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TABLE 2.3-1

Sland CGS Units

Base Units

Quantity Unit Symbol
Length meter (SI) m
centimeter (CGS) '\/ cm
Mass kilogram (SI) kg
gram (CGS)'\/ £
Moles gram-mole v mol or g-mole
Time second S
Temperature kelvin ¢/ K
Electric current ampere 4 A
Light intensity candela v cd

FACTORS FOR UNIT CONVERSIONS

Quantity Equivalent Values
Mass 1kg = 1000 g = 0.001 metric ton (tonne) = 2.20462 lb,, = 35.27392 oz
1lb, = 160z =5 x 10"* ton = 453.593 g = 0.453593 kg
Length 1 m = 100 cm = 1000 mm = 10° microns (um) = 10'° angstroms (A)
=39.37in = 3.2808 ft = 1.0936 yd = 0.0006214 mile
1ft =12in=1/3yd =0.3048 m = 30.48 cm
Volume 1 m? = 1000L = 105 cm® = 10° mL = 35.3145 f¢*
= 219.97 imperial gallons = 264.17 gal = 1056.68 qt
1ft2 = 17281in? = 7.4805 gal =29.922 qt = 0.028317 m’> = 28.317L
Density 1 g/em® = 1000 kg/m® = 62.43 1b,,/ft?
= density of liquid water at4°C (reference for specific gravities)
Force IN = 1kg-m/s? =10° dynes = 10° g-cm/s? = 0.22481 Ib;
11bg = 32.174 by, -ft/s? = 4.4482 N = 4.4482 x 10° dynes
Pressure 1 atm = 1.01325 x 10° N/m? (Pa) = 101.325 kPa = 1.01325 bar
= 1.01325 x 10° dynes/cm? = 14.696 Ibs/in? (psi)
= 760 mm Hg at 0°C (torr) = 10.333 m H,O(l) at 4°C
= 29.921 inches Hg at 0°C = 406.8 inches H,O(1) at 4°C
Energy 1J=1N-m=10"ergs = 10’ dyne-cm = 1 kg-m?/s?
=2.778 x 107 kW-h = 0.23901 cal = 0.23901 x 107> kcal (food calorie)
= 0.7376 ft-1b; = 9.486 x 10 Btu
Power 1W=1J/s=1N-m/s =0.23901 cal/s = 0.7376 ft- Ibs/s
=9.486 x 107 Btu/s = 1.341 x 10~ hp
Derived Units
Quantity Unit Symbol  Equivalent in Terms of Base Units
Volume liter L 0.001 m’
1000 cm®
Force N 1kg-m/s?
1g-cm/s’
Pressure N Pa 1 N/m?
Encrgy, work  joule (SI) J IN-m = 1{kg/m?%s’

Power

| dyne-cm = 1@@?/32

gram-calorie cal 4.184) =4.184 kg-m?/s”
waltl W 1J/s=1kg-m?’/s’

newton = dgne
poule ¥ erg



24 UNITS AND DIMENSIONS:
- Dimension(is a propexty that can be _@ Sucle 03 Jeng b, Eime, mass or temperature ,or colculated by multiplying or dividing other dimensions-

note : Numerical Values of 2 quaniities may be added ,Subbracked or equated only if the dimenions and units are the same

{or mulkiplicakion and division. even i(» T

12 CONVERSION OF ONITS
- Convevtion Factor shows the welationship w«@ OFthe same quantity -
———— f
Example 2:2-1
/ Comvert an accelevation of 1 cm/s™ 4oitS equivalent kmiyr?

2
tem . (60)'S. 60> min™ . apthe* . 3¢87days’ . (M . IKm
82 Imin 43 py? 1*dag?  42yrz  100CM 1000 M

Dimension analysis — is a method that uses ersion fackOv>10 cONVert a quantity expressed inone Wk 1o an equivalent quantiey in a different unit-
QL = lem?
2.3 SYSTEM OF UNITS -
L, A sysiem of units has the following companents :
1 Base Units for mass , length, time temperature ,electrical cirvent and light intensity
2. Multipie units which are defined as wultiples orfractions 0 base unitS
3 Devived wnits, Obtained in one of 2 ways-
(®) by multipiying and dividing base or multiples units Derived wnits of #is tyge ove Compound wnits:

(b) As defired equivalents ok compound units

L, The CGS Sustem is amost identical 0 ST, The principle difterence being that gvams c3) and Centimeters Ccm
aveused instead & Kilbgrams LK9) andmeters (m) s the base units of mass and L-

L, Mutiple unit prefrences- note: ifthe decimal Maves 4o-he right
Teram) :=10°  conki (=1 i the decimal moves +0-tne leFé (the powev increases)
Gigo (6) = o' il (m) -0
Megath) =10 micro(®) = 10°¢
fibK) =0 pano(n):10”?

L, Exampte 2:3-1
Convert 23 Jbm- £t /min 0 its equivalent in Kgcm/s®

23 lbm-F_ . 0-453593K9 . woom | Py’
mina 1 tbm 3:29)ft  (€0)* g2

Q. convevt 900 mmH g intobars Q %metog @ how many Km in 15 000 demeters
0 ety - _"0Rbar = |.0% py By '3 0036 Kowodm- M . \Xwm = I5Kkm
3 F60 MHg v '”u!’«wovy,)/g 9 1o dm 000 M

2-t FORCE AND WEIGHT

AN <[ Kg-m/s’ 9:9-3066 m /s’
1dyne = 19.cm/s’ =9%0-66 cm/s*
1 |be = 32-134 Ibm-f£/5* 32134 \FE/S*

Q. The force in bt Tequired to accelevate a mass of 4 Ibm at vate 9 ft/s
4bm - 9 fes* - __Ibe : 11LIbE
2214 Ilo';‘(il,- /82
L, The weight of an object is the force exerted on the object by gravitational attvactior§

W:mg



K TEST YOURSEIF

2 2
1- 2Kg-m/Sinn? whatis 2 lbm-ft/s" equivalent in lb¢7
¥
IN and  2lbgpAfst LIbE______ = 0062 lbr
31 ’?4 ‘M/s W 1. What s a force of 2 kg-m/s* equivalent to in newtons? What is a force of 2 Ib,,,-ft/s” equivalent
to in Ibs?

(Crepsrindics) 2. If the acceleration of gravity at a point is g = 9.8 m/s” and an ub_] is resting on the ground

at this point, is this object accelerating at a rate of 9.8 m/s?
3. Suppose an object weighs 9.8 N at sea level. What is its nmss" Would its mass be greater,

less, or thc. n thg moon? How about its v.cwhl"l < 0- ﬁq“\

4. Suppose dn.uhpu ‘weighs 2 1b;at sea level. What is its mass? Would its mass be greater, less,
or the same at the center of the earth? How about its wclgL (Careful!)

2:5 NUMERICAL CALCULATION AND ESTIMATION - A lect
Ly Scientific Notation inwhich a number is expressed as the produ.ct of another number

2.6 DIMENSIONAL HOMOGENITY-

Ly Every valid equation must be dimensionally homogeneous : that is all additive terms on both sides of

the equation must have the Same /4 Oy wnits)
L, Example 2:6-1 L, Fxample 2:6-2 Dimensiona| Homogereity Dimensionless Groups
DE) 3k (-4 Q a quantity K depends on +he temperature T in +he following manner:

- 4:fk ond RS
-Devive an equation for distonce in m andtime in Minutes
D(Ft» 369 -4

Dt - D'm~3_~‘zﬂ.L=$'z%D'(m) 20,000 ca) - ! . mol ‘K

T iSin Kelvin the units of +he quantity 20,000 are cal /mol, what are theunits of 1-2x10° and 19937

B = t'(min) - 605_ = COE Owin)
fmin

329 D'M) - R-got'tmin) . 4
329 323 32%

L, Dimension! ity canbe & pure number Or & multiplicative ombination of Variables
With no_net- dimensions

- a quantity such as M/Mo or Dup /v isclled dimensioniess group -

-Exponents ( - Ly Example 24 -1
@Q @ unterhas a density of 62-4 lbm /Ft>- How much does 2-000f¢

- Transcendental fun ctions
- Avquments of transcendental functions ( of water @lﬁal' Sea level and 45° latitude and (2) denver 63#4
ftand gis 32439 fels"

L, Example Questions mass: O-V= 63-4/bm - 283 - 1243 b
) —_—

231bm - t/min* = kg.cm/s* w=m-g: 124-91bm. 3

23 lbfn S0 . 0 oudam . Imin? 32174
———a ] VT T
ke ik B i 124-9- —332"% * 1299
/Q “00in*/day toam*/min 2174
iooin. 10cna | Ao = 249 3439 « 1247 Ibe
32139

o (A (4o

/& 161/ ook — 9al /mile
2041+ 9a). VW \Ew
e ol i o-00kaiy™ 0% M

A (pr2 ) x (v-b) =RxT Whatarei'i\edlmensmnsﬂ'a?b?
Q - Pressure leol/hme)
b-» {olume /time)



Test Yourself 1. What are the factors (numerical values and units) needed to convert

(Answers, p. 654)

Test Yourself

(Answers, p. 654)

(a) meters to millimeters?

1000 2
(b) nanoseconds to seconds? au —l%,—;;ns (lm!ct_q"
(¢) square centimeters to square meters? | m2 -

(d) cubic feet to cubic meters (use the conversion factor table on the inside front cover)? 'm / 35 3]'15 f‘t
(e) horsepower to British thermal units per second?

. What is the derived SI unit for velocity? The velocity unit in the CGS system? In U.S.

customary units? mis cm
fere & ()

ak additive terms have the same dimensions

1. Whatis adimensionally homogeneouse uauon’ll an Lqudllol]ls dumn |()nall) homogeneous, NO
is it necessarily valid? If an equation is valid. i CCeSSE - i gencous? o<

[
; - : ) . M3s? T . 5
3. What is a dimensionless group? What multiplicative combination of r(m). s(m/s*), and #(s)

would constitute a dimensionless group? /

4. If z(Ib¢) = asin (Q), what are the units nl@und@ 3)
o Qb G) Oz no unit

2. 1% _\(m/.s ) = az(m?), what are the units of a2

s>

@ ¥ Covystal/ min) - 200 © -5

I- 200 - crystal

min-mm

2. 10 > Cryseal
min-mm#

2. Calculate crystal nucleation Take (oystal /S) comespondingto
0+0050 inch

0-050 i . 1000 mm
ANk

¥:200 (1°29) - DU
13+ ay. 1min -

min 60SeC

3- Derive a formwia for ¥ Ccrystal/S)interms of D Linches)

:(M) =3[ 200 (25-4Din)- 10 (254 D) ]
S 60



CHAPTER 3 : PROCESS AND PROCESS VARIABLE
3| MASS AND VOIOME - (Temeerature ond pressure only)
L, Density ( §:row)i5+he mass perunit olume ok amatevial (Pure compound, solution , mixture) -
- Specific Property : 15 the amount oF property per unit mass ok the substance 0
2 g‘f&ﬁc Voume (V) : s the volume occupied by unit mass ot he substance O
Something per Wnit mass
Density ——-=> specific volume

By — (M)
m? K9

L, Densities oF pure 60lidS ave essentially independent- 0F pvessure and vory aelakively lightly w /

- the density of a Substance canbe used as o. cnveYsion factor to 7elate the mass and Volume oF quantity of the Swbstance
- Spedific gravity of o Sulskance is tne ¥ati of the density f of the Substance +0 the density fret 0t avefvence substance ot o specitic Conditiovr\/

*The vetevence most commonty tsed for SoidS and liquids is waker at 4-0% whida has fhe fotowing densiky -

$u,0 Uig) 4%
=1-000 3/6»13
+1000 Kg/m>

(L

Ly Note that-the density of aliquid or solid in §/cm® is numerically equal tothe Speckic gravity of that substarce:
-if you are given he specific gravity of a substance mulkiply it by the fefrence density inany units to get the densit)« of the swhstance in the Some unit
Example : suppose a liquid has specific gravity =0-80
The density of water 19/cm® or 1000 Kg/m3
multiply 56 x (Density of water) = gives you. the ockual densiby

QSR CITEC I 1. What are the units of specific gravity? dimension(ess

ASers 654) 2. A liquid has a specific gravity of 0.50. What is its density in g/cm3‘? What is its specific
» P volume in cm3/g‘? What is its density in? What is the mass of 3.0 cm® of this liquid? 2 19 1 ibm [o‘ om®
. . . 3

What volume is occupied by 18 g? 0-59/em? ; 2 cm , oMm? 4535939 S AFLS

f substance A and substance B each have a density of 1.34 g/cm®, must 3 cm® of A have the 0:50 1 62-43
same mass as 3cm’ of B? Y€S,f 2 SWostonces have+he Some da'cll"/ ond You-taxe
ttua) A 5
4. If suI;Is.t‘al“n'vg:‘s 1\‘?{&1‘(?5“1%5‘(%{[%% R‘a‘\?‘é‘a‘sp&iﬁc gravity of 1.34, must 3 cm® of A have the
= same mass as 3cm’ of B? Why not? NO
5. Freezing a sealed full bottle of water leads to a broken bottle, and freezing a sealed full mz=DV = 0-50 3 - _Z_Qﬁ- = |59
flexible-walled container of n-butyl alcohol leads to a container with concave walls. What cns
can you conclude about the densities of the solid and liquid forms of these two substances?
6. Does the density of liquid mercury increase or decrease with increasing temperature? Justify \= ™ . \% - 36 cm?
your answer using a thermometer as an illustration. '6' W -
6 Density  decreases bzouse Themass ocoupies o greater volume:
5 fHs f Hio1ey 5 P ) 7 Puea )
L, Example 31:1
Calcuwrate the density ok mercury in lbm/#t® from a tobulated Specific guavity ,and (aiculared the volume in £ occupied by 2159 o mercury
- Specific gravity ot Mercury ak 20°C as13-546- Therefore -
19 . 4 ibm. 10® ow®
Om3 453-5933 35 SEL2
s L
62-43x13-54¢ = asKg. Abm . WED .

