EngrD 2190 — Lecture 11

Concept: Process Analysis — Mathematical Modeling with
Energy Balances
« One cannot measure energy; one must use measurable
guantities (temperature and phase) and convert to energy.
* One cannot calculate absolute energy; one must calculate
energy change.

Context: A heater, a heater + partial evaporator,
and a heat exchanger.

Defining Question: What is an elementary energy process unit?

Read Chapter 3 pp. 123-132 (energy balances)



EngrD 2190 — Lecture 11

Homework 3 due today at noon.

Write team code and names of all contributing team members on all solutions.
Indicate this week’s Team Coordinator.

Submit after lecture or deliver to the EngrD 2190 mailbox in a cabinet
In the hallway between 130 and 132 Olin Hall. Not to my mailbox.



EngrD 2190 — Lecture 11

 Homework 4 due Friday 9/26:

Formal mass balances on processes with chemical reactions:
exercises 3.33 and 3.43
Append a list of ‘take-aways’ to each exercise.
Every equation must have an explicit source.

Process Design with qualitative, informal mass balances:
exercises 3.119 and 3.124
Append a list of ‘take-aways’ to each exercise.



Requirements for Formal Mass Balances

Define nomenclature.

Show system borders and state assumptions.

State source of equations. Every equation must have an explicit source.
examples: “apply conservation of mass” or “stream compositions”
or “process specification for washer”

Describe derivation. “Substitute egns (1) and (2) into eqn (3).”

Box your answers. Numbers must have proper significant figures
and include units (e.g., kg/min).

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



Homework 2 Excellence — Exercise 2.23 — Team 11

Honorable Mention
to
Teams 6, 13, and 18



Homework 2 Excellence — Exercise 2.33 — Team 11

Honorable Mention
to
Teams 25 and 26



Mathematical Modeling

Translate a physical and chemical description into equations.
Part 1. Mass Balances

. must define system borders
Universal Laws y

Conservation of Mass F@K@/

Process Specifications
5% @P)the recycle(ispurged = 0.05 X Frecyete = Frpurge
X —

Part 2. Energy Balances
Universal Laws

Conservation of Energy Oin = Yout

Constitutive ‘Laws’ AQ = F{Co(T,ye — Tip)

\

from classical
" thermodynamics
AQ = I:T(A}[phase)

7

phenomenological; from empirical relations, not from basic principles
Part 3. $ Balances



Energy Balance Example 1

energy indicators: phase and temperature

Example 1. Calculate gy or-

styrene|(liq) | : : styrene|(liq)

—@ @ heater

20.°C
30 mm = g ............ -

—2700-kd/rmin— Yheater

Cannot specify absolute energy flow rates.
Can only specify differences between energy flow rates.

Cannot measure differences between energy flow rates.

120.°C

Must measure energy indicators and calculate energy differences.



Applying an Energy Balance

Define g; = flow rate of energy in stream 1 (kJ/min)

Apply the Conservation of Energy Shorthand for
rate of energy in = rate of energy out 1. steady state (in = out)
n _ 2. system with green borders
ql qheater q2

q,=? Usean “energy meter’ on stream 1? No. Does not exist.

We can measure the mass of a stream,
but we cannot measure the energy of a stream.

Must use energy indicators. Temperature!

How to convert Ttog?  Thermodynamics!

(change in internal energy) oc (mass) x (change in temperature) for AP =0
AU = (mass) x Cp x AT

\proportionality constant — heat capacity

“constant” is not constant — changes with substance
— changes with T and P



Applying an Energy Balance, cont’d
AU = (mass) x Cp x AT

. . . A mass
Divide both sides by time —U :
time  time

Aq = FC,(AT)  equation 3.114

x Cp x AT

Note: we do not have an equation forg=...  We must group g’s into AQ’s

Return to the energy balance on the heater.
rate of energy in = rate of energy out

i + Oheater = 2
Group g’s into connected mass streams:

Oheater = U2 — 01 = AQq_,,
H_J

streams 1 and 2 are same substance: styrene

streams 1 and 2 have same flow rate: 100 kg/min
q difference arranged as ‘out’ minus ‘in’



Applying an Energy Balance, cont’d

Oheater = Aq 152

Use thermodynamics to substitute for Ag.
Oheater = |:T,léP,styrene (TZ _Tl)
assumes C;, Is independent of T

Calculate a numerical value. Include explicit units.
see data on p. 200

(30 kgstyrene) 183 joules ne  onoye| LFRekstyrens | (10606-¢
_( " j(o\&mew%j(lzo& 20\&)[104@[%)

