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2.1 UNITS AND DIMENSIONS

Dimensionproperty that can be measured,such as length ,
time, mass or temperature, or calculated by multiplying or dividing other dimensions .

-

--

note : Numerical Values of 2 quantities may be added
,
Subtracted or equated only if the dimensions and units are the same

↑for multiplication and division evenifits are unlike

2. 2 CONVERSION OF UNITS

- Convertion Factor shows the relationship between 2 different units ofthe same quantity .

-
-

Example 2.2- 1

~ Convert an acceleration of 1 cm/s to its equivalent km/yr

1cm
.

1601S
.

602min2. 24hr2. 3daysmom52 I min2 2 day
?

12 ha

= 9 . 95X109km/yr
Dimension analysis - is a method that usesaversion factortoconvertaquantity expressed in one unit to a equivalent quantity in a different unit

&
2. 3 SYSTEM OF UNITS

A system of units has the following components :

1. Base Units for mass
, length ,

time,temperature, electrical current and light intensity

2. Multiple units which are defined as multiples orfractions of base units

3. Derived units, obtained in one of 2 ways
:

&

cal by multiplying and dividing base or multiples units (cm2
,

fulmin
, Kg . m/s2

,
etc). Derived units of this type are compoundunits.

(b) As defined equivalents of compound units (eg , Jere = 1g. cm/5
,
Ibf = 32. 174 1bm · ft/53

The CGS System is almost identical to SI
.
The principle difference being that grams (g) and centimeters (cm

are used instead of Kilograms (kg) and meters (m) as the base units of mass and L

Multiple unit prefrences. note : ifthe decimal moves to the right (the power decreases)
Tera(T) = 10 centi (c) = 10- if the decimal moves to the left (the power increases)

Giga (6) = 109 mili (m) = 10
-3

Mega (M) = 10 micro (4) = 10-

Kilo (k) = 103 nano (h) = 10-9

Example 2 .3-1

Convert 23 1bm· ft/minto its equivalent in Kg .cm/s

-

2)1bm · ft
. 0 . 453593K9

.
100 CM 1min?

min ? 3.28/ft (60)2521 1bm

= 0 . 089 kg .cm

G2

Q how many km in 15,000 decimetersQ convert 800 mmHg into bars Q 36 me to9

Ikm : 1 . 5 km800 mmHg .
1.0lbar = 1 . 07 bar 15,000 dm. I m

36mymy = 0. 0369
760 mmHg 10 Am 1000 m

2.4 FORCE AND WEIGHT

1N : 1 kg . m/s (SI) g = 9 . 8066m/s

1 dyne = 1g . cm/s2 ((GS) = 980 ·66 cm/s2

1 Ibe = 32 . 174 1bm ·ft/32 (American) :74 ft/s2
-

TQ The force inbt required to accelerate a mass of 41bm at rate 9 ft/s2

4) bm . 9 fts llbf
= 1 : /2lbf

32 . 1741bift/S2

The weight of an object is the force exerted on the object by gravitational attraction

W = mg



* TEST YOURSELF (page 11)

1 . 2 Kg . m/S in N 2 what is 2 Ibm -flS equivalent in Ibe ?

2N and 21bft/s? llbf = 0 . 062 lbf
32 .1741bm· ft/g2

O

2. 5 NUMERICAL CALCULATION AND ESTIMATION

Scientific Notation in which a number is expressed as the product of another number

2 . 6 DIMENSIONAL HOMOGENITY

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

the equation must have the same dimensions. Cor units)O
Example 2 .6 - 1 ↳ Example 2 . 6 - 2 Dimensional Homogeneity Dimensionless Groups

~ D(ft) = 3 + (3) - 4 Q a quantity K depends on the temperature T in the following manner:

# (mol) = 1 .2 x 105 e12000+- 4 : ft and 3t : fE/S
cm3 .S

- Derive an equation for distance in m and time in minutes

1) (ft)= 3 t(S) - 4 T is in Kelvin the units of the quantity 20
,
000 are cal/mol

,
what are the units of 1 .2x105 and 1 .987?

D ft = D(m) . 3 .28 ft = 3 .28D' (m) 20,000 cal . 1 .
mol K

im 1 .987 CalT(K)mol

= 1 . 2x10 mol/cm3. S and 1 .987 cal/mol1t(s) = t'(min)s = Got (min so

3.28D'(m) = 3 . 60t'(min) . 1
3.28 3 .283 .28

D' (m) = 55t'(min) + 1. 22
m

m/min

↳ Dimensionless Quantity can be a pare number or a multiplicative combination of variables

-with no net dimensions

-

a quantity such as M/MO or DuP/9 is called dimensionless group .

↳ Example 2 . 4-1- Exponents (such as the 2 in X5
& water has a density of 62 . 4 1bm/ft3 . How much does C . 000fE- Transcendental functions (such asDog exp ,

sin)
of water weigh(1) at sea level and 45 latitude and (2) denver 5374- Arguments of transcendental functions (such as the X in sin x

ft and g is 32 -139 ftls

mass = D . V = 62 . 4/bm . 2ft =1bm↳ Example Questions
++ 3

Q 231bm · ft/min g . cm/s2 w = m . g = 124 ·81bm .

-2 . 17430
· 48cm.min = 0 . 0885kg . cm/s2231m ·At .

The

2 .20462) 260) "Secmin =

124 · 8124. 8. 274
32 . 174

/Q 400 inday to cm3/min

= 4 . 55 cm3/min 124 . 8.9 = 124 . 71inkCm
A

1448

Q 16 /1000km - gal/mile
m

.

11/
164 264.17 gal . = 0. 068 gal/mile
100mm 1000 1000 m

0 . 0006214
mile

② (p +q)x(v-b) = RXT . What are the dimensions of a br

a -> Pressure x(vol/times
be (volume/time)



Im
1000mm

is m
1m3/35 · 3145 ++

3

ft/S
Mis cm/s

(9)
all additive terms have the same dimensions

NO
-

-es

=> ms2

-To3)t
a lbf) Q no unit

& r(Crystal/min) = 200 D-1OB (Dinmm)

1200 -> crystal 2. 10-Crystal

min . mm min. mm2

2. Calculate crystal nucleation rate (crystal/5) correspondingto

D = 0 .050 inch

0 .050 imph. 10mm = 1 . 27mm
39 . 37 inth

2 = 200 (1 ·27) - 10(1-27)" = 237 . 87) crystal/min
237· 871cry- min = 3 .96 crystal/Sec

min Gosec

3. Derive a formula for r (crystal/s) in terms of D Cinches)

~ (crystal) =t 200 (25 . 4 Din) - 10 (25 . 4 Din? ]



CHAPTER 3 : PROCESS AND PROCESS VARIABLE

3. 1 MASS AND VOLUME. (temperature and pressure only

↳ Density (9 =row) is the mass per unit volume of a material (Pure compound ,
solution

,
mixture) . SI unit (Kg/m3)

- Specific Property : isthemount of property per unit mass ofthe substance (xxg-

- Specific Volume (V) : is the volume occupied by unit mass of the substance Cm)
something per unit mass

Density specific volume
inverse

1 k9 ( (m3)=
m3 K9

↳ Densities of pure solids are essentially independent of pressure and vary relatively slightly withtemperature ~-> the density of a substance can be used as a conversion factor to relate the mass and volume of quantity of the substance

-- Specific gravity of a substance is the rati of the density f of the substance to the density fret of a refrence substance at a specific condition

:/ Gret

-The reference most commonly used for solids and liquids is water at 4 .00c which has the following density .

SH20(liq) 4°

= 1 . 000 g/cm3
= 1000 kg/m3

·Ibm/ft3

↳ Note that the density of a liquid or solid in g/cm3 is numerically equal to the specific gravity of that substance

- if you are given the specific gravity of a substance
, multiply it by the refrence density in any units to get the density of the substance in the same unit

Example : suppose a liquid has specific gravity = 0. 80

The density of water 1g/cm3 or 1000 kg/m

multiply SG x (Density of water) - gives you the actual density

dimensionless

- 2 . 19 .