0-454k3 < 34531bm
L Example 33-2

w Effect of Temperature on Liquid Density

In Example 3.1-1, 215kg of mercury was found to occupy 0.560 ft* at 20°C. (1) What volume would the
mercury occupy at 100°C? (2) Suppose the mercury is contained in a cylinder having a diameter of 0.25 in.
‘What change in height would be observed as the mercury is heated from 20°C to 100°C?

-3~

D Ve):-Vo [I+0-18e2w0 1 +0-003% X10® 1] H C100°0) - B C20°)
0-560 = L L [+0:1919 2010 M+ 0-063%X10°4(33 1 V(100) - V€ 20%)

2
Vo:-055% ID°

4
V00°)< 0568 F2 <2358+



32 MASS AND VOIUMETRIC FLOW RATE -
L, Hlowmeker : is o device mounted ina pracess line that provides a continuous reading of @M line

['b is Mcpeved containing a float ,H\e higher the f1oat: rises in the +ube-

measures the pressure drop acvoss anorfice | in athin plate restricking +he flow in @ conduit
Ly Flow rate - therae ot whicha matexial is transported Hivough o proces line is +he of that matevial-
- The Flow rate of o process Styeam may be expressed a5 (mos: / time)
or asa. (volume /time)

-The density of & Fuid con be used 0 convert a Knoun volumetric £lowaate of 0 process stveam +o+he mass Flow rate of that skveam orvice Verse -
™ iS £low vate and V is Volumebic Fowrate

,.mussHow rate

. . m:=p 0
E > Volumeiric flow vate

po

0}

FIGURE 3.2-1 Flowmeters: (a) rotameter and (b) orifice meter.

Ly Test yourself page 49-

@1 The mass Hlow rate 0F n-heyane ina pipe is 6599/5- What isthe Yolumetric fow rabe of the hexane -
QM- 68 .
T 3§ o659
@2- The Volumekric How vate of CCly ina pipe is whatis the mass How vate of the CClg 7
m: Qf: 5959 - 100Gk =(54-5 9/min
Tpx  Amin

Q3 Same>Same > Qreaber utiet -

1. A steadily flowing stream of water is funneled into a graduated cylinder for exactly 30s,
during which time 50 mL is collected. What is the volumetric flow rate of the stream? The
(Answers, p. 654) mass flow rate? [00ML/MiN 3 1009/min
2. What is a rotameter? An orifice meter?
3. A rotameter calibration curve (flow rate versus float position) obtained using a liquid is
mistakenly used to measure a gas flow rate. Would you expect the gas flow rate determined in
this manner to be too high or too low? gplow, the gas i much 1ess dense

® is a tapered vertical tube containing a float; the larger the How rate, the higher the Float rises in the tube-
measures the pressuve drop acvess an orfice in athin plate restricting the flow in a. conduit
33 MOLES AND MOLECULAR WEIGHT
Mole (n)

~The amount of Substance that contains 6:022 X102 entities
- ST and €65 wnit is (4-mole =mol )-Brikish it is (1b-mole)

L, Molecular Weight (M)
-The sum of the atomic weights o the atoms Hhat constiture o molecule OF the compound
Ly atomic weight
it 4¢ells you how heavy one-atom of an element-is 7elative 40 /12 the mass of a covbon- 12 atom -
Ly Example 33-1

How many of each ot the following are cntained in 1009 of (02 1 (1) mol €02 5 €2 Ib-mofes C02 ;
(3Ymol € ; (9Imol O ; (5)mol 02 5 () 90 ; (M9 0y ; (3) morecules (02
D bo(5 of 0y Imol (02 = 11') hos of (02 Imol (02 - 2mal 0
4409 €02 4409 €02 Imol (02
D 22% mol €02 - Ilb-my 5) hog of cop IMoicoa - L MAO,
4536 o} 44009 €02 Imoy (02
) lodg of Coz- Mol €02 . o) C o) ooy of oz imol (o2 - 2Mal0 . 1690
44.009 C02 ymg co, 44.00 9 €02 Imoj (0 (MAA D
© ooy of oy Mol 0z .2mol0 | 169 %) ovg of (op- IMolC02 . £012XI0° moleculrs

4409 €02 Imo) (0 1M1 D 4400902 1w co,



-The of . Species canbe used o relate the mass flow vate of acontinuous stream of this species 40the corspanding
L, The dalton is often used in discussions involving molecular weight ond the Size of molecules

23
6-02X10°" motecwles
Test Yourself 1. What is a mol of a species of molecular weight M, in terms of (a) a number of molecules?

h i)
(Answers, p. 654) ()2 mass? “ 9v0ms

2. What is a ton-mole of a species? The moleciar weight oF the 6?6083 expressedintons
3. How many_lb-moles and lb,, of (a) Hy and (b) H are contained in Llhzmole of H.Q? 3(0) 1 l‘b’m\c “" ’ J le (b) 2lbnd llw
4. How many_gram-moles of C3;Hg are contained in 2 kmol of this substance? 4 a Kmol . \ossQmol =

1Ko |

5. One hundred kilograms of molecular hydrogen (H,) is fed into a reactor each hour

the molar flow rate of this stream in gram-moles/hour?
o | gram-mole H
6. How many g-moles are in 2.0 g otLu.kcn egg white lysozymg? 5 M ! °°/ J 2

7 lhy ﬁz' 3 gyofn Ha

O - Amel <14 x/0"7g-male
\'-\ 300
33 MASS AND MOLE FRACTIONS AND AVERAGE MOLECOLAR WEIGHT .
- POCESs streams Occasionally Gnkain one substance ,but more often they consist: of 11y tuiresokmore Hian one substonce
- physical properties ot amixture depend Strongly on the compoSition of mixture
- To express the of o mixture we use the of a species (eg.for Subgtance A) :

L mass fraction

(+he mass pereent of A Is 100 % )
Ly mole €raction

fraction is always lessthan4
the summation of all iS 4 and its unitless
L,Example 33-2
- 0. Solution contains 157 by mass (ZA-015) and 20mole 7- B ((Yp- 0~20)
| Calculade +he mass A in 135Kq o 4ne Solution-
¥ K'a -0°5
2- Calculate the mass Flow vate OF A in a streamn OF Solution Howing at o vate of 53lbm/h
m=fQ

531bm - 015 IbmA =
h {bm

3- Calculate the molar flowrate of B in a stream flowing at a vate of 1000 mol/min
1000mol - p-20mol B =
min mo|
4 calculabe +he +obal Solution tlow vate that corresponds +0 amolar How rate of 23 Kmol 8/
2% Kmol 8 - | Kmol solution «
s 020 §md1 8

5 Calculate +he mass of the Selution +hat contains 300 Ibmof A -

3001bmA . |bm Solution

015 1bm A
l, Example 3-3-3
0. mixture of gases has the following composition by mass

02 6%
& 4% uft
s 13 02 olb 1b 2 05 015
Na  63% co 0-04 i 29 014 0-0k
(02 013 1% 44 09 012
Na. 0-63 63 29 225 0-69

total i 100 319 1.00



- the M (Ko /Mol Ibm / [b-mole, 6EC) ishe Toki0 of the mass oF a Sample O the mixture (M) o the nwmber of maies o wil spedes (ne)
in-the Sample-Lf i is the mole fraction of theith component ot +he miktwre and Mi is the molecular weioht ok this component
MEYMEEYaMa £ ¢ 2 Uit mole Fraction
L0 massdrackion

5w
L, Example 33-4 —

) average molecular w €ight of air U) from iks approx molar composition ot 4% Na. , 2% 02 and (2) from its approx composition by mass F:#7 Na 23:37 02
M= thedaMat .« 2 it b)*_'ﬁ, "L <0035 ma/g
%91:039  Ya: 0-2
H:039x26 +02%32:29 3

,% Example
A gas mixture contoins 40 9 03 , 259502 ,and 30g 503 - Calculate the omposition of the mixture in
(o) Moss fraction

(b) moie fraction

02 4p | “40/q5 <042 2 4p)21:135 | 12%/2:0) = p-62
502 % | a5 =023 | e407 25/ <039| 0:3/2-01* 019
503 3 | 30/5 =035 001 20/90 som 019
KIEDA
™M

est Yourself 1. The molecular weight of atomic hydrogen is approximately 1, and that of atomic bromine is
80. What are (a) the mass fraction and (b) the mole fraction of bromine in pure HBr?

2. If 1001b,/min of A (M, = 2) and 300 lt;;Enig\of B (Mg = 3) flow through a pipe, what are

m
Cp (Ec mass Iflmcflonp‘ and mole fractions ef X and B, the mass flow rate of A, the molar flow rate
of B,

‘Answers, p. 655)

the total mass flow rate, and the total molar flow rate of the mixture?

la- Bv= 90 - Q o themass fraction
i A- 00 .095 R: 307 - ) Molbm
2. - 100 M min
1] b IIbMA- o) A - d) gwlm . 1mo) B -
Albm A win 3 Ibm®&
200 |pmB- _Imo)B = )
3bm B
A:&: B loo -

150 150



33 CONCENTRATION prdensit]

-The ‘mass concentrakion of acomponent of amiXture orsoiution iSthe mass of this component per unit volume of this mixture
-The Mmolar concentration of a comppnent isthe number of moles 0t +he component pev ynit volume (K
-The molariky of & Solution isthe volue of the molar concentration of the soute expressed ingvam-moles solute / liber solution

Test Yourself A solution with volume V(L) contains n(mol) of a solute A with a molecular weight of M 5 (g A/mol).

In terms of V, n, and M :
(Answers, p. 655)
1. What is the molar concentration of A?
2. What is the mass concentration of A?

In terms of Cy(mol A/L) and ca(g A/L):

3. What volume of the solution contains 20 mol of A?
4. What is the mass flow rate of A in a stream whose volumetric flow rate is 120 L/h?

