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1.4.1 Energy Balance for Open Systems with Multiple Inputs and Multiple

Outputs
The general energy balance for an open system is

Q-W., = AH + AKE + APE

Setting enthalpy transport rate (H) in terms of specific enthalpy h

AH = z ”.Ioutlluut = E ’ilinllin
(1.26)

Example 1.19 Enthalpy Change of Mixtures and Phase Change

Thousand kilomoles per hour of a liquid mixture of 70 mol% acetone and 30 mol%
benzene is heated from 10°C to 50°C in a shell-and-tube heat exchanger using steam as the
heating medium. The steam enters the heat exchanger in the shell as a saturated vapor at
16 bar of 90% quality, and exits as saturated liquid water at 16 bar. Calculate the mass
flow rate of the inlet steam required for this purpose.

Solution

Known quantities: Inlet mixture flow rate and composition, inlet and exit temperature,
steam inlet and outlet conditions.

Find: The mass flow rate of inlet steam.

Assumptions: The boiler is adiabatic, no shaft work, no change in inetic and potential
energy, inlet and exit pipe is at the same diameter and level.

Analysis: Use energy balance for an open system around the heat

AH + AKE + APE = Q - W,

exchanger. Energy balance for an open system is given by

After including the assumptions, the equation is reduced to A+ = ©

Since the system is of multiple inputs and multiple outputs, the change in enthalpy around

AFT == Four — Hin
the heat exchanger is 2 2

Setting the enthalpy transport rate (H) in terms of specific enthalpy h,

2
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AT = 0 = % ritoadtons — > ritwlten [nmore detail,

AH =0 = {1ty ouths cut + 1a,0utlaout + Mboutlbout}

_{’hs,inhs,in + ’;ia,i11lla,in + ’hb,inhb,in}
where
Mg Moy are the inlet and exit mass flow rates of steam which are
equal
Main, Maow are the inlet and exit mass flow rates of acetone
My, Mpout are the inlet and exit mass flow rates of benzene

Rearranging the earlier equation,
AH =0 = i1, (Igom = Noin ) + 114 (Maout = Main )+ 111 (M 0ut = I )

where
iy = My = 11, o 15 the mass flow rate of acetone
My = My in = Mo 18 the mass flow rate of benzene

Rearranging,

AH = 0 = it Al + v, Al + iy Al

where
Al is the change in the specific enthalpy of steam
Ah,
Ahy, is the change in the specific enthalpy of benzene

is the change in the specific enthalpy of acetone

Since the mixture contains 70% acetone and 30% benzene, the mixture
mass tlow rate and change of mixture enthalpy can be written as

Mmix = 0.7 111, + 0.3171,
The change in mixture specific enthalpy is given by

Ahgix = 0.7Ah, + 0.3ANIy,
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The change in the specific enthalpy of steam. Ahs. 1s Ahg = hg, - hg s
given by

The inlet steam specific enthalpy (/s.1) of saturated vapor at 16 bar and

90% quality is

o oo = 1+ X = 858.6+0.9x1933.2 = 2598 5 k] / kg

The exit steam specific enthalpy at 16 bar. saturated water is

hgl 2

16 bar, sat'd water =858.6 kJ /kg

Substituting the values of the specific enthalpies of steam.
Ahy = by, —hy 1 =858.6-25985 = 1740 k] / kg

The change in specific enthalpy of acetone and benzene mixture. Ahmix,
is given by

50°C
Al = 0.7Ah, + 0.3Ah, = Cp mix AT
10°C
The specific heat capacity of the mixture is given by

(-l",mix - E _‘/iCI"i iy 0-7(—l-',acelnne + 0-3(-4",[791170“&

The heat capacity at constant pressure as a function of temperature:

J
mol °C

Acetone (liquid): Cp, ( ) =123+ 0.1867T

Benzene (liquid): Cpp ;, -126.5+ 0.234T
mol “C

Substitute the heat capacities of acetone and benzene:
Crman =40.7(123) + 0.3(126.5)} +{0.7(0.186) + 0.3(0.234)} T
Rearranging,

Cp,mix = 124 + 0.20T

Substituting the mixture heat capacity,

50°¢C 502
Al i = J‘ CoiidT = f (124 + 0.20T)dT
10°C 10°C
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Integrating,
S0 °C
AR iy = f (124 + 0.20T)dT =(124T +0.207T2 )
10
10°C

The change in enthalpy of the acetone—benzene mixture. A/mix. is given
by

0.20

Al =124(50 —10) + ==

(50% —102) = 5200 J / mol

Substituting the values of change in steam enthalpy and mixture enthalpy.

0 = 111 A 4 11 A

= H-L( -1740

k] ) + 1000

kmol / T000 mol \( ]
kg (

) 5200
h kmol mol

kJ
1000 | )

Solving for i, 1, { 1740 ?-) —(5.2() x10° kJ/h )
=4

The rounded value of the steam mass flow rate 1s ms =2990 kg/h. The
amount of steam required for heating the acetone—benzene mixture 1s

2990 kg/h.

1.4.2 Enthalpy Change because of Mixing

The thermodynamic property of an ideal mixture is the sum of the contributions from the
individual compounds. The following example illustrates the thermodynamic property of
an ideal mixing.

Example 1.20 Mixing

Hundred kilograms per hour of a saturated steam at 1 bar is mixed with superheated steam
available at 400°C and 1 bar to produce superheated steam at 300°C and 1 bar. Calculate
the amount of superheated steam produced at 300°C, and the required mass flow rate of
the 400°C steam.
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Solution
Known quantities: Stream 1: mass flow rate, saturated steam, 1 bar. Stream 2: 400°C and

1 atm. Stream 3: superheated steam produced at 300°C, 1 bar.

Find: Volumetric flow rate of stream 2.
Assumptions: No change in kinetic and potential energy, no shaft work.

Superheated steam,
(1 bar, 300°C)

Saturated steam, St 3
100 kg/h, 1 bar m 1 Y : m S UPe! 1eate_, ‘steam,
(1 bar, 400°C)

o

EXAMPLE FIGURE 1.20.1 Mixing of saturated and superheated steam.

Analysis: Use open system energy balance with multiple inputs, single output. The
process flow sheet is shown in Example Figure 1.20.1. The general energy balance for an
open system after applying the assumptions is reduced to
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For two inputs, single output,
AH=H;-H,-H, =0
Putting the equation in terms of mass flow rate and specific enthalpy,
AH = titshs — tighy = titshy =0

Overall mass balance for the mixing system is
- : Kg- . . )
My + My =ms =100 —h§+ tHy = 13

The specific enthalpy of stream 1 is

- 26754 k]/kg

h |1 bar, sat'd steam
The specific enthalpy of stream 2 is

Iy |1 bar, 400°C

=3278k]/kg

The specific enthalpy of stream 3 is

= 3074 kJ /kg

h3 |'l bar, 300°C

The general energy balance for the mixing process is

miHy + niH» = msH,
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Substituting the values,

100 1;1—8( 2675.4 %) + rilz(3278 :—;) = 1i13(3074 K] /kg)

From the material balance equation,
> = ms —100
Substitute the value of 11, in the earlier equation:
100 kg /h(2675.4 K] /kg ) + (1115 — 100)(3278 k] /kg ) = 15 (3074 k] / kg )
Solving for 113,
100 kg /h(2675.4- 3278 ) k] /kg = rits (3074 K]/ kg ) - m: (3278 k] /kg )

Rearranging,

100 (2675.4 -3278) <.

(3074 - 3278) Ekl—

8

= 13

The rounded values of the mass flow rates of streams 3 and 2 are

my =295kg /h and m, =195kg/h




