EngrD 2190 — Lecture 14

Concept: Process Analysis by Mathematical Modeling

Context: Energy Balance Examples
Exercise 3.65: Equivalent units of elementary energy changes.
Exercise 3.78: Using energy balances to calculate mass flow rates.

Defining Question: When is an energy balance necessary to calculate
a mass flow rate?

Read Chapter 3, pp. 145-151. Process Economics
Lecture 15 will follow the textbook.



EngrD 2190 — Heat Exchanger Module

Sign-up for a 50-minute lab session. Two homework teams per session.

Lecture Monday 9/29 is cancelled to accommodate the lab session.

Although your lab session is unlikely to be Monday 9/29 9:05-9:55 a.m.
The cancelled lecture allows for the lab session
without increasing the net contact hours.

My office hours Monday 9/29 are cancelled.



Professional Development — LinkedIn Pages

Ol LWO DI YOUT Cldss PEElNs. REICT LO LNE SrdUllng ruprics 101 NnorneworK ds dill EXdITIpLe.

By Wednesday Oct 1, 5pm, email:
Last name beginning A-J Email to Professor Woltornist (AW499)
Last name beginning K-Z Email to Professor Bauer (bth42)

» Alink to your LinkedIn page
» Completed grading rubrics for the Linkedln pages of two peers.



Homework 5

Homework 5 due Friday 10/3
Formal Energy Balances: exercises 3.59, 3.72, and 3.77.
See Thermodynamic Data on p. 200.
Thermodynamics of Chemical Reactions: exercise 3.80(A)&(B) only (Lecture 13)
Append a list of ‘take-aways’ to each exercise.

Requirements for Formal Energy Balances

e Define nomenclature.

e Show system borders and state assumptions.

e State source of equations. Every equation must have an explicit source.
examples: “apply conservation of energy” or “thermodynamic relation”
or “reactor specification.”

e Describe derivation. “Substitute equations (1) and (2) into equation (3)”

e Box your answers. Numbers must have proper significant figures
and include units.

See Examples of Formal Energy Balances: See posted solutions for

exercises 3.63, 3.64, 3.65, 3.66, 3.67, 3.68, and 3.78.

Flow sheets for mass & energy balance exercises are posted on-line.
Select the “Textbook™ item at the EngrD 2190 homepage.



Textbook Errata
Page 200, Cg, :}<J/(°C - mol)
29 J/(°C - mol)

Update your textbook with the corrections
posted at the EngrD 2190 homepage:

EngrD 2190 homepage = Textbook =
Textbook Errata, Graphs, and Figures = Errata



Homework 3 Excellence — Exercise 3.12 - Team 18

Honorable Mention to
Teams 1, 3, 4, 13, 22, and 24




Homework 3 Excellence — Exercise 3.28 - Team 18

Honorable Mention to
Teams 5, 6, 9, and 19.




Homework 3 Excellence — Exercise 3.115 - Team 11

Honorable Mention to
Teams 8, 10, 13, 15,
18, and 19.




Homework 3 Excellence — Exercise 3.125 - Team 11

Honorable Mention to
Teams 8, 10, 13, 15,
18, and 109.




Prelim 1

e Prelim 1: Tuesday 10/7, 7:30-9:30 p.m. 128 and 245 Olin Hall
Covers Chapter 2 and mass balances (formal and informal).
Covers through Lecture 10, Homework 4, Calculation Session 5.
Open paper notes, open exercise solutions.

Bring a calculator. Graphing calculators are allowed.

No laptops and no iPads.






Energy Balance Record

Federal Republic of Germany
2008

Petajoule
domestic
production
removal | hd
from stock 51 4147

import

export
total domestic energy amount  bunker

z,n'ra—l

primary energy consumption
non-energetic consumption

1,030 m—

rounding
differences

.......... = 35 . -
corwersion losses

518
consumption

final energy consuption ;. y0 onargy sector

2,645 2575 2502 1,404
industry  traffic  household trade
services

source: Arheitsgemeinschaft Energichilanzen 082008




Energy Balance on a Greenhouse



Energy Balance — The London Underground

The London Tube ‘Feels Like Hell.’
Efforts to Cool It Just Make It Hotter.
Wall Street Journal, July 16, 2025.

“Summer temperatures on the Tube now regularly exceed 30
degrees Celsius, or 86 degrees Fahrenheit, the legal limit for
transporting cattle, pigs and sheep in the U.K.”