- Conentratioh quantity ok o component: per umit Volume of o mixture.
L, Exomple 33-5 ]

- A 0'50-molar agueous Solution of sulfuric acid flowinto o.process wiit ak 0. vate of 125 m'/min The specific gravity of the Solutian 103
1 4he mass concemiration oF H2S0s in Kg/m*

050 mol %1504 - — 933 IKq ook o
L Imo) W85 1000 9 | m3

2) the mas flowaate of H2504 in Ko/s

m=125m* -49Kq . 1Min_ .
mh  m? bos

D the mass frackion of HzSD;,
S6dlution: cros)(moa_xz) =
m

= todokg -_1-25m} . Imin .
m? min 605

Uiysoy = MH280Y . 1KgUaSoa/s .
meolution  QI-96K9 /s

33d farts Per Million and Parts Per Biion
ppm ﬁ It!6
p b, X‘ » LGSR CIECE A blood sample is reported to conlaicreatinine (mass basis). "
(Answers, p. 655) 1. What is the mass fraction of creatinine in the blood? 6?) X,D per 9

BIOENGINEERING 2. How many milligrams of creatinine are contained in one kilogram of the blood? 6%")

3. What is the approximate concentration of creatinine in the blood in g/L? |pgo X6%xpp3 x V. 0’0:’”9/L

2-4 PRESSURE
- Pressure xatio 0¢ 40 +he orea on which the fovee acks SLunit = N_ .
m
CGl > a American lbe@o\' psi

~ Hluid pressure oy e defined as the mtb% ,where £is the minimum force that would have o be exevved on a frictionless plug in the wole +0 Keep the Fuid from emersing

d4a
~ hydrestodic pressure: pressure of the fluid atthe base of acolumn: itis the force (F) exevted onthe base divided by +he base Area (A)

density
1 P grovity
- height
Pa Pa L—1
wually A E-mom-Pa
aim pressure ™ ©

L, Example 34-1  Calulation of a. pressure as a head of fluid

-Express a pressure of 2X10° Pa. in tevms o mmhg -

fo=?_ - x09fa . 15oxidmmip
PH‘!% 131600-9-90%

SN . AT <t . Ikgmi joPmm .
‘a_f‘ 13609k q.9900 IN am



Ly Example 3:4-2

What isthe pressure 80m below the surface of alake 7 Abmospheric pressure iS 10-4a-H20 and +he density of water 1000 Ko/m® assume. 9+ 9-903m/¢
Po= 10-4+30m= 4b 4 afry T

= Atmaspheric pressure ( Paim) is the pressure caused by the weight of atmosphere on Surfae OF €asth

pgauge - avacuum Teading is Nrmaly o qouge pressure below atmospherc Pressuve not an abs presume
patm=1 Pﬁougc =-pvac
—nm‘&»m Pihs pvac<iahm Qouge >9auge oMY units Faauge - abs-atm

obs Jouge '%Dm‘m&\’
LIVITIRLE +Hommby

~The Pressure of the atmosphere can be thought of as-+he pressure ak tne base of a column ofHluid (air) \0cated ak the point of measuaement
~The $luid pressures veferred 4osofar are alL 0bSOIULLE pressires  infhat o pressure o Zevo comesponds0a perfect Vacuum. (abS pressure S@ and telative foa

- Juoge pressure OF Zevo indiotes that the absloute pressure o theHuid is equal 1o atmospheric pressure e 0o
i he pressure oF the Huid telakive +0 abmuspheric presswure ; it eguals +0 Pabs minus Parm

Test Yourself 1. Is atmospheric pressure always e%ual to 1 atm? \D 355-20:7
.. Precne ok O Correspopis 0 perte it iragm 0°3%
2. What is absolute pressure? Gauge pressurc’ ve TeDLVE to atmospheric presswe
(Answers, p. 655) L= pressive T : : 3 #35MmH9 ; 20mmig of
3. The gauge pressure of a gas is —20 mm Hg at a point where atmospheric pressure is 755 mm 9 9 OFNaceumn
Hg. How else can the gas pressure be expressed in terms of mm Hg? (Give two values.) 4. 4jnches “35 3-9inches Ha-
4. A mercury column is open to the atmosphere on a day when atmospheric pressure is
29.9 inches Hg. What is the gauge press_u@nches below the surface) The absolute
pressure? (Give the answers in inches Hg.) 1
A/

Fc FLUID PRESSURE MEASVREHENT
Bourdon tubes , bellows, diaphvagms
- mangmeters -
Skrain gouges , piezores kransducers and piezoelectric transducers:

b, =0

N oG

manometers Bourdon gouge-

~Bourdon gauge the mast common mechanical device used for pressuve measurement-

Bourdon gauge ave used tomeasure Huid pressures from nearly perfect Vacuums +0 about 000tm

-Hore acaurate measuvements of Pressures below about datm areprovided by manometer
- Hanometer iS o W-shaped tube partially filed with atiuid ok Known density(the manomeker fluid) - whenthe ends

of the tuke Ore expused o diff pressures:

- if the open end 0% o sealed-end manometer is exposed 4o atmosphere (fi=fotm) the device functions as o barometer
1: general Hanometer Equation: TT

2 Differential Honometer Equation
fi-Rl= (-2 Db fi- Py = sl
3: Manometer formula for goses:



Example 3.4-3 Pressure Measurement with Manometers

1. Aldifferential manometchyis used to measure the drop in pressure between two points in a process line

containing water. The specific gravity of the manometer fluid is\].05)The measured levels in each arm are
shown below. Calculate the pressure drop between points 1 and 2

j ?)“ ‘L"uf’f)ah

[ —

0 ))e [0B-19 . 990cn, \yne Imm . I .

—_— *

r*cy? S’ \joc:)sy' ' lomm

p =100 glem®

374 mm

py= 105 glem?

2. The pressure of gas being pulled through a line by a vacuum pump is measured with anGpensgnd mercury
manometer. A reading of =2 inches iy obtained. What is the (gaugp pressure of the gas in inches of
mercury? What is the absoluté pressure if Py, = 30 inches Hg?

f-Patm = Pouage =720

Py -Patm +faouge =(3p-2)in A9
*2%in |.|3

35 TEMPERATURE - Temperatwre is Q. measwre ofthe avecage KE Of the mofecules oFa subStance:

T =T £2F3 15 - itis measured indirectly using scale relative +0 o measureable physical pmperty that depend on temperature
T(OR): T(OF) +459-6%

TCRE 13T (K)
TCF): 19T (°c) +32 -

L, Example 35-1
Derive equabion  T(°F)* 16T (°C) +32 intevras oFT(%)-Use Ti:0% (31°F)and T2 :100° (212°F)
TC°F)-aT(t) +b
31: ()(0) +b — b=31
212 = (X100 +32 -2 a3
TCF) =18T(°%C) +32

oeliva

Test Yourself 1. Suppose you were given a glass tube with mercury in it but no scale markings, and you were

given only a beaker of water, a freezer, and a bunsen burner with which to work. How would
you calibrate the thermometer to provide readings in °C?

2. Which is warmer, a temperature of 1°C or 1°F?
3. Which reflects a greater change in temperature, an increase of 1°C or 1°F?

(Answers, p. 655)

L, Example 36-2

4- Calculate the equivalent temps in °C and theinterval betweem them.
2-Calate divectly theinferval in °C bebween the temps

1. acF=[9TC +3)
$0°F - 197°%C +23
2666 -(-663) -

2. (80-200F. 1% =
4°F




L, Example 3-5-3

The heat capacity of ammonia defined as+he amount: of heat required to Taise the temp of 0 unit mass of ammonia. by precisely 4°c at a constant presswre

15,0ver o limited tempyange , given by +he expression-

Cp (L) = 047 +2:29 x0”* T(°F)
o - °F

Btu e Y -4 1979
Cp(‘bw) 0483 + 200 [1141°c+31 ]

cp(3_) Lot +4nxn?T(e0] By 19% . 1 Ubm_
3% bm®F 1% A-486xwY Btu 4549

The abs- pressure of a Fiuid isthe pressure relative o a perfect vacum \S’
the 1§ the presswe velative koatmospheric - Common Tressure gauges like a and an
4eading OF qauge pressure:

0-3})ooatm

Test Yourself 1. What is a Bourdon gauge? What range of pressures can it be used to measure? As it is
normally calibrated, does it measuror absolute pressure?
2. What is an open-end manometer? A differential manometer? A sealed-end manometer?

3. True or false?  '€nd abm)endopen 2eds open rend s Seoled vagom

(a) An open-end manometer provides a direct reading of the gauge pressure of a gas. i

(Answers, p. 655)

(b) A sealed-end manometer provides a direct reading of the absolute pressure of a gas,
provided that the gas pressure in the sealed end may be neglected. T
(¢) The reading of a differential manometer does not depend on the density of the fluid in
the pipeline but only on that of the manometer fluid.
4. The pressure of a gas in a pipeline is measured with an open-end mercury manometer. The
mercury level in the arm connected to the line is 14 mm higher than the level in the open arm.
What is the gauge pressure of the gas in the line? —~ [Lf MW\»H‘S

1. Define (a) the pressure of a fluid flowing in a pipe, (b) hydrostatic pressure, and (c) a head of a

fluid corresponding to a given pressure.

e et 2. Consider the tank in Figure 3.4-1. Does the pressure at the plug depend on the height of the
opening in the tank? (Hint: Yes.) Why? Would you expect the difference between the
pressure at the top and that at the bottom to be very large if the fluid were air? How about
water? Mercury?

3. Suppose the pressure in the tank of Figure 3.4-1 is given as 1300 mm Hg. Does this tell you
anything about the height of the tank? If you were given the area of the hole (say, 4 cm?), how
would you calculate the force needed to hold the plug in the hole?

4. Suppose the pressure at a point within a column of mercury in a tube is 74 mm Hg. What is
the pressure Smm below this point? (If this takes you more than one second, you are
probably doing it wrong.)

provide a direct



CHAPTER 4 : Fundamentals OF Material Bolances-
“The basis tothis is the 14w of conservakion ot mass which States thak mass can neither becreated nor destvoyed -

4-1 PROCESS CLASSIFICATION

Material flow acvoss the system No flows Cross +he System
boundary during theinterval bouwndavy ,inor out
ok time being Studied

if The values of all variables in a procesS dont Change with ¥ime, except possibly for minar fluctuations
I any OF the protess variables change With Hime-

VWG (4

closed system , usuadly Wnsteady state , amount unit (K9, mol, ete) N0 Material enters or eaves while +he process is happeting
opensystem, eteady state , ( kgks Mol /i) #heinputs and ousputs ot continuously throughout the duration of the process -
unsteady state , openstate , neither baroh nor continwous € ithey leaves oY enters Lankinously
—»Batch processing 15 commonly used when relativiey small quantities of o product are tobe produ.ced while continuous processing
15 generaliy better swiked t0large productionvates-

est Yourself Classify the following processes as batch, continuous, or semibatch, and transient or steady-

state.
Answers, p. 655)

1. A balloon is filled with air at a steady rate of 2g/nnnf[YM§im‘\' ‘Sf,mi bat'()/\

2. A bottle of milk is taken from the refrigerator and left on the kitchen table. Bd'dl ) T\'M\Sie”t
3. Water is boiled in an open flask. St batth Fransient

Carbon monoxide and steam are fed into a tubular reactor at a steady rate and react to

form carbon dioxide and hydrogen. Products and unused reactants are withdrawn at the

other end. The reactor contains air when the process is started up. The temperature of

the reactor is constant, and the composition and flow rate of the entering reactant stream

are also independent of time. Classify the process (a) initially and (b) after a long period

of time has elapsed.

=

Equipment Encyclopedia
eactors-FFR

vww.wiloy com/coliege/Teider

o 0ccus 0 (material Balance)

42 Genew! Balance Equation 1 Continuous Stendy -state processes
it ishased on Law of conservation OfF mass input +generation < Output +Consumetion
(buildup within system) non- reockive
input —, —» Oubput Acumlay on L+) Input = output
(enters through INPUL Y oukput
System houndovies) eackant ? Consumpk 2 integra Balances on batch processes
profu Lt » generation initia] input *3enemtion = Final Output +Consumption

- Acumulakion 15 +he ate of change of material within the sysrem
Materialmorensing (unsteady state)
malerial decreasing (wnsteady stabe)
Steady stote

indicates what iS happening with a system at an instant in time - Fach term of #he balanced equation isa ' %.and has units of the balanced quantity unit divided
by time wnit- This is +hetype of bolance usually applied to a.
describe what happens betueen 2 instonks of time- Each tevm of-the equation is an ok the balanced quantity and hos the conesponding unit-



-if the balanced quantity is fotal mass, Sek genevation=0 and consumption =0
-if the balance substance is a non-teackive species Set gen¢ cohs-0/

-if the System i at steady ctate acc=0. .
it4he balonce i5 on a_nonreackive species of ontdtal mass the agneration and consumption terms equal zevo and the eq; iS input = output-

_initial input +9en =final output + consumption-
43 MATERIAL BALANCE CALCULATIONS

dvawing a process ,using boxes orother §Ymbdis o vepresent process units andlines with arrows fo represent inputs and dkbputs
Lcan hepp ge+ materia/ Balance calculations etarted ondXeepthemmoving, bub must be fully labeled

k label either atdhal fowvate (ov amount) and component mass or moje fractions
2- assign algebroic symbols o unknown Stream Variables and wrie these variable ames ang their asSociated units on the chart -
3-iF volumes (or Volumebvic flow vales) of streams ase tither given or vequired | include labels both for them and for mass or molav quantities -

y 450 Kg/h B Souvces of eqns:
t, Ko/h T Hass Balance

mooKa/ly [ |Disk inpuk +9¢A * output +Con’
6Lt
05wt R
85wk T .
M, kg/h B B bolance  inpul - oukput,
435 K9 /h T T balance

o~50m%)'- 450 + M dotalin = +otal out
05000 >, + 475 1000+ (450 +4) « Wy +4%5)

