EngrD 2190 — Lecture 12

Concept: Process Analysis by Mathematical Modeling

Context: Energy Balance Examples, cont’d
Liquid-Gas separator with a heat exchanger.

Defining Question: What are the two chief differences between
mass balances and energy balances?

Read Chapter 3 pp. 132-139 (energy balances with chemical reaction)



Summary of Energy Balances to date

e Cannot calculate the energy of a mass stream;
cannot state g, = 100 kJ/min
Must calculate the change in energy of a mass stream;
must calculate Ag, ,, =0, — 0

e Cannot measure Ag; must measure AT or Aphase
and use thermodynamics to convert to energy.

e Simple mass units can be complex energy units.
Create an equivalent unit of elementary energy units.

An elementary energy unit has
one mass stream in, one mass stream out
one energy change; AT or Aphase
all mass passing through the unit is heated or changes phase.



Summary from Lecture 11

Example 1. Calculate gy,

FEEEEEE NN NN SN NN EEEEEEEEEN ~

styrene (liq) Estyrene (lig)
@ M heater @
20.°C :120.°C
30, kofmin e B .
kg g s = 5,300 kJ/min

analyzed an equivalent unit
Example 2: Exercise 3.63(A). Calculate gpeqtrevap:

H,0 (g) H,O(g)
70. wt% H,O (lig) sesssancannnnnnne i, Styrene (lig) LA.50
30. wt% styrene (lig) = 120.°C o
: heater & | : liquid-gas
(1) g —(2)—>
=/ : evaporator | : \Z/ separator
26076 _
100. kg/min  f.eeeennes gq ...... ; Syrens(lia)
heat+evap 120 °C

= 190,500 kJ/min



Energy Example 3

The energy demand in the heater-evaporator in example 2 increased substantially.
The chief energy demand was the evaporation of water. Add a heat exchanger to

reclaim this energy by condensing the steam.

H,O
| 10 () éD 120 0%)
70. wt% H,O (liq) H,O styrene (liq) |
30. wt% styrene (liq) styrene B 120.°C bawd
7o) AN warmer Vs 1quid-gas
@ »—\VV \1/ » evaporator \%/ » separator

20.°C .
100. kg/min HE? (hhq) styrene (liq)
40.°C Tuvarmer 120°¢



A Heat Exchanger
warm hot

warm cold



Heat Exchangers



Energy Example 3

The energy demand in the heater-evaporator in example 2 increased substantially.
The chief energy demand was the evaporation of water. Add a heat exchanger to

reclaim this energy by condensing the steam.

H,O
_ HZO (g) @ 1220 o(é%)
70. wt% HZO (11(:]) Hgo styrene (hq) '
30. wt% styrene (1 styrene 120.°C
o%t_\y e L AAA t}f;l\ warmer & (N liquid-gas
o/ > —/ » evaporator 2/ » separator
20.°C :
100. ke/min Ij[;? C(hq) . @ styrene (liq)
arbitrary;
Calculate gyamer must be >20° C and <120° C
Method 1.

If we knew the state of stream 1 (temperature and phase(s)),

we could calculate AQ; ., = Qyarmer
Because streams 4 and 5 are completely specified (temperature and phase(s)),

we can calculate Ag,_,¢
From an energy balance on the heat exchanger, Aq, ,s = AQs_,;



Heat Exchanger Mathematical Model

70. wt% H,O (liquid) H,O (liqu_id, vapor, or liquid+vapor?)
30. wt% styrene (liquid) styrene (liquid)
(o R
O—> O—>
20.°C
100. kg/min 4
transtferred
H,O (liqud) H,O (vapor)
T
\3/
40.°C 120.°C

Devise equivalent units for the heat exchanger. Must guess the phase(s) of stream 1.

1. T<100°C and H,O is entirely liquid.

2. T=100°C and H,O is a mix of liquid and vapor.| 1% guess

3. T>100°C and H,0 is entirely vapor.

Note: We need not guess the temperature of stream 1.



Recap from Lecture 11

Example 2: Exercise 3.63(A). Equivalent unit for heater+evaporator:

it e e S e
|
1 WALl passsssssnnnsnnnnnnn, VWO s nnnnnnnnnnnnnnnnn vt ibannnnnnnnnnnnnnnnn,
|
: water | : steam
! 3 evaporater | : warmer
70 wt% watdr 70 kg/ n?m : - Pl 5
30 Wt% St},rene ---------------------------------- é(-j--;-159,6--0110| --------- é ;:;202720
200G ¢ : D D S _
< magic :
\) % separator <. < .=
100 kg/min, g, = 5280
I styrene sy 1eal€
: 20°C 120°C
I . 3 styrene T
: @ warmer \1—13’
l 30 kg/min
e e e e e

equivalent unit for the heater+evaporater Theatrevap = 190,500 kJ/min



Example 3: Exercise 3.63(B) Equivalent unit for heat exchanger: Stream 4 to stream 5.

steam
1)120°C
70 kg/min

|
[ same as example 2

water steam steam \
cooler E . condenser . cooler
[ ; ) |

Informal energy balances

From example 2, qg = 2720 kd/min
From example 2, q- = 159,600 kJ/min

100-40
100-20

100-40
100-20

jx 23,350 = 17,500 kJ/min

Algy 5 = Aljgpecsa0cc = ( jx AQ1000c—200C = (

Energy balance on fictitious energy combiner.

