneter (m) for length, the
second (S) for time, thekelvin (K) for temperature, thempere (A) for electric current, the

1 This is not to say that unmeasurable propertiest@sist. For example, just because credty may not be
measurable doedrnhean it doesn'exist. By deEnition it is that quality that generates ieas. Whait does
mean is that until it can be quantiCEed, arigatnust lie outside the realm of ydical science.
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candela (cd) for luminosity and themole (mol) for amount of matter In order to use these
guantities, we need to understand some things about therasurable quantities which are
derived from the basic units includeea, with units of length squaredglume, with units of
length cubed, density, de®ned as masssiume (‘mass per unitalume'), velocity, ®ned
as length/timeqcceleration, de®ned as @locity/time, force, &®ned as mass acceleration,
andenergy, de®ned as forcé distance. Sforce and engy units hae Pecial names, the
Newton (N), de®ned as one kg m?sthe Joule (J), de®ned as one kg s2, and the
Coulomb (C), de®ned as 1 As.

Certain pre®gs shift units into layer and smaller scaleKilo means 1000 and nano
means 1/19= 10°, o one kilogram is one thousand grams, and one nanosecond is one bil-
lionth of a secondThe complete list of standard pre@xis gven n Table 2.1.

2 For the record, here are the de®nitions of the basic Sl ufihe. kilogram is the mass of a certain proto-
type platinum block.The meter is the distance of 1,650,763.Z¥&engths of radiation from the ¥pto 5¢
electronic transition of a krypton-86 atoriihe second is the duration of 9,192,631,770 periods of radiation be-
tween the tw hyper®ne leels of the ground electronic state of a cesium-133 atdhe kelvin is 1/273.16 of
the triple point of vater The ampere is the current ofdwatraight parallel conductors separated by one meter
required to produce a force of 2timéi@entons per meterThe candela is the perpendicular luminous intensi-
ty of 1/600,000 square meter of a totally absorbing body at the freezing temperature of platinum under a pres-
sure of 101,325 meons per square meteThe mole, or mol is the number of carbon-12 atoms in 0.012 kg,
equivalent to 6.0221367x168° (Avogadro's rumber N,).

3 The measurement of area aradwne depends on the shape of the object and the coordinate system used to
measure it. Thus the area of a rectangle in Cartesian coordinates is length times width, whereas the area of a cir
cle in polar coordinates is 2#, etc. Theunits of area, on the other hand do not depend on the shapatiber
on the units of theakctors inolved in the formula for the area of the shape under consideration.
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Name  Abbreviation  Defi nition | Name  Abbreviation  Defi nition
deci d 101 deca da 10"

centi ¢ 102 hecto h 107

milli m 103 kilo k 10°

micro  m 10° mega M 10°

nano  n 10°° giga G 10°

pico P 1012 tera T 102
femto f 101 peta P 10"

atto a 1018 exa E 108

Corversions between Sl and British units help onedm@ feeling for the magnitudes
of the quantities wolved. Onepound = 0.45359237 kg, one yard = 0.9144 m, one quart =
94635925 liter Temperatures are not directly proportional in the tsystems, bt are
shifted as well, so that temperature\wsions ivolve linear equations:

°F = (9/5)°C + 32
°C=K - 273.15

(2.1)
(2.2)

2.3. UnitConversions

Corversion between units changes the number of units of some quantity without chang-
ing the amount of the quantityror example, the unaided humageecan resokr dbjects as
small as 1/10 mmFrom Table 2.1 we can see this is the same as 1/10,000 m, 100 microns
(micrometers) 100,000 nanometers, diow namy yards wuld it be? © address problems
like this we need to understand the wasion factor processWe'l | proceed from amiliar
territory to the more general situation in steps.

