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DISCLAIMER

Minera Processng(MPRI) makes no warranties, express or implied, including without
limitation the implied warranties of merchantability and fitness for particular purpose, regarding
the MPRI software. MPRI does not warrant, guarantee or make any representation regarding
the use or the results of the use of the MPRI  software in terms of its correctness, accuracy,
rdiability, currentness or otherwise. The entire risk as to the results and performance of the
MPRI softwareis assumed by you.

In no event will MPRI, its director, officers, employees or agents be liable to you for
any consequentid, incidental or indirect damages (including damage for loss of business profits,
business interruption, loss of business information, and the like) arising out of the use or inability
to use the MPRI software even if MPRI has been advised of the possibility of such damages.
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I INTRODUCTION

THEN is a heat exchanger network synthesis program that was developed by Professor
Knopf a Louidana State Universty (Knopf ,1989). It integrates the networks of heat
exchangers, boilers, condensers and furnaces for best energy utilization. It uses pinch
technology asthe basis for designing a network.

The Additional Information section provides more details on the types of problems
that can be solved using THEN. This includes the limits on the number and type of streams and
heat exchangers.

The program was origindly deveoped on an IBM mainframe maching and
subsequently moved to the PC. The PC version has been revised once. Enhancements over the
ealier verson include a modified solution dgorithm that is able to solve certain problems that
the origind version could not solve, ability to name process streams and the calculation of heet
exchanger areas from user supplied film coefficient deta.

A graphicd interface was added recently to make the program more efficient and
attractive. Microsoft Visua Basic 5.0 was chosen for this purpose. The interface uses

interactive windows to handle the input-output operations in a user-friendly manner.

Installation
The Heat Exchanger Network (THEN) program must be ingtalled under Windows 95
or Windows NT. The procedure to ingal the program is described as following:
1) Insert disk 1indrive a(or b) and run the “setup.exe” program.
2) The default dedtination directory is “C:\then” into which the THEN program will be
copied when the setup program is run.
3) Run the program “Then.exg’ in the indalation directory.



[ TUTORIAL SESSION

Process Example

THEN uses Pinch Andyss for the optimum design of heat exchanger network. It
employs three concepts: the composite curves, the grid diagram of process stream and the pinch
point; and these are gpplied to minimize the energy use in the process. This program takes the
necessary dreams information from the user and decides the best arrangement of heat
exchangers, heaters and coolers so that the amount of utilities needed such as cooling water and
steam is minimized. It plots the Grand Composite Curve (GCC), which shows the enthalpy of
the process streams as a function of temperature. It dso shows the heat exchanger network

desgn in a graphicd form as the network grid diagram for visudization of the network

configuration.
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Figure 1: Flowsheet for a Simple Process

The best way to understand the concepts of pinch technology and the use of THEN is

to consder a process scheme encountered in the chemica industry. The flowsheet in Figure 1



shows a Smple process which involves two reactors and a separation unit. Our objective is to
minimize the use of cooling water and steam by gpplication of THEN and determine a better
design for the process.

In Figure 1, there are two hot streams and two cold streams that will be analyzed using
THEN. The feed to the Reactorl has to be heated from 20.0 °C to 125.0 °C, and the feed to
Reactor2 has to be heated from 25.0 °C to 100.0 °C. These are the cold streams that increase
in temperature. Product from Reactorl needs to be cooled from 150.0 °C to 60.0 °C whereas
the product out of Reactor2 has to be cooled from 90.0 °C to 60.0 °C. These are the two hot
streams that decrease in temperature.

Now that we have defined the problem and identified the hot and cold streams, we
need to know the flowrate, heet capacities and the film heet transfer coefficients for each of
these streams. All of this data for the above processis given in the Table 1 below. The namesin
the brackets will be used as the stream identifiers in the program. For each stream, you must

enter aunique name.

