Degrees of Freedom for Design and Control

Design Degree of Freedom

Design Degree of Freedom (DDF) is the difference between the total number of
variables and the number of chemical and physicplagons. This number is
important because it gives the number of optimizilegign variables available for
optimizing some appropriate measure of profitapilit

How to determine DDF:
DDF = N, ( No. of design variables that describe the sygtei; ( No. of constaints)

The design variables fall into three basic catexgori
a. Intensive variables (such as stream concentratiengerature, and pressure.)
b.Extensive variables (such as magnitudes of eitregenal streams or energy
streams.)
c. Repetition variable (It states that if an elementrépeated. For example,
distillation columns are often represented as beogposed of a series of
equilibrium stages.)

The restriction constraints are categorized as:
a.Inherent restrictions (For examples, a streamlisigpo two streams, the two
exiting streams must have identical intensive prig®e such as
concentrations, and they must be the same as tifidlse entering stream.)
b.Material balance restrictions
c. Energy balance restrictions
d. Phase distribution restrictions

The practical difficultiesin deter mining the DDF:

1.1t requires that a detail steady-state model of ¢inéire process be available.
Deriving such models can be quite difficult.

2. Typical industrial chemical processes have manydheds of variables and many
hundreds of equations. It is easy to get incoretounting to give wrong



number. Equations can be given not independeniaiMas can be forgotten.

Example:

Analysis of a Simple Element
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Number of Variables for Simple Distillation Column

Basic Element Ny = > N$,

Total condenser Ng +4
Reflux splitter Ng +5
N-M equilibrium stages above feed stage AN, +2(IN—M) + 5
Feed stage 3INg + 8
M — 1 equilibrium stages between reboiler and feed stage Ng+2M—1) +5
Reboiler Ng +4

NY= 10Ng + 2N + 29

From Figure -, nine connecting streams are produced when the basic
elements are combined. These are L, V,, Vy, Ly+,, L., and the four streams
leaving and entering the feed stage. Hence the number of new restricting
relationships for the unit is

N&= 9(Ns + 2) = 9N, + 18

As a result the number of degrees of freedom for the distillation column is

ND=N’;’—NE' )
= (10Ns + 2N + 29) — (9Ns + 18)
=Nsg+2N+ 11

- Distillation Column Specification

M

Pressure in each stage N
Pressure in reboiler 1
Pressure in condenser 1
Pressure in reflux splitter 1
Heat leak from each stage N
Heat leak in reflux splitter :
Feed stream Ns +
Reflux temperature

Total number of stages, N

Number of stages below feed stage, M

Distillate rate, D/F

Maximum allowable vapor rate, V/F

O

—

Ns+ 2N + 1



1. Heat exchanger network:

0,=3714F  [6,=300°F
T, =500°F /" QN\T; =450°F T, = 350°F T, = 300°F
FC,=020 \'/E-mo E-101 E-102
V1 V-2
8, = 300°F 8, = 200°F
0, = 400°F FyC,p=028 FyCps=0.10
Targets:

Hot stream: 5000F to 3000F
Cold stream one: 2000F to 4000F
Cold stream two: 3000 to 371.40F
Equations:
Q = F notAT ot
Q = F wdATi o

ATi,ho'( _ATi,ooId - j=127%

AT,
In I’ho/fT
i,cold

Variables: F,F,,F3,T,,T,,T,.T3.6, 8,8,0:0 ,Q.Q .Q
Parameters: LA; Cpi

No. of Design DOF = 15-83 =6

Externally defined variablesF,,T,, 8,6,

DOF left for control =6 - 4 = 2

Variables to be Controlledd,,8,

Manipulation variables usedE,, F;

Q=UA

2. Heat exchanger network no.2:



Ty=500°F /" Q\T; = 450°F

FiC,=020 \Q /
E-100 E-101
0, = 400°F
Equations:

Q| = Fi,hotATi Jhot
Q =F 0BT coid
Q=UA AT hot AT coid . =127

| I H y &y -

AT
In "h%
ATi,cold

93 = (1_¢)€o + 4093

Variables: F,Fy, Fa, T, Ty, T, 75,010,836 36 40

Parameters: LA Cpi

No. of Design DOF = 17-383-1 =7
Externally defined variablesF,,T,,8,,6;
DOF left for control = 7-4 = 3
Variables to be Controlledd,,8,,Ts,
Manipulation variables usedfF,, F;, @

Concept of Control Degree of Freedom:

1. The CDF is the number of variables that can berotletl in the process, and it is
important to know this number when developing atdrsystem for the process.
2. At the design stage, we can set equipment sizasldition to setting stream flow
rates, compositions, temperatures, and/or pressAtethe control stage, we can
only set stream flow rates.
3. The CDF will be used :
a.to set production rate
b.to control all liquid levels
c. to control all gas pressures



d.to control product qualities
e.to satisfy safety, environmental, and regulatonystiaints.
f. to achieve optimum operation( e.g., minimize enecgnsumption, maximize
yield, etc.)

g.to improve dynamic performance.

4. The CDF are stream flow rates, it simply count lug number of control valves in
the plantwide process.

5. Through a number of plantwide studies, the numb&m@F was observed to equal
to the number of CFD.

6. Question: How we determine the number of CFD?

Answer: CDF= N+N,+Ne- Pe
N; = Number of input streams
N, = Number of output streams
Ne = Number of energy streams
P. = number of extra phase in each sub-unit.

Explanation for the result:

Total number of Df associate with each stream:
Single phase System:

IF there are C components, then in the case ofjdeegree freedom, C+2 are
assigned to each input. While this may be true @sigh, it is not the case in
control, where in general the only manipulation ethcan be performed on a
stream is to change its flow. Thus, a feed streantributes only one item to the
unit’s degree of freedom. Thus, the total degrdefseedom associated with one
stream is

N, =n +n,(C+2)+n,
As for the constaints, all outlet streams have shene composition, implies
(C-1)(n,—1) constraints. Also, all the outlet streams havestime temperature
and pressure. This implies there a2én, —1)constraints
N, =C+1+(C-1)(n, - D+ 20, - 1)
= C+D+ Cn,—C-n, + 1)+ 20,- 1
=Cn, +n,

Ny =n+n,+2n,+Cn -Cn,—n,=n +n,+n,

Multiple phase System:
Ny =N+ N, (C+2) + N+ P(C-1)



Total constraints:

C+1 for balance equations (C for mass and 1riergy)
2(N, -1) for output temperature and pressure equalities
N, (C-1) for composition equalities of each phases.
P-1 for sets of phase equilibrium relations.
Nc=(C+1) +2(N-1) + N, (C-1) + C(P-1)
And, for each unit:
Neorm Ny -Ne =N+ Ng+ Ne- P+ 1 =N+ N+ Ne-Pe

To compute CDF for connected units:
a. Calculated CDF for each sub-unit.
b.Sum the resulting CDF's.

c. Subtract number of connected streams to give tiaé @DF

Examples:
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