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Exordium: how to use this publication 

Structure: 

This publication is divided into 21 chapters, which are, in turn , 

divided into sections e .g . 1 .1 , 1.2. The chapters are grouped in 

parts I to V I . 

Readership groups: 

While this treatise presents the results of a research project in a 

systematic manner, it is hoped that its main findings benefit process 

engineers involved in the design of plants that include heat exchanger 

networks. These engineers may not wish to read the whole work from 

the beginning. For them, a more convenient access is recommended. 

The short chapters 1 , 2, 3, 4, 5 and 7 provide an introduction into 

scope, context, intention and main questions. They also present a 

(somewhat idealistic) conception of the tasks of process and control 

system design, which underlies this work. For those readers who are 

not familiar with the idea of heat exchanger networks (they are not 

likely to be found in the UK and the USA), chapter 2 can serve as an 

introduction into the subject. The main findings of this work and their 

implications for process design can then be found in chapter 20. From 

there, the reader may jump back for studying the examples (mainly 

comprised in chapter 18) and the underlying methods (mainly in 

chapter 8 ) . 

For a reader who is closely familiar with the current research in the 

field of heat exchanger network resilience, a look at chapters 7, 20 

and sections 8.2 and 8.3 may suffice to understand the essence of this 

work. 

Anyone who intends to use the H£NDY software (for simulation and 

controllability assessment) is recommended to study, in addition, 

chapters 10, 11 and 12. 
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Readers with a background in dynamic modeling and control en

gineering, who wish to inform themselves about the use of heat t x -

changer models as elements of networks, are referred to chapters 10 

and 11. They may also be interested in the specific aspects of dynamic 

control, which are discussed in chapters 6, 16, 17, 18, 19 and 20. 
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Abstract 

The heat exchanger network method is a way of abstracting the en

thalpy and heat flows from the blueprints of a planned or existing 

processing plant. It enables a systematic design of a plant-wide heat 

recovery system which is optimal with regard to energy costs, capital 

costs and operational requirements. 

A heat exchanger network is a representation of all heat transfer 

relations between hot process streams ( i . e . those which have to be 

cooled down, e .g. products of distillation) and cold process streams 

( i . e . those which have to be heated up, e .g . feeds to distillation) 

within a plant. During the past ten years, the optimal design of heat 

exchanger networks ( i . e . the optimal arrangement of heat transfer 

relations within a plant) has developed into a field of research of 

its own. 

Most of the research in this field has concentrated on the steady-state 

performance of heat exchanger networks on both fixed and variable 

operating conditions (in the latter case the term "resilience" is f re

quently used). In this work, networks are investigated with respect 

to their dynamic performance. The intention is to find guidelines for 

a "design for controllability", which complement the existing steady-

state design methods. 

Both, static methods ("interaction analysis") and dynamic methods 

("process reaction curve analysis") from control theory have been 

used to explore the new field of heat exchanger network dynamics. 

As a major tool, an interactive, portable computer program for network 

simulation and controllability assessment has been developed ( i t is 

available as a design tool within the frame of the International Energy 

Agency). 

Based on the well-understood global parameters: effectiveness and 

NTU, which follow from the network design, some straightforward 

methods covering the following topics are presented: 
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- "paths" for control and disturbance signal transfer across the net

work, 

- locations of control bypasses around heat exchangers, and their 

capacity of emitting control signals or absorbing disturbances, 

- influence of the equipment besides the heat exchangers (which 

can be regarded as "surrounding" the network, thus forming an 

"associated" network). 

It has been found that networks which are designed according to the 

"pinch-based" method have a potential for good controllability. It is 

shown how, using the freedoms given in the "pinch-based" design and 

the above-mentioned methods, that potential is put into effect. 
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Kurzfassung 

Anlagen der thermischen Verfahrenstechnik ( z . B . Ölraffinerien, An

lagen der Grundstoff Chemie, Zellstoffwerke, Färbereien, aber auch 

Fernheiznetze) sind gekennzeichnet durch Stoffströme, denen Energie 

zugeführt wird, um sie aufzuheizen, und solche, denen Energie ent

zogen wird, um sie abzukühlen. Abzukühlende Stoffströme können ihre 

Energie mittels Wärmeübertragern * ) in geeigneten Temperaturbereichen 

an aufzuheizende Ströme abgeben. Dadurch wird diese Energie "rück

gewonnen". Eine Darstellung aller Wärmeübertragungs-Verbindungen 

zwischen den Stoffströmen einer Anlage nennt man Wärmeübertrager-

Netz. Obwohl solche Netze abstrakte Gebilde sind, die nur einen Teil

aspekt der Anlage wiedergeben, können sie separat entworfen werden. 

Da in ihnen aUe Enthalpie- und Wärmeflüsse der Anlage zusammen

gefaßt sind, stellen sie bei Neu- und Umbauprojekten ein wirksames 

Instrument zur Planung einer rationellen Enc. ^ieverwendung dar. 

Es gibt Methoden zur Unterstützung des Entwurfs von Wärmeüber

trager-Netzen für vorgegebene, stationäre Betriebsbedingungen. Sie 

beruhen auf der Tatsache, daß für einen Satz von aufzuheizenden 

und abzukühlenden Stoffströmen mit gegebenen Anfangs- und Endtem

peraturen das theoretische Minimum der von außen zuzuführenden 

Energie bestimmt werden kann (aufgrund des 1 . und 2. Hauptsatzes 

der Thermodynamik). Dank ihrer Einfachheit weit verbreitet ist die 

"pinch-based design" Methode. Sie wird ergänzt durch Methoden, die 

die Optimalität des Netzes für ein ganzes Spektrum sich ändernder 

Betriebsbedingungen zu gewährleisten suchen (ein Schlüsselbegriff in 

diesem Zusammenhang ist "resilience"). 

Ein Gesichtspunkt unter vielen ( z . B . Kosten, Sicherheit, Raumver

hältnisse), der beim Entwurf eines Wärmeübertrager-Netzes berück

sichtigt werden muß, ist die Regelbarkeit. Es ist bekannt, daß durch 

Entscheide in einem früheren Entwurfsstadium, lange vor der Fest

legung konkreter Regelkreise, das dynamische Verhalten einer Anlage 

* ) ein Begriff, der gemäß VDI-Richtlinien den gebräuchlichen, 

"Wärmeaustauscher", ablösen soll. 
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stark beeinflußt wird. Davon hängen aber Regelbarkeit und letztlich 

Anlagensicherheit und Produktequalität ab. Oie Folgen von Fehlent

scheiden in einem frühen Entwurfsstadium lassen sich später, beim 

konkreten Entwurf des Regelsystems, oft nur noch mit großem Auf

wand korrigieren. 

Es wurde nach Richtlinien gesucht, die dem Planer Hinweise geben, 

auf was er beim Entwurf von Wärmeübertrager-Netzen achten muß, um 

ein regelfreundliches Betriebsverhalten der Anlage zu erzielen. Da 

das spezielle Gebiet des transienten Verhaltens solcher Netze bis 

anhin praktisch nicht erforscht war, wurde versucht, mit bewährten 

Methoden aus der Regelungstheorie - sowohl statischen ("interaction 

analysis") als auch dynamischen ("process reaction curve analysis") -

einen ersten Überblick zu gewinnen. 

Als Arbeitsinstrument wurde ein interaktives, portables Rechnerpro

gramm zur Simulation und Regelbarkeitsabschätzung von Wärmeüber

trager-Netzen entwickelt. Im Rahmen einer IEA-Programmbibliothek 

wird es den Teilnehmern am IEA "Heat Transfer"-Programm als Ent-

wurfshilfsmittel zur Verfügung stehen. 

Die gefundenen Entwurfsrichtlinien, die nicht den Charakter von 

Rezepten haben, beruhen auf den Signal-Übertragungseigenschaften 

der einzelnen Wärmeübertrager, welche sich aus dem bekannten Global

parameter e (Wirkungsgrad, "effectiveness") auf einfache Weise er

geben. Sie geben Hinweise, wie sich sowohl unerwünschte Störungen 

als auch erwünschte Reglerwirkungen durch das Netz hindurch fort

pflanzen. Damit lassen sich günstige Regeleingriffstellen sowie ge

eignete "Pfade" für die Bildung von Regelkreisen finden. Außerdem 

können die maximalen Reglerwirkungen von Bypaß-Regelungen be

stimmt werden. Angesichts des entscheidenden Einflusses von Stell

größenbeschränkungen auf die Regelgüte kommt diesem Punkt große 

Bedeutung bei der Wahl der Reglereingriffstellen zu. Ein ursprünglich 

vermuteter Zusammenhang zwischen einem weiteren bekannten Global

parameter, des NTU ("number of transfer units") und dem Regelbar-

keitsindex der "reaction curve analysis"; t - / t , , , konnte dagegen 

aufgrund der durchgeführten Simulationsexperimente nicht bestätigt 

werden. 
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Als wichtiges Resultat laBt sich aussagen, daB Netze, die nach der 

"pinch-based" Methode entworfen wurden, grundsatzlich gunstige Vor

aussetzungen fur die Installation wirksamer Regelkreise bieten. Dem 

Planer werden Hinweise gegeben, wie er durch Ausnutzung der Frei-

heiten, die ihm diese Methode einraumt, das Netz so gestalten kann, 

daB von diesen gunstigen Voraussetzungen auch Gebrauch gemacht 

wird. 
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I B A C K G R O U N D 

1 . Means of symbolization 

1.1 Diagrams 

In this work, as a major issue, the technique of dynamic modeling and 

simulation is used to investigate heat exchanger networks with respect 

to their controllability (a term that is discussed in chapter 4 ) . Heat 

exchanger networks, in turn , are a construct that is used to investi

gate designs of processing plants with respect to energy recovery. 

They are a representation of all heat transfer relations between hot 

process streams, which have to be cooled down ( e . g . products of 

distillation), and cold process streams, which have to be heated up 

(e .g . feeds to distillation), within a processing plant. A means of 

representing them graphically is presented below. 

Both of these groups of methods have had their own means of visual

izing developed. 

For the treatment of system dynamics and control, block diagrams have 

been used for a long time. They display the transfer of various sig

nals and the relationships between them. Block diagrams can be com

posed at two levels of detail. At the higher level they consist of mere 

black-boxes carrying verbal function descriptions. At the lower ievel 

the blocks show their transfer characteristics, usually in Laplace 

transform notation or with a symbol for their step response. In dia

grams that are derived from a set of ordinary differential equations 

in state-space notation, integrator blocks are the only non-steady-state 

elements. 

A widely accepted w*y of representing heat exchanger networks is the 

grid form introduced by Linnhoff and Flower in 1978 (bibliographical 

references will be given in section 2 .3 ) . A set of parallel arrows 

from the left to the right hand side represents the hot streams to be 
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cooled, whereas cold streams are symbolized by arrows in the 

opposite direction. Heat exchangers are displayed as vertical connec

tions. Heaters or coolers that link a process stream to an external 

utility such as process steam or cooling water, are symbolized by a 

circled H or C, respectively (not shown in the f igure). An outside 

utility is defined as a stream that is free to adapt the amount of heat 

supplied or taken away to the requirements of the network. 

The way a grid representation of a network is obtained from the pro

cess flow sheet is shown in figure 5 - 1 . 

As both kinds of diagram are used throughout this work, their inter

relation is shown for both a single exchanger unit and a network in 

figure 1-1 . The figure includes an explanation of the symbols used 

for the element blocks and the notation of the major parameters. 

A comprehensive nomenclature is given in the subsequent section. 

The example given for the single heat exchanger model (from [1] ) has 

two luriped parameters and is the most elementary one of all. The cor

responding model for the network is not shown as its diagram would 

exceed the available space. From this example it is evident that th . 

assembly of models for more complex networks using more elaborate 

component models is a task suited for a computer. Indeed, the de

velopment of software to perform this task has been a major part of 

this work. It is described in part IV. 
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1.2 Notation 

In general, the notation of the Heat Exchanger Design Handbook (2) 

is followed. 

Overview 

Scalars: a b c d h l m p q s t u v x y 

A D F G H H L M P Q R S T U V 

a p y c A A p p O T A 

{LMTD} {NTU} Nu Re Pr 

Vectors: d n p _ i j y w ) c y _ £ 

Matrices: A B C D E G I K 

Operators 

d ordinary differential 

8 partial differential 

A difference 

6 deviation from operating point 

(variables at operating point are denoted by over-lining) 

first derivative 

matrix transposition 
* 

complex conjugate matrix transposition 

£ Laplace transform 

Units 

various 

dimensionless 



Subcripts that are used in various symbols 

1 , 2 , . . . number of process stream (with T , M, c, . . . ) 

index (with u, x , y, . . . ) 

* 
A, B, . . . code letter of heat exchanger (with Q, T , . . . ) 

* 
C, H cooler or cooling, heater or heating (with Q, T , . . . ) 

c, h of cold or hot stream (with T , M, . . . ) 

design 

i , o inlet, outlet (with T , M) 

>/ j / k general counting subscripts (for lumped sections, streams, 

vector and matrix elements etc.) 

n order of system 

max, min maximum, minimum 

w wall (with T , . . . ) 

x "real" heat exchanger (not including bypass) 
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Main Important representatives 
symbol with subscripts Unit Meaning 

a.. . . . element of system matrix A 
U 

b . b . - bypass fraction, (maximum) 
a a » m a x design bypass fraction 

c c l f c2 . K specific heat capacity 

d m wall thickness 

h j — - specific enthalpy 

k k.. . . . element of feed-back matrix 
'J 

I m spatial variable 

•n m } , m2 kg mass content 

p - external coupling factor 

•j—- specific energy transferred 
kg in the form of heat 

Laplace operator 

without subscript: time 
with subscript: time constant 

t . dominant time constant 

t G apparent time constant 

ty apparent dead time 
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Scalars (continued) 

Main Important representatives 
symbol with subscripts Unit Meaning 

U j , . . . . . . input variable (element of u) 

v Vi, . . . ~ fiujd velocity 

v v. . . . . . . . element of right eigenvector 
K ' , f v (in 6.3 only) 

w w. 1 . . . . . . element of left eigenvector 
K ' ' ' w (in 6.3 only) 

x X j , . . . . . . state variable (element of x ) 

y y a , . . . . . . output variable (element 

of y.) 

A m2 heat transfer area 

D m diameter 

D. hydraulic diameter 

LMTD correction factor 

% mass flux 
sm 

» H i , . . . J enthalpy 

# * 
H H j , . . . W enthalpy flow rate 

L m length 

* * * ka 
M M i / M„, . . . £ * mass flow rate 

* c s 

P P., P-/ . . . - Legendre Polynomial 



Scalars (continued) 

Main Important representatives 
symbol with subscripts Unit Meaning 

m perimeter 

Q 
* 

w heat flow rate 

R j , R2 
K 
s 

residual 

m2 fluid flow cross-sectional 
area 

T 1 i ' T 1o ' T w ' T c ' temperature 

AT temperature difference 

AT. temperature approach 

AT ad design temperature approach 

AT 
mm 

minimum approach 

AT 
max 

maximum temperature 
difference available 

AT M driving force (effective 
mean temperature difference) 

& 
overall heat transfer 
coefficient 

m' volume 

A surface heat transfer 
coefficient 



Scalars (continued) 

Main Important representatives 
symbol with subscripts Unit Meaning 

or, a . . . constant coefficient of 
P' c 

p' rc 

•p' -c 

property polynomial 
a + pT + yT2 

P , p . . . coefficient associated with 
T of property polynomial 

v / Y- • • • coefficient associated with 
T 2 of property polynomial 

heat exchanger 
effectiveness 

apparent effectiveness 

K thermodynamic temperature 

W —TT- thermal conductivity 

X n , . . . - element of relative gain 
array (RGA) 

h. - k-th eigenvalue 

i<fl 
ms dynamic viscosity 

j£§ density m ' 

-=- singular value 
V* 

K temperature as integration 
variable 

dimensionless spatial 
variable 



10 

Scalars (continued) 

Main Important representatives 
symbol with subscripts Unit Meaning 

{LMTD} logarithmic mean 
temperature difference 
(the braces are used to 
enable the inclusion of 
well-known acronyms into 
formulae without the risk 
of confusion with products 
such as UA) 

{NTU} number of transfer units 

Nu Nusselt number 

Re Reynolds number 

Pr Prandtl number 
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Vectors 

d 

n 

2 
x 
u 

V 

w 

y 

* k 

* k 

*d 

disturbances 

noise 

weighting vector 

state vector 

input vector 

right eigenvector (related to k-th eigenvalue) 

left eigenvector (related to k-th eigenvalue) 

output vector 

desired outputs (controller set-points) 

alternative state vector 

Matrices 

A 

B 

C 

D 

E 

6 ( s ) 

1 

K 

G c ( s ) 

S(s> 

system matrix 

input matrix 

output matrix 

transition matrix 

matrix associated with derivative of input vector 

transfer function matrix 

controller transfer function matrix 

disturbance transfer function matrix 

unity matrix 

feed-back matrix 

Abbreviations 

CAE computer-aided engineering 

MER . -limum energy requirement = maximum energy recovery 

MIMO multi-input-multi-output 

MNU minimum number of units 

MWR method of weighted residuals 

ODE ordinary differential equation 

PDE partial differential equation 

RGA relative gain array 

SISO single-input-single-output 
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2. Context 

2.1 Heat, heat exchangers and heat exchanger networks 

Heat is the thermal form of energy transfer [3] as opposed to its 

mechanical form called work (that will not be considered here). As 

only flow processes are considered, the specific enthalpy h is the 

state-defining property most suited to describing the energy content 

of a control body. The systems regarded in the following are specified 

by the absence of work and effects of motion and gravity. Hence, the 

first law of thermodynamics yields 

6q - dh = 0, (2-1) 

(where d denotes a mathematically exact and 6 a mathematically inexact 

differential), an expression of differential terms that will be applied 

to both steady and non-steady-state processes, assuming that thermo

dynamic equilibrium holds during the transients considered here. 

A heat exchanger is a device for the transfer of energy in the form of 

heat from one medium to another. In fact, the term "transferor" would 

be more appropriate (in German terminology, "Warmeaustauscher" has 

been replaced by "Warmeubertrager" [ 4 ] ) . 

The heat exchanger network methods are ways of abstracting the heat 

flows from grass-root or retrofit designs of processing plants. Their 

main features are outlined in section 2.3. The essence is that process 

streams that must be cooled are a source of enthalpy for those streams 

that need to be heated. However, this enthalpy can only be effectively 

used if it is available at a sufficiently high temperature, thus obeying 

the second law of thermodynamics applicable here directly in its 

Clausius statement form [3 ] . There are straightforward methods to 

predict the maximum energy recovery (abbreviat -* as MER) and the 

minimum number of units (MNU) for fixed operating conditions. In 

real-life problems, MER and MNU are used as targets for assessing 

designs. 
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2.2 Problem tree 

In a 1981 review [5] the heat exchanger network synthesis was iden

tified as a sub-problem of process synthesis which is itself an area of 

research within chemical and process engineering. The sub-problems 

of process synthesis are: 

• reaction paths 

• separation systems 

• heat exchanger networks 

• complete flowsheets 

• control systems. 

Whereas in design practice these issues are often tackled simulta

neously they have developed as separate areas of academic research. 

Amongst these, the topic of heat exchanger networks has been de

clared to be the one having most matured. 

The sub-topics that have arisen in the area of heat exchanger net

works can be represented in the form of a tree as shown in figure 2 - 1 . 

The historical order of development can be characterized as from the 

left to the right. 

Originally, the heat exchanger network problem was a strictly formu

lated optimization problem raised in the 1960s to exercise methods of 

operations research. With the rise of energy costs in the 1970s it be

came industrially significant. With that, research had to be geared to 

cost-effective solutions, and many additional problems were put to the 

researchers, thus opening a wide area of work. 

As for the topic of operability there is some confusion about terms: 

operability, controllability, flexibility, resilience or resiliency are 

frequently used in publications. Obviously a steady-state and a 

transient aspect can be distinguished. The steady-state one refers 

to the ability of a plant to handle different operating conditions forced 

by feedstock or product specifications. The dynamic aspect sees that 

none of the process variables exceed their tolerances during transitions 

like start-up, shut-down, change-over of set-points or in the presence 



1 

Optimum design on 
fixed operating conditions 

. 1 
1 

Targets: 

• maximum 
energy 
recovery 

• minimum 
number 
of units 

Minimizing 
capital and 
operating 
costs 

1 

resience inherent 
in network designed 

Heat exchanger network synthesis 

l t 
Performance on varying 
operating conditions 

1 
steady-state 
operability: 

resilience with 
respect to a 
disturbance 
range 

(static resilience) 

1 

resilience 
attained through 
a control system 

transient 
operability 

controllability 

(dynamic 
resilience) 

1 

1 
Expanded 
networks 

1 

heat and 
power 
integration 

1 

controllability inherent 
in network designed 
(MAN FOCUS 
OF THIS WORK) 

simultaneous 
process 
flowsheet 
optimization 
and heat 
integration 

i 
control system 
design 

Figure 2-1: Problem tree in heat exchanger network research 
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of disturbances: To take this distinction into account the terms of 

static and dynamic resilience have been introduced [6 ] . A way of 

exactly defining static resilience is shown in chapter 5. 

Although speaking of static and dynamic resilience is not limited to 

the context of heat exchanger networks, but comprises processing 

plants in general, the former is found exemplified by heat exchanger 

networks in most cases. In contrast, the dynamic resilience of heat 

exchanger networks has rarely been focussed on. As this particular 

item is a major issue of this work, it seems that a gap is filled. 

However, both static and dynamic issues are considered when r..*thods 

from control theory are used which are purely based on steady-state 

considerations such as interaction analysis (see subsequent section). 

A practical approach to controllability as used in this work is pre

sented in chapter 4. 

In the figure both static and dynamic operability are viewed from two 

aspects: the operability inherent in the system regardless of the con

trol system, and the design of a control system. Although these two 

topics go together in the end it is stressed with this division that the 

more attention given to the former, the less is required for the latter. 

The fact that this approach is more efficient than the reverse one has 

not yet been fully acknowledged in industry. This matter is discussed 

more deeply in section 3.2. 
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2.3 Variety of solutions 

A great number of solutions to the original problem and various ex

tensions to it have been proposed. They have been reviewed with 

respect to their industrial applicability in a preceding International 

Energy Agency project [7 ] . It was predicted that the method de

veloped by Linnhoff and co-workers (now called pinch design method) 

would gain most acceptance in the offices of process designers. That 

has come true, as several reports on successful applications :now; 

e.g. [8 ] , [9 ] . As this work is in some ways adapted to the ideas of 

the pinch design method its main features are outlined here. 

The target of maximum energy recovery (or minimum utility require

ment) as established by Hohmann in 1971 is best illustrated using 

the so-called composite curves that separately display the composite 

enthalpy flow of the hot and cold streams versus temperature. 

Figure 2-2 gives an example. The curves are achieved using the 

function 

AH (T) = Z M . h. 
J J ' 

where in a hot stream 

h- = 
J 

max ( T , T.Q) 

/ 
T -

J» 

C- (T ) dT if T S T ; 
J' 

if T > T, 
J' 

(2-2) 

and in a cold stream 

V 
min ( T , T . ) 

/ c j < T ) 

J' 

if T J T 
J> 

if T < T.. 
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j concerns all hot or co'd streams, respectively. In fact, the enthalpy 

flow rates obtained by this formula are relative to the respective 

minimum inlet temperature (for cold streams), or maximum inlet tem

perature (for hot streams), respectively. Thus the respective origins 
* 

of the H axis would be located at those points. Owing to this rela
tivity, the curves can be shifted in the horizontal direction. For that 

* 
reason, the enthalpy flow rates are denoted by AH. At both the hot 
and the cold sides enthalpy gaps occur between the curve ends. They 

represent the minimum amount of heat to be fed from an external 
* 

heating utility ( e . g . process steam), Q,, . , and the minimum amount 
n,min 

of heat to be transferred to an external cooling utility ( e . g . water), 

^Crn in ' respectively. 

The two curves can be shifted towards or away from each other in 

the horizontal direction. There will always be a minimum vertical dis

tance between them (that could become zero in an extreme case): the 

minimum temperature approach AT . occurring in at least one heat 

exchanger (a zero AT . would require an infinite heat transfer area). 

The selection of a AT . affects the hot and cold utility loads Q., 
^ mm ' ^H,min 

and Q_ ... required. 
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T-

pinchj 

I 

At \w; 

* 
Qc,min 

m - — * 

QKnin 

AHcCD 

— - ^ J X i' ATmin 

p> 

* 
AH 

Figure 2-2: Composite curves 

The section of the temperature axis covered by AT . is called the 
mm 

pinch. If the pinch is situated at either the hot or the cold end of 

the curves the problem is called a threshold problem. If the pinch is 

located in between we have a pinch problem. 

The significance of the pinch was detected by Linnhoff and co-workers 

in 1978. They elaborated a synthesis procedure [10] that takes ad

vantage of composite curves and grid representation (see figure 1-1) 

and features the following basic rules: 

- No heat must be transferred across the pinch. 

- No external coolers must be used at temperatures above the pinch. 

- No external heaters must be used at temperatures below the pinch. 

- The network regions above and below the pinch ( i .e . on the left 

and the right in the grid) must be designed separately. 
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- The design starts at the pinch in both directions. 

- In heat exchangers operating immediately above or below the pinch 

temperatures, the (hot or cold) end that is exposed to the pinch 

must display AT .. . 

This latter rule implies that in heat exchangers that operate imme

diately above the pinch, the heat capacity flow rate of the hot stream 
* * 
M.c. is less than or equal to the one of the cold stream M c , and h h c c 
vice versa below the pinch. An illustration of these two cases can be 

found in chapter 13, figure 13-1 . That may require that streams be 

split. 

It is to be noted that the application of the above rules yields opti

mum designs with respect to energy requirement (depending on the 

selection of AT . ) . In practice it may be necessary to disregard 

them partially due to economic or operational requirements [8 ] . 

The target of the minimum number of units (Hohmann has to be cred

ited with as well) is found by applying graph theory: regarding pro

cess streams including utilities as nodes, and heat exchanger units 

including external heaters and coolers as edges. Euler's theorem yields 

that the minimum number of units is the number of streams less one. 

Besides the pinch design method there are other synthesis procedures 

that follow different approaches, e .g . the loop-breaking method [11] 

or the heat load distribution method [12] determining heat flows before 

a detailed network structure is established. 

The pinch design method itself has found supplements that claim to 

provide more precise results (particularly regarding the costs), how

ever, at the expense of more complexity . Thus it is risked that the 

method whose main attraction lies in essentially being a paper-and-

pencil method is turned into computer programs that are black-boxes 

to their users. 

A new field has been opened with the expansion of the method to the 

integration of mechanical power [13] , [14]. 
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A different approach is the reunion of the process synthesis topics 

mentioned in section 2.2 by treating the process flowsheet optimization 

and the heat integration simultaneously [15]. 

The question of static resilience of heat exchanger networks has been 

considered by many researchers. Numerous procedures to attain re

silience have been proposed, most of them comprising the combination 

of standard designs for extreme cases that occur at the "corner 

points" of an assumed disturbance range, e .g. [16]. 

As for the inherent resilience (see figure 2-1) it has been observed 

that the pinch design method yields resilient networks, since the 

available driving forces are best exploited [17]. Regarding the sup

port of static resilience by means of a control system there are two 

schools of thought. The first one (represented also by [16]) tends to 

"optimizing control": It is assumed that all heat exchanger units are 

equipped with controllable bypasses. As many of the bypasses as 

necessary serve to control the stream target temperatures. Normally 

there will be surplus bypasses. In case of changing inputs a micro

processor-based controller uses the surplus bypasses to shift heat 

from places where it is superfluous across the network to p.^ces where 

it is required in order to maintain maximum heat recovery. In contrast, 

"regulatory control" as represented in [18] manages the rssilience 

problem without surplus bypasses, thus producing a much simpler 

control scheme. 

There are various methods that concern the topic of dynamic control

lability. There are two main groups: 

- Methods based on structural and steady-state considerations: 

control path analysis, sensitivity analysis, interaction analysis. 

- Methods based on dynamic considerations: 

methods of linear control theory such as singular value analysis, 

dynamic simulation, process reaction curve. 

The suitability of those methods to this work is discussed in chapter 7. 
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3. Intention 

3.1 Motivation 

This work was suggested by the research institutions that take part 

in the International Energy Agency Programme on Heat Transfer and 

Heat Exchangers. After the evaluation of a design method [7] and an 

industrial application study [8] had been carried out it was felt that 

the dynamics of heat exchanger networks deserved more attention. It 

was feared that the increase of heat integration in processing plants 

might give rise to operation and control problems due to the interde

pendence of the process variables, which used to be almost inde

pendent in simpler, non-energy-optimal systems. 

The lack of knowledge on the subject was also stated in the 1981 re

view of process synthesis [5] and by other authors. 

In accordance with the practical orientation of the IEA research pro

grammes it has been intended to establish design rules that enable the 

engineers designing ? processing plant to include the dynamic con

trollability into their string of objectives at a very early stage of the 

network design. 

Controllability is just one issue among others (as feasibility, cost, 

safety etc.) and possibly not a major one (that is, if it is forced 

to be a major one by the particular circumstances, the design rules 

should reveal that fact very early). Therefore, the rules should 

be adapted to the designer's way of thinking: transparent, readily 

applicable, straightforward and not demanding an undue portion of 

engineering manpower. The pinch design method can be taken as an 

example. 

The main emphasis is put on questions like: 

How do the well-understood design parameters, such as driving force 

distribution within a network, heat exchanger effectiveness or num

bers of transfer units, affect the network controllability? What kinds 

of networks offer desirable control paths? Both static and dynamic 

aspects are considered. 
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3.2 Control considerations at different design stages 

Paying attention to system control has to start at an early design 

stage, particularly for highly integrated plants. Already at the pre

liminary stages it should be examined how the process structure af

fects the fundamental limitations to control quality. This view, ex

pressed by several authors ([17], [19], 120]), is shared, and an 

attempt is made to provide the tools for this task in the limited area 

of heat exchanger networks. 

Stages in control system synthesis: 

• Formulation of general control 
objectives (safety, quality, 
economy,...) 

• Selection of process variables 
to be controlled 

• Taking controllability into account 
in the course of network synthesis 

• Selection of manipulated variables 
and main control paths 

• Synthesis of control system structure 

• Specification of control system 
parameters 

qualitative 
degree of 
influence of 

process, 
engineer. \ • 
having some 
kroyledge 
of process-

dynamics. * 
(adding to.' 
thai' • 

qualitative degree 
of attention 
given here 

Figure 3 - 1 : Growth of a control system 

Figure 3-1 illustrates the growth of a control system, the way it is 

influenced by process and control engineers (the process engineer's 

part being an ideal), and its relation to the results of this work. 
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3.3 By-products 

A by-product of this project is the software package "HENDY" (heat 

exchanger network dynamics) that was developed as a main tool for 

the investigations. It comprises input of network structure and data, 

building of models, dynamic simulation and controllability assessment. 

The following principles were adopted: full interactivity, self-explaining 

guidance to the user, portability, strict structuring, comprehensive 

documentation. Those features render it an interactive procedure for 

determining the interplay between design and control as asked for in 

[19). 

In industry, there is clearly a trend towards comprehensive data-base 

orientated design packages [21]. This software will eventually become 

a part of a package within the frame of International Energy Agency. 

The interfaces have been provided for. A detailed description of this 

software tool is given in part IV. 

Another by-product is the knowledge that has been gained regarding 

the application of dynamic models for heat exchangers. Being a com

ponent model of a network sets different targets than being a single 

unit model used for controller tuning, the traditional use of heat 

exchanger models. The above-mentioned software enables the speci

fication of various models in order to check the effect of their 

parameters, particularly the order of the underlying differential 

equations. This option distinguishes the software used here from 

similar flow-sheet based simulation procedures ( e . g . [22]) . 

The heat exchanger models to be incorporated into networks are dis

cussed in chapter 10. 
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II M E T H O D O L O G Y 

4. Aspects of controllability 

The diversity of meanings the term "controllability" is given corre

sponds to its frequency in use. Far from contributing another to the 

wealth of existing definitions some aspects emerging from practical 

experience and attributed relevance to in this work will be discussed. 

Engineering judgement is still the essence of design. Although opti

mization algorithms producing performance indices are invaluable in

struments, particulary in the design of complex plants, it is even

tually people who have to decide whether a particular solution is 

acceptable or not, based on their experience gained during the 

process of designing. "Unmanned engineering" [23] is not an ideal. 

With regard to the performance of an uncontrolled ( i . e . open-loop) 

or controlled (closed-loop) system, the examination of a transient 

response and the judgement of its suitability in a practical engineering 

approach is considered appropriate in many instances [24]. For heat 

exchanger networks with their comparatively "good-natured" transients 

this approach is efficient. 

Simplicity is still a major objective in industrial control system synthe

sis. Undeniably, on many occasions sophisticated control schemes in

corporating algorithms of modern control theory have by far surpassed 

more conventional approaches, and the number of successful applica

tions is growing. Yet, sophisticated control systems take considerable 

engineering manpower. Their use is limited to cases whose benefits 

outdo the additional costs. Therefore, striving for systems (here: 

heat exchanger networks) that can be handled by "Ye Olde Loops" 

[25] still has its incentives. 
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Linear dynamics, or quasi-linear dynamics, offer a wide variety of 

methods to assess and influence the control performance, particulary 

for regulatory control, i .e . , control that maintains the process out

puts near their set-points (that do not change frequently) in the face 

of disturbances - the main type of control involved in heat exchanger 

networks. There are stability measures, for both SISO (single-input-

single-output) and MIMO (multi-hiput-multi-output) systems, mainly 

relying on process models in frequency domain notation, that are used 

to figure out controllability indices for open-loop systems or perfor

mance indices for closed-loop systems, respectively (see chapter 6 ) . 

Non-linear dynamics include expressly the non-linearity of process 

components. Typical non-linearities encountered in heat exchangers 

are the influence of mass flow rate variations, or the dependence of 

the surface heat transfer coefficient upon the Reynolds number, which 

are normally not negligible [26] (see chapter 10). A very restrictive 

non-linearity are the constraints imposed on manipulated variables. 

Control schemes that work excellently as long as the manipulated 

variables do not meet their limits, can deteriote with larger process 

disturbances as will be shown in section 18.3. "Wide-range control" 

has become a topic of its own [27]. There are indices attributed to 

transient responses for both the controllability of open-loop systems 

(e .g . t_ / t u ) and the performance of closed-loop systems ( e . g . 

integrated square or absolute er ror ) , see chapter 6. 

Statics, that is the ultimate responses a process displays on desired 

or undesired changes of input variables, are normally the objectives of 

control. Transient deviations from desired values are regarded as un

desirable, particulary in regulatory control. The starting point in con

trol system synthesis is marked by static considerations, in particular 

feasibility analyses. Furthermore, statics produce information about 

control path gains and possible side-effects of control manipulations. 

There are methods to predict dynamic performance from statics alone 

( [ 2 0 ] , [28] ) , see also chapter 6. 
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a. Problems in heat exchanger network control 

Before treating, in the next chapter, the methods that are potentially 

useful for the investigations, a glance at the problems encountered in 

the control of heat exchanger networks is made. 

Heat exchanger networks are not just structures of their own, as a 

look at the grid picture might suggest. In fact, they are merely a 

construction of thought, abstracted from a process flowsheet, as 

figure 5-1 (due to [28]) illustrates. 

3*" 

•±-o 
6 

A B 

A disturbance 

A controlled variable 

refrigeration 

<»>—©—I 

3-

O 

o 

-• steam 

£. 

Figure 5-1: Process flowsheet and corresponding heat exchanger 
network in grid representation 
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A look at the process flowsheet reveals that the heat exchanger net

work is coupled to outside equipment such as reactors, distillation 

columns etc. , i .e . , the network is associated. In terms of control, 

that means that output values of the network may be fed back through 

the surrounding processing equipment to the network input points, 

thus altering the dynamic behaviour considerably. The ways heat ex

changer networks can be associated are innumerable. However, it has 

been tried to schematize the units of outside equipment by charac

terizing them by an external coupling factor. Some results of stability 

investigations based on that coupling factor are given in chapter 9. 

The main emphasis, though, is put on non-associated networks, as is 

done in [18] or [Z&]. As far as dynamics are considered there are 

some reservations about doing so. There is clearly an incentive for 

investigating the dynamics of "expanded networks" (see the right 

hand side of figure 2-1) in further research. 

With reference to figure 5 -1 , a typical control problem might be for

mulated like this: 

There is a three-stream network synthesis problem. The outlet tem

perature of stream 2 has to be kept close to a set-point. There might 

even be a limit to it that must not be exceeded, due to safety or pro

duct quality reasons. That variable to be controlled is marked by a 

triangle bearing the letter C. At the inlet of stream 1 , marked by a D 

triangle, there are disturbances to be expected, either with T or M or 

both. For algorithmic procedures (as in [16] or [18]) there are often 

disturbance ranges for T and M assumed. Static resilience with respect 

to that disturbance range is then defined as the ability of keeping the 

control variables at steady-state at their set-points as long as the 

disturbances remain within their range. 
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The following tasks arise: 

( i ) Design a network that offers good opportunities to incorporate a 

control structure. This objective may, but need not, match other 

possibly more important design objectives, as is expounded in 

part V I . 

( i i) Design a control system structure. For that purpose, besides 

the variable to be controlled, additional variables may be mea

sured. Here, at least one variable to be manipulated must be 

selected. Normally, for each variable to be controlled at least 

one control must be provided in order to ensure that the number 

of degrees of freedom is zero (refer to [18] ) . Possible controls 

are bypasses at heat exchangers. In the case of figure 5-1 there 

would be six locations to place a bypass. If there are external 

utility heaters or coolers they might be used, too, as controls. 

When those tasks are carried out the items outlined in the foregoing 

chapter have to be considered. Methods of doing so are presented in 

part V I . 
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6. Available methods 

A number of methods have been examined for their applicability to 

treating heat exchanger network control. They are discussed here, 

arranged according to their main approaches and, within, in the order 

of increasing complexity. 

6.1 Methods based on structural considerations 

Information on network performance is sought from the structure 

alone. No static gains are taken into account. 

A method tailored to heat exchanger networks is the "path analysis" 

[28]. Exploiting the fact that no disturbance or control signal can 

travel in the upstream direction (provided that fluid flow is not 

obstructed), possible paths for the propagation of disturbance or 

control signals are inspected. The transfer of disturbances to loca

tions where they are least desirable is stopped through re-arranging 

the network and thus breaking the path. With that, the control system 

is simplified. 

A more general procedure based also on non-numerical considerations 

takes advantage of a cause-and-effect representation [29]. Cause-and-

effect graphs of a process consist of boxes denoting process variables 

and of arrows denoting a causal effect of one variable on another. 

They provide more insight than the equations. They enable us to 

study the effects of controls in a direct manner. 

Another recent structural approach is the structural analysis of models 

in state-space notation [30]. Structure graphs are obtained, structural 

observability and controllability are determined and the presence of 

structural transfer zeroes is checked. This information enables the 

division into subsystems and indicates those having weak control

lability. 



30 

6.2 Methods based on statics 

Steady-state gains but no time constants are assumed to be known. 

Interaction analysis [31] utilizes the relative gain array (RGA) intro

duced by Bristol in 1966 to weigh up possible output-input feed

backs. As an elementary example, figure 6-1 shows a system with two 

inputs and two outputs. 

* V i 

* - y 2 

Figure 6-1: 2*2 example lustrating the RGA 

The element in column 1 and row 1 of the RGA is defined as 

l i i 

Ayt 

Aui 

Ay, 

Auj Y2 = * 

y2 = i in the denominator indicates that y2 is kept constant by means 

of a control action exerted on u2 whereas for the numerator u2 remains 

constant and y 2 fluctuates. 

In that way the RGA is obtained as 

\ 2 i 

*12 

X22 
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Briefly, a A., between 0.5 and 1 indicates that the pairing of y- with 

u. tends to yield good performance. If the number of inputs did not 

equal the number of outputs all possible RGAs would have to be eval

uated, since the RGA is (by definition) a square matrix. 

In [31] the method has been applied to heat exchanger networks. 

A similar approach is made to attain optimal steady-state control of a 

heat exchanger network by using sensitivity analysis in a jur ist ic 

manner [32]. 

6.3 Methods based on linear dynamics 

Heat exchanger outlet temperatures respond to steps on inlet tem

peratures normally with curves that have a point of inflection. Systems 

displaying such responses can be approximated roughly by transfer 

functions with a first order and a dead-time element: 

1 t s t g 

The apparent dead time t. . and the apparent time constant t _ are 

found by drawing a tangent to the curve at the point of inflection, as 

illustrated in figure 6-2. 
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step response 

ultimate 
response 

Figure 6-2: Process reaction curve 

This method is called process reaction curve method and was proposed 

by Cohen and Coon in 1953. The ratio t Q / t^ is used as an index 

of controllability [33]. Values below 3 indicate poor controllability, 

standard PI-controllers are not likely to lead to satisfying results, 

and special measures such as cascade control, state feed-back or 

additional feed-forwards will be necessary. Values above 7 imply that 

PI controllers will do all right. 

The significance of the t Q / t^ ratio has been confirmed by many 

practical applications. It is also recommended in recent textbooks [1 ] , 

[33]. 

The process reaction curve method applies to step responses obtained 

from experiments as well as simulations, even for non-linear systems. 

In the case of analytical models ( i . e . models following from basic laws, 

not backed by experiments) it has to be noted that the model order 

strongly affects the t Q / ty ratio. Figure 6-3 (due to [34]) illustrates 

the fact for a series of first order elements. 

This way of representing t - / t.. versus the number of lumped sec

tions, which is owing to Schwarze, will be used in chapter 16. 

k 

point of f 
inflection/ 

. *u . .* »» — 

t 
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Figure 6-3: Effect of the model order on the tG/ty ratio 

While the process reaction curve method outlined above applies mainly 

to SISO systems there are more recent methods to treat the MIMO 

case. One of them is eigenvalue sensitivity analysis. 

A f irst question is: how do the dominant eigenvalues of a system de

pend on the elements of the system matrix? Or: can the eigenvalues 

be shifted towards desirable regions of the complex plane by modifying 

elements of the system matrix ( i .e . the design)? 

If it is assumed that there is a linear model in state-space notation 

x = Ax + Bu 

the questions posed above can be approached by inspecting the sen

sitivities of the eigenvalues A. to the elements a., of the open-loop 

system matrix A, 

da.. 
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It has to be noted that, as here and further below, the existence 

of an Ax + Bu model is often lightly assumed. However, it is by no 

means a trivial task to establish such a model, particularly at an 

early design stage when the information about parameters is scanty. 

This is illustrated in the subsequent chapters. An impression of the 

effects of model parameters was also given in figure 6-3. Furthermore, 

the scattered way the physical design parameters are incorporated into 

the A matrix may not be transparent enough for practical considera

tions. 

The right eigenvector y . related to the k-th eigenvalue A., is defined 

by 

A * k = \ * k 

whereas the according left eigenvector w. meets 

* k A = * k * k 

The derivative of the former equation with respect to a., is multiplied 
T ^ 

by w. from the left and the latter equation is multiplied by 8y. /3 .. 
from the right: 

T ay. T dA ax. ay. 
*kA aTJ"+ *k aaT-̂ k = a i T * k V \ * k a i f 

T
 aY.k T

 aY.k 
w 'A - = X w — 
- k * 3a.. A k - k 3a.. 

Subtraction yields 
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One is free to choose the array of the left eigenvectors in such a way 

that 

T 
W.1 

T 
—n 

= [* ^n]'1 (6-1) 

This implies that 

w. v. = 1 for every k. 

The elements of 8A / da., equal zero except for the ij-th element that 

equals one. Hence, the sensitivity can be calculated as 

8 \ k 

3iT" " wk,i vk,j (6-2) 

where v. u . is the j - th element of the right eigenvector related to A. 
K,J K 

satisfies the prescription (6 -1) . 

and w. . is the i-th element of the according left eigenvector that 
K, l 

Another question that can be answered from eigenvalue sensitivity 

analysis is: how can the position of an eigenvalue A. in the complex 

plane be affected by a feed-back from the output variable y. to the 

input u.? This type of analysis reveals the most promising feed-back 

paths, that is those that can shift the dominant eigenvalues signifi

cantly. As this analysis does not depend on a particular control 

system configuration it serves to compare design alternatives with 

respect to their controllability in general. 

This time, a general feed-back u = -Ky_ is added, resulting in a 

closed-loop system matrix A-BKC. 