Important

Qheater

Oheater = 2-279 x 10° joules/min

Oheater = 5.3 x 102 kJ/min




Energy Balance Example 2

Example 2: Exercise 3.63(A). Calculate gycqtievap

energy indicators:

Solution is posted.

phase and temperature 1,0/ () H0(g)
70 Wt% HZO‘ (llq) E, --------------------------- q‘l-}l;r-r{:ﬂin llq) ].20 C
30. wt% styrene|(l1¢) 120.°¢ o
(T ; heater & 72 liquid-gas
Nt " evaporator \Z/ » separator
20.°C '
100, Kg/ min ... gqheaﬁ_;va Styrene(liq)
3 120.°C

Although the mass balance is simple, the energy balance is complicated.

Heat styrene (liquid) to 120°C.
Heat water (liquid) to 100°C.

Evaporate water (liquid) at 100°C.

Heat steam (vapor) to 120°C.

Strategy: represent heater+evaporator
as a system of elementary energy units.

one mass stream in, one mass stream out
one energy change: temperature change
or phase change

In later courses l

or pressure change
or velocity change ...



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

I
70 wt% water
30 wt% styre'ne
20°CG ¢
(M
D—>
100 kg/min,
|

magic
separator

styrene
20°C

steam

: .E; water E.E; :
: : evaporater | : =" | warmer | :

from example 1

30 kg/min

styrene
warmer

49p

equivalent unitffor the heater+evaporater

qheatJrev ap

Comprises elementary energy units
* One stream in, one stream out.
e one energy change: AT or Aphase (EngrD 2190)
AP, Av, Aheight, etc (later courses)

| H,O(2)

| styrene(lig)

: 12056



Example 2. Energy Balance on Heater+Evaporator

Water warmer: rate of energy in = rate of energy out
Oic + O = Qug
Group g’s Into AQ’s: Og = Ug—Uic = |:T,lcCTP,water (Tld _Tlc)

min °C-mol water 18 kg water

G = (70 kg _vvaterj( 75 joules j(100—200 o) [1000 molwaterj
g = 23,350 kd/min

Evaporator: rate of energy in = rate of energy out
Qg * dc = Qe
Group g’s into AQ’s: Jc = Qe — A1y = Fridlrmm =
= FT,ldAﬁvaporization
o - (70 kg _vvaterj(4.1><104 jouIes](lOOO mol waterj
min mol water 18 kg water

dc = 159,600 kJ/min



Example 2. Energy Balance on Heater+Evaporator, cont’d

Steam warmer: rate of energy in = rate of energy out
e + Op = Qys
Group C|’S Into AC]’SZ qD — qlf B qle = |:T,leCP,steam(Tlf - Tle)

Ub

(70 kg steamj( 35 joules
min °C-molsteam

dp = 2720 kd/min

j(lZO -100°C) 1000 mol steam
18 kg steam

Combine the energy flows to the elementary energy units.

Write an energy balance on a fictitious energy combiner.
rate of energy in

rate of energy out
CIheater+evaporator = qA + qB t CIC t qD

Oheater+evaporator = 2280 + 23,350 + 159,600 + 2720
Uheater+evaporator = 190,950 kJ/min

Uheater+evaporator = 1.91x 10° kJ/min




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

P e s .
: water water steam steam :
: 20°C . 100°C " 100°C = 120°C :
; N water water steam
! o warmer . E evaporater . | warmer |
- |
70 wt% watér 70 kg/min 1 H,O(g)
30 wt% styrepe g. = 2720 | styrene(lig)
20°C ! _ P 1120°¢
(T)_Ly| mMmagIC !
N/ ™" separator !
100 kg/min, :
I styrene |
: 20°C |
| . 3 styrene |
: @ warmer :
I 30 kg/min I
|
b s e anssn e il e e e o S T R P S -

equivalent unit for the heatert+evaporater Theat+evap = 190,500

Important: evaporating the water is the major energy use.
Best source of energy to recover in a heat exchanger (Example 3)



Defining Question: What is an elementary energy process unit?

Answer: An elementary energy process unit is a fictitious unit to
represent a single energy change for a single mass stream.

An elementary energy process unit has —
one stream In and one stream out, and
exactly one energy change — a temperature change, or
a phase change, or
in later courses | a velocity change, or
a pressure change, or
a height change, or ...

\ 4

Replace a complex energy unit with an Equivalent Unit
that comprises elementary energy process units.

Bring Today’s Lecture Handout to Monday’s Lecture.



