Section 6: F&R, Ch. 8 (Energy Balances — II)
ENERGY BALANCES ON NONREACTIVE PROCESSES

We solved problems in Chapter 4 and ignored the fact that heat was added and that temperatures might
have changed. In Chapter 8 we will start to include the energy effects. Here’s a brief review of what
we’ve learned so far from Chapter 7:

QorQi | Wor W,

Iﬂhin v v mout
(flA’[jA’I:IA)in (7 [j I:I A ous
(’;ZB’UB’HB)M ( U H )out
(n.,Uc,H.),, (n.,Uc,H.)

out

m (kg) (closed) or m (kg/s) (open)
n,(mol)(closed) or 7,(mol/s)(open)
U (kJ/mol), H (kJ/mol)

Each species in a feed or product stream is in a particular state (phase, 7, P), and the same species may

enter and leave in several different streams and states.

In Chapter 7, we saw that the first law of thermodynamics (energy balance equation) is

Q0+ W=AU+AE + AE, [Closed (batch) system]
Q + VK =AH +AE .+ AEP [Open (continuous), steady-state system|]

where

AU Z mfmal /mal Z minitialUinitial

species, species,
states states

H = E m H — E m. H. [where H=U+PV]
out out m n
output input
Sstreams Streams

1. 1. .
= >~ )= > —m, () [where u(m/s) = velocity]
output 2 input 2
streams Streams

= Z momg Zaut - Z min g Zin [Where Z= helght]

output input
streams streams

Each of these terms has units of K J (closed) or /( T / S |(open).
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Section 6: F&R, Ch. 8 (Energy Balances — II)

Most problems in Ch. 8 have the following form:
e Given:
— Feed and product states (phase, T, P), some flow rates (n’s) & compositions (y’s)

— W {(closed) or W; (open) = zero (no moving parts or electric currents)
e (alculate other flow rates (Ch. 4—-6 methods)
e Determine AU (closed) or AH (open), AEk,AE » (usually neglect the latter two).

o Substitute into energy balance to determine Q or Q.

If we have tables of specific internal energies and enthalpies (as we do for water in the steam tables),

calculating AU, AH s straightforward. Chapter 8 discusses how to do it if we don’t have those tables.

Example:

W (kJ/s) O(KJ/s)

¢ ----
<¢----

1ce Stesm

4 mol/s H,O(s, =5°C, 1 atm) 4 mol/s H,O (v, 300°C, 5 atm)

A 4
v

Energy Balance: Q + W, = AH+ AE, + AE,

AE =0 (Why? /20 Vﬁrf/c&/a/mnyf@ )
Neglect AE, (Why? /70 acceleratioe

. N (K A
O+W ~AH =0 H -i H =4 = A | ——|-4A
U S mol

Q+W =4AH
The problem is now to determine AH for the given process.

Can’t use steam tables. (Why not? __ /70 4 Mﬂ TA'V ’429 / 5] )

General procedure for calculating AH for a specified change in state

e Construct a process path out of steps of 5 types:

1. Change P at constant 7 and phase (Section 8.2 for calculation of AH and AU)

2. Change T at constant P and phase (Section 8.3)

3. Change phase at constant 7,P (Section 8.4)

4. Mix dissimilar liquid species (e.g. acid & water), absorb gas in liquid at constant 7,P and
phase (H_ ) (Section 8.5)

5. React at constant 7,P (H) (Chapter 9)

we thange one %/:17 at a ime, /éﬂV/j e rest
Wﬁ%ﬁ/’l 6-2
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Section 6: F&R, Ch. 8 (Energy Balances — II)

e Determine AH for each step in the process path (formulas will be given for each of the 5 types)

e (Calculate (Aﬁl ) veral = Z AI:Ii (follows since H is a state variable).

process steps

e Substitute in energy balance to calculate O + W
Constructing a hypothetical process path relies on the concept of state variables (Section 8.1).

— State of a system: Set of all intensive variables [variables that don’t change with changing mass] that

define the system (phase, 7, P, height, velocity,...)
— State variable or state property: If a system changes from State 1 to State 2 in a process and X is some

property of the system (height, internal energys, ...)

State ] ——» State 2
X] XZ

then X is a state variable if AX =X, — X, depends only on the initial and final states, and not how the

system got from State 1 to State 2.

Example: Travel from Denver, CO (elevation = 5280 ft) to Raleigh, NC (elevation = 300 ft). Path A vs.

Path B
De:wcr\;

Z = 5280

Denver

Z=5280 Path B
® o
Raleigh Raleigh
Z =300 ft Z =300 ft
Let:

D = reading on odometer (miles traveled), AD =D,-D,

Z = reading on altimeter (ft), AZ=7,-7,

(AD),, s (=,@ (AD),,.s» S0 D (is,@ a state variable.
(AZ), 0 4 @7& ) (AZ),,, soZ is not) a state variable.