Using again the eigenvectors in a similar way, the sensitivities of the 

eigenvalues to the elements k.. of the feed-back matrix K 
'J 

8A, 

8 k 
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can be calculated. The according procedure is presented in [35]. 

Another approacn stemming from linear control theory is the singular 

value analysis. 

The singular values (or principle gains) of a matrix M are the square 

roots of the eigenvalues of M*M: 

oR{M} = -]j\k {M*M}" 

If M depends on s, as e.g. a transfer function matrix G(s), the a. 

become functions of the frequency. 

The maximum singular value, a k {M}, is a measure of the "size" of a 
57 max 

matrix. Various measures can be defined from singular values of func

tions of matrices. A survey is given in [36]. 

Three examples are considered: 

Figure 6-4 exhibits a MIMO control loop. G(s) is the transfer function 

matrix of the open loop system, G (s) is the controller and GD (s) is a 

disturbance transfer function. 

& * . ~ 
i i Gc 

d 

u 

Go 

G \i y 

+ < - n 

Figure 6-4: A MIMO control loop 
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( i ) - One possible measure would concern the perfectness of servo 

control. Assuming that the noise r» and the disturbances d are 

neglectable, block diagram algebra yields 

y_ = < H « C H GGC v^ 

or * = GGc (HOG,-)-1 ¥<, 

Perfect servo control implies that GG (l+GG J - 1 = I or G (I-K3G V-1 

equals G- 1 , the inverse of the open loop system. In terms of a singu

lar value measure it is required that 

"max t e V ^ V - 1 * a amin ^ c ^ c ^ S ^ 

( i i ) - Another objective possibly contradicting the previous one would 

be to keep the levels of control activities u low in order to avoid satu

ration of the manipulated variables. For that purpose G-1 would have 

to be "small", thus requiring that a {G-1} is small. 

( i i i ) - If G(s) is a model of G(s) it can be shown ([36]) that the so-

called process condition number 

amax & 

again a function of frequency, should be small over a wide range of 

frequency in order to avoid stability problems due to model uncer

tainties. 

A drawback of the linear methods outlined above is the dependence of 

their meaningfulness on the scaling of the state, input and output 

variables. 
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6.4 Methods based on non-linear dynamics 

As far as small deviations from operating conditions are concerned, 

linearized models of non-linear systems can be treated successfully 

with the methods outlined in the foregoing section. 

However, for checking the results obtained from those methods as well 

as for investigating non-linear systems in the "wide-range" area (see 

chapter 4) dynamic simulation continues to be an indispensable in

strument. There are numerous procedures implemented in software 

packages for the integration of ordinary and partial differential equa

tion systems. Finite element methods are applied, too. 

ODE systems of high order (say, 50) displaying stiffness can - ke 

considerable computing time, as has been experienced in the course of 

this project. 

In [37] the unsteady-state problems are divided into two categories: 

"process dynamics" problems, often arising at an early design stage, 

dominated by material and energy balance equations and being of 

"semiquantitative" nature due to the scanty information available, 

versus "plant dynamic" problems that are dominated by interaction 

between flows and pressures and arise often when actual control 

problems are faced. 

For the first category (to which the problems treated in this work 

belong) it is suggested that the ODE system be integrated using the 

implicit Euler method following process topology instead of using more 

complex algorithms based on Jacobi matrix inversion. 
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7. Selection of an approach 

On the static side, a method similar to interaction analysis has been 

developed. It is tailored, however, to heat exchanger networks by 

taking advantage of signal transfer properties that follow from the 

heat exchanger effectiveness in a straightforward manner, as is 

shown in the subsequent chapter. "Path analysis" is included in these 

considerations. Static control factors, side-effects and limits to the 

manipulated variables can be examined. 

On the dynamic side, open-loop simulations are a major instrument for 

the investigations. The resulting step response curves are analyzed 

by means of the process reaction curve method. They are backed by 

closed-loop simulations, particularly for cases the reaction curve 

method is not applicable to (see the example in figure 12-12, sec

tion 12.9). The simulation procedures developed had to be adapted to 

the flowsheets as proposed in [37] due to the downstream propagation 

of mass flow rate variations, as expounded in chapter 11. However, a 

conventional Gear integration method suitable for stiff systems was 

used (stiffness can be caused by energy storage capacities of the 

walls which are strongly different from those of the fluids, see sec

tion 10.5). 

The reasons this comparatively elementary approach was chosen are 

the following: 

( i ) According to the intentions of the project (see section 3.1) 

heuristic rules are asked for that appeal to the designer 

through clarity jnd stra:ghtforwardness. Taking up the e-NTU 

conception attains that objective. In accordance with [38] it is 

felt that even in the age of CAE there is a scientific legitimacy 

for proposing heuristic rules. 

( i i ) As the project is rather at an orientating stage a sound elemen

tary approach is more efficient at yielding first results. More 

sophisticated methods are left to more detailed investigations. 

Exploiting them is clearly an incentive for further research. 
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(iii) Non-linearities such as the influence of mass flow rate varia

tions, the dependence of the Nusselt on the Reynolds number, 

the dependence of the physical properties on temperature and 

limits to manipulated variables are fully covered. 

The benefit from advanced structural analysis (as presented in [30], 

see section 6.1 above) to control practice is not yet fully clear, 

particularly for systems without right half plane transmission zeroes, 

amongst which are heat exchanger networks normally. 

Eigenvalue sensitivities of heat exchanger network model examples 

have been investigated. It was found that even in a simple model 

with three exchangers represented by six state variables the tracing 

of effects from the design parameters via the system matrix to the 

eigenvalues was not really straightforward. Anyway, heat exchanger 

networks exhibit comparatively "well-behaved" eigenvalue patterns, as 

the example in figure 7-1 illustrates. 

Eigenvalue methods are rather appropriate for oscillatory systems as 

the study [39] indicates. 

Similarly, singular value analysis is not a clear way of analyzing the 

dynamics of heat exchanger networks. A study [40] suggests its 

value for systems with "pronounced" dynamics like an unstable reac

tor. For a first investigation into the more "spongy" dynamics of heat 

exchanger networks the use of conventiona* methods is more con

venient. However, the justification for the use of more advanced 

methods in extended research is in no way denied. 
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Figure 7 - 1 : A heat exchanger network and its eigenvalue pattern. 

T values in °C, 6 values in kW 

The regbn of the dominant eigenvalues is hatched. 

Two-lumped-sectfon models are used for 
the heat exchangers. 
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III F U N D A M E N T A L S 

8. Stationary heat exchanger models 

8.1 The reference model 

In the design of heat exchangers for heat recovery the double-pipe 

counter-current heat exchanger plays a part similar to the one of MER 

networks in network design. It establishes a recovery target without 

necessarily being the economical optimum, and it gives convenient ac

cess to theoretical considerations. Thus it has become the underlying 

model for the common design procedures. 

The following assumptions are made: 

- Purely one-dimensional flow 

- No effects of motion and gravity 

- Constant physical properties 

- No heat conduction in axial direction 

- No storage of energy in the walls 

- Perfect thermal insulation on outer wall 

- Constant overall heat transfer coefficient. 

The flow through the inner pipe is denoted by subscript 1 , through 

the annular duct by 2. 
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Figure 8-1: Double-pipe counter-current heat exchanger 

For an infinitesimal element of length d l , see figure 8 - 1 , the first law 

of thermodynamics (2-1) yields the following enthalpy balances: 

H , ( t , l ) - M t J + d l ) - dQ = | f dH, 

H2(t,l+dl) - H2(t,l) + dQ = 1^ dH 
at 

Or, with T always standing for T ( t , l ) : 

* 3T! * dl BTi 
MiCj [T i - ( T , + dl)] - dQ = m t d 

dl L at 

* 3T2 * dl 3T2 
M2c2 [ ( T 2 • dl) - T 2 ) ] • dQ = m2c2 

dl L at 

• (8-1) 

J 
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The infinitesimal heat flow from the inner to the outer duct is 

dl 
dQ = U A — ( T : - T 2 ) 

L 
(8-2) 

With — = v the two balances and the heat transfer law lead to the m 
following two-point boundary value problem: 

3Tj 31"! UA 
= - v , ( T j - T 2 ) 

3t 31 m1c1 

3T2 3T 2 UA 
= v2 + ( T t - T 2 ) 

3t 31 m2c2 

(8-3) 

T j ( t ,0 ) = T , . ( t ) 

T? ( t , L ) = T 2 j ( t ) 

For elementary inputs like steps an analytical solution could be found 

using double Laplace transformation. 

Concentrating now on steady-state, the temporal derivatives are dis

regarded and another two-point boundary value problem is attained. In 

x = Ax form it is: 

dT, 

dl 

dT2 

dl 

1 € 

T j (0) 

T 2 (L .) 

10,L] 

= T1i 

= To: 

-UA 

v j m ^ ! 

-UA 

v2m2c2 

UA 

VlFIhCj 

UA 

v2m2c2 
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Using 

vm = LM 

and 

UA 

Mc 
= {NTU} 

(8-4) 

the system matrix A can be rewritten as 

1 

L 

•{NTU}, {NTU}, 

{NTU}2 {NTU}2 

For the purpose of solving it is assumed that we have an initial value 

problem with the initial values 

x(0) = 

of the state vector 

x ( I ) 

[T, (0)1 

T2 (0)1 

[T , 0 , l 
[T2 (I) J 

1i 

2o 

The solution of the l-invariant homogeneous linear ODE system x = Ax 

is (refer e .g. to [41]) 

x ( I ) = x (0) e' Al 

and in particular, since it is the stationary boundary-to-boundary 

performance that is looked for: 

x (L) = x (0) e' 
AL 
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The transition matrix e can be obtained as 

e A L = E-1 { (s l -A)- 1} 

Carrying out that re-transformation yields 

1 | {NTU],E-{NTU}2 _AL 
{NTUh-{NTU} 2 [ {NTUhE-{NTL 

-{NTU}2 (1-E) 

{NTUh(1-E) 

-{NTU}2E+{NTUh 

where E denotes 

E = e 
- {NTU}j + {NTU}2 

Hence the boundary-to-boundary performance is 

' lo 

T2i 

T1i 

2o 

-AL 

This system of two linear equations can be transformed into 

{NTUh-{NTU} 2 
T1i " T 1o_ * N T U H e "{NTUJi 

T- . - T2 . { N T U h - j N T U h 
11 * {NTU^e -{NTU} 2 

This expression corresponds to the heat exchanger effectiveness 

T1i " T1o Q 
£ i = 

T1i " T2i MiCiAT 
max 

w h e r e ATmax = T1i ' T 2 i -
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Similarly for the other stream it can be found that 

T - T * 
12o ' 2i Q 

e2 = = (8-7) 
Tyi - T 2 j M ^ a A T ^ 

The term "effectiveness" has two meanings. In its first meaning it 

denotes the actual heat flow rate divided by the maximum possible 

heat flow rate. The maximum heat flow rate would cause the one of 

the streams with the smaller Mc product to leave the heat exchanger 

at the inlet temperature of the other. Thus the effectiveness would be 

# 
0 

max (e 1 ; E 2 ) = —$ 

<Mc>min <T1i - T2i> 

In [2] the symbol E is used with respect to that first meaning. In its 

second meaning the term refers to both streams, as it is used here 

according to the above definitions (8-6) and (8 -7 ) . The symbol P of 

[2] corresponds with this second meaning of e. Also, 4>! and <t>2 of 

[4] correspond with tt and e2 used here. 

I t follows from (8-6) and (8-7) that 

* 
£2 MiCj 

With that, the well-known reference formula for the effectiveness has 

been derived from the model PDE system by means of the transforma

tion matrix technique that is often used in linear control theory. 

Plots of e versus NTU obtained from calculations or measurements are 

an important aid to designing heat exchangers (see [2 ] , [4 ] ) . A plot 

for the reference model is given in figure 8-2. In the upper part of 

the figure, the conventional representation with {NTU}2 / {NTU}! as 

parameter is shown. As an alternative, a representation with {NTU}2 

alone as parameter (which is more instructive for the purpose of the 

investigations described in this work) is given in the lower part. 



Lines: theoretical values for double-pipe counter-current 
according to equation (8-5) 

Dots : measurements on a counter-current plate 
heat exchanger (see chapter 14) 

NTU2 ratios: « 0.25 
NTUi * 0-50 

• 1.00 

Figure 8-2: £,versus NTU, 
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In the figure, measurements on a plate heat exchanger are included. 

The according experiments are described in chapter 14. 

It can also be shown that the reference model implies the logarithmic 

mean temperature difference LMTD being the driving force (refer e .g. 

to [2 ] , section 1.3.1): 

Q = UA {LMTD} 

where 

<Tii-Tao) " <Tio"Ta> 
{LMTD} = ( 8 " 8 ) 

In 

T 1 i " T2o 

T1o " T 2 i 

The LMTD concept is another :mportant tool in heat exchanger design. 

For real equipment there are correction factors F relating LMTD to 

the true driving force: 

Q = UAF {LMTD}. 

The validity range of the counter-current reference model is limited 

due to the assumptions that are listed in the preliminaries to this 

section. Nevertheless the shapes of the e vs. NTU curves of various 

exchanger types are alike ([2], [ 4 ] ) . This similarity of the depen-

dance of e on NTU will be exploited for establishing signal transfer 

characteristics. 
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8.2 Signal transfer characteristics 

The heat exchanger is regarded as a four-inputs-two-outputs system 

that can be displayed as a block diagram component, as in figure 1 -1 . 

First the mass flow rates are assumed to be constant. Thus the ex

changer is reduced to a two-inputs-two-outputs-system. Variations 

from nominal conditions are looked at, see figure 8-3. The question 

is: how are deviations of inlet temperatures, 6T., transferred by the 

heat exchanger? 

\+t>\ ^ 

T * ~~~~~"--— 

Tto +6T1 o 

Tao+6Tfc 

Figure 8-3: Heat exchanger as two-input-two-output 
block diagram component 

The 6T. might be the consequence of either a disturbance or a control 

action finding its way into the network further upstream. Accordingly, 

either stemming or passing on will be desirable. 

The effectiveness equations (8-6) and (8-7) are rearranged to express 

T 1 o and T 2 o as functions of T~. and T 2 j : 

1o 

2o 

( 1 - e j ) e j 

H (1-e 2 ) 

1i 

2i 

(8-9) 

Since this equation is linear the nominal parts f of T = f + 6T can be 

separated and the equation holds for the deviations alone, too: 

6T 

6T 

1o 

2o [(1-eO t! 67Vf 

H (1-e 2 ) 6T2J 

(8-10) 
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Using this equation static 6T. transfer factors can be assigned to a heat 

exchanger as shown in figure 8-4. 

dTlt l - € , 

1-6, 

Figure 8-4: Static 5X transfer factors 
(from distributed parameter model) 

These 6T. transfer factors are identical with the numerators of the 

RGA (see section 6.2) for the 2 x 2 system of figure 8-3. The corre

sponding denominators are look:d at further below. It was shown in 

the course of the experiments described in chapter 14 that those 6T. 

gains are reliable over a wide temperature range. The reason is that 

* 
the M are kept constant and do not influence U via the strongly non
linear Nusselt-Reynolds-numbers-relationship. The dependence of U on 
T via the physical properties, on the other hand, is in many cases 
not very strong as section 19.1 will illustrate. 

The 6T. transfer characteristics described in the above can be used 

as theorems that support deugn rules. This is explained by means of 

three extreme cases displayed in figure 8-5. 
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(i) (ii) (ii) 

Figure 8-5: Three extreme cases of 67) transfer 

On the analogy of roads, cas« ( i ) could be characterized as straight-

on, ( i i ) would be a junction of one-way roads, and (ii i) creates turn-

offs. With those elements, roads or paths are formed that let inlet 

temperature variations be conveyed to places where they are desired 

, if they are undesirable disturbances or side-effects of control, to 

places where they do least harm. That feature will be exploited in 

part V I . 

To complete the interaction analysis the denominators of the RGA are 

calculated. Figure 8-3 is referred to again. According to (8-10) a 6 T r 

results in a 6 T 2 Q of e2 6T 1 j ; if there is no 6T 2 j . In order to regulate 

6T2(J down to zero by means of a 6T 2 j the latter has to be chosen in 

such a manner that it yields a contribution of -e 2 6T... to 6T„ . Due 
i i zo 

to the linearity this way of overlapping is possible. The required 6T 2i 
is 

6T 2i 

£ 2 

1-£2 

6T 
1i 
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This 6T- . , in turn , adds the term 

e^a 

1-cg 
6T 

1i 

to the previous 6T- of (1 -e j ) 6T- . , yielding 

6 T 1o = 6 T 1 i l ( 1 " £ l ) ] 

S.xt.2 

1-C2 

Hence, the gain is 

6T 1o 

6T, 1-C2 

6 T2o = ° 

Dividing the numerator by the denominator results in the relative gain 

An = 1 + 
£ 1 £ 2 

1-£l-£2 

The other elements of the RGA are calculated in a similar manner, and 

the following RGA is obtained: 

1 + 
£1£2 

1-£l~£2 

£1£2 

1-£l"£2 
1 • 

£1£2 

1-£l"E2 

£1£2 

1"£1"£2 

Bristol's rule stating that the rows and the colums sum to 1 [31] is 

complied with. Evaluating X n in the {£i,£2} square leads to the 

pattern shown in figure 8-6. 
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* 2 
1 " 

0 -

\$& <0 

X. ° 
> 1 Nfc 

1 \ e 

Figure 8-6: Pattern of RGA element X„ values in the e,,62square 

When the question is asked: whether the outlet temperature T-

should be controlled by means of varying the inlet temperature of 

either stream 1 or 2, the \X1 pattern suggests that T . . should be 

used as a manipulated variable left of and below the ±» diagonal and 

Tp. right of and above it . Figure 8-5 indicates the same. However, 

using the mass flow rates instead of inlet temperatures as variables 

to be manipulated would be more common. 

Treating the transfer of variations of mass flow rate 
* 

6M is less 

straightforward than the ST. case since, apart from the non-linearity 
1 * 

of the heat transfer coefficient, the influence of the 6M is multipli

cative and hence non-linear. The steady-state ODE system in I for 

the double-pipe counter-current heat exchanger presented in the 

previous section is linearized using 

T =• f + 6T 

and 
* 
M M 

* 
6M. 

As the first two terms of a Taylor series expansion of 

1 

* . * 
M + 6M 
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are 

M 

6M 

_ 2 
* 
M 

the previous x = Ax system is extended into 

x = Ax + Bu 

where 

u = 
6Mj 

6M2 

and 

B 
UA 

L 

T i - T 2 

MjCi 

0 
Ti -T 2 

_ 2 
* 
M2c2 

As T j and T.-> are not constants but functions of I that fulfil the 

original x = Ax equation, the terms of B depend on I and the solution 

becomes awkward. 

Therefore, a more straightforward approach is made. The most ele

mentary lumped parameter model [1] has already been shown in 

figure 1-1. It will be discussed in more detail in the next chapter 

but one. If the model is linearized in the same way as above it 

results in the following state space representation: 

x = Ax + Bu (8-11) 
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x = 

u = 
6M1 

6M2 

* 

(1+{NTUh) 
m, 

7 
M2 

{NTU}2 fn2 

* 
M, 

{NTUh 
«»»i 

- — (H{NTU}2) 
m2 

B 

VT, 
m2 

Note that this time t and not I is the independent variable. The 
steady-state transfer matrix is obtained by putting x = 0: 

_ i 
x = - A Bu 



57 

It is: 

_ i • 
- A B = 

1+{NTUh+{NTU}2 

Although the underlying two-lumped-sections model with the difference 

of the stream outlet temperatures as the driving force does not repre

sent the steady-state performance of a counter-current unit in an 

accurate manner, the resulting matrix (8-12) gives an impression of 

the major effects. NTU turns out to be a convenient parameter. The 

reason is that in this model no integration over the spatial variable I 

had been done (see section 10.2). Similarly to the 6T. case treated 

before (see eq. (8-10)) the above matrix represents the numerators 

of the RGA. The denominators are reviewed below. 

As the matrix is consequent of a linearized model (unlike (8 -10) ) , it 

does_not only contain the NTUs but the operating point variables f 

and M as well. To check the plausibility stream 1 can be regarded 

as hot and stream 2 as cold. T . . - J1 would then be positive and 

T2- - f 2 negative. Hence an increase of the mass flow rate of the hot 

stream, 5M l r would lead to an increase of the outlet temperatures, 

whereas a 6M2 would decrease them. 

In a way similar to figure 8-4 the static transfer factors are visualized 

in figure 8-7. There, f i has been generalized to f . with regard to 

other than one-section-per-fluid models. 

However, the static transfer factors found for 6M are of less use than 

those for 6T.. Due to the linearization they hold only for small 6M 

whereas 6T. may be large. Furthermore, there is no clear "switch" 

characteristic comparable to the one presented in figure 8-5. 

T 1 i " T * T 2 f T 2 
4 r — (1+{NTU}2) - ^ { N T U h 

* * 
Ml M2 

T 1 i " T * T 2 i ' T 2 

~ ! ^ { N T U } 2 - ^ - (1+{NTUh) 
* * 
Mj M2 

(8 
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Tlt -T lo 1+jNTU}2 

151, l+tNTUlflNTUl, 

Figure 8-7: Static filOl, transfer factors 

(from the model with two lumped sections) 

the gains for olOlz are symmetrical 

From (8-12) one might conclude that the transfer factors become small 

when the NTUs become large, especially as a large {NTU}} also implies 

a large {NTU}2 (a subject that is explained in chapter 16 below, see 

figure 16-3). Indeed, the e vs. NTU plots, e.g. figure 8-2, indicate 

that for high NTUs, e is not much affected by varying NTU and after 

all it is e that affects the outlet temperature at fixed inlet tempera

tures as one can infer from equation (8-9). To check if 3e / 3{NTU} 

diminishes with increasing NTUs in a two-dimensional sense, too, the 

derivatives of et with respect to {NTU}i and {NTU}2 have been cal

culated from formula (8-5). The result is shown in figure 8-8. 
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INTUL 

5INTUI, 

|NTU|, 

With respect to the area covered by tNs {NTUL |NTU| square 
6e ̂ r- remains between 0.0 and -0.15 

5{NTU}L 

Figure 8-8: Sensitivity of e^o {NTU|J as a function of 
{NTu}t and {NTU}2 

However, the terms 
T : - T 

M 

go against the effect of large NTUs making the denominator 

1 + {NTUh + {NTU}2 large and thus the static transfer factor small, 

since large NTUs are associated with small NTs and large changes in 

stream enthalpy flow, i.e. large T. - T. 

This item can also be looked at from a different point of view. From 

equation (8-6) follows: 

1o «i ( T n ' T „ ) • T 1i 2i; 1i 

T v and T r are assumed to remain constant, and the influence of 

Mi on T„ is looked for. It can be expressed by the following dif-
* lo 

ferential: 
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3 T l Q 3 T l Q 3 £ l 3{NTU}, 

3M t 3 t i 3 {NTUh a M i 

The three factors on the right side of this equation are obtained by 

differentiating the following equations: 

- the above equation for T- , 

- the relation (8-5) between Ex and {NTU}1 # and 

- the definition (8-4) of the NTU. 

For simplicity, but without reducing the meaningfulness of the result, 

it is assumed that {NTU}2 = 0. We obtain: 

UA 

MxCj 
a T 1o U A 

—ST- " ( T i ; " J2'J e "*"*— 
3Mj " C Ma C! 

This equation has been evaluated with physically meaningful pa-

rameters over a meaningful range of M a . It has been found that the 
* * 

values of 3T.. / 3Mj do not alter strongly with altering Mj (or {NTUJi 

or E j ) . The function is not even continuously decreasing or increasing, 

but there can be a relative extremum within the meaningful range. 

In other words: it is confirmed that (unlike in the 6T. case treated 

before) there is no clear "switch" characteristic for the 6M transfer 

factors. 

As the theoretical considerations did not lead to clear results the 

matter was investigated further by means of simulating example heat 

exchangers. To do the simulations the software that is described in 

part IV was used. The models chosen were five-lumped-sections models 

with the LMTD as driving force (see chapter 10). Four different ex-

changers were looked at, each with the same pair of Mc products but 

different temperatures and thus different NTUs and e's. Both hot and 

cold stream mass flow rates were raised from 2 to 3 kg/s in separate 

simulation runs. The results are presented in table 8 - 1 . 



Heat tl 

exchanger — 
e2 

{NTU} : Mi-Cx 
1i 

{NTU} 2 M2-c2 T 2o 

lo 

2i 

M i •» 3 

AT 

AT 2o 

lo 

2 - 3 

AT 

AT 20 

lo 
-A-lB 

0.874 4.83 

0.749 4.14 

2-2000 200.0 

2-2333 181.2 

134.4 

125.0 +11.7 

+12.8 

-15.3 

-6.5 16.9 

13.6 

-13.6 

-16.4 

B 
0.759 

0.651 

0.517 

0.443 

2.61 

2.24 

1.00 

0.85 

2-2000 

2-2333 

2-2000 

2-2333 

200.0 

168.6 

200.0 

124.8 

131.6 

110.0 

130.2 

65.0 

+12.9 

+13.4 

+12.8 

+12.9 

-14.6 

-14.0 

-8 .7 

-10.4 

18.9 

13.1 

22.6 

10.5 

-13.1 

-18.1 

-10.5 

-21.0 

o> 

0.344 0.51 

0.295 0.43 

2-2000 200.0 

2-2333 55.5 

129.4 

•5.0 +13.0 

+13.43 

•13.3 

-12.1 25.9 

7.8 

-8 .0 

-23.6 

Remarks l k g / s ] - [ J / k g K ] [°C] [°C] t °C] [Ks/kg] 
eq. (8-12) 

Table 8 - 1 : Results of simulations to investigate 6M transfer factors 
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The simulations confirm that there is no clear relation of the 6M trans

fer factors to e or NTU comparable to the one for the 6T. transfer 

factors. It would not be of much help for network design anyway as a 

6M affects all exchangers in a process stream at the same time and 

produces 6T.'s to the downstream units, rendering them two-inputs-

one-output systems that are less transparent. It also becomes evident 

that the -A B of equation (8-12) does not provide good predictions. 

Nevertheless, for completeness, the full RGA has been calculated. It is 

noteworthy that the RGA depends on the NTUs alone: 

1 + N - N 

- N 1 + N 

where 

{NTUh{NTU} 2 

N _ 
1 + {NTU}! + {NTU}2 

* * 

This RGA suggests that Mi rather than M2 be used for controlling T . , 

a conclusion that is confirmed in practice, provided that the option is 

available at all. 

In summary, one can say that the methods presented here are much 

more convenient to trace the effects of variations of temperature than 

of mass flow rate. 
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8.3 Bypass control 

A standard scheme to control heat exchanger outlet temperatures is 

the bypass arrangement shown in figure 8-9 (where the DIN standard 

symbol for a controllable three-way valve is used). Within a network 

where the mass flow rates of the process streams have to be main

tained it is often the only possible one. For the purpose of the in

vestigations described in this work, bypasses have been regarded as 

the major instrument for controlling heat exchanger networks. 

Figure 8-9: Bypass control of a heat exchanger 
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The actual manipulated variable is the bypass fraction b, that is the 

fraction of the total mass flow rate that is conveyed through the by

pass: 

M k 

b = ^ Y P 3 5 5 

Mtotal 

The heat exchanger, bypass and re-mix form a system that can be 

regarded as a heat exchanger in itself. Heat exchanger parameters 

such as e and NTU apply to that "overall" heat exchanger. The 

terminology used for heat exchangers so far, e .g. T.. , T 2 , £ i , 

{NTUJi etc. , refers to that overall system whereas the exchanger 

alone, being a subsystem, is denoted by subscript x. 

Obviously, b can vary between 0 and 1 . b = 1 means the obstruction 

cf any heat transfer whereas b = 0 yields maximum heat transfer, 

the amount being subject to the heat exchanger design parameters. 

Another value depending on those design parameters is the design 

bypass fraction b ., i.e. the bypass fraction that ensures the design 

outlet temperatures of the "overall" heat exchanger if no disturbances 

are present. 

The bypass fraction b and the design bypass fraction b . have to 

be clearly distinguished, b is the actually manipulated variable. It is 

fluctuating during the operation of the plant. Modifying it affects, of 

course, both kinds of effectiveness, namely the overall effectivenesses 

(which comprise the heat-eA.-hanger-plus-bypass system), denoted 

by e, in both streams ( i . e . t\ and £2), and the local effectivenesses 

(which comprise the heat exchanger without bypass), denoted by e , 

in both streams ( i . e . e .. and e 2 ) . In the stream where the bypass 

is located, there is 

£xj * £j 

whereas in the stream vithout bypass there is 

£xj = £i ' 
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The subscript j stands for the number of the stream, i.e. 1 or 2, 

respectively. 

On design conditions, b is equal to b .. b . is modified during the pro

cess of designing, but not during plant operation. Any modification 

of b . during the process of designing has to be compensated for by 

modifying the UA design value of the heat exchanger, in order to 

keep the ov«.-all effectivenesses at their presupposed design values. 

The local design effectiveness e . . in the stream with the bypass is 

of course affected by modifications of b . . 

The span of b ranges from b . to 1 for control actions that reduce 

heat transfer, and from b . to 0 in the opposite sense. In chapter 4 it 

was stressed that the limits imposed on control variables are crucial 

to controllability. Therefore the effects of the spans of b upon the 

"overall" outlet temperatures are investigated in the following. The 

outlet temperature variations caused by bypass fraction variations 

become the ST.'s of the downstream units and can then be traced by 

the method presented in the previous section. 

An important target is the maximum design bypass fraction b . 

that is achieved by UA growing to infinity. Similarly to MER, MNU 

(see section 2.3) and the double-pipe counter-current heat exchanger 

(section 8.1) b . does in no way coincide with an economical op-

timum but it is a concept that provides insight. 

If the specific heat capacities are assumed to be constant and a bypass 

in stream 1 is examined, the enthalpy difference of the part stream 

through the heat exchanger can be expressed as 

A.V, = <1"b> wici (Tr, * " W 

whereas the overall enthalpy difference is 

AHj = M l C l (T.,. - T 1 Q ) . 
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The assumed infinity of UA implies that the flow across the bypass 

can be increased until the exchanger outlet temperature of stream 1, 

T , , meets the inlet temperature of stream 2, i.e. 
xlo 

Tx1o = T 2 i -

e - is then 1 (e _ alias e2 in the non-bypassed stream is not neces

sarily 1 , it is 1 , if M -cx just equals M2c2 ) . 

As a further increase of the bypass fraction would no longer lead to a 

decrease of T , , the design overall outlet temperature T., after the xlo To 
re-mix could no longer be maintained. Thus the maximum possible by

pass fraction to match design conditions is found by replacing T -
* * x l ° 

by T~- in the first equation and then equating AH .. to AHj since no 
energy leaves the bypass part of the stream. 

The result is 

or 

h - i 1» 1o 
d,max,1 " _ T 

'"li " ' 2i 

bd,max,1 = 1 " * i <8-13> 

and, similarly, for the bypass being in stream 2 

bd,max,2 = 1 " e 2 -

From that it can be concluded: The lower the effectiveness demanded 

of a heat exchanger is, the higher bypass flow rates are allowed. High 

design bypass fractions, however, imply higher design effectivenesses 

e of the heat exchanger itself, that is, overdesign. 

Irrespective of the question to what extent overdecigning makes sense 

economically, the idea of b . points out to where in a network the 
d,max 

potential is for creating effective control: with the low-effectiveness 

heat exchangers. 
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More important than the magnitude of the design bypass fractions, 

however, is their efficacy in terms of outlet temperatures T . Still 

assuming an infinite UA, i .e . , e = 1 , a bypass fraction of 1 , no 

matter whether the bypass is in stream 1 or 2, results in the outlet 

temperatures equalling the inlet temperatures. If b = 0, on the other 

hand, there are two possibilities: 

* * If M l C l < M2c2: T 1 Q = T 2 j „ 
M,c i«- l 

T2o = T2i + <T1i - T2i> 2 — 
M2c2 

* * If M l C l > M2c2: T l Q = TVi - (T.,. - T 2 j ) 
M2c2 

M1C1 

T2o = T1i 

Therefore, the outlet temperature span in general is 

(Mc) . 

where subscript j denotes the respective stream in question. If a heat 

exchanger with a (MjCi) / (M2c2) ratio away from 1.0 is selected for 

being equipped with a control bypass and the desired control 6T 

goes with the one stream having the lower Mc, then undesired side-

effects of control actions are reduced at their source. That becomes 

evident, if equation (8-14) is applied to both streams. 

The outlet temperature span AT indicates the absolute potential of 

control which can be exerted by means of a bypass around a heat 

exchanger. However, to enable effective control action, AT should 

cover the ranges above and below the design value f evenly. The 

evenness of the distribution of AT can be expressed by the ratio of 

the maximum possible deviations of T from its design value f (as 

a result of actuating the bypass control valve), if the bypass is fully 

opened, or closed, respectively, that is 
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To,b=1 " T o 

T o ' To,b=0 

Evenness means that this ratio is close to 1 . It has been found that 

the ratio equals a simple expression of the maximum effectiveness 

e . i . e . the effectiveness in its first of the two meanings discussed 
max' " 

in section 8 . 1 , namely 

8 = max ( E l , C O ) 

max x * ' *' 

The expression is 

o,b=1 o _ max 

t - T . A 1 - e 
o o,b=0 max 

The formula is proved here for the case of T , . e is defined as 
lo max 

follows: 

M l C l 

<T,S - T - V 

e = 
max T 1i " T 2i 

Obviously, the product (T... - T- ) ^ i c i could also be replaced by 

the corresponding one of stream 2, namely 

( T 2 o - T 2 | ) M2c2 

Hence, # 

M l C l 

T n - T 2 i - ^ T i i - T i o > 7 r -
. _ £ =

 ( M c ) min 
max 

T1i " T2i 
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When the ratio e__w / (1 - e _ a v ) is formed, T n i - T 9 ; cancels out. 

Both the numerator and the denominator of the resulting fraction are 

multiplied by 

which leads to 

e max 

max 
T1o 

( M c ) min 
* / 
M1C1 

T 1i - T1o 

(Mc) . 
[ T 1 i ( T 1 i T 2 i } * 

Now, as it has been shown before, the outlet temperature of stream 1 

becomes just T... ( i .e . the inlet temperature) if the bypass is fully 

opened ( i . e . b=1). Thus, the numerator equals the maximum deviation 

of T- from its design value f , if b is 1 , that is 

T1o,b=1 " T1o ' 

On the other hand, the denominator coincides with the maximum devia

tion of T- in the case of a fully closed bypass, i.e. b=0, namely 

T1o " T2i ' i f A c , ) < (M2c2) 

or , 
M2C2 * * 

T1o " ( T 1 i " ( T 1 i " T 2 i } ^ ]' if ( M i C l ) > ( M 2 C 2 ) 

M1C1 

A similar proof exists for the case of stream 2. 
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The evenness expression, 

e max 

1 " emax 

suggests that heat exchangers with a "medium" maximum effectiveness 

of about 0.5 yield a control potential, i.e. an outlet temperature span 

AT , which is evenly shared by the half-ranges at both sides of the 

design value f . 

If we define an "unevenness function" as the respective larger devia

tion divided by the smaller one, we obtain 

emax 

1 " emax 

1 ' emax 

€ 
max 

for e > 0.5 max 

max 

The function, an inverted ogive, is shown in figure 8-9a. 

The evenness expression depends on only one of the two e's. That 

can be explained by the fact that, of the two e's, only e _ can take 
r ' max 

a value out of the range from 0 to 1 , whereas the maximum value 
which the respective other e can take corresponds to the ratio of the 

* 
lower by the higher Mc product. Therefore, t. characterizes the 

max 

state of the heat exchanger between the two extreme of 0 and 1. 

The extremum of 0 can be realised by a design bypass fraction of 1 

(in either stream). It allows no control actions in the direction of 

an opening bypass. The extremum of 1 , on the other hand, can be 

realised by a UA product of infinity and a design bypass fraction 

of 0. It allows no control actions in the direction of a closing bypass. 
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Unevenness of outlet 
temperature span 

0 0.2 0.4 0.6 0.8 1.0 
* - € max 

Figure 8-9a: Unevenness of the outlet temperature span AT0 

The same consideration makes also plausible that, as far as the steady-

state performance is regarded, it does not matter whether the bypass 

is situated in stream 1 or 2, not any more than it matters which of 

the streams is the hot one. From a dynamic point of view, however, 

the situation of the bypass is significant as will be illustrated in 

chapter 17. 

So far infinite UA has been assumed in order to indicate the targets 

of control potential. Now a non-zero temperature approach AT is 
0 

introduced: 

AT. mm " T 1 i - Tx2o>' ( Tx1o - T 2 i » 
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The x subscripts of the outlet temperatures emphasize that the "real", 

not the "overall" heat exchanger is addressed to. 

Choosing a design that is characterized by a non-zero design tempera

ture approach AT . instead of an infinite UA product, changes the 

target equation (8-13) into the following design equation (noted down 

in its version for the bypass being situated in stream 1): 

'd,1 
T1i " T2i " * T ad 

where 

ATa<J = min [ < T x l o - Trf. ( T , , - T ^ ) ] 

Analogous equations can be found for the case when the bypass is in 

stream 2. As long as the temperature approach occurs at that side of 

the heat exchanger where the bypassed stream flows out, it can be 

increased by decreasing b .. If the bypass is in the stream wit;, the 

higher "overall" Mc, decreasing b . leads to a point where the "real" 

(Mc) is equal to the Mc product of the non-bypassed stream. Then 

the temperature approach is shifted to the other side and can no 

longer be influenced by further decreasing b .. Thus the above mini

mum value function for AT .. 
ad 

For finite UA the target equation (8-14) for the outlet temperature 

span does not ho 

lated in this way: 

span does not hold any more either. The "true" AT 's can be calcu 

( i ) Once a design point (AT ., b .) has been established, UA 

can be calculated. 

( i i ) Assuming that UA remains unchanged the NTUs for b = 0 are 

UA 
{NTU}. = i , j = 1,2 

J M j c. 

(i i i) Applying (8-5) or c-NTU plots of a design handbook yields 

ej and &2> 
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( iv) By means of (8-9) the outlet temperatures are found. 

Above, control bypasses had been looked at with respect to their 

capability of emitting control 6T 's to subsequent downstream units. 

Another point of view is their capacity of absorbing disturbances re

ceived at the inlets. Figure 8-9 displays a design case, T..., T- , T~-

and T . being the design values. What range of T- . could be coped 

with in order to maintain T- ? Obviously, wnen b is moving towards 1 , 

a T... just equalling T . can be dealt with. Conversely, if the bypass 

is closed, the "overall" heat exchanger is reduced to the "real" heat 

exchanger with its e . and e 2 parameters in effect. By means of re

arranging equation (8-9) it can be traced back what T... is just toler

able to maintain the prescribed T 1 when T? . is constant. It is 

T1i,extreme = ~ ( T 1o " £x1T2i> • <8 '1 5> 
l _ £x1 

£ -, in that case equalling zlt is a function of the NTUs prevailing if 

the bypass is closed. It can be calculated e .g . using equation (8-5) 

or using e vs. NTU plots from design handbooks, similarly to the pro

cedure for calculating the AT 's presented above. 

If, once again, the target of UA = » is considered either e ,. or e ~ 

becomes 

is then 

becomes 1 . The actual e in whatever stream (denoted by subscript j ) 

(Mc) . mm .. . . . e . = —j s.t . UA = » 
xj 

That is, if MiCx i M2c2 e - is 1 . Hence a virtually infinite inlet tem

perature of stream 1 could be handled, however, at the expense of a 

stream 2 outlet temperature growing beyond limits as well. 

The inlet disturbances that can be "swallowed" by actuating the by

pass control up to the limits at both ends are pictured in figure 8-10. 

The side-effects ( i .e . the effects on those outlet temperatures which 

are not being controlled) resulting from those control actions are also 

shown. 
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Definition 
of the 
control 
problem 

manipulated 
, variable 

disturbance 

side-effect 

© variable 
, k /T\ t o D e maintained 

1 ^ p • 

© J k © constant 

2 + (e*) N o t e : tt2 = 

Design: 
b=bd 

b-

21 /(£&\ \ 

•2o I2i 

Note: 

UA = oo ("target") 
design implies that 

bd = 1 -£ , 

6,!= 1 

Maximum of 
manipulated 
variable 

b=1 

b=0 

1 

to / r ^ y 

M̂  
Minimum of 1 - £ , 
manipulated 
variable: 

(VMJ 

* 2 j 

(1-e,2)T2i*6o ^ C V E i . T a ) 

T2i 

^e§^-3 

T2i 

d a n d £.2 are 
functions of the 
prevailing NTUs. 

On "target" design 
the greater of them 
would equal 1. 

b = 0 implies that 
€.1 = 6, 

Figure 8-10: Capacity of absorbing disturbances at the inlet 
of the stream whose outlet temperature 
is being controlled 
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In the same way, the other control-on-disturbance problem that can 

be conceived is examined: 

the disturbance occurs at the inlet of the other stream than the one 

which has the outlet temperature controlled. Again, equation (8-9) is 

used and the results are presented in figure 8-11. 

Definition of 
the control 
problem 

©manipulated 
variable b e m a i n t a i n e d 

constant (T^) / ^ \ (TV) (set-point) 
1 SLAAj| ^ 

side-effect (T^ 

2 * <s> 
rTjj j disturbance 

Minimum of 
manipulated 
variable: 
b=0 

b=0 

txi 

Figure 8-11: Capacity of absorbing disturbances at the inlet of 
the stream the outlet temperature of which is not 
being controlled 

The theoretical considerations regarding the potentials of generating 

temperature variations for the purpose of control and of absorbing 

disturbances are lightened by means of an example. Figure 8-12 shows 

a heat exchanger that is equipped with a controllable bypass either in 

stream 1 or 2. 
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200 ^ ^ 160 

50 

kW 

K 

kW 
K 

200 kW 200 kW 

"overaT effectivenesses: e,= 0.267 €,= 0.333 

Figure 8-12: Example problem for studying bypass control 

The design of the heat exchanger has consequences on the design 

bypass fraction, the desigr, effectiveness of the "real" heat exchanger, 

the UA and the span of outlet temperatures that can be achieved. 

Those consequences are shown in figure 8-13. The temperature ap

proach in the heat exchanger has been chosen as the major design 

parameter, thus establishing the horizontal axis. Using this kind 

of diagrams, the heat transfer area and with that the cost can be 

balanced against the power of control. If disturbance absorbing ca

pacity is a major objective,, reference is made to figure 8-14 where the 

manageable disturbance ranges of the inlet temperatures versus the 

design temperature approach are shown. The respective "target" 

designs (i.e. UA = ») appear at the left hand side ends of figures 

8-13 and 8-14. 

In the bottom part of figure 8-14, there is no lower limit to T, . . A 

T-j which tends to negative infinity is managed by a bypass fraction 

approaching 1. 

The UA's that are required if the bypass is in stream 1 are slightly 

higher, consequently, the outlet temperature spans are higher, too, 
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for given design temperature approaches, thus complying with the 

static equivalence of the two bypass locations. AT vs. UA plots would 

be almost linear. 

In the second block (from the top) of figure 8-13, the thick line shows 

the local effectiveness, e , in the stream where the bypass is situated. 

If the bypass is in stream 2, the "overall" effectiveness e2
 i s met by 

the local one, e ~, »f b . becomes zero and AT . becomes 100 K. If the 

bypass is situated in stream 1 , the analogous situation would arise for 

a temperature difference of 110 K. This difference, however, would no 

longer be the design temperature approach, since the approach would 

at a value of 100 K be shifted to the other (namely the hot) side of 

the heat exchanger, according to its definition through a minimum 

function earlier in this section, and as illustrated in figure 8-12. 

Three different designs were chosen to illustrate the actual perfor

mance with variations of the manipulated variable b. The design points 

correspond to AT .'s of 0, 30 and 100 °C respectively. The bypass is 

in stream 1. The according design bypass fractions are marked by 

circled dots in figure 8-13. They are found again in figure 8-15. 