“Industrial fans were installed at stations. Surveys indicated the
fast-flowing air made people feel more comfortable.”

But the Tunnel for London (TfL) operators discovered the fans
actually increased the air temperature. Surprising?






Exercise 3.65

3.65 Calculate the temperature of the stream leaving Units with Simple mass flows

the mixer below.

ter Solution is posted. may have complex energy flows.
87.0 kg/min / S
e Guess: Stream 3 is liquid water.,
(1)—>»
—/
—> 1. The ice in stream 2 melts;
water (30.0 w1 %) —(G)—> T3? phase(s)? the melted ice and water warm to T,
ice (70.0 wt %)
24.8 kg/mi .
ooc => 2. All the water in stream 1 cools to Tj.
2y —
\Z/
water
87.0kg/MiN j———-—mmmm e - 1
93.0°C ' .
(T !
W, | »  cooler m— !
. |
! g 87.0 k_g/mm @ |
: Cogies temp = 75 i
! I
I 1
water (30.0 Wt:%) _ | @_>
ice (70.0 wt %ol 1ce water Qsaiiris | water
24.8 kg/min | 17.4 kg/min 174 kg/min 24.8 kg/min ! 111.7 kg/min
0.0°C | 0.0°C 0.0°C 0.0°C ' temp = 73
@ i . @ melter | @—> @ warmer i
i :
' AR .
| b :
: water !
: 7.4 kg/min !
! 0.0°C .



Exercise 3.65: Equivalent Unit for Water+(\Water+Ice) Mixer

water
87.0 kg/min |—— T FeEEwnEsREsREEREAL = _FT,lCP,WateI’ (T3 o Tl)
93.0°C ! : : .
ﬁ | |
9, | : »|  cooler : — !
[ ] : i |
: llllllllll qll;l' 870 kg/mln @ :
: cooler temp = T3
1 .

water (30.0 Wt:%) _ :
ice (70.0 wt %b 1ce _ G oegrey WALET=rees == water |
24.8 kg/min 17.4 kg/min 17.4 kg/min 24.8 kg/min
0.0°C : 0.0°C 0.0°C 0.0°C
2)— melter —@—> warmer

|

1

1

| (b

|

1

1

|

1

Oma

water
111.7 kg/min
temp = 73

gW artner

by
water

7.4 kg/min
0.0°C

Energy balance on fictitious energy splitter.

rate of energy in = rate of energy out

Qcooler = Ometter T Qwarmer
Energy balance on fictitious cooler.
rate of energy in = rate of energy out

01 = U1a T Yeooler

Ocooler = _(qla - ql) = _Ach—)la = _FT,1CP,Water (T3 - Tl)

AN

out in




Exercise 3.65: Equivalent Unit for Water+(\Water+Ice) Mixer

water
87.0 kg/min |mTmmmmTomommmmoooees STeTanTaTaan | T _FT,1CP,Water (T3 - Tl)
93.0°C . . : / '
(1)1 : H
), ! : »|  cooler . water
| e S : 87.0 kg/min (1a)
|
|
|

— 5780 kd/min pooSudioda temp =T

water (30.0 Wt:%)

Gy

|
I
|
|
I
|
I
|
:
I
|
] temp = 75
I
|
|
I
|
|
)
I
|
:
|

ice (70.0 wt %ol ice _ - Qcaivics water
24 8kg/min | 17.4 kgfrmm === nig=======" % 111.7 kg/min
0.0°C : 0.0°C = :0.0°C 0.0°C
@ I 1 melter | 1 warmer
o —(: ()
I . .
1 | == esssssssssssmsmsms -
' GIN
| &)
: water
: 7.4 kg/min
3 0.0°C !