Most important concept in Chapter 8: U and H are state variables.

6-3
Notes with Gaps to accompany Felder, Rousseau, & Bullard, Elementary Principles of Chemical Processes.
Copyright ©John Wiley & Sons, Inc.



Section 6: F&R, Ch. 8 (Energy Balances — II)

Exercise: For the water process shown on 6-2, construct a process path consisting of steps of some of the

five types.

® ) €
R0 G, -5, 1atm>@%/zo(s 0°C, /a,i—m)/y%/zo/l 0%, ladtm)—>
a0 (£,/00°C, Jatm) L ——7 a0 (v, 100%C, /mﬂ)_zy

Ha0 (v, 300°C, /Mvn) = tho(v,300°C, ch%)

Exercise: Look at the two process paths on p. 405. Identify Type (1-5) of each step on the hypothetical
(bottom) path.

s 2oafy: D an: Joan: D oan: Zoai:/

Exercise: Construct a path that utilizes as many known enthalpy changes as possible.

(1) Cyclohexane vapor at 180°C and 5 atm is cooled and condensed to liquid cyclohexane at 25°C
and 5 atm. We know the specific enthalpy change for the condensation of cyclohexane at
80.7°C and 1 atm. ‘Real"

s
Chex (v, 180°C,5atm) — =" — —— —> cuex(L 25%,52m)
0, TO

°C, lat
chex (v, 180°C, /a'bn) ch{/x(@f,é/; c, latm)

@ ©,
chex /[}8)0\74 /dut_h’l)
chex (v, €07C, /Mm) (& H knowﬁ)y

(conden<ation)

(2) Water at 30°C and 1 atm and NaOH at 25°C and 1 atm are mixed to form an aqueous NaOH
solution at 50°C and 1 atm. We know the enthalpy change for the dissolution of NaOH in

water at 25°C and 1 atm. "Recc ! A NEous So/wf?m
HaolL, 30°C, | am) | _proces —7 of WAoH @ 50°C,[ o
NaoH (2,25°C, latm)
e /o

H0 (L ,25°C, latm) @ - Aguesus solution of
NaOH (&ch (AH kmot«w) Na Ot @ 725°C,

(s, b Lmixing) | ot
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Section 6: F&R, Ch. 8 (Energy Balances — II)

(3) 0, at 170°C and 3 atm and CH, at 25°C at 3 atm are combined and react completely to form
CO, and H,0 at 300°C and 3 atm. The enthalpy change for the reaction occurring at 25°C and

1 atm is known. ”%—6&/ !
’ roce 502/ 200 C 32%)
0209,/7°°C, Batm) Process o
s — oy, 300%, zm)
chul'v, 25°¢, 35677 @

@
! 0 //j 25°C, Boctm)

pala,25°C., 3a2m) ‘
é#////l/)},YS”é, 34/077) MaplV, ZS C,Bﬂim)
[0 To

Dqlg.25°C, /W} 07 and cHy react
K #/4 ?V,250£, /Mﬂf) AH k/’lONI\7 %@ '7%/””’) &09\(?/) Mﬂ(
zL/aO(V) at 2s°C /a,bq?

Note, AH 1S Known 74))» a P\eaoﬁ’m
w/‘% ?,im”/n Phaéﬁf ﬁf’ gd&h S’/o{c/és,'
02(?) + CHylv) — ﬂo?/?) + 1120(v)

at 25°¢C. | atm
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Section 6: F&R, Ch. 8 (Energy Balances — II)

Calculating AU and AH for Process Types1and 2

Process Type 1: Change P at constant T and phase. (Section 8.2)

AU =0 (Exact for ideal gas, approximate for solids and liquids)
AH =0 (Ideal gas)
=V AP (Solid or liquid - V is constant)

Find V for solids and liquids from specific gravity in Table B.1 (convert to density, V =1/ pP).

Calculations for real gases are complex (topic in later thermodynamics class)

Process Type 2: Change T at constant P and phase. (Section 8.3)

Sensible heat: heat transferred to raise or lower the temperature depends strongly on T (molecules move
faster at higher temperatures), and therefore so does

H(=U +PV). H
sh L=
<F

, KJ dH (oH .
Define C (T) =—=| — Constant pressure heat capacity
g mol-"C) dTI \oT ),

C, is the rate of increase of specific enthalpy with temperature for a constant pressure process.
Graphically, it is the slope of the tangent to the plot of H vs. T. To find the change in enthalpy from C;:

T2 Mo te 99 J)s a 74/%47&7071/
AH = [CF(T>O{T Ojlfﬁpf Z/L/‘/ﬂf_f7
7

If we combine this result with the previous expressions for Type 1 processes (change P at constant 7), we

get

AH = J.TTZ C,(T)dT  [exact for ideal gases with varying P, any gas at constant P] (8.3-10a)