Example 2.1Suppose someone asks yotlow mary dimes are in tw dollars?" T hat
should bedirly easy for apone fimiliar with U.S. currenc Note that the wrd "in" in
the question is used to meaequivalent to" 4

4 In fact, there really aretviny dimesin dollars.
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Example 2.2Now try a slightly harder problem: Momary quarters are in ®v allars?
You should get 5 4 = 20 quartergpretty quickly

We havepracticed mong conversion problems so often tlyesometimes seems second-
nature, or automatic. But are yheally? Ty to sole this one in ®e gconds or less:

Example 2.3How mary dollars are eqwelent to 53 quarters?

Because of all the practice weviedad dealing with mong it may be a little di®cult to
appreciate theatct that all the corersion problems we lva dscussed soaf are soled by the
same process.® |f we can just disceer this process, then it should be possible toesebery
similar question with the same ease.

Consider Example 2.1 abg the number of dimes in twdollars. Olviously, twenty
dimes hae the same monetaryalue as tw dollars. Buthow do we arrive at that answer?
Before reading furthehide the ng&t paragraph and see if you can describe dagliled step
in your reasoning that led you to thalwe twenty dimes, and thereby deduce what the ynone
conversionprocess is.

Perhaps you ®gured that since there are ten dimes in one dollar (by de®nition), there
must be twice as mgnn two dollars, gving a total of twenty dimes. Perhaps you imagined
writing $2.00, and knwing that to cowmert to dimes, which are one-tenth of a dgliau shift
the decimal one place to the right. Perhaps you just guessed the answer and wéreheck
claim is that you actually did a rather complicated calculation in your head, almost automati-
cally. Understanding precisely what this thought process is can be very useful to your future
success in problem solving.

One more rample should cannce you that monecorversions are not necessarily
automatic. Consider the foilkang:

Example 2.4How mary yen are in $10.007?

If you thought, | need some more information before | can compute an afisner
are on the right track to success with \@sion factors. Itshould be clear that an

5 Supporting eidence comes from thadt that, unlik human calculators, digital calculators compute the an-
swer to all such problems in about the same amount of time (after the input has beed)recei

6 If this seems a littledi-fetched, try presenting this problem to a three-pddrchild and see what you get
for an answer
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answer cannot begn until one knavs how many yen there are equal to one dollar (O,
equally useful, he mary dollars are equal to one yenln the dollars and dimexam-
ple, you might hee missed this essential component to thevemion process. Such an
equvaence is termed aonversion factor, for reasons which will become apparent
soon. Notethat in the case of the dollars and yen, there may\meas@nswers to the
guestion, "how mary yen to the dollal? For example, are we considering Japanese
Yen, or Chinese &7? In a changing econopgo we wantroday’s rate of &change, or
will we settle for yesterdag?

To proceed, suppose there are 641 Japaneset one dollarHow can you use this
information? One &y would be to reason that since purchasing an itemvehgialue
would require more &n than dollars (641 times as much, to kac®, and since the
purchase alue in dollars is $10, it will tak 10 times as manYen as it wuld tale
purchase an item avth $1, yielding 6410 &h. Havever, a nore systematic ay to
solve the problem xists, which may be used not only for geriing dollars to ¥n, and
Yen to dollars, lut mary other problems as well. A&gn, once thenethod is understood,

it can be applied to grconversion problem that wolves ®xd ratios between the units.
Further the same approach may bdended to entire classes of problems frequently
encountered in science.

The ley b the general method is to understanevhatios relate toproportions. Con-

sider the dollars-to-dimescample abwe. The mathematical ay to express the equalence
between ten dimes and one dollar is

10 dimes= 1 dollar. (2.3)

Since “equals drided by equals are still equab,ne can diide both sides of the equation by
the same quantitygay 1 dollar In this way, one arrves & the following ratio:

10 dimes_ 1$ _

1$ 1%

Note that thewits are carried along with theunbers in this process. This sometimes seems
strange to students who are used twking only with numbers in mathematics. In the con-
version factor lusiness it is quite ggtimate to "mix apples and orangég r different units.
If this werent so, Eq. (2.3) wuld imply that 10 equals 1, whichabusly doesrt hold for
just the numbers!

