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Lecture 13

Product separation and Recycle

Recycle is fed back from a downstream unit to an upstream unit, as

shown in Figure . The stream containing the recycled material is known

as arecycle stream.

Recycle system is a system that includes one or more recycle streams.

B Recycle
L—.. . .
Feed Process 1 Process 2 —— Products

Recycle without Chemical Reaction

Example 13

Figure below is a schematic of a process for the production of flake

NaOH. The fresh feed to the process is 10,000 Ib/hr of a 40% agqueous

NaOH solution.

10,000 Io/hr @ -

40 wi%% NaOH

Crystallizer
and Filter

Filtrate 45 wit% NaOH

P

95% NaOH Filter
Cake
5% (a 45 wi%
solution of NaOH)

a. Determine the flow rate of water removed by the evaporator(W), and

the recycle rate for this process (R).



b. Assume that the same production rate of NaOH flakes occurs, but the
filtrate is not recycled. What would be the total feed rate of 40% NaOH
have to be then? Assume that the product solution from the evaporator
still contains 50% NaOH.

Solution

Open, steady-state process.

a. Basis: 10,000 Ib fresh feed (equivalent to 1 hour)
The unknowns are W, G, P, and R.

Overall NaOH mass balance

input = output
(0.4)(10,000) = 0.95 P + (0.45) (0.05) P
P=41131b

Overall H,O mass balance

input = output
(0.6) (10,000) = W+ [(0.55)(0.05)](4113)
W=5887 Ib

The total amount of NaOH exiting with P is [(0.95) + (0.45)(0.05)](4113)
=4000Ib

NaOH mass balance on the crystallizer

0.5 G = 4000 + 0.45 R Q)

H,O mass balance on the crystallizer

0.5G =113 + 0.55 R )



Solving equations 1 and 2 gives:
R =38,870 1b

b. The basis is now P = 4113 Ib (the same as 1 hour)

W
T .
G 95% NaOH
F Ib/h 50 wi%s y Flakes
»| Ewvaporator jJ————s Crystallizer | Flak
40 wi% NaDH MNaOH and Filtar 5% (a 45 W1%
solution of NaOH})

Filtrate
The unknowns are now F, W, G, and H.
NaOH mass balance on the crystallizer
0.5 G =[(0.95) + (0.05) (0.45)] (4113) + 0.45 H (1)
H,O mass balance on the crystallizer
0.5G = [(0.05) (0.55) (4113)] + 0.55 H (2)

By solving equations 1 and 2 gives:
H=38,8701b

Overall NaOH mass balance

0.40 F = 0.45(38,870) + 4000
F=53730Ib

Note that without recycle, the feed rate must be 5.37 times larger than

with recycle to produce the same amount of product.



Recycle with Chemical Reaction

The most common application of recycle for systems involving chemical
reaction is the recycle of reactants, an application that is used to increase
the overall conversion in areactor. Figure below shows a simple example

for thereaction A - B

100 gmol/s 1000 gmol/s 10% B 100 gmol/s
= Reactor A Seperator ——» B

A A 80 %
200 gmol’s A |

If you calculate the extent of reaction for the overall process based on B

100-0

Eoverall = = 100 moles reacting

If you use material balances to calculate the output P of the reactor(on the
basis of 1 second) you get A =900 g mol and B = 100 g mol

And the extent of reaction based on B for the reactor by itself as the
system is:

_ 1000
Ereactor -

= 100 moles reacting

Two types of conversion when reactions occur:

1. Overall fraction conversion:

reactant input to process —reactant output from process

reactant input to process

2. Single - pass fraction conversion:

reactant input to reactor —reactant output from reactor

reactant input to reactor

For the simple recycle reactor in Figure , the overall conversionis:



100-0
100

* 100 = 100 %

And the single-pass conversion is:

1000-900
1000

The overall conversion and the single-pass conversion can be

* 100 =10 %

expressed in terms of the extent of reaction, &.

—va$
process feed
A

Overall conversion of species A= f, =

—Va
reactor feed
Y\

Single pass conversion of species A= fsp =

Example 14

Cyclohexane (Ce¢Hi1,) can be made by the reaction of benzene (Bz)

(CsHe) with hydrogen according to the following reaction:
C6H6 + 3H2 - C6H12

For the process shown in Figure below, determine the ratio of the recycle
stream to the fresh feed stream if the overall conversion of benzene is
95%, and the single-pass conversion is 20%. Assume that 20% excess
hydrogen is used in the fresh feed, and that the composition of the recycle

stream is 22.74 mol % benzene and 77.26 mol % hydrogen.

Reactor feed
Product P
Fresh Foed nt Mixer ﬂg
rash Feed n
: L £ - Reactor | Separator —FI'IE;Z
20% excess Hg nd
F atz
Ny
R Recycle

22.74% Bz
77.26% Ha



Solution
The process is open and steady state.

Basis = 100 mol of fresh benzene feed

__ in—required
excess H, = “required

In H,(Feed):

_in—3(100)
T 3(100)

InH, = 360 mol
The total process feed = 100 +360 = 460 mol

From Equation of overall conversion for benzene (vg,= - 1):

095 = —1%
100

&= 95 reacting moles.
The unknowns are R, ng,, nj;, and ng, .,

The species overall balances are:

(_)ut

_ in
n; =n; +Vi€overall

Bz overall balance

nh, = 100 + (=1)(95) = 5 mol

H,_overall balance

ny, = 360 + (=3)(95) = 75 mol

CsH1, overall balance




11’5’6,112 =0+ (1)(95) = 95 mol
P=5+75+95=175 mol

The amount of the Bz feed to the reactor is 100 + 0.2274 R, and &= 95.

Thus, for benzene:

0.2 =—%
100+4+0.227R
R = 1649 mol

Finally, the ratio of recycle to fresh feed is:

R 1649 mol
- = = 3.58
F 460 mol




Lecture 14
Bypass and Purge

1. A bypass stream—a stream that skips one or more stages of the

process an goes directly to another downstream stage .

Byposs 8

Process @ Product

A bypass stream can be used to control the composition of afinal exit

stream from a unit by mixing the bypass stream and the unit exit stream
in suitable proportions to obtain the desired final composition.
2. A purge stream—a stream bled off from the process to remove an
accumulation of inert or unwanted material that might otherwise

build up in the recycle stream.

Recycle A

Feed @ By

Purge

Product

Example 15

In the feedstock preparation section of a plant manufacturing natural
gasoline, isopentane is removed from butane-free gasoline. What
fraction of the butane-free gasoline is passed through the isopentane

tower? The process is in the steady state and no reaction occurs.