1 Ibm
.

100 cm
= 62 . 43 1bm/E

0.591cm3 , 2 cm39, 453593935 .31439730. 60x62 . 43 : 31 . 2 1bm/ft
3

O
Yes

,
if2 substances havethe same density and youtake

equal volumes
, they must have equal masses.

-

No

mitmt
e

6. Density decreases because Themass occupies a greater volume.

5. 9H20(s) [9H20le) ; PNBA(S) YPNBA (1)

↳ Example 3 .1- 1

Calculate the density of mercury in Ibm/fE from a tabulated specific gravity ,
and calculated the volume in fl occupied by 215kg of mercury

- Specific gravity of Mercury at 20% as 13 . 546 . Therefore .

9. 1 1bm
.

100 cm2
= 62 . 43 1bm/ft3cm3 453 .593935 .3145ft 3

62 . 43x13 ·546 : 845 . 7 m 115Kg= 05o

Example 3.1-2

- 3-

H (100°) - H(20°)1) V(t) = V0 [1 + 0 . 18182X10 1 + 0 . 0078 X106 +:]

0 . 560 = x91 + 0 . 18182x10(20)+ 0 . 0078x108(28]

%Vo : 0 .558

V (100%2) : 0 . 568 ft3



3.2 MASS AND VOLUMETRIC FLOW RATE-

↳ flowmeter : is a device mounted in a process like that provides a continuous reading of the flowrate in the line
- 6
[

I TheCoameter is a tapered vertical tube containing afloatlarger the flow rate ,
the higher the float rises in the tube .

-
-

2 . Orfice meter measures the pressure drop across an orfice Casmall opening) in athin plate restricting the flow in a conduit

T
↳ flow rate : the rate at which a material is transported through a process line is the flow rate of that material

The flow rate of a process Stream may be expressed as mass flow rate (mass/time)

or as a volumetric flowrate (volume/time

- The density of a fluid can be used to convert a known volumetric flow rate of a process stream to the mass flow rate of that stream or vice verse.

-> variables whose symbol include a dot (.) are rates ; for example in is flow rate and V is volumetric flowrate

-
mass flow rate

m =gQ
↳ volumetric flow rate

9 : m-

↳ Test yourself page 49. massflow rate

Q1. The mass flow rate of n-hexane (9 = 0 . 659 g/cm3) in a pipe is 6. 59915 . What is the volumetric flow rate of the hexane

Q= m = 6 . 59 = 10(m3/S
T90. 659

Q 2 . The Volumetric flow rate of CC14 (9= 1 . 595 g/cm3) in a pipe is 100 cm2min what is the mass flow rate of the CCI 4 ?

m = Q9 = 1 . 5959. 100cm = 159 . 5g/min
ca I min

Q3 · Same: same ; greater outlet

loom/min ; loog/min

toolow , the gas is much less dense

Q I The rotameter is a tapered vertical tube containing a float , the larger the flow rate ,
the higher the float rises in the tube .

2 . Orfice meter measures the pressure drop across an orfice Casmall opening) in athin plate restricting the flow in a conduit

3.3 MOLES AND MOLECULAR WEIGHT

Mole (n)

- The amount of substance that contains 6. 022X1023 entities

- SI and CGS unit is (g-mole : mol) - British Unit is (1b-mole)

↳Molecular Weight (M)

The sum of the atomic weights of the atoms that constitute a molecule of the compound

atomic weight

it tells you how heavy one-atom of an element is relative to 1/12 the mass of a carbon-12 atom

↳ Example 3.3 - 1

How many of each ofthe following are contained in 1009 of CO2 (M = 44 - 01) ? (1) mol CO2 ; (2) 1b-moles CO2 i

(3) mol( ; (4) mol0 ; (5) mol02 ; (6) 90 ; (7) g O2 ; (8) molecules CO2

1) loog of CO2· molCO2 = 2 . 27 mol CO2 4) loog of CO2 · IMOICO2 .
2 m00 = 4 . 54 molo

44. 09 CO2 44. 09CO2 Imol (O2

2) 2 .273 molCO2 · llb-mol = 5x103lb-mole 3) loog of CO2· molCO2 · /mol02 = 2 .273 mol 02

453. 6 mol 44. 09CO2 Imol (O2

3) loog of CO2

·/Molm
= 227o 6) 100g of CO2· MOLCO2 .

2 m00
.

1690 : 72. 79 8

44. 09CO2 Imol CO2 Imol o

6) loog of CO2

·/MOO
- IMO= 72798) logofCO2IMOCO . GOLX molecules = 1368X molecules

44. 09CO2 I mol CO2

C



- The molecular weight of a species can be used to relate the mass flow rate of a continuous stream of this species tothe corresponding molar flowrate.

↳ The dalton is often used in discussions involving molecular weight and the size of molecules

6 . 02X1033 molecules

M grams
The molecular weight of the species expressed intons

3(a) .
1lb-mole He

,
21bm (b) 2ibmal , 216m

- 4. 2 kmol . 1000gmol = 2000

I kmol

2
5) 100y.

1000%) ·
I gram-molette = 50x103 gram-mole Ha

?
Ihr us a gram He

6) 2g . Imol = 1 : 4 X10"g-mole
14 , 300

3.3 MASS AND MOLE FRACTIONS AND AVERAGE MOLECULAR WEIGHT.

-process streams occasionally contain one substance
,
but more often they consist of Mixtures ofmore than one substance

- physical properties of amixture depend strongly on the composition of mixture

- To express the composition of a mixture we use the fraction of a species Leg . for substance A) :

mass fraction

Xa = mass of A 199 A
or 9A or 1bmA(total mass Kgtotal gtotal Ibm total

(the mass percent of A is 100 XA)

↳ mole fraction

Ya = moles of A (KmolA or molA or Ib-molesA(
total molesmoltotal moltotal lb-mole

* NOTE : fraction is always less than 1

the summation of all is 1 and its unit less

↳Example 3. 3-2

- a solution contains 15 % by mass (XA = 0 . 15) and 20 mole % B (YB = 0 . 20)

1 . Calculate the mass A in 175kg of the solution.

175kg . 0 · 15 : 26kg A

2· Calculate the mass flow rate of A in a stream of solution flowing at a rate of 531bm/h

m = 20

Subm . 0
. 15 IbmA = glbm

Ibm h

3· Calculate the molar flow rate of B in a stream flowing at a rate of 1000 mol/min

1000mol . 0 . 20 mol B = 200 mol B
min mol min

4· calculate the totalSolution flow rate that corresponds to a molar flow rate of 28 KmolB/S

28 kmolB . Ikmolsolution : 140 kmol solution

S 0 . 20 KmOl B S

5· Calculate the mass ofthe solution that contains 300 1bm of A

3001bmA . Ibmsolution = 20001bm Solution.
0 .15 1bm A

↳ Example 3. 3-3

a mixture of gases has the following composition by mass

O2 16%

CO 4 % component massfraction mass(g) molecular Weight Moles Mole Fraction

CO2 17 % 02 0 . 16 16 32 0 . 5 0 . 15

N2 63 % CO 0 . 04 4 28 0 . 14 0 . 04

CO2 0 . 17 17 44 0 . 39 0 . 12

N2 0 . 63 63 28 2 . 25 0 . 69

total 1 100 3 . 28 1.00



the average molecular weight M CKg/MOI,
1bm/1b-mole

,
etc) isthe ratio of the mass of a sample ofthe mixture (M) to the number of moles of all species (ht)

in the Sample. If yi is the mole fraction of theith component of the Mixture and Mi is the molecular weight of this component
M = y , Mi + YzM2 +..

..

= [YiMi mole Fraction
all comp

= mass fraction
M M ,

↳ Example 3 .3-4

Il average molecular weight of air Cl) from its approx molar composition of 79 % N2
,

21 % O2 and (2) from its approx composition by mass 76. 7 % N2 23. 3% 02

average -M = y, Mi + yzMz +
...