1 2.4)
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Now that we hae a atio, the ngt thing to recognize is that mathematically speaking,
this particular kind of ratio is identically equal to one (or unitj)st look at the last equality
in Eq. (2.4)7 Given this fact, the last idea we need is to understandithéiplying a mea-
sured quantity by a conversion ratio equal to unity doesn’t change its value, just its units.
Thus in order to carert $2.00 to dimes, we simply multiply the quantity in dollars by the
ratio of dimes to dollars:

1
$2.00=$2" (12 dmeﬁ 2.00" 10 dimes= 20 dimes (2.5)

Note that thewmits of dollars ($)cancel. (This is true gen when two different symbols,
$ and “dollars', stand for the same thing.Jhis is not onlyrecessary to get the right units
for the answerthis is the cluéiow to get the right answer

2.4. Unit Conversion Factors

The procedure which is enggng is: multiply the gien quantity by the proper ratio to
get an answer with the proper uni®atios equal to unity with numbers and units are called
cornversion factors. Corversion because tlgeconvert between units andi€tors because the
do so bymultiplication. Corversion factor ratios are commonly deed from de®nitions,
expressions stating the equality betweer sets of unit Success in caerting units is
based on the appreciation that thts are as important as the numbers, and thatunits con-
version ratios (conversion factors) are used to cancel one set of units and introduce another
set of units.

Note that thenverse of Eq. (2.4) is just as true as Eq. (2.4) itself (since tiherse of
unity is still unity)® The diference between the onis Smply which units appear in the
numeratoy and which appear in the denominat®his suggests that not only can dollars be
corverted to dimes through the dollars-to-dimes wasion factor but that dimes can be

7 This resects the equal purchasingwer between ten dimes and one dolladoesnt make any dfference
to the store wner who asks, how would you like your change?'

8 What diference is there between stating that an object is 1 foot long and stating that it is 12 inches long?
9 Inverse in the conté of fractions means "to turn upsidewdd’; thus the imerse of 3 (which can be thought

3
of asi) is 3, or 31,
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corverted to dollars as well. Which form of the eersion factor ratio to use depends on
which units need to be canceled from thesgiinformation, and which need to be introduced
to get the desired result.

The cowersion process can be represented graphically in the form of a "map"” which
takes one from the origin (gén units) to the destination (desired units). Fig. 2.1 depicts the
process. The tarheaded arme suggests corersion in either direction uses the sameveon
sion factor and each dashed arc represents one of theexsdon paths.(Lines will be used
in place of arrars when it is not necessary to specify the direction ofasion.)

10 dimes
1_dpllar
R
dollarse«——— dimes
% )/

AN s
~ -

i(_j(;IIar
10 dimes

Fig. 2.1 The Dollars to Dimes Cwersion Map

At this point it would be useful for you to go back andnk Example 2.2 using a con-
version factor between quarters and dollars. Be sure to set the problem up in just the same
format as Eq. (2.5)Why? Because this is basically theyw!l corversion factor problems
look before thg are sohed.

These gamples suggest a common pattern that becomesvarsimm factor stratgy or
heuristic for a general method to coart measurements to éfent units.
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Units Cornversion Heuristic

Purpose: @ convert from one set of units to another

Procedure:
1. Identifythe gven quantity and the requested quantity (number and units).

2. ldentify a corversion path with a set of ceersion equalities between the
given units and the requested units, possiblyveoimg to intermediate units

if direct corversions are not kven.

3. Multiply the gven quantity by one or more ceersion factors which cance
units that are not anted in the result, and introduce units that are, unti| the

units of the requested quantity are obtained.