T,
= ["c @ar iquids and solids] (8.3-10b)
' s | han??
/g'/./u —= T

Py

®  Look up polynomial expressions for C at 1 atm in Table B.2. For example

-3 -5
Acetone (liquid): C, [kKJ/(mol-'C)] = /25, 0 X /0 + /86 X /0 7
-5
-3 J —
Acetone (vapor): C, [kJ/(mol-"C)] = 7/ U /O T ,?g IO X /O s
o 2. 78 x0T 347 x0T
Substitute into AH = [ " C,(T)dT
and /nlegrate
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Section 6: F&R, Ch. 8 (Energy Balances — II)

We can also use APEx’s Enthalpy function to calculate the enthalpy change as a result of a temperature
change: = Enthalpy (“acetone”,150,250,”C”,”g”) = 10.7237 kJ/mol

*  Estimation of C, for solids, liquids, mixtures: Kopp’s Rule (Section 8.3¢ and Table B.10 or the

Kopps function in APEx). Use when you can’t find the data in Table B.2. See Example 8.3-4.

Kopps’s Rule: €, for a molecular compound is the sum of contributions (given in Table B.10) for each

element of the compound.

Example: C [Ca(OH),]=C [Ca]+2C [O]+2C, [H]

pa

Note on Kopp’s rule units: Note that the units for the atomic heat capacities in Table B.10 are listed as
J/g-atom C. So what’s a g-atom? A gram-mole (or mol) is the amount of a molecular species whose
mass in grams equals the molecular weight of the species. Similarly, a gram-atom (g-atom) is the
amount of an atomic species (C, H, S...) whose mass in grams equals the atomic weight of the species.
The heat capacity terms in Table B.10 have units of J/g-atom C because they apply to atomic species
instead of molecular species.

1 mole of water contains 2 g-atoms of H and 1 g-atom of O. So to estimate the heat capacity of liquid
water, if you multiply the heat capacity term for H (18) by 2 g-atoms and add the term for O (25)
multiplied by 1 g-atom, you get the heat capacity for a g-mole (mol) of H,O and its C units would be
J/mol C.

e Heat capacity of a mixture

(CP)mix(T) = Z inpi (T)

e Note enthalpy values available for common gases (O,, N, H,, air) in Tables B.8 and B.9
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Section 6: F&R, Ch. 8 (Energy Balances — II)

How about the dependence of U on T2 To find this, we do it the same way, starting by plotting Uvs. T

for a process in which the temperature of a substance is raised holding the volume constant.

U (J/mol)
Constant V
A
_J = /0/9-65 lv = 2
o
TCC)
kJ du (aU
Define  C (T) =—=| — Constant volume heat capacity
mol -° C dr ar ),

Proceeding exactly as before, we can show that, for a change in 7 at constant V:

AU = jTT C (T)dT (8.3-6)

That expression strictly applies to processes that take place at constant volume; however, since U is

almost independent of P for every species but real gases at high pressures, it can be applied to most
processes in which volume changes occur as well. In short, this equation applies well for processes with

temperature changes but no phase changes.

Recap: Eq. (8.3-6) is
e exact for ideal gases and an excellent approximation for liquids and solids, even if volume and
pressure change.
e exact for constant volume processes. For real gases, C, depends on the value of V at which the
process takes place.

¢ inapplicable for real gases in which significant volume changes occur.
AH= aU+alPV)

So how do you determine C,? CF é;}; =Cv oY +(K M)

®  Determination of C, from C, Cvy = é)? - R
C,=C,—R (ideal gases) where R = 8.314x10~ kJ/(mol-K) (8.3-11)
~ Cp (liquids and solids) (8.3-12)

Substitute expression for C, in integral expression for AU (Eq. 8.3-6). (See Example 8.3-2)
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Section 6: F&R, Ch. 8 (Energy Balances — II)

Example : Calculate AH (kJ/mol) for H,O(v, 30°C, 0.0424 bar) — H,O(v, 350°C, 1.5 bar)
W\_/
(a) using the steam tables 7%,7% /2 B5 7£7 . 7 A7

(b) usingEq. 8.3-100) [cp AT (Saturated) (superheated
(c) using APEx’s SteamSatT (B.5) and SteamSH (B.7) functions
(d) Which calculated value is most accurate, and why?

must /'ﬁfef/oa/a/z’é sice, /.5 LA

/S ﬁﬂf L@f/&d

Solution
(a) From Tables B.5afd B.7,

(3175 _ 255¢.4 g | 0.01802 ke
B kg ‘ mol

A

AH

= 11.13 kJ/mol

(b.) From Table B.2, C, [kJ/(mol-"C)] = 33.46x10” + 0.6880x10°T + 0.7604x10™°T° — 3.593x10""T"