— The mas5es (but ot the mass fractions) el streams could be multiplied by a commonfactor and e processwould remain balanced
Moreover the Stream Masses csud bechonged + mass Flow rates
The procedure of Changin the Value of all Stream amounts or flow 1alesby proportional dmount while leaving the Stream compositions unchanged

(atomo), = (mtom)”t for eadh afomic Species
- an assumed amwunt- oF an input- o dutput- Glream

it 15 equol tothe number of chemical Species inthe inpuk and oviput stream-
You can IS0 Write o 4otal HassBalance

-3 Degree of freedom
it determines whether Youhave enough intormation tosolve the given problem

t draw ¥ label Flowchait
2. count +he pumber ot unknown Vonables (n. unknown )
3 count the nuwioer of independent equations relating tothem (1 intep eqns)
L degress ot freedom ofthe processis (h df) where
Nde = (N unknowns -1 idep egns) s DOF

Ndr=0 compierely definded (unige s0l)

Nde S0 under defned  (infmite ho- of So1) ~
~~

Nde<o oo deined  (Many Boundaries)



= +he Sources OF equatioas
+ material balane
2- Energy Balanze
3 process specifications
4 physical proerties ¥t taws (Fvenfe | densities erc)
b physial Gnstint>

Tt | Dyied
6 stoichiometric Yewkins
24>+ 032 2H,0
f02: L0 Make UP - vequired o replace fossesto leaks carryover etc- within e vecdie loop

—> Row Tates have tobe +ve
and abs piessuve >0

- spliting Purge - small stream bled off from recyle loop +o prevent
itis o smalstream bled ok building OF inerts or mpurities inthe Bysiem canbe neqlected because ofsize-
Cbled 0ffand direcked duk +he system)
45 RECYCLE AND BYPASS Sysiem : any porkion of a process that canbe
- Recovering and veusing unconsumed Reactarts - endosed with  ou d n

- Recovery of catalyst
2- Dilution of a process Stream Bg)pass- 15 a fraction of the feed +0a processunit +hat is/divexted atownd +he wnit ¢ cmbi
3- control o . process vaviabie with the Owhput Shream
4-Circuloion o o. working £iuid- - i-introduces a splitting and mixing point-

46 CHEMICAL REACTION STOICHIOMETRY
15 a Stafement OF the relotive Number of molecules
A teactant is imiting i#it is present inlessthanits Gtoichiometric praportion relative to every ofher reackants -

fractional <
Qnversidn

measuve of how far areaction has proceeded fromits initial State
using the extent of reaction makes iteasyto Keep tracK of the molar quantities or flow rates of reactants and products infeed and outer Streams

> /i stoichiometric coeHficient of the ith species in o Chemical reaction
& negative for reactants and tve For producks

(dimensionless)
Test Yourself The oxidation of ethylene to produce ethylene oxide proceeds according to the equation ‘ m ’ O A 2 c H 0
0] UL
(Answers, p. 655) 2C;H4 + O, — 2C,H,0 2 zt
The feed to a reactor contains 100 kmol C,H, and 100 kmol O,. l OD frd Z

1. Which reactant is limiting? C\Zﬂtf / Lé 20D
2. What is the percentage excess of the other reactant? lm ' EO mo’ O2
3. If the reaction proceeds to completion, how much of the excess reactant °

t; how
much C,H,O will be formed; and wh zactoy, (OO0 & ] wtu lge H((\(’J g

4. If the reaction proceeds to a point where the fractional conversion of the limiting reactant C “
is 50%, how much of each reactant and product is present at the end, and what is the 2 V
extent of reaction? - = o =~

5. If the reaction proceeds to a point where 60 kmol of O, is left, what is the fractional 0 [ 00 =100
conversion of C,H4? The fractional conversion of O,? The extent of reaction? v" s 2

£02:0°40
| = ~00 =Bokm
4 CaHy conv = OBOXID = 50kmo) Fey =0 90 =
€ : 50 - 35K mo\
2 o .
Wepuyo = O+(2(21 =5

ni: Nio+y ¢ Cqu => 100 +(-2)(25)=bd Nor=1dg +L-D(25:F5kma)



47 Balances on reactive processes

In a reactive system we have:
Catoms)

~ Balances on atomic spedes can be written input = Output, SInce atoms conneitner be Created (ﬂcan nor destroye Cons=0) ina cheni cal vea.ckion

— Chemical Reactions are ifthe stoichometric equation of any one of them cank
be obtained by adding and subtracting mullipies of the sroichiometric equations of the others:
i 00 Can Rt One in erms o the Orher by +, -, X
A->28B
B->C
A=>2(

47e Extent of Reackion
+|No- unkinown labeled Variables

+/No- (one unknown £ for each reackion) number of veaCkions in Pres
= No- (0ne egn for each species infem of ¢ )
-No: (one balance eqn 4or eath)

~No- other eqns relating unknown variables

47 PRODUCT SEPARATION AND RECYCIE

reactant inpuk 10 Process- reactant output from process
feactont input o process

feaCtant input to reactor - reactant output from veact

reactant input +o reactor

P URG\N@ note: for Split stream 1 indp materia| Balance
- Why purging is needed 7
I-inert gases (N, Ag ek ) ae used in processes because they dodk undergo Chemical veachons under given condrkionS
2- Usihg inert gas prevents undesirable chemica| reactionsfrom occuring 629 oXidation, hydrolysis , Combustion)

3 purging with ( N2) Minizes hazards of residual SoNents or process Fuids
4- iFan mert gos is infroduced fothesystem and it doeshb react , ithas +0 exit he § ystem Somewhere, builds up ¢ Shutsdown -

— Atomic Balance
Balances on atomic species can be written since atoms an Neither be created nor destroyed in & chemical Reaction-

4-#b Independent Equations ,Tndependent Species ,and Independent Reackions:
-if 2 atomic Species Occurin the same ratio wherever they appear ina process in & process , Balances on those species will not be independent equations-
- Chemial veactions are independent if the stoichiometric equation of any one of them cannot ve obtained by adding and subtracting multiples of

the Stoichiometric equations ok the others



Test Yourself 1.

(Answers, p. 655)

A mixture of ethylene and nitrogen is fed to areactor in which some of the ethylene is dimerized
to butene.

100 mol/s

REACTOR =
0.60 mol CyH/mol i, mol CHs
0.40 mol No/mol 71 mol C;Hgfs

iy mol Nyfs
2C,H, — C,Hy
How many independent molecular species are involved in the process? How many

independent atomic species are involved? Prove the latter claim by writing balances
on C, H, and N.

. Write the stoichiometric equations for the combustion of methane with oxygen to form

(a) CO, and H,O and (b) CO and H,O; and for the combustion of ethane with oxygen to form
(¢) CO; and H,0 and (d) CO and H,O. Then prove that only three of these four reactions are

independent.

o) CHa 02 —/K20+ CO2
b CHy +202 = C0 +/h,0

9 Cakg+02 ™My0 +002

ol Callg+502 —3H,0+2C0

4-Fd Atomic Seecies Balances
NO- unknown labeled variables
= No- independent atomic species balance
- No- independent Species balances onnon-reactive Species
~ N0- Other egns- Telating unfnown Variables

Test Yourself

(Answers, p. 656)

Test Yourself A reaction with stoichiometry A — B takes place in a process with the following flowchart:

(Answers, p. 656)

Methane is burned to form carbon dioxide and water in a batch reactor:
CH4 + 20, — CO;, + 2H,0O

The feed to the reactor and the products obtained are shown in the following flowchart:

1) 2 independent atomic species (N & Corh)

@) C Ralance
120 = 2he t4N2

b) # Balance - 240 40, +% Ny =2

120 = 20+ 4Nz _, deperdent
O N Balance :
(040)c2) = (2)03 —> independent

3 Aol B0, 0 02

4o =100~ & BO:250-2E,  60-0+€,

%= 60
d) H20 > 12030 $2¢

100 mol CHy 40 mol CHy.
250 mol 0, 130 mol 0,
60 mol CO,
20 mol H,O .
D0- 40 = £0 WO ICliy, W0-40 . 060 or 607.
1. How much methane was consumed? What is the fractional cnnversgn of
————— *
methane? 120md| 02 250-130/95p = OL\ % ovr *‘3 y4
2. How much oxygen was consumed? What is the fractional conversion of oxygen?
3. Write the extent of reaction equation (4.6-4) for methane, oxygen, and CO,. Use each
equation to determine the extent of reaction, &, substituting inlet and outlet values from : e
s = 4) Zatomic spedes C(C,4,0)
4. How many independent molecXQ species balances can be written? How many C Ba[an ce 100 [= L}D + éD

indepen. ies balances can be writien?

. Write the following balances and verify that they are all satisfied. The solution of the first
one is given as an example.
(a) Methane. (I = O + C == 100 mol CH4 in = 40 mol CH4 out + 60 mol CHy
consumed)

wm

# Balance 4007 4(40)+ 2(I20)

0 Balance 2¢250) = AUAY +£0(2) + )10

(b, Atomic oxygen (O).
nlecular oxygen (O,). Q b. O Ba‘a“ce

d Waler.
(e) Atomic hydrogen.

d 120:=129 ¢- atomic hydrogen:
4000) =4 (v + 120D

REACTOR SEPARATOR
60 mol A 200 mol A 150 mol A 10 mol A
50 mol B 50 mol B

|

140 mol A

20250 = 2030 1 2(0) + 120
o molecwon (Oz)
250 = 130 +60 (2

h

sinde = 200 - 60 025
200

1. What is the overall conversion of A for this process? What is the single-pass conversion?

|- overall = Teactants in - out = 60 - ID

o

0%



4--8 Combustion Rea.cion is the rapid reaction of a substonce with oxy gen
- iSthe rapid reaction of afuel with OXxydenthat prodices tremendous quantities of energy
1. Solid fueld : Coal, 0il Shate , biomass
2. liquid fuels: fueloil
3 Goseous fuel: Natwrot 9as5 , primoarly Wethane or liguefied petroleum gas [usw,ui propane /Butam]

compiean rrpataal
when afuetisburned: C =
H=>
S - Average MW of air 29

= Aix s the source of 0xygen inmost (dmbustion reactors.
Ccomponent: Mole fractions oF @ 4a5 that Ontaing water -
1 Withowt the water .
product gas thort |eaves a.combustion furnace -

Test Yourself 1. What is the approximate molar composition of air? What is the approximate molar ratio Ofi;ﬂ'/ N2 md 21 / Ol 0.1_3 a g% mol N2
o ———

N, to O, in air? (Committing these quantities to memory will save you lots of effort.)

(Answers, p. 656) 2. A gas contains 1 mol Hy, 1 mol O,, and 2 mol H,0. What is the molar composition of this gas dry mol 02
on a wet basis? On a dry basis? ¥
2) soyHy 50701. . wet: 257'“1‘5'/01

3. A flue gas contains 5 mole% H,O. Calculate the ratios
(a) kmol flue gas/kmol H,O.

(b) kmol dry flue gas/kmol flue gas.
(¢) kmol H,O/kmol dry flue gas. 3) 20
b) 95 -095
|00

Q) 2 _-005(
~Theoretical and Excess Oxygen and Air “
Theoretical Oxygen : amount of (02 or air) needed for complete combiiskion ol the-fuu amownt of Fuel Fed 40 the reactor-
¥ Theoreticay Ar - the Quantity ot Air that contains the heoretical 0Xygen-

n*n,= N0y | 0-#8 mo/ N2
0-2) mol 02

n*kir : [\*Oz ( mol aiv
0-2mo| 0y

-Excess Air : The amount by whichthe airfed fothe reactor exceeds Hhe+heoretical Air -

Netoic - Nheo =n*
1+ Ex=NE_
n*

~We use excess Qv to ensure all the fuel combusts [ComPlcbe combustion 1 incomplere combusion

multiple A—B

Reactions A c

Selectivity = amount desired fractioma | ‘d‘e‘d = Moles of d%ired produ.ck, formed :
(hasto beabge nuntber) amount not desired (mo yield :1) Moles that will be formed wW/0 $idé rea ckions

itis afvackion



Test Yourself Methane burns in the reactions

(Answers, p. 656) CHs +20; — CO; + 2H,0

CHy + %Oz — CO +2H,0
One hundred mol/h of methane is fed to a reactor.