Note that in order to apply the amnsion factor process, three things must bevimo
the units of the gen quantity (input), the units of the requested quantity (output), and the
factor(s) which cowert the gven units to the desired units (we will shortly seeamples
which require more than one a@nsion factor). Itmay be useful to think of the process in
terms of follaving a path, or crossing a bridge. On one side is W@ ginits, on the other
the desired units. The caarsion factor is the path or bridge which connects tivergsde to
the desired sideFig. 2.2 illustrates graphically the general wasion factor process analo-
gous to a road mapReminiscent of Fig. 1.1, when more than oneversion is irvolved,
there may be more than one route between trem giput and the desired outputor exam-
ple, one may carert directly between inches and yards, or indirectly through feet.
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desired units

a orversion fac
path

Fig. 2.2 A General Cowersion Factor Map

Because English constructiemverts the order of objects in questions, it may require
some practice to distinguish tg&en quantity from therequested quantity Thus we tend to
say How mary dollars are in (equelent to) 53 quarters?'rather than 53 quarters is
equiaent to hav mary dollars?'. In this case, the place omegins the cowersion factor
process is where the statement of the questidn You needrt'let the English confuse you,
however. A clue to the gien quantity is that it usually has a particylant arbitrary numeri-
cal value (e.g. 53 quartersPn the other hand, ceersion factors (which may also bevgn
in the statement of the problem, particularly if thare untmiliar), areuniversal; they
remain the same numerically foryanonversion for which thg are needed (e.g. 4 quar
ters/$1).
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Now let's gply the Units Cowersion Heuristic to the question ofwwanary dollars are
equvaent to 53 quartersWe will number the steps of the process just ag tne numbered
in the Heuristic.

1. Whatis the gven information? What are theulues and what are thenits of the
given information? (53 quarters\Vrite that devn:

53 quarters

What are the units of the requested quantity? (Dollav¢tite that devn, leaving
room for the &ctor which can cosmrt the given units into those requested.

53 quarters ( )=___dollars (2.6)
2. Now to “build a bridge" between the tw units, we need a coarsion factor But

walit! There are aliays rwo possible coversion factors between twvgquantities. Vé
know that there are four quarters to the dokar

4 quarters
_ = 2.7
13 (2.7)
But it is equally true that
1
4 quarters

Both are equal to unityThe only diference is which quantity is reduced to unity
when the de®ning equality iswliled by an identity (see Ed2.4)). In the ®rst case,
4 quarters= 1 $, both sides are dided by 1 dollar; in the second, both sides are
divided by 4 quartersWhich one should we use? Theykis to focus on thenits in

Eq. (2.6), which brings us to step 3.

3. We want to eliminate the units of quarters, and introduce the units of dollars. The
way to do this is todivide by something involving quarters. The secret, then is to
multiply the gven quantity by Eq. (2.8).

1%
4 quarterg

Note that multiplying by Eq. (2.7) ould introduce the units of quarters squared.
Worse, dollars wuld end up in the denominatdhat would it mean to hae a

53 quarters ( = (53/4) dollars= 13. 25dollars (2.9)
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certain number ofwerse dollars?

What should we he done, if we had been astt for the number of quarters in 53 dol-
lars (really quite a diérent question)?Applying the samerocess, you should be led to the
following set up:

4 quarter
ql—$3 = (53" 4) quarters= 212 quarters (2.10)

Note hav the cowersion factor between quarters and dollars has beemtéd to handle the
input and output units properly

The lesson which we hope youvikaearned by ne is, in using the conversion factor
process, focus your attention on the units, and leave the numbers to your calculator!

53 dollars™ (

2.5. Setof Units

Some quantities lva nore than one unit, such asles per hour. (Note “per" means
“divided by'.) No problem. Just apply as maoonversion factors as needed to a@t each
of the units in the gen quantity to those of the requested quantity

Example 2.5Suppose you are ding dovn the road at 60 mi/hr and yowonder hav

mary ft/sec that is equal to A double comersion factor is required:

i . 5280 ft 1hr
22200

m
60 — =
hr Imi 3600 seg

If you are curious, you will ®Il in the answdr not, thats ok too, because we ha keen
emphasizingnits, not numbers.However, you should note he units in the denominator
(hr) are cowerted by thesame process as units in the numerator (mi).