I_Isapentune side stream @
- -
-

i-CgHyz 100%
s A AY
De- i,.“’ Iso- \ \ Overall
butanizer / pentane - system
| tower \ boundary

1
i

®

._H_EEHR 199% Mix

i
O

L

® 100 ko [Butane free h o= To moturol gas
feed No . ’ oline plan
n-CsHy2 Bﬂ'ﬁ@ Mix f-", 90% .l'l'Cg,Hqg
i~CeHyz 20% ~———" 10% i-CsHyz

Solution
Basis: 100 kg feed
Overall balances
1. Total material balance:
In = out
100=S+P
2. Component balance for n-Cs (tie component)
In=out
100 (0.8) = S(0) + P(0.9)
Consequently,

P =100(3;) =889 kg
S=100-88.9=11.1kg

Balance around isopentane tower:

Let x be the kg of butane-free gas going to the isopentane tower, and y
be the kg of the n-CsH 1, stream leaving the isopentane tower.
3. Total material balance:
In=Out
Xx=111+y



4. Component balance for n-Cs,
x (0.80) =y
Consequently, combining (3) and (4) yields:
x = 55.5 kg, or the desired fraction is 0.55.

Problems
1. Seawater isto be desalinized by reverse osmosis using the scheme
indicated in Figure. Use the data given in the figure to determine:
(a) the rate of waste brine removal (B)
(b) the rate of desalinized water (called potable water) production(P)
(c) the fraction of the brine leaving the reverse osmosis cell (which

acts in essence as a separator) that is recycled.

Brine Recycle

[
Sea water ¢ 4.0% Reverse Brine waste (B
1000 Ib/hr Y 5! osmosis : E)
3.1% salt salt cell 5.25% salt
P
Desalinized Water
500 ppm salt

2. A catalytic dehydrogenation process, produces 1,3 butadiene
(C4He) from pure normal butane (C4H10). The product stream
contains 75 mol/h of H, and 13 mol/h of C4H;o as well as C4He.
The recycle stream is 30% (mol) C4H;0 and 70% (mol) C4He and
the flow is 24 mol/h.

a. What isthe feed rate, F, and the product flow rate of C4Hg
leaving the process?
b. What is the single-pass conversion of butane in the process?



Purse - CyHy == CyHy + 2H. |—--|- Separsior ——a= Ny, = 75 moksahr
CHya Pig Hy, = 13 moles

F = 7 molesir

Racycla X M = 0.30
XguHg =070
3. To save energy, stack gas from a furnace is used to dry rice. What
Is the amount of recycle gas (in Ib mol) per 100 Ib of Pif the
concentration of water in the gas stream entering the dryer is 5.2%7?

Stack gas Recycle R W Wet gas (Ib mol)

S (ib mol) . " 9.31% H,0
4.73% H,0

(PR > Rice leed

F (ib) P (ib)

75% Rice B5% Fica
25% Water 550 Watar




Lecture 15

Gases, Vapors, Liquids

Property is meaning any measurable characteristic of a substance,
such as pressure, volume, or temperature, or a characteristic that
can be calculated or deduced, such as internal energy.

State : A system will possess a unique set of properties, such as
temperature, pressure, density, and so on, at a given time, and thus
Is said to be in a particular state. A change in the state of the
system results in a change in at least one of its properties.

By equilibrium : we mean a state in which there is no tendency
toward spontaneous change. When a system is in equilibrium with
another system, or the surroundings, it will not change its state
unless the other system, or the surroundings, also changes.

A phase is defined as a completely homogeneous and uniform
state of matter. Liquid water would be a phase; ice would be
another phase. Two immiscible liquids in the same container, such
as mercury and water, would represent two different phases
because the liquids have different properties.

3.1 Ideal Gas Law Calculations

The Ideal Gas Law

Under conditions such that the average distance between the moleculesin
a substance is great enough to neglect the effect of the intermolecular
forces and the volume of the molecules themselves, a gas can be termed
an ideal gas.

More properly, an ideal gas is an imaginary gas that obeys exactly the
following relationship:

pV = nRT (D)

Where p = absolute pressure of the gas

V= total volume occupied by the gas

n= number of moles of the gas

R=ideal gas constant in appropriate units



T= absolute temperature of the gas
Sometimes the ideal gas law iswritten as
pV = RT

Where ¥ is the specific volume (volume per mole or mass) of the gas.

Table 1 Common Standard Conditions for the Ideal Gas
System T P V
51 273.15K 101.325 kPa 22.415 m'/kg mol
Universal scientific 0.0°C 760 mm Hg 22415 liters/g mol
) 60.0°F 14.696 psia X
Natural gas industry 379.4 ft/Ib mol
(15.0°C) (101.325 kPa)
American engineering 32°F 1 atm 359.05 ft'/lb mol

Example 1

Calculate the volume, in cubic meters, occupied by 40 kg of CO, at
standard conditions.

Solution

Basis: 40 kg of CO,

1 kmol CO, | 22.42m3C0,

40 kg CO; 44 kg CO, ' 1kmol CO,

=20.4m3C0, at S.C.

Example 2

Find the value for the universal gas constant R for the following
combinations of units: For 1 mol of ideal gas when the pressure isin atm,
the volume in cm®, and the temperature in K.

Solution
at standard conditions we will use the approximate values:
p=1am

V = 22415 cm?/mol



T=27315K

R =2 —

1 atm | 22415 cm3 — 82.06 (em3)(atm)
273.15K 1 mol (K)(mol)

In many processes going from an initial state to a final state, you can use
the ratio of ideal gas law in the respective states and eliminate R as
follows (the subscript 1 designates the initial state, and the subscript 2
designates the final state);

p1V1 _ n1RTy

p2V2  n2RT;
@ =C)E) @
Example 3

Calculate the volume occupied by 88 Ib of CO, at a pressure of 32.2 ft of
water and at 15°C.

Solution
Stale 1 ' Stale 2
g | __| 3ot ft* ot 32.2 11 H,0
Ib S.C. o and 15°C

G @) =G E)

Assume that the pressure is absolute pressure.

