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Chapter Three - Calculation of Enthalpy Changes

Phase Transitions

Heat Capacity Equations
Tables and Charts to Retrieve Enthalpy Values

Computer Databases

Phase Transitions

phase transitions occur from the solid to the

liqui'd phase, and from the liquid to the gas pnase, and the reverse? During these tran-
sitions very large changes in the value of the enthalpy (and internal energy) for a sub-
stance veeur, changes called latent heat changes, because they occur without any no-
ticcable change in temperature. Because of the relatively large enthalpy change
associated with phase transitions, it is important to accurately ascertain latent heats
when applying energy balances that involve them. For a single phase, the enthalpy
varies as a function of the temperature, as illustrated in Figure 1. The enthalpy
changes that take place within a single phase are often called “sensible heat” changes.

The enthalpy changes for the phase transitions are termed heat of fusion (for
melting), AHg,g.,, and heat of vaporization (for vaporization), AH,. The word
“heat” has been carried alone by custom from very old experiments in which en-
thalpy changes were calculated from experimental data that frequently involved heat
transfer, Enthalpy of fusion and vaporization would be the proper terms, but they are

not widely used. Heat of condensation is the negative of the heat of vaporization
and the heat of solidification is the ncgative of the hieat of fusion. The heat of subli-

mation is the enthalpy change from solid directly to vapor.
The overall enthalpy change of a pure substance, as illustrated in Figure |,
*an be formulated as follows (per unit mass starting below the fusion lemperature);
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Figure 1 Enthalpy changes of a pure substance as a function of wemperature. The
vertical lines represent the “latent changes” that occur during a phase transition.
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In tables such as the steam tables, all of the respective enthalpy changes shown in
Equation (1), including the phase transitions, are built into the tabulated data.
Changes in AU can be calculated by an equation analogous to Equation (1)  with
C, substituted for C, and values of the internal energy phases transitions substituted
for the values of the enthalpies of the phase transitions.
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Equations to Estimate Heats of Vaporization

1. The Clapeyron Equation The Clapeyron equation is an exact ther-
modynamic relationship between the slope of the vapor-pressure curve and the
molar heat of vaporization and the other variables listed below:

dp’ N AI:I,, . dp’ _ APAI,,
T T(V,—V,) diaT) v, -V,
where p* = vapor pressure
T = absolute temperature

(2)

Afl,, = molar heat of vaporization at T
V; = molar volume of gas or liquid as indicated by the subscript g or /

Figure 2 shows how the value of the slope dp / d(In T) can be used to esti-
mate the specific heat of vaporization. Any consistent set of units may be used.

!
AR
Ug-Ve)

Figure 2 Ail. 1s directly related
to the slope of the plot of p* versus
enT {nT, and varies with T.

Equation ( 2) can be used to calculate AH v and to check the internal consistency
of data if a function for the vapor pressure of a substance is known so that you can
evaluate dp*/dT. If you assume that

(a) \7, is negligible in comparison with ‘78.
(b) The ideal gas law is applicable for the vapor: C’x = RTip

Then

. dp’ AH.AT

dénp = p‘ = "2
P RT

If you further assume that AH » 1S constant over the temperature range of inter-
est, integration of Equation (3). yields the Clausius-Clapeyron equation

(3)
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pi  AH, ( 11 )
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Alternately, you can differentiate Antoine’s equation to get d €n(p )/d(;) and
combine Antoine’s equation with Equation (2). to get AH,.

2. Chen’s Equation An equation that yields values of AH,, (in kl/g mol)
to within 2% is Chen's equation®:
3.978 (TyT,) — 3.938 + 1.555In p,)
107 — (TyT.)

where T, is the normal boiling point of the liquid in K, T is the critical temperature
in K, and p.. 1s the cntical pressure in atmospheres.

AH, = RT,,( (.5)

3. Riedel's Equation™

- T (np. —1) ]
AH, = 1.093R C[Tc (0930 — (TJT.)) (6).

4. Watson's Equation Wartson' found empirically that below the critical
temperature the ratio of two heats of vaporization could be related by

AH,, (1 - 1,2)038
AH, \1-T,

@)

where Ailv = hcat of vaporization of a purc liquid at T,
1

AH,, = heat of vaporization of the same liquid at T,

Therefore, it is reccommended that when you nced a heat of vaporization for an energy balance

calculation, you use the heat of vaporization at the normal boiling point from the physical property

and use Equation (7) to adjust for temperature differ ence from the normal boiling point.