___ft/sec (2.11)

2.6. Theltinerary

Suppose you ant to tale a tip. You have a sarting point and a destination. But what
about the route which leads from the starting point to the destinattoo@uld involve a
number of intermediate points, diken arplane trip with connecting sights, or layers. The
same thing can happen using thewvepsion factor process.Suppose that we ddnhave
access to the coasion factor to get from a gen st of units to the desired set in one step.
That could hee happened with the mi/hr to ft/sec of Example 2.4 if we di#nowv how
mary feet are in a mile,ut if we did knav that there are 60 seconds in a minute and 60
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minutes in an hourThe way to proceed is to multiply by all the a@nsion factors needed,
arranging them so that uawted units cancel, thus headiiagthe direction of the desired
destination unit4?

5280 ft ., l1hr .. 1mn
2200

mi , :
60 hr 1mi 60 min) (60 seg B

Note that it doesmn'matter which units are coarted ®rst, mi or hrénce both must beven-
tually corverted.

The two solutions, Egns. (2.11) and (2.12) are reminiscent of taking a direct eight to
some point grsus taking an indirect eight to the same point (see Fig 2Z[Bg important
thing to understand is that in using gersion factors,one arrives at the same destination
regardless of the number of intermediate steps; it could irvolve mary steps (lay@ers) or just
one step (nonstop ¢ight).

___ ft/sec (2.12)

indirect route

- NY—
A—

direct route

London

Fig. 2.3 Directvs Indirect Routes

10 Eq. (2.11) and Eq. (2.12) had bettereghe same result or you willamt to check your calculator batter
ies.
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You should nav haveall the equipment you need towehcomfortably around between
the \arious types of units you might encount®¥ou can gen visit ~foreign lands'w here the
“landscape'(units) may be umdmiliar, with con®dence, if you understand the wansion
factor process. The cowersion factor process is théelihgua francd' (common language)
used by the inhabitants of all thefdient cultures (units) you may encounter

To illustrate that the caersion factor process can treat general units, we will consider a
favorite exercise.

Example 2.6 How mary furlongs per fortnight is 60 mi/hr¥e reed to kna some

corversion factors iwolving furlongs and fortnights A furlong is 10 chains (not too

useful), 40 rods (not close to miles in garsion factor solution space), 220 yards, 660

feet (pretty close to miles), 7920 inches (a lithetHer avay from where we ant to

be). A fortnight is 2 weeks or 14 dayket's take a oute that coverts from miles to
feet to furlongs, and from hours to days to fortnights:

[ (5280 fS, (1furlong 24 hr., = 14 days

mi , ,
60W 1mi 660 ft) (1 day) (1fortnigh

The net example bgins to &pand the range of ceersion applications.Food is usu-
ally sold according to somezir amount. Eggs are sold by the dozen, milk by thkog,
potatoes by the pound, etc.

Example 2.7What is the cost of a glass of milk, assumed téalpent, if milk is sold at

$2.00/@l?

If we knowv how mary pints there are in aajjon (there are eight), the answer can be

obtained in tw geps, ®rst covert pints to @llons, then gllons to dollars (then to cents

for corvenience):

t) = 161, 280furlongs/fortr@3)

1 gaIIon) , (2. OOdollars, , (100 cent
8 pints 1 gallon 1 dollar
Note hav the cowersions are strung togethdris type of set-up withwmultiple corversion
factors saes the work of storing intermediate results in calculators amlds transcribing

errors. Supposere knaw only that there are four quarts in allgn and tvo pints in a quart.
We @an get the same result as before using moreecsion factors:

1 quart) , (1 gallon_, (2. OOdollars, , (100 cent
2 pints 4 quarts) 1 gallon 1 dollar

Y= 12. 5cents (2.14)

Lapint” (

?z 12.5cents (2.15)

Lapint” (
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When sgeral corversion factors are needed to transform thegiunits into the desired
units, a graphical representation of the process, theaion "map” if you will, becomes a
useful guide. Fig. 2.4 sias a comersion map for the carsion from pints to cents in the
last xample. Notehow the cowersion factors connect one unit to another (along the dashed
route).