There, the outlet temperatures, "overall" and "real" effectivenesses 

are plotted against the bypass fraction. As there is no bypass in 

stream 2 the "real" effectiveness equals the "overall" one, i.e. 

ex2 = t2 

whereas this is true for stream 1 only if the bypass is shut. At 

b = 0.2, e - equals e ~ as M c i s identical at both sides of the ex

changer. The results were arrived at using the simulation software 

as for the 6M calculations in the previous section. This time 7-lumped-

sections models were used. There are slight differences between the 

outlet temperature spans obtained from the simulation and those pre

dicted from the steady-state considerations in figure 8-13. The spans 

resulting from simulation are wider. The reason is that in the simula-

tion U does not remain constant but increases with rising M through 
* 

the heat exchanger. Shutting the bypass indeed increases that M 

The example of figure 8-12 is used again in section 17.2. 
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design 
bypass fraction 
for the stream 
that is equipped 
with a bypass 

(the design 
bypass fraction 
of the stream 
without bypass 
bO) 

design 
effectiveness of 
the real" heat 
exchanger in the 
stream that is 
equipped with 
a bypass 

(designe.in the 
non-bypassed 
stream equals 
"overaTc.see 
dashed lines) 

UA for bypassed 
stream 1 or 2, 
respectively 

Span of outlet 
temperatures 

respective upper 
curves for bypass 
in stream 1, lower 
curves for bypass 
in stream 2 

b* 
OS 

0.6 

0.4 

0.2 

l 

5g» r 

^v. 

)€xi if bypass in stream 1 
ux2 if bypass in stream 2 

At 150 

100 

40 
AT* 

8^[* 

0 20 40 60 80 100 
design temperature approach AT* [K] 

Figure 8-13: Heat exchanger design and potential of generating 
control outputs 
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"k, at nominal 
value 

nominal 
value 

500 

400 

300 

200 

100 

HI 

T1( at nominal 
value 

nominal 
value 

i i i i - i — i — • 

0 20 40 60 80 100 AT.d [ K ] 

design temperature approach 

Figure 8-14: Heat exchanger design and range of disturbances 
at inlets that can be absorbed. Bypass in stream 1. 
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In summary the potential of creating control signals depends largely 

on T r • T?. and thus on the situation of a heat exchanger within 

the network. If the side-effects of control actions should be small, 
* * 

a (M1c1) / (M2c2) far from 1 , or equally an e t / c2 * a r from 1 

is desirable. On the analogy of figure 8-5 that fact is depicted in 

figure 8-16. 

Figure 8-16: Potential of creating control effects 

However, the extent that potential is exploited to depends on the de

sign, i.e. the UA, of the bypassed heat exchanger itself as figures 

8-13 and 8-15 show clearly. A maximum overall effectiveness of ca. 

0.5 guarantees a good evenness of the distribution of the control 

effects. 

On the other hand, the capacity of absorbing disturbances depends 

less on the situation within the network and tiore on the design of 

the heat exchanger as equation (8-15) and figure 8-14 suggest. 

Therefore trying to overcome disturbances of known sources by means 

of a bypassed high-UA exchanger would be good practice. 

The temperature-dependence of the specific heat capacity c has been 

neglected in the course of all the previous considerations. It could be 

taken into account, however, at the expense of less "catchy" results. 
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Static performance of associated networks 

Resuming an idea from chapter 5, an external coupling factor p is 

introduced. It represents the static characteristic of outside equipment 

affected by the outlet temperature of one stream and affecting the 

inlet temperature of another. The streams are denoted by 1 and 2, 

respectively. Deviations from values on operating conditions, 

6T = T - f 

are considered only. 

The coupling factor is then defined by 

6T2J = p 6T 
1o (9-D 

The interactions of the two streams are combined in a composite heat 

exchanger that is itself characterized by a pair of e's. Figure 9-1 

illustrates an external coupling in block diagram fashion. 

6T1( 

6T2o 

composite heat exchange* 

«2 

* \ 

, d J * \ 

Figure 9 -1 : External coupfing 

The steady-state transfer equation (8-10) holds for the composite heat 

exchanger as well. Combining it with the above definition (9-1) yields 

6T 1o 
1 - e t 

1 - pe, 
6T 1r (9-2) 
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and 

p 0 -£ i ) 0-e2) 
6T2° = [ £2 + ~77ZT~ ] 6T* (9"3) 

Since stability is maintained as long as the denominator is above zero 

the following stability criterion ensuing from static considerations is 

found: 

1 
p < — (9-4). 

£ i 

As e is always less than or equal to one instability can only occur if 

p is greater than one, i.e. if there is a positive feed-back. High-

effectiveness units can confine p to values just above 1. If the two 

streams were coupled the other way, i.e. on the left side in fig

ure 9-1, the criterion would be 

1 
p < — 

Of the two possible p's, the one at the side of the temperature ap

proach is lower. For instance, if there was 

'T1i " T1o» > "T2o " T2i" 

the lower p would be the one on the right hand side as shown in the 

figure. 

The closer a p is to its stability limit the stronger is its effect on the 

dynamic performance. This is explained in section 11.2. 

How are the composite effectiveness obtained? 

The block diagram of figure 9-1 can te filled in by the relevant part 

of the grid, as shown in figure 9-2. 
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Figure 9-2: A section of a grid making a component 
of a block diagram 

In order to calculate the static transfer gain, e.g. 

6T 

6T 

2o 

1i 

of figure 9-1, the transfer equations (8-10) have to be applied to the 

individual units. That results in an algebraic matrix equation. In the 

case of a parallel connection of n counter-current units as shown at 

the right hand end of figure 9-2 the resulting effectiveness is (ac

cording to [4], provided that the c's are constants): 

= 1 

* 

"2C2 
* 

n MiCj 

J] 1" 4*,"" 
* 
MlCl 
* 
M2c2 

(9-5) 

A special case is considered now. On the assumption that all ex

changers are of the same design all e~. become identical. The expres

sion 

becomes 

n ( . . . ) 

( . . . ) r 
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Furthermore it is assumed that 

* * 
M^Cj ~ M2C2 

To evaluate the fractional expression in (9-5), L'Hospital's Rule has to 

be applied. The derivatives of the numerator and the denominator with 

respect to (M1c1) / (Mjc^) are formed. They make themselves another 

fraction. Equating then (M1c1) / (M2c2) with 1 yields 

ne. 
£ = 1 (9-6) 

ne. + 1 - e. 

The assumptions made above imply also that 

{NTU}j = {NTU}2. 

For that case, L'Hospital's Rule can be applied, too, to the e-NTU-

function (8-5), to the result that 

{NTU} 
£j = (9 -7) 

J {NTU} + 1 

(9-7) is put into (9-6) and the expression for e is inverted. The 

static stability criterion becomes 

1 
p < 1 • 

n {NTU} 

Although this particular case is hardly of practical significance it 

singles out two trends: an increasing number of stream-to-stream con

nection., and higher NTUs lead to a lower stability limit. 
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10. Dynamic heat exchanger models 

10.1 Spatial discretization 

The reference model consists of the PDE system (8-3). Making use of 

it demands numerical treatment in some way. 

One method is direct tackling by means of finite elements [42]. That 

method is useful if the temporal-spatial temperature distributions of 

a particular heat exchanger have to be studied in detail, e.g. foi 

thermal stress analysis. 

Here, single heat exchanger models are intended to be mere compo

nents of network models. Therefore, the inlet-outlet performance is 

more important than the internal temperature distributions, and the 

complexity should not be too high. Methods to attain those features, 

particularly if control is involved, are the ones that transform the 

PDE system into a set of ODEs with time being the independent 

variable. 

A first ODE method is the method of lines [43], which consists in 

using various formulae to transform the spatial derivatives into 

algebraic equations that link the state variables to each other. The 

number of spatial discretizations is arbitrary. If it is chosen large 

enough spatial temperature distributions can be obtained as well. 

In this work a software code called FORSIM [43] has been used to 

simulate single heat exchangers and small networks, see chapter 15. 

FORSIM automatically sets up the algebraic equations that arise from 

the spatial derivatives. 

For the purpose of gaining insight, explicit formulation in state-space 

notation is desirable. The effects of parameter variations can then be 

made clear, as in section 8.2, or the model can be linearized, thus 

enabling the application of eigenvalue analysis or frequency domain 

methods. 
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Besides the method of lines, there are others that have been in use 

for establishing heat exchanger models, e .g . the method of weighted 

residuals (MWR), the method of lumped sections or others. The method 

of lines and the method of weighted residuals perform the transforma

tion of the PDEs into ODEs by means of purely mathematical considera

tions whereas the creation of lumped section models starts straight 

with the formulation of ODEs, having stirred tanks in mind. 

The selection of mathematical methods to carry out the transition from 

PDEs to ODEs may be arbitrary, justified only by its success in terms 

of approximating experimental results, and may produce obscure state 

variables. Thinking in stirred tanks, on the other hand, seems to be 

more attractive to an engineer as it keeps close to the basic physical 

laws and results in transparent state variables. However, the models 

may become computationally less effective. 

The application of the method of Wb.jhted residuals to counter-current 

neat exchangers [44] is outlined briefly. The two-point boundary value 

problem (8-3) is referred to. The one-dimensional spatial variabi I 6 

[0, L] is transformed into its dimensionless counterpart A € [ - 1 , 1] by 

L 
I = - (A + 1) 

2 

The boundary value problem becomes 

BJt v t 8Ti UA 
= - 2 ( T , - T 2 ) 

3t L 3A miCi 

3T 2 v2 3T2 UA 
= 2 + (Tx - T 2 ) \ (10-1) 

3t L 3A m2c2 

T j ( t , -1) = T1 { ( t ) 

T 2 ( t , 1) = T 2 , ( t ) 
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It is assumed that the solution is 

T i (t,A) = (A+1) 2T(A) x t ( t ) + T.,, ( t ) 

T2 (t,A) = (A-1) £T (A) x2 ( t ) + T2. ( t ) 

(10-2) 

The vectors x* and x2 contain state variables which are formed by 

linear combinations of temperatures. They have no direct physical 

meaning by themselves. £ is a vector of the arbitrary length m, con

taining the ortho-normalized Legendre Polynomials with respect to A 

of the zeroth to the (m-1)th degree, its i-th element being 

P, (A) = 
1 

' " 2 Pi-1 ( A ) ' l = 1 / m. 

P. , (A) is the ' -gendre Polynrmial of degree i -1 . For instance, if 

m = 4 we obtain 

Vl72 

V575 A 

VV2 1/2 (3A2 -1) 

^7/2 1/2 (5A3 -3A) 

£ (A) = 

The vector of the state variables depending on time is 

• • [ : ] 
of length 2m. 

The solution (10-2) fulfills the boundary conditions. However/ it is 

apparent that the input variables T^. ( t ) and T~ ( t ) have immediate 

effect upon the output variables 

T 1 o ( t ) = T j ( t , 1) 

T2o ( t ) = T * ( t ' " 1 ) 
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Whereas (10-2) does fulfil the boundary conditions it does not fulfil 

the PDEs exactly. Putting (10-2) into the PDEs yields two residuals, 

R, (A) and R2 (A). The residuals are then orthogonalized with respect 

to a weighting vector, that is, the residuals must have no components 

in the directions of the weighting vector. Due to the orthogonality 

feature of the Legendre Polynomials 

Pj (A) P. (A) dA 
2 

2i+1 

s.t. i*j 

s.t. i=j 

it is convenient to use £ as the weighting vector. The very act of 

orthogonalizing, which is the essence of the transition from PDE to 

ODE, consists in equating two integrals to zero: 

/ £ (A) R2 (A) = 0 

J £ (A) K2 (A) = 0 

(10-3) 

As R] and R2 comprise all the information contained in the PDEs, that 

procedure is not an easy one, particularly for m's higher than two. 

The procedure is only feasible because of the orthogonality feature 

mentioned above. 

For the calculation of the residuals the assumed solution (10-2) is put 

into (10-1). That means that the derivatives of (10-2) and with that 

of the input variables T r and T 2 j with respect to time are occurring. 

In terms of state-space notation a system is obtained that looks like 

this: 

x = Ax + Bu + Eu 

Y. = Cx + Du 
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To avoid the derivative of the input vector, u, an alternative state 

variable is defined 

Eu, 

yielding the new system equations 

i = A£ + (B + AE) u 

y_ = C£ + (CE • D) u 

With m = 2 the procedure (10-3) changes the above system into 

Y. = 
1o 

2o 

T1i 

2i 

* , 
M^mi 

* 

Ml/m1 0 

0 

0 0 

0 0 

0 0 

0 0 

0 

0 

* 
M2/W2 

* 
M2/m2 

•3-{NTU}, -V3 -2{NTUh V3{NTUh 

V? -3-{NTU}j V?{NTU}a -2{NTU}i 

•2{NTU}2 "V3{NTU}2 -3-{NTU}2 V? 

V3{NTU}2 -2{NTU}2 - # -3{NTU}2 

(B + AE) 

3j2 Mi/mx 

•3^5 Mi/nit 

0 

0 

-3V? M2/m2 

-375" M2/m2 
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I V2 V5 o o I 

I 0 0 -V2 V6J 

It has been stated [45] that the frequency responses of MWR models 

are superior to those of lumped section (stirred tank) models of the 

same order. However, the transition matrix CE + D is a drawback if 

simulation is concerned. It is indispensable, though, for attaining the 

correct steady-state characteristics. An example of a step response is 

given further below. 

Lumped section models based on the concept of the stirred tank are a 

standard tool for studying heat exchanger dynamics [46]. It has been 

demonstrated that for standard shell-and-tube heat exchangers, which 

do never feature pure one-dimensional flow, models composed of series 

of stirred tanks are superior to distributed parameter models [26]. 

The essence of the stirred tank idea is that the properties of the fluid 

leaving the tank are identical with the bulk properties that are as

sumed to be homogeneous throughout the tank. The concept of the 

stirred tank is shown in figure 10-1. What exactly is meant by the 

term "properties" will be explained in section 10.3. 

Although applying series of stirred tanks to tubular flow may seem to 

be violent long experience has proven their adequacy [46]. Consis

tency with respect to the basic laws of physics applied and immediate 

transparency render them efficient modelling tools. 
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I v 1 , _ > -

fluid 
properties 
at inlet 

Figure 10-1: The concept of the stirred tank 

There are modifications of the pure stirred tank, e.g. in [471 pro

posing heat exchanger models that consist of two lumped sections in 

each stream. The outlet temperatures are not just the same as the 

bulk temperatures of the sections next to the outlet but a linear com

bination of all the bulk temperatures. The multipliers governing that 

combination follow from steady-state considerations. Although for some 

cases superiority to the classical stirred tanks has been reported, 

it is at the expense of a loss of generality, a loss that can not be 

afforded at an early design stage when the information on design 

parameters is scanty. 

Consideration of advantages and disadvantages of the different methods 

of modelling has led to the conclusion that the lumped section models 

based on the idea of the stirred tank are best suited to this work. 

Based on a clear conception they provide insight even if the available 

information is yet sparse, owing to their generality. Their suitability 

to industrial heat exchangers has been proved. Even if they are not 

the most effective ones with respect to computational effort they avoid 

at any rate transition terms (a D matrix in state-space notation). 

• ^ 1 
bulk fluid 
properties i 

• M0 



93 

That conclusion is the outcome of not only theoretical considerations, 

but also numerous simulation runs performed on a variety of models. 

Figure 10-2 displays a pair of representative sets of step responses. 

The FORSIM code [43] was taken advantage of. Its PDE facilities were 

used to simulate the distributed parameter model/ the ODE facilities 

were used for the other models. The consequences of the transition 

terms in the MWR model are clearly visible. The results of two dif

ferent versions of the driving force in the lumped section models are 

shown. That matter is discussed in the subsequent section. 
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1.0 

0.8 

0.6 

I 

dfetrtouted parameters (PDE-FORSSA 11 spatiai points) 

MWR 4th order Cm = 2) 

stirred tanks (2 per stream), 
dfference of arithmetic mean 
value of iniet and outlet 
temperatures as driving force 

stirred tanks (2 per stream), 
LMTD as driving force 

(ODE-FORSM) 

70 t [s] 

70 t [s] 

Figure 10-2: Responses produced by four different models 
to temperature steps at the inlet of stream 1 
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10.2 The driving force 

A major attribute that heat transfer as well as control specialists 

requ'rre of heat exchanger models is correctness of the steady-state 

characteristics. According to the overall heat transfer equation 

Q = UA AT, M (10-4) 

once the design parameter A is fixed it is the two operating variables 

U and AT^ that dominate heat transfer, no matter whether the above 

equation spans a whole heat exchanger or just a pair of its lumped 

sections. 

While U will be investigated in the subsequent section and is regarded 

as a constant here, the driving force or effective mean temperature 

difference ATM is concentrated on now. 

If stirred tank lumped sections are thermally linked as shown by way 

of example in figure 10-3 the obvious driving forces are the differences 

of the bulk temperatures. 

Figure 10-3: Example of a model with concentrated parameters 

If the number of lumped sections in both streams grows to infinity, the 

performance of the distributed parameter model is attained. However, 

to avoid an excessive effort in computation the order of the compo

nent models that form a network is to be kept low. Low order models 

relying on bulk temperature differences yield overall til's far below 
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the counter-current LMTD. The most simple model for a heat ex

changer, the two-sections model of figure 1 -1 , can not even be used 

for modelling a counter-current service, as the identity of bulk and 

outlet temperatures does not permit intersection, i .e. the hot stream 

outlet temperature being less than the cold stream one. 

There are two ways of remedy by taking the inlet temperatures into 

account, a linea. and a non-linear one. Before exploring those ways 

it has to be stated clearly that applying any other than the bulk 

temperature difference to overall heat transfer violates the consis

tency of the stirred tank concept, since no such contraption can be 

imagined. Taking the second way, that is, applying the LMTD, is even 

a tautology, as an infinite number of lumped sections would yield 

overall LMTD anyway. It is simply the result that justifies the use of 

such tricks. 

In the linear version, the difference of the arithmetic mean values of 

the inlet and outlet temperatures makes the driving force: 

A T M " 2 <T1i + T1o " T2i " T2o> • < 1 0 - 5 ) 

Retaining the assumptions made in section 8.1 the enthalpy balances 

for a section in each stream yield: 

* * ^ l o 
MiCi ( T r - T1 ) - Q = m,c, £ 

" dt 
(10-6) 

M2c2 (T? . - T 2 ) + Q = m2c2 —£2. 
Cl dt 

(10-6) is combined with (10-5) put into (10-4) and the following system 

is obtained: 
\ 

X * MX • BU 

1 s X 
• (10-7) 
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where 

x = 

u = [:;:] 
M, { N T U h 
s r - <1 + — 7 — > 

M2 {NTU} 2 

m^ 2 

,M t {NTUh 

mj 2 

M2 {NTU}2 

m7 ° + -IT") 

B 

Ma {NTUh 

m7 ° - - T - ) 

M2 {NTU}2 

m^ 2 

Ma {NTU}a 

m7 2" 

M2 

m2 
(1 

{NTU}2 

-) 

Note that this system is similar to the one that would be obtained if 

ATM was just the difference of the bulk temperatures: 

A T M = T 1o 20' 

In that case the system would be the one noted down in (8-11). The 

only difference in the A matrices is that the NTUs are repiaced by 

their halves (the B matrices are not comparable, since here the u 

vector comprises temperatures, whereas, there, it comprised mass flow 

rates). 
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The second order model (10-7) is analyzed in the following, first with 

respect to steady-state and then to transient performance. 

The steady-state transfer qain matrix is obtained similarly to sec

tion 8.2 by evaluating 

_ i 
-A B . 

The matrix 

* 
M j / m j 

* 

can be separated to the left hand side of both A and B (cf. also the 

MWR model in the preceding section) and cancels out. 

{ N T U h {NTU}2 

M a + R 

_1 
-A B 

1 

{NTUh (NTU} 2 

1+ s + sr— {NTU} 2 1+ 

{NTU}, 

{NTUh {NTU}2 

(10-8) 

It is noteworthy that the elements of this static transfer matrix consist 

of expressions cf the NTUs as opposed to the according matrix for 

the distrubuted parameter model, ( 8 - 9 ) , that is composed of the e's. 

The reason is that (8-9) is the result of an integration over the 
* 

spatial variable I. In the borderline case of equal Mc in both streams 

the two matrices coincide. That follows immediately from (9 -7 ) . The 

reason for that is that for (Mc)i = (Mc)2 the difference T j ( I ) - T 2 ( I ) 

is the same over the whole exchanger length and thus the temperatures 

become linear functions of I. 

How far does the characteristic of that model deviate from the one of 

the reference model? Comparing (10-8) with (8-9) yields an apparent 

effectiveness of 
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{ N T U h 
£ l = 

{ N T U h {NTU}2 

1 * + 
2 2 

The relative error of that apparent effectiveness, 

€•1 - e , 

is shown in figure 10-4. The same 1X applies also to the model with 

the arithmetic mean temperatures being the state variables (that is 

outlined below) and to the MWR model of second order ( i . e . , m = 1 , 

see section 10.1) . The relative error of the MWR model of fourth order, 

the matrices of which are noted down explicitely in section 10.1, follows 

the same pattern. The sign, however, is negative, and the absolute 

value of the relative error is about five times less. 

Figure 10-4 explain:; why the transients shown in figure 10-2 have no 

discernible differences in their ultimate responses: the two NTUs are 

close to each other. If that was not the case the e t could depart from 

£ } to even such an extent that the thermodynamicaily non-feasible 

situation of figure 10-5 could arise: crossing temperatures yet pro-

ducing a sufficient AT., to cause Q. 

Now the transient performance is looked at. Figure 10-2 reveals that 

inverse response may occur. The response sinks below zero for about 

just the period of time the distributed parameter model stays awaiting 

the end of the dead time. Although approximating models that exhibit 

dead time by others featuring inverse response is a technique used 

for controller design in the frequency domain (refer e .g . to (48] ) , it 

is clearly not desirable for dynamic simulation. An inspection of the B 

matrix of (10-7) reveals that after a positive step of T... the deriva

tive t - of the outlet temperature of the same stream initially becomes 

negative if 

{NTUh > 2. 
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Rgure 10-4: Relative error of steady-state characteristic resulting 
from difference of arithmetic mean temperatures 
regarded as driving force 

(broken: for 4th order MWR model, sign is negative) 
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T,i 

•2o 
- ^ ' M 

0 

T2i 

T10 

L I 

Figure 10-5: Positive driving force caused by crossing 
temperatures 

Even if the temperatures do not cross on steady-state they still might 

do so during the transient operation. 

The effects that arise if the difference of the arithmetic mean tem

peratures is used as AT., were demonstrated for the worst case, that 

is second order models. If several of those models are connected, the 

effects are less grave. 

Once having examined that model one could ask whether in addition 

using the arithmetic mean temperatures as state variables would yield 

better results. 

The state vector would then be 

x = 

T1i 

T2i 

+ 

2 

• 

T1o 

T2o 
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The input vector would consist of the two inlet temperatures and the 

output vector would be 

Y. = 

1o 

2o 

= Cx + Du 

where 

•[: :] 
and 

fc 0 
I 0 -1 

While A would be the same as in (10-7) a transition matrix D would 

occur, similarly to the MWR models. As it has been stated already the 

steady-state characteristic coincides with that of the previous model. 

An entirely different approach is the non-linear one of making the 

LMTD the driving force, with that forcing one pair of adjoining lumped 

sections to do what "naturally" an infinite number of them would do. 

However, there is no mystique about using the LMTD in this context. 
It is simply an aid to avoid steady state temperature crossing. In this 
work, heat transfer is assumed to occur mainly from a fluid to a wall 
of the uniform temperature T (see subsequent section), a situation 
that is depicted in figure 10-6. 
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Tj T0 
— • = - * 

TW . . . . 

Figure 10-6: The situation of fluid-to-wall heat transfer 

In that case, the LMTD does not exist if 

sign {T. - T w } * sign {TQ - T J (10-9) 

An input step affecting T. could create the temporary situation of 

and 

T i < T w 

T^ > T ,. o w 

Since in that case the argument of the natural logarithm would become 

negative, this is prevented using the following formula, which is 

illustrated by figure 10-7: 

AT M V T o 

s.t . (10-9) 

else 

(10-10) 

In 
T i " T w 

T o ' T w 
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Figure 10-7: Pattern of the LMTD for fluid-to-wall heat transfer 

The standard formula for LMTD may give rise to numerical difficulties 
if the two temperature differences are close to each other. For that 
case an auxiliary formula based on Taylor series expansion is recom
mended, refer e.g. to [4]. 

In a simulation study [49] related to this project, numerous simulation 
runs with models using both kinds of driving forces were carried out. 
The results were compared with transients from distributed parameter 
models. In both static and dynamic respects the superiority of the 
LMTD models has been clearly demonstrated. 
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The conclusion can be drawn that for simulations it is advantageous 

to use LMTO models. For considerations that require a linear model 

(such as in section 8.2) , it is more straightforward to use a model 

which is genuinely linear with respect to temperatures, such as 

(10-7) , than a linearized LMTD model, since the latter would be valid 

only in a narrow temperature band around the operating point. 

10.3 The heat transfer coefficient 

In the preceding chapters an overall coefficient U was assumed to 

control heat transfer. To examine the conception of U the fluid-to-wall 

situation of figure 10-6 is extended by adding another fluid beyond 

the wall. Overall heat transfer is then composed of the surface heat 

transfer, characterized by a coefficient a, from the fluid to the wall, 

the heat conductivity of the wall, A , and another a from the wall to 

the other f luid. 

In most cases the effect of X is small compared to that of the two 

a's and is disregarded in the models used in this work. In heat 

exchanger design it is normally within the inaccuracy range of the 

prediction of U [50]. Thus the Biot number becomes zero. 

It has been shown that the dependence of a on the mass flow rate 

must not be neglected in the dynamic simulation of heat exchangers 

[26]. Due to the above mentioned inaccuracy which is even more 

intense at the earlier stages of process design when parameters are 

lacking it is difficult to establish a general procedure. 

The following procedure is applied: 

Reynolds number: 
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The hydraulic diameter D. is regarded as a design parameter that has 

to be presupposed. The mass flux is a function of the design mass 

flux G ., equally a design parameter, and the actual mass flow rate: 

* 
M 

G = G^ d T 
M 

The dynamic viscosity \i is the one concerning the bulk of the lumped 

section, as opposed to the one near the wall, u . Both are functions 

of the temperature (T for bulk and T for the wall respectively). 

Refer to the subsequent section. 

Prandtl number: 

M c 
Pr = 

X 

where c and A are again properties dependent on the bulk tempera

ture T . 

Nusselt number for transition or turbulent flow, i.e. Re > 2300: Sim

plified Gnielinski equation without entrance correction factor, according 

to [2] section 2.5.1-6 eqs. (43) and (44) , with viscosity correction, 

2.5.1-4 eq. (35) . 

For Pr £ 1.5 

0,8 0 
Nu = 0.0214 (Re - 100) Pr 

4 / n \ 0.14 

For Pr > 1.5 

0.87 0.4 / u V 0.14 
Nu = 0.012 (Re - 280) Pr ••(r 
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Nusselt number of laminar flow, i.e. Re S 2300: 

Local Nusselt number corrected for matching the preceding formulae at 

Re = 2300, from [2] 1.2.3-4 eq. (19) 

1/3 / u \ 0.14 
Nu = 0.166 VRe Pr fe) 

Surface heat transfer coefficient: 

\ 
a = Nu 

Strictly, those formulae apply to steady-state only. However, in view 

of their uncertainty and faute de mieux they are used for unsteady-

state, too. 

For the purpose of simulations to be carried out by means of the soft

ware described in part IV the following rough design procedure for 

the global heat exchanger is used: 

( i ) Design inlet and outlet temperatures and the according fluid 

properties (see below) are known, thus resulting in a required 

UA. 

(ii) Using the procedure outlined above, the or's and from that the 

overall U and A are obtained. If the physical properties depend 

on temperature that procedure is iterative, as outlined below. 

The resulting A represents the design that meets the prescribed 

nominal operating conditions. 

(Hi) The total area is shared between the individual lumped sections. 

( iv) The areas are now kept constant and various operations are 

simulated by imposing different inputs. 
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To carry out items ( i ) and ( i i ) the caloric temperatures, that is the 

average temperatures at which the physical properties have to be 

evaluated, have to be found for both streams. For that purpose the 

F - U -Method by Colburn (refer e .g. to [50]) can be used. The 

average wall temperature T ensues from heat transfer, i.e. from 

the o's at both sides. On the other hand it influences the or's via the 

viscosity correction 

M \ 0.14 

Hence the procedure becomes iterative. That iterative Colburn proce

dure has been included into the software described in part IV. 

10.4 Physical properties and the state variables 

When the dynamics of heat exchangers are to be modelled, almost 

invariably the specific heat capacity is treated as a constant ( e . g . 

[46] ) . Temperatures then turn into the obvious state variables. That 

has been the case for the models presented in the previous chapters, 

too. 

However, if, as in this work, dynamic simulation relying on non-linear 

models is used as a tool for the investigations, the possibility of taking 

temperature-dependent properties into '-count should not be dispensed 

with. Particularly if wide-range control (see chapter 4) is concerned, 

the temperature-dependence of the properties may be significant, as 

the example of figure 10-8 illustrates. 

The methodology of allowing for variable properties opens the way to 

treating phase change. Although phase change has not been considered 

explicitly in this work its importance in industrial heat exchanger is 

clearly an incentive for further research. 
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Figure 10-8: Properties of liquid Toluene (owing to [4] ) 

If the model permits the properties to fluctuate, two state variables 

will be required to describe the state of a lumped section, one for the 

mass content (candidates being the mass content itself, the density 

or the pressure) and another for the energy content (candidates being 

absolute or specific enthalpy, absolute or specific internal energy or 

temperature). The state variables and the physical properties are 

interlinked by the mass and energy balances, by the thermodynamic 

relations and by the equations of state. 

"State variable" in terms of dynamic systems denotes a variable 

whose first derivative with respect to time is part of the ODE system 

describing the dynamics, e .g . in the x = Ax • Bu manner. On the 

other hand, in terms of thermodynamics, "state variable" means a 

variable that describes the thermodynamic state of a system, such as 

temperature, specific volume or pressure. The expression "equation of 

state" can be used in both contexts to denote a relation between state 

variables. In this section, "equation of state" is always used in its 

thermodynamical meaning. 
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In order to reduce model complexity a way is sought to reduce the 

degree of freedom by one and thus eliminate the state variable con

cerning the nass content. That can be done by equipping the lumped 

section visualized as a stirred tank by an imagined control loop acting 

at infinite speed. The controlled variable could be either the mass 

flow rate or the pressure. Doing so is not a serious intervention as 

the eliminated state variable would be dominated by a far smaller time 

constant. Reference is made to [37] cited earlier in section 6.4 dis

criminating "process dynamics" and "plant dynamics" problems. A more 

sophisticated method to split dynamic systems into parts governed by 

time constants of different orders of magnitude, such as singular per

turbation, would eventually yield the same results. 

M, 
T, 4-

m variable 
p variable 

Mo 

base case 

4 
m constant 
p variable 

r ^ 

-HAO— 

mass flow rate control 

+i r~-@ 
m variable 
p constant—£><J-** 

pressure control 

Figure 10-9: Alternatives for control reducing the degree 
of freedom in the stirred tank 

Figure 10-9 illustrates the two possibilities of control. For the option 

of mass flow rate control, the internal energy or the specific internal 

energy would be the convenient state variables as the mass content, 

the volume and hence the specific volume would remain unchanged. 

The second option, however, is the more realistic one. In that case 

it is more convenient to express the energy balance in terms of en-

talphy since the enthalpy includes the work that is needed to change 

the specific volume. The thermodynamic relation, i.e. the differential 

caloric equation of state, simply becomes 

dh = c dT. 
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Throughout this work c is used as a synonym with c . 

In the following the model for the stirred tank at constant pressure is 

developed. Reference is made to figure 10-10. 

Figure 10-10: Stirrecl tank at constant pressure 

Basic equations: 

( i ) Energy conservation (in terms of enthalpy): 

UH * £ £ 
— = M:h: - MJv + Q 
dt I I O O 

(10-11) 

( i i ) Mass conservation 

dm 

dt 

* * 
= M. - Mo (10-12) 

(i i i) Thermodynamic relation (caloric equation of state): 

dh = c (T ) dT s.t. constant pressure (10-13) 

resulting in a macroscopic relation 

T = T (h) (10-14) 
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( iv ) Equation of state (thermic equation of state): 

p = p ( T ) s . t . constant pressure (10-15) 

( v ) Heat transfer (at wall surface) 

Q = aA ( T w - T ) (10-16) 

The relation 

h = h . (10-17) 
o 

ensues from the conception of the stirred tank. 

If 

H = mh 

is put into (10-11) and the expression dm/dt is replaced by the right 

hand side of (10-12) we obtain 

d n * * 
m — = M. (h. - h) + Q (10-18) 

dt ' ' 

and with m = pV and (10-14) to (10-16) put in: 

where 

and 

dh M. (h.-h) + aA (T - T ) 
_ i v i * w 

dt pV 

P = P(T) 

(10-19) 

T = T (h ) 

The crux with that equation is a. From the procedure to calculate a 

that was presented in the preceding section it appears that a depends 
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on M via the Reynolds number. Strictly, there is no clear M defined 

within a model stirred tank. In this context, M means an average mass 

flow rate through one or a series of tanks, which is relevant to heat 

transfer. Now, the principle of the stirred tank demands that 

M = MQ (10-20) 

analogously to (10-17): M , however, has disappeared from the dif

ferential equation when (10-11) and (10-12) were combined, owing to 

the fact that the amount of fluid that leaves the system at its own 

specific enthalphy h does not contribute to altering that h. 

M is required explicitly, anyway, as it is an input to the next lumped 

section downstream. From (10-12) follows: 

* * d m 

M = M. . 
° ' dt 

Since 

m = Vp 

and 

P = P(T) 

and 

T = T ( h ) 

we obtain 

d dp dT dh 

dt dT dh dt 

and with that 

* * dp dT dh 
M = M. - V — — — . (10-21) 

° ' dT dh dt 



Figure 10-11: Block diagram of the model for a lumped section of fluid in a heat exchanger 
The algebraic loop is marked by the broken lines 
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Thus dh / dt is also on the right hand side of (10-19), making the 

equation an implicit one. The procedure of calculating dh / dt has 

become iterative. It is illustrated by means of a block diagram, figure 

10-11. The part of the system to be solved by iteration forms an 

algebraic loop. 

The caloric and thermic equations have yet to be put into concrete 

terms. A common approach for the dynamic viscosity is [4] 

»o 

T • 273 
M ( T ) = Mo e (10-22) 

Figure 10-8 suggests that for p and c (and also for A) polynomials 

of second degree be used as long as phase change is not considered. 

The density would then be 

P ( T ) = ap + 0pT + Y p T 2 (10-23) 

and its first derivative with respect to T 

dp 

Similarly the specific heat capacity is 

c ( T ) = ac + p j + YC T2 . (10-24) 

Assuming a reference point { h 0 , T0} the macroscopic enthalpy func

tion is 

T 
h (T ) = h0 + J c ( t ) dx . 

To 
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For convenience, h0 = 0, T 0 = 0 can be chosen with the result of 

h (T) = acT + \ pc T* + 1 YC T 3 . (10-25) 

The inverse function T (h) that is used in the model is obtained by 

solving the above cubic equation. 
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10.5 A heat exchanger model building kit 

One model component was presented in the preceding section. It can 

be schematized as in figure 10-12 that represents the block diagram of 

figure 10-11 at the descriptive level (cf. section 1.1). A variant that 

allows heat exchange with two walls, e.g. an inner and an outer one 

in the case of a double-pipe unit, can easily be developed by adding 

another heat transfer branch to the block diagram of figure 10-11. 

hi 

£~~* 
Mi 

Q , t •v»1 

' i 

i i 

T»2 J62 

h0 
• • 

M„ 

• • ! 

A * Mi i 

' 'Q 

• •o 

•!»r 
M0 

Figure 10-12: Fluid lumped section models, options for 
connection with one or two walls 

Besides the model components for the fluids there are others that 

describe the dynamic behaviour of the walls. The assumption of ne

glecting the effect of heat conductivity, i.e., a Biot number of zero, 

has already been mentioned (section 10.3). Thus a homogeneous tem

perature, as in the lumped sections that contain fluids, is assumed. 

While the heat conductivity in the radial direction (refer to figure 8-1) 

is regarded as infinite it is regarded as zero in the axial direction, an 

assumption that is justifiable except for high-NTU heat exchangers 

typical of refrigeration technology (taking axial heat conduction into 

account may cause numerical difficulties in simulation [51]). 

Considering the above assumptions and regarding the physical proper

ties as independent the following differential equation holds for a wall 

section such as shown in figure 10-13: 

Pw Vw cw — * = - Q, - Q2 (10-26) 
dt 
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T w 11 Tw1 A Q, 

Figure 10-13: Wall lumped section elements, options for 
connection with one or two fluid streams 

Note that the figures 10-11, 10-12 and 10-13 are block diagrams dis-
* 

playing signal flows. The direction of an arrow, e.g. for Q, indicates 

whether the according variable is treated as an input or an output 

signal with respect to the model section in consideration. The figures 

10-9 and 10-10, on the other hand, are process flowsheets. There, 

the arrow associated with Q indicates the direction of heat flow that 

underlies the formulation of the energy balances, equations (10-11) 

and (10-26), and the heat transfer equation (10-16). 

* * 
For that reason, the signs of Qt and Q2 in equation (10-26) do not 

correspond to the directions of the arrows in figures 10-12 and 10-13. 

But they do correspond to the arrow directions of figure 10-10. The 
* * 

signs of Qi and Q2 in (10-26) are consistent with that of equation 

(10-11). That is: for the purpose of formulating the equations, it 

is assumed that the heat is being transferred into the fluid (in 

reality, the reverse may be the case, which would turn the sign of 

Q negative). 
The arrows in figures 10-12 and 10-13, on the other hand, mean that 

Q is an output signal from the fluid section and an input signal to the 

wall section, because the calculations are done in the following order; 

* * 
1. Q, as a function of T , h, M and others, 

2- "*"«,/ as a function of Q, T and others, w w 
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That assumed direction of Q does not necessarily coincide with the true 

one as negative values are permitted, but it has to be handled in a 

consistent manner throughout all the model equations. The distinction 

of process and signal flow diagrams has to be made very carefully, 

otherwise it may give rise to errors in the model equations. 

The model components of figures 10-12 and 10-13 can now be 

"plugged" together to form various heat exchanger models. An example 

is given in figure 10-14. The software described in part IV gives the 

freedom to build up arbitrary models in an interactive manner, the 

actual state of the model and the options that are available to the user 

always being displayed on the screen. 

The effects of various features of the models on the dynamic perfor

mance are studied in part V, particularly in chapter 16. An important 

feature is the number of lumped sections participating in heat ex

change (cf. figure 6-3) , another is the number and arrangement of 

sections that do not take part in the exchange of heat. They are used 

to model inlet or outlet pieces and pipelines. While they bear no in

fluence on the steady-sirte performance they considerably affect the 

dynamics. Yet another feature, equally affecting dynamics without 

influencing statics, is the presence and the size of walls, either 

separating two streams that exchange heat or just coupled with one 

fluid stream like the outer wall of figure 8 - 1 . An example of the 

influence of walls will be given in section 19 .1 , see figure 19-1. 

The walls with their mc product can act as considerable stores of 

energy. While the presence of walls coupled with a single stream is 

optional, walls that separate the two fluid streams exchanging heat 

cannot be dispensed with in the models used here. That is due to 

the algebraic loops described in the preceding section. 
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Figure 10-14: A heat exchanger model composed of model components 
(the meaning of the asterisks is explained in section 12.4) 
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Symbols: 

Model of a fluid lumped section (as in 
figure 10-12), i.e. an abstract of 
figure 10-11 

Algebraic loop (as in figure 10-11) 

Figure 10-15: The isolation of algebraic loops by using 
intermediate walls 
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A graphic representation can illustrate that fact most conveniently. 

Figure 10-15 is a block diagram of the model of two fluid sections with 

a wall between them. The lower fluid section is simply represented as 

a descriptive level block, whereas the upper one (which represents 

the same thing as the lower one) is shown in more detail, but not as 

detailed as in figure 10-11. So, in its level of detail, the upper part 

of figure 10-15 lies between figures 10-11 and 10-12, but all the three 

of them stand for the same thing. 

The aim of figure 10-15 is to show how the algebraic loops caused 

by the temperature-dependence of the density are isolated ( i . e . 

restricted to the single fluid sections) by means of intermediate walls. 

The algebraic loops are marked by broken lines. They are the same 

as in figure 10-12. 

Figure 10-16, on the other hand, shows what would happen without 

intermediate walls. The heat transfer block would become common to 

both fluid sections, and their algebraic loops would be linked to 

grow into an algebraic network spanning the whole heat exchanger 

network and (due to its non-linearity) difficult to solve. The algebraic 

loops, having been combined to form a network, are not marked in 

figure 10-16. The reader is invited to trace them for himself. An 

algebraic loop is any closed loop of signal transfer routes (always 

following the direction of the arrows) that does not pass through an 

integration block (cf. figure 1-1). 

In section 10.2 it was shown that applying the LMTD as the driving 

force meant that the principle of the stirred tank was broken. Now, 

it could be broken once more by changing equation (10-20) into 

* * 
M = M. . 

i 

With that, the algebraic loops within the individual sections would 

indeed be cut. However, there would still be algebraic loops that 

span four sections. This is shown in figure 10-17. There, no loops 

within the individual sections can be detected. However, there is a 
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loop which passes through all four sections. Finding it is again left 

as a tracking problem to the reader. 

It can be summarized: Without intermediate walls, a system of non

linear equations would arise during the calculation of the derivative of 

the state vector. Solving that system of non-linear equations would be 

an awkward task from the programming as well as from the numerical 

point of view. By inserting intermedia.e walls the integration routine 

is encumbered with the task. If the mc product of the wall section is 

of the order of magnitude of that of the fluid sections this is quite 

natural. However, if the mc of the wall is small, the wall becomes a 

dummy serving purely mathematical purposes. The system will become 

stiff. Yet there are integration methods that can handle stiff systems. 

From the figures 10-15 to 10-17 another important fact is made ap

parent. From equation (10-21) it follows that a temperature-dependent 

density p ( T ) implies the transient fluctuation of the mass flow rate at 
* 

the outlet, M , that becomes in turn the inlet mass flow rate of the 

subsequent section in the downstream direction. On steady-state, that 

is if dh / dt equals zero, the inlet and outle; mass flow rates coincide. 

* 
As the M fluctuations are passed on from section to section in the 

downstream direction, the calculation of the h's has to follow that 

way. The consequences of that fact upon the organization of the heat 

exchanger network model is discussed in the next chapter. 
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11. Dynamic network models 

11.1 Assembly 

Figure 10-14 shows a heat exchanger model composed of "pluggable" 

section elements. Similarly/network models consist of standard elements. 

They are presented in figure 11-1. Five kinds of connecting variables 

( i .e . in terms of automatic control: signals) occur: specific enthalpy, 

mass flow rate, temperature, bypass fraction, heat flow rate. 

The most important elements are the heat exchanger models that were 

discussed in the preceding chapter. The element shown in figure 11-1 

is a high-level block comprising a model of the type shown in figure 

10-14. If the heat exchanger is equipped with a controllable bypass 

it is regarded as an "overall" heat exchanger with reference to sec

tion 8.3. The internal split obeys the same law as the stream split, 

with the exception that the internal split is acted upon by the variable 

bypass fraction whereas in the case of the stream split there is a con

stant split fraction. The splitters are purely static elements, the law 

governing them a simple energy balance as shown in figure 11-2. 

Analogously the law for both "internal" and stream re-mixers, equally 

static elements, are given in the same figure. 

Heaters and coolers, i.e. heat exchangers that connect process 

streams with outside utility streams, may be treated as ordinary heat 

exchangers by regarding the utility streams as additional process 

streams. An alternative would be elements with Q as the input 

variable, consisting of one or more sections that share the overall 
* 

Q evenly. Elements of this type are included in figure 11-1. The 

dynamic behaviour of their lumped section is described by the set 

of equations presented in section 10.4, except that Q, instead of 

resulting from the heat transfer law (10-16), is just treated as an 

input variable (the software described in the next chapter allows 

the inclusion of purely static heaters and coolers; in this case, the 

dH / dt term in (10-11) would be regarded as zero). 
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Conriecting variables ('signals'): 
— — = • • — h specific enthalpy 

= = = = = = = * — lOl mass flow rate 
T temperature 
b bypass fraction 
* 
Q heat flow rate 

± 
A 

heat exchanger heat exchanger equipped 
with controiaMe bypass 
(here: in the hot stream) 

I "1 

cooler heater 

splitter 
(here: in a hot stream) 

re-mixer 
(here: in a cold stream) 

set point 
SISO temperature controller 
acting on bypass fraction 

set point 
SISO temperature controler 
acting on heater or cooler 

Figure 11-1: (continued on next page) 
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conversion of temperature 
into specific enthalpy 

tth)Y 

conversion of specific 
enthalpy into temperature 

Figure 11-1 (continued): Standard components for the 
assembly of network models 

lOl2o= (1-Wtfli 

lft0=ldp1
+lCl,2 

Figure 11-2: Laws governing splits (both internal splits within 
bypass-controlled "overall* heat exchangers and 
stream spits) and re-mixers (again both types) 
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The conversion elements for T to h and h to T conversion do not cor

respond to any real equipment. They are just modelling aids to give 

access to the non-measurable state variable h. The T to h elements can 

be inserted at stream inlets to transform temperature disturbances into 

h disturbances. The reverse type will be found at stream outlets. The 

relevant equation is (10-25) or its inverse, respectively. 