1. What is the theoretical O, flow rate if complete combustion occurs in the reactor?

2. What is the theoretical O, flow rate assuming that only 70% of the methane reacts?
(Careful!)

3. What is the theoretical air flow rate?

=

. If 100% excess air is supplied, what is the flow rate of air entering the reactor?
5. If the actual flow rate of air is such that 300 mol O,/h enters the reactor, what is the
percent excess air?

Example 4.8-1 Composition on Wet and Dry Bases

100 Mol 0f CHg s,

I"260 mol
2- 200 mo)
3- 436 X206 200 X':-’_;"%lmol/hr
4 255 X200 2X Q52 = abYmol/hr

*% Excess Air - Ackual Af - Theoretical Air y |007.
Theoritical aiv

5- Actaal dir= 350 ol /he

1ER = 30 -952 x40, =-63-54
952

1. Wet Basis —> Dry Basis.

A stack gas contains 60.0mole% N,, 15.0% CO,, 10.0% O,, and the balance H,0. Calculate the molar

composition of the gas on a dry basis.

60 + 15410 = $5 moa drygas

i = 0106 molN2
L) mol dry gas

15 - p[7¢ mo\ COL
95 ol dvy gas

0 :olg mol0z
mol dry gas

dnj basis — wet bpsis
assume 100 mok of dry gos

Wet BasiS — dry Basis
asume 100mol of wet 905

001 MOlokH:0 = g.q30 |b-mol dryqas
mol OF drygok 1b-mo\ wet gos
00300 1b-mole Wz /lb-molewr80S = 0353 Ib-moje Had
0:930 [b-mole drgas /Ib- moe wek g5 tbranalé drygios Yro* 353 0070 Ib-moip o
100 lb-mole drygas ¥ 00953 fp-mole Hab - 353 tb-moles Ha0 103-5 Ibrwol €67 1<
Ib-mole drygos Y85 =06
100 lp-moles drygas X 0-65 lb-mole N2 = 65 (bmoigs N 1035
\b-mole dry 9as
e Yo s H__ - 0’30
(1000140} €02 = 14 lb-male CO2 lof-5
(o) @10) = 1| lp-mole CO Yoo = 2L - 0102
(100) C0°{00) = 10 Ib-mole 02 k2

10353 [b-mole 0f wet gos Joa e 0093

(0
0%



Example 4.8-2 Theoretical and Excess Air

One hundred mol/h of butane (C4H,;,) and 5000 mol/h of air are fed to a combustion reactor. Calculate the
percent excess air.

CLI"‘IO g/
100 Mo\ /hr | combustion /. excess ajy = Qivfed - Qi thep x \0o%
A heo
5000 mol /hr = 5000 — 3099 x1007 =616 7.
Cullo +8_0n = 4cst5020 ™
(1 0g)4heo =100 moiCalio | 6-5mol < (By mo| 02
hr [ 1 mol h
\
(naiv) = C5o- _At6molair . 3oqy molair 4757 [

Imol g, h o

Example 4.8-3 Combustion of Ethane

Ethane is burmed with

excess air. The percentage conversion of the ethane is ; of the ethane burned,
rcacts to form CO and the balance reacts to form CO,. Calculate the molar composition of the stack gas
on a dry basis and the mole ratio of water to dry stack gas.

Ny (ol C2Hg)
a0 = fed - IeFE Y10
100 mo/ Cy Hy 7 ekt
Ny (mol 03)
/- EXUSS Qi M Cmol k) GH, +2 0y = 20+ 3H20
Np UMol) 4 (mo ¢ T S
0-21 mol O2/mol N5 tmot C05)
079 mol N2 /mol ne Unot 120) Calig +3.02 =20 + 3420
-507. EXcess Air
(noy 1= 100mol Calg X 35 mol0Z =350 moj 02 e g e e Sa—"
)“\eOYCthRl A mol Cl He =232 moﬁ)g
ny=45mol CO :
02 N9 < I'50 (35001 82) = Wo=2500 M) air fed ek e
-907- ethane conversion (0% wnrgacked) L, Tota) A = Theavebical Air T Excess Riv T
N, = 0°1(100) = 10 mo) C2Hé ol -A = (15) Theovetica) tence thestack gas Pw:‘z: . _
90 mo] C2hs Yootk
-257 copversion to CO 725?74”131 u;:“l“ ml
nl_l‘: (025 )(‘]0) . 2 mo\ @ = 45 mo[ CO % :2394(;?:315?%:0‘019 m:jﬂ
1 mol Cakig 5= 55t oty = 00563 T
N3-0-39(2500) =1935 moi Nz
2396 mol dry stack gas —| 113 ol dry stack gas
-~ Avomic Cavbon Balance
100 mot C2H6 x 2m0IC o (mol Cag) x 2mOIC 4 ny (mol ) - AmolC 4 Ns (Mol (0) . LivolC
1Ml Calg Lmol Amol CD 4 ot €92
Ns =135 mol CO2
- Atomic Hydrogen alonce
{00 C2 Mg XEmlH - tomoiCalcx Gmoik ¢ DG gav-2 = Ng=290mo) Hao
Lol C,H6 TI01 C, g

595.2 =N2-2 +45 +1RB(D) +230
Nz 232mol 02



Example 4.8-4 Combustion of a Hydrocarbon Fuel of Unknown Composition

A hydgeearbon gas is burned with air. The dry-basis product gas composition (@
CO.. ()3. un@ N,. There is no atomic oxygen in the fuel. Calculate theTatio of hydrogen to
carbon in the fuel gas and speculate on what the fuel might be. Then calculate the percent excess air fed
to the reactor.

I C+02— (02
Ny oo mol dvy s &~ 20+02 = 200
—Naiv_, 0-015 Mol CO/ Mol dry gas 4K +02 2420
0-39 N» 0-06 Mol Co2 /mol dry qas
01\ 02

0-092 mo] 02) Mo\ dvy gas
0-343 mol N2 /mo) drygas

fw (ol H20)
100€0943) = Noir (0-F9) —% YO£0 in the fuel
Nair =106-F1 mol air ng - 299 =3q% mot

. F5 WO\ &
-atomic 0 Baonce Nc

021 Na (2 = My () +100 [(0015) +(0060)LD + (001D T - /. Excess aix

- atomic K Balonce nw= 4 9mol H20 N0; +hed
Nk = Nwe2) :4'5«\016»% + 29-3mol B .%‘Oz = 1495 mo1 02_
n" 729 D mol H B

(NO2) fed =021 (106-Fmol air) = 29-4 mol Oz
7. 24-149 100 - 4987
LS



CHAPTER (5) SINGLE - PHASE SYSTEMS

velationship between P V', n and temperatwe CT)of gas
= Solid and Niquid densities are independent of emP- Changesin pressure dont couse Sigiticant cnanges i Lig £solids(incompressible)
- Assuming Volume additivity - Asuming Gyerage OF 4he Pure Componens

- oss flow rote Staysthe Sog;e v inceoseS o bit*
Test Yourself 1. The specific gravity of water itA,Qi‘_, A stream of water at 4°C has a mass flow rate V m — 255 9 . m - 255 cm
" of 255 g/s. What is its volumetric flow rate? If the stream temperature is raised to 75°C, does D 5 19
(Answers, p. 656) the mass flow rate change? How would you expect the volumetric flow rate to change? How
would you calculate the volumetric flow rate at 75°C without actually measuring it?

2. The pressure equivalence 14.696 Ibg/in> <=> 760 mm Hg is not complete—it should be dv=M_ + e L _cMn

stated as $i S I

14.696 Ib/in* <=> 760 mm Hg at 0°C e Voo = WAL ma o X 20
Why is it technically necessary to state a temperature? Why is omitting the temperature not a [ meok- or rl mbt f’a P‘ f.\.
serious mistake? P VoS with \;QMWMYC

3. Suppose you mix @g) of liquid A; with densi g/cm?) (mo (k) of liquid A» with density
Do and m,,(g) of liquid A, with density p,. AsSuming that the volumes are additive, show
that the density of the mixture is given by Equation 5.1-1. _—

P =°§T The Kinetic Theory of gases
PV=nRT  (no need +o know thebype. of gus ) - 905 molecules have negligible Vaume exert no forces
absPressweJ |_, abs Temp (K,R) on one anothes ( Lollide eloskiaaly With. wals

Validity = ot hightemp (> 0°) and \ow pressure ( =1atm)

ImdpPa- 17
~Specific milar volume *
Ve Te Specific MOlaY volume < Volwme per Moy
Ts 6\ Ns
~ Relative Ewor (€) ok ideal 905 low oL 2K labm  ooz245m>  1mol
g« Xideal - Xt x 100% C65 2¥3K  latm  224BL  imo)
X American 4028 imm  359-05H 1 lpamol
V ideal = the ideal speci¢i mobr volume e-veRT
- Otandavd  Cubic  Metevs denstes m*(STP)
— v - g ——17 - Stondard  Cubic eez g denotes ££3(STP)
O+her gases diatomic means Obondar ubic  Vetevs pev
is Videal) das
>t L eal 40 0w is U ideal? JFQJTT_ PP_V =n $ ( you dorik need vatue for R)
" e _%q:?s\nu\ I >5 L/mo sl Al B G s
> 320 47/ Jbomel >°bo ££3/mol
use real
gases E0S
TCK) * T(QuedFedulS
1000 JOF) 445967
D usinggas cnskant PU=nRT TCRY 13T (f)
2) using relative method  .Tvansfer from conditions (ko faVa .M Te TCHE 191 (°c) A3%
Gnditions (1) e nm
-g08 at onditions (Dvelate P22 . T2 Yobm = 1M 2101328 Pt
tostandard eonditions  PsVs  MsTs Py wvu\&)

3) Density calculakions  Density of pure gas
Sor idealgas mxtwre M = Sy My



M Conversion from Standard Conditions

.
Buta@ at\360°C”and/3.00 atim absolute flows into a reactor at a rate o{ 1100 kg/}/ Calculate the
volumetric flow rate of this stream using conversion from standard conditions.

) i . - 3
answer3__ -uoo&’;f’f3 - |q(zze>(£ais)(31)-gzq_r}rl_

. - *+
1 (Q24) ety 2 33K

+(i0x2)

m The Ideal-Gas Equation of State

One hundred grams of nitrogen is stored in a container at 23.0°C and 3.00 psig.

1. Assuming ideal-gas behavior, calculate the container volume in liters.

2. Verify that the ideal-gas equation of state is a good approximation for the given conditions.

VDR = MM”*’?*Q A9 = |22 vV >E5L/wol ideal 903 Lawis vatid v
P20 (moodau) _ VeX =22l 2202 Lmd Y5 Limel

: 00F2 3. oL .FoL n e
\ms

o<l lotm
. What is an equatign of state? What is the ideal-gas equation of state? At what conditions @ fela{;]QnSblP between P'V,n ,T of qas, \LPW 1\55'7? PV=nkT
_ (higl( or low twafperature, high or lox\)pfc&ﬁurc) doces the ideal-gas equation provide the most ’
(Answers, p. 656) accurate estimates?