Table 1 Process Stream Data

Film Heat Transfer

Stream Name | Howrate (kg/s) | Heat Capacity (Jkg-°C)
Coeffidient (Jnf-s-°C)

Productsl (H1) 1.0 2.0 1000.0
Products2 (H2) 1.0 8.0 1000.0
Feed1 (C1) 1.0 25 500.0
Feed2 (C2) 1.0 3.0 500.0

THEN also requires a Minimum Approach Temperature. This is the closest approach
temperature dlowed between two streams exchanging heet. There is no fixed recommended
vdue for this temperature difference, and optimum values depend on the process. For this
process, we have chosen a Minimum Approach Temperature of 20 °C.



The section on Input Data Requirements in this manuad describes the information
required by the program. Now we have al the necessary data, and we are ready to use THEN
for this problem. But before that, lets try to understand what Pinch Anadysis means and how
THEN will use pinch andydsto solve this problem.

Pinch Analysis (Shenoy, 1995)

This is a technique for evauating the heat flows in any heat exchanger network. The
process streams are first divided into hot and cold streams. For each siream, the enthapy-
temperature diagram is drawn. Thisis shown in Figure 2(a) for the process described in Figure
1. Then, dl of the hot streams are then combined to generate the Hot Composite Curve and al
the cold streams are combined to give Cold Composite Curve. These composite curves are
shown in Figure 2(b). This combingtion is done by summing up the mass heat capecity vaues
of al sreams of the same kind (hot or cold) within each temperaure intervd. The limits of the
temperature interval correspond to the inlet and outlet temperatures of the streams.

The hot and cold composite curves provide a comprehensive picture of the heat supply
and heat demand for the process over the entire temperature range. In essence, all process
sreams may be combined and visudized as a Sngle hot stream and a single cold stream in
counterflow with a piecewise variaion in the mass heat capacity. When the two curves are
drawn together, the combined compodte curve is obtained. This is shown in Figure 3. In the
combined composite curve, the minimum gpproach temperature determines the relative postion
of the two curves. As shown in Figure 3, the minimum gpproach temperature is 20 °C.

The point & which the two curves come closest is cdled the Pinch Point, and the
corresponding temperature is caled the Pinch temperature () Trin). The pinch point divides the
process into two thermodynamicaly separate regions. The pinch point is shown by arrows in
Figure 3.

Bdow the pinch, there is a heat surplus and only utility cooling is required. Any utility
heating supplied to the process below the pinch temperature cannot be absorbed and will be
rejected by the process to the cooling utility, increasing the amount of cooling utility required.



Similaly, the problem above the pinch requires only utility heating and no utility cooling. Any
utility cooling above the pinch temperature has to be made up by additiona utility heating.
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Figure 2(a) : The temperature profiles of hot streams (on the left side) and cold streams (on the

right sde) for the smple process.
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Figure 2(b) : The composite curves for hot streams (on the left Sde) and cold streams (on the

right sde) for the smple process.
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Figure 3: The combined composite curve.

Once, the problem is divided into two sub-problems, a problem above the pinch and a
problem below the pinch, each one is solved separately, beginning at the pinch temperature. In
each case, the most congtrained hot stream (the one with the lowest temperature) is considered
for heat exchange with the most congtrained cold stream (the one with the highest temperature).
If heet exchange is thermodynamically possible between these two streams, it is counted as a
match. If heat exchange is not possble, the next most condrained stream is chosen for
consderation. This process is continued until a match is found. The amount of heat trandfer is
equa to the maximum hest transfer thermodynamicaly possble. The process is repeated for dl
the streams. Based on the matches made, the new heat exchanger network configuration is
decided. One of the rules usaed to ensure that the best heat exchanger configuration is found is
that heat transfer must not cross the pinch temperature by process to process hesat transfer or
inagppropriate use of utilities. This rule is both necessary and sufficient to ensure the best
configuration aslong as dl of the heat exchangers have a temperature difference smdler than the
minimum agpproach temperature. (Smith,1995)

Thus, THEN takes the necessary stream data for the process and applies the basic

concepts of pinch technology to determine the optimum process design. Having understood



how THEN works, now we can use the program to determine the best configuration for the

heat exchanger network.