1 quart 1 gallon 2 dollars 100 cents
2 pints 4 quarts 1 gallon 1 dollar

e N e AN 4 ~
/ \ / \ / \ / \

\

i i \ [ | 1 |
pints— quarts— gdlons— dollars—cents

Fig. 2.4 Pints to Cents Cwersion Map

With all this under our belt, we can return to the situation which generated the discus-
sion of unit comersions, namely comrsion between British and SI units.

Example 2.8A dime has a diameter of about 1.8 centimedethickness of about 1.4
millimeters, a mass of about 2.3 grams and contains about 1/30 of a mol of atoms.
What are the measurements of a dime in British units?

. _ , ,1710°m ., , lyd _, 3ft , 12in _ __ .
Diameter: 18 cm”~ ( Tam ) (.9144”? (1yd) (1ﬂ)—.71|n
1 103m 1 yd 3ft 12 in
Thickness: Imm”~ ’ ’ ’ =.055 i
ickness: Imm~ (— ) (graamd (e G n
1kg .. 11lb 16 o

Mass: 239 ( Z):.08102

1000d asakgd 1o
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The mol is a measure of the number of atoms and has the ahrmmenvBritish and
Sl units.

6.0221367x1¢ atom

55 = 2. 0x1(? atoms
1 mol

Amount: 1/30mol ~ (

2.7. Multidimensional Maps

Example 2.7 imolved seeral corversions, not merely between units of the same type of
guantity but between dferent classes of quantities as wellhus pints, quarts andaljpns
are all diferent measures ofolume, and dollars and cents ardafiént measures of mone-
tary value. But the corersion between dollars andlipns changes thepe, or class of mea-
surement, from @lume to mong The cowersion map shan in Fig. 2.4 could be modi®ed
to re ect the qualitate dfferences in the units, say with monetary units on an upper le
and wlume units on a leer level, the two levds connected by the ceersion between dol-
lars (mong) and @llons (wlume). Atwo-dimensional corersion map wuld result in this
case.

For another @ample of a coversion map imolving different types of measurements, a
set of mass carsions is presented in Fig. 2.5 as a4wmensional map which displays
cornversions between smaller anddar mass unitsertically and metric and British units Ror
izontally. Solid lines indicate corersion in either direction is possibleytbthe comersion
factor is gven for only one of the directions, as th&erse form is easy to construct.
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metric  British

28.35 g
1

- ~
7 \

/ \

Ve

smaller g
1000 g/’ ‘

1kg . .
larger ~ kg——Ib -

.0454 kg
1lb

Fig. 25 A Mass Cowersion Map

To gply the Units Cowersion Heuristic to a general map such as this, locatedhe v
tices of the gien and requested quantities and construct a path which connects them together
Note that there may be more than one connecting path when the full set of possiéite con
sion factors are \ailable. For example, using Fig. 2.5, grams can bewented to pounds
either through kilograms or through ounces. Both routes will yield the same ®nal answer
because there is consistgna the cowersion factors along each path (and therefore redun-
dang in the amount of information displayed).

Extensions to more than ewdifferent types of units may be displayed using morelde
(easier for tw-dimensional displays) or more dimensions (limited to three) for humans.
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2.8. Corversions and Formulas

Measurable quantities that are de®ned as ratios may be thought of/asioconactors.
Velocity, de®ned as distancewiled by time, is such a quantdy

Vo % (2.18)

Note that a rearrangement sisowelocity to be a proportionalityattor between distance and
time:

d=wvt (2.19)

This may be represented graphically in map form.

velocity

Ve AN
7 N
/ \
/ \

distance«——» time

Fig. 2.6 A Velocity Corversion Map

11 Distance and elocity involve drection as well as magnitudee¢rors) sometimes symbolized with em-
®
bolding @, v) or arrows (d,¥). Speeds the magnitude ofelocity. We use the symbol v for speed tecid am-
biguity with the SI symbol for seconds, s.
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To determine the time it tas to go a certain distance/gn a \elocity, one can rearrange the
de®nition according to the rules of algebra andesblvthe time:

t=- (2.20)

Alternatively, one can multiply the distance by the@se \elocity as a corersion factor
Example 2.9How long would it tale to travel 250 miles at an\gerage elocity of 65
miles per hour?