. For example, let’s use the heat of vaporization of water at 100°C for which
AH, = 2256.1 kJ/kg to calculate the heat of vaporization of water at 600 K. For
water, 7. = 647 4 K:

600 0.38
Ao . | B T was’
= = = 0.551
AHy 333 (1= 373 )
647.4

AH, g0 = 1244 kI/kg
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EXAMPLE 23.2 Comparison of Various Sources to Estimate
the Heat of Vaporization

Use (a) the Clausius-Clapeyron eguation, (b) Chen’s equation, and (c)
Riedel’s equation to estimate the heat of vaporization of acetone at its normal boil-
ing point, and compare with the experimental value of 30.2 kJ/g mol listed in Ap-
pendix C.

Solution
The basis is 1 g mol. You have to look up some data for acetone in Appendix D:

Normal boiling point: 329.2K
T2 S5080K
P 47.0 atm
The next step is to calculate some of the values of the variables in the estimation
equations
- 3292

T = 50 — 0048

€n p. = €n(47.0) = 3.85
Using the Clayperon eqguation plus Antoine's equation:

From Equation (.2)
. AH T
dén(p) = RT2 (a)
and differentiating the Antoine equation
. B
de =
n(p) C+71) (b)
Combination of Equations (a2) and (b) gives
RBT?
MMy = c 1y ©
From Appendix G
B = 2940.46 = —35.93
8314 x 1072 2940.46| (329.2)2
AH, =
- |(—3593 + 392.2)?

= 29.63 kJ/g mol (low by 1.9%)
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Using Chen’s equation:

From Equation (5).
Al = 8314 X 107 k(3292 x,[(3.978)(0-648) — 3.938 + (1.555)(3.85)]
" (2 mol)(K) 1.07 — 0.648
= 30.0kd/g mol (insignificant error)
Using Riedel’s equation:
From Equation {6) |
5 3.85 - 1)
AH, = 1.093(8.314 x 1073)(508.0 [ 0. ( ]
( " )| (0.648) (0930 — 0.648)

=30.23kl/gmol (negligible error)

Heat Capacity Equations

we explained that the enthalpy change for a substance 1n a single phase (not fi Pphase transitions
can be calculated using the heat capacity ge ph (mot for the ’

Al = [ Cpar (8)
1

If C, is constant, AH = C, AT where AT =T, — T,.

Figure 3 illustrates how A/ is the imi
s area between two limits under the Cp

) AREA = AF Figure 3. AH.inlerpte(ed as the
arca obtained by integrating C (D
between two temperaturc limits.

Ty T2

For ideal gases a simple relation exists between Cp and C,, because U and H are
functions of temperature only:
pV = RT
H=U+pV =0U + RT
Differentiate A with respect to temperature
L W PR .
P ar )  \dr o i

For ideal gas mixtures, the heat capacity (per mole) of the mixture is the mole-
weighted average of the heat capacities of the components (x; is the mole fraction of

component i):

C i ‘;x,c,.. 10)
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Most of the equations for the heat capacities of solids, liquids, and gases are
empirical. You usually find that the heat capacity at constant pressure, C,, is ex-
pressed as a function of temperature for a specified range of temperature. A power
series in temperature, with constants a, b, ¢, and so on, is typically used to model the

temperature dependence of C,. For example
C,=a+bT+cT* (11)

where the temperature may be expressed in degrees Celsius, degrees Fahrenheit, de-
grees Rankine, or degrees kelvin. Since the heat capacity equations are valid only
over moderate temperature ranges, it is possible to have equations of different types
represent the experimental heat capacity data with almost equal accuracy. Be wary
of extrapolation beyond the designated range of validity for G

Given the heat capacity equation, for example, Equation (11), you can cal-
culate the cnthalpy change per unit mole or mass by integrating the heat capacity
equation with respect to temperature

-~ Tz
AH =/ (a+ bT + cT?)dT = a(T, - T)) + g(rg -TH + -g-(rg -7 12

I

EXAMPLE 23.3 Conversion of Units in a Heat Capacity Equation
The heat capacity equation for CO, gas in the temperature range O to 1500 K is
C,=2675X10°+4227T— 1425 x 1072712

with C, expressed in J/(kg mol}AK) and 7 in K. Convert this equation into a form
so that the heat capacity will be expressed over the entire temperature range in Buw/
(Ib mol)(°F) with T in °F.

Solution

Changing a heat capacity equation from one set of units to another is merely a
problem in the conversion of units. Each term in the heat capacity equation musi
have the same units as the lefthand side of the equation. To avoid confusion in the
conversion, you must remember to distinguish between the temperature symbol that
in one usage represents temperature. and the usage of the same symbol to represent
temperature difference. In the conversions below we shall distineuish between the
temperaiure and the temperature difference for clarity,

First, multiply each side of the given equation for C, by appropriate conver-
sion factors to convert J/(kg mol)}(AK) to (Buw/lb mol)(A°F) Multiply the lefthand
side by the factor in the square brackets.

