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8.5 Enthalpy calculations with phase changes

The state of a system can be changed, for example, by increasing its temperature or changing its
composition. Properties of the system whose change depends only on the initial and final states of
the system but not on the manner used to realize the change from the initial to the final state are
referred to as state properties [4].

Phase changes, such as evaporation and melting, are accompanied by relatively large changes in
internal energy and enthalpy, as bonds between molecules are broken and reformed. Heat
transferred to or from a system, causing change of phase at constant temperature and pressure,
is known as latent heat. The types of latent heats are latent heat of vaporization, which is the heat
required to vaporize a liquid; latent heat of fusion, which is the heat required to melt a solid; and
latent heat of sublimation, which is the heat required to directly vaporize a solid. Heat is released
during condensation, and heat is required to vaporize a liquid or melt a solid. Table A.1 reports
these two latent heats for substances at their normal melting and boiling points (i.e., at a pressure
of 1 atm). Sensible heat refers to heat that must be transferred to raise or lower the temperature of
a substance without change in phase as defined earlier. The quantity of sensible heat required to
produce a temperature change in a system can be determined from the appropriate form of the first
law of thermodynamics. The heat capacity at constant pressure, Cp, for most incompressible
liquids and solids is equal; Cp~ C, and for ideal gases, Cp= C,+ R.

Example 8.18 Enthalpy of phase change
Problem

Steam at a rate of 100 kg/h is used to heat a stream of gas flowing on the tube side of a heat
exchanger. The steam enters the shell side of the heat exchanger as saturated vapor at 10 bar of
90% quality, and exits as saturated liquid water at 10 bar. Calculate the rate of heat transfer to the
gas side.

Solution

Known quantities: Inlet (10 bar, 90% quality) and exit (10 bar, saturated water) steam conditions.
Find: The change in enthalpy transport rate.

Assumption: No change in potential and kinetic energy, no shaft work.

Analysis: Use the general energy balance equation for an open system around the heat exchanger.
The simplified energy balance is obtained as follows.

Energy balance for an open system is
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AH + AKE + APE =Q - W,

After including the assumptions, the equation is reduced to
AH =Q
Setting enthalpy transport rate () in terms of specific enthalpy h,
AH = tity(l2 =) = Q
The change in specific enthalpy of steam is
Ay =tz =h,
The inlet steam specific enthalpy (hs,1) of saturated vapor at 10 bar and 90% quality is
Mot v e ™ 10+ Xty = 762.6 4 0.9%213.6 = 2574.84 k] / kg

The exit steam specific enthalpy at 10 bar, saturated water is

h - 762.6 k] / kg

2110 bar, sar'd water
Substituting the values of specific enthalpies of steam,

A, =l a=h =762.6-2574.84 = -1812.24 k] [ kg
The rate of heat transfer from condensed steam to gas stream is

kIl h

--50.34 K] /s
kg 3600 s

i
Q = m, Ak, =100 }g| -1812.24
1

The sign of Q value is negative; that is, heat is transferred from the condensed steam to gas stream.

8.5.1 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 (8.25)
The change in the rate of enthalpy for multiple streams is

AH = 2 3 2 ., (8.26)

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

AH = 2 il Mout = 2 Wit (8.27)
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Example 8.19 Enthalpy change of mixtures and phase change
Problem

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 kinetic 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 exchanger. Energy balance for
an open system is given by

AH + AKE + APE = Q - W,
After including the assumptions, the equation is reduced to

AH =0
Since the system is of multiple inputs and multiple outputs, the change in enthalpy around the heat

exchanger is
AH=D= EH"“' —2 H,,

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

AH=0= z Myt Moy = Em,ﬂn,n

In more detail,

AH =( = {'hs,uu!h«.ﬂu: + ’i“.l.m:lhnmu + ’}’bv‘:u:hb,nu:}

= {1t inten + Myl + it |

where

M, i M, 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

M, Mo are the inlet and exit mass flow rates of benzene

sSan/

Rearranging the earlier equation,
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AH =)= fil.; “ h-.,m;l = hs,ln ) + ".I_- (hm.}u: - h.l,ul } + 'hb (hb,mu e hb.;n )

where
M, = M,y = M, o 1S the mass flow rate of acetone
My, = My, = M, . 15 the mass flow rate of benzene

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

Mpin = 0.7, +0.3m1,,
The change in mixture specific enthalpy is given by

A =0.7A0, + 0.3AN0,
The change in the specific enthalpy of steam, 4#s, is given by

Al =h, 2 —hy
The inlet steam specific enthalpy (hs,1) of saturated vapor at 16 bar and 90% quality is

h 1 — hi + xhg, =858.6 +0.9x1933.2 =2598.5 k] / kg
The exit steam specific enthalpy at 16 bar, saturated water is

he 5| =858.6k]/kg

116 bar, sat'd water

Substituting the values of the specific enthalpies of steam,

Ah, =h, > —h, =858.6-2598.5=-1740 k] / kg
The change in specific enthalpy of acetone and benzene mixture, Ahmix, IS given by

S0 C

Ay =0.7Ah, +0.3Al, = J‘ Co,mix AT
1WrC
The specific heat capacity of the mixture is given by

CI',.mi\ 57 2 }/:Cl’l = ()‘7(:[’..«1-!(-:“- + ()-3Cl‘,hmuunv

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

Acetone (liquid): Cp,
cetone (hiquid): C; (mol oC

) =123 +0.186T

Benzene (liquid): Cp, - =1265+0.234T
mol °C
Substitute the heat capacities of acetone and benzene:
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Cr.mn ={0.7(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,

s0°C S0°C
Al = f C,,.dT = f (124 +0.20T)dT
10°C 10°C

Integrating,

50°C

Ay = J‘ (124 +0.20T)dT =(124T +0.20T?)
10°C

a0

10

The change in enthalpy of the acetone-benzene mixture, Aimix, is given by

0205 .
Al = 124(50 - 10) + == (50° ~10° ) = 5200 ]/ mol

Substituting the values of change in steam enthalpy and mixture enthalpy,
0 = m, Ay + M A

= 7}1~(—1740 ﬂ] + 1000

kg

kmol / 1000 mol 5200]_ k]
h kmol mol 1000 ]

K]

Solving for m,, m, ( 1740 = ] = (5.20 x10° k]/h).
&

The rounded value of the steam mass flow rate is ns =2990 kg/h.

The amount of steam required for heating the acetone-benzene mixture is 2990 kg/h.
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