Controllers are used to control outlet or intermediate temperatures. 

They can act either on a bypass or on a heater or cooler. In fact, 

there might be no difference between those two items in terms of real 

equipment. The latter alternative, however, leads to more simplicity 

in modelling. The controllers may be of a conventional SISO type such 

as PID but they may also follow more advanced schemes (refer to 

chapter 4 ) . 

The external coupling, an element that links stream outlet with stream 

inlet temperatures, is described in chapter 9. In simulation practice, 

the outlet temperature of a stream must be known before the inlet 

temperature of another stream coupled to it can be calculated. 

Together with the feature of M variations being passed on in a 

downstream way, as outlined in section 10.5, the external couplings 

establish rules concerning the sequence the lumped sections have to 

be treated in during the cycle of calculating the derivatives of the 

state variables. The set-up of a correct sequence is illustrated by 

means of an example, see figure 11-3. 

1 

2 
OO 

Figure 11-3: Example of a network with two external couplings 
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The basic rules are: 

( i ) A stream that has its outlet temperature conveyed to an external 

coupling has to be processed prior to the stream that obtains its 

inlet temperature from the same coupling. Hence stream 1 is to 

be treated before stream 3, 4 before 2. Example of feasible 

stream sequences are: 1-3-4-5-2, 1-4-2-3-5. 

( i i) All streams have to be processed in a downstream manner, i.e. 

the hot streams from the left to the right and the cold streams 

from the right to the left. 

( i i i) The intermediate wall section between two fluid sections is 

treated after the last of the fluid sections has been treated. 
* 

The Q from the former fluid section to the wall section has to 

be stored temporarily since it is used again for the calculation 

of T according to equation (10-26). For instance, all the Q's 

arising in the hot fluid sections of heat exchanger D are stored 

until the cold fluid sections (belonging to stream 3) and imme

diately following each of them the wall sections are treated. 

In the software package an algorithm has been included that assigns 

ordinal numbers to the state variables in such a way that they are 

processed in a correct order. For that purpose all the streams are 

checked for external couplings. 

During the establishment of external couplings it is ensured that 

no inlet or outlet temperature of a stream is connected to more than 

one coupling, and also that no closed loops via couplings and streams 

are formed, since otherwise no feasible stream sequences according to 

rule ( i ) above could be found. 
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11.2 Dynamic performance of associated networks 

After the steady-state aspects of associated networks have been 

studied in chapter 9 a rough method for assessing their influence on 

the dynamics is developed here. For that purpose the composite heat 

exchanger of chapter 9 is modelled by a second-order model with the 

difference of thf arithmethic mean temperatures being the driving 

force. 

The equipment outside the heat exchanger network is modelled in a 

purely static way, since no assumptions on its nature are being made. 

However, dynamic modelling would also be possible (see also the 

remark in chapter 5 ) . 

The model equations (10-7) hold equally for the deviations from 

nominal temperatures, 6T. The external coupling as described by 

equation (9-1) creates an output feed-back. Hence the system (10-7) 

is extended by 

u = K x 

where 

• [ : : ] 
The system matrix of the extended system is 

A + BK 

Mj {NTUh 
H+(1-p) ] 

mj 2 

M2 {NTU}2 

- [P+O-P) ) 
m2 2 

Mi { N T U h 

mi 2 

* 
M2 

- [1 + 
m2 

{NTU}2 

1 

For a convenient examination of that system it is assumed that 

* 
M, 

mj 

M2 

m2 
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There are cases where it is plausible to make that assumption, because 

in the design of heat exchangers the mass content of either side has 

to keep up somehow with the mass flow rate. The eigenvalues are then: 

M 
X = - [4 • ( 1 -p ) {NTUh + {NTU}2 

4m 

± V({NTU},+{NTU} 2 ) 2 + p{NTl»h (8+(p-2){NTU}, - 2{NTU}2 ) ) 

If there is no coupling, i.e. p = 0, they become: 

M 

m 

M 
- — H + £ U N T U h + {NTU}2)1 

m 

On the other hand, it was shown in chapter 9 (from equation (9-4)) 

that the coupling factor driving the system to the stability limit is 

1 
P = — max 

F.i 

In section 10.2 the effectiveness that is relevant to the model (10-7) 

used here turned out to be the apparent effectiveness 

{NTUh 
t l = 

{NTUh {NTU}2 
1 + + 

2 2 

Hence 

^max 

p=0 

1 
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The eigenvalues for p = P m a x are: 

P = P max I M 

| (6 + {NTUh + {NTU} 2 ) 
V^ 4m 

Duly the zero eigenvalue indicates the stability limit. To characterize 

the transient performance of the system a dominant time en: -tant is 

defined: 

dom 
Wmin 

It is associated with the eigen motion of the system that abates most 

slowly after the system has been stirr, j lated, according to the temporal 

exponential function 

t / t 
dom 

For a system without coupling it is 

dom I p=0 

m 

* 
M 

The ratio 

dom 

ldom J p=0 

as a function of P/Pm a x °as been examined for various {WTUlj's and 

{NTU}2/{NTU}i ratios. The results are shown in figure 11-4. 
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Figure 11-4: Increase of the dominant time constant with the 
external coupling factor approaching stabftty imit 

It can be noted that the dominant time constant is virtually doubled 

if the coupling factor reaches half of its stability limit. For higher 

{NTU^'s ( i . e . the ones of the stream preceding the coupling) the 

time constant tends towards lower values. The {NTU} 2 / {NTUh ratio 

has less influence, as figure 11-5 illustrates. It shows the surface of 

the function with respect to {NTUh and {NTU} 2 / {NTU) i for 

p/p = 0.6. K / Kmax 
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Figure 11-5: Influence of the NTUs on the 
dominant time constant 

Those results are backed by a simple analogy. Figure 11-6 is the 

block diagram of a first order transfer system, i.e. an integrator 

with a negative feed-back. This "internal" feed-back is counteracted 

by an external positive feed-back having a coupling factor p. 

• ^ *\V 
I 

p®-
> 

X 

Figure 11-6: A first order transfer element with 
external positive feed-back 
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The system is governed by the differential equation 

1 
x = — (p-1) x , 

the eigenvalue is 

P-1 

t i 

and the ratio of the dominant time constants is 

dom 

| p . ^ m «=n 1_P dom I p=0 

This function is included in figure 11-4. 

The conception of the associated networks is studied further in chap

ters 14 and 15 where the results of experiments and of a simulation 

case study are presented. 
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IV S O F T W A R E 

12. The program "HENDY" 

12.1 Outlines 

Scope 

This chapter is in a way a synopsis of the preceding parts II and III 

since the software described here comprises many of the algorithms 

that have been presented so far. It is in no way a comprehensive 

software documentation. The software has been developed with a double 

intention: to serve as a tool for the investigations made in this project 

and to serve as a CAE tool for process designers. Therefore the soft

ware is described to such an extent that 

- a reader taking note of the findings of this work understands the 

way they were achieved, 

- a user of the program gains an impression of its background. 

The name of the program, HENDY, is an acronym of heat exchanger 

network dynamics. 

Throughout part IV the following conventions are used: 

- In uppercase letters and underlined: names of program modules (main 

programs, subroutines, external functions). 

- In uppercase letters, not underlined: FORTRAN keywords and names 

of user defined variables. 
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Purpose 

The dual purpose of serving research and design has been mentioned 

above. The program enables the user to study the effects of his de

sign decisions on the dynamic performance by alternately altering the 

network structure or parameters and having simulation runs carried 

out. He does so by staying in a continuing dialogue with the machine. 

By means of menus the following tasks are offered to be performed: 

- Input of problem data 

- Splitting of streams 

- Composing a network structure by placing units into a grid diagram 

that is displayed on the video screen and fixing inlet and outlet 

temperatures 

- Selecting the model structures of the individual units in an overall 

or one-by-one manner by erasing undesired components from a 

graphical representation that initially displays the maximum option 

- Input of the design and modelling parameters, again in an overall or 

individual manner 

- Setting up deviations from the design values of the input variables 

to the process to be simulated 

- Input of simulation parameters 

- Starting a simulation run 

- Interrupting the simulation run to make the following sub-options 

available: 

• Modifying process inputs 

• Displaying transients 

• Analyzing process reaction curves 

• Modifying controller parameters 

• Continuing the simulation 

• Terminating the simulation 

At various points printed records of inputs and outputs of the proce

dures carried out can be asked for. 
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Programming principles 

For programming, the following principles ensuing from three different 

objectives have been adopted: 

( i ) Portability: 

- Entirely in standard FORTRAN 77 (with the one exception of 

edit descriptors that suppress carriage returns in FORMAT 

statements). 

- Adaptations to different computers or types of terminals by 

means of PARAMETER statements (this concerns escape se

quences for cursor control). 

- Adaptations to the size of the problems or the available memory 

through arrays of adjustable dimensions. The sizes are fixed 

in PARAMETER statements in the main program and passed 

down to the subroutines via argument lists or COMMON blocks. 

- No true graphics; graphics based on alpha-numeric charac

ters only ("pseudo-graphics" and "print-plots"), since true 

graphics create portability problems. However, the user can 

transmit the data to his own graphics system. 

- Outside software limited to DGEAR integration procedure of 

IMSL Library. 

( i i ) Easiness of operation: 

- Self-explaining guidance of the user. The experienced user can 

suppress some explanations. 

- Validity checks on critical data inputs in order to avoid mys

terious program failures (however, the task of diagnosing 

obvious input errors, such as FORMAT or file-name errors, 

is left to the FORTRAN object time system). 

( i i i ) Comprehensibility (facilitating future modifications, extensions or 

links with other software): 

- Top-down design 
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- Strict structuring: No GOTO statements except in conditional 

loops (such as "while . . . do" or "repeat . . . until"), which 

have been standardized by the author. Every portion of the 

software was coded using a structured flowchart representation 

of the underlying algorithms (see next section). 

- Comprehensive documentation: a documentation comprising 

approx. 700 handwritten pages exists, including design de

liberations and alternatives, structured flowcharts and data-

structure descriptions. Besides that, comment lines at a rate 

of ca. 0.3 per code line are included in the source (cf. ap

pendix A ) . 

Features 

The program is available in two versions. In the first version all 

parts of the program are headed by the one main program HENDY. In 

the second version it has been divided into two sections, the former 

covering network construction under the main HENNET, the latter 

comprising modelling, simulation and analysis under the main HENMOD. 

Information generated in the first section is passed to the second one 

via a disk file. In both versions the disk file is also used to store 

network data for both further processing and later modifications. All 

output to be printed is temporarily stored in disk files as well (see 

section 12.3). 

The two sections differ solely in their main programs, not in any sub

routine (see also the subsequent section). Together, both sections 

comprise 59 program modules (see appendix C) with a total of approx. 

24000 lines of source code and comments. The IMSL routine DGEAR 

and the subroutines called by it are not included in those figures. 

Under the VMS operating system on a VAX 11/780 a typical virtual 

memory allocation is 387 072 bytes (756 pages). Apart from VAX-VMS 

the software has been implemented on a DEC 10 and on a HP 1000 

(on the HP 1000, only the first section, HENNET, could be imple

mented because of the restricted size of stack memory for storing 

subroutine head information). Designing, coding and testing took 

about 16 man-months. 
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The software is proprietary of the institutions participating in the IEA 

Heat Transfer and Heat Exchangers Programme. 

12.2 Main structure 

The tasks a computer can carry out under the control of the program 

were listed in the foregoing section. In figure 12-1 they are repre

sented in a graphic manner, along with the major data structures that 

result from the operations and the facilities for data storage and re

trieval on disk. The program components are shown in the way they 

present themselves to the user by means of a main menu. An internal 

logic ensures that the user is offered only options whose prerequisites 

for execution are fulfilled. For instance, no simulation runs can be 

performed before a network model has been defined. Similarly it must 

be guaranteed that no attempt is made to retrieve data that have not 

been stored beforehand. 

The aforementioned logic makes the internal structure more complex 

than it would appear from figure 12-1. While a flow chart such as 

figure 12-1 is best apt to represent the appearance of a program in 

the view of the user, a more convenient means is required to illustrate 

its internal structure. 
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Data storage 
and retrieval 
options 

Network 
data file 

Operations 

START 

Problem 
section 

Configu
ration 
section 

read 

Resulting 
arrays of major 
importance 

INPUT OF PROBLEM DATA 

from user's terminal or disk file 

STREAM SPLITTING 

Option 

write 

read 

Streams with design 
inlet and target tem
peratures, mass flow 
rates and property 
coefficients 

Split and re-mix 
locations in the grid, 
split fractions 

NETWORK CONSTRUCTING 

placing units into grid,fixing 
terminal temperatures, defining 
external couplings 

HENNET/HENMOO border -
Hne in divided version I 

I 
| read (in 
| divided 
^version) 

MODEL BUILDING 

input of structure and parameters 
in overall or individual way 

I 
START OF SIMULATION RUN 

after input of simulation parameters, 
process inputs and controller gains 

T 

Locations of 
exchangers, heaters 
and coolers in the 
grid, design terminal 
temperatures 

Interconnections 
(input-output relations) 

For each unit: 
Structure (bypasses, 
number and type of 
lumped sections). 
Parameters (design 
data). 

Figure 12-1: (Continued on next page) 
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i 
SIMULATION 

POINT OF INTERRUPT 

Sub-options: 
• Reset of time scale 
• Modifications of process inputs 
• Modffications of controHer gains 
• Display and storage of transients 
• Analysis of reaction curve 
• Continuation of simulation run 
• Termination of simulation run 

Transient 
responses 

Figure 1 2 - 1 (continued): User operation flow chart 
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A means that has been used successfully as a design tool for this 

software and that is also suited to represent it here is the structured 

flow chart in the form introduced by Nassi and Shneiderman [52], [53] 

and modified by Wehnes [54] who has called it "struktogramm". 

"N-S diagram", a term used in [52] with credit to the inventors ap

plies to the original version but not the one used here. The term 

"structured flow chart" is correct but is applicable to other ways of 

representation as well [53]. Therefore, the German term "strukto

gramm" is adopted here to designate this particular type of Nassi-

Shneiderman diagram. The basic components are shown in the legend 

of figure 12-2. For the purpose of illustrating the HENDY software a 

few items have been added to the version of [54]. 

The whole HENDY package has been designed using struktogramms. 

Every part of it is covered by them. In fact, that attribute can be 

regarded as a definition of structured programming. It has been 

claimed that N-S diagrams are not a convenient tool for software 

design unless there is a computer facility to draw them, because 

redrawing them with every modification is awkward [53]. Their 

excellence as an instrument to make software transparent is un

disputed. 

However, in the course of developing HENDY it has been found that 

the necessity of redrawing struktogramms is no drawback at all. In 

contrary, it supports the discipline of thinking. Using pencil, eraser 

and self-adhesive correction tape struktogramms are easily modified. 

Colouring adds to their clarity. 

Figure 12-2 is a struktogramm of the main program HENDY in its f irst, 

i.e. undivided version. In the divided version the very same diagram 

would apply to both main programs. The subroutines that are not used 

by the respective main would then be replaced by dummies producing 

a notice saying that the respective other program would have to be 

run. In both versions the main menu appears in several degrees of 

completeness in accordance with the options that are available at the 

respective stage in the flow chart. 
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Start, initializations of logical control and other variables, welcoming text 

TERESC: input of tenminal type, establishing escape strings for cursor control 

INTROD: introductory explanations (on request) 

PRODEF: problem definition, offering the following options: 

1. Input of problem data, 
2. Reading problem section of network data fie from cisk 
3. Reading complete network data file from disk 

Logical DONENE ("network construction has been done") becomes false 
for option 1 and 2, true for option 3. 

Note: in the main HENMOD a subroutine PROMOD that alows option 3 only is 
caled instead of PRODEF. / f i 1 2 - 4 \ 

false 

logical DONENE 
Cnetwork construction has 

been done") 

MENUNE 

main menu alowing 

1. network construction 
(selection turns 
logical WISHNE 
true) 

2. program termination 
(selection turns 
logical WISHEX 
true) 

MENUMO 

main menu allowing 

1. network construction 
(turns WISHNE true) 

2. model bukfng 
(turns WISHMO true) 

3. program termination 
(turns WISHEX true) 

MENUCA 

main menu alowrig 

1. network construction 
(turns WISHNE true) 

2. model bukfng 
(turns WISHMO true) 

3. simulations (Le. 
calculations, turns 
WtSHCAtrue) 

4. program termination 
(turns WISHEX true) 

Remain in loop as long as WISHEX is false (Le. termination of program 
is not desired) 

(continued on next page) J 
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(continued) 

logical WISHNE 
("wishing network con

struction") false 

BLOCNE 

Block compri
sing network 
construction 

(in HENMOD 
replaced 
by dummy 
message) 

(1&12-5) 

DONEMO=false 
(to prevent by
passing 
BLOCMO after 
repeated call of 
BLOCNE) 

true 

logical WISHMO 
("wishing model 

bidding") 

BLOCMO 

Block compri
sing model 
buiding 

(hHENNET 
replaced by 
dummy 
message) 

(fig. 12-7) 

DONENE = true 

BLOCCA 

| Block comprising 
! calculations 
! (simulation and analysis) 

I (in HENNET replaced by 
i dummy message) 

nil 

DONEMO = true (fig.12-9) < 

End 

Key to the symbols used In struktogramms here: 

Simple sequence 

"bcx" containing a module that is detailed 
by a further struktogramm 

(continued on next page) 
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(continued) 

continuation beyond end of page 

1..n unconditional repetition 

(DO-loop) 

the sequence in the rectangle is executed n times 

Ren nainas 
long as . 

conditional repetition 

(white-do or repeai-untl loop) 

the upper sequence is executed at least once 

test decision with two outcome sequences 

BLOCNE underscore : subprogram caO 

Input, Dialog broken underscore : user interaction 

"Input": Input of data 

"Dialog": Question to be answered by "yes" or "no" 

Figure 12-2: Struktogramm of the main program HENDY 

(with differences in the divisions HENNET 

and HENMOD of the divided version) 
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As it is not possible to include all the struktogramms for the whole 

program a few of them covering crucial items will be given. Before the 

individual blocks of figure 12-1 are treated in more detail in the latter 

sections of this chapter, some facilities of common importance that can 

be regarded as utilities from the point of view of the program are 

discussed in the next three sections. A source listing of the main 

HENDY is found in appendix A. 

12.3 User communication 

In interactive software the part of the code that controls the dialogue 

with the user can be much larger than the part comprising the algo

rithms to be performed themselves. As that is the case here, the dia

logue modules had to be standardized. They are outlined in the fol

lowing. 

There are menus at three levels: 

( i ) The main menu is displayed in incomplete versions by MENUNE 

and MENUMO (see figure 12-2). The full version as given by 

MENUCA offers: 

N Network construction 

M Model building 

C Calculations 

E Exit 

The selection is made by pressing the according key. 

( i i ) The sub-menus related to the individual blocks of figure 12-1 

always invite the user to answer a yes-or-no question. The 

introductory sub-menu of a block usually occupies the whole 

screen, subsequently the questions are confined to the comment 

lines at the bottom of the screen (see below). The questions are 

answered in the affirmative by pressing uppercase or lower

case Y , in the negative by pressing any other key ( e . g . the 

RETURN key). For convenience the questions are asked in such 

a way that in normal operation "no" will be the likely answer. 



149 

(ii i) For data input there is always a permitted range and the unit 

indicated, e .g . 

Inlet temperature? (150 . . . 190) [°C] 

Grid location? (a capital letter, A . . . N) 

Sometimes the program suggests a default value (see also chap

ter 13). It is always checked if the prescribed range is complied 

with,as violations could put the program out of control. However, 

entered data are not checked for type or FORMAT conformity. 

FORTRAN object time systems do this job ruthlessiy. The more 

advanced ones sometimes deign to give the user another chance. 

The video screen is the computer's medium of communicating to the 

user, occupying his eyes for hours. Care has been taken to use the 

screen in an efficient manner. Pseudo-graphics and data to appear on 

the screen are stored in one-dimensional character arrays of length 

NWSCRE (for screen width) and adjustable dimension NHSCRE (for 

screen height). NWSCRE and NHSCRE are fixed by a PARAMETER 

statement in the main program and passed on via a COMMON block 

called /NSCREE/. Common values of NHSCRE are 23 or 29 (to avoid 

problems with the cursor) and 80 of NWSCRE. The height of the 

screen limits the number of streams that can be included in a network, 

as figure 12-3 shows. 

The character arrays used in HENDY are CSCREE for general purpose 

(such as menus and explanations), CPICTU for the network picture 

as shown in figure 12-3 and COPLOT for plots of transients. As arrays 

of adjustable size cannot be transferred to subprograms via CC V1MON 

blocks in FORTRAN 77 they are included in the argument lists. Like 

all data structures (see the subsequent section) they are named the 

same in all modules. The conception of the character arrays enables 

the modification of graphs, e .g . the insertion of a heat exchanger into 

the grid in the course of network construction, without erasure and 

reconstitution, thus giving the user's eyes more comfort. However, 

character arrays of adjustable dimension, being a FORTRAN 77 inno

vation, are still not fully mastered by some compilers, even in the era 

Of FORTRAN 8X. 



150 

250 212 177 162 120 
!_ o 0 0 C > 650 kW 

660 kW 

3 < 

180 

130 

90 

70 

~o 

—H 

100 
0 

62 60 
M 
\ 70 

•— V I _ 

— 0 -

~o-

~o-

89 

—s-
/ 

._•__• 

30 
—0-

~c— 
70 

50 

20 

30 
5 <-

- 192 kW 

- 525 kW 

[.230] 

- 480 kW 

M N 

Figure 12-3: Grid representation on the screen 



151 

The character arrays to be displayed on the video screen are divided 

into two sections. The upper one, having a height of NHPICT (equally 

included in / INSCREE/) , is reserved for graphics whereas the lower 

one, comprising two lines, is destined for comments and menu ques

tions. 

Four subroutines handle the display on the screen: PICSCR and 

COMSCR for initial or renewed screen-typing of the picture or comment 

section, respectively, and PICBLA and COMBLA for filling the respec

tive sections of the arrays with blanks. 

12.4 Data structures 

All data that are transferred from one program module to another via 

argument lists or COMMON blocks are contained in data structures, 

i .e. single variables and arrays within the frame of FORTRAN 77. 

"Pointers" ( i .e . arrays that contain indices to elements of other 

arrays) and "pointers to pointers" (no deeper level of introscendence 

than that is reached in this software) are equally arrays (of type 

INTEGER). All data structures that appear in more than one program 

module retain their names throughout the whole program, that is, the 

names of dummy and actual arguments are identical. That renders the 

identification of data more straightforward and avoids confusion. 

FORTRAN 77 demands that all arrays of adjustable dimension be 

transferred via argument lists. As that facility is used frequently 

there are large argument lists. 

Apart from a few exceptions all the arrays are type-declared and di

mensioned in the main program HENDY where they are documented 

comprehensively through comment lines (see appendix A ) . The excep

tions concern some arrays of fixed dimension that are common to the 

subprograms depending on the subroutine BLOCCA. They are packed 

into the COMMON block /SUPERS/ and are comprehensively described 

in the declaration section of BLOCCA. 
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From the some 60 arrays that occur in the program only a few are 

mentioned here. They have been selected with respect to their central 

importance. In many cases they represent also other, similar arrays. 

Before treating those arrays some conventions regarding variable names 

and the most important dimensioning parameters have to be mentioned. 

Conventions for single variable and array names: 

- All names consist of six letters except integer index variables as I, 

J and auxiliary indices as JAU, ITO. 

- The names are meaningful abbreviations. 

- All integer variable names begin with a letter between I and N. 

- The initial letters I, J , K, M, N are exclusively used for integer 

variables except 11 real scalars occurring locally in the derivative 

calculation routine FCN. 

- Most of the logical variables begin with L or even LOG (there are no 

user-defined implicit type declarations, however). 

- Most of the character variables begin with C or even CHAR. 

- Variable names with initial I denote current counting or index vari

ables, i .e. identification numbers. 

- Variable names beginning with N or NUM denote limits to indices, 

like array dimensions, numbers of items or maximum permissible 

numbers of items. 

Assigned to that last category are the dimensioning parameters. Be

sides the already mentioned NHSCRE, NWSCRE, NHPICT there are: 

NSTRMA maximum number of streams 

NUN IMA maximum number of units of heat exchangers, heaters or 

coolers 

NUMOUT maximum number of output variables 

NSTAMA maximum number of state variables. 
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A few actual numbers of items, also belonging to the last of the above 

categories, along with their limits, are listed: 

NHOSTR, NCOSTR, where NHOSTR + NCOSTR < NSTRMA: 

actual numbers of hot and cold streams respectively 

NUMEXC, NUMHEA, NUMCOO, each of them * NUNIMA: 

actual numbers of process stream heat exchangers, heaters 

and coolers, respectively 

NSTATE ^ NSTAMA: 

actual number of state variables. 

The arrays of major importance are now (the expressions in brackets 

are the array dimensions): 

STINDA (16, NSTRMA): Stream input data, comprising design values 

for stream inlet and target temperatures and mass flow rate, 

and property polynominal coefficients (see section 10.4) for 

c, p, \, u. The streams are indexed in their order of input. 

IORDHO (NSTRMA): Pointer, relates the index of a hot stream with 

respect to the order of decreasing inlet temperatures (as 

displayed on the screen, cf. figure 12-3) to the stream index 

with respect to the order of input. 

lORDCO (NSTRMA): Similarly for cold stream. E .g . , the stream data 

for stream 4 of figure 12-3 ( i .e . the second cold one 

after two hot ones) would be addressed as STINDA ( i , 

lORDCO ( 2 ) ) . 

ISPLIT (3 , NSTRMA): Splitting status of a stream, containing for each 

of the streams the following information: 

1) horizontal grid location of the split point, a number be

tween 1 and 15 corresponding to the letters A to 0 (see 

figure 12-3), or else zero for unsplit streams, 

2) grid location of the re-mixing point, as above, 

3) mass flow rate fraction of the lower branch in thousandths 

(in the example of figure 12-3 for stream 4: 230). 
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LOCEXC (NUNIMA, 3) : Location of a process stream heat exchanger 

(indexed by IEXCHA, a number between 1 and NUMEXC, in 

the order of input), comprising: 

1) grid location, 

2) number of the hot stream involved, 

3) number of the cold stream. 

Similarly, LOCHEA and LOCCOO record the locations (including upper 

or lower branch in split streams) of heaters and coolers, respectively. 

The according "inverse" arrays LEXCI1, LHEIJK and LCOIJK provide 

the identification number ( e . g . IEXCHA) of a unit at a known location. 

That is simple in the case of exchangers as there can be only one at 

a location, but it is more complex for heaters and coolers as there may 

be units in either split-branch of each stream at a horizontal location. 

TEMEXC (NUNIMA, 15) contains for each process stream heat ex

changer (identified again by an IEXCHA) the following data: 

the four terminal temperatures, the four adjoining tempera

tures ( i .e . those ensuing from problem data or other units 

that have been inserted into the grid previously, see also 

chapter 13), mass flow rates, effectivenesses and average 

heat capacity flow rates for both streams, user-defined mini

mum temperature approach. The adjoining temperatures may 

change later when additional units are inserted, but they 

are not updated. 

INFSTR (11 , NUNIMA) contains information on the model structure of 

each process stream exchanger, such as number of heat ex

changing lumped sections, number of non-exchanging sec

tions at hot inlet etc. , existence of walls, existence of by

passes (cf. section 10.5) . 

Similarly ISTHEA, ISTCOO for heaters and coolers. 
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PAREXC (19, NUNIMA) contains model parameters for the lumped sec

tions that participate in the exchange of heat, for each pro

cess stream exchanger, comprising: 

- fluid flow cross-sectional areas, 

- hydraulic diameters, 

- physical properties of walls, 

- thickness of walls, 

- heat transfer areas towards intermediate and outer walls 

(cf. section 10.5) , 

- caloric temperatures ( i .e . those for evaluating the physical 

properties, see at the end of section 10.3), 

- maximum possible design bypass fractions (cf. section 8 .3 ) , 

- design bypass fractions. 

Similarly PARNON for lumped sections not participating in the exchange 

of heat, PARHEA, PARCOO for heaters and coolers. 

KEYSTA (2 , NUNIMA): Keys to state variables of lumped sections 

participating in heat transfer, for each process stream heat 

exchanger comprising: 

1) Index of the specific enthalpy of the first (with respect 

to flow direction) fluid lumped section that participates in 

the exchange of heat, in the hot stream, with regard to 

its position in the state vector STATES. The according 

lumped section is marked by * in figure 10-14. 

2) The same in the cold stream (marked by * * ) . 

Those keys or pointers are used to find the correct counter

parts in the respective other stream, when the heat flow 

rates have to be calculated in the course of treating the 

individual lumped sections to calculate the derivatives of the 

state vector, see section 11.1. 
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An important class of data structures are the interconnection matrices. 

The first three letters of their names are always INT whereas the 

latter three letters abbreviate the type of components they apply to. 

The basic principle is that the interconnection matrices record the 

sources of the inputs (in terms of signal transfer) to the individual 

network components, but not the destinations of their outputs. A list 

of the types of components is presented on the next page in table 12-1. 

This list is the software implementation of the "pluggability" relations 

illustrated in figure 11-1. For further clarification one example is pre

sented in detail. 

INTHEA (4, NUNIMA) shows the sources of inputs to heater no. 

IHEATR7(1 * IHEATR S NUNIMA): 

1) Type of M-h-source (cold stream fluid flow), one of 1 , 2, 

4, 5 or 8, 

2) Identification number of that source (e .g . IEXCHA if it is 

a process stream heat exchanger), 
* 

3) Type of Q-source, either 6 or 10. A value of zero indi-

cates that Q is not an input but remains at its design 

value, 
* 

4) Identification number of the Q-source. 
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Component Type Interconnection Possible types that supply 
type code matrix inputs 

process stream 1 INTEXC 

heat exchanger 

1 , 2 , 3, 4, 5, 8 for M and h 

6, 10 for b 

heater 2 INTHEA 1 , 2 , 4/ 5, 8 for M and h 

6, 10 for Q 

cooler 

splitter 

re-mixer 

controller 

external 

coupling 

stream inlet 

stream outlet 

simulation 

input 

generator 

simulation 

output 

collector 

3 

4 

5 

6 

7 

8 

9 

10 

11 

INTCOO 

INTSPL 

INTMIX 

INTCON 

INTCPL 

INTSIN 

INTSOU 

-

INTOUT 

1, 3 , 4, 5, 8 for M and 

6, 10 for Q 

* 
1 , 2 , 3, 8 for M and h 

* 
1 , 2 , 3, 4 for M and h 

9 for T 

9 for T 

7, 10 for T 

* 
1 , 2 , 3, 5, 8 for M and 

(menu controlled) 

1 , 2 , 3, 5, 8, 9 for T a 

6 for b or Q 

10 for T , M, b, Q 

h 

h 

m< 

Table 12-1: Network components 
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The presentation of data structures is continued: 

MDOWNS (2, 30*NSTRMA): Downstream sequential matrix, gives the 

sequence of network components in which the calculations 

of outlet mass flow rates and state derivatives have to be 

carried out in order to comply with the rules of section 11.1 

(the second component of the dimension, 30*NSTRMA, en

sures sufficient memory size for all kinds of networks): 

1) component type, 

2) component number. 

STATES (NSTAMA) and DSTATE (NSTAMA): State vector x and its 

derivative x, consisting of h's and T 's. 
w 

STOROU (1+(NHPICT-1)*LENOUT,NUMOUT): Valu.:? of the output 

variables indexed by IOUTPU (1 i IOUTPU ^ NUMOUT) to 

be used for print-plots of transients. LENOUT, a parameter, 

determines the size of the array in terms of plots taking up 

the screen. 

The arrays mentioned in the following are not dimensioned in the main 

program. Their dimension is fixed. They belong to the COMMON block 

/SUPLRS/ that is shared by the subprograms depending on the sub

routine BLOCCA. 

From the arrays listed so far (and others) all the information that is 

required for the simulation (anc nothing but that) is put into the 

two large one-dimensional arrays RESUPR and INSUPR. In that way 

the data is accessed much faster than it would be if it was scattered 

in various arrays having two or more dimensions. Thus, computation 

time is considerably saved,, as the derivative calculation subroutine 

FCN is called innumerable times during a simulation run, in contrast 

to the routines in the network construction and model building blocks. 

Since there is no room to pass the arrays to FCN via the argument 

list of the IMSL integration routine DGEAR a COMMON block is used. 

Therefore the sizes of the arrays have to be fixed in the program. 

The sufficiency of those previously fixed sizes for a m'work is 

checked after construction in subroutine INTERC called by BLOCNE 

(see section 12.7). 
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The arrays RESUPR and INSUPR are accompanied by their respective 

pointer arrays IXRESU and IXINSU that accelerate the access to dif

ferent portions of data by avoiding lengthy index calculations. 

12.5 Disk files 

HENDY produces two types of files: data files (denoted by the exten

sion .DAT) and output files (denoted by .OUT) . The data files aim at 

the temporary storage of problem and network data and of results to 

be reused in other runs. The output files serve to print out records 

of input data or results displayed on ihe screen. 

The file names follow the symbolism used for labelling runs: 

- A capital letter, e .g . A, identifies a network. 

- Another capital letter, e .g. Q, denotes a specific model put on a net

work. An exemplary network model label would be AQ. 

- A third capital letter is related to a particular simulation run earned 

out with a network model. A simulation run could be symbolized oy 

AQK. Within a simulation run the resets are counted. Resetting in 

this context means continuing the simulation run on the prevailing 

values but time set to zero (in terms of analog computing it means 

a reset of the pen recorder but not the computer itself, see also 

figure 12-1). Reset counting begins with zero. A typical reset iden

tification would be AQK3. 

At each of those three stages output files can be created on request 

in the according menues. For example: 

- A.OUT contains the problem data and the grid diagram of the net

work. 

- AQ.OUT comprises a list of all model parameters. 

- AQK.OUT comprises all the simulation parameters and reset headings. 

Transient plots can be included upon menu questions. 
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Samples of output files are included in appendix B. Besides the output 

files just mentioned, there is a facility of creating arbitrarily named 

output files that gather transients from various resets or simulation 

runs subject to identical parameters LENOUT and NHPICT (see the 

remark on STOROU in the previous section). The individual transients 

are subjects of data files that are identified according to the pattern 

AQK3*.DAT (where the asterisk stands for any alpha-numerical charac

ter denoting the individual output variable). 

The only other data files that occur are of the type A.DAT, containing 

problem and network data. As shown in figure 12-1 they are OPENed 

initially in the course of network construction. 

12.6 Algorithms for problem definition 

This section covers the block labelled INPUT OF PROBLEM DATA of 

the flow chart (figure 12-1), i.e. the box for PRODEF in the main 

struktogramm (figure 12-2). 

The purpose of this part of the program is: input of problem data, 

ordering and storing them. It is documented by a struktogramm, 

figure 12-4, that fits into the PRODEF box of figure 12-2. The most 

important subroutine is STREIN for actually performing the input of 

the data of one stream and ordering them. For a list of the data refer 

to the ST IN DA array descriptions in section 12.4 or in appendix A. 

For user-friendliness, correction of erroneous input data is provided 

for. 
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Dialog : Data to be read from disk ? 

^ s * v \ ^ ^ From disk ^ — 
yes ^ ^ - - ^ ^ ^ " no 

Dialog: Problem 
data only? 

\ Problem data / 

N. only / 
yes N. / no 

DONENE 
= false 

DONENE 
= true 

jnput filename 

Read file from disk 

Input (checked): Number of streams (NSTRAC) 

1 .. NSTRAC 

STREIN : Input: Stream data 
• store in STINDA 

• order with respect to stream natures 
(hot or cold) and temperatures in 
IORDHO, IORDCO 

Display table of data 

Dialog: Corrections to be made? 

Remain in loop as long as corrections 
are to be made 

Input: No. of stream to be corrected 

STREW (as above) 

Display grid representation 

Figure 12-4: Struktogramm of subroutine PRODEF 
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12.7 Algorithms for network construction 

The STREAM SPLITTING and NETWORK CONSTRUCTING blocks of 

figure 12-1 that correspond with the BLOCNE box of figure 12-2 are 

treated here: Figure 12-5 is a struktogramm that gives particulars of 

the BLOCNE box. Its first page covers the option of splitting streams 

whereas the other pages are devoted to the insertion of network com

ponents into the grid. 

A location of a split or of a re-mix may not be situated too close to 

the border of the network ( i .e . a stream inlet or outlet). At least one 

location must be available for inserting another network element. 

The paramount subroutine is INSHEX. It actually performs the insertion 

of a process stream heat exchanger, heater or cooler and the input of 

the according terminal temperatures after having checked if there is 

space in the grid available at the desired location. The check for space 

in the grid is made by inspecting the grid picture array CPICTU in a 

step by step manner. That renders the structure in detail rather com

plicated, and it is therefore only summarized in figure 12-6. 

"Input (checked)" in the struktogramm means that the user input is 

checked for feasibility, e .g . complying with the permitted range, in 

order to avoid program crashes. 
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Input Network code letter (CHANED 

false 
OONENE ("network construction has 

been done before")/^. 

Initialize to zeroes: NUMEXC, NUMHEA, NUMCOO, LEXCM. LHEUK, 
LCOUK, ISPLIT, all INT„. (interconnection metrices), MDOWNS 

Dialog: Streams to be spit? 

Remain in loop as long as there are streams to be split 

Input No. of stream to be split 

Stream has been split ateady 

Input Location of split 

Remain in loop if location is too close to border 

Input Location of re-mix 

Remain in loop if location is too close to or 
upstream of split or too close to border 

Inputs: Temperatures at split, before re-mix in 

both branches, and split fraction 

similarly within while-loops ensuring feasibility 

PtCUPO: Update of grid picture 

mess
age 

(continued on next page) 



164 

(continued) 

no 

Are al stream enthalpy differences AH dealt 
with through heat transfer 

yes 

Warning message 

Dialog Is network construction to be terminated ? 

Remain in loop as long as network construction is not to be terminated 

Dialog Heat exchanger to be inserted ? 

Heat exchanger to be inserted 

MSHEX 

insertion 
of a neat 
exchanger 

(see 
separate 
strukto-
gramm, 
fig12-6) 

Dialog External coupling to be added ? 

External coupling to be added 
yes 

HSCPL 

insertionof 
an external 
coupingby 
specifying 
input and 
output 
streams 
within a 
while Hoop 
ensuring 
that closed 
loops and 
mingling do 
not occur 
(see 11.1) 

Dialog External coupling to be deleted ? 

External coupling to be 
y e s S v \ deleted no 

DELCPL 

detetjon 
of a 
couping 

(continued 

Dialog Create data fie ? 

yes 
Data fie to be 

created/no 

INTERS 

EstabSshhg intercon
nection matrices NT-
andlVDOWNS. 

Result LOGPP 
(see below) 

on next page) 
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(while 
loop) 

ONSHEX) ONSCPL) 

(continued) 

(DELCPO 

NTERC (as above) 

Dialog: Create output fie ? 

yes 
Output file to be 

^createdy no 

Create output fie 

DONENE = LOGPfP (see above) 

Figure 12-5 : Struktogramm of subroutine BLOCNE 

("msg." means "message") 
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Input (checked): Desired location (is marked on the screen) 

Dialog : Exchanger between process streams ? 

Input (checked): 
No. of hot stream 

Input: Which 
branch 

jnput_ (checked): No. 
of cold stream 

Input: Which 
branch 

Checking procedure 
for space in grid 

DAFEEX 

Data (i.e. termi
nal temperatu
res) input, 
feasibity test, 
picture update 

msg. 

msg. Input (checked): 
No. of cold stream 

Input: Which 
branch 

Checking procedure 
for space in grid 

Space avai-
yes s>,,^>^ labte 

DAFEHE 

(similar to 
DAFEEX) 

msg. 

Dialog: Cooler ? 

Input (checked): 
No. of 

hot stream 

Input: 
"Which 

branch 

Checking proce
dure for space 
in grid 

DAFECO 

(similar to 
DAFEEX) 

msg. 

Figure 12-6 : Struktogramm of subroutine INSHEX 



167 

INSHEX calls the three subroutines DAFEEX, DAFEHE, DAFECO. They 

have in common a feasibility test (indicated by the intermediate pair 

of letters, FE) consisting of determining whether the streams involved 

have enthalpy gaps that could be exploited at the desired location. 

Furthermore, they allow the input of the terminal temperatures in 

an arbitrary sequence. The "adjoining temperatures" (referring to the 

description of the array TEMEXC in section 12.4) can be selected as 

default values. This feature allows to build up networks by attaching 

unit after unit smoothly, e .g . starting at the pinch as suggested by 

the pinch design method (cf. section 2 .3 ) . 

While DAFEHE and DAFECO are quite straightforward and deserve no 

more attention, DAFEEX has a peculiarity that makes it the largest 

subroutine of the whole HENDY package. As mentioned above the ter

minal temperatures can be entered in arbitrary sequence. After three 

of them have been entered the fourth results from the energy balance. 

The number of different sequences is 4 * 3 * 2 = 24. Now, at each 

stage, i.e. after each input step, the bounds to the remaining tem

peratures to be selected are determined by DAFEEX, thus setting pos

sible default values. Due to the temperature-dependence of the specific 

heat capacities this task requires iterative procedures. It is outlined 

separately in chapter 13. 

12.8 Algorithms for model-building 

The MODEL BUILDING block of f irure 12-1, or the BLOCMO box of 

figure 12-2, respectively, are focussed on in this section. Again, a 

struktogramm, figure 12-7, fills the BLOCMO box with more, but still 

in no way full detail. The subroutines are discussed briefly in the 

following. 



168 

Input: Model code letter (CHAMOD) 

Dialog : Model structure for process stream heat exchangers 
in overall or one-by-one manner ? 

STRUSP : Structure specification 

Dialog : Model parameters input also in 
overall manner? 

CCOVER: Input 
of overall 
characteristic 
constants 

1.15 (locations) 

CHACON 
(see on 
the right) 

1-15 (corresponds to 
locations A_0) 

STRUSP 

CHACON: 

Input of individual 
characteristic 
constants 

MODPAT : Display "model pattern" (list of structure information 
and parameters) 

Dialog : Corrections to be made ? 

Remain in loop as long as there are corrections to be made 

Input: Location (A-O) 

Exchanger at this location 
no 

STRUSP (as above) 

CHACON (as above) 

message 

(continued on next page) 
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(continued) 

MOHECO : Specification of model structure and parameters for 
heaters and coolers 

Counting the necessary state variables (counter (STATE) 

"— _JSJATE ^ NSTAMA minus allowance for p ' ^ - ^ ^ ^ ^ 
e s — controlers defined late i>^^"^ n o 

DONEMO = true 

Dialog: Output to disk file ? 

^ ~ ___Output « e ^ ^ 

Create output file 

"Loss of data" warring 

DONEMO = false 

message 

Figure 12-7 :Struktogramm of subroutine BLOCMO 
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STRUSP materializes the "model building kit" of section 10.5. 

Figure 12-8 shows the full model that comprises all options as it is 

initially displayed on the screen. In the course of successive menu 

questions, the user assigns numbers of both fluid and wall lumped 

sections to the individual parts of the model. The minimum configura

tion is one fluid section in each stream and a wall section between 

them. 

oypass rrac 

mass flow^ 

enthalpy 

mass flow 

enthalpy 

non 

inlet 
split 

outlet 
remix 

bypass 

exchange 

bypass 

remix 
outlet 

split 
inlet 

mass flow 
••• —• m 

enthalpy 

mass flow 
^ • • — 

enthalpy 

, *• 

Figure 12-8 : Screen representation of model options 

CCOVER is used to define global design parameters that will apply to 

all the individual units. Those design parameters are the mass flux G 

and the hydraulic diameter D h that control heat transfer (see section 

10.3) and, in addition, four parameters that concern the walls: thick

ness d , density pw , heat conductivity * w and specific heat capacity 
cw* T n e si9n>f»cance of those parameters has been stressed in section 

10.5. 