AH AH = O P Small AP

Pathway: °C, 0.0424 bar) » H,0 (v, 350 °C, 0.0424 bar) — H,O (v, 350 °C, 1.5 bar)

Assume ideal-gas behavior. From Eq. (8.3-10a),

350

AH ~ j [33.46x107° +0.6880x107°T +0.7604 x107°T* —3.593x10™"*T*1dT

_ .
:30 23 4y %16 T + 0. 6ES0 73/20 5(72/2)”%’7(70%(/0 ( /5)

_ 2593 x 7' (T%) - .
- 2
= 25 4 i P(350-50) 1+ 06880 X 10 S(350-5 )2

F O, 726064 x 108 ( B50°~ 503)/3
— 3.593 x /072 ( 3504—504)/4

= 11.2 kJ/mol

Q: Where did we use the assumption of ideal-gas behavior?

r OSsumed Al = f@o AT was M()ﬁ%} idmﬂ/lﬂwﬁ
(ned ected np £ rp;;—eéSUni ch&inj e) ~

= Steam SH (350,157 P W )=3/75 Tk

p = (3175- 2554 4) KT/ 9018029 _ 11)2 +Thmo/
/4? mo/
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Section 6: F&R, Ch. 8 (Energy Balances — II)

(d) Which estimate is more accurate, and why?

steam tables, since 7%&7 Accounl 741? bott T and P

Vol . AFEx s Values &omaf'rvam Zhe Stez
tables and also be//}%ﬁzﬂi% /”//i/&”/ya/ﬂ/éﬁ/
betweer) Pand 7 VA/ues.

Process Type 3: Change phase at constant 7,P (Section 8.4)

Latent Heat: enthalphy change associated with a phase transition (melting, vaporization, sublimation)

(a) Solid to liquid: A(s, T,,,1 atm) — A(l, T,,1 atm), AH = AH, where:

s Tmo s Tmo

T, = normal melting point (Table B.1)

A

AH, = heat of fusion (melting) at 7, (Table B.1 or APEx function Hm)

AU ~AH (8.4-1) ATE,
phase
What about liquid — solid transition (freezing)? AH =-AH charnagl

(b.) Liquid to vapor: A1, 7,,1 atm) — A(v, 7,,1 atm), AH = Aﬁv where: DU
T, = normal boiling point (Table B.1 or APEx function Tb) 2 Cons f—% 4z Z—
AI:IV= heat of vaporization at 7, (Table B.1 or APEx function Hv) / 77/& )
AU, ~AH,~APV ~AH,—RT,  (8.4-2)

A
What about vapor — liquid transition (condensation)? AH = ’A#‘/

¢ Correlations for estimation of latent heats APAIV, APAIm: Section 8.4b. Use when you can’t find
the data in Table B.1. (See Example 8.4-3.) 7}\0 wtor s /?w/e,

7/2/5/12 &Lbabdfﬁ Wﬁj %065 A,/&oéo/ anjoa/’
Slan 7265/ cold 7 1 orizat’on /ﬂemamf\fi
heat | which is removed Frovn /z%nf shin

TM/LQ aboud ﬂf/o//'gzz‘/’mvg // , Wf/
A a /0&0/ o he Shower oen WJZ‘/‘
/mus /57 fents al races o7 e ppe

pa ris
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Section 6: F&R, Ch. 8 (Energy Balances — II)

In most problems, we neglect kinetic energy and potential energy. Let’s see why:

(a) Calculate how much energy (kJ) is required to heat a bottle containing 300 mL of liquid water

from room temperature (20 °C) to its normal boiling point (100 °C), while still remaining a liquid.
7 " 1,
%f;'Mj AFPEX, = Ef)%m,/]?/ ("water’y 20, 100, "L ’)
— 4. 032 KT (canalso use 5’7[{,
N — L / f/w d’ 7»)
ol Fables mf )0

£.032 KT | | 4| mol 200mL :W;jj
mol miL }8".02?, |

(b) Calculate how much energy is required to heat a bottle containing 300 mL of liquid water at 100

°C, changing it from liquid to vapor. -~

From Table B./, allv = 42, [,54 . S Woader
Yo LSl KT /ﬂ: mol 300/14/,:: 9K
me | 18.024 z M

mel

(c) Adding the two values calculated in parts (a) and (b), if that amount of energy was instead

dedicated to acceleratlng the bottle of water what would the final velocity be (miles per hour)?

t_ener = l/z ﬁ’l(/L § /,
56, (j; 2@@3’) ()] | 000/ ﬁ/ /3 00%:]
I T R P~ /

2270 "5 J

(d) Adding the two values calculated in parts (a) and (b), if that amount of energy was instead
dedicated to lifting the bottle of water what would the final height (meters)?