= [YiMi b) =t:0. 035 my
H .W

y1 = 0 .79
,

%2 = 0 . 21

M = 0 . 79X28 + 0 .21x32 = 299mo

↳ Example
A gas mixture contains 40 gO2 , 25gS02 ,

and 30g S03 · Calculate the composition of the mixture in

(a) Mass fraction

(b) mole fraction

component mass(g) x massfrac[-] Mi [9/mol] mol mol fraction = mol/total mol

02 40 40195 = 0 . 42/ 32 40/32 = 1 .25 1 : 25/2 . 01 = 0 . 62

S02 25 25/95 = 0 . 263 64 ·07 25/64 : 0 .390 . 39/2 . 01 : 0. 19

S03 30 30/95 = 0 . 315 80 . 07 30/80 = 0. 37 0 :9

95 1 2 - 01 mol

massFraction

mi - i

- - -
-

o & ---- -

-

la . Br= = 0 . 988 2 a the mass fraction

2 .
I = 05

A = 100 = 0 . 25 B = 3 :07 dou400

1 +/ b . 1001bmA - ImolA = somol A d) 3001m . Im aalbmA min

3001bmB . Imol1 = 100 molB 3) 4001bm/min

31bM B Isomol/min

A = 50 = 0
. 33 B= 100 = 0

. 66
150 158



-

3.3 CONCENTRATION redensity
-The mass concentration of a component of a mixture or solution'sthe mass of this component per unit volume of this mixture (g/cm3 ,

Ibm/ft
,
ke/in3....

)I

-The molar concentration of a component isthe number of moles of the component per unit volume (kmol/m3
,

1b-moles /ft
.....

) .

- The molarity of a solution isthe value of the molar concentration of the solute expressed in gram-moles solute / liter solution

Ca =
NA

MOLA/L NIV V
-

gA/Ln
-

m = CAX 120 = 120 CA

- concentration quantity of a component per unit volume of a mixture.

Example 3 .3-5 j

· A 0 .50-molar aqueous solution of sulfuric acid flow into a process unit at a rate of 1 . 25m2/min.The specific gravity of the solution 1 .03
1) the mass concentration of H2SO4 in Kg/m3

0 .50 moES04 989 1k9 -

1000 = 49kg/m3 H2SO4
14 imolto 10009 1 m3

2) the mass flow rate of H2SO4 in Kg/s

m=m.g · (min = Ik9Hs

3) the mass fraction of H2SO4
Isolution = (1 . 03)(1000k9) = 1030 kg/m3

M3

m = 1030kg .
1 . 25m3

· /min = 21 . 46 1191
M3 min 60S

* H2SOp
= MH2SO4 . IlgH2SO4/S = 0 . 048 kg H2SO4/kg Solution .

i solution 21 . 4619/S

3.3d Parts Per Million and Parts Per Billion

ppm : Yix106O
ppbix109 G

8x 109 per g

68mg
1060x68x10-3xt= 0 . 072]

3.4 PRESSURE

- Pressure ratio of Normal Force to the area on which the force acts S[Unit-N : Pa(Pascal)
m2G

p
= Force (61 -> dynes Americanlbtor psi

⑪
-

fluid pressure may be defined as the ratioE ,
where Fis the minimum force that would have to be exerted on a frictionless plug in the hole to keepthe fluid from emerging

3.4a

- hydrostatic pressure : pressure of the fluid at the base of a column it is the force (F) exerted on the base divided by the base Area (A)

adensityravity
P = Po + p

. g . he height P(force) = ffluid g Ph chead of fluida
Pa Pan

usually & 9..more

atm pressure

↳ Example 3 .4-1 Calculation of a pressure as a head of fluid

- Express a pressure of 2x10Pa in terms of mmHg

Ph=g =XSPa
= IOxmtT

2xI05N m Ikg . M/s2 103mm
= 1 . 50 X10 mmHg

S 13
, 6001g 9goinM2 IN 1 m



↳ Example 3. 4-2

what is the pressure 30m below the surface of a lake ? Atmospheric pressure is 10 . 4 m H2O and the density of water 1000 Kg/m assume g = 9 .807m/s

- -
-

Pn = 10 - 4 + 30 m = 40·4 MH2U

- Atmospheric pressure (Patm) is the pressure caused by the weight of atmosphere on surface ofearth

Pgauge
-> a vaccum reading is normally a gauge pressure below atmospheric pressure not an abs pressure

·t Patien egange--prac
↓ Prac < Patr

1111111111111, Pabs Plac Datm gauge egange only units Pgauge-abs-atm
absegauge

- 760mmItg

Pabs = Pgauge + Pati gaugesabs + 760mmIg

- The Pressure of the atmosphere can be thought of as the pressure at the base of a column of fluid (air) located at the point of measurement

- The fluid pressures referred to so far are all absolute pressures ,
in that a pressure of zevo corresponds to a perfect vacuum .

Cabs pressure istotalpressure and relative to a

Perfect vaccum- guage pressure of zero indicates that the absloute pressure of the Haid is equal to atmospheric pressure C
is the pressure ofthe fluid relative to atmospheric pressure ; it equals to Pabs Minus Patm

pressure of 0 corresponds to perfect vacuu
no

755-20 = 735

-- pressure relative to atmospheric pressure
cara 3 . 735mmHg ; 20mmHg of vaccum

-

-

4. 4inches Hg ; 33 ·9 inches Hg -

-
-

-

3 . 4C FLUID PRESSURE MEASUREMENT

1. Elastic-element Bourdon tubes
,
bellows

, diaphragms

2. liquid-column methods - manometers-

3. electrical methods-strain gauges , piezores transducers and piezoelectric transducers .

O 00

↓
O Ovaccum

-

- E O
manometers Bourdon gauge .

- Bourdon gauge the most common mechanical device used for pressure measurement.

Bourdon gauge are used to measure fluid pressures from nearly perfect vacuums to about 700 atm

More accurate measurements of pressures below about 3atm are provided by manometer

- Manometer is a u-shaped tube partially filled with afluid of known density(the manometer fluid)·When the ends

of the tube are exposed to diff pressures.

- if the open end of a sealed-end manometer is exposed to atmosphere (Pl = Patm) the device functions as a barometer

T

1. general Manometer Equation :

Pi + figd = P2 + 92gdz + figh

2. Differential Manometer Equation

P1-42 = 197-figh if both fluids are gases P: P2 = figh
3. Manometer formula for gases:

P
1 - P2 = h

P1-Patm = Pgauge



P.P = (9+ - 9)9h

-
8

P
, -P2 : (f) figh
-

&19980cm.
Idya ·

Omm. = 40 dyes
S2 I gysy

&
-
&

- Patm = Pguage = -2 in

&
Ou Pl : Patm + Pgauge = 130-2) in Hs

= 28 in Hg .

3.5 TEMPERATURE - Temperature is a measure ofthe average KE of the molecules ofa substance

T(k) = T( %C) +273-5 - it is measured indirectly using scale relative to a measureable physical property that depend on temperature

T (OR) = T (07) + 459 . 67

T(OR)= 1 : 8T(k)

T(of) : 1 : 8T(°) + 32 -

↳ Example 3 .5-1

Derive equation +(of) : 1 . 8T(0) + 32 in terms of T(°c) . Use T1 = 0
°c (320F) and T2 : 100 (212of)

T(OF) = aT( °c) + b

32 : (a) 10) + b b : 32

2) 2 = (a)(100) + 32 - a= 1 . 8

T(oF) = 1 . 8 T(°C) + 32
↑

conversion factors (Temp interval) 180F18R , lot, oa

00 -> water freezes &

O 100%water boils.
10 = 330F

O

↳ Example 3.5-2

consider the interval from 20F -> 800

1 Calculate the equivalent temps inC and the interval between them .

2 - Calculate directly the interval in betweenthe temps

1
. 20% = 1 . 85 %

C + 32 : - 6 . 670

80%
F = 1 .87 % + 32 : 26. 66 %

26. 66 - (- 6: 67) = 33 . 3 %

2. 180-203%o = 33.33



↳ Example 3 . 5-3

The heat capacity of ammonia defined as the amount of heat required to raise the temp of a unit mass of ammonia by precisely 10% at a constant pressure

is
,
over a limited temprange , given by the expression.