Based on the presupposed design parameters G and D . , the rough de

sign procedure using Colburn's method, as outlined in section 10.3, is 

carried out. The result is the heat transfer area A. The area is then 
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shared between the lumped sections. The only model parameters that 

are still missing are the volumes V of both fluid and wall sections. 

Since the cross-sectional areas 

* 
M 

S = — (12-1) 
G 

and the wall thicknesses d are known, the theoretical heat exchanger 

length L which is the quotient of the area A and the perimeter P is 

required. It is obtained as 

A D. 
L = - (12-2) 

4 S 

This equation is valid irrespective of the shape of the ducts or the 

number of tubes as it results from the definition of the hydraulic 

diameter 

4 S 
Dh = (12-3) 

for all kinds of duct shapes. Since increasing the number of tubes af

fects both S and P proportionally, D. is not affected either. 

While CCOVER carries out the parameter calculations (A, L, V) based 

on the input (G, D. , d, p , \ , c ) within a DO-loop covering all 
n W W W 

units, CHACON does the same for one heat exchanger. Thus each unit 

can obtain its own particular parameters. The parameters can be de

fined for each stream separately. During data input some intermediate 

informations are given, among them a theoretical number of tubes on 

the assumption that the fluid is conveyed through a bundle of tubes: 

4 S 
n = -

•V 



172 

The condition 

n £ 1 

imposes a limit on D. (that is also observed in CCOVER where a mes

sage is displayed if the user desired D. has to be cut). 

The user is also reminded of the fact that, theoretically, the heat ex

change perimeter P should be the same for both streams, hence from 

(12-1) and (12-3): 

D h l M, G2 

D * 
uh2 M2 Gi 

However, allowances for particular flow patterns, e.g. due to baffles, 

reduce the significance of that suggestion. 

Figure 12-7 reveals that there is a correction facility similar to the 

one in the network construction block. It is useful not only for the 

correction of erroneous data but also for cases where the bulk of the 

units are modelled uniformly, except a few that differ either in their 

parameters or both structure and parameters (e.g. by being equipped 

with a bypass). 

MOHECO serves the specification of structure and parameters in a 

similar manner for heaters and coolers. 

After the sufficiency of the state vector dimension has been confirmed 

the user is given the opportunity to have his model data recorded 

on print-out (see sample in appendix B). Before leaving the model 

building section the user is warned that any re-entry will destroy 

previous model data, as the model data arrays INFSTR, ISTHEA, 

ISTCOO , PAREXC, PARNON, PARHEA and PARCOO that have been 

established during the execution of BLOCMO will be re-initialized. 
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12.9 Algorithms for simulation control 

This final section covers the blocks START OF SIMULATION RUN, 

SIMULATION and POINT OF INTERRUPT of figure 12-1 or equally 

the BLOCCA box of figure 12-2. BLOCCA means "block for cal

culations", "calculations" representing simulation and controllability 

analysis. Technically the part of controllability analysis that is imple

mented in the software, namely the calculation of t_ and t.. (cf. 

figure 6-2), is subordinated to the simulation control routine SIMCON. 

The only offer the BLOCCA menu makes to the user besides SIMCON 

is the collection of transients from different simulation runs stored on 

disk, to be performed by PLOFIL. Acknowledging the importance of 

SIMCON, its struktogramm is presented in figures 12-9 and 12-10 in a 

simplified manner. 

Some particulars of the individual subroutines are pointed out in 

the following. The first part comprising CONCON, OUTCON, INPCON, 

definition of external coupling factors, PREPIN and definition of out

put time interval, is devoted to input. 

CONCON serves to introduce up to eight single-loop PI controllers. 

Inputs can be stream outlet temperature deviations, outputs can be 

deviations 6b of heat exchanger bypass fractions. The respective 

design outlet temperatures ( i .e. elements of the problem data) are 

always regarded as set-points. The immediate output of the controller, 

6b, is an unlimited dimensionless number of either sign. It is possible 

to use the same stream outlet temperature as input to various con

trollers. 

On the other hand, up to four controller outputs may be added up to 

make a bypass fraction deviation 6b that is added to the design by

pass fraction b. (see section 8.3). With that, output feed-back or 

MIMO schemes as exemplified by figure 12-11 can be implemented. 
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Input: Simulation run code letter (CHASIM) 

Dialog "- Print output file desired ? 

Output file 
yes / no 

Establish print output file, to record: 

• inherently: controller and integration parameters, reset heads 

• on user request print-plots of transients 

Dialog : Controller to be added ? 

Remain in loop as long as a controller is to be added and the number 
of controllers is less than 8. 

CONCON : Setting up a SISO PI controler 

• Input/output connections definition and feasbility check 

• Controller parameter definition 

OUTCON : Declaration of an output variable to be recorded 
(hence establishing array INTOUT): 

T, f3lf b or Q at any point in the grid where applicable 

Dialog : Any more outpul variables to be declared ? 

Remain in loop as long as more output variables are to be declared 

and their number does not outgrow NUMOUT 

Dialog : Step inputs to be declared ? 

Remain in top as tong as step inputs are to be declared and their 
number does not outgrow NUNIMA 

INPCON : Declaration of steps of input variables : 

• Disturbances: AT or A#l at stream inlets 

• Controls: b at bypass or 6 at heater/cooler 

hence entries in INT... (interconnection matrices) for network 
components that are affected 

(continued on next page) 
_J 
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(continued) 

iNISTA : Determination of initial values of state variables 
using the design terminal temperatures and interpolating 
between them Establishing of KEYSTA. 

Input External coupling factors (reference values folow design) 

PREP1N : Input of parameters for numerical integration 

Input: Time Nerval for output (DTOUTP) 

PIPING : Generation of "compressed" one-dimensional arrays 
("data pipesTRESUPR, INSUPR and their pointer arrays. 

PUTOUT : Recording values of output variables (here at t =0) 
in array STOROU 

PIPING (as above) in view of modifications made during the reset 
procedure (see b-'ow) 

1_ NHPICT-1 (Simulation output steps producing a transient 
that just fills the screen) 

XENDIN = XENDIN* DTOUTP (Update end of simulation 
output interval that is about to be processed) 

Terminal error detected during foregoing 
execution of integration 

routine 

DGEAR : IMSL integration routine 

PUTOUT : Recording output values in STOROU 

yes 

.Error detected during one of the previous 
executions of DGEAR 

no 

message 

(continued on next page) 
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(continued) 

Indication of simulation time 

Dialog : Simulation to be interrupted ? 

Dialog : Output of transients Jesired ? 

Remain in loop as long as output is desired 

OUTPLO : Print-plot on screen of one or more 
output variables (from STOROU) 

Options : • Size of the plot 
• V*u evaluation (if feasible) 
• Record m disk file tor later 

cofectkxi by PLOFIL 
• Inclusion in simulation output file 

Dialog : Simulation time to be reset to zero and inputs or 
parameters to be modified ? 

Resetting demanded 

Resetting procedure 

see separate struktogramm, 
figure 12-10 

Dialog : Simulation run to 
" b e terminated ? 

Remain in loop as long as termination is not desired and free 
memory space in STOROU is still available 

Figure 12-9 : Struktogramm of subroutine SIMCON 
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Increment of reset counter 

Resetting of time to zero 

PUTOUT (as before) 

Dialog : Step inputs to be re-defined or newly declared ? 

Remain in loop as long as re-definitions or declarations are asked 
for and their number is less than NUNIMA 

INPMOD : Input modifications (similar to INPCON) 

1...NSTRAC (all streams) 

External coupling feeds stream inlet 
yes no 

Input: New coupling factor 

Equating reference values with actual values 

Controllers are existing 
no 

Dialog : Controller parameters to be modified ? 

Remain in loop as long as parameters are to be modified 

Input (checked): No. of stream the outlet temperature 
of is the controlled variable 
and new parameters 

Figure 12-10 : Struktogramm of SIMCON resetting procedure 
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ho W 
6T 10 

anti-reset-wind-up pontrol 

1 

ho 

-jpT 

PI 
L- . ' 1.1. 

»2o 

•2o : * 0 -
" 5T. 2o 

PI 

PI 

T ^ 

Figure 12-11 : A 2x2 MIMO controller connecting 
two stream outlet temperatures with 
two heat exchanger bypass fractions, 
composed of four single-loop PI 
controllers. 

On design conditions the outlet temperatures coincide with tl'.eir set-

points, therefore the bypass fractions are at their design values as 

well. Anti-reset-windup has been provided for. As soon as a bypass 

fraction reaches one of its limits, the inputs of all the integrators that 

influence it are cut until the proportional parts of the relevant con

trollers have driven the manipulated variable away from the limit. 

As everywhere in this software/ user inputs are checked, e.g. to en

sure that no controller output be conveyed to a heat exchanger that 

is not equipped with a bypass. CONCON implements not the full set 

of the controller options listed in section 11.1 but the most significant 

part of them, namely the control of stream outlet temperatures by 

means of heat exchanger bypass fractions (intermediate temperatures 

as controlled variables and heater or cooler loads as manipulated vari

ables are not provided for). 

OUTCON serves to declare grid points at which values of variables 

have to be stored in the output array STOROU. Any point in the grid 

may be addressed to. OUTCON searches in the upstream direction for 
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the next network component that produces eligible outputs and enables 

recording in STOROU by making an according entry in the intercon

nection matrix INTOUT. Any of the following variables can be selected: 
* * 

T , M, b or Q, subject to applicability (that is, again, tested). 

INPCQN enables the declaration of location, variable-type and size of 

step inputs (see the corresponding box in figure 12-9) . Entries in the 

according I N T . . . arrays guarantee that th values desired by the user 

replace those stemming from design. 

PREPIN asks the user for instructions concerning the numerical inte

gration to be performed by the IMSL routine DGEAR: 

• Integration method: Gear (for stiff systems) or Adams, 

• Technique for iteration (internally in the implicit integration algo

rithm): chord or functional, 

• Technique for Jacobi matrix evaluation: finite differences or diagonal 

approximation. 

Those techniques are described in the DGEAR documentation [55] . 

Furthermore, a bound to the relative local error and the number of 

iterations for the calculation of i.he surface heat transfer coefficient 

(see section 10.4, particularly figure 10-11) have to be specified. If 

the physical properties of the fluids are assumed to be independent 

of temperature, the latter figure is one. Its variable name is ITERAT. 

For its use, see item FCN further below. 

With that, the first part devoted to input is dealt with. The second 

part of SIMCON could be called preparatory. It comprises INISTA and 

PIPING. INISTA generates initial values of the state variables, based 

on linear interpolation between the design terminal temperatures of the 

heat exchangers. It treats the individual process streams in the se

quence that is established by subroutine SORTCP (with respect to 

external couplings, see section 11.1) . Within the streams, the indi

vidual network components are processed in the sequence prescribed 

by the according section of the array MDOWNS. At the same time, 

KEYSTA is established (set section 12.4) . The technique of inter

polating cannot produce perfect steady-state values but it yields good 
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starting values. Hence, normally a "settling down" run has to be 

performed (coincident with "reset No. zero") to obtain perfect initial 

states before the "real" simulation showing the response of the system 

to step inputs is started by resetting simulation time to zero (see 

below). PIPING generates the large one-dimensional arrays RESUPR 

and INSUPR along with their pointer arrays as mentioned at the end 

of section 12.4. 

The third part of SIMCON consists of a conditional loop permitting 

termination of the run on user request or output memory overflow. Its 

core consists of an unconditional loop calling the integration subroutine 

as many times as necessary to fill the VDU screen with print-plots of 

the transients. After that, a menu offers options for output and re

setting of the simulation time. 

DGEAR [55], once called, integrates the ODEs up to the next value 

of the independent variable (here: time, internally denoted by X) for 

which output is desired. The actual values of the .'".ate variables are 

kept for the next call. DGEAR, on its part, calls FCN, the subroutine 

that calculates the first derivatives of the state variables with respect 

to time. 

FCN is a large subroutine that processes the individual network com

ponents in the sequence given by the stream sections of MDOWNS that 

have been ordered with respect to the external couplings and have 

become part of IN3UPR as a result of the actions carried out by 

PIPING. In that, FCN resembles INISTA. FCN comprises all the net

work component types introduceo in section 11.1, i.e. the first 10 

of the 11 component types listed in the table in section 12,4, Of the 

process stream heat exchangers in particular, every lumped section is 

addressed to, using the informations (now included in INSUPR) of the 

arrays INFSTR (number of each kind of lumped sections) and KEYSTA 

(state variable index of the corresponding lumped sections in the 

respective other stream). The derivatives of the state variable are 

then calculated using the algorithms of sections 10.4 and 10.5. 
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The algebraic loop resulting from the equations (10-19) and (10-21) 

is run through as many times as specified in the course of PREPIN. 

The variable concerned is called ITERAT. The iteration algorithm 

consists of a resubstitution of the relevant mass flow rate M = Nl of 
o 

equation (10-20). This algorithm is convergent. 

After completion of each output time interval PUTOUT takes over to 

record the values of the specified output variables in STOROU. The 

same sequence is followed as in INISTA and FCN, and the same algo-

rithms for calculating T's and M's are used as in FCN. The information 

from INTOUT helps to detect the output points while the network is 

gone through. 

After the simulation DO-loop has been completed, the user is given 

the opportunity to have transients displayed on the video screen. The 

subroutine OUTPLO will do that task, offering the user the ootions 

shown in the OUTPLO box of figure 12-9. Sample transients are in

cluded in appendix B. One option is the evaluation of t_ / t . . . The 

definition of that is illustrated in section 6 .3 . The corresponding 

algorithm excludes transients the t_ / t . . ratio is not applicable to. 

Figure 12-12 gives two examples of transients. t G / t u is not appli

cable to the one on the right hand side. The one on the left is coped 

with; in that case, however, the results have to be checked carefully. 

The point of inflection is found by searching for the extremum of the 

first derivative, which is calculated numerically. 
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Figure 12-12 : Two example transients 

In the course of the resetting procedure the user is given the oppor

tunity to modify 

• step inputs (this is significant as normally step inputs are imposed 

after settling down), 

• external coupling factors, 

• controller parameters (this is useful for controller tuning). 

The structure of the resetting procedure is shown in figure 12-10. 
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13. Bounds to terminal temperatures 

In this chapter, the facility for the feasibility-checked input of the 

heat exchanger terminal temperatures is described in detail. This 

facility migl.t seem unnecessary, since this software is used for net

work designs which already exist. However, it guarantees that small 

numerical inconsistencies of the terminal temperatures of adjoining 

network compjnents do not occur. With that, numerical problems are 

prevented. Furthermore, this facility allows the on-line modification 

of a network design during a simulation session, in order to study 

the consequences of design modifications on the dynamic performance. 

While the subroutine INSHEX is carried out (see figure 12-6) the user 

is asked to specify a hot and a cold stream and a location (denoted 

by a capital letter) ' h e r e a heat exchanger is to be placed. If the 

dnsired link of the two streams does not interfere with any other net

work component already in the grid picture, INSHEX determines the 

four adjoining temperatures by looking for the "neighbouring" compo

nents that have been inserted previously. In streams where no such 

components are encountered the search ends at the stream inlet or 

outlet, respectively. The neighbouring temperatures are kept in 

the array TEMEXC (cf . the description in section 12.4) . After that, 

INSHEX calls DAFEEX. 

DAFEEX asks the user to specify a minimum approach AT . . It then 

checks if there are usable enthalpy flow gaps at all between the ad

joining temperatures in the hot and also in the cold stream. Further

more, it determines if the difference of the adjoining temperatures at 

the "hot in" and the "cold in" sides amounts to at least AT . in order 
mm 

to enable heat transfer at ail . Once the user's suggestion has passed 

those tests he is asked at which of the four terminal points ("hot in" , 

"hot out", "cold in" , "cold out") he chooses to specify the terminal 

temperature f irst . If there is an immediately adjoining unit next to 

one or more of the terminal points ( i . e . there is no space in the grid 

picture to insert further units in between subsequently) the user is 

warned that he should start his specifications at such a point. 
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At the same time the four terminal bounds that would yield maximum 

use of enthalpy flow are indicated. They will serve as default values 

suggested to the user. However, not all the four of those bounds can 

normally be realized at the same time since the used enthalpy flow 

gaps in the hot and the cold stream differ. To make that clear to the 

user the two enthalpy flow gaps are displayed as well. 

Once the user has made his choice, DAFEEX asks him if he accepts 

the respective default value. That feature facilitates attaching units 

smoothly (e.g. following the pinch design method) and avoids nu

merical difficulties. In case the user declines he is asked to specify 

a value of his own. He is shown the upper and lower bounds of the 

value to be entered. 

To present those bounds here, some symbols have been introduced. 

They are listed along with their software counterparts in table 13-1. 

At this first stage, the bounds are: 

THIMAX = THIA 

THIMIN = MAX (THOA, TCIA + ATm j n) 

THOMAX = THIA 

THOMIN = MAX (THOA, TCIA + ATmjr|) 

TCIMAX = MIN (TCOA, THIA - AT . ) 
mm 

TCIMIN = TCIA 

TCOMAX = MIN (TCOA, THIA - A T . ) mm 

TCOMIN = TCIA 

The underlined variables are those that were suggested previously as 

defaults. 

At the second stage, depending on the outcome of the first choice, 

the following options are available: 
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Case 

1 

2 

3 

4 

1st choice 

THI 

THO 

TCI 

TCO 

available for 2nd choice 

THO, T C I , TCO 

T H I , T C I , TCO 

T H I , THO, TCO 

T H I , THO, TCI 

Case 1 is symmetric with case 3, case 2 with case 4. Therefore, the 

bounds for the cases 1 and 2 are listed. 

fluid stream 
terminal point 

counter-current 
exchanger end 

actual temperature 
here 

actual temperature 
in the software: 
TEMEXC (NUMEXC, . . . ) 

adjoining temperature 
here 

adjoining temperature 
in the software: 
TEMEXC (NUMEXC, . . . ) 

upper and lower 
limits here and 
in the software 

Remarks: 

hot in 

hot 

THI 

5 

THIA 

1 

THIMAX 

THIMIN 

- Suggested default temperatures are 

- During heat exchanger insertion 

lEXCHA of the unit being 

total number NUMEXC. 

Table 13-1: Nomenclature 

treated 

hot out 

cold 

THO 

6 

THOA 

2 

THOMAX 

THOMIN 

underlined. 

the unit 

cold in 

cold 

TCI 

7 

TCIA 

3 

TCI MAX 

TCIMIN 

cold out 

hot 

TCO 

8 

TCOA 

4 

TCOMAX 

TCOMIN 

identification number 

currently is identical with their 
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Case 1 

THOMAX = THI 

THOMIN = MAX (THOA, TCIA + AT . , THOQ) mm 

TCIMAX = MIN (TCOA, THI - AT . ) 
mm 

TCIMIN = TCIA 

TCOMAX = MIN (TCOA, THI - A T m j n ) 

TCOMIN = TCIA 

where THOQ is the temperature that causes, together with T H I , the 

same enthalpy flow gap in the hot stream as the maximum one in the 

cold stream. That is, THOQ is the solution of 

THI 

M n / ch ( T ) dT = 

THOQ 

TCOMAX 

Mc J cc ( T ) dT 

TCIMIN 

In the program, the solution of the left side for THOQ is found using 

the FUNCTION subprogram TEMPLO whereas the term on the right side 

is evaluated using CONVEC (see appendix C; the basic equation is 

(10-25) ) . 

Case 2 

THIMAX 

THIMIN 

TCIMAX 

TCIMIN 

TCOMAX 

TCOMIN 

= 

= 

= 

= 

= 

-

TH,C4ax 
THO 

THO - AT 
i 

TCiA 

MIN (TCO 

TCIA 

mm 

mm' 
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This case is less straightforward than case 1 , as in the hot stream 

the one temperature that has not yet been specified is at the inlet. 

This implies that its bounds have to be calculated in the upstream 

direction. Since temperature-dependence is aliowed for, that calculation 

becomes iterative. 

The iteration starts at the cold side of the heat exchanger. THO has 

been fixed already, and it is assumed that the cold inlet temperature 

is at its minimum, i.e. 

TCI = TCIMIIM 

or 

TCI = TCIA. 

At the beginning, Q is zero and hence 

THIQ = THO 

TCOQ = TCI. 

THIQ and TCOQ are the terminal temperatures at the hot side of the 

heat exchanger. The Q means that they are subject to Q during this 

iterative procedure. Q is now increased gradually. With that, THIQ 

and TCOQ rise. They are allowed to as long as all of the following 

conditions are fulfilled: 

1) THIQ - TCOQ > ATmjn 

2) THIQ < THIA 

3) TCOQ< TCOA 

* 
The first condition can be the limiting one only if the average Mc pro
duct, defined as 

* Tupper 

^ a v e r a g e = = T ^ j ° ( T ) d T 

upper lower lower 

of the cold stream is less than that of the hot stream, see figure 13-1 . 
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THI 

TCO 

(Mc'hot,average<:' *Mc'cold.average ^ M c W a v e r a g e ^ 'Mc'cold,average 

Figure 13-1 : The two types of temperarature profiles 
in counter-current heat exchangers 

If conditions 1) or 3) turn out to be the limiting ones this means that 

the resulting THIMAX is the THI that leads to full use of the available 

enthalpy gap in the cold stream. If that THIMAX would actually be 

chosen to become THI , the maximum possible enthalpy flow gap in the 

cold stream would be fully used and with that the remaining terminal 

temperatures would be fixed, namely 

TCI = TCIA 

TCO = MIN (THI - ATm j n , TCOA) 

The iterative procedure to determine THIQ is outlined once again, 
If f f l / \ 

this time in a formulaic way. During the iteration the energy conser

vation law yields: 

THIQ 

Mh J Ch (T) dT = 

THO 

TCOQ 

Mc / cc (T ) dT 

TCIA 
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In the software implementation Q is increased gradually within an un

conditional loop that is remained in as long as the above conditions 1 ) , 

2) and 3) are fulfilled. THIQ and TCOQ as functions of Q are 

evaluated using the FUNCTION subprogram TEMPUP (see appendix C ) . 

When the user has dealt with the second stage by choosing a tempera

ture and specifying it either as the default or any other value within 

the bounds presented above, he enters the third stage. 

There are four types of initial positions: 

( i ) The temperatures that have been fixed so far are those at the 

inlet and the outlet of the same stream. With that, Q is fixed. 

( i i ) The temperatures that have been fixed so far are the inlet 

temperatures of both streams. 

( i i i ) The temperatures that have been fixed so far are those at the 

inlet of one and at the outlet of the other stream. 

( i v ) The temperatures that have been fixed so far are the outlet 

temperatures of both streams. 

The following four representative cases are looked ?t: 

Case 

12 

13 

14 

24 

1st choice 

THI 

THI 

THI 

THO 

2nd choice 

THO 

TCI 

TCO 

TCO 

initial position 

( i ) 

( i i ) 

( i i i ) 

( i v ) 
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Case 12 

The bounds for this case are: 

TCIMAX = MIN (THO - AT . , TCIQ) 
mm 

TCIMIN = TCIA 

TCOMAX = MIN (TCOA, THI - A T . , TCOCJ v ) 

TCOM.N = TCOQmjn 

The three temperatures that are marked by Q follow from the already 

fixed Q using the FUNCTIONS TEMPLO and TEMPUP, respectively, 

according to the following formulae: 

MIN (TCOA, THI - AT . ) 
mm 

Mc / cc (T ) dT = Q 

TCIQ 

TCOQ vmax 

Mc J cc (T ) dT = Q 

TCIMAX 

T C 0 Q m i n 

Mc / cc (T ) dT = Q 

TCIMIN 

These formulae mean simply that the cold stream has to absorb the 

fixed Q. Therefore, it is subject to an increase of its enthalpy flow 

rate that, in turn, causes a AT that cannot fa!I below a certain 

minimum. However, due to the temperature dependence of the specific 

heat capacity AT is not invariable when Q is constant. 
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Case 13 

In this case, the maximum possible Q is determined as 

max 
MIN (Q. , Q ) 

h,max' ^c,max 

where 

h, max 

THI 

M h J ch ( T ) dT 

MAX (TCI + uT . , THOA) 
mm 

c,max 

MIN (THI - A T . f TCOA) mm 

M r J c ( T ) dT 
c c 

TCI 

The bounds are now 

THOMAX = THI 

THOMIN 

where 

and 

TCOMAX 

= MAX (TCI + A T m j n , THOA, THOQ) 

= MIN (THI - A T m j n , TCOA, TCOQ) 

TCOMIN = TCI 

h 

THI 

/ Ch ( T ) dT = 0, max 

THOQ 

TCOQ 
* 
Mc / 

TCI 

cc ( T ) dT 
max 
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Case 14 

In this case the procedure of calculating the bounds becomes iterative 

again. It is very similar to the one used in Case 2. This time, the 

iteration starts at the hot side of the heat exchanger with 

THOQ = THI 

and 

TCIQ = TCO. 

* 
Again, Q is gradually increased. THOQ and TCIQ fall . They are al
lowed to as long as all of the following three conditions are fulfilled: 

1) THOQ - TCIQ > ATm J n 

2) TCIQ > TCIA 

3) THOQ > THOA 

As soon as one of those conditions is no longer fulfilled, the final 

THOC and TCIQ are attained. The bounds now read: 

THOMAX = THI 

THOMIN = THOQ 

TCIMAX = TCO 

TCIMIN = TCIQ 

Case 24 

In this case, the outer bounds THIMAX and TCIMIN are determined 

via Q„„ , similar to Case 13. 

* 
Q is the minimum of the two enthalpy flow gaps ensuing from 

• THO and the previous THIMAX 

and 

• TCO and the previous TCIMIN, 

respectively. 
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* 
From this Q_ a v and THO or TCO, respectively, a new pair of outer 

bounds is found. Obviously either THIMAX or TCIMIN remains as it 

was. 

To determine the inner bounds THIMIN and TCIMAX an iterative pro

cedure is required once again. This time, the iteration drives the 

test temperatures THIQ aoc* TCIQ in the upstream direction in both 

streams. It starts with 

THIQ = THO 

and 

TCIQ = TCO. 

The gradually increasing Q causes THIQ to rise and TCIQ to fall . The 

repetitive loop is remained in as long as at least one of the following 

conditions holds: 

1) THIQ < TCO + AT . 
mm 

2) TCIQ > THO - AT 
mm 

As soon as both of those conditions are no longer fulfilled, i .e. the 

minimum approach is reached at the exchanger side it has to occur at, 

the final THIQ and TCIQ are obtained. The bounds are: 

max 
THIMAX 

THIMIN 

TCIMAX 

TCIMIN 

results from THO and Q 

= THIQ 

= TCIQ 
* 

results from TCO and Q 
max 

Altogether, there are twelve paths that can be selected in the course 

of the first two stages, namely 12, 13, 14, 2 1 , 23, 24, 31 , 32, 34, 41 , 

42, 43. The Cases 12, 13, 14 and 24 treated above are equivalent to 

the respective cases featuring interchanged digits, namely 2 1 , 3 1 , 41 

and 42. 
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For the Cases 23 and 32 a procedure to determine the bounds is found 

on the analogy of the one for Case 14. Similarly, the procedure for 

Cases 34 and 43 is analogous to the one for Case 12. 

At the third stage the user selects one temperature out of two to be 

specified finally. That results in a total number of paths of 24, namely 

123, 124, 132, 134, 142, 143, 213, 214 and so on. 

All the procedures presented in this chapter have been implemented 

in the subroutine DAFEEX. The individual paths are marked in the 

code with labels that coincide with the above Case numbers. 
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V S T U D I E S 

14. Experiments 

Purpose 

Usually, experiments are carried out to obtain results that cannot be 

obtained by methods relying on computation. In this case the aim is 

more modest. The experiments that have been carried out serve to 

relate the findings following from theoretical considerations with prac

tice, in a selective manner. Although the significance of the outcomes 

may seem limited, the experience gained from carrying out the ex

periments has had a stimulating effect on the theoretical considerations 

that can hardly be overestimated. Of the many results only a few re

presentative ones will be presented here. The main emphasis is laid 

on steady-state performance, signal transfer gains, time constants 

and external coupling factors. 

Set-up 

A small pilot plant has been erected. The flowsheet is shown in figure 

14-1. The plant consists essentially of three water streams carrying 

mass flows of about 0.2 kg/s. Temperatures and mass flow rates are 

controlled automatically in one stream, manually in another. The tem

peratures may range from 20 to 80 degrees Celsius. The three streams 

are fed into various heat exchanger networks that consist of three 

plate heat exchangers. An example of a network is shown in the 

figure. Typical heat exchanger design loads range from 2 to 10 kW. 

Water at two levels of temperature, namely 10 and 90 °C, is supplied 

from the boiler-feed of the ETH Zurich district heating station. It is 

led through two pneumatic mixer valve systems into two stabilisation 

tanks, one for the hot and one for the cold water, where it is kept 

at constant temperatures by means of pneumatic controllers. 
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Figure 14-1: Piping and instrumentation diagram of the 
exDerimental plant 
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One of the three streams fed into the heat exchanger network is 

formed by mixing two streams, one from each of the two tanks, in 

such a way that the mass flow rate and the temperature of the re

sulting stream c*n be controlled automatically and independently of 

each other. Thus inlet temperature steps at constant mass flow rate 

or alternatively mass flow rate steps at constant temperature can be 

generated. For that purpose each of the two streams to be mixed is 

led through a pneumatic control valve. Those valves are acted upon 

by a hybrid control system that combines a non-linear feed-forward 

branch implemented in a digital computer with two linear feed-back 

loops implemented in an analog computer. The scheme is shown in 

figure 14-2. 

The feed-forward part consists in a table that assigns a pair of valve 
* 

position signals to each pair of T and M set-points. The table is based 

on steady-state measurements. Corrective additions to those valve posi

tion signals are made by the feed-back controllers to even out devia

tions. 

The temperature after the mixing chamber is controlled by changing 
* * * * 

the ratio M. t / M .., whereas the total mass flow, M. t
 + M

C O I H ' 

is kept constant. Mass flow rate changes, on the other hand, 

are arrived at by modifying the sum, M. . + M i d / at a constant 

ratio M. . / M . .. The automatic controller scheme (as shown in 

figure 14-2) is used for producing step inputs to non-associated 

networks, or for the external coupling (as shown in figure 9-1) in 

the case of associated networks. In the former case, the control sys-

tern generates signals that can virtually be regarded as T or M steps, 

respectively, in view of the dynamic responses of the heat exchanger 

network, as can be seen from figure 14-3 (further below), see the 

plot of T-.. 

In the latter case, i .e. , if associated networks are involved, the 

system is stimulated by steps of the inlet temperature of the cold 

stream. These steps are produced manually using the two valves 

shown at the top on the right in figure 14-1. The control strategy is 

the same as the one for automatic control outlined above. With regard 

to the larger time constants of the responses of associated network, 
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Figure 14-2 : Temperature / mass flow control scheme 
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a skilled human operator is capable of generating true T or M steps, 

as the Tp. plot in figure 14-5 (further below) shows. 

The signals "0" and " 1 " of the analog computer (see figure 14-2) cor

respond with the positions "closed" and "open" of the control valves. 

For that reason, the output signal of the temperature PI-controller is 

subtracted from an offset of 1 analog computer unit. 

The whole control scheme could have been implemented in a digital 

computer. Since the available micro-computer, an AIM 65, was con

trolled by a BASIC interpreter and furthermore loaded with a parallel 

data-logging and on-line evaluation task the controller sampling time 

would have been too large. Thus the hybrid solution was chosen. 

Instrumentation 

The following instrumentation is used: 

- Thermocouples with reference source and amplifiers for temperature 

measurements. 

- Orifices, pressure difference transmitters and amplifiers for flow 

measurements. 

- Rotameters for flow measurements. 

- Several line recorders. 

- An analog computer (EAI 1000) for temperature and mass flow con

trol and for simulation of outside equipment coupled with the heat 

exchanger network. 

- A micro computer (AIM 65) with analog input and output interface 

for data-logging, on-line evaluation and feed-forward control. 

- Voltage/pneumatic pressure transducers for actuating the control 

valves. 

The on-line evaluation task can be started by the operator when 

steady-state has been attained. It comprises heat balancing and 

calculation of NTU's and e's. The inconsistency of the heat balances 
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provided an assessment of the measuring error. It was found to be in 

accordance with theoretical error calculations. The errors of T mea

surements are within ±0.2 °C. Thus measurements on larger ATs yield 

more reliable results (e.g. for e evaluations), as the relative errors 

become smaller. 

Results 

With four different heat exchanger networks two kinds of experiments 

were made: 

- Measurement of heat exchanger outlet temperature responses for step 

changes of temperature or mass flow rate at an inlet. 

- Search for the stability limits to external coupling factors, the ex

ternal coupling being realized by means of the analog computer. 

The results presented in the following concern a network that con

sists of three plate heat exchangers in the arrangement shown in 

figure 14-1. In that network there were only two streams involved, 

a hot and a cold one. But with the available instrumentation all heat 

balancing was done by the computer, thus yielding more precise re

sults. 

The measured data of the steady-state characteristics are included in 

figure 8-2. For illustration, the full data for the point marked by a 

"o" sign at {UTU}1 s 3 and {NTUh/fNTUh = 1 are listed: 

T1i 

T1o 

T2i 

T2o 

LMTD 
* 

* 
M2 

39.7 

26.1 

21.8 

35.0 

4.5 

.079 

.081 

°C 

°C 

°C 

°C 

°C 

kg/s 

kg/s 



201 

* 
Q 

UA 

£1 

E2 

{NTU}X 

{NTU}2 

4.5 

1.0 

.76 

.74 

3.02 

2.95 

The NTU calculations imply the conception of LMTD being the driving 

force since the U values could not be measured in a direct manner. 

That is: 

* 
Q 

UA = 
{LMTD} 

and 
UA 

{NTU}= -sp-
Mc 

Therefore, the measuring points fit well with the theoretical curves. 

Figure 14-3 shows the responses of the outlet temperatures to a step

like change of the inlet temperature of the hot stream. First, the 

steady-state performance is examined. The data for the initial and the 

final states are listed below. 

kW 

kW/K -
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initial final A 

T1i 

T1o 

T2i 

T2o 
LMTD 
* 

Mi 
* 
M2 

Q 

UA 

* i 

£ 2 

{NTU}2 

{NTU}2 

28.8 

23.7 

21.4 

26.8 

2.15 

.159 

.159 

3.5 

1.6 

0.69 

0.73 

2.4 

2.4 

69.4 

34.0 

21.4 

54.3 

13.8 

.159 

.159 

21.9 

1.6 

0.74 

0.69 

2.4 

2.4 

40.6 

10.3 

.0 

27.5 

°C 

°C 

°C 

°C 

°C 

kg/s 

kg/s 

kW 

kW/K 

Again, UA and the NTUs have been calculated using the assumption 

of the LMTD being the driving force. At the initial state the cold 
* 

stream receives a higher Q than the hot stream releases. The in
accuracy of measuring must be blamed for. The average value is 

* 
considered. At the final state the Q emitted by the hot stream is 
higher. Since the temperature level is considerably higher, loss can 

be made responsible for that. Thus the lower value, i.e. the one of 

the cold stream, is accepted. Hence the difference in the e's. Since 

in theoretical modeling perfect insulation against the ambience is 

assumed (cf. figure 8-1) losses are excluded from the theoretical 

considerations. 

The e-NTU-pair fits well with figure 8-2. As the M*s remain unchanged 

theory suggests linear behaviour. The constancy of e over the wide 

range of temperature that has been found in the experiment confirms 

the theory. 
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Owing to the larger temperature differences (cf. the remark at the 

end of the section entitled "Instrumentation") the e's of the final state 

are considered more reliable. Applying them to the 6T. transfer gains 

of figure 8-4 leads to the following predictions: 

for AT l 0 : 40.6 • (1-0.74) = 10.6 

for A T 2 Q : 40.6 • 0.69 = 28.0 

They compare quite favourably with the measured values. 

Turning now to the dynamics it is found that the curves exhibit the 

typical shape of heat exchanger responses: dead time plus first-

order-like at the outlet of the stream the input step was imposed on, 

first-order-1 ike at the outlet of the other stream. 

The mass contents of the two fluids, comprising the spaces between 

the exchanger plates and the volume of the connecting hoses were 

weighed as 

mt = 1.52 kg 

m2 = 1.39 kg 

The measured dead time of 12 s is of the same order of magnitude as 

the theoretical one given by 

mx 

— = 9.6 s . 
* 
Mi 
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Figure 14-3 : Responses to a ''step" change of the 
inlet temperature of the hot stream 
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The apparent time constants exhibited by t?ie transients are of the 

order of magnitude of 20 s in the hot and 10 s in the cold stream. 

Now, equat* n (10-7) can be applied to obtain a simple model with the 

system matrix 

0.23 

0.14 

0.13 

0.25 

The eigenvalues are 

A = - 0.24 ± 0.14 = 
0.10 

0.38 

As the two eigenvalues are not close to each other, the dominant time 

constant (see section 11.2) of 10 s would govern at least one of the 

transients. The difference of model and experimental time constants 

indicates that more lumped sections than just one per fluid are 

required to model the heat exchanger network in question. Moreover, 

the influence of the energy storage capacity of the intermediate wall 

( i .e. the plates), should be assessed. 

While the fill-up times of the fluid streams, m / M, amount to 9.6 s 

for the hot and 8.7 s for the cold stream, the according heat-up 

times, 

mc 

orA 

mc 

2 UA 

(on the rough assumption that o = 2 U) 

are 2.0 s and 1.8 s, respectively. The heat-up time of the total of the 

intermediate walls, on the other hand, is 0.6 s. 

A look at those time constants suggests that the influence of the 

"inertia" associated with mass transport (characterized by the fill-up 

times) is more significant than the "inertia" associated with heat 
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transfer (characterized by the heat-up times), although the latter 

cannot be fully neglected. Therefore, acknowledging the influence of 

mass transport and the dead time, the use of more lumped sections 

seems to be the appropriate practice for modelling here. The matter 

will be resumed in chapter 16. 

Figure 14-4 illustrates how the network responds to a step change of 

the mass flow rate of stream 1 . Again, the data of the initial and the 

final states are listed. 

initial final A 

°C 

-7.8 °C 

°C 

-10.0 °C 

°C 

-.079 kg/s 

kg/s 

kW 

kW/K 

T l i 

T1o 

T2i 

T2o 

LMTD 
* 
Mi 

M2 

* 
Q 

UA 

e i 

e2 

{NTUh 

{NTU}2 

64.4 

35.4 

25.4 

52.2 

11.1 

.158 

.157 

17.6 

1.6 

.68 

.69 

2.4 

2.4 

64.4 

27.6 

25.2 

42.2 

8.9 

.079 

.162 

11.6 

1.3 

.90 

.43 

4.0 

1.9 

In this case, the e's alter, as expected, since they are affected by 
* * * 

the change of M } . AMa is large. Therefore, the static 6M} transfer 

gains of figure 8-7 cannot be expected to make reliable predictions. 

At least, they are not wrong in the order of magnitude. The predic

tions for the hot and the cold stream would be -8.5 K and -6.0 K, 

respectively. 



207 

.CJ-

60 ' 

50 ' 

40 

30 ' 

2 0 -

i 

u._.. 

\o 

T1o 

— • 
20 40 60 80 100 

* t [ s ] 
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Considering the dynamics it is found that there is no dead time be-

cause a >. nange of M affects the outlet immediately. The apparent time 

constants are about 15 s in both streams. 

In a further experiment, the deviation of T~ from its steady-state 

value was transformed via the analog cor outer into the set-point for 

the deviation of T - . from its design value. The external coupling 

factor p could be adjusted by means of a potentiometer. Figure 14-5 

shows the transients between the following measuring points: 

initial final A 

T1i 

T1o 

T2i 

T2o 

LMTD 
* 
Mi 
* 
M2 

* 
0 
UA 

£ l 

£2 

{NTUh 

{NTU}2 

P max 

P 

38.9 

28.8 

24.8 

34.3 

4.3 

.16 

.16 

6.3 

1.5 

.68 

.68 

2.2 

2.2 

1.5 

1.05 

55.3 

42.8 

39.0 

49.9 

4.6 

.16 

.16 

7.3 

1.6 

.67 

.67 

2.4 

2.4 

16.4 

14.0 

14.2 

15.6 

°C •*-

°C 

°C 

°C 

kg/s 

kg/s 

kW 

kW/K 

The symmetrical ( i . e . having the subscripts 1 and 2 interchanged) 

counterparts of the equations (9 -2) and (9-3) lead to a prediction of 

the new steady-state if the composite heat exchanger (cf. chapter 9) 

externally coupled at the hot side is activated by a step change of 

the free inlet temperature at the cold side. 
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Those predictions are: 

for AT l Q : 14.9 °C (measured: 14.0) 

for A T 2 Q : 15.9 °C (measured: 15.6) . 

The time constants have increased considerably after the external 

coupling has been added, since much higher steady-state levels have 

to be reached with the virtually same heat transfer rate. For the 

p / p ratio of 0.7 and NTUs of 2 figure 11-4 indicates an increase 
K Kmax ** 

of the dominant time constant by a factor of three. Indeed, the ap

parent time constant governing the T 1 transient rises from ca. 20 s 

(figure 14-3) to ca. 60 s, if the end of the dead time is regarded as 

the real starting point. 
In a similar experiment with the same network, the external coupling 

factor p was driven beyond its stability limit p_ . The intention was 
r max 

to confirm the theoretically found value of p__x in an experiment. The 

results are shown in figure 14-6. The experiments had to be stopped 

when the inlet temperature of the hot stream, T - . (whose plots are 

not shown in the f igure) , reached its maximum of 80 °C (see f ig

ure 14-1). All the same, the responses of T 2 show that the stable 

and the unstable cases can clearly be distinguished. 

Concluding remarks 

The results presented here are representative of many others. They 

may not seem very spectacular, and the evaluative considerations fol

lowing them may seem elementary. However, these kind of considera

tions make up the craft of tailoring models to real-life systems, one of 

the strengths of a skilled engineer. Algorithms should always be used 

to aid, not to obscure, that craft. 

The experiments were carried out at an early stage of the project. By 

bringing a preoccupation with real equipment they have influenced 

the development of both fundamentals and software favourably. In 

fact, the software has been designed from the point of view of an 

experimenter being the user. 

The considerations regarding the fill-up and heat-up time constants 

are resumed in chapter 16. 
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Figure 14-5 : Responses of an associated network to a 
step change of the inlet temperature 
of the cold stream. 
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1 P/Pmax = 0-89 

2 P/Pmax = 1-43 

3 P/Pmax = 1-92 

» • t 
100 150 200 W 

Figure 14-6: Responses of an associated network in 
an experiment to confirm the stability limit 
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15. Associated networks - a simulation case study 

At the ETH Laboratory of Process Engineering and Refrigeration 

Technology*) an experiment was planned to measure the steady-state 

characteristic of an air-to-air counter-current heat exchanger used in 

refrigeration technology. To avoid the use of a refrigeration machine 

the air leaving the "hot" stream was led through a throttle to cool it 

taking advantage of the Joule-Thomson effect. It was then reused to 

make the cold stream. Figure 15-1 displays the arrangement along with 

the process data. 

In the course of planning the measurements simulations were carried 

out in order to estimate how long it would take to reach steady-state. 

Since the arrangement makes an excellent example of an associated 

network the simulation results are presented here. 

The simulations have been carried out using the FORSIM software 

[43]. 11 points of spatial discretization are applied. The temperature 

and pressure dependence of the physical properties of air are allowed 

for, whereas the surface heat transfer coefficients are assumed to be 

constant. For the throttle a constant Joule-Thomson factor of 2.4 K/ 

MPa is assumed, resulting in an invariable temperature difference of 

1.2 K. 

* ) Acknowledgement is made to Professor Ch. Trepp and Dr. W. Dorfler 

for communicating the process data. 
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Initial state: 

293.15 K 
0.6 MPa 

20.07 kJ/kg 

i ^ 

293.15 K ^ S 0.02kg/s 
0.6 MPa 

20.07 kJ/kg heat start 
exchanger valve 

— i 

! 

throttle 

Final state: 

293.15 K 
0.6 MPa 

20.07 kJ/kg 

287.95 K 
0.6 MPa 
.87kJ/kgi O14.87 kJ/kgiss^^^, 

292.00 K 
0.1 MPa 

20.07 kJ/kg 

6 

AT = 1.2K 
Ap=0.5MPa 

286.75 K 
0.1 MPa 

14.87 kJ/kg 

0.02kg/s 

T • 
0.6 MPa 0.1 MPa 

20.07kJ/kg 

14.87k J/kg 

s 

Figure 15-1 : Flowsheet, process data and T-s diagram 
of associated network 
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The heat exchanger itself is a coaxial unit with fins formed by corru

gated sheets. It is made from copper. The outside surface is heat 

insulated. Figure 15-2 is a schematic cross-sectional drawing. From the 

figure it follows that five state variables are appropriate. Together 

with the 11 discretization points they make 55 1st order ODEs to be 

solved. The axial heat conduction is negligible. 

