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Introduction

* Chemical Reaction Engineering (CRE) involves
understanding the energy balance in reactor
systems.

* This lecture focuses on energy balance
fundamentals, adiabatic reactors, and the equations
necessary to analyze energy transfer in chemical
Orocesses.
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Topics to be Addressed

* - Fundamentals of Energy Balance

* - Energy Balance Equations and Assumptions
- Adiabatic Reactor Design and Analysis

* - Introduction to Heat Effects in Reactors

* - Case Studies and Practical Applications
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Objectives 2

By the end of this lecture, students will be able to:

» - Understand the principles of energy balance in
chemical reactors.

* - Apply energy balance equations to different
reactor configurations.

- Analyze adiabatic reactor performance.

* - Relate heat effects to reactor design and
operation.
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Introduction

* Energy balance analysis Is critical for designing
efficient reactors and optimizing their performance.

* This session covers theoretical frameworks and
oractical applications, including the design of
adiabatic reactors and the use of user-friendly
eqguations.
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Today’s Lecture

Energy Balance, Rationale and Overview

Let’s calculate the volume necessary to achieve a conversion,
X, in a PFR for a first-order, exothermic and adiabatic reaction.

The temperature profile might look something like this:

T K X

A wa e
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Energy Balance, Rationale and Overview

<

dX _ _rA
dav.  F,,
r, =—k; exp E[1 —1j Ca
Rate Law: _R LT _
C,=C,1-X
Stoichiometry: A AO(_ ) .
E(1 1
e e RlT T
1
Combine: qv F “Caoll-X)
A0
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Energy Balance, Rationale and Overview

abul ] iy

YOUR WAY TC SUCCES!

E(1 1
k. exp —
dX R [Tl T ]

- L 1C,0(1- X
= e (1)

We cannot solve this equation because we don’t
have X either as a function of Vor T.

We need another equation. That equation is:

The Energy Balance
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User Friendly Equations Relate T and X or F;

<

abul ] iy

1. Adiabatic CSTR, PFR, Batch or PBR

W =0 AC,=0
v 26 (T-1)
“#  _DH’
Rx
X:ZQiCP,. (T_To)
-DH

TRL Iy + (_AHORX )XEB

2.0C,
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bl gl sagla

YOUR WAY T'C SUCCES

Exothermic Endothermic

To

0 Xeg 0 Xeg
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and X or F,

2. CSTR_with heat exchange: UA(T,-T) and a large
coolant flow rate

abul ] iy

YOUR WAY T'C SUCCES

(M(T—Ta)j+ZQ,-Cg (T-T5)

X — E40
EB — _DH°
Rx
L'
mC A
~— T
<Ta E_/ g X
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and X or F,

abul ] iy

3. PFR/PBR with heat exchange
Coolant
Fao Ta <\
T, O 0000
AN OO0 OO0
OO0 OO0
OO0 OO0

3A. PFRin terms of Cé)nversion

dT_;AAHRX(Tj—i]a(T—Y;)_ Qg—Qr

coutdl or exomlemy®, Cnikihe, X | Fo(D0,C, + ACPX:
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and X or F,

abal @l szaggs

YOUR WAY TC SUCCESS

3B. PBR In terms of conversion

ar Rx(T)——(T T,)
dw FAO(Z@,.CP,.MCPX)

3C. PBR In terms of molar flow rates

0= T)
cousecélg/r ENGINEERING Zminllpmls
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and X or F,

abul ] iy

YOUR WAY TC SUCCES!

3D. PFR In terms of molar flow rates

dr  rAH, (T)-Ua(T-T,) 0O,-0,

dv- > FC, Y EC,
4. Batch

dr _(nV XAH,, )-UA(T-T,)

dt > NC,

COLLEGE OF ENGINEERING - dssaiml| a4l&

b pa -



User Friendly Equations Relate T L -

and X or F,
5. For_ or unsteady CSTR
dT _ e _EEO(CE (T'ZO)J“[‘AHRx(T)](‘VAV))
dt iNiCPZ.
i=1

6. For multiple reactions in a PFR (q reactions and m species)

q
o Z:‘z;.jAHny ~Ua(T-T,)

dV = Let’s look where these User Friendly
ZFZ-CPJ- Equations came from.