Energy balance on fictitious melter.
rate of energy in = rate of energy out

O2a t Umetter = G2

Ometter = Goc —Ooa = Aan—>2C — O'7OFT,2AHmeIt, water

out in

Omelter = 0-70( j = 5780 kJ/min

24.8 kg water) 6.0x10% J )( 1000 mol water
min mol water 18 kg water



Exercise 3.65: Equivalent Unit for Water+(Water+Ice) Mixer

water

87.0 kg/min [moTTTT oo sraranTaTans | _FT,1CP,Water (T3 - Tl)
93.0°C i : : -
(T : >  / |
Y ! : | cooler / water i
. S s sl : 87.0kg/min (1a)
i = 5780 kd/min |  .,..s. ?f_mler temp = T3 ' I:T,ZCP,Water (T3 — Tyg)
! . . |
! 1
water (30.0 Wt:%) _ : | @_>
ice (70.0 wt % Ice _ » water Qi | water
24.8 kg/min | 17.4 kgfmrmy=sengpenreeeey . . ! 111.7 kg/min
0.0°C ! 0.0°C = :0.0°C 0.0°C: ' temp = T3
{2 : [+ :
® ; mettr [0 |
[ : . . [
1 | === Sesssssssssssssaas -’ . |
' GINY !
l &) |
: water !
: 7.4 kg/min !
! 0.0°C |

Energy balance on fictitious warmer.

rate of energy in = rate of energy out

Oog T Owarmer = Uoe

Owarmer = U2e —loqa = Aqu—>2e - |:T,ZCP,Water (T3 - T2d)

out in




Exercise 3.65: Equivalent Unit for Water+(Water+Ice) Mixer

water

87.0kgmin j-------------------—- sraranTaTans | _FT,1CP,water (T3 - Tl)
93.0°C i : -
@ ; = cooler [ /Water i
| oy errrr ; 870 kg/min (Ta) |
i = 5780 kJ/min |  ...s. ?f_mler temp = 75 A= I:T,ZCP,Water (T3 - T2d)
! . . |
! 1
water (30.0 Wt:%) _ : : | @_>
ice (70.0 wt % ice Qo grey WatSTwernes - water | water
24.8 kg/min | 17.4 kgfmrmy=sengpenreeeey .17.4 kg/min  24.8 kg/min ! 111.7 kg/min
0.0°C : 0.0°C = :0.0°C 0.0°C: ' temp = T3
{2 : [+ :
® ; mettr [0 |
I . . . I
I | == Teessssssssssssssas -’ . |
| m |
| &) :
: water !
: 7.4 kg/min !
! 0.0°C |

Recall equation from energy balance on fictitious energy splitter:
Qcooter = Ometter + Qwarmer
Substitute equations for d.qo1er Ameterr AN Ayarmer-

_FT,1CP,Water (T3 o Tl) = 5780 + I:T,ZCP,water (TS o TZd)

_ Cpwater (Fr 2Tog + Fr 1T1) — 5780
CP,water(FT,Z + |:T,l)

Substitute numerical values: T; = 60.0°C Consistent with guess that stream 3 is liquid water.

Solve for T;: T,



Exercise 3.78

T Solution is posted.
(®) !
N steam recycle
P 1 steam 100°C i
E C] 360.°C fon‘nu]@ 30.0 kg/mlni
: N7 100.0 kg/min T 80°C ™ eam - All other streams
E v 10 Wt % Wate-i' ---------------- é Watﬁr Steam/ ; C-OHt-ain HZO:
O—0 (3 E)kAA\ —(4)—»| water . liquid water or steam.
100°C G : 100°C separator :
R A e
formul water
?géegc 30; ® 100°E i
' water water
100:°€ 1§0.°C
I 4 (e}
) Q O— =

(A) Flow rate of water out in stream 6? mass balance on H,0.  100.0 kg/min

(B) Flow rate of formula X in stream 10? mass balance on formula X?  No.

mass balance on formula X ? No.

overall energy balance? Yes!

Energy from condensing 100 kg/min steam at 360°C to water at 100°C
warms formula X from 30°C to 80°C.



Exercise 3.78 — Overall Energy Balance

T Solution is posted.
(%) i
: p steam recycle
: 100°C i
- steam -
i C] 360.°C fon‘nu]@ 30.0 kg/mlni
i 100.0%kg/min 90. wt % steam B07C T steam :
E v ].0 Wt % Watﬁr Watﬁr Steam/
: (2 2\ far)
s CIJ O—>0—=0 >km\ ()3 il
: 100.°C 100.°C separator
; A
formul water
?géegc 30; (D eerel i
' water water
o y [062E ) 100.°C
e/ \ N 2
Overall energy balance. rate of energy in = rate of energy out
0: + 0o = Qs * Ay
Group g’s into “out — in” differences. ~ —(Gio— o) = Us— Uy
Substitute thermodynamic relations.  —Fr.9Cp xtiquid (T1o = Ta) = Fr1(Cpgteam (100 = T1) — AH,;)

. I:T,l((TP,steam (loO_Tl) - AHvap)

T9 = =
—Cp x tiquid (Tro — To)




Exercise 3.78 — Overall Energy Balance o
Solution is posted.