2. Two gas cylinders have identical volumes and contain gases at identical temperatures and

pressures, Cylinder A contains hydrogen and cylinder B contains carbon dioxide. Assuming 2’ C('), (-e) 'T]’\B ma'ss a-nd m06$ dem”b‘f OF tol are

ideal-gas behavior, which of the following variables differ for the two gases: (a) number of .
gram-moles. (b) number of molecules, (¢) masses, (d) specific molar volumes (L/mol). (¢) mass mb afeﬂt“ b\’ MA 2?-
densities (g/L)? For each of the quantities that differ, which one is bigger and by how much? (d) no, N: ev alL COnS‘,' w l"l

1

(Assume ideal-gas behavior.)
3. One hundred grams per hour of ethylene (C>H,) flows through a pipe at 1.2 atm and 70°C
and 100g/h of butene (C4Hg) flows through a second pipe at the same temperature and

pressure. Which of the following quantities differ for the two gases: (a) volumetric flow rate, Cb) no N =NnNX NJ. bq‘Hr. Cmsb .
(b) specific molar volume (L/mol), (¢) mass density (g/L)? For each of the quantities that g
\)/iﬂ‘cr. which one is bigger and by how much? (Assume ideal-gas behavior.) ) ‘{es' M=h X H
Agasisstoredat T = 200 K and P = 20 atm. Show whether or not the ideal-gas equation of state . o
would provide an estimate of the specific volume, af;hc gas, V(L/mol), within 1% of the true value. oﬂlmde" 6 2 x heO.V\er
a

can be obtained by first relating the specific molar volume, V' (volume/mole), to the density.
Using a specific set of units for illustration,

. L M (g/mol) - PH eT‘ ~ C\linder 8 v22x dentev

Vi— ) =——=—- -
(mnl) p(g/l) Le) 8 es / E’

where M is the average molecular weight of the gas (the molecular weight if the gas is a single 3 (a) aﬂd CC)

species or Equation 3.3-7 for a mixture). Substituting V = M /p into Equation 5.2-2 and solving

for p yiclds E > ethylene B > Bubane
- PM (5.2-4) ﬂW3=2MWE - VE :2» VB

fc* ZJ’@

The relationship between the density p (musg' volumc).‘lcmpcmturc. and pressure of an ideal gas ( d) no ) V= KT alL (onSt-
P

m Effect of T and P on Volumetric Flow Rates

Ten cubie feet of air at 70°F and 1.00 atm is heated to 610°F and compressed to 2.50 atm. What volume does

the gas occupy in its final state? ,[ 1

— —_
V=108 Va
p=latm f2-2-5batm

7:=30°F (530°R) Ta:Q°F (100°R)

PaVa=T2_ 250(V) - 1070 - g.08fL3
ave TV by g30



= ideal gas mixture -fatiol fressure depends onthe mole fraction not the weight fraction-

faV=naRT fa +Pat...: (Ya +YB+ )P=P
Pa=Ya P
Ly mole £yackion V- VAfV5+Vo
Va:a Vv
Standard and True Volumetric Flow Rates
Equlpm%gt\(fﬁf;ﬁ:f'(’vedla The flow rate of a methane stream at 285°F and 1.30 atm is measured with an orifice meter. The calibration

chart for the meter indicates that the flow rate is 3.95 x 10° SCFH. Calculate the molar flow rate and the true

volumetric flow rate of the stream.
'ww.wiley.com/college/felder

195°F A= 2:G5y)o° pp3 . do-mole o 140 X10° 1~ moles /hy
20 Gt hr  8524t3

3954Y° 60 F H
V=1 Ty = faT2
ﬁ ) aVvi /%.T:.

[30(N2) =45 4eyofd
A (35X 4920 hr

5°C T 259 Ft3/hr
Test Yourself 1. What are standard temperature and pressure? What are the values of V, in SL. CGS. and U.S.
customary units? 0:022.% m3/|,,r 22-4 l-/hr

2. What happens to the volume of an ideal gas when you double the pressure at a fixed
temperatu r ? When you double the temperature at a fixed pressure? ZV

(Answers, p. 656)

3. What h.xppég'x u) the d(.n\lly ol a fixed qu.mmy of an ideal gas when you raise the
ed pres: emperature at a fixed volume’ ’m)-l—hs@
4. The volumetric flow rate of an ideal gas is given as 35.8 SCMH. The temperatur¢ and pressure
of the gas are —15°C and 1.5 atm. Is the actual volumetric flow rate of the gas 35.8 m/h,
(b) 35.8 m*/h, (¢) >35.8 m*/h, or (d) indeterminate without additional information?

4.V =359 m3
hy (BXE)_ =~ (D359 = 251% P/hr
T=-18% +232-1 2881 2#3%8 (v

P=156atm

@
1. A cylinder containing a mixture @aken from the basement to the top of a 50- 0 . 5(10) = 5 ba Y

story building. Assuming that the temperafure remains constant, which of the following
(Answers, p. 656) properties of the gas change during the ascent? (a) mass, !2! weight, (c) absolute pressure, O ’ SC [OO) 2 5 D m
auge pressure, (e) partial pressurg of N», (f) pure-component volume of O, (g) density, P r
specific molar volume, ) J Ho-

2. An ideal-gas mixture aabsolute and 200°C in a 100-m? tank contains 50 mole% H, ‘\j \mdnange,d
and 50 mole% N,. What is the partial pressure of H,? What is the pure-component volume of
H,? What would happen to %Hl and vy, if the temperature were raised?

3. An ideal-gas mixture at{10 atipAbsolute contains 50 wt% H, and 50 wt% N,. Is the partial (_3) 503 of Ha contains Many more moles
pressure of H, less than, equal to, or greater than S atm? svecd-ey ‘H,lar\, 'l'hd.n 509 0¢ N2 ’rUﬂl 75atm

=10 bay
T - 2006
V: IOUVYI




Material Balances on an Evaporator-Compressor

Liquid acetone (C3HgO) is fed at a rate of 400 L/min into a heated chamber, where it evaporates into a
nitrogen stream. The gas leaving the heater is diluted by another nitrogen stream flowing at a measured rate of
419 m*(STP)/min. The combined gases are then compressed to a total pressure P = 6.3 atm (gauge) at a
temperature of 325°C. The partial pressure of acetone in this stream is p, = 501 mm Hg. Atmospheric

pressure is 763 mm Hg.

1. What is lhnuuqmsilion of the stream leaving the compressor?

2. What is the volumetric flow rate of the nitrogen entering the evaporator if the temperature and
pressure of this stream are 27°C and 475 mm Hg gauge?

ol/min
Calig0 , Compressor | @(m lm
400 Limin || vapoiator T Y4 (mol CzheO/mol)
Ny (ol /min) 0-35) ool N2 moi)
M”iw. h 7 413 m*/min Na/min 6:30tm quge , #-304atm
Vh‘fflf&" :) /i) fia (ool /rin) P =5olmmbg
l 225 59915

fig = 400L - _#19 . dmo) - 5450 wmo) C3HE0
mh | 58089 fin
Pa-P s
P’-Pgawia + Patm = 6-3atm | F6o mm g "\'7‘63“\0’\[’(‘3 < 5550mmlz7

1latm

Y4 =_50] = 0-0903 1ol CsheD
5550 mol

-y = 0-q09% mol N2
mol

03+ 0402 £N3=14
4gm3. MO~ 13 Foo mo) 5450 +/9,700+ 60, 40D
min  0:0224m3 MMy =30 900 momo
\}"-fhﬁ_Il___(_S_
ns Ts fq

*34,200mol_- 0-0224m3. 300K - F60mmlig \ﬁz 55017\% N2/min
min 4 ol 273K 123%mm




53 EQUATION OF STATE FOR NON- LDEAL GASES
- Critical Temperatuve and Presoure
- how well or poorly the ideal-gas equation depends on Tc and Fo
- 0. Vapor 15 a.gaseous speties below its critical temp and 0905 is . species abave its critical temp- ok 0 presSUYe ow endugh for the species +0
be more like a vapor than a viquid
-Substances ak temperatures above Te and pressures above fc are veferred 10 as Supercritical flids -

- Real 9ases
~The critical temperatwe 0f a species (TTc) 1S the ighest tempevatire at which the species can coexist in 2 phases ( liquid vapor )
- The critica) pressure (fc) isthe correSponding pressure dk Te

-a 3ubstane at T and fc is Said 10 be atits critical State
\iriol Equations of state

P\l} ’.1_‘,8

L + D .
RT v

\}3

C
VI

Test Yourself The critical temperature and pressure of isopropanol (isopropyl alcohol) are 7', = 508.8 K and

@ 656) P. =53.0 atm.
nswers, p.
' mopanol is in a gaseous state a ma nd P = 1 atm. Would it be classified as a

vapor or a gas‘PVo\Po\(

2. Isopropanol is compressed isothermally at 400 K until at pressure P, a liquid phase < \b) ) Q >Q
forms. The vapor and liquid densities at that point are, respectively, p,, and p;,. In a ()Q fb g‘a ' \?Vb ‘f\" W
second experiment, isopropanol is compressed at 450 K until condensation occurs, at
which point the pressure and vapor and liquid densities are Py, p,,, and p,,. What are the j_.\lapor presswe 'f as ‘IDMP

relationships (>, =, <, or?) between (a) P, and Py, (b) p,, and p;, and (c) p;, and py,? A

3. If isopropanol at 550K and 1atm is compressed isothermally to 100atm, will a 3 lqu'id apmd and beomes less dense
condensate form? What term might you use to refer to the fluid at its initial condition? 05 they et notter:
At its final condition? qas

Super C TG\ -1 both temp  pressure exceed theiv vaue

- Compsessibility Factor Equation -
7= éﬁ for idealqas =1 towhich 2, difters kroma iS & measure 0Fthe extent-+0 which hegas is behaving non ideally
-

~The compressibility factor is a function otemp and pressure [of a gaseous species is defwned as the ratio]
yALIURY)
PY=1ziRT =PV
RT
- an alternative method uses Law ot corvesponding states 4o estimate'z, and subis CF EOS
The Law tates that the compressility foctor of any gas at a specific yauue oF wediced Temp ( T )
¢ veduced presswre (_E P\ has. appro the same vaue for all speces

feduced Tem? : Tt=TT_Z Pe « P veduced Presswre-
Pc

107 V',am Vb ki
RTe/|

Pr Z needs 2 values

v ideal



~The procedure for using generalized comp- chart
L Tead &
2- if the gas is He orHa adjusted Oritical constants from the empirical formuios
Te =Te+88 j Newton's corvectiors
P+ +Batm
3 Colwiate veduced vauLes of 2 Known Naviables
=T ~ veduced Noviables ave dimensionles

TC V{idwg PeV -au temps € pressures muste gix-
G- P R Tc
fc

“1- use the compressibility Chart +0 determ® Z, and then PV=ZnKT

Test Yourself 1. Suppose you need to know the volume that would be occupied by 10 kmol of H, at =190°C

and 300 atm. Would you consider it reasonable to use a value calculated fromThe ideal-gas. N©
(Answers, p. 656) equation of state? How would you use the generalized compressibility chart for this
calculation?

2. Why would a chart such as that in Figure 5.4-1 be useless if 7 and P were the chart
parameters? need adiff chart for dife spedies

3. What is the law of corresponding states, and how does it provide a basis for the generalized
compressibility chart?

2 * The Law states +hat he compressility Factor of any gas at a specific yolue of sediced Temp (;f )
(&
¢ veduced pressure (TP) has approx the same value for all peces

Kags TUle estimates pseudocritical properties of mixtures as simple averoges of pure-componen’ cvitica) constant - (ron- polor Cm\paunds\
Pseud ocritical Temp : T =YATca tYeTee +YeTeCt ... ya,yg... are moje fractiinl
fseudocrigionl Presswe:Pce yaPeatYales tY% Pelt.....
Pseudoreduced Temp : Tx=T/1'c
Poeudoreduced Pressure - far= F/Pc

LSRG What is Kay's rule? How would you use it to calculate the specific molar volume of an equimolar
mixture of gases at a given temperature and pressure? For what types of gases would you have the

(Answers, p. 656)  greqiest confidence in the answer? NN~ polay corvpounds wikh Sinilar CribIGal propefti€s

Example 5.4-2 Kay's Rule
A mixture of 75% H, and 25% N, (molar basis) is contained in a tank at 800 atm and -70°C. Estimate the
specific volumd\of the mixture in L/mol using Kay's rule.

h27c:333K 8 =~ 413K T'C» 035 (43) +025026-2 K) ~6253 K
fe-129um ¥9 = 20-%akm P'Ce (O FD(20D) + 025 (31 = 24 atm
N2 >Tc=126:20 K
fc =35 atp Ts T < -9+4315 . 325
i TC 6253
V= RTZ 009199 00 = poaga (.0 - %o £333
t ) B O 24



CHAPTER (€) Multiphase Systems

- Phase diogram of a puve gubstance isa plot of ONeSySiem variable aqainst another another that Ghows he onditions ak which the substance exists as
o solid , tiguid ,905-
- # Tand P correspond 10 & point onthe Vapor- liguid equil- CurVe  Pisthe Vapor pressure P* 0fthe substance at-tempT T is the boiling point
~The bailing point of o substance P-1 atm the normal Boiling point
-if (T,P) on <id-liguid equil Curve T i5 the melkirg or £reezing point at pressure T
=it (1,P) on the Solid ~Vapor €quil Curve Pisthe vapor pressure ofhe solid at tempT TS +he Sublimation point
“The point (T,P) akwhich S,L,V coexist Tripie poinr
-The Vapor-~Iiquid equilibrium curve terminates arthe critical temp & pressure

MGGl (Referring to Figure 6.1-1) 5oc

(Answers, p. 657) 1. Whatis the sublimation point of H,O at 3 mm Hg? Whatis the vapor pressure of ice at —5°C? 5 mm Hj
2. What is the triple point of CO,? -5&6‘6 ,5‘“)/ al’”\