At state 1 (S.C) At state 2
Pressure (ft H,O) 33.91 32.2
Temperature (K) 273 15+273 = 288

Basis: 88 Ib of CO,

| 1 1b mol CO, | 359 ft3 |@ | 3391

V, =881bCO
2 2V 4abco, "1bmot ' 2731 322

= 798 ft3C0,

A

V1 >




The Gas Density

The density of a gas is defined as the mass per unit volume and can be
expressed in kilograms per cubic meter, pounds per cubic foot, grams per
liter, or other units

Example 4
What is the density of N, at 27°C and 100 kPain SI units?
Solution

Basis: 1 m° of N, at 27°C and 100 kPa

.1 273K | 100 kPa | 1kmol | 28kg
1m?| | | |

300 K ' 101.3 kPa ' 22.4m3 ' 1 kmol
Density = 1.123 kg/m® of N, at 27 °C and 100 kPa

= 1.123 kg

The Gas Specific Gravity

The specific gravity of a gas is usually defined as the ratio of the density
of the gas at a desired temperature and pressure to that of air (or any
specified reference gas) at a certain temperature and pressure.

Example 5

What is the specific gravity of N, at 80°F and 745 mm Hg compared to
air at 80°F and 745 mm Hg?

Solution
Basis: | ft* of air at 80 °F and 745 mm Hg

SEAF YRR

= 0.0721 — at 80°F and 745 mm Hg
540 ' 760 ' 359 ft

Basis: 1 ft* of N, at 80 °F and 745 mm Hg

1] 22122 1| 2 20,0697 = at 80°F and 745 mm Hg
540 " 760 ' 359 1 ft
_0.0697 Ib N, /ft3
(sp.gr-dn, = 0.0721 0.0967 Ib air /ft3



Ideal Gas Mixtures and Partial Pressure

The partial pressure of gas; i defined by Dalton, p;, namely the pressure
that would be exerted by a single component in a gaseous mixture if it
existed by itself in the same volume as occupied by the mixture and at the
same temperature of the mixtureis:

PiViotat = NiRTtotar (3)

Where p; is the partial pressure of component i . If you divide Eqg. (3) by
Eg. (1), you find that:

PiVtotal _ NiRTtotal
Ptotal Vtotal Ntotal RTtotal
— ng _
Or, Pi = Ptotal Mot = Ptotal Vi (4’)
0

Where y; is the mole fraction of component .

Can you show that Dalton's law of the summation of partial pressuresis
true using Eq.47?

P1tpyt Py =D (5)
Example 6

A flue gas analyzes 14.0% CO,, 6.0% O,, and 80.0% N. It is at 400°F
and 765.0 mm Hg pressure. Calculate the partial pressure of each
component.

Solution

UseEq, (4) pi =Pty
Basis: 1.00 kg (or 1b) mol flue gas

Component kg (or 1b) mol p(mm Hg)
CO, 0.140 107.1
0, 0.060 459
N, 0.800 612.0







Lecture 16
Real Gas Relationships

We have said that at room temperature and pressure many gases can be
assumed to act as ideal gases.

However, for some gases under normal conditions, and for most gases
under conditions of high pressure, values of the gas properties that you
might obtain using the ideal gas law would be at wide variance with the
experimental evidence

Thus it is clear that we need some way of computing the p-V-T
properties of a gas that is not ideal, i.e. thereal gas.

Three methods of getting or predicting real gas properties in lieu of
having experimental data:

1. Compressibility charts

2. Equations of state

3. Estimated properties

Critical State, Reduced Parameters, and Compressibility

The critical state for the gas-liquid transition is the set of physical
conditions at which the density and other properties of the liquid and
vapor become identical.

A supercritical fluid, that is, a compound in a state above the critical
point, combines some of the properties of both gases and liquids.

Another set of terms with which you should immediately become familiar
are the reduced parameters. These are corrected, or normalized,
conditions of temperature, pressure, and volume and are expressed
mathematically as:

T P V
T?” = —, P?” = —, Vr = —
T; P Ve



Compressibility Factor (z)

One common way is to modify the ideal gas law by inserting an
adjustable coefficient z, the compressibility factor, a factor that
compensates for the non ideality of the gas. Thus, the ideal gas law
becomes a real gas law, a generalized equation of state:

pV = znRT (6)

Figure below show the generalized compressibility charts or z— factor
chart prepared by Nelson and Obert.

One of these helpful parametersis the ideal reduced volume defined as:

%4
Vri =V_ci

V. theideal critical volume. Or,

V\ __ RT;
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Generalized Compressibility Chart, Medium Pressure.



Note

The value z = 1 represents ideality, and the value z = 0.27 is the
compressibility factor at the critical point.

Example 7

for the system below, a tank of volume 120 ft* contains 125 Ib of NHs
gas at 292 psig and 125°F. the specific volume calculated was 1.20 ft¥/Ib
and hence there are only 100 Ib of NH3 in the tank. Is this correct?

Solution
Based on ideal gas law for I |b:

_ (psia )(ft3)
R =10.73 b moD (R

p=292+ 14.7 = 306.7 psia
T =125 °F + 460 = 585 °R

11b 1

" 17Wb/lb mol 17 lb mol

1
E _ ﬁ(10.73)(585) _ 3
= T = 120 f6/1b

14

However, he should have used the compressibility factor, because NH3
does not behave as an ideal gas under the observed conditions of
temperature and pressure. Let us again compute the mass of gas in the
tank this time using:

pV = znRT

From Appendix D: T, = 7299 R, p. = 1636 psia

T. = 222 — 0801 L po= 207psta g7
7299 R 1636 psia

From figure 3, you can read z = 0.855. Now ¥/ can be calculated as:

1.20 ft3 ideal | 0.855

V=
)

= 1.03 ft3/lb NH;



11b NHs

03700 120 ft* = 117 1b NH;

2. Equations of State

Equations of state relate the p-V-T properties of a pure substance (or
mixtures) by theoretical or empirical relations.

The simplest example of an equation of state is the ideal gas law itself.
Van der Waals equation

. nRT nla

P=vTm ~ vz
(27) R2T?
a=|—
64/ P,
b= (l)ﬂ
8/ P,

Example 8

A cylinder 0.150 m® in volume containing 22.7 kg of propane CsHsg
stands in the hot sun. A pressure gauge shows that the pressure is 4790
kPa gauge. What is the temperature of the propane in the cylinder? Use
van der Waals equation.