Figure 15-2 : Cross-section of heat exchanger with 
finned coaxial ducts, modeled using 
five axially distributed, radially and 
circumferentially homogeneous state 
variables 
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The following heat exchanger parameters become apparent: 

* 
Q 

LMTD 

UA 

{NTUh 

ea = e2 

= {NTU}2 

104 

1.175 

88.5 

4.4 

.82 

W 

K 

W/K 

The resulting time constants are (in seconds): 

hot air cold air intermediate wall 

m 
fill-up — 0.35 0.10 

* 
M 

mc 
heat-up 0.04 0.01 6.8 

2UA 

Obviously the dynamics are fully dominated by the thermic "inertia" 

of the copper structure. Hence, the system becomes stiff. The ODEs 

are integrated using two different methods: 

( i ) Conventional integration: The only method of the variety offered 

by FORSIM that leads to results at all is the explicit Euler 

method. 

(ii) Simplified singular perturbation method: The two times eleven 

ODEs that concern the fluid temperatures are fully linearized 

and transformed into two systems of linear equations by 

equating the derivatives with respect to time to zero. The 

inverted matrix of the linear equation system is included in the 

ODE system of the remaining state variables. The procedure is 

outlined in formulae for a purely linear system: 
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The state vector x of the system 

x = Ax + Bu 

is split into a "slow" part xa and a "fast" part x2 . *2 's 

regarded as reaching steady-state immediately. That results in 

the following system 

M . [A» H M • M u 
|^0 J |^A21 A22J |^x2J [^J 

Solving the lower line yields the new, non-stiff system 

* i = ( A n ' Ai2A22 - 1A2 i) x i + (&i " A1aA22"1*2) H 

Both methods produced identical transients. The CPU time used by 

method ( i i ) , however, was 30 times less than that used by method 

( i ) . The transients are shown in figure 15-3. 

As the AT caused by throttling remains constant, the external coupling 

factor is one. Hence the p / Pmax ratio just equals the e of 0.82. 

Figure 11-4 demonstrates that in this region of p / p_ the dominant 
max 

time constant is increased by 6 approximately. As the transients are 

governed by the heat-up time of the wall, the curve for the 1st order 

model in figure 11-4 is compared with. Due to the higher order the 

increase will even be higher, as can be seen from figure 15-3. 
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Figure 15-3 : Responses of hot and cold stream 
exchanger outlet temperatures 
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16. Open-loop dynamics: t_ / tM and NTU 

This chapter is devoted to the treatment of the following question: 

how is the controllability index following from process reaction curve 

analysis (see section 6.3), namely t_ / t . . , affected by the number 

of transfer units? That question is based on a hypothesis: 

NTU can be regarded as the ratio of two time constants, namely fill-up 

time by heat-up time [56] (cf. chapter 14). 

m 

M 
{NTU} = 

mc 
UA 

In chapter 14, 2UA was used for the denominator of the heat-up time. 

If mc/2UA was regarded as the heat-up time, then the ratio of the two 

time constants would be expressed by 2{NTU}. 

In a model that is based on the assumption of plug flow, i.e. radial 

and circumferential uniformity, such as the reference model of sec

tion 8 .1 , the fill-up time coincides with the dead time, since exactly 

that amount of time will pass until the outlet temperature shows any 

response to a change of the inlet temperature in the same stream. It 

is suspected now that higher NTUs with their comparatively higher 

fill-up times are accompanied by potentially higher dead times, even 

in heat exchangers that do not feature pure plug flow. Consequently, 

lower, i.e. worse t G / t u ratios might result. 

In order to investigate this, numerous simulation runs with input steps 

have been carried out. The HENDY software was used for that pur

pose. The curve of figure 6-3, that will be called "Schwarze curve" 

with credit to its inventor, shows clearly the strong dependence of 

*G ^ lU o n t* i e f n o d e l o r d e r - T o obtan results that do not depend on 

the model order, all the investigation* have been arranged to yield 

such Schwarze curves. It has been found that on variations of single 

parameters they nearly always form groups of curves that do not 

intersect. Thus they are really meaningful by enabling comparisons 

irrespective of the model order. 
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Variable 

* T. 
i 

* T 
0 

* 
* M 

* c 

* P 

* A 

* Mo 

* »0 

Q 

{LMTD} 

UA 

£ 

{NTU} 

{NTUh/ 

{NTU}2 

* G 

* D h 

* d 

U 

A 

L 

fill-up 
time 

heat-up 
timt 

Stream 1 
(hot) 

200 

110 

2 

2000 

800 

.12 

10 

1539 

.78 

2.84 

800 

15 

21 

7 

280 

24.7 

11.4 

1.17 

805 

14 

21 

Stream 2 
(cold) 

130 

170 

2 

2333 

800 

.12 

10 

1539 

Inter
mediate 
wall 

.67 

2.43 

800 

15 

21 

9 

600 

8000 

150 

Unit Remarks 

°C 

°C 

kg/s 

J/kgK constant 

kg/m3 constant 

W/Km constant 

MNs/m2 eq. (10-22) 

K eq. (10-22) 

kW 

K 

kW/K 

kg/sm2 

mm 

mm 

W/m2K 

m2 

m 

12 

Note: * denotes user specified (cf. sections 12.6, 12.7, 12.8) 

Table 16-1: Problem, network and model data for the base case 
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Besides the main parameter, namely the NTU of the stream whose out

let temperature transients are observed, the following parameters have 

been taken into account: 

- thickness of intermediate wall, 

- {NTUJi / {NTU} 2 ratio, 

- design parameters G and D. , 

- viscosity parameters, 

- specific heat capacity, 

- density, 

- heat load, 

- thickness of walls that are not involved in heat transfer. 

The core of the investigations is made by a base case, from which 

parameter variations depart. The data of the base case are listed in 

table 16-1 . In the table, it can be noted that the hydraulic diameter 

(cf. equation (12-3) ) was assumed to be the same for both streams. 

This situation is conceivable in a double pipe as well as in a bundle 

of tubes. It was chosen in order to keep the investigations neutral 

with respect to this item. 

While this base case is characterized by NTUs of approximately 3, 

another case has been constructed to feature NTUs in the region 

of 8. This has been done using the same property and design data. 

The inlet and outlet temperatures of stream 2, however, have been 
* 

modified to 125 and 185 °C , respectively. They result in the same Q. 
The following parameters, however, differ from those of table 16-1: 

{NTU} 7.7 6.6 

{LMTD} 9.1 K 

U 819 W/m2K 

A 38 m2 

L 56 m 

fill-up time 56 56 s 

heat-up time 7 8 12 s 
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The values of t „ / t y , the CPU time used for settling down and the 

transient up to the new steady state, and the "real" dead time ( i . e . 

not the apparent one, t . . , but the one which is visible in the transient 

plot) are shown in figure 16-1. They are based on the responses of 

T1 to step changes of T... for models with different numbers of 

lumped sections in each stream and, consequently, in the intermediate 

wall. "3" denotes the base case whereas "8" stands for the case with 

the NTUs of approximately 8. 

The two curves in the middle, i .e. those for the dead time which re

sults from the simulations, follow a pattern that is expected: the dead 

time increases with the number of sections, and for the higher NTU 

it is at a higher level. The curves at the top, i .e. the Schwarze 

curves, however, reveal that the hypothesis concerning the depen

dence of t_ / t.. on NTU is wrong: for high numbers of lumped sec

tions the t_ / t.. for the higher NTU is even higher than that for the 

lower NTU. 

That observation can be explained as fellows: a look at the time con

stants shows that the heat-up times remain unchanged whereas the 

fill-up times extend their dominance with rising NTU. Thus the shape 

of the transient has a tendency to be less affected by the ratio of the 

time constants. 

It is interesting to note that there seems to be an optimum number of 

lumped sections with regard to the CPU time used by the Gear algo

rithm. The wide optimum region coincides with the one from which the 

number of lumped sections would most likely be selected at an early 

stage in process design, when the information on design parameters 

is yet scanty. 

The investigations have been extended to comprise NTUs that range 

from 0.2 to 8. The picture of the Schwarze curves (not shown here) 

reveals that the curves lie within a band so narrow that the dif

ferences are not significant with respect to controllability. 

The two examples in the two previous chapters, with their remarkable 

difference in the heat content of the walls, suggest that the thickness 
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Figure 16-1 : Characteristics of step responses. 
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0 2 4 6 8 JNTUJ, 

A — • * 5 lumped sections, thick walls 

A — A 5 lumped sections, thin walls 

• — • 10 lumped sections, thick walls 

o—o 10 lumped sections, thin walls 

All curves subject to JNTUJ, / J NTUj2 = 1.17 

At JNTUJ = 0.5 the points for JNTUJ, / JNTUJ2 = 0.3(upper 
ones) and 3 (lower ones) have been added. 

Figure 16-2: Dependence of tG/t,j on NTU 
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of the intermediate wall be taken into account. Ther"fore, the just 

mentioned investigations covering NTUs from 0.2 to 8 have been 

repeated with a wall thickness of 0.1 mm replacing the original one of 

2 mm. It has been found that the Schwarze curves of the thin-walled 

units are clearly below those of the thick-walled units at the low 

NTUs. Both curves coincide at higher NTUs. The results are sum

marized in figure 16-2 where t_ / t.. vs. {NTU}j is presented for 

four models: 5-sections and 10-sections-models, both times in a thick-

walled and a thin-walled version. 

So far , the NTUs in both streams were close to each other. Now, 

variations of the {NTU} t / {NTU} 2 ratio have been included in 

figure 16-2 at {NTU}X = 0.5. For the thin-walled units they do not 

alter t_ / t . . in a significant manner. The t_ / t j . of the thick-walled 

units, however, is more sensitive to the ratio of the NTUs. From the 

point of view of heat exchanger design, it is not desirable, anyway, 

that the two NTUs differ by a lot, if they are at high values. If they 

did, then high effectivenesses (and, with that, large heat transfer 

areas) would result. That fact is illustrated by figure 16-3. It shows 

curves of the same maximum effectiveness e „ ( i . e . the one that 
max 

occurs in the stream with the higher NTU) , which are obtained 

from equation (8-5) or its symmetrical counterpart with interchanged 

subscripts 1 and 2. 

Variations of the design parameters G and P. have also been con

sidered. G, originally of 800 kg/sm2 , was given the values of 400 and 

2000, respectively, whereas D. (originally 15 mm) was decreased to 

5 mm and increased to 30 mm, respectively. The various resulting 

pairs of G and D. have been investigated in the four cases ob

tained by applying thick and thin walls, respectively, to units of 

{NTU}! = 0.5 and {NTU}i = 5. The resulting sets of Schwarze curves 

(not presented here) consist again of individual curves that are 

hardly distinguishable (typically, the deviations of t_ / t y are less 

than 10 %) , with the one exception of 

{NTU}! = 0.5, thick wall, G = 800 kg/sm2 , DR = 5 mm, 

where the Schwarze curve is above the original one by about a 

A ( t G / t . . ) of one (which is still not much in view of controllability). 
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axis of 
symmetry 

Figure 16-3: Curves of constant maximum effectiveness, 
forming "feasibility funnels" for pairs of 
JNTU^ and JNTU(2 

The viscosity parameters M0 and 80 have been varied from the original 

pair {10, 1539} to {1.4, 3650}. Since »0 is a parameter that influences 

the exponential equation (10-22) and with that a strongly, significant 

effects on the Schwarze curves were expected. However, in the same 

four cases as above, the deviations from the original curves, of the 

curves ensuing from the modified {u0 , M pair, are so little that the 

curves are not worth being presented here. The deviations of t „ / t,. 
G U 

range from 5 to 20 %. 
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The specific heat capacity of the fluid in stream 1 ( i . e . the one whose 

inlet temperature is subject to step changes and the outlet temperature 

response is anelyied) was originally assumed to be 2 kJ/kgK (see 

table 16-1). It was modified to 

1690 - 0.69 T + 0.0292 T 2 [J /kgK] , 

the polynomial that complies with the curve in figure 10-8. Again, in 

the same four benchmark cases that were investigated previously, no 

significant departures from the original t_ / t.. vs. no. of lumped 

sections curves have been detected. Again, the deviations range from 

5 to 20 %. 

Similarly, the density, originally 800 kg/m3 , was changed to result 

from the polynomial 

883 - 0.73 T - 0.00166 T 2 [kg /m 3 ] , 

equally complying with the curve in figure 10-8. The T - . step con

sisted in a rise from 200 to 250 °C. From figure 10-8 follows that p 

decreases by 12 % due to this step. Figure 16-4 shows that there is 

a transitory rise of the mass flow rate up to a peak at 9 % above the 

steady state level, thus obeying equation (10-21). The transitory rise 

can be explained by the fact that the low-density fluid entering the 

heat exchanger freshly after the inlet temperature step, displaces the 

"old" fluid of higher density. At the beginning of the transient, when 

the fill-up time affects the delay owing to the transportation of mass 

(expressed by the real or the apparent dead time), the fill-up time 
* 

m/M is significantly lower. Later on, however, when the fill-up time 
would be able to affect the speed of heat transfer, it has returned 

virtually to is original value. 

Therefore, one would expect t u to become shorter whereas t_ would 

remain as it was. That effect would make an attractive hypothesis to 

explain the higher t G / t . . , irrespective of the number of lumped 

sections, as figure 16-5 shows. 

A cross-check, however, has disproved that hypothesis: a back-

ward step of T... from 250 to 200 °C , causing a transitory fajj of M- , 

increases t r / t M by the same amount as well. 
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Figure 16-4: Step responses of the outlet temperature and 
the mass flow rate in the case of 
temperature-dependent density 
(model with 5 lumped sections, d=0.5mm) 
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lumped 
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Figure 16-5: Schwarze curve in the case of 
temperature-dependent density 
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Therefore, another reason must be searched for. Looking again at 

figure 10-8, it is found that in this case of temperature-dependent 

density, the average level of p is about 20 % less than the fixed 

density of 800 kg/m3 of the base case. Now, from the considera-

tions of section 10.3 it follows that, on a presupposed M, p does not 

affect U. Neither does it affect A. The volume of a fluid lumped sec

tion is 

V = SL 

or, with equation (12-2) , 

A D. 
V = ^ , '16-1) 

4 

that is, the volume (in the model conception used here) is designed 

irrespectively of p. Implicitly, however, p is considered through the 

mass flux G the user has to specify. 

Hence the mass content of the lumped sections, 

m = pV, 

depends linearly on the density. In turn , m influences both the fill-up 

and the heat-up time in a linear manner as well. Thus, the ratio cf 

them, NTU, is unaffected, whereas the absolute level of both time 

constants decreases with decreasing density. 

So, the speed of mass transportation, and with that, t . . , is affected 

more strongly than the speed of heat transfer, which depends, in 

addition, on the p of the other stream (remaining constant in this 

case). Hence the higher t f i / t . . ratio. 

Thus it can be concluded that t G / t . . is not affected by the tem

perature-dependence of the density, but by altering its average level. 

Remarkably, {NTU}X and {NTU}2 have not been modified. With that, 

the initially assumed predominance of NTU as a parameter that governs 

t r / t.. has been further qualified. 
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However, as one ran gather from figure 16-5, the effect of a changed 

p on t_ / t u is not very significant, anyway, in terms of practical 

controllability. 

So far, NTU was varied by modifying the terminal temperatures of the 

heat exchanger, whereas Q was kept constant. Now, the effect of Q 

is considered. In the course of the previous studies, the Mc products 

were kept constant. U remained in the same order of magnitude. So, 

UA 
NTU = - j — 

Mc 

was essentially altered by altering the heat transfer area A. In the 

heat transfer law, 

Q = UA {LMTD} , 

changes of A were evened out by adaptation of the LMTD, whereas 
* 
Q remained exactly and U virtually constant. Now, {LMTD} remains 

essentially as it is and Q is adapted to the respective A. However, 

it cannot be expected that the results ( i .e . the Schwarze curves) are 
* 

affected if the LMTD is replaced by Q as the adaptation variable. 

Both, LMTD and Q, are mere operating variables (on the analogy of 

computers they are comparable with the software). U and A, on the 

other hand, are the real design parameters (or the "hardware") that 

determine the dynamics. 

The four benchmark cases used previously, namely those resulting 

from combining the pair of the NTU values of 0.5 and 5 with the pair 

of the wall thicknesses of 0.1 and 2 mm, respectively, were used for 
* simulating Qs of 5 and \ times the base value. Indeed, as expected, 

the Schwarze curves were found to coincide with the original ones 

i .e . , their deviations are less than 10 %. 

Finally, the influence of walls that are not involved in heat transfer 

was studied. Such walls are the outer wall ( e .g . the shell) of a heat 

exchanger or the walls of connecting pipes. For the model, each of 

the four connecting pipes was represented by three fluid lumped sec

tions. While those lumped sections themselves did not alter the base 
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case t G Ay 's at all, the thickness of their walls, along with that of 

the outer wall of the exchanger, did have some influence. Figure 16-6 

shows the difference of the t G / t.. produced by the model with thin 

walls (d = 0) and that of the model with thick walls (d = 2 mm), as 

a function of { N T U l i . It can be stated that the sensitivity of the 

t_ / t,. ratio to the thickness of those walls is not really significant 

for controllabilty in the range of the practicable NTUs. 

ftG/fu\Nn w. ~ ( t G / ! u\h ick w. 
t 

1 

f i 
l l 

-1 

-2 

o 

-4 
( 

i 

) 1 / 
> ; J A L 5 6 7 

JNTUJ, 

A — A 5 lumped sections 

• — • 10 lumped sections 

Figure 16-6: Influence of the thickness of the walls that 
are not involved in heat transfer. 

Conclusion 

From the network configuration follows the UA product which is a 

pre-design parameter that is a part of the NTU. A rough design con

sists of fixing the individual values of U and A, as described in 

section 10.3. Once A is known, the mass contents of the fluid sec

tions are found to be, roughly, 

m 
. P A D h 
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which follows immediately from equation (16-1). That expression for m 

is used for the fill-up and the heat-up time constants, namely 

m p A D. 

M 4 M 

and 

mc p c D. 

UA 4U 

Originally, it was suspected that the ratio of those two time constants 

would have a significant influence on the shape of the transients. The 

shape of the transients, in turn , affects the practical controllability, 

which can be expressed by means of the index t_ / t . . . Although 

t G / t u depends strongly on the model order, it has been shown 

clearly that the comparison of Schwarze curves is a useful method to 

eliminate the influence of the model order. 

It would be attractive to have a clear correlation between the pre-

design parameter NTU and the controllability index t G / t u , as there 

would be an easy way to assess the controllability of a structural 

network design. Furthermore, design rules could be formulated such 

as "avoid laying control loops through high-NTU heat exchangers" etc. 

However, this study has shown that such a correlation does not exist. 

Figure 16-2 demonstrates that the t_ / t., ratio does not depend on 

NTU in a way that is significant for practical controllability. On the 

other hand, it has been found that t~ / t u is remarkably unaffected 

by any variation of the design parameters at all. More or less in

variably it remains in the range of "medium" controllability (cf. sec

tion 6 .3) . The reason is that in practical cases the thermic "inertia" 

effect associated with heat transfer prevails over the one associated 

with mass transport, thus leading to transients of comparatively uni

form shapes. 
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Therefore, one can conclude that, in heat exchanger network control

lability assessment, the dynamic aspect of the shape of process reac

tion curves is considerably less important than the static aspects of 

signal transfer gains and limits of manipulated variables, which were 

discussed in chapter 8. 

However, that conclusion is based solely on t_ / t . . analysis. It has 

to be checked for cases where t_ / t.. is not applicable. This is done 

in the next chapter. 
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17. Closed-loop dynamics 

17.1 Bypass control 

In section 8.3 it has been shown that from a static point of view it 

does not matter in which of the two streams the controllable bypass 

is situated. Now, the dynamic performance is looked at. Obviously, 

the transient effect on the outlet temperature of the stream in which 

the bypass is situated, is composed of two parts, namely the one 

stemming from the exchanger branch and the other from the bypass 

branch. While the effect of the exchanger branch is subject to the 

natural delays of heat exchanger dynamics, the effect from the bypass 

branch reaches the point of re-mixing almost immediately. Hence, the 

according outlet temperature response exhibits a quick overshoot fol

lowed by a slow slackening. A typical example is shown in figure 17-1. 

The overshooting transient of T- is not amenable to process reaction 

curve analysis. However, the quick overshoot resembles the response 

of the D ( i . e . derivative) part of a PID controller and thus promises 

good controllability. The response of the outlet temperature T~ of the 

other stream, on the other hand, shows a high t_ / t j . for which 

good controllability can be expected as well. 

The question arises if a control loop that is continued through the 

stream in which the bypass is situated, is superior to a loop that is 

switched over to the other stream, in view of practical controllability. 

In order to investigate that question, some 20 closed-loop simulation 

runs were carried out. They covered some of the cases of parameter 

variations that were used already for the studies described in the 

foregoing chapter. Single loops with a Pl-controller were assumed for 

all cases. The controller parameters were tuned to yield best tran

sients in the sense of engineering judgement [24] as mentioned in 

chapter 4. For preliminary tuning, the rules of Ziegler and Nichols 

and those of Chien, Hrones and Reswick [1] were used. The possi

bility of using mose sophisticated control schemes is discussed in sec

tion 18.3. 



234 

bd = 0.57 

4.00 kW/K 

4.66 kW/K 

Model with 20 lumped sections in each stream. 

Responses to a step of the bypass rate 
from 0.57 to 0.85 

T1 O[°C] T2o[°C] 

it n 

136 

135-

134 

133 J 175 

178 

177 

176-

T1o 

— • 
60 120 180 

+ t[s] 

Figure 17-1: Typical outlet temperature responses 
of a bypass-controlled heat exchanger 
in open-loop mode 
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control schemes (4-lumped-sections models) 
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Figure 17-2 shows an example that illuminates the essence of the 

f indings from all the simulations: 

( i ) Theoretical ly, the control loop with the bypass in the same 

stream as the outlet temperature to be control led, i .e . 

scheme " a " , leads to better resul ts. 

( i i ) For the most of the practical purposes, however, the responses 

of the controlled variable ( i . e . the outlet temperature in 

stream 2) are equally satisfactory with both types of control 

loops. 

( i i i ) Scheme " b " , the one with the bypass in the stream whose outlet 

temperature is not control led, has the drawback, though, that 

the quali ty of the response is far more sensitive to variations 

of the controller parameters than with scheme " a " . Therefore, 

control ler tuning needs more e f for t . 

( i v ) Furthermore, as can be seen from the response of the ma

nipulated variable ( i . e . the bypass f ract ion) in f igure 17-2, 

scheme " b " requires more agitated control action. In the exam

ple, the bypass fraction nearly meets its lower and upper l imits. 

Actual ly meeting one or both of them would lead to a deterio

ration of the control performance. An example is given in sec

tion 18.3. It has to be noted, however, that the assumed process 

disturbance of 60 K (from 200 to 260 °C) is extremely h igh . 

In summary, it can be stated that control l ing a temperature by means 

of a heat exchanger bypass that is situated in the same stream, is 

superior to using a bypass in the other stream. However, the latter 

possibi l i ty can lead to an acceptable performance, too. 
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17.2 Shape versus speed of process reactions 

The t / ty rat io, which is the control labi l i ty index following from 

process reaction curve analysis, enables the assessment of system 

designs that produce transients wi th time constants of comparable 

orders of magnitude. In heat exchanger networks, however, the 

problem may arise that control paths which lead to ent irely di f ferent 

responses of the controlled variables must be compared. 

For example, it is assumed that the outlet temperature of a process 

stream has to be control led. Now, there would be two di f ferent points 

in the network which present themselves for locations of control 

manipulation. That i s , there are two heat exchangers that could be 

equipped with a bypass in order to control the stream outlet tem

perature. This is a typical heat exchanger network control problem 

as described in chapter 5. 

Furthermore, i t is assumed that the two di f ferent ways of manipulating 

the network lead to two corresponding types of response, as is shown 

in f igure 17-3: the one having a poor t_ / t ratio but being fast on 

the whole, in contrast to the other which is slow on the whole but 

has a high t_ / t u . 

• t - • t 

Figure 17-3: Two extreme cases of process reaction 
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It is unlikely that in reality alternative responses will be found 

which differ as much as those shown in figure 17-3, since it has been 

found that heat exchanger responses are comparatively uniform (see 

chapter 16). However, there might be a trend towards such a situa

tion, particularly if control effects are transmitted through a series of 

heat exchangers. Therefore, it seems to be worthwile to study the 

question briefly by examining an example network. By doing so, the 

very field of network analysis is entered, a topic whose treatment will 

be continued in the subsequent chapter. 

The example network which has been studied is shown in figure 17-4. 

It comprises four process streams and three heat exchangers. It is 

assumed that the outlet temperature of stream 4 is to be controlled 

and that there are two options for controlling it , namely by a bypass 

in stream 2 around heat exchanger C, or by a bypass in stream 3 

around heat exchanger A. A remark on the arbitrariness of these 

kind of assumptions is made in section 18 .1 , whereas some properties 

of the example network are discussed in section 18.2. 

The design parameters of the heat exchangers were the same as in 

the base case of chapter 16 (see table 16-1). In order to obtain a 

comparatively high t_ / t., ratio in the control path from heat ex

changer C through heat exchanger B "straight on" (cf. figure 8-5) , 

the number of lumped sections per fluid stream was chosen to be 7 

in heat exchanger B, whereas it was 3 (just to reduce the model 

order) in the other heat exchangers. Together with the lumped sec

tions of the intermediate walls, that resulted in a total model order 

of 39 ( i . e . the number of first-order ODEs). 

On the other hand, the control path from heat exchanger A through 

the "turn-off" of heat exchanger B was to be made slow. For that 

purpose, the network data were selected in such a way that a UA 

product of 13.9 kW/K resulted for heat exchanger A, in contrast 

with the values of 3.6 and 1.9 for heat exchangers B and C, respec

tively. 
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A 
400 kW 

B 
200 kW 

C 
200 kW 

162 5 kW/K 

5 kW/K 

4 kW/K 

Q - 5 2 5 - 0 ~ " KW/K 

Figure 17-4: Example of a heat exchanger network with 
one outlet temperature to be controlled 
and two possible locations for control bypasses. 

Furthermore, the viscosity parameters u0 and »0 of stream 3 were 

chosen to yield a higher u than those of the other streams (cf. sec

tion 10.3). With that, the overall heat transfer coefficient of heat 

exchanger A became small and the fluid mass contents (and thus the 

"inertia") large (cf. chapter 16). 

Figure 17-5 shows the reactions of the controlled variable T , to a 
40 

step change of one of the manipulated variables. The steps were as 
follows: 
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2 C) Bypass in stream 2 around heat exchanger C: 

Step from the design bypass fraction b = 0.50 ( i . e . 69 % of 

the value which b . would take on if the design temperature 

AT . was 1 K) to the value of b = 0.40, that is, more hot 

fluid is led through heat exchanger C, which increases the 

energy being transferred to stream 4. 

3 A) Bypass in stream 3 around heat exchanger A: 

Step from the design bypass fraction b = 0.11 ( i . e . 68 % of 

the b . that would result from an AT . of 1 K) to b = 0 .21 , 

that is, less cold fluid is led through heat exchanger A 

which leaves more energy to be transferred from stream 1 to 

stream 4 via heat exchanger B. 

From several simulation runs with various networks it has been found 

that a design bypass fraction that amounts to about 70 % of the one 

which would result from a design temperature approach of I K , 

leads to a reasonable control performance. For the relationships of 

the design bypass fraction, the design temperature approach and 

the design UA product, reference is made to section 8.3. Heat 

exchanger C is identical with the one used for the illustrating 

example given in section 8.3 (see figure 8-12>. 

In the transients of figure 17-5 the starting temperatures of the two 

control system options do not coincide. The reason is that the network 

designs for the two cases differ, as only one heat exchanger at a time 

is equipped with a bypass. As outlined in the remark on subroutine 

INISTA in section 12.9, on standard ( i . e . initial) conditions, that is, 

in the absence of process upsets, the steady-state values at the end 

of a "settling down" run do not exactly meet the design values, 

because the assumptions made for the rough steady-state design 

(in subroutines CCOVER or CHACON, called by BLOCMO, see sec

tion 12.8) are not exactly the same as those used for the actual 

simulation (in subroutine FCN, see section 12.9) . In the former 

case, a global approach is used, whereas in the latter case the heat 

exchanger is treated in a lumped-section-by-lumped-section way. 
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Figure 17-5: Responses of the controlled variable to steps 
of the manipulated variable (open-loop) 

According to the steady-state design, the starting values for T . 

would have to be exactly 150 °C in both cases. Several simulation 

runs have shown that the design steady-state values are met by the 

simulation the better, the higher the number of lumped sections is 

selected. That matter is discussed in section 19 .1 . In the case of 

closed-loop simulations with controllers having integral parts, the 

design value of T . , which is equal to the controller set-point, will 

of course be met, as is shown below. 

Figure 17-6 shows the closed-loop responses for the two cases. Simi

larly to the study described in section 17 .1 , single loops with Pl-

controllers were forrred, and the controllers were tuned using initially 

the Ziegler-Nichols and Chien-Hrones-Reswick rules and finally the 

"engineering judgement" approach. The control action resulting in the 
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» t Tsl 
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variables to a step disturbance of lOl4. 
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shown transients was stimulated by a step disturbance of 6M4 / M4 = 

8 %. A very similar result (which is not shown here) was obtained 

by imposing a step disturbance of 6T . . / T . . = 6 %. The result can 

be characterized as follows: 

In both cases, a sufficient control performance is attained. However, 

in case 2 C, parameter tuning is easier, as the performance is less 

sensitive to variations of the controller parameters, i.e. the optimum 

range of the parameters is broader. Furthermore, in case 2 C, the 

control actions are less vehement. So, there is a similar distinction 

between these two cases as to the distinction between the two bypass 

situations, as presented in the foregoing section. This time, however, 

the distinction is less strong. 

The bypass fraction in case 3 A is again driven close to its limits. 

There are two possible causes of that: 

( i ) "Dynamic cause": 

the delays that are inherent in the process to be controlled 

require a high level of control activities (cf. section 6 .3 ) . 

( i i ) "Static cause": 

the static effects of the bypass fraction on the controlled var i 

able are too limited (cf. sections 8.2 and 8 .3 ) . 

This question of the cause is treated in section 18.2. 

From the study of this example it can be concluded that the poor 

t - / t u ratio of a control path can be made up for by the speed of 

its response compared to that of other paths. The example is reused 

in the subsequent chapter for the study of the static transfer factors 

and the dynamic performance in view of the limits imposed on the 

bypass fractions. 
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18. Network analysis 

18.1 The problem of multiplicity 

Looking back at the example network of figure 17-4, one can say that 

the simple three-units network shown is just one solution, of many 

others, to the given four-stream problem, which is, in turn , just one 

of the infinite variety of four-stream problems that can be thought of. 

Besides that, there are five-stream problems, six-stream problems, 

etc. 

Eight different inlet disturbances could be explicitly introduced into 

the example mentioned above, namely a 6T. and a 6M for each stream. 

There are four stream-outlet temperatures that are possible variables 

to be controlled, and there are six locations where control bypasses 

could be situated. Investigating all the possible combinations, in

cluding multivariable control schemes, would require considerable 

effort. But would that be helpful at all? In real-life problems, the 

number of possible combinations is restricted, anyway, from the 

beginning. It might still be large, though. A design engineer is 

normally forced at an early stage to select those which deserve closer 

attention. By making that selection, the budget of engineering costs 

and the project schedule are kept to. On the other hand, there is a 

risk that optimum solutions are inadvertently abandoned. 

It is intended in this work to present guidelines for making that selec

tion in a sensible way. Therefore, instead of presenting the results of 

an exhaustive number of case studies, which would not apply to a 

particular user problem, anyway, it is demonstrated in an exploratory 

manner how the tools developed in part I I I are used. 

In the next section, the main emphasis is on static transfer factor 

analysis, whereas in section 18.3 the bounds to the manipulated 

variables as the ultimate limits to the dynamic performance are dis

cussed. 
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18.2 Transfer factors 

In this section, it is demonstrated by means of four examples how the 

tools developed in chapter 8 are used. In view of the multiplicity of 

problems, as discussed in the foregoing section, there is no way of 

surveying all kinds of problems. Depending on the specific application, 

the main emphasis of the studies might be on one or more of the fol

lowing topics: 

( i ) dissemination of the effects stemming from one source of distur

bance, 

( i i ) effects of diverse sources of disturbance upon one variable 

which is to be controlled, 

( i i i ) effects of diverse sources of control manipulations ( i . e . , here, 

bypasses around heat exchangers) upon one variable which is 

to be controlled, 

( i v ) dissemination of the side-effects stemming from one source of 

control manipulations, 

( v ) potential of diverse "disturbance sinks" ( i . e . , again, bypasses 

around heat exchangers) to absorb effects stemming from one 

source of disturbance, 

(v i ) dissemination of the side-effects stemming from one "disturbance 

sink". 

Topics ( i ) , ( i i ) , ( v ) and (v i ) may be of importance in regulatory con

trol (cf. chapter 4) if one or more well-identified disturbances ( e . g . 

6M's or 6T's at stream inlets) are to be expected, ( i ) and ( i i ) may 

be particularly useful for studying whether a particular variable is 

to be controlled at all - a question whose answer is not always 

obvious. They may be also useful for studying whether a particular 

feed-back loop should be supported by a feed-forward (the example 

of figure 14-2 is referred to) . 
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Topics ( i i i ) and ( i v ) , on the other hand, are particularly important 

if it is clear which variables have to be controlled, or if no definite 

sources of disturbances can be identified. An important class of 

such disturbance sources comprises changes of the steady-state per

formance, for example due to the inaccuracy of design calculations, 

or due to fouling. These kind of disturbances may be more serious 

than accidental disturbances at inlets occurring during operation. 

Therefore, they are discussed at the end of this section. Topics ( i i i ) 

and ( iv ) may also be of importance in the case of servo control (as 

opposed to regulatory control), that is, if frequently changing set-

points have to be tracked. 

Obviously, the points of view differ from case to case. Here, just 

some examples will be given. At f irst , the example problem of 

section 17.2 is resumed. Its composite curve, which is shown in 

figure 18-1, indicates that the underlying problem is a threshold 

problem (cf. section 2 .3 ) . It might as well be the "cold end" of a 

pinch problem, that is, the part to the right of the pinch in the 

grid diagram (see also figures 18-6 and 18-9 beiow). According to 

the pinch design method, the problem parts above and below the 

pinch are treated separately (cf. section 2 .3 ) . Their main features 

are symmetrical, and so are those of the related part network 

designs. So, half of the network in a way represents the whole. 

Complete pinch networks are studied further below. 

The grid diagram of the four-stream example, figure 17-4, is re

drawn to include the transfer factors (obtained by means of the 

method of section 8.2) and the emission and absorption capacity of 

bypass control (obtained by means of the methods of section 8 .3 ) . 

A key to the additional informations in the diagram is presented in 

figure 18-2. The grid diagram itself is shown in figure 18-3, 
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Figure 18-1: Composite curves of the four-stream 
example problem 
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Factor for the transfer 
ofoTj to the outlet 
h the same stream 
(for a non-bypassed 
heat exchanger), 
see figure 8-4 

Maximum possbte deviations of the 
outlet temperature from its design 
value, if the heat exchanger is 
designed for UA = oo and a bypass 
around t is My opened or closed, 
respectively see equation (8-14) 

design Net 
temperature 

design outlet 
temperature 

Factor for the 
transfer of ST; 
to the outlet 
in the other 
stream 

Maximum deviations of the inlet 
temperature from its design 
value that can be coped with 
by fuly opening or closing, 
respectively, a bypass around 
the heat exchanger with UA=«> 
design, in order to keep the 
outlet temperature of the same 
stream at its design value, 
see figure 8-10 

Maximum deviations of the Met 
temperature from its design value 
that can be coped with by fuly 
opening or closing, respectively, 
a bypass around the heat 
exchanger with UA=<» design, 
in order to keep the outlet 
temperature of the other stream 
at its design value, 
see figure 8-11 

Figure 18-2: Key to the additional informations included in the grid 
diagrams, concerning transfer factors 
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Figure 18-3: Grid diagram with additional informations, for the 
four-stream network (original version) 

The network example has been supplemented by a variant to study 

the effect of a different network structure which solves the same 

problem. The variant was formed by interchanging the locations of 

heat exchangers B and C. 

At f i rs t , topics ( i ) and ( i i ) are addressed. The effects of disturbances 

of the temperatures at the stream inlets, on the stream-outlet tem

peratures, are shown in table 18-1 for both the original version 

(f igure 18-3) and the variant (f igure 18-4). The factors are obtained 

by simply following the according path across the network and in

cluding every factor that is encountered into the overall product. For 

instance, the overall transfer factor from the inlet of stream 1 to the 
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outlet of stream 4 is 0.17 in the original version and 0.05 in the 

variant. It is composed of the following individual factors. 

In the original version: 

heat exchanger A, "straight-on" in stream 1 : 

heat exchanger B, "turn-off" from stream 1 to stream 4: 

0.33 

0.50 

In the variant: 

heat exchanger A, "straight-on" in stream 1 : 0.33 

heat exchanger C, "turn-off" from stream 1 to stream 4: 0.33 

heat exchanger B, "straight-on" in stream 4: 0.50 

Q[kW] —*400 
UA[kW/K]-* 13J9 

A 

200 
3.6 
B 

200 
13 
C 

Figure 18-4: A second version of the four-stream network 
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In the case of these two simple networks, the calculation of the overall 

t ransfer factors by path t rack ing is par t icu lar ly s t ra ight forward as 

there are no multiple paths and no loops. The treatment of these 

items follows fu r t he r below (c f . f i gu re 18-7 below). 

Table 18-1 shows the outlet temperature reactions to one inlet tem

perature disturbance at a t ime. Due to the l inear i ty of the t ransfer 

equations, the reactions to disturbances at d i f fe rent inlets can be 

superposed, as is shown by an example in f igure 18-5. 

A look at table 18-1 gives the impression that even in these small 

networks there is a considerable dissemination, and wi th that a re

duct ion, of disturbance ef fects. Since the t ransfer factors of the 

individual heat exchangers in any direct ion are always less than 

one, the effects are reduced even more, if more heat exchangers are 

passed through (of course, the effects of control actions are reduced 

by the same mechanism as wel l ) . While similar t rans fer factors in other 

f ields of technology usually are called "gains" (a term that stems from 

amplifier technology), " reduct ion" would be more appropriate in th is 

case. Therefore, the neutral expression " factors" has been used here. 

A comparison of the f igures fo r the two versions ( i . e . those above 

and below the diagonal) shows tha t , on the whole, version 2 leads to 

equal or improved " f i l t e r i ng " performance. Compared with the or iginal 

vers ion, one path is cut , namely 2 •* 1 , whereas two new (however, 

weak) ones are formed, 1 ->• 2 and 3 -* 2 . Disturbance t ransfer is 

considerably reduced in the case of 1 •* 4 and 3 •* 4, whereas i t is 

increased through path 2 -*• 4. 

With respect to the part icular disturbance path that was studied in 

section 17.2, namely 4 •* 4, the two versions are equivalent. 
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disturbance 
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Table 18-1: Dissemination of temperature disturbances at 
stream inlets 

200 

% 

—^.6 

0-

«-© 
.4 

160 _ kW 
— • o — 

K 

100 4 kW 
K 

+7 

2.5 + 3.5 
= 6 

o 
4.2 + 2.0 

= 6.2 207 

Ô 
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Figure 18-5: Superposition of the effects of two disturbances 
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In order to study topics ( i i i ) and ( i v ) , the effects of the two extreme 

fractions of bypass flow around each heat exchanger upon each outlet 

temperature have been calculated. The extreme heat exchanger outlet 

temperatures are obtained using the method of section 8.3. They are 

passed to the stream outlets via the "straight-on" and the "turn-off" 

transfer factors in the same way as the disturbances treated above. 

The results are shown in table 18-2. This time, the comparison of the 

two versions is not as straightforward as in the previous table. 

extreme 
bypass 
fractions 
at heat 
exchanger 

A 

B 

C 

extreme reactions at the outlet of stream ... 

1 

+ 48.0 / 
- 9 . 6 / 

/ + 5 8 . 4 
/ -11.7 

+ 40 / 
- 4 0 / 

/ 0 

+ 40 / 
- 2 0 / 

/ + 40 
/ - 8 0 

2 

0 / 

/ + 1 0 . 6 

/ " 2A 

0 / 

/ + 4 0 
/ -40 

+ *.0 / 
- 8 0 / 

/ + 4 0 
/ -20 

3 

+ 20.0 / 
-100.0/ 

/+20.0 
/ -100.0 

0 / 

/ ° 
o / 

/ ° 

4 

+40.0 / 
- 8.0/ 

/^13.2 
/ - 2.6 

+ 50 / 
- 5 0 / 

/ + 5 0 
/ -50 

+ 50 / 
- 2 5 / 

/ + 50 
/ " 2 5 

Table 18-2: Effects of extreme bypass fractions at one 
heat exchanger (of UA=*> design) 
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Hosever, it can be concluded that heat exchanger B, having a "per

fect" maximum effectiveness of 0.5 with respect to the evenness func

tion 

e max 

(see section 8 .3 ) , is most suitable for being equipped with* a control

lable bypass. For controlling the outlet temperature of stream 1 , the 

first version of the network has to be chosen, whereas the second 

version is the only one that permits the control of outlet tempera

ture 2, if heat exchanger B is to be used. For controlling the outlet 

temperatures of streams 3 and 4 (still through exchanger B ) , the two 

versions are equivalent in enabling powerful control (stream 4) or no 

control at all (stream 3 ) , respectively. 

In section 17.2 the question has arisen if the manipulated variable 

( i . e . the bypass fraction) was driven so much closer to its limits 

(particularly the upper one) in case "3A" (set figure 17-6) due to a 

poor static control potential (possible cause ( i i ) ) , or due to slower 

process dynamics (possible cause ( i ) ) . 

Case "3A" means that the outlet temperature of stream 4 is controlled 

by a bypass in stream 3 around heat exchanger A, whereas in case 

"2C" it is controlled by a bypass in stream 2 around heat exchanger C 

(cf. figure 17-4). For the purpose of that study, a bypass around 

heat exchanger B was not SL.̂ DOsed to be feasible, e .g . due to safety 

considerations or something similar. Otherwise it would have made 

the best solution. 

A comparison of those two cases, namely A •* 4 and C -» 4, in 

table 18*2, suggests superiority of the "C" solution with respect to 

the absolute control potential (represented by an outlet temperature 

span AT of 75 °C as opposed to 48 °C in the other case), as well 

as to its evenness (with an unevenness value of 2, compared with 5 

in case "A"; for the "unevenness" refer to figure 8-9a). Hence, 

cause ( i i ) seems to expiain the difference. However, it must be 
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considered that the d is turbance, which causes the transients of 

f igure 17-6, leads to a decrease of T . , and hence calls for an init ial 

increase of the bypass f ract ion of heat exchanger A , or for an ini t ial 

decrease of the bypass fract ion C, respect ively, as can be seen from 

f igure 17-6. Now, fo r th is part icular s i tuat ion, heat exchanger A can 

provide a potential of 6 T . = +40 °C , which is nearly as good as the 

value of +50 °C for heat exchanger C. So, both causes, ( i ) and ( i i ) , 

are relevant. 

Table 18-2 shows c lear ly , that every control action is done at the 

expense of side-effects affecting other out let temperatures. The 

meaning of "s ide-ef fects" is explained in section 8.3, see par t icu lar ly 

f igures 8-10 and 8-11. Side-effects can be regarded as disturbances. 

Whether they can be tolerated without tak ing correct ive measures, or 

not , depends on the individual case. If pa r ry ing is necessary, there 

are in most cases heaters or coolers available, which can be used for 

" t r imming" , as in the examples of f igures 18-6 and 18-9 below. The 

" rou t ing" rules of f igure 8-5 can then be used to s t ruc ture the 

network in such a way that the side-effects are led into heaters or 

coolers where they can be absorbed (prov ided that the heater or 

cooler has the capacity for doing so). 