[ Using “THEN”

Introduction
Upon running THEN, the first window presented to the user is the main window with
the menu. Thisisshown in Figure4 below.

i The Heat Exchanger Network Program [_ (O] =]

'START ABOUT EXIT

4. THEN

YWelcome to THEN

~ Click Start button on menu to begin.

: - Click About button to see more information about THEN.

- Click the Exit button to exit the program.

Figure4: TheMain Window

The welcome message at the center tells the user about the options available in the
menu. When the user begins a task by choosing the Start button, it automatically becomes
dimmed and is unavailadle till the task is over. Note that the main window acts as the container
for the entire gpplication, and the menu will be accessible to the user at dl times. Also, a any
stage, the Exit button can be clicked to end the program.
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When the user clicks the start button, the Input option page is presented. Thisis shown
in Figure 5 below. Here, the user can choose either the Data File option or the Interactive Data
entry option.

Interactive Data Entry Option:

This option is recommended when the data is being entered for the firgt time and does
not exig in afile. So, we will sdect the Interactive option for our problem here. The use of the
Data-File optionisexplained later.

im. Data Input i

How would you like to enter the data ?

In an Existing
Data File Ly

(1]

& Interactively:

Figure5: Thelnput Option Page

On choosing the interactive option, a message is flashed on the screen. Thisinforms the
user that the data can be entered in any consistent set of units. So, we will be entering dl the
datain kg-m-°C-sec system.

The next page of this option is shown in Figure 6, and the user is asked to enter the

number of hot streams, number of cold streams and the minimum agpproach temperature. We
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enter the values as shown in the Figure 6 using the datain Table 1. After this, the user can ather
move forward by clicking the Y ES button or go back to the input page by pressng CANCEL.

Interactive D ata Input

Provide Input in any consistent set of units.

Number of hot streams 2
Number of cold streams 2
Minimum Approach Temperature 200

Ready to enter the

stream data ? TES CAMCEL

Figure 6: Thelnteractive Data Page

The next pageisshown in Figure 7, and it isthe Hot Stream page. The stream number
in the topmost label shows the current stream for which data is being entered. The user has to
enter the various data items e.g. stream name, flow-rates etc. We now enter dl the data for
sream H1 as shown. Thisdataisgivenin Table 1.

After this, the user can go to the next stream by pressing the Next Stream button and
enter data for that stream. Also, the user can go back to any previous stream by pressing the
Previous Stream button. When the last stream is reached, the DONE button becomes enabled.
Clicking this button takes the user to the next page to enter the data for the cold streams as

shown in Figure 8.
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Enter data for hot streams.
Provide Input
in any
istent set
Stream Number 1 E?:ﬁ:;?n 5
Stream Name H1
E— — ........ T
Specific Heat 2.0
presvious ztream
SourceTemperature 1500
Diote |
Target Temperature B0.0
Film Coefficient 10000 Escape

Figure7: TheHot Stream Page

If the data entered is non-numeric or any of the data fields has been left blank, the
program displays the message ‘ Incorrect Data. Please enter again’ as shown in Figure 9. At any
stage, the user can press ESCAPE to quit the data entry part. A message appears in a window
as shown in Figure 10. It warns the user that the data entered has not been saved. The user can
ether press RESUME to continue data entry or press RESTART to lose data and start again or
press EXIT to end the task.



Cold Stream Data |

Enter data for cold streams.
Stream Humber 1 Mext Stream
Stream Name 1
Previous Stream
Flow Rate 1.0
Specific Heat 25 Done !
Source Temperature 20
Ezcape
Target Temperature 125
- e Go back to Hot
Film Coefficient 500 5":,&:::“3 ['; at:

Figure8 : Cold Stream Page

Hen |

& Incaorect D ata. Fleasze enter again.

Figure 9: The‘lIncorrect Data’ Message



Waming

The data which you have entered so far. has
not been saved.