ol [1Bm 1 AK |1 A°R
(kg mol)(AK) 1055J|1.8 A°R|1 A°F

0.4536 kg] Btu
p— C
11b #(1b mol)( A°F)

and multiply the righthand side by the same set of conversion factors.
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Next, substitute the relation between the temperature in K and the temperature
in °F

T _T‘R-T'F+460
K708 18

into the given equation for C, where T appears.
Finally, carry out the indicated mathematical operations, and consolidate
quantities to get

Cp = 8702 X 107% + 466 X 10°Ty — 1.053 X 10° 7%

EXAMPLE 23.5 Calculation of AH for a Gas Mixture Using Heat
Capacity Equations for Each Component

The conversion of solid wastes to innocuous gases can be accomplished in in-
cinerators in an environmentally acceptable fashion. However, the hot exhaust
gases often must be cooled or diluted with air. An economic feasibility study indi-
cates that solid municipal waste can be burned to a gas of the following composition
(on a dry basis):

co, 92%
co 1.5%
0, 73%
N, 82.0%

1000%

What is the enthalpy difference for this gas per b mol between the bottom and the
top of the stack if the temperature at the bottom of the stack is 550°F and the tem-
perature at the top is 200°F? Ignore the water vapor in the gas. You can neglect any
encrgy effects resulting from the mixing of the gascous components.

Solution
Basis: 1 Ib mol of gas

The heat capacity equations are [T in °F; C, = Btu/(Ib mol)("F)]

N,: C,= 6.895 + 0.7624 X 1073 T - 0.7009 X 10-772

0,;; C,=7.104+0.7851 X 10737 — 0.5528 X 1077 12

COp;: C,=8448 + 5757 X 1073 T — 21.59 X 1077 72 + 3.059 X 101073
CO: C, = 6865+ 0.8024 X 10°3T-0.7367 x 107712

Basis: 1.00 1b mol of gas
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.d

By multiplying these equations by the respective mole fraction of each compo
nent, and then adding them together, you can save time in the integration, but they ca1
be integrated separately.

N,: 0.82(6.895 + 0.7624 X 1073 T - 0.7009 X 1077 T%)

0,:  0.073(7.104 + 0.7851 X 1073 T— 05528 X 107 7?)

CO,: 0.092(8.448 + 5,757 X 1073 T = 21.59 X 10-7 72 + 3.059 X 10-1073)
CO: 0.015(6.865 + 0.8024 X 10~3T - 0.7367 X 10°7 1?)

C =7.053 +1.2242 X 1073 T - 26124 X 107772 + 0.2814 X 1071073

200
AH = / (7.053 + 1.2242 X 10737 — 2.6124 % 1077 72 + 02814 X 1079 73)aT
550

1.2242 x 1073
2

= 7.053((200) — (550)] + [(200)? — (550)?)

02814 x 10°1°
4

_2.6124 x 1077

2 [(200)* — (550)"1 +

[(200)* — (500)%]

= —2468.6 — 160.7 + 13.8 — 0.633 = —2616 Bu/lb mol gas

Now that you have become acquainted with both enthalpy changes for phase
transitions and sensible heat, it is time to combine these concepts so that you can
calculate enthalpy changes including phase changes. Look at Figure 5,. which
shows the transition of water from —30°C to 130°C. _

We want to determine the value at 130°C of AH on the vertical axis, starting
with —30°C as the reference point of zero. As shown in Equation (1),  you add the
values of the enthalpies of the phase transition to the AH values for the sensible
heats obtained by integrating the heat capacity equations for ice, liquid water, and
water vapor, respectively.

a A - Tm ~
AHT = H(Tga) = H(Trer) = /r Cp,icedT + AH{pygion, 0°C
wf
X <

- Cp, tiuid waaer@T + AH vagorivation, 100°C (13)

T fuion

T eal
* / Cp.mvwﬂ
Tw

For the case in Figure 5, Tggon = 0°C and 7, onpai0n = 100°C. Values of
A H gysion and AHrv‘wduﬁm are shown in the figure.
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~ Let’s calculate the enthalpy change for 1 kg of water from —30°C to 130°C,
using the data in Figure 5 plus values for C, of - 23.7 J/g mol

liquid water 75.4 J/g mol
water vapor 33.9 J/g mol

2 rAW.lWC
g = 40.65 kJig mol
§
_ Figure.S  The change of
ST =001 R enthalpy of water from —30°C to
-B/Ica - 130°C.