Cp/Btu) = 0 : 487 +229XTO%

Determine the expression for Cp in J/(g . °C) in terms TlOC)

Cp (Blu .
) = 0 . 487 + 2. 29410-4[1 : 85 % + 32]

Cp(50) : [0. 494 + 412x10-"T(OC)] BEU 1 . 80% 1. I
-

Ilbm
-

1bmof 10 9 . 486x10
-" BtU 4549

(p(5) = 2. 06 + 172X10T (OC

*note : the abs. pressure of a fluid is the pressure relative to a perfect vaccum (p = 0) ↓ ↓
the guage pressure is the pressure relative to atmospheric Pguage = Pabs-Patm . Common Pressure gauges like a Bourdon gauge and an open-end manometer provide a direct

reading of gauge pressure.

0-700catm

O

lend atmlendopen zendsopen lend is sealed vaccum

T

T

F

- 14 mmHg



CHAPTER 4 : Fundamentals Of Material Balances.

-The basis tothis is the law of conservation of mass ,
which states that mass can neither be created nor destroyed.

4.1 PROCESS CLASSIFICATION

a) Types of systems

open system closed system

material flow across the system No flows cross the system no input or output during

boundary during the interval boundary ,
in or out the operation time

of time being studied 4t : Et- to

b) values ofthe variables

I Steady state if the values of all variables in a process don't change with time
, except possibly for minor fluctuations

2. unsteady state it any of the process variables change with time.

or transient

C) classification based on hourmaterials are added/removed.

I . Batch process closed system , usually unsteady state
,

amount unit Skg ,
mol , etc) no material enters or leaves while the process is happening

2 . continous process Open system , steady state
, (kg/s ,

mol/h)
,
the inputs and outputs flow continuously throughout the duration ofthe process.

4. Semibatch process unsteady state
, open state

,
neither batch nor continuous either leaves or enters continuously

->
Batch processing is commonly used when relativley small quantities of a product are to be produced ,

while continuous processing

is generally better suited to large production rates.

transient , semibatch
Batch , Transient

semibatch , transient

->
accu= o (material Balance

4.2 General Balance Equation 1. continuousmystate processes

it is based on Law of conservation of mass input-generation : Output+ Consumption
- -

(buildup within system) non-reactive
accumulation

input ( + or -
-> output Accumulation (t) input-output

Centers through Generation (t) inputs output

system boundaries) consumption (-) reactant - Consumpt 2. integral Balances on batch processes

g g
product - generation initial input generation = Final Output + Consumption

Input-Output + Generation - Consumption = Accumulation

- Accumulation is the rate of change of material within the system

1 positive : materiincreasing (unsteady state

2. Negative material decreasing (unsteadyState
-

3. Zero Steady state

Types of Balances

1. Differential Balances : indicates what is happening with a system at an instant in time. Each term of the balanced equation is a rate and has units of the balanced quantity unit divided
-

T

by time unit. This is the type of balance usually applied to a continuous process.
-

-

2. Integral Balances describe what happens between 2 instants of time. Each term ofthe equation is an amount of the balanced quantity and hasthe corresponding unit.



-if the balanced quantity is total mass
,
set generation =o and consumptiono

- D- if the balance substance is a non-reactive species set gett cons-o

- if the system is at steady state acc = 0
. inputgeneration : output + consumption

↓

if the balance is on a nonreactive species or on total mass
,

the generation and consumption terms equal zero and the eq. is input-output

- integral Balances on batch processes. &

initial input + gen-final output + consumption.

4 . 3 MATERIAL BALANCE CALCULATIONS

* flow chart : drawing a process , using boxes or other symbols to represent process units and lines with arrows to represent inputs and outputs.

can help get material Balance calculations started and keep them moving ,
but must be fully labeled

↳Rules for labelling flowcharts

I label either atotal flow rate (ov amount) and component mass or mole fractions

2- assign algebraic symbols to unknown Stream variables and write these variable names and their associated units on the chart .

3-it volumes (or volumetric flow rates) of streams are either given or required ,
include labels both for them and for mass or molar quantities

> 450kg/h B sources of equs :

my kg/hT Mass Balance

1000T input gen: output + on'

M2 kg/h B

S
B balance Input: output

s

475kg/hT T balance

1000 = (450 +mi) + (m2 + 475)

- The masses (but not the mass fractions) all streams could be multiplied by a common factor and the process would remain balanced

moreover the stream masses could be changed to mass flow rates

* Scaling : The procedure of changin the value of all stream amounts or flowvates by proportional amount while leaving the stream compositions unchanged

& Balanced : (atoms)in= Catom) for each atomic specieso

* Basis of Calculation : an assumed amount of an input or outputStream

I the maximum number of in dependent eghs . You can write (single units)

it is equal to the number of chemical species in the input and output Stream .

you can also write a total Mass Balance CM
,most

4
.3 Degree of freedom·it determines whether youhave enough information to solve the given problem

↳ procedure
1 draw & label flowchart

2. count the number of unknown variables (n unknown

S countthenumber
of

independentequationsrelatingtothem (nineessay

Ndf = (nunknowns - Nidep equs) ->
DOF

There are 3 possibilities for (ndt)

-

notSo Ovedefined (Many Boundaries



-> the sources of equations
·

- material balance

2- Energy Balance

3. process specifications

4. Physical properties [laws (PV = nR+, densities etc)

5. physical constraints

Exi : 1 Gyi :1

6. stoichiometric relations

2Hz + 02 32H20

i 02 : ZiH20 make up : required to replace lossesto leaks
,carryover etc.Withinthe recycle loop

-

-> flow rates have to be the

and abs pressure o

purging- spliting Purge : small stream bled off from recycle loop to prevent

it is a small stream bled off building Of inerts or impurities inthe system can be neglected because of size .

-
-

cbled offand directed out the system)
4.5 RECYCLE AND BYPASS System : any portion of a process that can be

- Recovering and reusing unconsumed Reactants. enclosed withi oud n

1 Recovery of catalyst

2- Dilution of a process stream Bypass : is a fraction of the feed to a process unit that isCreatedaround the unit & combi
ned

3-control of a process variable with the output stream

4- Circulation of a working fluid. - it introduces a splitting and mixing point.

4.. 6 CHEMICAL REACTION STOICHIOMETRY

*Stoichiometric equation is a statement of the relative number of molecules

A reactant is limiting if it is present in less than its stoichiometric proportion relative to every other reactant

Fractional Excess of A : (NA) feed
- (Ma) stoich

(NA) strich

fractional &f: moles reacted

Conversion moles fed

*Extent of reaction measure of how far a reaction has proceeded from its initial State

using the extent of reaction makes it easy to keep track of the molar quantities or flow rates of reactants and products in feed and outlet streams

->V; stoichiometric coefficient ofthe ith species in a chemical reaction

* negative for reactants and the for products

E = (hi-hio) (dimensionless)
Fi

(mol 02 -> 2C2H40
100 -> X

-
-

22H4
100%

somol 02

↳ 200

-

&omol will be formed- -

3 C2Hy
- -

- 0 - 100 =-100

v = - 2

fOc = 0
.

40
2 = -100 = 50kmas

4 . C2H4conv = 0.50x10 = 50kmo f(zHy = 080 =2

E: : 25kmo

MccHu0 = 0 + (2)(2) :So

Ni = Rio + VE C2Hy => 100 + 1-2) (25) = 50 Noc = 100 + 1 - 1) (25 : 7(kmo)



4.7 Balances on reactive processes

In a reactive system we have :

2. Atomic Species (atoms)

2. Chemical Reaction (S)

- Balances on atomic species can be written input-output ,
since atoms can neither be created (gen =) nor destroye (cons= o) in a chemical reaction

- Chemical Reactions are independentifthe stoichiometric equation of any one ofthem can't

be obtained by adding and subtracting multiples of the stoichiometric equations of the others.

dependent Reactions if we can get one in terms of the other by +, -

,
X

A + 2B

B - C

A +2(

4 .7e Extent of Reaction

+ No. unknown labeled variables

+ No. independent reactions (one unknown for each reaction) number of reactions in process

- No. independent reactive species (one equ for each species in termof-

- No. independent non reactive species (one balance eqh for each
-

- No. other equs relating anknown variables
F

= Number of DOF (NDA)

4.7 PRODUCT SEPARATION AND RECYCLE

- Overall Conversion : reactant input to process-reactant output from process
-

-
- -

reactant input to process

- Single-Pass Conversion : reactant input to reactor-reactant output from react

reactant input to reactor

PURGING note : for split stream 1 indp material Balance

- Why purging is needed ?
1 inert gases (N

, Ag ,
etc. ) are used in processes because they don't undergo chemical reactions under given conditions

2- Using inert gas prevents undesirable chemical reactions from Occurring leg Oxidation
, hydrolysis ,

combustion)

3-purging with (N2) minizes hazards of residual solvents or process fluids

4- if an inert gas is introduced tothe system and it doesn't react
,
it has to exit the system somewhere, builds up & Shutsdown .