et
5: g z%% 1000F /Mf Jg (1009
q. @A

A k/gu

ﬁ: ;zw)%g%

You can see in this example that compared to the sensible heat and the latent heat terms, kinetic and

potential energy effects are much smaller and can usually be neglected.
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Section 6: F&R, Ch. 8 (Energy Balances — II)

HEATS OF SOLUTION & MIXING (Sect. 8.5)

Ideal mixture: the heat of mixing or solution equals zero (gas mixtures, mixtures of similar liquids).
When mixing acids and bases or dissolving certain gases or solids in a liquid solvent, the heat of

mixing/solution may be far from zero.
Heat of Solution (dissolving a solid or gas in a liquid or mixing two liquids):

A(s, 1, or g, 25°C, 1 atm) + rB(l, 25°C, 1 atm) = A(soln, 25°C, 1 atm),
PPN Lot , Lot SpecriS uST
H=AH E—
aola be at HHe same(7,2)

e Ais the solute and B is the solvent. r = moles of solvent per mole of solute.
/

Q: What is the mole fraction of solute in terms of #? A: y =_ /" */

solute

Values of A|:|s for aqueous solutions of HCI(g) (hydrochloric acid), NaOH (caustic soda), and H,SO,
(sulfuric acid) are given in Table B.11, p. 653. Note that the unit of A|:|s is kJ/(mol of solute), so to
calculate AH(KJ) or AH(KJ/S) for formation of a solution at 25°C from a solute and solvent at 25°C,

multiply AH; by # moles of solute, not total solution.

e Example: Calculate AH for a process in which 2.0 mole of NaOH is dissolved in 400 mol H,O at
25C.

= Ypo/7 =200 mol #7720/ mol Na o
phie (r=200,25°C Prom B = = 42.26 ¥Tpo/

A
A =nts =2 (~42.2L) = -§#52 KT

o  What does AH s represent physically? It’s the energy required to break solute-solute molecular bonds
(strong for solids, moderate for liquids, negligible for gases) & solvent-solvent bonds minus energy

released when solute-solvent bonds are formed (may be strong, moderate, or negligible)

e Values of A|:|S in Table B.11 are negative (the solution is at a lower energy level than the pure solute

& solvent) = mixing & solution for the given solutes are exothermic = energy is released by the
solution process. Unless you cool the mixer, the solution gets hot. Think about what happens when

you mix acid with water.

e Another representation of the heat of mixing is the enthalpy-concentration diagram; two examples

are given in Figure 8.5-1 (for aqueous sulfuric acid solutions) and Figure 8.5-2 (for solutions of gfj

ammonia in water). Example: Find the specific enthalpy of a 40 wt% solution of H,SO, at 120 F

relative to pure sulfuric acid at 77°F and pure water at 32°F (the reference conditions for Fig. 8.5-1). @/

bm
6-12

Notes with Gaps to accompany Felder, Rousseau, & Bullard, Elementary Principles of Chemical Processes.
Copyright ©John Wiley & Sons, Inc.



Section 6: F&R, Ch. 8 (Energy Balances — II)

Energy balances on processes involving mixing and solution are done in the same way used for other
types of systems. References for enthalpy calculations are usually the pure solvent and solute at the
conditions for which the heat of solution is known. If a reactant or product solution is at a different
temperature, the process path for the enthalpy calculation is first to form the solution from the solute
and solvent at 25°C and 1 atm (the usual reference conditions), and then heat the solution to its state

in the process. See Example 8.5-1.
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Section 6: F&R, Ch. 8 (Energy Balances — II)

Strategy for Solving the General Nonreactive System Energy Balance

QorQ i i W(closed) or W, (open)
v 4
Feeds - Products
(nA ’ 0A 4 I:IA )in ( A )out
(nB’UB’HB )in ( U H )ml
(nC > et C )in ( U H )out

n.(mol)(closed) or 7, (mol/s)(open)

U(kJ/mol), H(kJ/mol)

Given information about

(i) states (phase, T, P)
(ii) amounts or flow rates (n) of feed and product components (A,B,C) (or equivalently, total

amounts or flow rates and component fractions)
(iii) QO
(iv) Wor W,

calculate the remaining variables.

Procedure:

e Draw and label the flowchart. Include state information in the labeling, and label Q and Wor W,
unless you know they equal zero.

e Perform a degree-of-freedom analysis. Include one energy balance along with material balances and
other relations when counting equations. If you don’t get O degrees of freedom, try to figure out

what’s missing or if go to another subsystem if there are multiple units in the process.
e Write all equations but the energy balance.

— If Q or Wis unknown, you should be able to solve the equations for the unknown variables in
them. If you plan to use Solver, you don’t need to do anything at this point beyond writing the
equations.

— IfQand Wor W are given in the problem statement or known to be zero, write the energy
balance equation and solve it simultaneously with the other equations.
e Choose reference states for each species in the system for U and H calculations.