=g + g + g = 17,500 + 159,600 + 2,720 = 179,800 kJ/min

qtransferred



Example 3: Exercise 3.63(B) Equivalent unit for heat exchanger: Stream 6 to stream 1.

Ir ________________________________________________ B
|
| ) | T,0(liq)
: ~ | H,0(g)
| water water steam I styrene(liq)
| 20°C " 100°C : 100°C | 100.°C
N\ water . IC) . water . ?I . E
: \6_9 _h warmer @ @ evaporater @ . | o
70 wt% watgr 70 kg/min :
30 wt% styrehe :
20°C | ; |
= ! magic |
\é/ i i separator :
100 kg/min! !
= : styrene T styrene :
| 20°C 100°C :
, . 3 styrene o\ |
: @ warmer @ '
| 30 kg/min :
s oo e s e s o meee S e Se o i e ree et Do anie o sues o saen o 1
Informal energy balances Birans = 179,800 kJ/min
100-20 100-20

O = Adga—s6b = Ad20-5100°C = ( jx Adz00c1200C = ( jx 5280 = 4220 kJ/min

120-20
From example 2, g, = 23,350 kJ/min

Energy balance on fictitious energy combiner.
Uevaporator = Gtransferred — On — Oy = 179,800 — 4220 — 23,350 = 152,200 kJ/min

120-20



Example 3: Exercise 3.63(B) Equivalent unit for heat exchanger: Stream 6 to stream 1.

5 7
! |
i @ 1 HO(lig)
| : H,O(g)
: water sessssssssssssnnnnnnnns _steam : styrene(liq)
| 20°C - ' : 1100%¢ 1 100.°C
N\ water water  |: |
: o _’ warmer evaporater |: . 5 , ,' .
70 wi% watgr 70 kg/min RN W |
30 wt% styrehe g. = 23,350 kJ/min g =152,200 kJi/min
20°C | . : P |
=\ . magic l
&) _i = separator :
100 kg/min| gy = 4,220 kJ/min :
| styrene J "
: 20°C 100°C :
| . o StyTENS N |
: @ warmer @3/ '
| 30 kg/min :
B s s i o e e e e e S e e e e e s e e e s sy 1

qtrans: 1791800 k\]/m|n
Energy balance on water evaporator

Uevaporator = Usf — Uge = |:T,6fAHva1p

= Jevap 152,200 kJ/min
,6f = — =
AH yqp 4.1x10* J }(1000 mol H,0 ( 1kJ j
mol H,0 18 kg H,O )\ 1000

= 66.8 kg H,O/min




Example 3: Exercise 3.63(B) Equivalent unit for heat exchanger: Stream 6 to stream 1.

[T T T T T T T T T T T T T T T T T T s 7
! |
i @ ! H,0(lig)
| : H,0(g)
: water steam | styrene(liq)
| 20°C , ] 100°C y 1 100°C
N\ water water LN
| & _) warmer evaporater @ : L s
70 Wt% water 70 kg/min :
30 wi% styrehe g.. = 152,200 Ki/min
20°C | _ P |
! magic |
) _i e separator :
100 kg/min| gg = 4,220 kJ/min :
| styrene ) |
| 20°C 100°C :
| . 3 styrene 7 |
| @ warmer @ I
| 30 kg/min :
e s e e s s e e i e e e e oot bin ) viete e o s sy 1

: : = 179,800 kJ/min
Alternative (easier) method to calculate Fr . Tirans

From example 2, 159,600 kJ/min evaporates 70. kg H,O/min.

152,200 kJ/min
159,600 kJ/min

(70. kg HZO)x( j = 66.8 kg H,O/min

Check: What if calculation yielded g, > 159,600 kJ/min?



Calculate g,,mer = AJ7_,»

Stream 1 is 66.8 kg steam/min, 3.2 kg water/min and 30. kg styrene/min at 100° C.
Must convert to 70 kg steam/min and 30. kg styrene/min at 120° C.

1. Evaporate 3.2 kg/min of water:

3.2kg H,O( 2280 kJ
min kg H,O

AQ = Fyater (AHyqap) = j = 7,300 kJ/min

2. Warm 70 kg/min of steam to 120°C from 100°C:

70 kg steam( 1.94 kJ

_ (120-100) = 2,720 kJ/min
min (kg steam)(°C)

AQ = FsteamCp steam (T, -Ty) =

3. Warm 30 kg/min of styrene to 120°C from 100°C.:

30 kg styrene 1.76 kJ
AQ = I:styrene(-\'P,styrene(TZ -Ty) = : -y (

(120-100) = 1060 kJ/min
min (kg styrene)(°C)

The total energy rate into the warmer+evaporator
IS therefore 7300 + 2720 + 1060 = 11,080 kJ/min.