Atomic Balance

Balances on atomic species can be written input-output since atoms can neither be created (gen =o) nor destroyed (cons = o in a Chemical Reaction .

4.7b Independent Equations ,
Independent Species ,

and Independent Reactions

- if 2 atomic species occur in the same ratio wherever they appear in a process in a process ,
Balances on those species will not be independent equations.

- Chemical reactions are independent if the stoichiometric equation of any one of them cannot be obtained by adding and subtracting multiples of

the stoichiometric equations of the others



1) 2 independent atomic species (N & Corn)

a) C Balance :

120 = 212 + 42

b) H Balance : 240 = 4n1 + 872 =2

120 = 2n , +412dependent

C) N Balance :

10 ·40)(2) = (2) D3 -> independent

a) CH4 +202 ->2H20 + CO2

b) CHy +B02 + CO +2H20

4) C2H6 +O2 +EH20 +ICO2

al C2H6+02 3H20 + 2

4 .7d Atomic Species Balances

No. unknown labeled variables

- No. independent atomic species balance

- No. independent species balances on non-reactive species
-

No . Other equs. relating unknown variables

= No · degrees of freedom.

3. al CH4 : b) 02 c) CO2

40= 100 - E 130 :250 - 25
,

60 : 0 + E,

& = 60

9) H20 - 120 : 0 +2El

100-40=mo/CH4 1040 = 0. 60 or 60 %

-

120mo102 250 - 130/250 = 0
. 48r48 %

=> 4) 3 atomic species CC
,

H , 0)

- -

C Balance 100 = 40 + 60

# Balance 4(100) = 4340) + 2(120)
O Balance 2 (250) = 2 (130) + 60(2) + 120

Q 5) b. O Balance

2(250) = 2 (130) + 2(60) + 120

d . 120 = 120 e. atomic hydrogen. c molecular (02)
4 (100) =4(40 + 120(2) 250 = 130 + 60(2)

1 overall: reactants in-out = 6010
= 0 .3

in

single = 200 - 150 = 0.25.

200



4.8 Combustion Reaction is the rapid reaction of a substance with oxy gen
- isthe rapid reaction of a fuel withOxygenthat produces tremendous quantities of energy

Types of fuels : 1 . Solid fuels : coal
,
oil shale

,
biomass

2 . Liquid fuels : fuel oil

3. Gaseous fuel : Natural gas , primarly methane or liquefied petroleumgasusually propane/Butane
complete & -> partial even if CO2 is presentto

comb
when a fuel is burned : C + CO2 or CO NT NO and NO2

H + H20

S - 50x -Average MW of air 29 .

- Air is the source of Oxygen in most combustion reactors.

wet basis : component mole fractions of a gas that contains water
-

dry basis : "Without the water

stack gas : product gas that leaves a combustion furnace.

--

1. 79 % N2 and 21 %02 = 3. 76 moN

mol 02
dry

2) 50%H2 50% 02
,

wet : 25 % Ha
,

23 % 02

3) 20

b)
= 09

C) 5 = 0- 0526
95

-Theoretical and Excess Oxygen and Air

*Theoretical Oxygen : amount of (O2 or air) needed for complete combustion of the full amount of fuel fed to the reactor

StoiC &

D Theoretical Air : the Quantity Of Air that contains the theoretical Oxygen .

n+ 02 = Theoretical amount O2

n
*

nc = n
=

02/0
. 78mo)N2

0 . 21 mol 02

N
*

Air = n
*

02 I mol air

0 .21 mol 02

- Excess Air : The amount by which the airted to the reactor exceeds the theoretical Air

Percent Excess Air : (moles air (fed- (moles air)Theoretical X 100 %

(moles air) theoretical

Ustoic : Theo = n
+

Ex = nf - n
*

Ex =
n + - n

+
- EX = nf - 11+ ex = n +

nt n +
n

+ nt n *

- we use excess air to ensure all the fuel combustsComplete combustion] incomplete combustion

↳ CO2 -> CO

yield -> multiple,Se > B /desired

selectivity A > C (not desired

Selectivity= amount desired fractional Yield=moles of desired product formed

I hasto be a large number
amount not desired (max yield = 1)

moles that will be formed wo side reactions

it is a fraction



100mol of CH4 -

1200 mol

2- 200 mol

3 . 4 . 76x200 200 x 100 = 952mo/hu
21

4. 244-76x206 2x952 = 1904 mol/hr

% Excess Air = Actual Air - Theoretical Air x100 %

Theoritical air

5. Actual air = 300 mol/hu

%A = 300 - 952 x 100 % = -68 . 5 %

952

60 + 15 + 10 = 85moldrygas Wet Basis <dry Basis

⑳ = 0. 706 MON assume 100 mol of wet gas
moldry gas

15 : 0 . 176 mol CO2

85 mol dry gas

10 : 0
. 118 mol02

85 mol dry gas

dry basis, wet basis

assume 100 mol of dry gas
0 . 07 Mol of H2O = 0 . 930lb-mol drygas

mol of drygas lb-mol wet gas

0 . 07001b-moleltz/lb-moleyet gas = 0
. 0733 lb-mose H20

0 .930 lb-mole drygas/1b-mole wet gas
lb-mole drygas

YH20 = 7. 53
= 0 . 0701b-mole H20

100 1b-mole dry gas X 0 .0753 1b-mole H20 = 7 . 531b-moles He 107 . 5 Ib-mole wet gas

lb-mole dry gas
YNz = 65 = 0 .6

100lb-moles dry gas X0 . 65 lb-mole N2 = 65 16 moles N2 107 .5

1b-mose drygas
YCO2 = 14 = 0

. 130

(100) (0140) CO2 = 141b-mole CO2
107 . 5

(100) (0 · 110) = 11 lb-mole CO Y =
21

= 0 . 102

(100) 10 · 100 = 10 lb-mole 02 107 .5

107 . 53 lb-mole of wet gas Y0z =0 = 0
. 093



Cultira
100 mol/hr combustion 1. excess air = airted-air theo x 100 %

Air theo
Y

5000 molhr = 5000 - 3094 x100%= 61 .6 %

3094
C4Hi + 1 02 - 4202 + 5H20

(no2) theo =100 molCH 6 . 5 mo = 650molhu I mol
I

(Nair) = 650. 4 . 76 molair = 3094 mol air 4 . 76 =
/

I mol 02 T 0. 21

O O
O

M2(molCcH6)
90 = fed-left x100

100 mol C2H6
n2 (mol 02)

7
left

7
13 (mol N2)

50% excess dir
n4 (mol COS C2Hy + 702 + 2202 + 3H20

no (moll

0 . 21 mol O2/mol Us (mol (02)
0 . 79 mol N2 / mol no (mol H 20) C2H6 +202 + 2C0 + 3H20

7 unknown + 2 Reactions -3 extra info - 6 components = 0

- 50% Excess Air

(No2)Theoretical = 100 molCH6 X 3SmoOL = 350 MOT

0 .21 n0 = 1 . 50(350mol02) = no = 2500 mol air fed

- 90 % ethane conversion (10 % unreacted > Total Air = Theoretical Air + Excess Air

n = 0
. 1/100) = 10 mol C2H6 total . A = (1 ·5)Theoretical

90 mol Cette react

- 25 % conversion to CO

My = 10 .25 x 90) . 2 molCo = 45 molCO .

1 mol CH6

13 = 0 ·79(2500) = 1975 mol N2

-

Atomic Carbon Balance

100 molCzH6 x2molC = n , (molCcHs) X2molC +4 (molCo) . 1 molC + Ms (molCO2)
.