=1
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Reactor with no Spatial Variations

<

alaal @lf ezigybs

YOUR WAY T

Reactor
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Reactor with no Spatial Variations

Q
|

abal o] esayha

YOUR WAY TC SUCCESS

l

Reactor

Rate of flow
of heat fothe
system from
the
surroundings

Q
(J/s)
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Reactor with no Spatial Variations

l N—_—
D
Reactor
Rate of flow ( .\
Rate of work
of heat tothe _ done by the

system from
the
surroundings

system onthe
surroundings

. . . ./
Q W

(J/s) (J/s)
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Reactor with no Spatial Variations

Q W izl
|
F l %%

Em >I::> Reactor

R ( \ ﬁ%ate of energh
ate of flow
Rate of work added to the
of heat tothe
- done by the | 4 system by
system from
the system on the mass flow
surroundings surroundings intothe
. k J \ system J
Q - W I:in Ein
(/) (1) +  (s)
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Reactor with no Spatial Variations

E >—| )

Rate of flow
of heat tothe
system from
the
surroundings

Q
(J/s)

Q W
l NN
AN
Reactor :>—<
(‘ \ ﬁ%ate of energh
Rate of work added to the
- done by the | 4 system by
system onthe mass flow
surroundings intothe
K J \ system J
- W |:in Ein
(J/s) (J/s)
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YOUR WAY T'C SUCCES

T

out

out

Rate of energy
leaving system
by mass flow
outof the
system

J

F.E

out —out

" (ls)



Reactor with no Spatial Variations o

Q W
l NN
Fin AN
g >I::> Reactor :>—<
in
o 0 B e R e
accumulation of heat tothe o
— - one by the system by
of energy = | system from
within the the system on the m’ass flow
system surroundings surroundings intothe
) K \ system )
dE,,, _ Q W FinEin
dt (is) = (s) (J/s)

(3/s)
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YOUR WAY TC SUCCES!

T

out

out

Rate of energy
leaving system
by mass flow
outof the
system

F.E

out —out

(/)
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YOUR WAY TC SUCCES!

|:i‘in (‘2 i‘out
(e-g-’ FAO) ‘ ¥ ] (e-g-’ FA)
Hi‘in | . /% <Hi‘out
(9. Hao), Ws (eg. H,)

Energy Balance on an open system: schematic.

dE

Q_Ws-l_ZFiOEiO‘in _ZFiEi‘Out = ;ftem (1)
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OK folks, here is what we are going to do to put the
above equation into a usable form.
1. Replace Ui by Ui=Hi-PVi

2. Express H. in terms of heat capacities

3. Express Fi in terms of either conversion or rates
of reaction

4. Define AHg,
5. Define AC,

6. Manipulate so that the overall energy balance
is in terms of the User Friendly Equations.
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YOUR WAY TC SUCCES!

Assumptions:

=0 =0
E. =U, jpéi + K,  Other energies small compared to internal
W = flow work + shaft work

~ ~ ~ 3
flowwork =-> F PV, +> FPV, (V:m—J
mo

Recall:

H,=U+PV,
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Intro to Heat Effects -~ <=

Substituting for W

2= S EV+ 0|3 E R +EFPV+W]=d§tS
g - dE_
S E U, +B7, - SE[U+ PV |+ 0-, - 2
. . dE
EEOHiO_EEHi+Q—WS= d;ys

colenshuiniineda W) FoHio ) FH, =0
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YOUR WAY TC SUCCES!