Solution

Basis: 22.7 kg of propane

3\ 2 3
From handbook, a = 9.24 = 10%atm (ﬂ) . b=9072

mol

(v +’f—2“) (V —nb) = nRT

1 atm

p = (4790 + 101)kPa | —-— = 48.3 atm abs.
_ (em3)(atm)
R = 82.06 0~ =5
22.7 kg

N = /ol 0.516 kmol propane



(0.516%103)2(9.24%10°) 6 3 _
[48.3 R o ] (0.150 x 10° — (0.516 * 10%) * (90.7)) =

(0.516 * 103)(82.06) (Tx)

T=384K
Gaseous mixture
Pe = Pe,Ya + Pey¥p +

T, =T, ya+T.,yp +

P

pr =7

c

T

Tr = =

TC
Example 9

A gaseous mixture has the following composition (in mole percent):
Methane, CH,4 20

Ethylene, C,H,

Nitrogen, N> 50

a 90 atm pressure and 100°C. Compare the volume per mole as
computed by the methods of:

(@) the perfect gas law
(b) the pseudoreduced technique (Kay's method)
Solution

Basis: 1 mol of gas mixture

Component T (K) p. (atm)
CH, 191 45.8
C,H,4 283 50.5
N, 126 33.5




_ (em3)(atm)
R = 82.06 oK)

(a) Perfect gas law:
% RT _ 1(82.06)(373)

= p 90
(b)
Pe = Pe,Va + Pe,¥5 + P, Ve = (45.8)(0.2) + (50.5)(0.3) +
(33.5)(0.5) = 41.2 atm

T, =T, ya + Typ + To,yc = (191)(0.2) + (283)(0.3) +
(126)(0.5) = 186 K

= 340 cm?3

/T _ 373
Tr—T—;—E—Z.Ol

r_ P _ 90

Pr _p;_41.2_2'18

From figure 3, z=0.965

0 ZIIET _ 0.965(1)(2(2).06)(373) = 328 cm3

30



Lecture 17
Vapor Pressure and Liquids

e Theword vapor will be reserved to describe a gas below its
critical point in aprocess

e The word gas or non-condensable gas will be used to describe a
gas above the critical point or agas in aprocess in which it cannot
condense.

e If the vapor and liquid of a pure component are in equilibrium,
then the equilibrium pressure is called the vapor pressure .

e Any substance has an infinite number of boiling points, but by

custom we say the “normal” boiling point is the temperature at

which boiling takes place under a pressure of 1 atm (101.3 kPa,

760 mm Hg).

When the solid passes directly into the vapor phase without first

melting to become aliquid it is said to sublime.

Change of Vapor Pressure with Temperature

We will use the Antoine equation— it has sufficient accuracy for our
needs:

r_a__B
Inp” =4 C+T

Where A, B, C are constants different for each substanceand T is a
temperature, K

Example 10

Calculate the vapor pressure of benzene at 50°C using the Antoine
Equation. Also estimate the normal boiling point of benzene (the vapor
pressure at 1 atm).

Solution

r_a1__B
Inp” =4 C+T

From Appendix G, the coefficients are:

A = 15.9008,



B = 2788.51,
C=-52.36
p inmmHgand TinK.

a. Vapor pressure of benzene at 50 °C is:
Inp* = 15.9008 — —— 201

—52.36+(50+273)
p = 270 mmHg abs.

b. At the boiling point, the vapor pressureis 1 atm ( 760 mmHg abs.)

2788.51
T=353.3K
Saturation

The volume of the air plus the water vapor increases until the air is
saturated with water vapor, after which stage the volume remains
constant.

Assuming that the ideal gas law applies to both air and water vapor with
excellent precision, we can say that the following relations hold at
saturation:

Pair V — N,ir RT
bPu,0V  ny,oRT

Pair __ Dair __ Pair

PH,0 nH,0 Ptotal —Pair

Example 11

What is the minimum number of cubic meters of dry air at 20°C and 100
kpa necessary to evaporate 6.0 kg of ethyl alcohol if the total pressure
remains constant at 100 kpa and the temperature remains 20°C? Assume
that the air is blown through the alcohol to evaporate it in such away that
the exit pressure of the air alcohol mixture is at 100 kPa. (Given: p* 4coho
at 20°C = 5.93 kPa, mol. wt. ethyl alcohol = 46.07).

Solution



Assume that the process is isothermal.

o°C o 100 kPo
s Soturoted
100 kPa -‘i o -alcohol
Air Alcohol Mixture
6 hy
Basis: 6 kg of alcohol
Palcohol — Njlcohol
Pair Najr

Pair = Protal — Paico hot = (100 — 5.93)kPa = 94.07 kPs

1 kmol alco hol | 94.07 kmol air

6 kg alcohol
9 46.07 kg alco hol ' 5.93 kmol alco hol

= 2.07 kmol air

8.314 (kPa)(m3)| 293 K

= 50.3m?3
(kmol)(K) ' 100 kPa m

Vair = 2.07 kmol air|

at 20°C and 100 kPa
Vapor-Liquid Equilibria for Multicomponent Systems

In two-phase vapor-liquid mixture at equilibrium, a component in one
phase is in equilibrium with the same component in the other phase. The
equilibrium relationship depends on the temperature, pressure, and
composition of the mixture.

Temperoture

Mole Fraction of
One Component

{a} Consionl Pressure



Henry's law: Used primarily for a component whose mole fraction
approaches zero, such as a dilute gas dissolved in aliquid:

pi = Hix;

Where p; is the pressure in the gas phase of the dilute component at
equilibrium at some temperature, x; is mol fraction of component i in the
liquid phase and H; is the Henry's law constant.

Pi__ H;x;

Ptot Ptot

yi =

Raoult's law. Used primarily for a component whose mole fraction
approaches unity or for solutions of components quite similar in
chemical nature, such as straight chain hydrocarbons.

Pi = PiXi

pi be the partial pressure of component i in the gas phase, y; be the gas-
phase mole fraction, and x; be the liquid-phase mole fraction.

Note that in the limit where x; =1, pi = p;’

Equilibrium constant K;

K. =2 = PP

! Xj Ptot
This Equation gives reasonable estimates of K; valuesat low pressures
for components well below their critical temperatures.

Example 12

A gas containing nitrogen, benzene, and toluene is in equilibrium with 40
mole% benzene and 60 mole% toluene liquid mixtures at 100 °C and 10
atm. Estimate the gas phase composition (mole fractions) using Raoult’s
law.

Solution
s _a1__B
Inp” =4 C+T
. 278851 1 _
py = Exp [15.9008 - — 2| = 1344.9 mmHg



3096.52
—53.67 + 373

pi = Exp 16,0137 - — 553.8 mmHg

Raoult'slaw, p; = p;x; and p; = yip,,,

YgPt = PpXs
0.4+1344.9
Yy = 10)(760) 0.071
_ 0.6+553.8 _ 0.044

YT = @oy7e0)
yn2 = 1- 0.071- 0.044 = 0.885
Example 13

Air and liquid water are contained at equilibrium in a closed chamber at
75° C and 760 mm Hg. Calculate the molar composition of the gas phase.
P*p20o (75° C) = 289 mm Hg.