Press RESTART to lose changes and start
again.

Press RESUME to continue.

Press EXIT to exit the program.

RESTART I

EXIT I

Figure10: The Escape Option

Save Az

Save in: i:ﬁ Then _:i Aln_fj i E

File name: ia.dat Save l
Save az type: ;Data Filez[* dat] _Ij Cancel ;

[ Open az read-orily

Figurell: The' Save As’ Window

14
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The Cold Stream page shown in Figure 8 isvery smilar to the Hot Stream Page. The
user can move forward and backward in the streams using ‘Next stream’ and ‘Previous
Stream’ button. At any stage, the * Go Back to Hot Streams' button can be clicked to go to the
window for hot streams data and make changes.

When the user has accurately entered al the data, the ‘Done button on the Cold
Streams page should be clicked. After this, the user can not make further changes.

The program then asks the user to save the data in a file by displaying the ‘ Save As
window which is shown in Figure 11. Saving the data is absolutely necessary o thet it can be
used in the subsequent runs. Lets save thisdatain thefile‘adat’ in the Then' directory.

At this stage, dl of the data required to run the THEN program is available in the data
file. The Visud Basic program assembles this data and is ready to cdl ‘THEN’ to run the
program with the datafile,

The Execution Window shown in Figure 12 appears on the screen asking whether the
user is ready to start executing the program. At this stage, the user clicks on the YES button,
and the program is run. However, if the user redizes that he has made some mistakes in the
data, he can quit the gpplication by clicking the EXIT button. Since the data has been saved in a
file, the user can gart another task and edit the file using the data-file option explained later.

Choosing the Y ES button on the Execution window button will run the THEN program,

and an Output Menu Window will appear on the screen as shown in Figure 13.

THE HEAT EXCHANGER NETWORK !

START EXECUTINHG ?

EXIT I

Figure 12 : The Execution Window
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Duputwindon

Yiew and Save the GCC

Yiew and Save the Grid Diagram

Yiew and Save the Output Data

Exit

Figure13: The Output Menu Window

5. Grand Composite Curve

View Print Save PrntOption:  Help

Grand Composite Curve

140 7
120 J
Ei:. 100 f’f_..-"__.,.-"‘"
=]
o Sl
5 &0 -<
1=
£ 40 =
3 h...-.-.'}
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20
0 20 40 &0 80 100 120 140
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Figure 14 : The Grand Composite Curve
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The Output Menu

Clicking the firgt button ‘View and save the GCC' on the 'Output Menu Window'
displays the 'Grand Composte Curve on the screen. Thisis shown in Figure 14. It isa plot of
enthdpy flows in the sysem versus temperature. The menu bar a the top of the diagram
provides options for viewing and printing the diagram. Clicking the View' button digplays the
commands to turn off the grid and show the data points. The 'Print Options button can be used
to set the number of copies and change the orientation. Clicking the 'Print’ button will print the
diagram to the default system printer. Click the 'Save' button to save the diagram in 'Windows
Metafileé format. The 'Help' button will display a brief description about the Grand Composite
Curve. Closing the window brings the user back to the 'Output Menu Window'.

The second button ‘View and save the Grid Diagram’ on the 'Output Menu Window'
displays the 'Network Grid Diagram'. Thisis shown in Figure 15. It isagraphica representation
of the network solution designed by the program. It shows the arrangement of heat exchangers,
hesters and coolers in the system. Red lines going from left to right represent hot streams and
blue lines going from right to left represent cold streams. A red circle on a blue line means a
heeter and a blue circle on ared line is a cooler. Green circles joined by a vertica green line
represent a heat exchanger between the streams on which the two circleslie.