General Energy Balance :

dE

system

dt

Q_Ws‘l'ZFioHio _ZFiHi -

For Steady State Operation:

Q_Ws"'ZFioHio _ZFiHi =0

e 1)

S

b pay -
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ZFioHio = FAOZG)iHiO

A[_IRx
NFEH =F,Y(0,+vX)H =F,Y0H -+ FAOXEUZ.H;

l

Q-W,+F, (30, (H,-H)+F, XAH, ) =0
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Intro to Heat Effects .= A

For No Phase Changes
Hi(T):Hzp(Ze)_l' JTT CpdT

. Enthalpy of formation at temperature Ty
Constant Heat Capacities

SH(T)=H (5,4 CoT-T;)

Hy,—-H, = CPi(T_Z))

1

ZUiHi = ZUiHiO + ZuiCPi(T_ ZR)
Heat of reaction at temperature T
COLLEGE OF ENGINEERING - dsssiml| a4l
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Intro to Heat Effects = -

ZUiHi :ZUiHiO +ZUiCPi(T_T;€)

DH ,(T)=DHj(T;)+DC,(T - T;)
) .d . . b.
ZUiCPi =AC, :ECPD +§CPC _ECPB —Cpa

Substituting back into the Energy Balance

0

Q_WS _FAOX[AH](; (TR)-I_AéP (T_TR)]_FAOEQiéPi(T_];O)

Adiabatic (Q=0) and no Work oy - o)
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YOUR WAY TC SUCCESS

d C D
AH. =—H~-.+—-—H.—-——H.-H
R X a D a C a B A
d C b
AC.=—C..+—-C..—C..-C
P 3 PD 3 PC 3 PB PA
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abal @l szaggs

YOUR WAY TC SUCCESS

O-W,+F, (30, (H,-H,)+F, XAH, ) =0
Substituting back into the Energy Balance

O-W,~F X |AH; (T, )+AC,(T-T,)|-F,, 0., (T-T,) =0
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R —
Adiabatic Energy Balance

<

2l s
Adiabatic (Q=0) and no Work (W, =0)
B I HUS e (T—TR)J_T ~ X[AH,(T)]
; Z@,CP, + XAC, " Y 0,C, + XAC,
T
Exothermic
TO

X
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R
Example: Adiabatic PFR
A— B

<

alaal @lf ezigybs

YOUR WAY TC SUCCESS

dVv Fro

C E(1 1
2) Rate Laws: 1, =—k{CA—k—B} k=k, EXF{R [Tl _Tﬂ

C

AHY (1 1
AC,=0 k. =k, exp{ kx (Tz _Tﬂ
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Example: Adiabatic PFR

abul ] iy

A< B o
3) Stoichiometry:
Cp=Cho1-X)
Cz=C, X
4) Energy Balance
T=T,+ —AHLX

ZeiCPi

First need to calculate the maximum conversion

which is at the adiabatic equilibrium conversion.
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Differential equations

1 d(T)/d(t) =1

Explicit equations

1 Kcl = 1000

2 T1 =290

3 R=1.987

4 DeltaH = -20000

5 Kc = Kcl*exp((DeltaH/R)*(1/T1-1/T))
6 Xe = Kc/(1+Kc)

1.00

0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Example: Adiabatic PFR

e Ry

RN

AN

N
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R
Example: Adiabatic PFR

A B
T=T,+

<

abal o] esayha

—AH X

ZeiCPi

Adiabatic equilibrium conversion
-------------------- : ~ and temperature

T

X, = e
> Y1+ K,
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R
Example: Adiabatic PFR

abal o] esayha

YOUR WAY TC SUCCESS

We can now form a table. Set X, then calculate T, -V,,
and F,y/-r,, Increment X, then plot F,y/-r, vs. X:

FAol'rA

~_

X
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YOUR WAY TC SUCCESS
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Summary

* |n this lecture, we covered:

* - Fundamentals of energy alance and its importance in
reactor design.

* - Key equations and assumptions for analyzing energy
transfer.

* - Design principles of adiabatic reactors.
e - Introduction to heat effects in chemical reactions.

* Energy balance is essential for optimizing reactor
performance and ensuring safe and efficient processes.
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