Solution

Since the gas and liquid are in equilibrium, the air must be saturated with
water vapor (if it was not, more water would evaporate), so that Raoult's
law may be applied:

Piizo _ 289 mmHg

YH20 = T T 760 mmHg 0.38

Yayar = 1 =Yoo =1-0.38=0.62



Problems

1.

An oxygen cylinder contains 1.0 ft* of O, at 70 °F and 200 psig.
Calculate the volume of this O, in a dry-gas holder at 90 °F and
4.0 in. H,O above atmospheric. The barometer reads 29.92 in.
Hg.

A cylinder has a volume of 1.0 ft* and contains dry methane at
80 °F and 200 psig. What weight of methane is in the cylinder?
The barometer pressureis 29.0 in. Hg.

What weight of ethane is contained in a gas cylinder that is 1.0
ft* in volume if the gas is a 100 °F and 2000 psig? Solve this
problem by Van der Waals' equation.

A large chamber contains dry N, at 27 °C and 101.3 kPa. Water
Is injected into the chamber. After saturation of the N, with
water vapor, the temperature in the chamber is 27 °C.

aWhat is the pressure inside the chamber after saturation?
b-How many moles of H,O per moles of N, are present in the
saturated mixture?

Water in an enclosed vessel at 17 °C contains a concentration of
dissolved oxygen of 6 mg/L. At equilibrium, determine the
concentration of oxygen in the air space above the water in
mg/L. Henry's law constant is 4.02 *10° kPa/mol fraction and
the pressure in the vessel is 1 atm.



Lecture 18

1. Energy Balances: Terminology And Thermodynamic Law

e A system is an object or a collection of objects that an analysis is
carried out on. The system has a definite boundary, called the
system boundary.

e Once a system is defined, through the choice of a system
boundary, everything external to it is called the surroundings.

e All energy and material that are transferred out of the system enter
the surroundings, and vice versa.

e An isolated system is a system that does not exchange heat, work,
or material with the surroundings.

e A closed system is a system in which heat and work are exchanged
across its boundary, but material is not.

e An open system can exchange heat, work, and material with the
surroundings.

1.1.1 Forms of Energy: The First Law of Thermodynamics
e Energy is often categorized as kinetic energy, potential energy, and

internal energy.

e Although energy cannot be created or destroyed, it can be
converted from one form to another.

e Energy can also be transferred from one point to another or from
one body to another one.

e Energy transfer can occur by flow of heat, by transport of mass, or
by performance of work .

e The general energy balance for a thermodynamic process :
accumulation = input — output

e Energy can cross the boundaries of a closed system in the form of
heat and work (Figurel.l).

The energy balance for a closed system takes the form:

Q—W =AU + AKE + APE



where heat (Q), work (W), internal energy (U), kinetic energy (KE), and

potential energy (PE) are defined as follows.
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FIGURE1.1 Energy balance for a closed system.

Work is the energy that flows in response to any driving force (e.g.,
applied force, torque) other than temperature, and is positive when the
surroundings perform work on the system. Work is negative when the
system performs work on the surroundings . In chemical processes, work
may, for instance, come from pumps, compressors, moving pistons, and

moving turbines.

Heat is the energy that flows due to a temperature difference between the
system and its surroundings and always flows from regions at high
temperatures to regions at low temperatures. By convention, heat is
defined to be positive if it flows to a system (i.e., gained). For systems
with no significant heat exchange with the surroundings, Q = 0. Such a

system is said to be adiabatic.



An Isothermal system is one where the temperature does not change

with time and in space.
Kinetic Energy
Kinetic energy isthe energy carried by a moving system because of its
velocity.
e Thekinetic energy KE of a moving object of mass m, traveling
with speed v, is given by:
KE = - mv?
Where KE in J.

o |f afluid enters a system with a mass flow rate (kg/s) and uniform

velocity (m/s), then;
KE = = thv?

2
Where KE in Js.

Example 1

Water flows into a process unit through a2 cm ID pipe at arate of 2 m*/h.

calculate the kinetic energy for this stream in joules/second.

Solution



_ 2m3 | 100%2cm?

1 1h
V=" 12m?2 | m(1)2cm2 | 3600 s 1.77 m/s
. 2m3 | 1000kg | 1h
" h | m3 3600 s 0.556 kg/s
. 2.2
KE = 0.556 kg /s (1.772 m | 1 Nm — 087 N.™ = 087 /s
2 s 1kg-57 s

Potential Energy

Potential energy is the energy due to the position of the system in a
potential field (e.g., earth’s gravitational field, g=9.81 m/s%).

e [or mass (m) at an elevation (h) in a gravitational field, relative to

its gravitational potential energy at areference elevation:
PE = mgh
Where PE in J.

e |f afluid enters a system with a mass flow rate and an elevation
relative to the potential energy reference plane, then:
PE = rhgh
Where PE in J/s.
e Since we are normally interested in the change in potential energy
when a body or fluid moves from one elevation to another:
PE, — PE; = mg(h, — h;)
Example 2
Water is pumped from one reservoir to another 300 ft away. The water
level in the second reservoir is 40 ft above the water level of the first

reservoir. What is the increase in specific potential energy of the water in
Btu/lby,?



Solution

1(Ibg)(s?) 1 Btu

—_—

APE = %“ | (40 — 0)ft|

322 (by)(f) | 778.2 (f)(bp) 0.0514 Btu/lby,

Internal Energy

Internal energy (U) is a macroscopic concept that take into account all of

the molecular, atomic, and subatomic energies.

40 =Ty = Uy = [;7d0 = [,* C,dT
Example 3

What is the change in internal energy when 10 kmol of air is cooled from
60 °C to 30 °C in a constant volume process? Given that C, is 2.1 *10*
J/(kmol )°C.

Solution

J

302C
AU = 10 kmolf m

4
e (21510

)dT = 2.1+ 105(30 — 60) =
—6.3 * 109]
Enthalpy

From energy balance, we will find:

H=U+pV



The combined variables are called enthalpy. Where P is the pressure

and V isthe volume.

AR =, — 1y = [*dfl = [* C,dT

As with internal energy, enthalpy has no absolute value, only changes

in enthal py can be calculated.
Example 4

Calculate the enthalpy change when 10 kmol of air is cooled from 60
°C to 30 °C in a constant pressure process? Given that C, is 2.9 *10*
J(kmol )°C.