(3) :
P steam recycle
steam 100.°C i
: Cl 360.°C formu]@ 30.0 kg/min:
: ' 80.°C :
: 1000 keg/mm 90. wt %o steam steam
Y 10.wt% water water —
@ >O @ )-—kAA\ @ | water
100.°C 100.°C separator
: A
formull water
100°C 30; ® goeE
' water water
100.°C 190.°C
N 4 ()=
\d) N LJ———*

I:T ,1((_:P,steam (100 o Tl) o AHvap )
o CP, X liquid (Tlo _Tg)

Fro =

Substitute numerical values.

4
(100. kg Hzoj(looo. mol Water]K 357 j(100—36O°C)—4'1X1O J}

- min 18 kg water (mol H20)(°C) mol H20
T,9 —
B 451 (80—30°C) 1000. mol X
(mol X)(°C) 103 kg X

Fro = 1270 kg X/min



Exercise 3.78 — Analysis of Recycle Stream 7

j (8)
\&

. steam recycle
T — 100.°C
Cl 360.°C GO formula X 30.0 kg/mm
' 80.°C
] 1000kgmin 190, wt % steam steam
: 10. wt % water water steam/
: @ >O @ » AN/ @ | water
100.°C 100.°C separator
Y I ; A
formula X water
water >
100.°C 30.°C SD 100.°C
' water water
100 %€ 100.°C
N\ 4 ()
0, N U \Y »

Stream 77? Analyze the two combiners.
Consider options for stream 2.

Stream 2 is water < 100°C? Not possible. Mixing steam at 360°C with water at 100°C
must produce T > 100°C.

Stream 2 is steam > 100°C? Not possible. Stream 2 must provide some water for stream 3.

Stream 2 must be mix of water + steam at 100°C.
No steam in stream 8 condenses when mixed with stream 2.

Combiner for streams 1 + 7: All steam in stream 1 cools 360°C — 100°C. None condenses.

Some water in stream 7 evaporates.



Exercise 3.78 — Analysis of the Two Combiners

}

(%)
\. 2/ steam recycle
i — 100.°C
Cl 360.°C GO formula X 30.0 kg/mm
: 80.°C
L 1000kg/min )90 wt 94 steam steam
Y : 10. wt % water water o
: ) : ) o
5 OO WA wawer
: . 100.°C 100.°C separator
0 IR ; A
water formula X Watecf
100.°C 30.°C 9> 100.°C
' water water
100:°¢ 100.°C
N\ 4 2\
O, C & >
steam
. 360.°C
No steam in stream 8 condenses 100.0 kg/min
when mixed with stream 2. =
Combiner for streams 1 + 7: —— water - water+
ansrerre Steam Steam steam

All steam In stream 1 cools

360°C — 100°C. None condenses.
Some water in stream 7 evaporates.

f
"
]
"
f
"
]
"
f
"
]
"
f
"
]
"
[
[

100.°C

steam
100.°C
8) 30 ke/min

1
i
o

9
1

0. wt% steam
0. wt% water

N LN LN LN LN LN LS LN R LN

LN ALY A AL AL AL AL S AL AL ALAS ALY ALANALAN AL AL Al

equivalent combiner



Equivalent Unit for the Two Combiners

steam steam

360.°C 100°C

100.0 kg/min ® 3 ke/min
B T S e T B I S et = e s e s S s e i |
I steam 1
E 100.°C :

1 A\ d

; ® :
1 water+ water+ :
: Ytransferred AR sfean steam | 90. wt% steam
. I 10. wi% water
) ! )\
i : G)—>
i ; 100.°C
: l
' |
] ]
' |
] ]
] 1
] ]
' )

equivalent combiner

qtransferred - Aql—>1a - |:T,lcP,steam (Tl_ 100) = 50’560 kJd/min
Oiransferred = A07a7¢ = I:T,7CAHvap, water — I:T,7c = qtransferred/AHvap, water = 22.2 kg steam/min

Steam in stream 2 = 100 kg/min (from stream 1) + 22.2 kg/min (from stream 7¢) = 122.2 kg steam/min

Steam in stream 3 = 122.2 kg/min (from stream 2) + 30 kg/min (from stream 8) = 152.2 kg steam/min
Because stream 3 is 90% steam, F; ; = 152.2/0.90 = 169 kg/min.