1 mole

ImUlC2H6 Imol 1mol co 1 mol CO2

ns = 135 mol CO2

- Atomic Hydrogen Balance

100C2H6XGm = 10moX6moH +N6 H202 = N = 270mo to
ImolC2H6

525 . 2 =12. 2 + 45 + 135(2) + 270

12 = 232 mol 02



O 6
00

NC C + 02 -> CO2

NH 100 mol dry gas & 2C + 02 - 2CO
>

naiv
&

0 . 015 mol Co/mol dry gas

I
4H +02 +2H20

0 . 79 N2 0 . 06 mol CO2/mol dry gas
0 . 2102

0 . 082 mol 02/moldry gas
0 . 843 mol N2 /mol dry gas

nw (mol H20)

4 unknown + Breactions - 7components = 0

100(0943) = Nair (0. 79) -I ratio in the fuel

Nair = 106 .71 mos air

nH
= 28 = 3.97

- atomic O Balance

0 .21 Na (2) = nw (1) + 100 [10 .015) + 10.060)(2) + 10.082)(2)] - % Excess air

- atomic H Balance nw = 14 ·9mol H20 noz theo

H = nw(2) : 7 . 5 moC .102 + 29 . 8 molH . 102 = 14 ·1 mol
4 H

MH = 29 - 8 mol H

(n02) fed : 0 .21 (106 · 7 mol air) = 22. 4 mol 02

% = 24193x100 = 49. %



CHAPTER (5) SINGLE-PHASE SYSTEMS

- Equation of state relationship between P
,
V

,
n and temperature (T) of gas

CEOS)
- solid and liquid densities are independent of temp. changes in pressure don't cause significant changes in Liq &solids(incompressible)

- Assuming volume additivity - Assuming average of the pure component

g
: Xi: j : & X: Si : X182 + Xef2 +.. ..

- mass flow rate staysthe same V increases a bit.

On v = m 2 .cm = 25
- D

3 . V = M/
+

M2 +..... Mn
-

Si 92 In

=+M...
p varies with temperature

O O O
-

-

PV = RT The Kinetic Theory of gases
OR

PV = RT (no need to know thetype ofgas -gas molecules have negligible volume
,
exert no forces

abs pressure- > abs Temp (K
,
RI on one another , collide elastically with walls

validity : at high temp ( > 0
°2) and low pressure ( = 1 atm)

Im?Pa = 15
- Specific molar volume :

↑ = The specific molar volume = volume per mol

v==
- Standard Tempand pressure

Ts Ps Vs As

- Relative Error (E) ot ideal gas law SI 273K latm 0022415m3 Imo

E = Xideal - XTrue X 100 % CGS 273K Iatm 22 .415L IMO

X True American 492 1 atm 359 . 05ft 1lb-mos

Videal = the ideal specific molar volume P. Y = R .T

- Standard Cubic Meters (SCM) denotes m3/STP)

V = RT - Standard Cubic Feet (SCF) denotes ft3(STP)
P

z
-

other gases diatomic
SCMH means Standard Cubic Meters per Hour

is ideal ? gas
yes

< 201 ideal gas law Yes
is V ideal ? VNRT =PV =n (you don't need valueora

mol is valid ↑

EX1 %
- gas is ideal > 54 mol

E < 1 %

> 320ft/lbmol < 80 ft 3/mol VS = 22 .

4m3 or 22 .4 or39fEIT
Ib-mole

no

use real
dar

gases EOS

T(k) = T( %C) +273-5

T (OR) = T (07) + 459 . 67

1) Using gas constant PV = nRT T(OR)= 1 : 8T(k)

2) using relative method.Transfer from conditions (1) to P2Vz = naTz T(of) : 1 : 8T(°) + 32 -

P, VI niT)
conditions (2)

- gas at conditionsrelation : n
↑ atm = 14- 7 = 101325 Pa==60

psi mmAg
3) Density calculations Density of pure gas

for idealgas mixture M =yiM ;



000 ·
answer : 3

2(2. 4),00300+
273

= 191224)) : 329
+(lOX2)

- - -

V = nRT = 100(8
·314)(23 +273 + 5) 319- Pa 2. > 5L/mol ideal gas Law is valid I

P 28. (122 . 037x103) v = 1= 722 = 20.2 L/mol <5L/mol
n 3.57

= 0-072m3 . 1000 =72L
Im3

<X< 1atm~ a. Relationship between P
,
V

,
n

,
T of gas ,

↓ pressure ↑ temp
,
PV=nRT

~ ~ ~
no

2. (1)
,
(e) ·The mass and mass density of Coc are

each greater by MW CO2 = 22
MWH2

(a) no, n = PV all const
RT

(b) no
,

N = nX Na both const.

(c) Yes
,

m= n X M

~ cylinder B 2 X heavier.
notideal

(d) no, v = RT all sonst

P

(e) yes = PM/RT-cylinder Br22x denser

3 . (a) and (C)

E-ethylene B + Butane

MWB = 2 MWE - VE = 2 VB
GB : 2 ge

-

loft 3

> >

V = 10ft
3

V2

p =1atm P2 = 2 .50 atm

T = 700f (530°R) T2 = 60
of (1070

%)

PLU=SV2:: 808



- ideal gas mixture - Partial Pressure depends onthe mole fraction not the weight fraction .

PAV = MART PA + PB +
....

= (YA + YB +
... ) p = P

PA = YAP

mole fraction V= Va + VB + Vc Amagat's Law

VA = YAY

28507 i = 3 .95x1053 . Lbmoe = 210X3lb-mode as

1 . 30 atm

3 . 95x105 SCFH
v = ? PaVz =AzTz
hi = ? PVI NITI

130CV
:=4GNEhu

00 latm 359ft3/hr
-

00224m5h22 .4[hr

2v
-12V

↓I
-

nothing

4 . V = 35 .8
T = -1S% + 273 -
15 = (38)

= 25 M

las
p = 1 . Satm

(2)OO 0.S(10) = 5 bar

-

0 .

S(100) : 50m3
O

b , d PH2 &

O v unchanged-

o
-

(3) 50g ofHe contains many more moles

greater than than Sog Of N2 & YH2 >Satm

p
= 10 bar

T = 200 %

v = 100 m



O

CHO ⑭(mollmins
7 a) compressor 3

Jorator Y4(mol C3H60/mol)4004min eval-

ne(mol/min) (1 -Y4) (mol N2/mol)
2722475MMHg ! 413m3/ min Nelmin 6.3 atm gauge ,

7 . 304 atm>
V, (m3min)

n3 (mol/min) PA = 50lmmAg·

n
, (molNc(min)

325% -598 . 15%

ri2 = 4002 .
7619

·
1mol = 5450molCzHgO

min L 58 .089 min

PA = PY4
P = Pgauge + Patm = 6 . Bath 760mmH9 +763mmHg = 5550mmtg

latm

Y4 = 50 = 0 .0903 mol (3H60
5550 mol

1 - y = 0 . 9897 mol N2

mol

13 = n + 12 + 13 = n4

.M18 ,700 5450 + 18
,
700 + 60

,
400

= 36
, 200 mol/min

V =ni
= 36

,
200m · 0023 . 30 mmHg Vz = 550mNn



5.3 EQUATION OF STATE FOR NON-IDEAL GASES

- Critical Temperature and Pressure

- how well or poorly the ideal-gas equation depends on TC and PC

- a vapor is a gaseous species below its critical temp ,
and a gas is a species above its critical temp at a pressure low enough for the species to

be more like a vapor than a liquid

-substances at temperatures above TC and pressures above PC are referred to as supercritical fluids.

- Real gases
- The critical temperature of a species (TC) is the highest temperature at which the species can coexist in 2 phases (liquid Vapor)
- The critical pressure (PC) is the corresponding pressure at TC

-

a substance at TC and Pc is said to be at its critical state

Virial Equations of state

PV
= 1 + B +q+ +

....

RT ↑

-

- 2
Vapor

Pa < Ph 1b)9va ! Sup"9.Ply

1. Vapor pressure ↑ as temp
3. liquid expand and becomes less dense

as they get hotter.

gas

Super Criticc) : if both temp / pressure exceed their values

- Compressibility Factor Equation.