Solution

AH = 10 kmol [~

60) = —8.7 * 10°]

4 J — 5020 —
(2.9 %10* o) dT = 2.9+ 10°(30



Lecture 19
Energy balance for processes without chemical reaction

The principle of the conservation of energy ( or energy balance) states
that the total energy of the system plus the surroundings can neither be
created nor destroyed.

1. Energy balance for closed, unsteady state system
A batch process system is, by definition, closed, and semibatch and
continuous systems are open. An integral energy balance may be
derived for a closed system between two instants of time.
accumulation = input — output
final system energy — initial system energy =
net energy transfered to the system
initial system energy = U; + KE; + PE;
final system energy = U; + KE; + PE;
energy transfered = Q + W

(Us — U;) + (KEf — KE;) + (PEf — PE;)) = Q+W

A(U+KE+PE)= Q+W

remember that Q and W are both positive when transferred into the
system.

In general for closed system, AKE and APE are zero, so the
energy balance becomes:

AU= Q+W

Example 5

A cylinder fitted with a movable piston is filled with gas. An
amount of 2.00 kcal of heat is transferred to the gas to raise the gas
temperature 100°C higher. The gas does 68 J of work in moving
the piston to its new equilibrium position. Calculate the change in
internal energy of the system.



W=68]

: - =
0 =2.00 kcal -

Solution

Because No change in kinetic and potential energy; accordingly,
both are set to zero. The equation is reduced to

AU=Q -W

AU = (2 keal) [

1000 cal | 1]

kcal 0.239 cal] N 68] - 8300]

2. Energy balance for closed, steady state system
AKE=0,AU=0
APE=0,AE=0

Then:
Q+wW=0
W= -0

Meaning that all of the work done on a closed, steady-state system must
be transferred out as heat (-Q). However, the reverse is false.

3. Energy balance for open, unsteady state systems
AE = (Gl +KE1 +15E1)m1 _(GZ +KE2 +15E2)m2 +Q+W+

p1v1m1 - pzvzmz

Or,
AE = (H; + KE; + PEy)m; — (H; + KE; + PE;)m; + Q+ W

Example 6:

The specific internal energy of helium at 300 K and 1 atm is 3800
Jmol, and the specific molar volume at the same temperature and
pressure is 24.63 L/mol. Calculate the specific enthalpy of helium
at this temperature and pressure.



Solution
H=0+PV =3800—+ (1atm) (24 63L)
mol ) mol

Since 0.082 L.atm/mol K = 8.314 Jmol K
]

8.314
Lk — 10132
0.082 ~=— L.atm
- J L.atm 101.3]
H =3800——+ (24.63 ) | = 6295 J/mol
mol mol 1 L.atm

. Energy balance for open, steady state systems
Q + W = A(H + KE + PE)

And because AKE and APE are always equal zero,
Q+ W =AH

Example 6

Five hundred kilograms per hour of steam drives aturbine. The
steam enters the turbine at 44 atm and 450 C at alinear velocity of
60 m/s and leaves at a point 5 m below the turbine inlet at atmo-
spheric pressure and a velocity of 360 m/s. The turbine delivers
shaft work at arate of 70 kW, and the heat loss from the turbine is
estimated to be 10 kcal/h. Calculate the specific enthalpy change
associated with the process.

Solution
500 kgh ‘
44 alm, 450°C " 5 m 500 kgth
BO i 1 1 atm
i i 3e0 mis
1 ]
1 1
¥ ¥
0 =-10% kealth W, = 70 kW

AH = Q — Wg — AKE — APE

. 1 - 1 1IN
AKE = Zm(v,? = vi?) = 0139 kg/s | 1 | (3607 —
2
609) 2 | 25 | 1% — 875 kw
S N 103W

IN—
s



: . 0.139k 981N 1 kW
APE = 1ig(hy — hy) ===~ | == [ (=5)m| 50 =

103N.2 -
—6.81 * 107 3kW
. —10% keal 1] 1h 1kw
Q= h 0.239+103keal | 36005 | 103 11.6 kKW
AH = —11.6 = 70 — 875 — (=681 x 107%) = —90.3 kW

Aﬁ:ﬂ_M_ —650 K] /kg

m  0.139kg/s

Example 7

Water is pumped from awell in which the water level is a constant
20 feet below the ground level. The water is discharged into alevel
pipethat is 5 feet above the ground at arate of 0.5 ft*/s. Calculate
the electric power required by the pump if it is 100% efficient.

Solution

Q = 0 ( given assumption)

AKE = 0 (negligible change in KE)

AH =0 because the temperature of water is the same in well and in
discharge water.

The energy balance is reduced to :

W = APE = rhg(hout - hin)

Basis: 1 second

iy = 0.5ft3 | 62.41b,,

. 75 = 31.31b,, /s
W = APE =
by | 322ft (. s?lb¢ 1.055kW's
313 =7 | 52 (5~ (~20)ft) | 322ftlb,, | 77821bsft 1.06 kW



Problems

1.

Write and simplify the closed-system energy balance for each of
the following processes:
a. A tray filled with water at 20 °C is put into a freezer. The water
turnsintoiceat -5 °C.
b. A chemical reaction takes place in a closed adiabatic rigid
container.
Oxygen at 150 K and 41.64 atm has a tabulated specific volume of
4.684 cm’/g and a specific internal energy of 1706 Jmol. Calculate
the specific enthalpy of O, in this state.
Prove that for an ideal gas, Uand H are related as H = U + RT
where R is the gas constant. Then calculate AH(cal) for a process
in which the temperature of 2.5 mol of an ideal gasis raised by 50
°C, resulting in a specific internal energy of 3500 cal/mol.
Air is heated from 25°C to 150°C prior to entering a combustion
furnace. The change in specific enthalpy associated with this
transition is 3640 Jmol. The flow rate of air at the heater outlet is
1.25 m*min and the air pressure at this point is 122 kPa absolute.
Calculate the heat requirement in kW.(make your assumptions)
Steam at 260°C and 7 bar absolute is expanded through a nozzle to
200°C and 4 bar. Negligible heat is transferred from the nozzle to
its surroundings. The approach velocity of the steam is negligible.
The specific enthalpy of steam is 2974 kJkg at 260°C and 7 bar
and 2860 kJkg at 200°C and 4 bar. Calculate the exit steam
velocity.
Air is being compressed from 100 kPa and 255 K (where it has an
enthalpy of 489 kJkg) to 1000 kPa and 278 K (where it has an
enthalpy of 509 kJ/kg). the exit velocity of the air from compressor
Is 60 m/s. What is the power required (in kW) for the compressor if
the load is 100 kg/h of air?