—  For water, if you plan to use steam tables, choose H,O(l, triple point).
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Section 6: F&R, Ch. 8 (Energy Balances — II)

— For a gaseous species listed in Table B.8, choose the species at 25°C and 1 atm (the reference
state used in the table). For Table B.9 (American engineering units), choose the species at 77°F

and 1 atm.

— Otherwise, choose the species in one of its feed or product states, so you can set at least one

specific internal energy or enthalpy equal to zero.

Prepare an inlet-outlet internal energy (closed) or enthalpy (open) table. The enthalpy table is shown

below as an illustration.

References: A(state), B(state), C(state) (Fill in the reference states)

Species | 1, H, out A,

A i ﬁa 7, ]f]d n(mol/s)
. i i | i H(KJ/mol)
C n, H ny 1 s

— If a species exists in more than one inlet or outlet state in the process (e.g., in liquid and vapor

phases), add extra rows to the table to make room for the flow rate and enthalpy in each state.

— Cross out cells that don’t correspond to any inlet or outlet states, and replace the component flow

rates in the table (74575, €C.) with known values and variable names from the flow chart.

—  Set H =0 for inlet and outlet species at their reference states, and label all unknown specific

enthalpies.

— For a closed system, use amounts rather than flow rates and internal energies rather than

enthalpies.
Write and simplify the energy balance equation and substitute series, expressions for AH or AU,
filling in values and labeled quantities from the enthalpy table. 67 = A }_/ = Z /’Vl /;L) out —
Write expressions for all of the unknown specific enthalpies in the table. Calculate A) .
P P P Z (n How

I:Ia as AH for the process A(reference state) — A(inlet state)

H , as AH for the process A(reference state) — A(outlet state)
and similarly for B, C,.... (For closed systems, replace H with U.)

Substitute the expressions for the enthalpies in the energy balance, which may now be solved

simultaneously with the other system equations.
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Example: Inlet-outlet enthalpy (or internal energy) table (solve for Q)

O (KJ/s) 38.0 mol/s >
0.663 CH,(v)
0.337 C,H,(v)
100 mol/s | 50°C, 163.7 mm Hg
0.500 mol CH,(I/mol
0.500 mol C_ H,(1)/mol
10°C, 2 atm
62.0 mol/s -~
0.400 C,H, (1) g
0.600 C_H, (1)

50°C, 163.7 mm Hg

References: CH,(1, 10°C, 2 atm), C,H,( v, 50°C, 163.7 mm Hg )

e Q,&{ Species | n_ ]f]in n,, Hout
7@»{ CG 50 g |28 | H | nmos)

P, / a C

FL’\&LS/G/ CH(v) | — — 25.2 H, H (kJ/mol)
CH() |50 1372 | e

CH(V) |— — 128 a, Loct o £1:
; Negle efFect
H path: at reference, =0 r@FCrZ/ICZ/ {3

P on entha %
I—A|b path: TWQ)@’T (v, 50C, 1 atm) — T (v, 110C, 1 atm) — T (I, 110C, 1 atm)
5 T, 10C, 1 atm)@T (I,10C, 2atm) <« /1 let Conde ¥7on
I—A|c path: B (I, 10C, 2 atm) — B (l, 50C, 2 atm) B (I, 50C, 163.7 mm Hg)
I—A|d path: B (I, 10C, 2 atm) — B (1, 80.1C, 2atm)/@/B (1,80.1C, 1 atm) — B (v, 80.1C, 1 atm)
— B(v,50C, 1 atm)/@/B (v, 50C, 163.7 mm Hg)
ﬁe path: T (v, 50C, 163.7 mm Hg)/@/T (v, 50C, 1atm) — T (v, 110C, 1 atm) — T (I, 110C, 1 atm)
— T(l,50C, 1 atm)/@’T (1, 50C, 163.7 mm Hg)
q . — ! .
H(f:jt;)éj/t]refereani, —ﬂor{ 'uS?L 571_4,,}7'/?%‘ /Z—LS A %ﬁaﬂ( ///{m 7‘0
write’ out 7he ﬁﬂﬁ/
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zWrite expressions for all the specific enthalpies in the table and then the energy balance. State all your

assumptions. ‘ﬂ% {d’ W {PK PM H q;j 74@?)/) B

Ha =0 1o
é f Cﬁrgv)df AHV /006>+ f C/T@)JT

f éfﬁ(ﬁ)dT
H(x fgol@a(>dr+AH“5(80 ) fCP@‘@

0/ /Z{)T/V)JT AHV (1) DC) + f CPT(Q)

llo
Hf 0
&:AH ZL/%HL+£252HJ+57ZH€/ 50/419/ 50H@
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Example: Continuous air conditioning process. Take basis of 100 mol feed. Calculate Q.