3. Describe what happens when the pressure of pure CO, is raised from 1 atm to 9.9 atm at |d
—78.5°C, and then the temperature is raissdg:féom —78.5°C to 0°C at 9.9 atm. 3 au Coo So“d lF\QS a{-i aim ‘So’ld mel('S o ﬂ‘\ai'n)
4. What is the vapor pressure of CO, at —~78.5°C? At —40°C? §- 9 N . .
5. What is the sublimation point of CO, at 1 atm? The melting point at 9.9 atm? The boiling 2.56 ¢ ] )iw‘d b°||s at qqam - v
point at the latter pressure? “19h% ~56:6°¢
6. Does the state (F‘!\ivalcr at point E in Figure 6.1-1a depend on the path followed in
changing the temperature and pressure at point A to the values at point E?

o

= The Volatility o a Species is the tendency of the species totransfer frm the liquid (or olid) State tothe vapor stofe
= The higher the Vapor pressure ar a given temp the greater -the volatitity
- avelationship between P*‘H\e\m‘w pressure 0k a.pure Subsknce and T and abs T Clapeyron Equation-

~ ~\at ent heat of Va
Inp¥=-Alv +8 P
. stpe RT  Lynst,Vavies éom A substance 10 another
In 2L,
8 R

IV

avelatively simple empirical equation that correlates Vapor-pressure temp data extremely well Antoine Equation
*
log,,P™= A -2 Tabwlated
«—T+0

oc
Test Yourself 1. Determine the vapor pressure of n-hexane at 87°C using (a) Table B.4, (b) APEx. 109 o f*’ - 6-8956 - 1537
2. Name three ways you could determine the normal boiling point of benzene from data in this - 224
(Answers, p. 657) : S : =
book—one that involves looking it up, one that requires a hand calculation, and one that uses
APEx. p* =303 f5mm k9

3. Suppose you are given the vapor pressure p* of a substance at three closely spaced
temperatures 74, 7>, and T3, and you wish to determine p* at a fourth temperature 74
far removed from the other three. If you use the Clausius—Clapeyron equation to correlate p*
and 7', how would you plot the data and extrapolate it to 74?

The Gibbs Phase Rute -

-Extensive Variables - whichdepend on +he size of the system (~ ntensive
~infensive variables . which. dont-depend on the Size OFthesysten Extensive
mMass

DF =2+C-T-C  -Tne relationship among DF, T ,C,7 is caured The Gits phase  p .\,

C-number of Independent- chemical spedes
T : NWmbey OF phases in asystem sk equilibyiam
4 = number o independent” equilibratéd Chemical reackions among the spedes
DF= Dof
-in the Gibbs phase vule , +he DOF equalsthe humber of intensive variable that must be specified for a'system at-equilibriwm betore +he remaining
intensive Variabla can be atuuatel



- Gas-liquid systems - one condensable component

- Raoutts Law | simle condensable species
@ mposition 0+ (ondensable specieS sustem tokal pressure

fi=;)if=€;i*(T)

o{atk’\o.lof’mw vagor pressure 0f cond- speaes s vsually tabulated
Species Pi (T) vapor pressure at Tomp r
> P¥is the equilibrium vaue - Pa Parti) pressires

- i evaporation takes place at atemp Suchthat P*<P transfer of molecules from the surFace o +he liqud +0 thegas ahove the surtace
-while P¥=P the temp 1S the boiling point

1a gasin equilibvium with a liquid Must be Sakuvated with +he volatile component of that iguid-
2 fie P 4he vapor is satwrated  P*cant exceed Pi toincrease Pi either by adding more vapor tothe gas phase or by increasing +he t0tal presswe a-
consk kemp- must lead to condensation or {Temp at consy -
3" avapor present in a gas in less than ks Saturakion amount is referred 10 as superheated Vapor
PGP <P (T)
4- 1 a.gas ontaining asingle superheated Vagor iscoled at consk pressure - Thetemp at which the vapor becomes éaburated is dew poink
pizYif = 0i* (Tap)
- The difference between +he temperature & the dew point of a gas is called degrees 0 superheat

Example 6.3-2 Material Balances A_rgmd a Condenser

{ v
am of air at 100°C and 52 ¢ contains 10.0% whter by volume® e . : R
A stream of air at 100°C and 5260 mm Hg contains 10.0% w - ﬁ‘l’ﬁD SH’?—O F =(0 ‘)65260) = 526 mMH_g
1. Calculate the dew point and degrees of superheat of the air. °
2. Calculate the percentage of the vapor that condenses and the final composition of the gas phase if the T'q’ “qo (&

air is cooled to 80°C at constant pressure. 0n 2 0
[00-90°= 10°C o superheat

3. Calculate the percentage condensation and the final gas-phase composition if, instead of being
cooled, the air is compressed isothermally to 8500 mm Hg.

4. Suppose the process of Part 2 is run, the product gas is analyzed, and the mole fraction of water
differs considerably from the calculated value. What could be responsible for the disparity between
calculated and measured values? (List several possibilities.)

Basis: 100 mol Feed Gas

my(mol)

DoF - 2+1-3 "
y: P40 < 355mmHa . p.ps35 Mol K20 Y- P40 100) - FCOmmbo . 0-0994 mol h20
P 5260 MMitg o P 2500 Mm Ko mo)
dry air Balance Balancee BD
100 - 0-900 Mot BDA = N2y (100)(09) = N (09106)
b ye0-06%5 N2 =99 94 mo)
N2=9-bmol
Total mole Balance 100=Ni+h Ny +na = (6©
Y12 965 mol h +9%9Y =109
Ni=3-5mol K20 condensed N,= 1-2molM,0 condensed
Percentage condensed  35mo) Hao condensedyingy = 35y, %~ _tamoll fio0z12 7.

10°1 Xloo) (01X 100)



Yes w
Test Yourself mter vapor is in equilibrium with liquid water, must the vapor be saturated? Can a vapor ""‘lVQPOY 151N CQ'm[]bﬂum

be saturated if there is no liquid present in the system? V£ g

2. Fhe vapor pressure of acetone is 200 mm Hg at 22.7°C. Liquid acetone is kept in a sealed
flask at 22.7°C, and the gas above the liquid contains air and acetone vapor at a pressure of

- — . . ~ . . ~

960 mm Hg. What is (a) the partial pressure of acetone in the gas, (b) the partial pressure of

(Answers, p. 657) witha liguid itis saturated

N,, and (c¢) the mole fraction of acetone in the gas? What assumption have you made in 2
answering the preceding question? How would you determine the boiling point of the Q)F* - fA 4 :libr
acetone, assuming a constant total pressure of 960 mm Hg? i equilibrium

3. Suppose you have a curve of py; , versus 7, and you are given the temperature and pressure b) fr= Faceton + faiv -
Jnoncondensable gases. -
(Ty and Py) of a mixture of water and - ‘16ommH_9 -Zoommﬂg-%omuj
\Laa/ Define the dew point of the gas. Would the vapor be saturated or superheated if
g“gd c Ty > T:Ip? If Tp = po? ASG:H.L(&:!‘CA f&wﬁ P“zo ‘ ) ) I
M (b) AT you are told that the gas is saturated, how would you calculate the mole fraction of c) ﬂi : i = 200 < 0-20%

water in it? What would happen to the vapor if you (i) heated the gas isobarically (at £ 940
P\\ZO 4(, constant pressure), (ii) cooled the gas isobarically, (iii) compressed the gas isothermally
(at constant temperature), and (iv) expanded the gas isothermally? d) You assumed Sakuration (EW;[,)
(¢) If you are given the mole fraction of water in the gas, how would you calculate the dew )

point of the gas?
(d) If you are given the degrees of superheat of the gas, how would you calculate the mole @
fraction of water in the gas? The ‘I’BWDP atwhich aqus miYeure must +obe
I
® pi:yif =0;* (Tdp) = Yy * Lal coled 0 beoome saturated with vapoy causing

1- nOthing f the first drop of liquid fo condense

2. The gas stays satwatef  ondenses into liquid  Yi gas *

3- The 9os stoys Satwrated water CONdENSES po* forces Pua0 4o evceed 020 Causivg aandensation

4 N)fh'lhj
©) Pazo> foYyas d) Tsuperheat =To - Tdp <
Tdp~ o= fhao ¥Hao (Tdp) [table]
‘henuse Antbine Equationtofind the T sinee  Pyao= r*Hzo L’\'dp)

Suzof_c Hf;o (1dp)

~The +erm “Saturakion” Yeters foany 4as-Vopor combination, while “humidity " refers specifically +o an air-water system-

~Relative satwagion Se(he) =8 xioor.
(humidity) wm
- mola solution  Sm(hm) = ?\_ . moles oF VAR
i notes 0F Vapor - Free (dry)gas

- Abs satwration : Salha) = Hith = WARSS bF Vapor
(-0 Mary  mass of dry gas

- 7 savatim- Splhp) = 5m  xyoy = _P/ip-r) tipol .
§*m bi*/ (r-£iY)

LGRS The vapor pressure of styrene is 100 mm Hg at 82°C and 200 mm Hg at 100°C. A gas that

I consists of 10 mole% styrene and 90 mole% noncondensables is contained in a tank at 100°C
Answers, p. 657)  3n4 1000 mm Hg. Calculate:

1.CThe dew point of the gas

2. The relative saturation.
3. The molal saturation and percentage
2 ¢ S ( J
1 4iP-F 3 Sm: £ - 100 =07))

(0'1)(1000) = 100 C32°Cl P-f (000 - 1O
2.5 » P xoo = (1po0) =C0/. v
prEee (200) 4. 200 . 025 > ol
|000 - 2.0 028

X100=4Y1 7.



Example 6.3-3

Humid air at 75°C, 1.1 bar, ‘md\%()‘,: relative hleldIl\yll\ fed into a process unit at a rate 0!

Determine (1) lhe molar flow rates of water. dry air_and oxygen entering the process unit, (2) the molal

humidity, absolute humidity, and percentage humidity of the air, and (3) the dew point.
—_ D —

nHlO:
1000 - 1-1 - 38 kmol_
349 - 00931 > hv
bal o= 3% - (1-p105) =34 Kmpy’\_m

PV
RT

n: _y 35(0105) =349 Kmol a0

h

@ hm- P
(n ©-P

967
%16-967

0 IF mo) be
mol 8DA

U]

"

ho/e = 100Py20

P hao (35°0)
P *a20 (#6%) =299 mmHg

Phao (03 ( 239mmH9) = 34 F-miq
P-1Lbor~ 325mmiy

Yha0 = = $Fmmiy
%25mmi 9

2 P20 D6 ramig < P hao (Tdp)

v oyg9°c

n02= 34 (02) = F14Kmo) 02

n - M
(P-¢i 0 Mary

=QWFx1D = 0°0726 £9tho
29 K980A

(3 h'm =P 420 - 299 . o539w) ho
f- tl,0 915-289 kmo] BDA

hp= 100hM . ot o= 2147

(1) Abs saturotion - Sa.tha)

= 6-105mo) H 1c/\“0\

= (Vhie i h*m 0539
Hutticomponent gas-liguid systems
Example 6.4-1 Absorption of SO
ENVIRONMENTAL Sulfur dioxide (SO») is produced when coal is burned in power plants. Prior to implementation of clean-air
standards, SO, emissions were responsible for acid rain, but utilization of absorbers (sometimes referred to
qmpme:.,tf?ffmema as scrubbers) o remove SO, from combustion products has significantly reduced the problem.
In a simple implementation of that emission-control strategy, a gas mixture containing 45 mole% SO,
wwlley.comicollegerteider  and the balance air (an SO, concentration much higher than values normally encountered in power-plant
emissions) flowing at a rate of 100 Ib-mole/h is contacted with liquid water in a continuous absorber. The
liquid leaving the absorber is analyzed and found to contain 2.00 g of SO, per 100 g of H,O. Assuming that
the gas and liquid streams leaving the absorber are in equilibrium at 30°C and | atm, calculate the fraction of
the entering SO, absorbed in the water and the required water feed rate.
Solution Basis: Given Feed Rate of Gas
Jigga(Ibh-mole/] |\/ \/
100 Ih-mole/h yaidIb-mole air/lb-mole)\/
yiollb-mole HLO(v)/1b- M/ Equilibrium
ABSORBER | yg0 (Ib-mole SO,/Ib-mol at 30°C and
1 atm
iy 4 [1by, HyO()/h] sy (b /)
2.00 Tb,, SO,/100 Iby, H,0(1)
g;
P g0 = 816 mmig =286 = b-bhIG
. }
{. Aivbalgnce P~ MMM 60
100(0-55) * Ny (0-F27H) Ys= 1F6 2 0-232
01357 Mol 260
(jo\r =0 1’23‘
a =0 02
= 1,502 *0-0196 lmeSF
’ (7]
102 XH20=09%04
02 Balance
UooXo45) -g5+)L0-2%) + (0-0196) LY |
6 "( Sotw ation rmr\\’
8 % 0 4
f, = 9,600 lbm /4 dew

o Balone
AL =5 (0046) (19) +(99600) (0-9%04)
nL) = 3400 lbmkao/h

301 Glosoroed
99,600 Q-019() =456 1bm 503 Ay
h

z ) (64) =299 fed = (35 - g-plo absolhef
80y fed= [oo(o4s)(64) O(meh 5 o-bio ebithe