Lecture 20
Energy balance for processes with chemical reaction

For continuous, steady state processes, the general energy balance
reduces to two choices:

e With the effects of chemical reactions merged with the sensible
heats:
Q = 4H = [H(T) — H(25°C)]gutpues — [H(T) = H(25°C) ] inpurs
= AHoutput - AHinput """""""""""""""" (1)

e With the effects of chemical reaction lumped in the heat of reaction
Q — [H(T) _ H(ZSOC)]sensible +phase change _

outputs
[H (T) — H(ZSOC')]senSLble +phase change nputs
Here are some application of the above equation:
+ What is the temperature of one stream given data for other
streams?
+ How much heat has to be added to or removed from the
process?
+ What is the temperature of the reaction?
+ How much material must be added or removed from the
process to give a specified value of heat transfer.
We focus how to determine the heat added or removed due
to chemical reaction.

For the following reaction :
aA + bB - ¢C + dD

The heat of reaction, AHg(T,P), is the enthalpy change for a process in
which stoichiometric quantities of reactants at temperature T and
pressure P react completely to form products at the same temperature and
pressure.

The standard heat of reaction (AHg,’) is calculated as the difference
between the product and reactant enthalpies when both reactants and
products are at standard conditions, that is, at 25°C and 1 atm. The
symbol “0” denotes standard conditions. Therefore,



o kJ
AHRx [ﬁ] = Hproducts - Hreactants
= cAH; + dAH; |, — adH; , — bAH g

= viAH;,L‘

where AH;° is the standard heat of formation.
Also,
AHg, = — X v;(4H,);

Where (AH.°); is the standard heat of combustion of species i. If any
reactants or products are combustion products (i.e., CO,, H,0O, SO,),
their heats of combustion are equal to zero.

The standard enthalpy of combustion is the enthalpy change when 1 mol
of a reactant completely burns in excess oxygen under standard
thermodynamic conditions.

Example 8
Consider the following reaction:
A+ 2B - 3C, HR,(100°C,1 atm) = —50 kJ/mol

The enthalpy change for the given reactionis;

—50 kJ _ —50 kJ _ —50 kJ

1mol Aconsumed  2mol B consumed  3mol C generated

If 150 mol/s of C was generated at 100 °C and 1 atm, then:

. —50 k 150 mol C generated
an = ( ) (S

3mol C generated

) = 2500 kJ/s

S

Or:
AH = £AHg, (T, P)

If AHg«(T) is negative, the reaction is exothermic; that is, energy must be
removed from the reactor to prevent the temperature from increasing. |If



AHgx (T) is positive, the reaction is endothermic; that is, energy must be
added to the reactor to prevent the temperature from decreasing.

Example 9

Consider the combustion of liquid ethanol as shown in the following
reaction scheme:

C2HsOH(I)+ 302(g) —2C02(g)+ 3H:0 (1)

Use heat of formation and heat of combustion to determine the standard
heat of reaction.

Solution

Vaues for standard heat of combustion and standard heat of formation
are available in the Tables.

AHg, = SAH;,HZO(I) + ZAH;,COZ —-0- AH;,CZHSOH(I)

AH;x = 3(—285.84) + 2(—393.51) — 0 — (—277.63) = —1366.9 k] /
mol

The standard heat of reaction is also calculated from the standard heat of
combustion as:

AHg, = AH, copsonqy + 34He 02 — 34H, yaory — 2AHg,coz(g)

The standard heat of combustion of oxygen, water, and carbon dioxide
are zero:

AHp, = —1366.91+0—0— 0 = —1366.9 kJ /mol
Results reveal that both values of standard heat of reactions are identical.

% For a single reaction at a reference state of 25°C and 1 atm while
reactant and product are at different inlet and exit temperatures:

AH = EAHp, + Youe nihy — Yin by

where h;(Jmol) is the specific molar enthalpy of a definite component.



Example 10
Consider the following gas phase reaction :

CO,(g) + 4H,(g) — 2H,0(g) + CH,(g)

Which proceed with 100% conversion of CO,. Assume stoichiometric
amounts of the reactants enter the reactor. Determine the heat of reaction
iIf the gases enter and leave at 1 atm and 500 °C. given that:

Compound ao K g 500°C kI
p AHf (mol AHZSOC mol
CO, () '393.25 21.425
Hz (g) 0 13.834
H,0 (q) -241.835 17.010
CH, (g) 74848 23.126
500°C, 1 aim COq(g) . H;O(g) S00°C, 1 atm
Hig | o [crdg
Solution

Basis: 1 gmol CO, (g) at 1 atm and 500 °C
AH = EAHpy + Youe nihy — X nihy
A |=L| = Hyroguces = Hyeactane = S viAH;,
AHp, = [(1)(—74.848) + 2(—241.835)] — [(1)(—393.25) + 4(0)]
= —165.27 K]
YU H(500°C) — H(25°C)] = [(1)(21.425) + 4(13.834)]
= 76.761KJ
YUY TH(500°C) — H(25°C)] = [(2)(17.010) + 1(23.126)]
= 57.146 k]

AH(500°C) = (—165.27) + 57.146 — 76.761 = —184.9 k]




Example 11

Consider the same reaction of example 3, but CO, entering from another
process at 800 K, and reacting with 4 gmol H, entering at 298 K, that
only 70% conversion of CO, occurred. The products exited from the
reactor at 1000 K. Calculate the heat transfer to or from the reactor.
Given that;

Compound Temperatute K AHﬁsoc(,,':—f,)

CO, (g) 800 1000 22798 | 33.3%
H, (q) 208 1000 0 20.62
H,0 (g) 1000 25.986

CH, (g) 1000 38.325

Solution

The system is steady state and open with reaction. Assume 1 atm.
Basis: 1 gmol of CO, (g)

The reference temperature is 25 °C.

C0,(9) + 4H,(g) —» 2H,0(g) + CH4(g)

AH = EAHp, + Youe nihy — Y iy

The first step is to calculate the heat of reaction at the reference
temperature.