Q (k) 7, (mol/s) -
\‘\\ y (mol H,O(v)/mol), saturatecT
P (1-y) (mol DA/mol)
100 mol/s _ 15°C, 1 atm
0.100 mol HLO(vy/mol
0.900 mol DA/mol
110°C, 2 atm

7, (mol/s) H,0 (1)
15°C, 1 atm

v

Question: What sign should the value of Q have? @ Siveceo /7 eat /S /“Zé’?@lﬁe
Solution: Assume enthalpies are independent of pressure. Ho coof Aeisr/ A as e

(a) DOF Analysis: 4 unknowns: A) 5 /7[2,) /7//) %
4 equations: Z ba ] (DA, LIater, fofal, 10/5’)
— / energy ba lance.
5 W / Zﬂaa/%s, Jan) - 120

(b) Write all equations but energy balance. Circle unknowns for which you would solve.
Raoults a4 (7o mm Alg) - P (15°C)

DA bal: 6.90(700) = (/7)/]2

@ﬁ/ /06 = /7, +/7z

/
(c) Choose references and prepare an inlet-outlet enthalpy table. 7%4/—55 7%6/
references
References: H,0(1, 15°C, 1 atm), DA(g, 25°C, 1 atm ) (Why?) 7%7/ Jable.
Species r.]in I:Iin r.]out HAout 5 X/ WA@
. e C2r]
H O(Q1) — — H. . (mol/s)
2 nl c n \7[;)45( 74
HO®) |10 H, | ny H, AWJ/imol) LaleeZs
DA 90 H ~ |n(lvy) |

(d) Write and simplify the energy balance equation, substituting values and labeled variables from the
enthalpy table.
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QV/AH+?[?Z O = rH

-0 Qcce/érd.flo‘n /Aé'/a ’D)
— o veriical shan (AE/o =0 .
- 0 MoVING part¥ s worte dere /Ws:d)

(e) Write expressions for each labeled specific enthalpy, using data in Tables B.2 and B.8. The first step
is partially shown below as an illustration.

H : H,0(1,15° C)—)H O(1,100°C) - H,0(v,100°C) — H,0(v,110°C) ,,,

=4, /é/ﬁ/zomdf% Ay (160° 6) + /C/f/zo(v)df

/00

Q: Why 100°C? A: }){M ﬂ% VMOV'/"ZQZ%M k}?ml/& @ /DO o(/

Continue w1th the remaining enthalpies in the table. /70
AHE/HMV'/IDC Ugﬂ> 0"/_ f%/df
AHC =0 (V@faremc@) iy

AHd = foo PH CéT““AH\/ 100 C>+ fé&/oév) I
)oo
l’]@ = HM( 15C (B. 0) W f é)DAva

¥ pesume effect of 4P on enthalpy is /’fj/% ble,

The values of the specific enthalpies may be substituted into the energy balance, which may then be
solved together with the other system equatlons to determine Q(kJ).

AH = S aiH - = 4K

ot /N

=/ P/ # /7{7/7’0( +/72(//7)He/*/0/4u 90 4,
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Psychrometric Chart (Section 8.4d)
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PE a0 =o'l 1/ by
2 T ¥ 4 7 k
7 1_% /T / Vi, 7
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Why does it work? Gibbs phase rule for humid air gives
F =2 4 components — phases =2 +2-1=3

If we fix the system pressure at 1 atm, then we can specify any 2 intensive variables and determine all the

other intensive system properties. These are the properties you can look up on the chart:

a. Dry bulb temperature: Temperature as measured by a thermometer, thermocouple, etc.

b. Absolute humidity: h, (Ib, H,O/Ib_ DA) (also called moisture content). In terms of this quantity,
h

a

the mass fraction of water is _
y,' -
I+h,

c. Relative humidity: ; _00_Pu20

*

p[-[zo (T)

d. Dew point temperature: Temperature at which humid air becomes saturated if cooled at constant

pressure. Follow any point horizontally to the left until you reach the saturation curve.

e. Humid volume: V), (m’ / kg DA) - yolume accompanied by 1 1b_ DA plus the water vapor that
accompanies it
f. Wet bulb temperature: T  — temperature reading on a thermometer with a water-saturated wick

around the bulb immersed in a flowing stream of humid air. (Why do you feel cold when you step out

of the shower or pool?)
g. Specific enthalpy of saturated air: Btu/lb, DA
h. Enthalpy deviation: Used to determine the enthalpy of humid air that is not saturated. Subtract

enthalpy deviation from specific enthalpy of saturated air, which you find by following the wet bulb

temperature line to the saturation line.

Example: Use the psychrometric chart to estimate the following properties of humid air at 41°C and 10%

relative humidity:

e Absolute humidity ). 0048 K ? zL/20/ k % i

e Wet-bulb temperature /7 °C-

e« Humidvolume 0, § 95 47 S// kﬂﬂﬁ

e Dewpoint =5 (.

e Specificenthalpy S<. 2 —0,7 =535 K T/kg DA

What is the amount of water in 150 m’ of air at these conditions?