If there are no " t r im" heaters or coolers, the side-effects have to be 

absorbed by means of bypasses around other heat exchangers. This 

is probably the point where the use of the paper-and-penci l method 

outl ined above ends and the tool of simulation comes i n . 

Another way of looking at the problem are topics ( v ) and ( v i ) . In 

f igure 18-3 the disturbance absorbing capacities of the individual heat 

exchangers have been entered, according to the key given in f igure 

18-2. That i s , using the method of section 8.3 ( i l lust rated in f igures 

8-10 and 8-11), the maximum possible deviations of the inlet tem

peratures from the i r design values, which can be coped w i t h , i f one 

of the outiet temperatures has to be kept at i ts design value and the 

heat exchanger is equipped with a bypass. 

The use of those absorbing capacities is shown by means of an exam

ple. In one of the studies of section 17.2, a temperature disturbance 

at the inlet of stream 4 was assumed, and the outlet temperature of 

the same stream was to be control led. 
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Now, if the control bypass is installed around heat exchanger C, 

the pair of maximum allowable inlet temperature deviations is +50 and 

-» °C . All the side-effects resulting from possible control actions are 

sent to the outlet of stream 2. On the other hand, if the bypass is 

with heat exchanger B, the allowable inlet temperature deviations are 

those of heat exchanger B divided by the "straight-on" transfer factor 

of heat exchanger C, that is +75 and -» °C . However, this increase 

of absorbing capacity is paid for with the transfer of side-effects to 

the outlets of both streams 1 and 2. 

The simple four-stream and three-unit example in its two versions, 

which has been treated above, can be regarded as the "core" of a 

larger network, as it shares some of its important features. Before 

the transition to larger network examples, a last remark is made on 

the dynamics. From the studies described in section 17.2 it can be 

concluded that the proportion of the UA products of the individual 

heat exchangers gives a rough measure of the proportion of the time 

constants that govern the dynamics of the individual heat exchangers. 

Consequently, paths that avoid heat exchanger A (with an UA of 

13.9 kW/K, contrasting with the values of 3.6 and 1.9 of the others) 

are likely to produce faster responses. 

In figure 18-6, a larger network is shown. The example was used in 

[18] to illustrate the use of a method based on static simulation and 

optimization to find out which of the four heat exchangers should be 

equipped with a bypass in order to control the outlet temperature of 

stream 4, i .e. the one that can not be regulated by means of a trim 

heater or cooler. On the assumption of a disturbance range (cf. 

chapter 5) of 6M / M = -5 % in the hot streams, and of 6M / M = +5 % 

in the cold streams, it was found that a bypass around heat ex

changer B was the best solution with respect to energy recovery and 

meeting the set-points on all possible combinations of disturbances 

within the assumed range. It was shown that this purely "regulatory 

control" approach ( i . e . not using more manipulated variables than 

controlled variables, see section 2.3) could not even be surpassed 

by the maximum "optimizing control" approach of equipping all four 

heat exchangers with bypasses. 
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Here, the emphasis is rather on the general features than on managing 

a specifically assumed disturbance range. The study of one or more of 

the aforementioned topics ( i ) to (v i ) is done in the same way as in the 

foregoing smaller example. Therefore, it is not repeated here in detail. 

The only new feature of this example, compared with the last one, is 

the occurrence of multiple paths, that is, splitting of the path of 

effects, from an origin to a destination, in*o branches that rejoin 

further downstream. An example is the way from the inlet of stream 2 

to the outlet of stream 1 , which can take two routes: 

a) turn-off in C to stream 3, turn-off again in B to stream 1 , and 

straight-on through D; the transfer factor is 0.09, 

b) straight-on through C, turn-off in E to stream 4, turn-off in D to 

stream 1; transfer factor 0.20. 

The transfer factors simply add to 0.29. 

Multiple paths should not be confused with loops, which are charac

terized by a feed-back and thus make algebraic loops similar to the 

one of figure 10-11. Figure 18-7 aids the distinction by showing a 

typical representative of each. 

While the treatment of multiple paths consists of simple superposition, 

loops require the solution of an algebraic equation. An example is 

given in figure 18-8. 
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Figure 18-7: A multiple path (without loop) and a loop 

For the example of figure 18-6, the reactions of the outlet temperature 

of stream 4 to the extreme bypass fractions for each heat exchanger 

are listed below. Similarly to table 18-2, the respective heat exchanger 

that is equipped with a bypass is assumed to be designed for UA = ». 

B 

C 

D 

E 

+47 

+15 

+15 

+ 9 

-24 

- 8 

-40 

-36 

For the task of controlling the outlet temperature of stream 4, heat 

exchanger B has the strongest a priori potential, with respect to 

both magnitude and evenness. However, for a particular kind of 

disturbance, another option may be superior or equivalent, as was 

shown when the solutions "A" and "C" in the previous three-unit 

example were compared. 
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a) Performance on design conditions 
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The example of figure 18-6 has been designed according to the pinch 

design method (cf. section 2 .3 ) . In order to bring out common fea

tures of pinch-designed networks, another example is looked at. 

Figure 18-9 shows an example used in [28]. From the study of these 

and other examples the following trend becomes apparent: 

• close to the pinch: high effectiveness heat exchangers, 

• away from the pinch: medium or low effectiveness heat exchangers. 
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The reason for that is that a network which has been designed using 

the pinch method mimics the driving force distribution of the problem 

( [ 5 7 ] , [17] ) . This is illustrated by figure 18-10. Designing a network 

using the pinch-based method does not save more energy, since MER 

networks can be designed by means of other methods ( e . g . [11] , 

[12]) as well. But it saves area and, with that, money is saved [57] 

and static resilience is gained [17]. 
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Figure 18-10: The principle of pinch-based network design. 
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It is claimed here that designing a network according to the pinch-

based method offers the prerequesites for achieving good dynamic 

performance, too. The heat exchangers which are close to the pinch 

tend towards low driving forces and high effectivenesses. Thus, 

according to figure 8-5, they form "turn-offs". With that, there is a 

tendency for signal transfer paths (for both disturbance and control 

signals) which turn back at the pinch (in the view of the grid repre

sentation), as is shown in figure 18-11. 

«* -

« * -

+_ 

1 

1 1 

1 

_ .J 1 

J 

I 
i 
1 
i 

I 
1—| 

1 
i 
1 
1 

• 

__ ^ 

». 

PINCH 

Figure 18-11: Typical routes of main signal transfer 
in networks of pinch-based design. 

On the other hand, the heat exchangers away from the pinch, with 

their high driving forces, low to medium effectivenesses and very 

cften high differences between their two inlet temperatures, have 

a strong potential for both the emission of control effects and the ab

sorption of disturbances, if they are equipped with a control bypass. 
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In pinch problems, the target of energy optimality often leaves little 

or no choice with regard to the possible links between hot and cold 

streams near the pinch. At some distance from the pinch, however, 

the designer has more freedom in deciding which hot stream he wants 

to link with which cold stream by means of a heat exchanger. Using 

that freedom to create powerful control loops and to send side-effects 

and disturbances to places where they do no harm, ( e . g . non-critical 

outlets), or where they can be absorbed ( e . g . trim heaters), is the 

art of network design for controllability. 

The methods outlined in this section (which are based on the fun

damentals presented in sections 8.2 and 8.3) for selecting the heat 

exchangers to be equipped with a bypass, may be of help in doing 

so. Once the heat exchangers have been selected, the method of 

section 8.3 may help designing them. 

Similarly to heat exchanger network design, the design of the control 

loops can virtually be divided into two separate parts, one at each 

side of the pinch. A threshold problem can be regarded just as such 

a part of a pinch problem. 

There is one further incentive for equipping the low-to-medium-

effectiveness heat exchangers with bypasses: in the introduction to 

this section, in the course of discussing topics (i i i ) and ( i v ) , the 

possible gravity of disturbances resulting from changes of the steady-

state performance was mentioned. Common causes are inaccurate 

design calculations or fouling. They result in a change of the over

all heat transfer coeffficient, U, and therefore of the NTU. From 

figure 8-2 it is obvious that the effectiveness of low-effectiveness 

heat exchangers is more sensitive to changes of NTU. Hence the need 

for the possibility of correction by means of a controllable bypass is 

stronger. 

Figure 18-12 shows by an example, how the sensitivity of e on changes 

of U depends on e itself. 
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18.3 Ultimate limits to controllability 

The four-stream example network of section 17.2 is resumed here to 

show how the bounds to the manipulated variables ( i .e. the bypass 

fractions) make ultimate limits to controllability. For that purpose, 

the transients shown in figure 17-6 are recalled. It was found that 

the performance of case "3A" was slightly superior, but it required 

more vehement control actions. The question was raised if that was 

due to delays inherent in the process ("cause ( i ) " ) , or due to a 

limited control potential ("cause ( i i )") . 

In section 18.2 the answer was that both causes were relevant be

cause of the uneven distribution of the control potential of the bypass 

around heat exchanger A, which favoured the kind of disturbance that 

causes an initial decrease of T . . The unevenness index was 5. 
4o 

Here, the reverse kind of disturbance is imposed. To do so, the pre-
* vious 6M4 step of +8 % is undone. The responses of the controlled and 

the manipulated variables for both cases are shown in figure 18-13. 

This time, the fraction of the bypass flow around heat exchanger A 

is at its lower limit, namely zero, during nearly half of the time that 

is required for settling. The reason for that is the poor control 

potential that results if the bypass around heat exchanger A is closed. 

It is five times less than that of the opening bypass, namely -8, 

compared with +40 (see table 18-2). Consequently, the transient per

formance of the controlled variable, T . , has deteriorated in case 

"3A". For case "2C", on the other hand, the T ^ and b transients 

in figure 18-13 are just symmetrical to those in figure 17-6, since no 

limit is met. 

Without the anti-reset-windup device implemented in the controller 

software (see section 12.9, item CONCON) the period during which 

the bypass fraction "3A" clinges to zero would have become unduly 

long. 
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The effect of bounds to the manipulated variables has been shown 

using conventional SI SO-loops with simple PI controllers. Now, there 

are more sophisticated control schemes (see item "Simplicity" in 

chapter 4 ) , for instance: PID control, cascade control, feed-forward 

(cf. figure 14-2), output feed-back without state observer, output 

feed-back with observer, thus resulting in state feed-back, and 

MIMO control schemes (refer to 133), [41] , 131]). 

In many instances, such sophisticated control schemes result in an 

improved transient performance (sometimes paid for by a considerable 

increase of the design and tuning effort ) , because they make use of 

the available control potential in a more intelligent way. However, trrey 

cannot enlarge that potential either. So, the limits to controllability, 

which are caused by the bounds to the manipulated variables as 

demonstrated above, are for them as well. 
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VI C O N C L U S I O N S 

19. Simulation technique 

19.1 Models 

In section 3.3 it was stated that a by-product of this work is the 

contribution to the knowledge of the use of heat exchanger models for 

network simulation. In this section some experiences concerning the 

significance of model parameters are reported, whereas in the next 

section a few details of the integration methods are discussed. 

in section 12.9 (item INISTA) it was stated that a "settling down" 

simulation run is necessary before the "real" simulation is started to 

study the response of the network to input modifications. 

The initial values for the 'real" simulations, i .e. the steady-state 

values after the "settling down" run, do not coincide with the initial 

values for the "settling down" run, which follow from the design con

ditions. In section 17.2 an example was presented (see figure 17-5) 

and the explanation was given that the global approach of treating the 

heat exchanger, when the initial values are derived from the design 

values, does not correspond with the section-wise approach of the 

simulation itself. 

Theoretically, using an infinite number of lumped sections would cause 

the differences to disappear, since infinite lumped sections result in 

the model with distributed parameters shown in section 8 . 1 . By means 

of numerous simulation runs with single heat exchanger models it 

has been studied how increasing the number of sections drives the 

"settling down" values closer to the design values. It has also been 

studied how the introduction of the LMTD as driving force (sec

tion 10.2) accelerates that alignment. 
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The following figures from a typical example give an impression of 

those effects. They show the deviation ( in per cent) of the difference 

between the "settling down" inlet and outlet temperatures, from the 

difference between the design inlet and outlet temperatures (in either 

stream). 

2 sections 7 sections 

Difference of bulk temperatures -16.5 % -4 .9 % 

as driving force 

LMTD as driving force -2.2 % +0.4 % 

Obviously, LMTD models are superior. Further increasing the number 

of lumped sections would reduce those deviations even more, and the 

"settling down" runs could be dispensed with. However, that would 

be done at the expense of an increased CPU time requirement. In view 

of the uncertainty of static heat exchanger design calculations (cf. 

section 10.3 and [50] ) , an obsession with the steady-state values is 

not profitable, anyway. 

With regard to the model order, it has been found that for investi

gations of the kind carried out in this work, the use of three or 

four lumped sections per fluid stream in a heat exchanger leads to 

reasonable results from the view of both statics and dynamics. 

Care has been taken to allow for temperature dependence of the 

physical properties of the fluids in the models, see section 10.4. This 

was not because of the absolute necessity of taking it into account, 

but in order to assess its significance. 

As far as density is concerned, several step response simulation runs 

have shown that in most cases its dependence on temperature is 

negligible. The short-time overshoot (or undershoot) of the mass flow 

rate, which ranges typically from 1 to 10 % of its average level, has 

not been found to alter the heat transfer coefficients in a significant 

manner. An illustrative example was given in chapter 16. The tran

sients shown in figure 16-4 are referred to. Simulations have also 
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been carried out to compare the outlet temperature responses of heat 

exchangers flowed through by fluids of constant or variable density, 

respectively. Otherwise the heat exchangers were modelled identically. 

From equation (10-21) follows that the difference between outlet and 

inlet mass flow rate vanishes, anyway, on steady-state, that is, if 

dh / dt equals zero. Therefore, the ultimate response will be the 

same in both cases (cf. also the remark at the end of section 10.5). 

It has been found that the difference between the two transients 

typically amounts to not more than 3 % of the difference between the 

starting and the ultimate value. Both the starting and the ultimate 

values for both cases are of course identical. Hence, the coefficients 

p and YD, which relate the density with the temperature in the 

polynominal equation (10-23), can normally be equated to zero. Con

sequently, the algebraic loop (marked by broken lines in figure 10-11) 

is cut and the user defined parameter ITERAT, which prescribes the 

number of iteration steps (see items PREPIN and FCN in section 12.9) 

can be equated to one. 

In cases where the temperature dependence of the density has to be 

taken into account, an ITERAT value of 3 is sufficient. Therefore, 

that parameter was made user-control (able rather than turning the 

iteration into a self-control led loop based on a threshold-test of the 

difference between the respective foregoing and actual results. Such 

an algorithm, within the derivative- calculation subroutine FCN called 

by the integration subroutine, would have involved the risk of wasting 

computation time, see also the corresponding remark at the end of 

section 12.4. 

Considering the variability of the dynamic viscosity, on the other 

hand, has been found to be a necessity. Steady-state values resulting 

from models with constant yi differed from those of models with 

variable \t by about 50 %. Obviously, the exponential equation (10-22), 

although its effect on heat transfer is lessened by the exponents 

0.87, 0.80 or 0.50 of the Nussselt and Reynolds number relations put 

down in section 10.3, cannot be ignored without consequences. 
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The dependance on temperature of the specific heat capacity, which 

is expressed by equation (10-24), should also not be neglected. 

Neglecting the variability of c shown in figure 10-8 has led to devia

tions of the steady-state outlet temperatures of as much as 75 %. The 

magnitude of the deviations depends of course on the temperature 

range which is taken by the transients. 

Besides the variability of the physical properties, the thickness of 

both intermediate and outer walls is also a model parameter that 

influences the dynamic performance considerably. That fact was men

tioned already in section 10.5. Most instructive is a comparison of the 

two examples of chapters 14 and 15, respectively. While in the experi

ments described in chapter 14 the walls are of little relevance, they 

dominate the dynamics of the associated network based on a throttle, 

for which the simulations are presented in chapter 15. 

Another instructive example is presented in figure 19-1. It shows the 

response of the outlet temperature of stream 1 from heat exchanger D, 

as caused by an increase of the bypass fraction from 0 to 0.3 at heat 

exchange" B, in the same stream, for the network that is shown in 

figure 18-6. The thicknesses of the intermediate walls were 2.5 and 

0.02 mm, respectively. 

In this context, the terms "thick" and "thin" are used in a dynamic, 

not technical meaning. "Dynamically thick" means that the time con

stants which are related to the wall predominate over those which are 

related to the fluid. "Dynamically thin" means the opposite case. 

19.2 Integration methods 

'he IMSL integration subroutine DGEAR puts two different integration 

methods at the user's disposal (see items PREPIN and DGEAR in sec

tion 12.9), namely the Gear method for stiff problems and the Adams 

method for non-stiff problems. Both are implicit multi-step methods 

in predictor-corrector form ([431, [55]). The Gear method uses more 

sophisticated algorithms, which lead to h ^ner accuracy, at the 

expense of a higher effort for computation. For the iteration cf the 

corrector equation, an approximation of the Jacobi matrix is calculated 

and then inverted. 
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Figure 19-1: Response at the hot outlet of heat exchanger D 
to a step of the bypass fraction in the hot 
stream of heat exchanger B, in the network 
of figure 18-6. 

In the course of this project, ODE systems having an order of up to 

100 were solved. Tests on a random basis have shown that the Gear 

algorithm can be recommended in all cases. While it is much superior 

for solving stiff problems, it is not inferior to the Adams algorithm 

for non-stiff systems of any order, either. 
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For the approximation of the Jacobi matrix, there are two options 

available, a finite difference formulation and a diagonal approximation. 

Since heat exchanger networks with their many links between different 

state variables do not lead to models with diagonally-dominated Jacobi 

matrices, the finite difference approach is clearly superior. 

The user of the integration software is asked to specify a bound to 

the local relative error, which is used for step width control. On a 

random base, the values of 0.001 and 0.00001 have been compared for 

otherwise identical simulation runs. The difference of the results (but 

not that of the computation time required) have turned out to be so 

small, that the larger value can be recommended. 

Like any implicit integration method, the Gear algorithm is slow at 

handling discontinuities. Such a discontinuity is encountered if the 

Reynolds number is in the range of 2300 and the heat transfer law 

is switching from laminar to turbulent and back, see section 10.3. In 

that case, the computation time rises dramatically. 
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20. "Design rules" - a synopsis 

"Design rules" for the process engineer involved in the design of pro

cessing plants - that was the "demand of the market" which led o the 

initiation of this research project by the International Energy Agency 

Working Party on Energy Conservation (see section 3.1). Now, the out

come of this project is not really a canon of rules - establishing rules 

for the practician may be suspected of academic presumptuousness, 

anyway. The real outcome of this work are some findings, scattered 

over parts III and V, which may be of more or less interest to in

dustrial practice. 

On the other hand, making the results of academic research fruitful 

to practice is really a matter of concern. Therefore, the main findings 

of the project are summarized in this chapter by outlining them in the 

form of key sentences. These key sentences represent design guide

lines which ensue from the results of this research. They are com

plemented by references to the passages of this work where funda

mentals, methods and examples are found. The key sentences are 

grouped into their two main fields of application, namely, network 

design taking controllability into account, and controllability assess

ment and control loop selection for existing designs. Those two fields 

have been outlined already in chapter 5. The practising engineer will 

regard these key sentences as hints, rather than rules, perhaps to 

be taken with a pinch . . . of salt. 

( i ) Network design taking controllability into account 

1. Become aware of the kind of control problems to be expected. Is 

the main emphasis on regulating a particular variable, or is it 

on offsetting the effects of known sources of disturbance? To 

what extent do side-effects of control actions matter? In the 

introduction to section 18.2, six problem topics are listed and 

their implications are discussed. 
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2. Designing a heat exchanger network resembles operating a rail

way signal box. The "trains" are deviations of temperatures 

from their design values, which can be either disturbances or 

effects of control actions. The "points" are the heat exchangers, 

which are set in "straight-on" position if their £ is low, or in 

"turn-off" position otherwise. This is illustrated by figure 8-5. 

In section 8.2, it is explained why there are straightforward 

signal transfer characteristics for temperature deviations 

(regardless whether they are disturbances or control effects) 

which make them comparable to railway shunting. It is also ex

plained why there are no such simple transfer characteristics 

for the deviations of mass flow rate (which can also be regarded 

as disturbances). 

3. Unlike railway shunting (if it is accident-free), at the "points" 

of heat exchanger networks, some wagons are always sent into 

the respective other direction, '-'ence: the more heat exchangers 

are involved in a signal route, the more are the signal levels 

diminished (remember: this applies not to mass flow rate dev a-

t'ons). That follows from the signal transfer factors of the indi

vidual heat exchangers which are multiplied along a signal trans

fer route to obtain the overall transfer factor. These transfer 

factors are presented in section 8.2, see particularly figure 8-4. 

Examples are found in section 18.2, particularly in table 18-1 . 

4. Controllable bypasses around heat exchangers can be regarded as 

sources of control effects or as sinks for disturbances. The way 

they are looked at depends on the nature of the problem, see 

point 1 . For tracing forward (to find out where control effects 

and side-effects are transferred to) or for tracing backward (to 

find out what temperature disturbances can be coped with), the 

transfer factors mentioned in point 3 above can be used. 

5. The magnitude and the evenness of distribution of the control 

effect exerted on a controlled temperature is of paramount impor

tance for the performance of a control loop. Irrespective of the 

type of controller, bounds to the manipulated variable make ulti

mate limits to controllability, as is demonstrated in section 18.3. 
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6. The deviations of the controlled variable from its design value 

which are caused by the extreme bypass fractions 0 and 1, 

respectively, are a measure of both the magnitude and the 

evenness of the control effect which a bypass around a heat 

exchanger can exert on a controlled variable. A large difference 

between the two inlet temperatures is a prerequisite for a high 

magnitude of the control effect. This is explained in section 8.3. 

To use that potential of generating control effects, the bypassed 

heat exchanger has to be over-designed appropriately (see 

point .0 below). In addition, a transfer route having a sufficient 

overall transfer factor is required, see point 3 above. A maximum 

effectiveness which is close to 0.5 guarantees a good evenness of 

the control effect. This is also shown in section 8.3, and exam

ples can be found in figures 18-3, 18-4, 18-6 and 18-9. 

7. Networks which ara designed according to the "pinch-based" 

method have a potential for good controllability. Using that 

method (which is outlined in section 2.3) tenus to yield net

works with high-effectiveness heat exchangers close to the 

pinch and low-effectiveness heat exchangers away from the pinch 

(in the view of grid representation). This creates a "topology" 

favouring signal routes which turn round at the pinch, as 

shown in figure 18-11. These routes can be used to convey 

disturbances to places where they do no harm (e.g. stream out

lets whose temperatures do not have to be controlled) or where 

they can be absorbed (e.g. by heaters or coolers). On the other 

hand, they can also be used to transmit control signals to places 

where they should come into effect (e.g. stream outlet tem

peratures to be controlled). The regions away from the pinch 

are those where the designer is given some freedom in placing 

the heat exchangers. They are also the regions where the po

tential of bypass control is high. Using that freedom to place 

bypassed heat exchangers at the right spots yields strong paths 

for control loops. These paths may lead directly to the controlled 

variable (thus avoiding "transfer losses" as described in point 3) 

or via a turn-round at the pinch. Another reason for equipping 
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low-e heat exchangt.-s with bypasses is their sensitivity to 

steady-state disturbances (such as fouling), see at the end of 

section 18.2. 

Controllability assessment and control structure selection for 

existing network designs 

It is instructive to enter the signal transfer factors and the 

extreme temperature deviations which can be attained through 

bypass control into the grid. This paper-and-pencil job ( in that 

respect similar to "pinch-based" design) provides an overview of 

the controllability aspects of a network design. It is illustrated 

by figures 18-2, 18-3 and 18-4. 

Check the influence of "surrounding ' equipment on the dynamics 

of the network. In chapter 9 and in section 11.2 some static and 

dynamic aspects of "associated networks" are discussed. The 

ratio of the "external coupling factor" to its stability limit plays 

an important part. 

The open-loop dynamic properties of heat exchanger networks are 

generally not a major issue in "design for controllability" (possi

bly a hunch of that has prevented the study of heat exchanger 

network dynamics). In chapter 16, it is shown that the controlla

bility index t G / t . , is remarkably uniform for different designs 

of heat exchangers. In particular, it is not much affected by 

the NTU (in contrast with a seemingly obvious supposition). All 

the same, there are some findings which may have some signifi

cance. They follow from the studies presented in chapter 17 and 

are listed here: 

- The responses of signal routes that involve heat exchangers 

with a high UA are likely to be slower than others. 
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- If a control bypass around a heat exchanger is situated in 

that stream through which the control effect is carried on, 

the closed-loop performance will be less sensitive to changes 

of controller and system parameters. 

- A poor t_ / t.. ratio of the response of a certain route can 

be compensated for by its overall speed. 

- As a rule of thumb for the design of heat exchangers that are 

equipped with a control bypass, it is suggested that the 

design bypass rate be about 70 % of that which would result 

for a design temperature approach of 1 K. The design proce

dure is outlined in section 8.3. 

An example of the practical considerations in the design of con

trol loops is presented in section 12.9, item CONCON. 

Do those ten points render simulation superfluous? They do not, but 

they help avoiding superfluous simulation. With the elementary network 

investigations outlined in this work and based on paper and pencil, 

the promissing cases, which deserve being treated with the time-

consuming instrument of simulation, can be selected. There are also 

cases where the usefulness of these elementary methods is limited, 

e .g . if there are mass flow rate disturbances (see section 8.2) , or 

if side-effects of bypass control have to be offset by other bypasses 

(see section 18.2). 
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21 . Suggestions of further research 

In the course of this work, some problems could be worded (actually, 

wording, and sometimes re-wording a problem is probably the most 

critical subtask in the process of solving it [58] ) . A few of the prob

lems could be answered in a more or less satisfactory manner, but 

many new questions worth being studied have arisen. The most im

portant ones of them are listed here, as an incentive for further 

research. 

a) Intensified study of the subjects treated in this work: 

• Application of the methods developed in this work for case 

studies in an industrial environment, e .g . for cases treated by 

the Swedish [8] or British participants of Annex II of the IEA 

Heat Transfer R & D programme [59]. 

b ) Extensions of methodology: 

• Application of the methods for controllability assessment of linear 

or linearized dynamic systems, which are based on eigenvalue 

and singular value analysis, as outlined in section 6.3. 

c) Extensions of scope, to include the following topics: 

• Effect of stream splits, 

• phase change of fluids (see the remark in the introduction to 

section 10.4) , 

' "thermal systems", comprising (besides heat exchanger networks) 

components for reaction and distillation, and power systems 

( [ 1 3 ] , [15] ) , particularly process heat pumps, in accordance 

with a recent shift of emphasis for Annex II of the IEA pro

gramme ( [14 ] , [59] ) . 
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c 
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c 
c 
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c 
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c 
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c 
c 
c 
c 
c 
c 

PROGRAM HEMDY 

PARAMETER (NWSCRE=79,NHSCRE=23) 

PARAMETER (NHPICT=21) 

PARAMETER (MUMTER=5) 

PARAMETER (NUMDSK=0) 

PARAMETER (NUMDSP=1> 

PARAMETER (NSTRMA=10,NUNIMA=20) 

PARAMETER (NUMOUT=8) 

PARAMETER (LEKOUT-10) 

PARAMETER (NSTAMA-100) 

CHARACTER *10 CESHOM 

Main program Heat Exchanger Network 
Dynamics 

A.) Definitions (non-executable 
Statements 

1. Constants 

1.1 Type Declarations 

1.2 Assignments 
Width and heigth of screen 

Heigth of picture section (the 
remainder is communication 
section) 

Logical unit number of terminal 

Logical unit number of disk (for 
files) 

Logical unit of disk for file 
(used in subroutine 0UTPLO only) 

Maximum numoers of streams and 
units (for each sort of unit: 
exchanger, heater, cooler) 

Maximum number of output arrays 

Maximum number of NHPICT-1 element 
blocks determining length 
of output arrays 

Maximum number of state variables 

2. Variables (Type and array 
declarations) 

2.1 Character variables 
2.1.1 singles 
Escape string for Cursor Home 
movement 

Name of file with problem and 
network configuration data 
(created in subroutine PRODEF, 
when a file is read, or ii\ 
BLOCMO, when a file is written; 
and destroyed in BLOCMO, when 
a network is modified) 

C 
CHARACTER *10 CFILDA 

Name of print output file with 
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C problem and network data 
C (created in subroutine BLOCNE) 

CHARACTER *10 CFILPR 
C 
C One-capital-letter codes 
C for network (ncluding problem), 
C model and simulation run. 
C Initialized to spaces at the 
C beginning of HENDY. Defined 
C by user entering at beginning 
C of subroutines BLOCNE, BLOCMO 
C and SIMCON respectively. Used 
C for tthe generation of data 
C and output file names. 

CHARACTER *1 CHAMET, CHAHOD, CHASIM 
C 
C 2.1.2 arrays 
C Contents of screen (picture and 
C communication sections). 
C Intended for temporary 
C communications. Available to and 
C modified by nearly all subroutines. 

CHARACTER CSCREE (NHSCRE) *(NWSCRE) 
C Alternate screen picture. 
C Contains the network picture. 
C Generated by subroutine PRODEF, 
C modified by subroutine INSHEX 
C (insertion of units). 

CHARACTER CPICTU (NHSCRE) *(NWSCRE) 
C 
C Screen picture for output 
C plotting, modified by subroutine 
C OUTPLO. 

CHARACTER COPLOT (NHSCRE) •(NWSCRE) 
C 
C Texts describing stored output 
C variables (stored in STOROU 
C and features described in 
C FESTOU), i.e. captions, 
C generated automatically by 
C subroutine OUTCON. 
C Initialized (spread out with 
C blanks) by subroutine SIMCON 
C before call to OUTCON. 

CHARACTER CHAOUT (NUW?»JT) *25 
C 
C 
C 
C 2.2 Logical variables 
C 2.2.1 singles 
C For command menu control: 
C Network constructing or 
C model building resp. at least 
C once done 

LOGICAL DOMENE, DONEMO 
C Command menu output: network 
C constructing or model building 
C or calculkations or exit resp. 
C wished 

LOGICAL WISHNE, WISHMO, WISHCA, WISHEX 
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C TERESC output: true if terminal 
C setting is possible 

LOGICAL TERSET 
C 
C 
C 2.2.2 arrays 
C Occupied places in network 
C picture (CPICTU) 
C (first index: number of the 
C place, from 1 to 15, according 
C to letters A..0 in the picture) 
C (second index: line number from 
C top of picture, i.e. first the hot 
C and then the cold streams, both in 
C order of descending maximum 
C temperatures. Note that only 
C every second line number bears 
C relevant information. This 
C storage wasting way was chosen 
C for convenience in order to 
C make the array easily accessible 
C through function ILIPIC). 
C Value: TRUE if location (i.e. 
C placa) is occupied. Initialized 
C to overall FALSE at the beginning 
C of subroutine BLOCNE. Modified 
C in the first part of subroutine 
C BLOCNE (stream splitting) and in 
C subroutine INSHEX. 

LOGICAL OCCPLA (15,NHSCRE) 
C 
C 2.3 Integer variables 
C Remark: 
C Convention for integer variable names: 
C N or NUM... 
C for the total number (i.e. the 
C quantity) of the items. 
C During a building-up phase where 
C the item treated actually is for 
C the temporary the last one in the 
C series, N or NUM... can be used 
C as running (or item identification) 
C number, examples are: 
C NUMEXC,NUMHEA,NUMCOO in subroutine 
C INSHEX, 
C NH0STR,NC0STR in subroutines STREIN 
C and PRODEF. 
C I (in loops sometimes simply 
C I or J, examples: entering of 
C stream data in subroutine PRODEF, 
C loop 300, and changing of stream 
C data in subroutine PRODEF after 
C label 750) 
C is used as the running (or item 
C identification) number and acts 
C often as index to arrays. 
C 
C 2.3.1 singles (besides implicite 
C declarations by F77 default) 
C 
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C 2.3.2 arrays 
C Indices to stream data in 
C STINDA, ranked with respect 
C to hicrhest temperature, for 
C hot and cold streams. 
C The index to IORDHO ranges from 
C 1 to the number of hot streams 
C (NHOSTR, see COMMON /NDIPRO/) 
C and is called IHOSTR in subroutine 
C INSHEX. The index to IORDCO 
C ranges from 1 to NCOSTR (see also 
C /NDIPRO/) and is equivalent to 
C ICOSTR-NHOSTR in subroutine INSHEX. 
C Initialized to zeroes by subroutine 
C PRODEF. 
C Modified by subroutine STREIN 
C (or by subroutine PRODEF if 
C existing network data are read). 

INTEGER IORDHO (NSTRMA), IORDCO (NSTRMA) 
C Information on the splitting 
C status of streams, containing: 
C (first index) 
C 1: Location (1..15) of split point 
C 2: Location (1..15) of mixing 
C point 
C 3: Mass flow (per thousand of 
C total flow) through lower 
C branch 
C (second index: stream number 
C in the same order as displayed 
C on the screen, resulting from 
C subroutine STREIN, called 
C ISTREA in subroutine BLOCNE) 
C The values are initialized to 
C zero at the beginning of 
C subroutine BLOCNE. For unsplitted 
C streams they remain zero. For 
C splitted streams they are defiuned 
C in the first part of subroutine 
C BLOCNE. Thus this array is used 
C to discern whether a stream is 
C split at all (e.g. in function 
C ILIPIC). 

INTEGER ISPLIT (3,NSTRMA) 
C Location of exchanger 
C containing: 
C (first index) 
C number of the exchanger in the 
C order of entering, attributed by 
C subroutine INSHEX and called there 
C NUMEXC (see COMMON /NUMUNI/) 
C (second index) 
C 1 number of place, from 1 to 15, 
C according to letters A..0 in the 
C picture 
C 2 number of hot stream involved 
C (1...NHOSTR) 
C 3 number of cold stream involved 
C (NHOSTR+1...NHOSTR+NCOSTR) 
C modified by subroutine INSHEX 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
c 
c 
c 
c 
c 
c 
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/•» 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
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c 
c 
c 
c 
c 
c 
c 
c 
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c 
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INTEGER LEXCI1 (15) 

INTEGER LOCHEA (MINIMA,3) 

INTEGER LHEIJK (15,NSTRMA,2) 

Inverse of LOCEXC (i,l) 
Contains the number of the 
exchanger (called NUMEXC in subroutine 
INSHEX) whereas the index is the 
number of the place (called IPLACE 
in subroutine INSHEX). 
The value is zero if there is 
no exchanger at that place. 
Initialized to zeroes at the 
beginning of subroutine BLOCNE, 
modified by subroutine INSHEX. 

Location of heater 
containing: 

(first index) 
number of the heater in the 
order of entering, attributed by 
subroutine INSHEX and called there 
NUMHEA (see COMMON /NUMUNI/) 
second index) 
1 number of place, from 1 to 15, 
according to letters A..0 in the 
picture 

2 number of cold stream involved 
(NHOSTR+1...NHOSTR+NCOSTR) 

3 type of branch: l=upper, 2-lower 
modified by subroutine INSHEX 

Inverse of LOCHEA (i,j) 
Contains the number of the 
heater (called NUMHEA in subroutine 
INSHEX) whereas the first index is the 
number of the place (called IPLACE 
in subroutine INSHEX) and the second 
index is the number of the cold 
stream, which is equal to ICOSTR 
in subroutine INSHEX and ranges 
there from NHOSTR+1 to NHOSTR+ 
NCOSTR (see COMMON /NDIPRO/) 
and the third index indicates 
the type of branch (1 for upper, 
2 for lower) which is called 
IBRANC in subroutine INSHEX. 
The value of the array 
elements is zero if there is no 
heater at that place in that stream 
and in that branch. 
Initialized to zeroes at the 
beginning of subroutine BLOCNE, 
modified by subroutine INSHEX. 

Location of cooler 
containing: 

(first index) 
number of the cooler in the 
order of entering, attributed by 
subroutine INSHEX and called there 
NUMCOO (see COMMON /NUMUNI/) 
(second index) 
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INTEGER LOCCOO (MINIMA,3) 

INTEGER LCOIJK (15,NSTRMA,2) 

1 number of place, from 1 to 15, 
according to letters A..0 in the 
picture 

2 number of hot stream involved 
3 type of branch: l=upper, 2=lower 

modified by subroutine INSHEX 

Inverse of LOCCOO (i,j) 
Contains the number of the 
cooler (called NUMCOO in subroutine 
INSHEX) whereas the first index is the 
number of the place (called IPLACE 
in subroutine INSHEX) and the second 
index is the number of the hot 
stream which is equal to IHOSTR in 
subroutine INSHEX and ranges there 
from 1 to NHOSTR (see COMMON 
/NDIPRO/) and the third index 
indicates the type of branch 
(1 for upper, 2 for lower) which 
is called IBRANC ins subroutine 
INSHEX. 
The value of the array 
elements is zero if there is no 
cooler at this place in this stream 
and in this branch. 
Initialized to zeroes at the beginning 
of subroutine BLOCNE, 
modified by subroutine INSHEX. 

INFSTR: Information on the structure 
of the unit models 
(first index) 

1 bypass in hot str. (0 or 1) 
2 bypass in cold str. (0 or 1) 
3 chambers inlet hot (0.. 
4 ch. bypass hot (if) (0.. 
5 ch. outlet hot (0.. 
6 ch. inlet cold (0.. 
7 ch. bypass cold (if)(0...j 
8 ch. outlet cold (0... 
9 ch. exchanger (0... 
10 walls non-exchangers(0 or 1) 
11 walls exchangers (0,1,21, 

22 or 3) 
0: no walls 
1: separating wall 

21: sep. + outside (hot str.) 
22: sep. + outside (cold str.) 
3: sep. + 2 outsides (plates) 

(second index) 
unit number (1...NUMEXC) 
called IEXCHA in subroutine 
STRUSP 

Modified by subroutine STRUSP 

INTEGER INFSTR (11,MINIMA) 

Structure of heater models 
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INTEGER ISTHEA (2.NUNIMA) 

INTEGER ISTCOO (2,NUNIMA) 

INTEGER KEYSTA (2,NUNIMA) 

(first index) 
1 nunber of lumped sections 
(0...) 

2 nunber of Malls (0 or 1) 
(second index) 
heater number (1..NUMHEA), 
called IHEATR. 

Modified by subroutine MOHECO. 

Structure of cooler aodels 
(first index) 
1 number of lumped sections 
(0...) 

2 number of walls (0 or 1) 
(second index) 
cooler number (1..NUMC0O), 
called ICOOLR. 

Modified by subroutine MOHECO. 

Key to states of exchanging 
sections 
(first index) 
1 state number of first 
exchanging section 
in hot stream 

2 state number of first 
exchanging section in 
cold stream 

(second index) 
number of heat exchanger 

(1..NUMEXC), called IEXCHA. 
Zero initialized by subroutine 
SIMCON, modified by subroutine 
INISTA. 

In this section the network intercon
nection matrices are introduced. 
At first a descripton of the ten 
network element types is given: 
1 process stream heat exchanger 
(dynamic,i.e.described by PDEs) 

2 heater (dynamic) 
3 cooler (dynamic) 
4 splitter (static,i.e.no OOEs) 
5 mixer (static) 
6 controller (dynamic) 
7 external coupling (dynamic) 
8 stream inlet (static) 
9 stream outlet (static) 
10 input generator (user controlled) 
11 output collector (static) 

All interconnection matrices indicate 
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C eleaent types and unit nunbers of 
C the sources of input signals to the 
C units concerned. Eligible eleaent 
C types are denoted in brackets. 
C Zero entries in the arrays denote 
C non-existence. 
C All interconnection Matrices are 
C naaed INT...; all of them are 
C generated by the subroutine INTERC 
C (called by subroutine BLOCMO) 
C except INTCON and INTOUT 
C which are produced in the domain 
C of subroutine BLOCCA, where 
C INTEXC, INTHEA, INTCOO may be fed 
C with additional interconnections 
C for controls. 
C Another exception is INTCPL which 
C serves as a network defining 
C structure, being zero initia-
C lized in subroutine BLOCNE ("first 
C part", as e.g. ISPLIT) and modified 
C by subroutines IMSCPL and DELCPL. 
C All of them, however, are initia-
C lized to zero in subroutine 
C INTERC. 
C INTOUT is initialized to zeroes 
C again by subroutine SIMCON before 
C the call to subroutine OUTCON 
C which assigns the values according 
C to the user's enterings. All 
C elements of INTSIN, INTEXC, INTHEA 
C and INTCOO that point to a user 
C defined input are deleted by 
C subroutine SIMCON before the call 
C to subroutine INPCON which assigns 
C them according to the user's 
C enterings. 
C 
C 
C 
C 1. Process stream heat exchanger 
C (first index) 
C 1 type of hot in (1,2,3,4,5,8) 
C 2 unit no. of hot in 
C 3 type of cold in (1,2,3,4,5,8) 
C 4 unit no. of cold in 
C 5,7,9 and 11 type of hot 
C bypass (6,10) 
C (up to 4 signals can be added 
C at a bypass control input, 
C thus enabling state control) 
C 6,8,9 and 12 unit no. of hot 
C bypass 
C 13,15,17,19 type of cold bypass 
C (6,10) 
C 14,16,18,28 according unit no. 
C (second index) 
C unit number (1...NUNIMA), 
C called IEXCHA 

INTEGER INTEXC (20,NUNIMA) 
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INTEGER INTHEA (4,NUNIMA) 

INTEGER INTCOO (4,NUNINA) 

INTEGER INTSPI. (2,NSTRMA) 

INTEGER INTMIX (4,NSTRMA) 

INTEGER INTCON (4,NUNIMA) 

Heater 
(first index) 
1 type of [cold] in (1,2,4,5,8) 
2 unit no. of in 
3 type of load (6,10) 
4 unit no. of load 
(second index) 
unit number (1...NUNIMA), 
called IHEATR 

Cooler 
(first index) 
1 type of [hot] in (1,3,4,5,8) 
2 unit no. of in 
3 type of load (6,10) 
4 unit no. of load 
(second index) 
unit number (1...NUNIMA) 
called ICOOLR 

Splitter 
(first index) 
1 type of in (1,2,3,8) 
2 unit no. of in 
(second index) 
unit number (1 NSTRMA) 
called ISPLTR 

Mixer 
(first index) 
1 type of upper branch in 

(1,2,3,4) 
2 unit no. of upper in 
3 type of lower branch in 

(1,2,3,4) 
4 unit no. of lower in 
(second index) 
unit number (1...NSTRMA) 
called IMIXER 

Controller 
(first index) 
1 type of input (1,2,3,9) 
2 unit no. of input source 
3 only if type is "1": indication 
whether hot or cold stream 

4 unit no. of setpoint 
type must be "10" 

(second index) 
unit number (1...NUNIMA) 
called ICONTR 

External coupling 
(contents) 
unit no. of input 
type must be 9 
(index) 
unit number (1...NSTRMA) 
called ICOUPL 

INTEGER INTCPL (NSTRMA) 
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INTEGER IMTSIM (2,NSTRMA) 

INTEGER INTSOU <2,NSTRMA) 

INTEGER INTOUT (4,NUMOUT) 

8. Streaa inlet 
(first index) 
1 type of input (7,10) 
note: zero entry Beans: 
at design values 

2 unit no. of input 
(second index) 
unit number (1...NSTRMA) 
called ISTRIN 

9. Stream outlet 
(first index) 
1 type of input (1,2,3,5,8) 
2 unit no. of input 
(second index) 
unit number (1...NSTRMA) 
called ISTROU 

10. Input generator 
[no interconnection matrix, 
menu controlled] 
see, however, REAL TAKEIT 

11. Output collector 
(first index) 
1 type of in (1,2,3,5,6,8, 
9,10) 

2 unit no. of in 
3 only if type is "1": indicator 
whether hot or cold stream 

4 indicator whether T or M 
or r or Q respectively 

(second index) 
number of output variable to 
be stored (1...NUM0UT) 
called IOUTPT 

Downstream serial matrix 
giving the order of elements 
in which the calculations for 
outlet mass flow rates and 
derivatives of time have to be 
calculated in order to avoid 
upstream calculations, 
(first index) 
1 element type 
2 element unit number 
(second index) 
ordinal number of element 
(1... ), called IDOWNS in 
subroutine INTERC. No vacant 
elements are permitted. 

Zero initialized and generated 
in subroutine INTERC. 