The network grid diagram offers a very convenient way of understanding the solution
network. Clicking on a unit in the diagram displays a smdl box which shows dl the necessary
information for that unit. For example, dicking on a green circle will display the rdevant
information for the heat exchanger that it represents. This information includes the names of the
hot and cold streams flowing through it, the heat exchange load of the exchanger and its area
Clicking on a heater or a cooler will show the name of the stream flowing through it and its hest
load. Smilarly, dicking on a horizontd line will display the temperature, mass flowrate and
average heat capacity of that stream. In Figure 15, the heat exchanger with index 1 has been
selected by clicking, and the box at the bottom right side is showing the informetion for that heet

exchanger.



i The Heat Exchanger Network Program - [The Network Grid Diagram]
B Wiew Zoom Print Help

Hat Stream: bl Cold Stream: ¢l
Heat Load: 120 Area: 0.07410011

Figure 15: The Network Grid Diagram

Dutput Data

HEAT EXCHANGEER NETWORK SYNTHESIS

DETAILS OF HOT STREAMS

ST HAME FLOWRATE MCF INLET T OUTLET T FILM COEFFICIENT
H1 1.0 2.0 150.0 0.0 1000.0
HZ 1.0 8.0 90.0 0.0 1000.0

ST HAME FLOWRATE MCP INLET T OUTLET T FILH COEFFICIENT
1 1.0 2.5 20.0 125.0 s500.0
z2 1.0 3.0 25.0 1a0.0 500.0

1]
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Figure 16 : The Output Data Window

Information about the grid diagram can be obtained as online help by dicking the 'Help'
button in the menu bar at the top of the diagram. Other buttons in the menu bar are to st the
view and print options. The 'Zoom' button alows the user to change the zoom of the diagram.
The 'View' button can be used to display the printer lines. The 'Print’ button will open the printer
didog box and print the diagram to the sdected printer. Closing the window will take the user
back to the 'Output Menu Window' shown in Figure 13.

The third button, the *View and save the Output Datal button shows the output text file
in awindow (Figure 16). Using horizontal and vertical scroll bars, the user can see the entire
output text. The 'Print' button a the top of the window prints outpuit file to the default printer.
On clicking the * Save' button, the program opens the 'Save as window and requests the user to
specify the filename. Let us save the output as file out.dat’ in the directory Then'. Click the
'Close’ button to go back to the Output Menu window.

More information on the method of solution and the grand compodte curve is given in
the Additional Information section of this manud.

Clicking the 'Exit' button will end the current task and take the user back to the main
window shown in Figure 4. Now the user can click the START option in the menu to start
another task or click the Exit button to quit the application.

Using theresultsfrom THEN
The Grand Composite Curve (GCC): The GCC for the smple process is shown in

Figure 14. It isa plot of temperature on Y-axis versus the enthapy flow on X axis. If the curve
touches the temperature-axis at 0.0 enthalpy, it is a pinched process, and the temperature
corresponding to that point is the pinch temperature. In Figure 14, the GCC meets the
temperature axis a 80. Hence, the pinch temperature for this processis 80 °C.

Also, the GCC can be used to determine the minimum amount of hot and cold utilities
needed by the process. To find the amount of hot utility required, locate the topmost point of the
curve and read its X coordinate which is equd to the amount of hot utility. Smilarly, to get the
amount of cold utility required, locate the bottommost point of the curve and read its X
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coordinate. For the smple process, from Figure 14, it can be seen that the amount of hot utility
is107.5 Js and the amount of cold utility is40 Js.
The Network Grid Diagram: The network grid diagram for the Smple process is shown

in Figure 15. Let us examine this diagram to understand the new heat exchanger network
dructure for this process. The two horizontd red lines & the top running from left to right
represent the hot streams H1 and H2. The two horizontal blue lines at the bottom running from
right to left represent the two cold streams C1 and C2. The blue circles (numbered 1 and 2) on
dreams H1 and H2 indicate that both of these streams require coolers. The red circles
(numbered 1 and 2) on streams C1 and C2 show that both of these streams require hegaters.
There are four pairs of green circles (numbered 1, 2, 3, 4) joined by vertica green lines. These
represent the four heat exchangers in the process. Each exchanger exchanges heat between the
two dreams on which the two circles lie. For example, heat exchanger 1 (the pair of green
circles with number 1) is exchanging heat between hot stream H1 and cold stream C1. Thus, it
can been seen from the grid diagram that the smple process needs four heat exchangers, two
heaters and two coolersin new network solution.