The energy rate is only 6% of that in Example 2.



Second Method: Draw strategic system borders.

| H,0 (@) éD 20
70. wtto HyO (g, O . styrene (liq) '
20 Wt%;,dt{rene (lgtq) St};f\ne warmer & 12?"-0\? liquid-gas
@ >V '\.}J a8 evaporator '\%/ »~ separator
20.°C : . :
100 kg/mln L @.Ijg?éh@ ........................ g ......... » Styl'el‘le (llq_)

Avoid calculating the specifics of stream 1 by drawing system borders that enclose
stream 1. Draw borders around the heat exchanger and the warmer+evaporator.
rate of energy in = rate of energy out

Owarmer T s + 04 =02 + Qs
Owarmer = (q2 - q6) + (q5 - q4)
Quarmer = (AQ for streams 6 — 2) + (Aq for streams 4 — 5)

From example 2, Aq for streams 6 — 2 = 190,950 kJ/min.

Aq for streams 4 — 5 = Aq provided by the steam (120°C) to water (40°C) in the heat exchanger

=-179,830 kJ/min (from first method).
= 190,950 + (-179,830) = 11,120 kJ/min.

qwarmer



Thlrd Method: Draw strategic system borders.

70. wt% H,0 (liq) H,O
30. wt% styrene (liq) styrene
(&N : (N
20.°C : .
100. kg/mm ..... H}Q ﬂqu

warmer &
evaporator

gwarmer

H,0O (g)

styrene (11q)

120.°C
O—>

HZOE(g)
120.2C

liquid-gas | :
separator |:

EEEEEEEEEEEEEEEEEEEEEES EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE ":S;'fyi'é:ne (]_]_q)
12076

Avoid calculating the specifics of stream 1 by drawing system borders
that enclose stream 1. Draw borders around the entire process.

QWarmer

rate of energy In = rate of energy out

qwarmer + q6

qwarmer

J; + 05

(qs q6 styrene) + (q5 q6 HZO)

(Aq for styrene in streams 6 — 3) + (Aq for H,O in streams 6 — 5)



Thlrd Method: Draw strategic system borders.

H,0

G 200 G:D 120 %%)
70. wt% H,0 (llq) HQO styrene (]1q)
30. wt%o styrene (liq) styrene 3 120.°C liouid :
() : oo warmer =\ iquid-gas | :
@ »—VVV '\.}J » evaporator \g/ » separator |:

2020 E . :
100. kg/mm ..... Hg?ﬂlq.) styre'ne (llq)
40.7C Qi 120.°C

Quarmer = (AQ for styrene in streams 6 — 3) + (Aq for H,O in streams 6 — 5)

1. Warm 30. kg/min of styrene to 120°C from 20°C:

30 kg styrene( 1.76 kJ

_ (120-20) = 5,280 kJ/min
min (kg styrene)(°C)

AQ = |:styreneCP,styrene(TS_TG) =

2. Warm 70. kg/min of water to 40°C from 20°C:

70 kg water 4.17 kJ
AQ = FuaterCp, water (Ts —Tg) = (

: (40-20) = 5,840 kJ/min
min (kg water)(°C)

Owarmer = 2,840+ 5,280 = 11,120 kJ / min Much easier!



Summary of Lectures 11 and 12
Example 2: Exercise 3.63(A). Caleulate gyeatsevap:

70. wt% H, O (lig)
30. wt% styrene (liq)

N
O—>>

heater &
evaporator

207

100. kg/min

H,O
PO (g) 120 %)
styrene (liq) '
120.°C T
o iquid-gas
'\%/ » separator
styrene(liq)
120.°C

g qh eat+evap

= 190,500 kJ/min
Example 3: Exercise 3.63(B). Calculate g, . or-

H,O
. HZO (g) é) 1220 o(g)
70. wt% H, O (liq) H,O styrene (liq) '
30. wt% styrene (i styrene 120.°C
0/%1:\}( - L AAN t},(fl\ warmer & (D liquid-gas
"/ > > evaporator 2/ » separator
20.°C .
100. kg/min @ Ijg?éhq) . @ styrene (liq)
= 11,100 kJ/min

Energy consumption for Example 3 is 17x less than Example 2!



Summary of Energy Balances to date

Cannot calculate the energy of a mass stream;
cannot state g, = 100 kJ/min

Must calculate the change in energy of a mass stream;
must calculate Aq, ., =0, — 0,

Cannot measure Aq; must measure AT or Aphase
and use thermodynamics to convert to energy.

Simple mass units can be complex energy units.
Create an equivalent unit of elementary energy units.

An elementary energy unit has
one mass stream in, one mass stream out
one energy change; AT or Aphase
all mass passing through the unit is heated or changes phase.

Calculating a mass flow may be impossible with mass balances.
Calculating a mass flow may require an energy balance.