C 
C 

INTEGER MDOWfS (2,30'NSTRMA) 

Integer work vector for IHSL 
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integration subroutine DGEAR 
INTEGER INK (NSTAMA*NSTAMA*18*NSTAMA) 

C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 

INTEGER ICPLTI (NSTRMA) 

Order of stream processing by 
subroutine FCN, with respect 
to external couplings. 
Elements are all stream numbers 
from 1 to NHOSTR+NCOSTR. 
Generated by subroutine SORTCP. 

2.4 Real variables 
2.4.1 singles (besides implicite 
declarations by F77 default) 

2.4.2 arrays 
Stream input data, containing: 
(first index) 
1..3 problem data (to be entered) 
4.. 15 fluid properties (to be 

entered) 
16 heat convected (calculated) 
The properties are temperature 
dependent square functions of 
the form: 
f(T) = A + B*T • C"T**2 
Array contents: 
1 inlet temperature 
outlet temp. 
mass flow rate 
A / for specific/ 

[C] 
[C] 
[kg/s] 
[kJ/(kg«C)] 
[KJ/(kg*C**2)] 
[kJ/(kg*C«*3)] 
[kg/m**3] 
[kg/(m*-3"C)] 
[kg/(m**3*C**2)] 
[W/(ra*C)] 
[W/( :*C**2)] 
[W/(m*C"*3)] 

REAL STIMDA (16,NSTRMA) 

2 
3 
4 
5 B / heat capa- / 
6 C / city / 
7 A | | 
8 B | for density | 
9C | | 
10 A / for heat / 
11 B / conducti- / 
12 C / vity / 

Kinematic viscosity as a 
function of temperature 
in [C] is of the form: 
MY=MY0*EXP(TO/(T+27 3)) 

13 MYO factor [kg/(m*s)] 
14 TO factor [K] 
15 idle 
16 heat convected [kW] 
(second index: stream number 
in the order of entering, attribu
ted by subroutine PROOEF, loop 300, 
can be found from stream numbers 
ranked in the order of inlet 
temperatures in arrays I0RDK0 
and I0RDCO, e.g. for hot stream 
no.4: STINDA(n,I0RDH0(4)) etc.) 

modified by subroutine STREIN 

Temperatures at split and mixing 
points in splitted streams, 
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REAL SPLTMP (4,NSTRMA) 

REAL TEMEXC (MINIMA,15) 

containing: 
(first index) 
1: Temp, at split point 
2: Temp, before mixing point, 

upper branch 
3: Temp, before mixing point, 

lower branch 
4: Temp, after mixing point 
all values in [C] 
(second index: stream number 
in the s u e order as displayed 
on the screen, resulting from 
subroutine STREIN, called 
ISTREA in sobroutine BLOCNE) 

The values are initialized to 
zero at the beginning of 
subroutine BLOCNE and they 
remain so for unsplitted 
streams. For splitted streams 
they are set in the first part 
of subroutine BLOCNE. 

Inlet and outlet temperatures 
and their neighbouring temperatures 
and design data 
of exchangers, containing: 

(first index) 
number of the exchanger in the 
order of entering, attributed by 
subroutine INSHEX and called there 
HUMEXC (see COMMON /NUMUNI/) 
(second index) 
1 neighbour left of hot in 
2 neighbour right of hot out 
3 neighbour right of cold in 
4 neighbour left of cold out 
5 hot in 
6 hot out 
7 cold in 
8 cold out 
9 heat load 
10 effectiveness 

(epsilon value) 
11 mass flowrate in hot str. 
12 mass flowrate in cold str. 
13 average heat capacity 

flowrate < 0 in hot str. 
14 average heat capacity 

flowrate <C> in cold str. 
15 minimum temperature approach 

specified by user 
modified (but not updated if 
neighbours change) by subroutine 
INSHEX. TEMEXC data not to be 
modified outside BLOCNE region! 

Inlet and outlet temperatures 
and their neighbouring temperatures 
of heaters, containing: 

(first index) 
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REAL TEMHEA (MINIMA,5> 

REAL TEMCOO (MINIMA, 5> 

nuaber of the heater in the 
order of entering, attributed by 
subroutine INSHEX and called there 
NUMHEA (see COMMON /NUMUNI/) 
(second index) 
1 neighbour right of cold in 
2 neighbour left of cold out 
3 cold in 
4 cold out 
5 heat load 

modified (but not updated if 
neighbours change) by subroutine 
INSHEX 

Inlet and outlet temperatures 
and their neighbouring temperatures 
of coolers, containing: 

(first index) 
nuaber of the cooler in the 
order of entering, attributed by 
subroutine INSHEX and called there 
NUMCOO (see COMMON /NUMUNI/) 
(second index) 
1 neighbour left of hot in 
2 neighbour right of hot out 
3 hot in 
4 hot out 
5 heat load (positive value) 

modified (but not updated if 
neighbours change) by subroutine 
INSHEX 

Parameters of heat transfer in 
exchanging sections of 
exchangers 

(first index) 
1 fluid flow cross-sectional 

area in hot stream [m**2] 
2 same in cold stream 
3 hydraulic diameter in 

hot stream [m] 
4 same in cold stream 
5 wall conductivity [W/m*K] 
6 thickness of intermediate 

wall [m] 
7 average bulk temperature 

in hot stream [C] 
8 same in cold stream 
9 heat transfer area [m**2] 
10 density of wall material 

[kg/m**3] 
11 spec, heat capacity of 

wall material [kJ/kg*K] 
12 thickness of associated 

wall in hot stream [m] 
13 same in cold stream 
14 heat transfer area to 

assoc. wall in hot stream 
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REM. PAREXC (19,KUHIMA) 

REAL OUTEXC (6,NUNIMA) 

T«"2] 
15 saae in cold str< 
16 design bypass fraction 

(of total mass flow rate) 
in hot stream 

17 sane in cold stream 
18 maximum possible bypass 

fraction without violation 
of targets in hot stream 

IS same in cold stream 

(second index) 
Index to heat exchanger 
(1...NUMEXC), called IEXCHA 
in subroutine CHACON 

Modified by subroutine CHACON 

Exchanger parameters which are 
redundant, to be used only for 
output through subroutine 
MODPAT (called by BL0CM0) 

(first index) 
1 NTU value 
2 P factor (TMTD/LMTD) 
3 overal heat transfer 
coef f icient [W/(K*m* *2)] 

4 effectiveness (epsilon) 
of pure exchanger (without 
bypasses) 

5 outlet temp, in hot str. 
(before any reunification 
with bypass) [C] 

6 same for cold stream 
(second index) 
Index to heat exchanger 
(1...NUMEXC), ca'led IEXCHA 
in subroutine CHACON 

Modified by subroutine CHACON 

Parameters of heat transfer in 
non-exchanging branches of 
exchangers 

(first index) 
1 diameter [m] 
2 branch length [m] 
3 wall thickness [m] 
(second index) 
1 hot in 
2 hot bypass 
3 hot out 
4 cold in 
5 cold bypass 
6 cold out 
(third index) 
Index to heat exchanger 

(1...NUMEXC), called IEXCHA 
in subroutine CHACON 
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Modified by subroutine CHACON 
REAL PARNON (3,6,MUNIMA) 
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Output values to be stored 
(first index) 
output interval indicator 
(1...1+(NHPICT-1)*LEN0UT) 
ensuring 
blocks of NHPICT-1 elements; 
the first element is for t=0. 
(second index) 
no. of output variable 
(1...NUM0UT) called IOUTPT 

Modified in integration 
subroutine 

REAL STOROU (1+(NHPICT-1)*LEN0UT,MJM0UT) 

Features of stored output 
values 
(first index) 
1 minimum value 
2 maximum value 
3 mass flow rate: 1. 
temperature: 2. 
others: 0. 

4 void 
(second index) 
no. of output variable 
(1...NUM0UT) called IOUTPT 

Items 1 and 2 modified in 
subroutine 0UT?L0, item 3 
modified in subroutine 0PL0SI. 

REAL FESTOU (4,NUM0UT) 

REAL TAKEIT (2,MUMIMA) 

REAL STATES (NSTAMA) 

REAL DSTATE (NSTAMA) 

Values to be taken from the 
input generator (element type 10) 
(first index) 
1 temperature or bypass rate 
or heat/cooling load 

2 mass flow rate (stream inlets 
only) 

(second index) 
input number (1...NUNIMA) 
called IINPUT 

Numbers attributed and values 
qenerated by subroutine 
iNPCON. 

State vector. Initialized by 
subroutine INISTA, updated 
by integration subroutine 

Derivatives vector. Calculated 
by subroutine FCN. 

Heater parameters 
(first index) 
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REAL PARHEA (7,NUNIMA) 

REAL PARCOO (7,NUNIMA) 

REAL VALCPL (3,MSTRMA) 

1 fluid flow cross-sectional 
area [a**2] 

2 hydraulic diameter [•] 
3 wall conductivity [H/a*K] 
4 thickness of wall [a] 
5 heat transfer area [m'*2] 
6 density of wall aaterial 

[kg/m"3] 
7 spec, heat capacity of 

(second index) 
heater number 1...HUMHEA, 
called IHEATR. 

Generated by subroutine MOHECO. 

Cooler parameters 
(first index) 
1 fluid flow cross-sectional 

area [m**2] 
2 hydraulic diameter [m] 
3 wall conductivity [W/m*K] 
4 thickness of wall [m] 
5 heat transfer area [m**2] 
6 density of wall material 

[kg/m**3] 
7 spec, heat capacity of 

(second index) 
heater number 1...NUMC00, 
called ICOOLR. 

Generated by subroutine MOHECO. 

Values for external couplings 
(first index) 
1 reference output temperature, 
i.e. stream inlet [C] 

2 reference input temperature' 
i.e. stream outlet [C) 

3 amplifying factor [-] 
(second index) 
number of coupling (1... 
NSTRMA), called ICOUPL. 

Zero initialized by subroutine 
SIMCON, modified by subroutine 
SIMCON. 

Reference values for external 
couplings stored for next 
reset (on reset it is used to 
update VALCPL by subroutine 
SIMCON), modified by subroutine 
PUTOUT. 
First index (1 and 2 only) and 
second index as above in VALCPL. 

REAL VALC12 '2,MSTRMA) 
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REAL FLOHEA (NUNIMA) 

REAL FLOCOO (NUNIMA) 

REAL WK (NSTAMA*NSTAMA+18*NSTAMA) 

Mass flowrate in heaters. 
(index) 
number of the heater in the 
order of entering, attributed by 
subroutine INSHEX and called there 
NUMHEA (see COMMON /NUMUNI/) 

Calculated in subroutine 
INSHEX. 

Mass flowrate in coolers, 
(index) 
number of the cooler in the 
order of entering, attributed by 
subroutine INSHEX and called there 
NUMC00 (see COMMON /NUMUNI/) 

Calculated in subroutine 
INSHEX. 

Real work vector for IMSL integration 
subroutine OGEAR 

2.5 Double Precision variables 

2.6 Complex variables 

3. Common blocks 

Screen field and terminal parameters 
(see "Initializations") 

COMMON /NSCREE/ NSCR01,NSCR02,NSCR03,NSCR04 
Lgical units of disk for files 

COMMON 
COMMON 

/NDISKF/ 
/NDISPL/ 

NDIS01 
NDIS02 

COMMON /CHAESC/ CESHOM 

COMMON /LENESC/ LENHOM 

Escape string for cursor movement 

Length of escape string for cursor 
movement 

Dimensions of problem data: 
NDIP01 alias NSTRMA (parameter) 
NDIP02 alias NUNIMA (parameter) 
NUNIAC actual number of units 
entered in subroutine PRODEF 

NHOSTR number of hot streams 
NCOSTR number of cold streams 
both initialized to zero in 
subroutine PRCDEF and calculated 
in subroutines STREIN (first data 
entering/ and PRODEF (modifica
tions or reading of existing 
network data). 

COMMON /NDIPRO/ NDIP01,NDIP02,NUNIAC,NHOSTR,NC0STR 

Numbers of units 
NUMEXC number of process stream 

exchangers 
NUMHEA number of heaters 
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c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 

c 
c 
c 

NUMC0O number of coolers 
Those numbers are attributed 
to the units in the order of 
entering by subroutine INSHEX 
(they are initialized to zero 
by subroutine BLOCNE. If existing 
network data are read they are 
initialized by subroutine PRODEF) 

COMMON /NUMUNI/ NUMEXC,NUMHEA,NUMCOO 
Size of output storage facility 
NOUT01 alias NUMOUT (parameter) 

max. no. of output variables 
NOUT02 alias LENOUT (parameter) max. 

no. of element blocks 
determining array length 

COMMON /NOUTPT/ N0UT01,N0UT02 
Dimension of state and related 
vectors 
NDIST1 alias NSTAMA (parameter) 

max. number of state 
variables 

NWORKV maximum length of work 
vectors IWK and WK for 
IMSL integration 
subroutine DGEAR 

COMMON /NDISTA/ NDIST1,NWORKV 

B.) Initializations (executable) 

Codes 

CHANET = ' 
CHAMOD = ' 
CHASIM = ' 

Common blocks 

NSCR01 - NWSCRE 
NSCR02 * NHSCRE 
NSCR03 * NHPICT 
NSCR04 = NUMTER 
NDI501 = NUMDSK 
NDIS02 = NUMDSP 
NDIP01 = NSTRMA 
NDIP02 = NUNIMA 
NOUT01 - NUMOUT 
N0UT02 - LENOUT 
NDIST1 « NSTAMA 
NWORKV - NSTAMA*NSTAMA • 18"NSTAMA 

Logical variables for menu 

DONENE 
DONEMO 
WISHME 
WISHMO 
WISHCA 

.FALSE. 

.FALSE. 

.FALSE. 

.FALSE. 

.FALSE. 
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WISHEX - .FALSE. 
C 
C C.) Command menu control 

c ======================== 
c 
C Set up terminal escape strings 
C for cursor movements 

CALL TERESC (TERSET) 
C Further execution of program 
C if terminal setting possible 

IF (TERSET) THEN 
Type introducing notes 

CALL INTROD (CSCREE) 
C Problem definition (or input of 
C a network construction already 
C existing on a file) 

CALL PRODEF (CSCREE,CPICTU,DONENE,IORDHO,IORDCO,STINDA,OCCPLA, 
1 ISPLIT,SPLTMP,LEXCI1,LHEIJK,LCOIJK,LOCEXC,LOCHEA, 
2 LOCCOO,TEMEXC,TEMHEA,TEMCOO,CFILDA,CHANET,INTEXC, 
3 INTHEA,INTCOO,INTSPL,INTMIX,INTCON,INTCPL,INTSIN, 
4 INTSOU,INTOUT,MDOWNS,FLOHEA,FLOCOO) 

C 200: Begin loop "while exit from 
C program is not desired" 
200 IF (.NOT. WISHEX) THEN 

IF (.NOT. DONENE) THEN 
C Command menu allowing network 
C constructing or exit from 
C program 

CALL MENUNE (CSCREE,WISHNE,WISHEX) 
ELSE 

IF (.NOT. DONEMO) THEN 
C Command menu allowing network 
C constructing, model building 
C or exit 

CALL MENUM0 (CSCREE,WISHNE,WISHMO,WISHEX,CHANET) 
ELSE 

C Command menu allowing network 
C constructing, model building, 
C calculations or exit 

CALL MENUCA (CSCREE,WISHNE,WISHMO,WISKCA,WISHEX, 
1 CHANET,CHAMOD) 

END IF 
END IF 
IF (WISHNE) THEN 

C Network constructing block 
CALL BLOCNE (CSCREE,CPICTU,IORDHO,IORDCO,STINDA,DONENE, 

1 OCCPLA,LOCEXC,LEXCI1,TEMEXC, 
2 LOCHEA,LHEIJK,TEMHEA,LOCCOO,LCOIJK, 
3 TEMCOO,SPLTMP,ISPLIT,CFILDA,CFILPR, 
4 INTEXC,INTHEA,INTCOO,INTSPL,INTMIX, 
5 INTCPL,INTCON,INTSIN,INTS0U,MDOWNS, 
6 INT0UT,CHANET,FL0HEA,FL0C00) 

C Avoid direct path from BLOCNE 
C to BLOCCA (omitting BLOCMO) 

DONEMO - .FALSE. 
ELSE 

IF (WISHMO) THEN 
C Model building block 

CALL BLOCMO (CSCREE,DONEMO,CFILDA,CFILPR,CPICTU, 
1 LEXCI1,LOCEXC,TEMEXC,LHEIJK,LOCHEA, 
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2 TEMHEA, LCOIJK, LOCCOO.TEMCOO. IKFSTR, 
3 PAREXC, IORDHO, IORDCO, STINDA, PARNON, 
4 0UTEXC,CHANET,CHAMOD,ISTHEA,ISTCO0, 
5 PARHEA,PARCOO,NDOWNS,ISPLIT,FLOHEA, 
6 FLOCOO) 

ELSE 
IF (WISHCA* THEN 

Calculations block 
CALL BLOCCA (CSCREE,IHTEXC,INTHEA,INTCOO,IKTSPL, 

1 INTMIX,INTCON,INTCPL,INTSIN,INTSOU, 
2 INTOUT,STOROU,FESTOU,CHAOUT,MDOWNS, 
3 CPICTU,COPLOT,STIHDA, IORDHO, IORDCO, 
4 IMFSTR, PAREXC, TEMHEA .TEMCOO.LEXCIl, 
5 LHEIJK,LCOIJK,ISPLIT,TAKEIT,CHANET, 
6 CHAMOD, LOCEXC, STATES, DSTATE, KEYSTA, 
7 ISTHEAfISTC0O,PARHEA,PARC0O,VALCPL, 
8 OUTEXC,TEMEXC,IWK,WK,ICPLTI,PARNON, 
9 VALC12) 

END IF 
END IF 

END IF 
GOTO 200 

END IF 
END IF 
END 
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Appendix B 

Sample sets of printed output files 
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The name of this print output file is C.OUT 
The related problem and network data are stored in file C.DAT 

Network code: C 

Stream Type Inlet Outlet Mass Spec. h. Spec. h. Spec. h. Enthalpy 
number temp. temp. flow cap. IND cap. LIN cap. SQUA difference 

C C kg/s J/kg C J/kg C"2 J/kg C"3 kW 

1 
2 

3 
4 

hot 
hot 

cold 
cold 

250.0 
200.0 

80.0 
20.0 

120.0 
80.0 

200.0 
60.0 

2.00 
1.00 

2.00 
4.00 

2000.00 
2000.00 

2000.00 
2000.00 

.000000 

.000000 

.000000 

.000000 

.000000 

.000000 

.000000 -

.000000 -

520.00 
240.00 

- 480.00 
- 480.00 

- 200.00 

Stream 
number 

1 
2 

3 
4 

Density 
INDEP. 
kg/m"3 

800.00 
800.00 

800.00 
800.00 

Density 
LINEAR 
kg/m"3 C 

.0000 

.0000 

.0000 

.0000 

Density 
SQUARE 
kg/mA3 C 2 

.0000000 

.0000000 

.0000000 

.0000000 

Heat cond. 
INDEPEND. 
mW/m C 

150.00 
150.00 

110.00 
120.00 

Heat cond. 
LIHEAR 
mW/m CA2 

.0000 

.0000 

.0000 

.0000 

Heat cond. 
SQUARE 
mW/m C 3 

.0000000 

.0000000 

.0000000 

.0000000 
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Stream Kin. vise. Kin. vise, 
number MYO fact. TO factor 

mq/m s K 

1 
2 

3 
4 

1.3000 
1.3000 

1.3000 
1.3000 

1957.0 
1957.0 

1957.0 
1957.0 

250 
1 

200 
2 b 

130 
-0-
I 

- I -

200 
3 <-

80 
4b<-

I 
~0-

-0-
I 
I 

50 

120 

80 

80 

45 20 
0 H 

520 kW 

240 kW 

- 480 kW 

- 480 kW 

A B C D E P G H I J K L M M O 
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Process streaa exchanger loads in kH 
and thermal efficiencies (epsilon values) 

D 
L 
N 

Cooler loads in kH: 

none 

480.00 
240.00 
40.00 

0.7059 
0.8000 
0.1176 

Heater loads in kH: 

0 200.00 
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The name of this print output file is CA.OUT 
The related problea and network data are stored in file C.DAT 

Metwork code: C 
Model code: A 
Process stream exchanger PARAMETER 
Location D 
Exchanging sections 2 
Exc.walls intern./hot/cold 1/0/0 
Hot in sections/walls 0/0 
Hot bypass sections/walls 0/0 
Hot out sections/walls 0/0 
Cold in sections/walls 0/0 
Cold bypass sections/walls 0/0 
Cold out sections/walls 0/0 
Bypass fraction hot .000 
i.e. % of maximum % .0 
Bypass fraction cole .000 
i.e. % of maximum % .0 
Effectiveness (Epsilon) .706 
MTU 2.40 
F factor (TMTD/LMTD) 1.000 
Mass flux hot kg/s mA2 800 
Mass flux cold kg/s nA2 800 
Hydr. diameter hot mm 20 
Hydr. diameter cold mm 20 
Theor. no. of tubes hot 8 
Theor. no. of tubes cold 8 
Theor. exchanger length m 15.6 
Thickness of int. wall mm 1.0 
Wall heat conduct. W/m K 150.0 
Transfer coeff. W/mA2 K 1230 
Transfer area mA2 8 
Wall density kg/mA3 8000 
Wall spec.h.capac. kJ/kg K .60 
Thickness of hot wall mm .0 
Thickness of cold wall mm .0 
Transf.area hot wall mA2 0 
Transf.area cold wall mA2 0 
Hot outlet before mix. C 130.0 
Cold outlet before mix. C 200.0 

SUMMARY page 1-1 (network "C". model "A") 
L 
2 

H 
2 

1/0/0 1/0/0 
0/0 
0/0 
0/0 
0/0 
0/0 
0/0 
.000 
.0 

.700 
87.6 
.800 
3.06 
1.000 
800 
800 
20 
24 
4 
3 

23.2 
1.0 

0/0 
0/0 
0/0 
0/0 
0/0 
0/0 
.000 
.0 

.000 
.0 

.118 
.13 

..000 
800 
800 
20 
20 
8 
16 
.6 

1.0 
150.0 150.0 
1058 

6 
8000 
.60 
.0 
.0 
0 
0 

80.0 120 
150.0 50.0 

886 
1 

8000 
.60 
.0 
.0 
0 
0 
0 

Hot inlet flux kg/s mA2 
length m 
wall thickness mm 

Hot bypass flux kg/s mA2 
length tn 
wall thickness mm 

Hot outlet flux kg/s mA2 
length m 
wall thickness mm 

Cold inlet flux kg/s nT2 
length m 
wall thickness mm 

Cold bypass flux kg/s m"2 
length m 
wall thickness an 

Cold outlet flux kg/s aT2 
length m 
wall thickness mm 
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HEATER AND COOLER PARAMETER SUMMARY 
Caption: s-l-b stream-location-branch 

af aass flux kg/s a"2 
tnt theoret.no.of tubes 
ta transfer area a"2 
whc Mall heat conduct. W/a K 
wshc wall spec.h.cap. kJ/kg K 

s/w sections/walls 
hd hydr.diaaeter aa 
tel theor.exch.length a 
wt wall thickness 
Nd Mall density kg/a"3 

Heaters: 
s-l-b s/w 
4-0 0/0 

hd tnt tel ta Mt whc wd wshc 

Coolers: 
s-l-b s/w af hd tnt tel ta wt whc wd wshc 

The number of state variables is: 18 

http://theoret.no
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The name of this print output file is CAI.OUT 

Network code: C 

Model code: A 

Simulation run: I 

Number of resets: 0 

Controllers for simulation run C-A-l 

No. Stream Bypass P-gain I-gain 1/Measur. Set 
outlet [l/C] [l/s] time [l/s] [C] 

1 2 L cold .000 .00 .10 80 

Input record for simulation run C-A-I 

Str.-Loc. Variable Unit Design Input 
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Coupling between outlet of stream 4 and inlet of stream 2 : 
multiplier: 0.000 references [C]: ouMet: 80.00 inlet: 200.00 

PARAMETERS FOR NUMERICAL INTEGRATION 
Subroutine DGEAR of IMSL 
METH: 2 MITER: 2 TOL: 0.0010000 

Iteration of heat transfer and mass flow calculations 
ITERAT: 3 

The driving force for the heat transfer in the exchanging sections 
is calculated using the LMTD formula, thus considering the inlet temperatures. 
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a 
b 2 
c 2 
d 2 
e 2 
f 2 
9 2 
h 2 
i 2 
3 2 
k2 
12 
m2 
n2 
o2 
P2 
q2 
r2 
s2 
2 
2 
2 
2 
2 
2 
2 
2 

2 

Variable 

1 C-A-
2 C-A-

-I 
I 

TEMP. 
TEMP. 

1 

2 
4 
OUTLET 
OUTLET 

1 

Unit 

C 
c 

1 
1 
1 

L.h.< 

77, 
77 

a 
b 
c 
d 
e 
f 

i g 
1 h 
1 i 
1 J 
1 k 
11 
lm 
In 
lo 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

5.end 

.2 

.2 

R.h.s.end 

96.7 
96.7 

The time scale: 
Top line (a): 
Second line (b): 
Third line (c): 
etc. 
Bottom line ((): 

Var. Start val. 
1 80.0000 
2 80.0000 

0 seconds 
1.000 seconds 
2.000 seconds 

26.000 seconds 

End val. Inflect. 
96.6558 .000 
77.2440 .000 

Tg 
.000 
.000 

Tu 
.000 
.000 

Tg/Tu 
.000 
.000 
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RESET number: 1 

Input modification record 

Str.-Loc. Variable Unit Old New 

1 INLET TEMP. C 250.0 300.0 

Coupling between outlet of stream 4 and inlet of stream 2 : 
multiplier: 0.000 references [C]: outlet: 77.24 inlet: 200.00 

Modified controller settings 

No P-gain I-gain 1/Measur. 
£l/C] [1/s] time [1/s] 
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a 2 
b 2 
c2 
2 
2 
f2 
g 2 
h 2 
i 2 

J 
k 
1 1 
m L 
nl 
1 
1 

qi 
r 1 
s 1 
t 
u 
V 
w 
X 

y 
z 
{ 

1 

2 
1 

1 
12 

1 

2 
2 
2 

1 
1 

1 

Variable 

1 C-A-
2 C-A-

-I 
-I 

TEMP. 
TEMP. 

1 

2 

1 

2 
4 

2 

1 

1 
1 

2 
2 

1 

OUTLET 
OUTLET 

1 

2 
2 

1 
Unit 

C 
C 

1 

2 
2 
2 

L 

1 

2 

1 

2 
2 

1 
b 
c 
d 
e 
f 
g 
h 
i 

J 
k 
1 
ID 
n 
o 
P 
q 
r 
s 
t 
u 
V 
w 
X 

y 
z 
2 

.h.s.end 

96, 
77, 

.6 

.2 

R.h.s. 

96.7 
77.6 

end 

The time scale: 
Top line (a): 
Second line Cb): 
Third line (c): 
etc. 
Bottom line ({): 

Var. Start val. 
1 96.6558 
2 77.2440 

0 seconds 
1.000 seconds 
2.000 seconds 

26.000 seconds 

End val. Inflect. 
96.6339 .000 
77.5675 .000 

Tg 
.000 
.000 

Tu 
.000 
.000 

Tg/Tu 
.000 
.000 
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a 2 1 
2 1 
c 2 
1 2 
1 
fl 
g i 
h 1 
i 
J 
k 
1 
m 
n 
o 
P 
q 
r 
s 
t 
u 
V 
w 
X 

y 
z 
{ 

2 
2 

1 
1 

1 

Variable 

1 C-A-I 
2 C-A-I 

TEMP. 
TEMP. 

2 
2 

2 

1 
1 

1 
1 

2 OUTLET 
4 OUTLET 

2 
2 
2 

1 
1 

Unit 

C 
C 

2 

1 
1 

a 
b 
c 
d 
e 
f 
g 
h 
i 
J 
k 
1 
m 

2 n 
2 o 
2 P 
2 q 
2 r 
2 s 

1*" 2 t 
1 2 u 
1 2 v 
1 2w 
1 2x 
12y 
12 
2 

L.h.s.end 

96.6 
77.2 

R.h.s. 

97.0 
78.0 

end 

The time scaJ';. 
Top line (a): 
Second line (b): 
Third line (c): 
etc. 
Bottom line ({): 

Var. Start val. 
1 96.6558 
2 77.2440 

0 seconds 
4.000 seconds 
8.000 seconds 

104.000 seconds 

End val. Inflect. 
96.9990 .000 
78.0119 16.000 33 

Tg 
.000 
.484 

Tu 
.000 

9.906 

Tg/Tu 
.000 

3.380 
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a 2 1 
b 2 
1 2 
d 1 
e 1 
f 1 
g 
h 
i 
3 
k 
1 
m 
n 
o 
P 
q 
r 
s 
t 
u 
V 
w 
X 

Y 
z 
[ 
Variable 

1 C-A-I TEMP. 
2 C-A-I TEMP. 

2 
2 

2 
1 

1 
1 

1 

Unit 

2 OUTLET C 
4 OUTLET C 

2 

1 

a 
b 
c 
d 
e 
f 
g 

2 h 
2 i 
2 j 
2 k 

1 2 1 
1 2 m 
1 2n 
1 2o 
1 2p 
1 2 
1 2 
12 
12 
12 
12 
2 
2 
2 
2 
2 

L.h.s.end 

96.6 
77.2 

R.h.s.' 

97.1 
78.0 

end 

The time scale: 
Top line (a): 
Second line (b): 
Third line (c): 
etc. 
Bottom line ({): 

Var. Start val. 
1 96.6558 
2 77.2440 

0 seconds 
8.000 seconds 
16.000 seconds 

208.000 seconds 

End val. Inflect. 
97.0609 40.000 
78.0370 16.000 

Tg 
55.375 
34.578 

Tu 
31.178 
9.906 

Tg/Tu 
1.776 
3.491 
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RESET number: 2 

Input modification record 

Str.-Loc. Variable Unit Old New 

Coupling between outlet of stream 4 and inlet of stream 2 : 
multiplier: 0.000 references [C]: outlet: 78.04 inlet: 200.00 

Modified controller settings 

Mo P-gain I-gain 1/Measur. 
[1/C] [1/s] time [l/s] 

1 .500 .00 .10 
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a 
b 
c 
d 
e 
f 
g 
h 
i 
3 
k 
1 
m 
n 

1 
1 

1 
o 1 
P 1 
q i 
r L 
si 
1 
1 
21 
2 1 
2 
2 
2 
2 

2 

1 
1 

Variable 

1 C-A-I 
2 C-A-I 

TEMP. 
TEMP. 

2 

1 

1 
1 

1 
1 

1 
1 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 

1 
1 

2 OUTLET 
4 OUTLET 

Unit 

C 
C 

1 

2 
2 

] 

1 
2 

2 
2 

[j.h.s.i 

71.3 
52.3 

1 
1 2 
2 c 
d 
e 
f 
9 
h 
i 
J 
k 
1 
m 
n 
o 
P 
q 
r 
s 
t 
u 
V 

w 
X 

y 
z 
{ 

end R.h.s.end 

97.1 
133.6 

The time scale: 
Top line (a): 
Second line (b): 
Third line (c): 
etc. 
Bottom line ({): 

Var. Start val. 
1 97.0609 
2 78.0370 

0 seconds 
1.000 seconds 
2.000 seconds 

26.000 seconds 

End val. Inflect. 
82.8882 .000 
52.3035 .000 

Tg 
.000 
.000 

Tu 
.000 
.000 

Tg/Tu 
.000 
.000 
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a 
b 
c 
d 
e 
f 
g 
h 
i 

n i 
2 
2 
2 
O 

P 
q 
r 
s 
t 
u2 
v2 
w 
X 

y 
z 
{ 

1 

1 

1 
1 

2 

1 

2 

1 
1 2 

1 

2 

1 
Variable 

1 G 
2 C 

-A-
-A-

•I TEMP. 
•I TEMP. 

2 

1 

L 

1 

1 
1 

2 
2 

1 

1 

1 

1 

2 

1 
1 2 

2 
2 

2 
4 
OUTLET 
OUTLET 

1 

2 
2 

2 
2 

1 
12 

2 
2 

2 

Unit 

C 
C 

1 
2 

2 

1 
2 b 
c 
d 
e 
f 
g 
h 
i 

J 
k 
1 
m 
n 
o 

P 
q 
r 
s 
t 
u 
V 
w 
X 

y 
z 
{ 

L.h.s.end 

71. 
52. 

.3 

.3 

R.h.s.end 

97.1 
133.6 

The time scale: 
Top line (a): 
Second line (b): 
Third line (c): 
etc. 
Bottom line ({): 

Var. Start val. 
1 97.0609 
2 78.0370 

0 seconds 
2.0^0 seconds 
4.000 seconds 

52.000 seconds 

End val. Inflect. 
78.4713 .000 
86.1615 .000 

Tg 
.000 
.000 

Tu 
.000 
.000 

Tg/Tu 
.000 
.000 



527 

The nam of this print output file is B.OUT 
The related problem and network data are stored in file B.DAT 

Network code: B 

Stream Type Inlet Outlet Hass Spec. h. Spec. h. Spec. h. Enthalpy 
number temp. temp. flow cap. IND cap. LIN cap. SQUA difference 

C C kg/s J/kg C J/kg C"2 J/kg C 3 kW 

1 
2 

3 
4 
5 

hot 
hot 

cold 
cold 
cold 

350.0 
250.0 

80.0 
35.0 
20.0 

120.0 
90.0 

270.0 
120.0 
70.0 

3.50 
2.40 

3.20 
5.00 
4.50 

1690.00 
2219.00 

1617.00 
4200.00 
2055.00 

- .690000 
5.807000 

3.540000 
.000000 

1.267000 

.029200 

.024670 

.001070 

.000000 

.000000 

2631.66 
1525.16 

- 1381.67 
- 1785.00 
- 475.20 

514.95 

Stream 
number 

1 
2 

3 
4 
5 

Density 
INDEP. 
kg/mA3 

882.00 
801.00 

387.00 
1001.00 
793.00 

Density 
LINEAR 
kg/m"3 C 

- .7300 
- .0930 

- .9800 
.0000 

- .6670 

Density 
SQUARE 
kg/m"3 C"2 

- .0016580 
- .0051000 

- .0014500 
.0000000 

- .0022400 

Heat cond. 
INDEPEND. 
mW/m C 

144.00 
158.00 

137.60 
571.00 
124.00 

Heat cond. 
LINEAR 
mW/m CA2 

_ 

-

-

-

.1270 

.0060 

.2280 

.0000 

.2330 

Heat cond. 
SQUARE 
mW/m C*3 

- .0002639 
- .0011200 

- .0000833 
.0000000 
.0000000 
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S t r e w Kin. v i s e 
number MYO f a c t , 

• g / a s 

Kin. v i s e . 
TO factor 

K 

13.8800 
.7826 

15.6600 
1.3220 
5.5400 

1098.0 
2339.0 

1088.0 
1957.6 
1516.3 

350 

250 
2 b 

270 

120 
4b< 

70 
5 < 

2171 

290 

\ 

1 76 
0 

—o-
36 

180 178 

170/ 

170 
0 
| 1 1 
1 

1 
0 

120 

154 90 
— 0 C : 

I 80 

1 35 

I 20 
™ 0 

-> 2632 kW 

[.250] 

L525 kW 

- 1 3 8 2 kW 

- 1 7 8 5 kW 

- 475 kW 

A B C D E F G H I J K L M N O 
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949.34 
915.30 
326.66 
869.70 
148.55 

0.4514 
0.6150 
0.5852 
0.4627 
0.1355 

Process stream exchanger loads in kN 
and thermal efficiencies (epsilor. values) 

C 
H 
J 
L 
N 

Cooler loads in kW: 

N 451.42 
0 506.92 

Heater loads in kW: 

B 432.33 
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The name of this print output file is BK.OUT 
The related problem and network data are stored in file B.DAT 

Network code: B 
Model code: K 
Process strean exchanger PARAMETER 
Location C 
Exchanging sections 2 
Exc.walls intern./hot/cold 1/0/0 
Hot in sections/walls 0/0 
Hot bypass sections/walls 0/0 
Hot out sections/walls 0/0 
Cold in sections/walls 0/0 
Cold bypass sections/walls 0/0 
Cold out sections/walls 0/0 
Bypass fraction hot .000 
i.e. % of maximum % .0 
Bypass fraction cold .000 
i.e. % of maximum % .0 
Effectiveness (Epsilon) .451 
NTU .81 
F factor (TMTD/LMTD) 1.000 
Mass flux hot kg/s mA2 800 
Mass flux cold kg/s mA2 800 
Hydr. diameter hot an 20 
Hydr. diameter cold mm 20 
Theor. no. of tubes hot 14 
Theor. no. of tubes cold 13 
Theor. exchanger length m 5.1 
Thickness of int. wall mm 1.0 
Wall heat conduct. W/m K 150.0 
Transfer coeff. W/mA2 K 1256 
Transfer area mA2 4 
Wall density kg/mA3 7000 
Wall spec.h.capac. kj/kg K .60 
Thickness of hot wall mm . .0 
Thickness of cold wall mm .0 
Transf.area hot wall mA2 0 
Transf.area cold wall mA2 0 
Hot outlet before mix. C 289.2 
Cold outlet before mix. C 216.9 

SUMMARY page 
H J 
2 2 

1/0/0 1/0/0 
0/0 
0/0 
0/0 
0/0 
0/0 
0/0 
.000 
.0 

.000 
.0 

.615 
.82 

0/0 
0/0 
0/0 
0/0 
0/0 
0/0 
.000 
.0 

.000 
.0 

.585 
.69 

800 
800 
20 
20 
10 
20 
2.9 
1.0 

150.0 
1883 

4 
7000 
.60 
.0 
.0 
0 
0 

180.0 
120.0 

800 
800 
20 
20 
3 
18 
1.8 
1.0 

150.0 
932 
2 

7000 
.60 
.0 
.0 
0 
0 

170.0 
70.0 

1-1 
L 
2 

1/0/0 
0/0 
0/0 
0/0 
0/0 
1/0 
0/0 
.000 
.0 

.700 
86.9 
.642 
1.34 

1.000 1.000 1 000 
800 
800 
20 
13 
10 
15 

6.0 
1.0 

150.0 
2327 

4 
8000 
.60 
.0 
.0 
0 
0 

170.2 
173.0 

(network 
N 
2 

1/0/0 
0/0 
0/0 
0/0 
0/0 
0/0 
0/0 
.000 
.0 

.000 
.0 

.136 
.12 

1.000 
800 
800 
20 
20 
10 
18 
1.2 
1.0 

150.0 
854 
1 

7000 
.60 
.0 
.0 
0 
0 

154.0 
35.8 

*B\ model "K") 

Hot inlet flux kg/s mA2 
length m 
wall thickness mm 

Hot bypass flux kg/s mA2 
length m 
wall thickness mm 

Hot outlet flux kg/s mA2 
length m 
wall thickness mm 

Cold inlet flux kg/s mA2 
length m 
wall thickness mm 

Cold bypass flux kg/s m"2 
length m 
wall thickness mm 

Cold outlet flux kg/s m"2 
length m 
wall thickness mm 

4951 
12.0 

.0 
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HEATER AND COOLER PARAMETER SUMMARY 
Caption: s-l-b stream-location-branch 

mf mass flu*' kg/s mA2 
tnt theoret.no.of tubes 
ta transfer area mA2 
whc wall heat conduct. W/m K 
wshc wall spec.h.cap. kj/kg K 

s/w sections/walls 
hd hydr.diameter mm 
tel thaor.exch.length m 
wt wall thickness 
wd wall density kg/mA3 

Heaters: 
s-l-b 
3-B 

Coolers: 
s-l-b 
1-M 
2-0 

s/w 
0/0 

s/w 
1/0 
1/0 

mf 

mf 
800 
800 

hd 

hd 
20 
20 

tnt 

tnt 
14 
10 

tel 

tel 
20.0 
20.0 

ta 

ta 
18 
12 

wt 

wt 

whc 

whc 

wd wshc 

wd wshc 

The number of state variables is: 33 

http://theoret.no
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Appendix C 

List of programs and subprograms belonging to 

the "HENDY" package 
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(Note: unless specified otherwise, each module is contained in its 
own FORTRAN source file) 

DESIGNATION CALLED BY 

Main programs: 

HENDY Undivided version 
HENMOD Divided version, mode] building, 

simulation and analysis division 
HENNET Divided version, problem data input 

and network construction division 

SUBROUTINE 

BLOCCA 

BLOCMO 
BLOCNE 
CCOVER 

CHACON 

COMBLA 

COMSCR 
CONCON 
DAFECO 
DAFEEX 

DAFEHE 
DELCPL 
DELHEX 
DISEXC 

FCN 

FCNJ 
INISTA 
INPCON 
INPMOD 
INSCPL 
INSHEX 
INTERC 
INTROD 
MENUCA 
MENUMO 

MENUNE 

MODPAT 
MOHECO 
OUTCON 
OUTPLO 

subprograms: 

Calculations (simulation and analysis) 
block 
Model building block 
Network construction block 
Input of characteristic constants, overall 
mode 
Input of characteristic constants, 
individual mode 
Filling communication section of screen 
with blanks 
Typing communication onto the screen 
Controller connections generator 
Data input and feasibility test for cooler 
Data input and feasibility test for process 
stream heat exchanger 

Data input and feasibility test for heater 
Deletion of an external coupling 
Deletion of a heat exchanger (dummy) 
Display of heat exchanger with terminal 
temperature bounds 

Calculation of derivatives of state 
variables 
Calculation of Jacobi matrix (dummy) 
Initial values of state variables 
Input connections generator 
Input value modifications 
Insertion of an external coupling 
Insertion of a heat exchanger 
Interconnection matrices generator 
Introducing notes 
Main menu allowing all options 
Main menu allowing all options except 
calculations 
Main menu allowing all options except 
calculations and model building 
Display of model pattern list 
Set-up of models for heaters and coolers 
Output connections generator 
Output as plot 

Main 

Main 
Main 
BLOCMO 

BLOCMO 

Various 

Various 
SIMCON 
INSHEX 
INSHEX 

INSHEX 
3LOCNE 
BLOCNE 
DAFEEX 

DGEAR 

DGEAR 
SIMCON 
SIMCON 
SIMCON 
BLOCNE 
BLOCNE 
BLOCNE 
Main 
Main 
Main 

Main 

BLOCMO 
BLOCMO 
SIMCON 
SIMCON 

("utility") 

("utility") 
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PICBLA Filling picture section of screen with 
blanks 

PICSCR Typing picture onto the screen 
PICUPD Grid picture update 
PIPING Creation of one-dimensional data arrays 

("pipe vectors") 
PLOFIL Collection of plots from different files 
PREPIN Preparations for integration 
PRODAT Problem data table 
PRODEF Problem definition 
PROMOD Reading network data from file 
FUTOUT Storage of output values 
RETCON Waiting for "RETURN" to continue 
SIMCON Simulation control 
SORTCP Sorting streams with respect to external 

couplings 
STREIN Stream data input and ranking 
STRUSP Model structure specification for process 

stream heat exchanger 
TERESC Terminal escape string settings 

Various ("utility") 

various ("utility") 
BLOCNE 
SIMCON 

BLOCCA 
SIMCON 
BLOCNE 
Main 
Main HENMOD 
SIMCON 
Various ("utility") 
BLOCCA 
INISTA and PIPING 

PRODEF 
BLOCMO 

Main 

FUNCTION subprograms: 

CHONUM Conversion of integer into character 
variable for displaying 

CONVEC Enthalpy flow difference as a function 
of terminal temperatures 

FNLMTD (in file FCN) Calculation of LMTD between 
fluid lumped section and wall 

HFTRAC Surface heat transfer coefficient 
HTCPCN Surface heat transfer coefficient 
ILIPIC Integer line number in picture 
NECEPS (in file CONVEC) Temperature as a function 

of specific enthalpy 
SPECEN (in file CONVEC) Specific enthalpy as a 

function of temperature 
TEMPLO (in file CONVEC) Lower temperature as a 

function of enthalpy flow and upper 
temperature 

TEMPUP (in file CONVEC) Upper temperature as a 
function of enthalpy flow and lower 
temperature 

Various ("utility") 

Various ("utility") 

FCN 

Various ("utility") 

FCN 
Various ("utility") 
Various ("utility") 

Various ("utility") 

Various ("utility") 

Various ("utility") 

Subprograms of IMSL library: 

DGEAR 

DGRCS 
DGRIN 
DGRPS 
DGRST 
LUDATF 
LUELMF 
LEQT1B 
UERTST 
UGETIO 
USPKD 

Numerical integration of ODE system, using 
Gear algorithm 

SIMCON 