AHp, = [(1)(—74.848) + 2(—241.835)] — [(1)(—393.25) + 4(0)]
= —165.27K]
For 70% conversion of the CO,:
AHp, = (0.7)(=165.27) = —115.69 kJ

The next step is to calculate the enthalpy changes from 298 K to the
respective temperatures of the compounds entering and leaving the
reactor.




ny, =4+ (0.7)(—4) = 1.2 mol
ng,o = 0+ (0.7)(2) = 1.4mol
ney, = 0+ (0.7)(1) = 0.7 mol
zinp‘“ [H(T) — H(25°C)] = [(1)(22.798) + 4(0)] = 22.798 K]

YUY H(T) — H(25°C)] = [(1.4)(25.986) + (0.7)(38.325) +
(0.3)(33.396) + (1.2)(20.62)] = 97.971 K

The energy balance reduces to Q = AH
Q =AH = (-115.69) + (97.971) — (22.798) = - 40.517 kJ



Lecture 21
Ideal Processes, Efficiency, And The Mechanical Energy Balance

The ideal processes is a hypothetical process that rarely occurs in
practice. Why bother with it then? The reason is that the calculations for
energy changes can be made for an ideal process, and then an empirical
efficiency used to convert the ideal work or energy change into the actual
work or energy change.

1. Ideal reversible processes
Reversible process is an idealized process (hypothetical) in which
changes occur because of an infinitesmal (differential)
imbalance( (Lsls) srall calita JA)) of temperature, pressure, and
SO on.

2. lrreversible process
A process that is not reversible because it occurs with finite
differences(s2 5250 O3A)) of temperature, pressure, etc.- most real
processes.

Example 1

How much work is done by 1 liter of saturated liquid water when it
evaporates from an open vessel into the atmosphere where the pressure is
100 kPa?

Solution

Basis : 1 liter of water (liquid)
Open system and reversible process.

The unknown quantity is the work done by the liquid water pushing
against the atmosphere. The general energy balance:



AE = Q+ W — A[(H + KE + PE)m]

Will not be useful because Q is unknown. We can imagine that an
expandable bag is placed over the open face of the vessel so that the
system comprised of the water becomes a closed system.

Because reversible process, the work for a closed systemiis:
wW=— f\)’f pdV = —pAV

The specific volume of the liquid water from the Sl steam tables is
0.001043 m*kg. The final volume of the water vapor is:

1 L liquid | Lm? | 1kg |1.694m3vap0r

— = 1.624 m? vapor
1000 L ' 0.001043 m3liquid kg

2
W =—100 « 10°Pa| =L | —L- | 1.624 m? = —1.624 * 10%]

Efficiency

Efficiency, in general, is the ratio of the work done by machine to the
amount of fuel consumed and to the energy expended.

General efficiency:

useful energy out

N =

energy in

Mechanical efficiency:

actual work output from the process

Ny =

work output for a reversible process

Heat engine efficiency:

actual work output from the process

Ne = heat input from a source

Example 2

A small hydroelectric plant puts out 20 MW when the level of water
above the generators is 25 m and the water flow rate through the
generators is 100 m*/s. What is the overall efficiency of the plant?



Solution

the mass flow rate of the water is:

3
100 m | 10003kg _ 105 kg/S

The potential energy change of the water per second is:

2
Ns” 15W _ 2454 107W
lkgm ' 1]

APE = mgh = 1055""9 19.807 2 | 25 m |

S

useful energy out

M= energy in

20%10° W
=—=10(0.82
M1 = 2507w

The mechanical energy balance

In some processes, such as the compression of gases and pumping of
liquids, work and the mechanical forms of energy(kinetic and potential
energies) are the important factors. For these processes, an energy
balance, including solely the mechanical forms of energy, becomes a
useful tool.

The steady state mechanical energy balance is:
A(KE + PE) + [[* Vdp - W + E, =0 (1)

Where E, is the loss of mechanical energy into nonmechanical forms of
energy.

For areversible process in which E, = 0, W = 0, and incompressible fluid,
equation 1 becomes.

2
24 fgah=0 )
p 2
Equation 2 is called Bernoulli equation.

If each terms is divided by g, the unts of the equation are those of Ah,
and are known as heads of fluid.



Example 3

Calculate the work per minute required to pump 1 |b of water per minute
from 100 psia and 80 °F to 1000 psia and 100 °F. the exit stream is 10 ft
above entrance stream.

we=1 Q=7 -~ ! 1000 psia

Solution

The system is a steady state process and the general mechanical energy
balanceis:

A(KE + PE) + [[*Vdp -~ W + E, =0
We assume:

1. AKE=0
2. The processisreversible, soE, =0
3. Pump efficiency is 100%

So the general mechanical energy balance reduces to :
W = [**Vdp + APE

Basis: 1 minute of operation
From steam table, the specific volume of liquid water can be taken
to be 0.0161 ft¥/Ib.

ft | Ib.s? | 1 Btu

APE =10 ft| 3225 32.21bpy,.ft ' 778 ft.lbg

= 0.0129 Btu/lb,,

g2

fi0 0.0161 dp =
fe3 | (1000-100)lby | (12in.\%> | 1Btu _ Btu
0'0161E in2 ( 1ft ) | 778 ft.dby 2.68 b,,

~ Btu

W = 2.68 +0.0129 = 2'69F

m



Problems

1.

3.

4.

5.

6.

Calculate the heat of reaction at SC for 1 g mol of Hy(g) using the
heat combustion data, and then calculate AH,, for H»(g) at 0°C.

H,(g)+=0,(8) = H,0()

AH® (kJgmol) -285.84 O 0
Cp, (Jg°C) 1436 0908 4.184
Formal _dehyde can be mao_le by the oxidation of methanol:

CH30H(g) + 305(g) — H,CO(g) + H,0(g)

AH(k) / gmol)  -201.25 0 -115.89 -241.826

If stochiometric amounts of methanol and oxygen enter the reactor
at 100 °C, the reaction is complete, and the products leave the
reactor at 200 °C, calculate the heat that is added or removed from
the reactor per mole of methanol fed to the reactor.

Calculate the work done when 1 Ib mol of water in an open vessel
evaporates completely at 212 °F. Express your result in Btu.

A motor is rated as 30 hp. However, the output horsepower of the
motor is only 24.6 hp. What is the efficiency of the motor?

A power plant is as shown in figure. If the pump moves 100
gal/min into the boiler with an overall efficiency of 40%. Find the
horsepower required for the pump. List all additional assumption
required.

500 psia 500 psia

[ Turbie —
100F Lo [ 000F 'L_T."'_@_‘

Feed water pump

100°F_[
N i L

Water at 20 °C is being pumped from a constant-head tank open to
the atmosphere to an elevated tank kept at a constant pressure of
1150 kPa as shown in figure. If water is following in the 5 cm line
at rate of 0.4 m*min, find:

(@) The rating of the pump in joules per kilogram being pumped




(b) The rating of the pump in joules per minute
The pump and motor have an overall efficiency of 70% and the
energy loss in the line can be determined to be 60 Jkg flowing.
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