)50 mB hapud aty /eﬁ DA | p.0048 kj #20: 4,808 é? 450

B
/ 0.895 ) KGDA 75 Lopd caturated. T
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REVIEW OF KEY FORMULAS AND PROCEDURES IN CHAPTER 8

First law of thermodynamics (energy balance equation):

Q0+ W=AU+AE, + AE, [Closed (batch) system]
O+ WS =AH + AE T+ AEp [Open (continuous) steady-state system]

where

A

AU: 2 mfinalUﬁnal_ Z minitialUinifial

species, species,
states states
AH= Y m,H, — > mH, [where H=U+PV]
out” " out in”"in
output input
streams streams
AE L ? L * [where u(m/ loci
= z Emom(uom) - z Emm(um) [where u(m/s) = velocity]
output input

streams Streams

AEP = Z m, g2z, ~ z m, gz, [wherez=height]

output input
streams streams

Determining kinetic and potential energy changes is straightforward (usually neglect both unless there’s
a big velocity change from inlet to outlet and no reactions, phase changes, or large temperature changes).
Most problems in this course come down to determining values of AU or AH for a given process &
substituting it in the energy balance equation to determine heat. To do that, need to evaluate changes in

U or H for each species in the process inlet and outlet streams.
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Process Type 1: Change P at constant 7" in a single phase (Section 8.2)

AU =0 (Exact for ideal gas, approximate for solids and liquids)
AH =0 (Ideal gas)
=VAP (Solid or liquid - Vis constant) [Be able to derive this formula from the definition of H ]

Process Type 2: Change T at constant P in a single phase (Section 8.3)

AH = 1:12 — I:I1 [if you have tabulated enthalpies, as you do for water & species in Tables B.8 & B.9]
TZ . . .
= J.T] C,dT [exact for ideal gases with varying P, any gas at constant P.]
T2 S . . .
= J.T deT + VAP [liquids and solids]

AU =AH — APV [by definition]
= AH - RAT (ideal gases--be able to derive)

T A
= J. ’ C dT [exact for ideal gases or constant V, otherwise approximate]
T

where
C = CP — R (ideal gases)
~C , (liquids and solids)

T
To evaluate I ’ C,dT, integrate formula in Table B.2 term by term or (faster) use ICPP property database.
T

Estimation of Cp for solids, liquids, mixtures—Section 8.3c.

Process Type 3: Change phase at constant 7,P (Section 8.4)

A(s, T,, 1atm) - A(l, T,, 1atm), AH =AH
A(l, T,, 1atm) — A(v, T,, 1atm), AH = AH,

where

e T, = normal melting point, AI—AIm = heat of fusion (melting) at T, (Table B.1)
AU, ~AH_

e T, = normal boiling point, AI—A|V = heat of vaporization at T, (Table B.1)
AU, ~AH, —RT,  (Be able to derive from ideal gas EOS)

e Estimation of latent heats—Section 8.4b.
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Process Type 4: Mix two liquids or dissolve a solid or gas in a liquid at constant 7,P (Section 8.5)

A(s, 1, or g, 25°C, 1 atm) + B(, 25°C, 1 atm) —  A(solution, 25°C, 1 atm)

A A kJ
e AH =AH (r)— heat of mixing or solution = mlo /C S _57()/1/&171'

mol solute (A)

mole s Solete
e Found in Table B.11 or APEx functions HCL, NaOH, and H,SO,

Process Type 5: Reaction at constant 7, P (Chapter 9)

Procedure for energy balance problems

1. Draw and label flow chart, do DOF analysis (if Q or W is given or is to be calculated, count it as a

variable and count the energy balance as an equation).
2. Do the material balance calculations

3. Write the appropriate form of the energy balance equation and eliminate terms that are zero or

negligible. Calculate nonzero kinetic and potential energy changes.

4. Choose reference states for each process species. If you're going to use tabulated enthalpies for a
species, choose the same reference state used to generate the table (e.g. liquid at the triple point for
water if you’re going to use the steam tables, or gas at 25°C and 1 atm if you’re going to use Table
B.8).

5. Prepare an inlet-outlet enthalpy table (or internal energy table for closed systems), labeling all
enthalpies that cannot be set to zero. (If the species is at its reference state in the process, its enthalpy

is zero.)

6. Construct process paths from the reference state to each inlet and outlet state, calculate the associated

enthalpy changes, and substitute them in the table.

7. Calculate AH 0r AU and substitute it in the energy balance to determine heat or work.

6-26
Notes with Gaps to accompany Felder, Rousseau, & Bullard, Elementary Principles of Chemical Processes.
Copyright ©John Wiley & Sons, Inc.