The Units Cowersion Heuristic ®rst says to identify thevgn qiantity (250 miles), and
the requested quantity (time in hours). The second step says to identify vieesioon
between the gien units (miles) and the requested units (hours), which iselecity, 65
mph. The last step is to multiply thevegn quantity by the coversion factor (irverse
velocity):
1hr ) = 250
65mi’ 65

Note that the Units Cemrsion Heuristic gies the same result as solving thelacity
equation for time, Eq. (2.20).

Another common quantity that is related to \egion factors ispercentage which is
de®ned as the fraction of the part out of the whole times 100. adter fof 100 is a con-
venience for magnifying decimal fractions between zero and one to numbers between 0 and
one hundred.

250 mi” ( hr=3.8hr (2.21)

%° 100 (\%) (2.22)

The most sensibleay to deal with percentages is to eem them to fractions as parts out of
100 total parts, and apply the fractions as a/@sion factors.

Example 2.10If ocean vater is 1.5% salt by mass,wanary pounds of ocean ater
would be needed to pvae one pound of salt?

A corversion map s&tches the solution route using gersion factors:
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Ib salt/Ib ocean
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Ibs salt «— |bs ocean

Fig. 2.7 An Ocean Vdter Conersion Map

Corverting the percentage to a fraction, we\aré 1.5 pounds of salt per 100 pounds
of ocean vater Applying this information to the Units Ceersion Heuristic gres the
desired result.

100 Ib ocean wat§r_
1.5lbsalt ~

Note a@in that the corersion factor is set up to cancel thegi) units of Ib salt and
introduce the (requested) units of |b oceastew The corresponding rearranged equation

Id be W= 100 P
wou =%

Density is another xample of a measurable ratio for which problems can besdolv
equiaently using algebraic formulas or using gersion factors.

1lbslt” (

67 Ib ocean water (2.23)
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M
D° v (2.24)

Again, density is the proportionality factor between volume and mass, M = DV.
Example 2.11What is the mass in pounds of 1 liter of mercury?

The density of mercury is 13.5 g/cc (cubic centimeter), which can be considered a factor
which converts between mass and volume.

1000 cm® , 13.6 g mercury I1b
1 liter 1 cm3 mercury 453.59

1 liter mercury =~ ( ) =30.0 1b mercur§2.25)
g

Note that the conversion factor method takes care of all the calculational steps at once. The
formula M = DV can only be applied to the conversion between cubic centimeters and grams,
neither of which are the units given or sought for in this example. Thus unit conversions need
to be made in any case.

The speciCEc heat capacit$H) is a factor which converts a change in temperature (Dt)
for a given mass in grams (m) of a substance into a change in heat energy (DH). The molar
heat capacity(C) is similar to the specifi ¢ heat capacity, except the amount of substance is
measured in mols instead of grams. The value of the specifi ¢ heat capacity depends on the
substance and its temperature, but remains fairly constant for small temperature changes.

DH = mSHDt  (2.26a)
DH =nCDt  (2.26b)

Example 2.12How much heat is gained when 1 kg of water is heated from 20 °C to

100 °C?
The specifi ¢ heat of liquid water is 4.184 J/g-°C, so the increase in heat energy is
10°g 4.1847 1kJ
1k 100 °C - 20 °C =335kJ
e (T Cgog ! gy
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This gives a feeling for the magnitude of energy in kJ to heat a pan of water to boiling.