Because stream 3 is 10% water: F,,...3 = 169 x 0.10 = 16.9 kg water/min. (= water in stream 7b)

= Stream 7 is 22.2 kg/min (stream 7a) + 16.9 kg/min (stream 7b) = 39 kg/min.



Equivalent Unit for the Two Combiners

steam steam

360.°C 100.°C

100.0 kg/min ® 3 ke/min
e e e e A e R o i A B S R A S T i |
] steam 1
E 100.°C :

1 N !
; ® :
: q Watel‘+ Wateﬁ‘ :
! transferred AT steam steam | 90. wt% steam
l 100.°C 100.°C 100.°C ,6 | 10. wt% water
. (7 ‘ (2
i & T ——
! | 100°C
" water :
- water
E &100°C  {gpec E
: D '
: AN |
R J
7 \]ngéeor C \ equivalent combiner

Check: Overall mass balance on Equivalent Unit.
rate in = rate out

Fri+Fr7+Frg=Fqs
FT,? = FT,3 - FT,l - FT,8

Fr;=169 - 100 - 30 = 39 kg/min.



Exercise 3.78 — Energy Balance on Heat Exchanger

}

® t !
steam recyole  Stream 77
steam : ;
Cl 360.°C formula ¥ 30.0 kg/min y culat
. o we can calculate
100.0 kg/min Q0. wt % steam e b 80 C steam the flow rate of water
1.7 Yernter “;E—lf\er i in stream 4, we have
(2) (3} —» (4 )—m water !
&—0 1\0\6/;(: AR 1\56/’3 o | separator the flow rates of
B 5 streams 5 and 7.
formula X water
water s
100.5C 30.°C 100.°C
' water water
e 100.°C
@ \ 6 -

Consider stream 3 -
Analyze the heat exchanger. C

|
All the water in stream 3 passes i
through the heat exchanger unchanged. oo, i steam!

10. wt% water | | steam-

Some steam condenses to —@—Ib water
warm formula X. 00°c PP qo0ee q000C

|

I

. . te

Some steam (30 kg/min) passes L [Hooec
through the heat exchanger unchanged. ! G

|




Equivalent Unit for the Heat Exchanger

I
1
I
: steam
i 100.°C
90. wt% steam |
10. wt% water : steam.- | steam steam
0\ t
O vaer G2 O—C)—>
, parator :
100.°C i 100.°C 100.°C
I
|
: water
! 100.°C
[ P2\
3b
: \_/

Calculate the rate steam condenses to warm formula X.
Write and energy balance on the fictitious heat exchanger. ~Alzes30 = Ay

Substitute thermodynamics.  —Fr3cAHvapwater = F19Cp formuta x(T10 — To)

Solve for FT,3c- |:T,96P,forﬂjla X (Tlo _Tg)

Frac = = 122.2 kg steam/min

—-AH vap water

Steam in stream 3 = steam bypassed + steam condensed = 30. + 122.2 = 152.2 kg steam/min
Because stream 3 is 90% steam, F; 3 = 152.2/0.90 = 169 kg/min.

Because stream 3 is 10% water: F,.. 5 = 169 x 0.10 = 16.9 kg water/min.
Water in stream 4 = steam condensed + water bypassed = 122.2 + 16.9 = 139.1 kg water/min.



Exercise 3.78 - Summary

>
&

steam recycle
steam 100.°C |
Cl 360.°C formula X 30.0 kg/min
i 80.°C
100.0 kg/mmn 90, Wt %0 SteAMunnakannnnnnnnnns steam
10. wt % water : water Sl
@ >O @ = ANNT @ » water
100°C : E 100.°C separator
water formula X water
100.°C 30.°C ED 100.°C
' water water
100.°C 100.°C
@ C G
L/ \ Kol >/

Water in stream 4 = 139.1 kg water/min.
Water in stream 5 = 139.1 kg water/min.

Water in stream 7 = 139.1 — 100 = 39 kg water/min.

>



Energy Balances

Process units with simple mass flows may have complex energy flows.
Consider drawing an equivalent unit that comprises elementary energy units.

When a mass balance fails, use an energy balance to obtain a mass flow rate.