2 = PY for idealgas =1 to which I differs from is a measure ofthe extent to which the gas is behaving non ideally
RT

- The compressibility factor is a function oftemp and pressure [of a gaseous species is defined as the ratio

2 = f(T
,
P)

PV =IRT 1 = PV

RT

- an alternative method uses Law of corresponding states to estimate2 and sub is C. F EOS

TheLaw states that the compressility factor of any gas at a specific value of reduced Temp (In)
& reduced pressure (p) has approx the same value for all species

Reduced Temp: TI PE P
&

reduced Pressure
PC

Tr Videal = V
=

v = Pc

Pr Z needs 2 values
Ucideal RTc/Po RTC

Videal



The procedure for using generalized comp. chart

1. Tc and PC

2. if the gas is He or He adjusted Critical constants from the empirical formulas

Tc" = TC + 81 Newton's corrections

Pc = Pc + 8 atm
I

3· calculate reduced values of 2 known variables

-reduced variables are dimensionlesTrF ideal p al temps I pressures mustbeas

Pu-
4. use the compressibility chart to determine 12 and then PV = ZuRT

O -

- -
No

need a diff chart for diff species

3. The Law states that the compressility factor of any gas at a specific value of reduced Temp (In)
& reduced pressure (p) has approx the same value for all species

Kay's rule estimates pseudocritical properties of mixtures as simple averages of pure-component critical constant . (non-polar compounds
Pseudocritical Temp : T'c = YATCA + YBTCB + YCTcC+ . . . . YA , YB . -- are mole fraction

Pseudocritical Pressure : P'C = yaPCA + YAPCB + Yc PCC+ .....

Pseudoreduced Temp : Tr = T/T's

Pseudoreduced Pressure : Pr = P/ PC

non-polar compounds with similar critical properties

-

Hz - Tc= 33 . 3k +8 = 41 . 31 TC = 0 . 75(41·3) + 0. 25(126 .2k) = 62. 53K

PC : 12·8atm + 8 = 20 ·8atm p: C = (0
· 75)(20 ·8) + 0-25/33-5) = 24atm

N2 eTc= 126-20K

PC = 33 . 5 atm To = I = - 70 +27313 = 32 5
62 . 53

Y = RTT = 10 . 0821) (1 : 86)(203) = 0 . 03872 PU == 80 = 33.3-

p 800 mol 24



CHAPTER (6) Multiphase Systems
- Phase diagram of a pure substance is a plot of one system variable against another anotherthat shows the conditions at which the substance exists as

a solid
, liquid , gas

- if TandP correspond to a point on the Vapor-liquid equil . Curve Pisthe Vapor pressure P * of the substance at tempT ,
T is the boiling point

- The boiling point of a substance P= 1 atm the normal Boiling point

- if (T
,
P) on solid-liquid equil curve T is the melting or freezing point at pressure T

- if (T
,

P) on the solid-vapor equil Curve Pisthe Vapor pressure ofthe solid at tempT
,
T is the sublimation point

The point (T
,
P) at which S

,
L

,

V Coexist Triple point

- The Vapor-liquid equilibrium curve terminates at the critical temp C pressure

- 50c
3 mmHg

- 56. 6 % C
,
3. 112 atm

id
3 all CO2 solidifies at 1 atm ,

solid melts at 9. 9 atm
lat m

9. 9
C-56%, liquid boils at 9 ·Patm -40%

-78. 5 % - 56. 6 %
-40%

-

~

no

- The Volatility of a species is the tendency of the species to transfer from the liquid (or solid) State to the vaporstate
- The higher the vapor pressure at a given temp the greater the volatility

- a relationship between P
*

the Vapor pressure of a pure Substance and T and absT Clapeyron Equations
Inp= -Huatent heat of Va

Inpt Ssos
RT ↳ const ,

Varies from 1substance to another

A/T

-

a relatively simple empirical equation that correlates vapor-pressure temp data extremely well Antoine Equation
(mmHS)

Log
,P*-B Tabulata

-
- 109 ,0 P

*
= 6 . 8856 -

1175 .817

87 -224 .86

px = 1303 . 96 mmHg

The Gibbs Phase Rule.

- Extensive variables : whichdepend on the size of the systemExample : mass & volume
-Intensive

-intensive variables : which don't depend on the size ofthe system Example : Temperature, pressure ,
density , Specific Vol . Extensive

mass

DF = 2 +C - A-r - The relationship among DF
,
T

,
C

,
r is called The Gibs phase Rule

C : number of independent chemical species

A = number of phasesin asystem at equilibrium

u = number of independent equilibrated Chemical reactions among the species

DF = Dof

- in the Gibbs phasevule ,
the DOF equalsthe number of intensive variablethat must be specified for a system at equilibrium before the remaining

intensive variables can be calculated



- Gas-liquid systems : one condensable component

- Raoult's Law
, single condensable species

composition of condensable speciessystem total pressure
&

Pi = yiP = Pi
*

(T)
↓ S

PartiallI vapor pressure of cond .

Species usually tabulated
of condensable &

species. PECT) vapor pressure at Temp
- p

*
is the equilibrium value . PA Partial pressures

- if evaporation takes place at a temp such that P*P transfer of molecules from the surface of the liquid to thegas above the surface

- while p
*

= p the temp is the boiling point

1.

a gas in equilibrium with a liquid must be saturated with the volatile component of that liquid .

2. Pi = Pi
*

the vapor is saturated Pi*can't exceed Pi to increase Pi either by adding more vapor tothe gas phase or by increasing the total pressure at

const temp-must lead to condensation Or ↓Temp at const P.

3. a vapor present in a gas in less than its saturation amount is referred to as superheated vapor

Pi = YiP <Pi
*

(T) only a saturated Vapor can condense

4. if a gas containing a single superheated Vapor is cooled at const pressure . Thetemp at which the vapor becomes saturated is dew point

pi = YiP = Pi* (Tdp)

- The difference between the temperature & the dew point of a gas is called degrees of superheat

TP
--- P120 = YH20P = (0

· 1) (5260) = 526 mmity

Tap = 90%

100 : 90
:

= 10 % of superheat

2.

DOF = 2 + 1 -3

y
= P*

H20 : 355mmHe
= 0 . 0675 MolH20 y =

P *
#20(100) = 760mmH9

= 0 . 0894 MOTH20

p 5260 mmHg mol P 8500 mmHg mol

dry air Balance Balance BD

100 · 0 . 900mol BDA = n2(l-y) (100) (0 .9) = 12 (0 . 9106)

-y = 0 . 0675 n2 = 98 . 84 MO)

n2= 96 . 5 mol

Total mole Balance 100= Nith2 M + 12 = 100

↓
nz= 96 . 5 mol n + 98 . 84 = 100

n, = 3 . 5mol H2O condensed H1 = 1 . 2mol H20 condensed

Percentage condensed 3 .5 mol H20 condensed/100% = 35 %

%:MO X100=%
10

- 1 X100(



Yes (1)

- -> itavapor is in equilibrium
YES with a liquid itis saturated

~ -

-

(2

alP*
= PA in equilibrium

b) PT = Paceton + Pair =

960mmHg - 200 mmHg = 760mmHg
w

super &
-

> saturated PY20= PH20
neared

*
~ a Yi = P = 200 = 0 .20

PH20 < P
d) you assumedSaturation (Equilib)

(3)

- (a)

The temp at which a gas mixture must to be

(b) pi = yiP = Pi* (Tdp) = YH20: cooled to become saturated with vapor causing

1 . nothing the first drop of liquid to condense

2 . The gas stays saturated
,

condenses into liquid Yi gas
-

3. The gas staysSaturated,water condenses por forces Plzo to exceed p20 causing condensation

4 nothing

(2) PH20 = PoYH20 d) Tsuperheat = To-Tap &

Tape P*
H20 = PH20 P* H20(Tdp/ [table]

then use Antoine Equation to find theT since PH20 = P
*

H20 (Tdp)

-> YH20= P* H20 (Tdp)
Po

- The term "Saturation" refers to any gas-vapor combination
,
while "humidity" refers specifically to an air-water system .