2.9. Corversion Tables

Finally, a word needs to be said about where conversion factors can be found (step 2 of
the Units Conversion Heuristic). Some conversion factors are memorized through constant
use (e.g. monetary and kitchen conversions), while others are less familiar. Some are derived
from defi nitions (the original definition of the yard as the distance from King Henry the
VIII’s nose to the end of his hand was not exactly three times the length of his foot), others
(like density) vary from system to system. The meter was originally ‘“‘defined” & one ten-
millioneth the distance from the North Pole to the Equator (of Earth), a very impractical defi -
nition, not only in terms of the logistics, but conceptually awkward as well, since the geogra-
phy of the earth is neither directionally uniform nor constant in time. The parctical defi nition
originally was the distance between two inscribed lines on a platinum bar kept under con-
trolled conditions in Paris. Today the meter is defined in terms of a certain number of
wavelengths of light of a certain electronic transition in a certain element, more precise and
conceptually no less arbitrary than any other defi nition.

Since units of measurement are ultimately arbitrary they may not be easy to remember.
Therefore rather complete lists of conversions used in various disciplines are published in
handbooks and other reference works. A short list of constants and conversion factors is
given on the inside back cover.

Summary

Measurements report magnitudes and units. The units of a measurement may be trans-
formed by multiplication factors called conversion factors. Conversion factors are ratios
equal to unity derived from equalities, having different units in numerator and denominator.
Since they have numbers and units in both the numerator and denominator, the units in the
denominator are made to match the units of a given quantity to be converted, and the units of
the numerator are the units of the new quantity produced.

The conversion factor approach is a great way to organize problems involving change of
units. The only diffi culties are recognizing when to use conversion factors, and fi nding a
legitimate path between the input and the desired output. Clues to identifying problems
involving conversion factors are that they have quantitative information, numbers with units,
and that the units of the answer differ from the units of the input. The conversion factors
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themselves come from a variety of sources.
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UNIT CONVERSIONS EXERCISES

N o s

10.

Draw a conversion map for Examples 2.2 and 2.3.

Suppose a neighbor wants to “borrow’ three eggs, and wants to pay you for them.
How much should you charge, if the eggs cost you 80 cents per dozen?

Describe carefully the process used to convert a given number of years, days, hours
and minutes, to seconds. Describe carefully the process used to convert a given
number of seconds to minutes plus hours plus days plus years.

How many miles is one light-year?
Draw a conversion map for converting between cm, m, in and yd.
How could one extend the Mass Map of Fig. 2.5 to include tons?

What process should be followed in converting between United States currency
and current British currency?

What process should be followed in converting between United States currency
and old British currency?

Show a density conversion factor map.

What is the average speed of a runner in mi/hr who runs one mile in four minutes?

UNIT CONVERSIONS EXERCISE HINTS

Refer to Example 2.1 and Fig. 2.1.
What is the itinerary?

The order of operations isn’t important for the first conversion, but is for the sec-
ond conversion. One day is 24 hours, one hour is 60 minutes, one minute is 60
seconds.

One light-year is defi ned to be the distance traveled by light in one sidereal year (at
the rate of 2.99792458 x 10® m/s). (Sidereal means with respect to the stars.) One
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sidereal year is 365 sidereal days, 6 hours, 9 minutes, 9.55 seconds (i.e.
365.2563695 sidereal days). One sidereal day is 24 hours, one hour is 60 minutes,
one minute is 60 seconds.

5. There are 100 cm per m, 36 in per yd, .9144 m per yd and 2.54 cm per in.

6. There are 2000 Ib in one ton, and 2000 kg in one (metric) tonne.

7. Current British currency includes the pound, the 10p (10 to the pound), the 25p (4

to the pound), the pence (100 to the pound). The rate of exchange may be taken to
be $1 = 1.75 pound Sterling.

8. Before 1965 British currency included the pound, the shilling (20 to the pound),
the fbrin (10 to the pound), the half crown (8 to the pound), the pence (12 to the
shilling), and the half-penny (two to the pence).

9. Compare the definition formulas for velocity and density and have a look at the
velocity conversion map.

10. Express the input information in the form of the ratio of the answer.