-30 0 100 130
Temperatura, °C

AFTC = 1(130°C) — H(=30°C) = (23.7)(0— (~30) + 6.01 + (75.4)(100 - 0)
+40.65 + (33.9)(130 — 100) = 55,930 J/g mol

Tables and Charts to Retrieve Enthalpy Values

Tables listing smoothed experimental data can accurately cover ranges of
physical properties well beyond the range applicable for a single equation. Because
the most commonly measured properties are temperature and pressure, tables of en-
thalpies (and internal energies) for pure compounds usually are organized in
columns and rows, with 7 and p being the independent variables. If the intervals be-
tween table entries are close enough, linear interpolation between entries is reason-
ably accurate. For example, look at the following extract from the SI Steam Tables.
If you want to calculate the enthalpy of saturated steam at 307 K by linear interpola-
tion, as explained , you would carry out the following computation:

2568.2 — 2559.1

-
Hygy = Haygs + —22——28 (T, — Tyos) =2559.1 + = (307 — 305) = 2557.5

T310 = Tos 310 - 305

Chapter three—Calculations of Enthalpy Changes
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PROPERTIES OF SATURATED WATER

T Press. Volume, m*/kg Enthalpy, kJ/kg

K kPa v, v, H, H,, H,
273.16 06113 0.001000 206.1 0.0 25009 2500.9
275 0.6980 0.001000 181.7 7.5 2496.8 25043
280 09912 0.001000 130.3 28.1 24854 25135
285 1.388 0.001001 94,67 488 24739 2522.7
290 1.919 0.001001 69.67 69.7 24622 2531.9
205 2.620 0.001002 51.90 90.7 24503 25410
300 3.536 0.001004 39.10 1117 24384 2550.1
305 4.718 0.001005 29.78 1328 2426.3 2559.1
310 6.230 0.001007 2291 1539 24143 2568.2
315 8.143 0.001009 17.80 175.1 24020 2577.1
320 10.54 0.001011 13.96 196.2 23898 2586.0
325 13.53 0.001013 11.04 2173 23716 25949
330 17.21 0.001015 8.809 2384 2365.3 2603.7
335 21.71 0.001018 7.083 2594 23530 26124
330 27.18 0.001021 5.737 280.5 23405 2621.0

EXAMPLE 23.6 Calculation of the Enthalpy Change of a Gas Using
Tabulated Enthalpy Values

Calculate the enthalpy change for 1 kg mol of N, gas that is heated at a con-
stant pressure of 100 kPa from 18°C to 1100°C.

Solution

Because 100 kPa is essentially 1 atm, you can use the tables in Appendix D6
to calculate the enthalpy change, or use the CD.

At1100°C (1373K):  H = 34.715 ki/kg mol (by interpolation)

ALI8°C (291K):  H = 524 kl/kg mol
Basis: 1 kg of N,

AH = 34715 - 0.524 = 34.191 ki/kg mol
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TABLE D.6 Enthalpies of Combustion Gases* (J/g mol)!

K N, 0, Air H,
273 0 0 0 0
291 524 527 523 516
298 728 732 726 718
300 786 790 784 763
400 3,695 3,752 3,696 3,655
500 6,644 6.811 6.660 6,589
600 9.627 9.970 9,673 9,518
700 12,652 13,225 12,736 12,459
800 15.756 16,564 15.878 15,413
900 18,961 19,970 19,116 18,384

1,000 22,171 23,434 22,367 21,388

1,100 25.472 26,940 25,698 24,426

1200 28819, 30,492 29,078 27.509
1,300 32,216 34,078 32,501 30,626
11400 35639 37,693 35,953 33,789
1,500 39,145 41,337 39.463 36,994
1,750 47,940 50,555 48,325 45,275

EXAMPLE 23.7 Use of the Steam Tables to Calculate

Changes in Enthalpy
Steam is cooled from 640°F and 92 psia to 480°F and 52 psia. What is AH in
Bu/1b?
Solution

Theproblemasksforthcchangeini{ﬁmnstateAtostzteBasindicatedin

Figure E23.7.

Pressure, psia

“uaand wue oed

¥ BEuaRS
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Use the tables in the AE units in the foldout in the back of the book. You must
employ double interpolation to get the specific enthalpies, H (all are relative to the
reference for the table). Values of H are interpolated first between pressures at fixed
temperature, and then between temperatures at fixed (interpolated) pressure.

CF) TCF)
p (psia) 600 700 p 600 640 700
90 1328.7 1378.1
} 92 1328.6 1378.0
95 13284 1377.8
13484
400 500 p 450 480 500
50 1258.7 12826
} 52 1258 4 12824
55 1258.2 1282.2
1272.8

Note that the steam table values include the effect of pressure on H as well as tem-
perature. An example of the interpolation carried out at 600°F that yielded the value

of 1328.6 at 92 psia is
3(1328.7 — 13284) = 0.4(0.3) = 0.12

Atp = 92 psiaand T = 600°F. H = 1328.7 — 0.12 = 13286.

The enthalpy change requested in the problem statement is
AH = 12728 — 1348.4 = —75.6 Bu/lb

Notice This Home Work: Basic Princeples and Calculation in Chemical
: Engineering, 7™ edition, Problems of chapter 23, page 708 —
716.
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