- Relative Saturation Sr(ho) = Pi x100%

Chumidity PiY(T)

molal solution Sn(hm) = Pi = moles of Vapor

P- P; moles of Vapor-free (drysgas

- Abs saturation : Salha) = PiMi = mass of Vapor

(P-Pi)Mary mass of dry gas

- % saturation = Sp1hp) = Sm x 100 % = Pi/(P-Pi) X100 %

Som P;*/(P- Pit)

-
-

E

2 yip = p
*

= O
. I11

10
· 1(1000) = 100 (82

°C]
3 . Sm =

P 100
2. Sr=X0 =H0

= 5%
4.0= 025 X100 =Y.



-- -
-

-

-

in = pr = 1000 . 1. 1 UH-38006) = 3 .

99a 22) hm =1 = 86. 7

RT 348 . 0 .

0831r
BDA

= 38 · (1-0105) = 34 kmolBDA
III p -p825-86 . 7

= 0
. 117 moli

12% = 100 PH2O h MOLBDA

P
*

H20(75
°C n02 = 34 (0 ·21) = 7 . 14km0/02

↑H20(75') = 289 mmHg
M

(21 Abs saturation : Salha) = PiMi
(P-Pi)Many

PH20 (0 ·3) (289mmHg) = 86 . 7mig
P: 1.1bar-825mmtg = 0117 x 18 = 0 . 0726K9H20

YH20 = 86 -7 mmHg = -105mol H2dmul 29 TGBDA
825 mmHg (3) hm

=
P:89 =0539

3. PH20 : 86. 7 mmHg = px/120 (Tdp) kmol BDA

↓ 48 .7% hp = 100hm-7 x100= 21%

- Multicomponent gas-liquid systems

-
XA
XB

PH20 = 31 . G mmHg Y6= 0 . 04

1. Airbalance
Psoz

: 176muHg

10010 . 53) : U2 10 ·727) Ys: = 0 . 232

n2 : 75 . 7 mol/hr

Yar = 0
. 727

# = XSO2006m
SOL Balance

S
(100)(0·45) = 175.7)(0 · 232) + (0 . 0196) (X)

64 L
saturation point

M = 89
,
600 Ibm/hr ↑supercooled

o <
dea

,Lig
· superheated

H20 Balance
⑨ ·Bubblepoint Vapor

14 = 75.7(0 . 0416) (18) + (89
,
500) (0 · 9804)

nLi = 87
,
900 1bmH20/h Degree of Sh = 15

Jv =Tsat + 15%

So2 absorbed Supcovied lig

89
,
6000 . 0196) = 1756 Ibm socabs

degree of subcorting : 20%

nu T= TS - 20

SO2fed = 100 (0us)(64) : 28801bmeted : = 0 . 610 about



- Raouts Law and Henry's Law
evaporpressure

Raoult's Law PA = YAP = XAPA(t) Rhoult usually valid when XA is close
-

mole traction in aphase
.

to 1-that is when the liquid is almost pure A

Henry's Law : PA = YAP = XAHACt) Cliquid
↳ henry's Law const for A in aspecific solvent.

Henry's Law is generally vald XarO [dilute sol of AI

PA = XAP
*

A *A -1

RA-0

PA =XAHA
asolution for which either Raoults Law or henry is obeyed for allspecie

at all sol . Composition

-
neneRaoults

- -

1 . henry X =& = 1001 (20) = 7 .49X0moH6 PB : XBP
*

B : C05)(1191 : 59.5mmy
2 . 67X104 P+ = X +p

+
T

= (0 -5)(36. 7) = 18 .35 mmHg
2. Raoult's p = PB + p+ = 77 . 9 mmHg

T = 30
°

c

109
,

PB
*

= 6. 909- 1211 -> 119mmHg yB:RB = 0
. 764 mol Benzene/ml

T + 220. 8

109 ,P
*

T = 6. 9533-1343 . 9
-

367 mmHg y+=
PT = 0 .236 mole toulene/mole

T + 219 . 38 P

- The temp at which the first vapor bubble form is the bubble-point temperature of liquid at the given pressure
- When a gas (Vapor) is cooled Slowly at const pressure the temp first Liquid droplet dew-point temp

Pi = XiPi
*

(Tbp)
↳vapor pressure

P = XAP* (Top) + XBPB
*

(Tbp) +....

The pressure atwhich the first vapor forms when a liquid is decompressed at a const temp is the bubble-Point Pressure of the liquid at given temp

yi = Pi = XiPi(T)
Pop PbP

Xi=P excluding 6 (noncondensable component)
Pi

* (Tde)

- at dew point of the gas mixture ,
the mole fractions of the liquid components (those that are condensable) must sum to 1

XA + XB + Xc +... = 1 Pdp = 1

YaP

P*(Tap)
+ BP- YNTYBT (T)



- -
↓

- -

-

P+otal = Pa + PB = XAPA(T) + XBP& (T)

760 = 0 . 4 P*A(T) + 0 . 6P YB(T) (T)
B

, T 109 , 0(pY) = A -B + = 95.1 + 109
,

(4) = 6. 95805 - 1346 . 773
= 479mmHg (0 ·6) = 287 -4

liquid XA T+ C

(B)
95 . 1 + 219 . 693 mmHg

+

gas/vapor YA Ya = 4725 = 0 . 622 MB 109,0 (p
*) = 6 .89272 - 1203 . 631 = 1181 mmHg (0 -4) = 472. 4

mos

&
95 - 1 + 219 . 888 mmHg

yB = 1- YA = 0 . 378 molT = 760
mol

- Since the composition of the liquid was given,
this was bubble-point calculation

(2) gas e so dewpoint Tdp = 52 . 4 % (T)

Yi a 10 mol % Benzene XA=P = 10.1 (760) : 0256 109(P) =

696805-B46772022mA s

10 % Toluene

&

297-4 (B)

80 % N2 XB = 1 - XA= 0 . 7445/mO/ 109,0 (p
*) = 6 .89272 - 1203 . 631 = 297 - Y mmHg

52. 4 + 219 . 888

(3) T = 80° p =
1

= 1847 mmH9
Prenzene : 757- 7 mmHg #7mmHg)+(0.2912mmits

P *
T = 291 · ImmHg

XA=AP-0150(1847mmHS) = 0 . 366 mol

757-7 mmHg To

XB = 1 - XA = 0 . 634 MOLT
To

~ 1

.The temperature at which the first bubble of

10- -
Vapor forms if the liquid is heated at given pressure .

-The Temp at which the first drop of liquid forms

- if the vapor mixture is cooled at the given pressure

Tegram
-

-
increase

, increase



solutions of solids in liquids
- solubility of a solid in a liquid is the maximum amount of that substance that can be dissolved in a specific amountof lig at equil .

- a solution that contains as much of a dissolved species as it can at equilibrium is said to be saturated (has tobe if they are at equil)
- if saturated solution is cooled , the solubility &

- Conc of the solute is higher than equil value supersaturated

- solid solubilities and hydrated salts

a single plot of solubility (an intensive variable) verus temp may be applicable over a wide pressure range

0-
G

allegeda 34 . 9k9 x 100 % = 58.2%
100 K9 crystal

M1 X= 63
60& cooler >

60% + KNO3 T = 40 %
C X 19 KNO3 163 + 100

= 0 .386 Kg
T = 80°C

40% H2O saturation
Kg

>
H20 Balance (100)20 ·4) = my (1- 0 . 386) = 55 . 1kg ③

M2 kg KNOS
100kg = 65. 1 + m2 M2 = 34 .9 kgKNOz (s)

K9
↓note

- when certain solutes crystallize from aqueous solutions
,
the crystals hydrated salts



G
G
-

undissolved

O

magnesium sulfate tetrahydrate

(5)
above 40% the

crystals that
2) bug of salt

,
50g of water precipitate are

1128 =1 = 3809 55C is saturated if you cool hydrated salts

100 1000 solid Crystals form

-the solution is already saturated
, any additional

won't dissolve

(3) hydrated salt: a solid crystalline compound that has water molecules trapped within its crystal lattice .

water of hydration: The specific water molecules found inside the hydrated crystal structure

Anhydrous salt : The compoundthat remains after allthe water has been removed

(4) 120 ·4/138 . 24 = 0 .87

-