V
Buabie point-

Degue o SW=A¢
TvaTsak +15°C
Supcooed lig
degeee of Subrovimg = 20C
TL: TS 20



-Raoulks Law and HEM\J'S Law (> VapoY pressur e
Rooults Law  Pa-YaP=XaPalt) Raoult usuatts vaiid when ¥ is close
ole ¢masion in gasphage  401-+hat is when the liquid isaumost pure A
Henrys Law:  Fa=Yn P=Xakia L) (ruid
s henry's Laws constfor A In aspecific solent
Henry's Law i generaliy Vokd Xa~ O Ldiute 60} of A

1. What is Raoult’s law, and when is it most likely to be vzﬂi%‘?
2. What is Hen ’s; law, and when is it most likely to bé& valid? g
3. What is an ide'ﬁixgo%tion? @.Soluk16n For which etther Raowlks Law ov henvy a}faﬁb;;,ﬂeg.,,f.%*g# .W
4. A gas containing CO, is in equilibrium with liquid water containing a small amount of
dissolved CO, at 30°C and 3 atm. Would you use Raoult’s law or Henry’s law to estimate the
relationship between (a) xco, and pcq, Lﬁ?&,\ (EZ\ Xy, and ”H*D@’ gre. {tlfénotes mole fraction
in the liquid and p denotes partial pressure In the gas? In each case, what would you look up
and where would you look for it? Would you expect to observe ideal-solution behavior for
this system?
5. After a cold bottle of soda (CO; dissolved in water and nonvolatile additives) is opened,
bubbles slowly form and emerge. Explain why, using Henry’s law in your explanation.

Test Yourself

(Answers, p. 657)

Example 6.4-2 Raoult’s Law and Henry's Law

Use either Raoult’s law or Henry's law (whichever is most appropriate) to solve the following problems.

1. A gas containing 100 mole% ethane is in contact with wateg_at 25.0°C and 20.0 atm. Estimate the

mole fraction of dissolved ethane.

2. An ¢quimolar liquid mixture of benzene (B) and toluene (T) is in equilibrium with its vapor at
30.0°C. What is the system pressure and the composition of the vapor?

1 henry N8P = _0ona®) = 7.49 0107 poiGHe Fa- 26 P¥8 = (05)((13):59-5 mmiig

1 263 XY P Pr - ZrP*T = (0836 =19:35mmHg
2. Raowlt’s e f= Ca+rPr=F7-9mmHe
109 Pg¥ = £907 - 121 il Namm 9 'jB‘.PL =0T mol Benzene /ma|
0 T+2200% f
109,,P *r - €953 - 13439 T Yr= T =0:23¢ mole +outene / mote
T+212.2% P

~Thetemp at which the first vapor bulble form is the bubble- point temperature o¢ liguid ak the given peessure
~When agas (Vapor) is cooled gwly atconst pressue +he temp first Liquid dropier dew poinf temp
PiXifi® (Top)
Lyvagor pressuie

P-Xa €k (Top)# Yo b (Th ..

~The pressure abwhich the firsk vapor forms when a. liquid is decompressed ak a.const femp i5 the buble -Point Pressure of the liquid ot given temp
gi=fi =X (1)
Pop  Por

Y290 oxciuding6 CponcandensaibleNomponent-)
6i* (Tdo

~at dew point of the gas mixgure, themole fractions of the liquid omponents (hose +hatare condensable ) mustiSumso 1

XatXgre4.. <4 Paf ~et

P, Yef Ly b-Layn T
L, 0 S 4 S, 008 . o~ Je
BTy e (Tap WD erm “etc



Example 6.4-3 Bubble- and Dew-Point Calculations

1. Calculate the temperature and composition of zrvupor in equilibrium with a liquillhal is 4Q.0 mole%
benzene—60.0 _mole% toluene at 1atm. Is the”calculated temperature a bubble-point or dew-point
temperature?

2. Calculate the temperature and composition of a liquid in cquilibrium with a gas mixture containing
10.0 mole% benzene, 10.0% toluene, and the balance nitrogen (which may be considered non-
condensable) at 1 atm. Is the calculated temperature a bubble-point or dew-point temperature?

3. A gas mixture consisting of 15.0 mole% benzene, 10.0% toluene, and 75.0% nitrogen is compressed
isothermally at 80°C until condensation occurs. At what pressure will condensation begin? What will be
the composition of the initial condensate?

Piotw = P +FB = 24 Pa (T)+ 28 PE(T)

#0 =04 P (T) +06¢%(T) @,
6,7 g, PN A8  T-954%c > g (F) - (45905 - BH6II3 . 43Ammyg (0°6) 2934
THC © 951+ 219-493 pmetiy
8"’7’15 o %) - K - . = - <
AsHS o0 B (09,,(P*) = 699272 - 3 BB) 13) minttg (0-M) = 43
! #60 o) 9ol 951 +219-99% 35 Nm&gq
Yo: 1-Ya <037 molT =Hb
mo!
() qas > 50 dew point g Tap:524% ,
gi ¢ oo /- Benzee  ¥n= P < (0 D(g6D) 025 'DlF) * 695905 - B%m " 1021ty
(0% Toluene fr | 2% ® 13
907 Na Xes |- Xa-= 0-F44 T/mo) '°9|0£P) " 69921 '%% = 297 Ymmig
(3) T=30C S N I = 134T makg
fochsens » 353 0150 0|
Benvene - 75%-7mmig e ks mm)

OET = 29)-2mmby
Ka=JaP o050 1G4EMARY) .« 0340 wol B
P*a +5%-Fmmi9 >3\

2 \-Xa=0-634 MT
Xe=1-Xa=0 %_m_

Test Yourself Ws the bubble point of a liquid mixture at a given pressure? What is the dew point ofa = {-The temperature at which +the £irst bubble oF

x 657 vapor mixture at a given pressure? ' . .
(Bnswersp: ) @At what temperature will an equimolar liquid mixture of benzene and toluene begin to boil at Vagor forms it the liquidis heated ot SIVCI) pressure:

Jatm? What is the mole fraction of benzene in the first bubble? -The Temp at which +he first dvop o(.“wd forms
t what temperature will an equimolar vapor mixture of benzene and toluene at 1 atm begin .
/@(\) condense? What is the mole fraction of benzene in the first drop? What happens to the iFthe vapor mixture is cooled at-the 5’wen presoure
T\L&« system temperature as the condensation proceeds?
X O%ﬁo'ly)ﬁfuld you expect the bubble-point temperature of a liquid mixture to increase, decrease, or
é'\ remain the same as the pressure increases? What about the dew-point temperature of a vapor
mixture? jncrease. , wmerease
. When you raise a liquid to its boiling point, the pressure beneath the liquid surface where the
bubbles form is different from the gas-phase pressure (why?), so that the boiling does not
take place at precisely the calculated temperature. Explain. If the bottom of a vat of water is
heated on a day when atmospheric pressure is 1 atm and the height of the water is 5 ft, how
would you estimate the boiling temperature?
6. Why does determination of Ty, from Equation 6.4-4 or Ty, from Equation 6.4-8 involve a
trial-and-error calculation?

wn



Solutions of splids injiguids
~50lubility of asplid ip a liquid is the maximum ameunt of that SubStance thatcan e dissolved in a specific amount-ot lig, at equil-
- 0 solUtion that contains as MUch of a dissolved species as it can ok equilibvium 1S said 4o be saturated (hastobe i theyare Gt equil )
- if saturated Solution is Cooled | the Selubility &
—aonc ofhe Solufe is higher than equil- Value Sugersaturaded

Example 6.5-1 Crystallization and Filtration

Equipment Encyclopedia One hundred fifty kilograms of a saturated aqueous solution of AgNOs at 100°C is cooled to 20°C, thereby
crystaliizer, filter, dryer o . . . . R . . .
forming AgNOj crystals, which are filtered from the remaining solution. The wet filter cake, which contains
80.0% solid crystals and 20.0% saturated solution by mass, is sent to a dryer in which the remaining water is
vaporized. Calculate the fraction of the AgNOj in the feed stream eventually recovered as dry crystals and the
amount of water that must be removed in the drying stage.

www.wiley.com/college/felder

-solid S0lwbilities and hydrated satts
asingle plot of sblubility (an intensive variable) verus temp Tay be applicable OVEr auide presswre ange

Example 6.5-2 Material Balances on a Crystallizer

Equipment Encyclopedia An aqueous potassium nitrate solutigj u)nlmmn’al 80°C is fed to a cooling crystallizer in
crystalizer
which the temperature is (cduud Determine the Iumppmlurc at which the solution reaches saturation

and the percentage of the potassium nitrate in the feed that mrni nls

www.wiley.com/college/felder

(e 349K9 xlovy. =532
i covley kil ¥} Y=63 <033 Kooz T 2=042/
Wi‘r’f &‘1‘2’ T=40C kg KNO3 (63 i) o

' K
4o H20 Saturgtion ’ W20 Balance (100)(04) =i - (1-0-3%) < £S1kg 7

M2 w Ib0Kg-~ £5:1+Mm2  M2=349 Kg KNOD3 £s)
Lnoie X i

- bhen cevtain solukes crystallize from agueous Solutions the Crystals hydrated salks

Example 6.5-3 Production of a Hydrated Salt

Equipment Encyclopedia An aqueous solution of magnesium sulfate at 104°C containing 30.1 wt% MgSO, is fed to a cooling

e crystallizer that operates at 10°C. The stream leaving the crystallizer is a slurry of solid magnesium sulfate
heptahydrate particles [MgSOy4-7H>0(s)] suspended in a liquid solution. Solubility data for magnesium
sulfate [Perry’s Chemical Engineers’ Handbook (see Footnote 1), p. 18-40] show that a saturated solution at
10°C contains 23.2wt% MgSOy4. Determine the rate at which solution must be fed to the crystallizer to
produce 1 metric ton (I tonne, 1000 kg) of magnesium sulfate heptahydrate per hour.

ww.wiley.com/college/felder



Test Yourself 1. Solid crystals of sodium chloride are slowly added to 1000 kg of water at 60°C. After each
small addition, the mixture is stirred until the salt dissolves, and then more salt is added. How

(Answers, p. 657) much salt can be dissolved if the temperature is maintained a What will happen if
more than this quantity? (Refer to Figure 6.5-1.)
undissolved

@ aqueous solution contains 50.0 wt% KNO; at 80°C. To what temperature would this
solution have to be cooled before solid crystals begin to form? What happens as the solution
is cooled to progressively lower temperatures?

3. What do the terms hydrated salt, water of hydration, and anhydrous salt mean? What
would MgSO,-4H,0(s) probably be called if this species were found in nature? (Hint:
Think about CCl,.) ThaQN eSuM UGt +(ATa hy VRS

4. Given that the molecular weight of MgSO, is 120.4, what is the mass fraction of MgSO, in
magnesium sulfate monohydrate?

)
5. Why is there a slope discontinuity at 40°C in the Na,SO, solubility curve of Figure 6.5-1? gpove 40°C Hhe

yetuls ot
2) 5og oF Safk I 509 of wotel c@,‘giz (‘;i:uu are
3D - % <3909 5% is sarurared iF youcnol hygrored Salk®

vo 000 svid crystols form
~the sojution is already Satuvared ,any addirional
wont dissolve

) hydroted solb: a salid oystalline compound that has waler molecyles trapped within s trystal (atkice -
Wwater o hydration: The specic water molecules found inside thehdvated crystal ervucbure
Anh‘)dvous salt: The compyund-that remains atter aiLthewader has beenvempved

o) oY /R = 0%t

150

100

Solubility (g/100 g H,0)

Temperature (°C)

FIGURE 6.5-1 Solubilities of inorganic solutes.