The Output Data File: Now, let us examine the output data generated by THEN. The

complete output file for the above problem is given in Tables2 aand b.

Table2a THEN solution for the Smple Process - Input Data Summary

HEAT EXCHANGER NETWORK SYNTHESI S

DETAI LS OF HOT STREANMS

ST _NAME FLOARATE McP INNET T QUTLET T FI LM CCEFFI Cl ENT
H1 1.0 2.0 150.0 60.0 1000. 0
H2 1.0 8.0 90.0 60.0 1000. 0

DETAI LS OF COLD STREANMVS

ST NAME  FLOARATE MCP INNET T CQUTLET T FI LM CCEFFI Cl ENT

Cl 1.0 2.5 20.0 125.0 500.0




c2 1.0 3.0 25.0 100.0 500. 0

M N MUM DELTA T FOR THE MATCHES IS 20.00 DEG

Table2b THEN solution for the Simple Process - Results

PI NCH LOCATED
PI NCH TEMPERATURE = 80. 000000
ALL STRVS EXHAUSTED

0 0 0 .0 2.0 1.0
.0 .0 .0 .0 3.0 2.5
.0 .0 .0 .0 80.0 128.0
.0 .0 .0 .0 90.0 17.5
1.0 2.0 140.0 0 0 120.0
HEAT EXCHANGER SUMVARY ABOVE THE PI NCH
HEX CS Hs HEAT THN THOUT TGN  TOOUT CPH CPC  AREA
1. «a HL 120.0 150.0 90.0 70.0 118.0 2.0 2.5  .014
HEATER SUMVARY ABOVE THE PI NCH
HEATER oo HEAT TAN TooUT cPC
1.0 1.0 17.5 118.0 125.0 2.5
2.0 2.0 90. 0 70.0 100. 0 3.0
ALL STRVB EXHAUSTED
0 0 0 0 2.0 1.0
0 0 0 0 3.0 2.5
.0 .0 .0 .0 350 300
.0 .0 .0 0 0 0
2.0 5.0 55.0 .0 .0 125.0
2.0 3.0 50.0 .0 90.0 0
1.0 2.0 57.5 15,0  45.0 0

HEAT EXCHANGER SUMVARY BELOW PI NCH
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HEX CS HS HEAT THIN THOUT TAON TOOUT  CPH CPC  AREA
2. @ H 90.0 90.0 60.0 40.0 70.0 3.0 3.0 .014
3. a H2 125.0 90.0 65.0 20.0 70.0 5.0 2.5  .012
4. @ HL 45.0 90.0 67.5 25.0 40.0 2.0 3.0 .003

COOLER _SUMVARY BELOW THE Pl NCH

OOOLER oNO HEAT TH N THOUT CPH
1.0 1.0 15.0 67.5 60. 0 2.0
2.0 2.0 25.0 63. 1 60. 0 8.0

LOOP# HEAT EXCHANGERS | NVOLVED

1 4 1 2 3

THE M NI MUM HOT UTI LI TY REQUI REMENT | S: 107. 500000

THE M NI MUM OOLD UTI LI TY REQUI REMENT | S: 40. 000000

The following discussion is be for the most relevant information for the smple process.
A complete discussion is presented in the section Results from THEN later in the manudl.

Table 2a amply ligs a summary of the input information entered by the user. This
consds of the data for hot and cold streams followed by the specified minimum gpproach
temperature for the matches.

Table 2b ligts the results for the smple process. The firgt two lines of output mean that
the given problem was a pinched problem and that the pinch temperature was found to be 80
°C. (For moreinformation on these terms, see the section Results from THEN).

Thisis followed by a matrix of vaues which is the solution array generated by THEN
for the problem above the pinch. These vaues can hdp in understanding the matches made by
the program to arrive at the solution. However, the most important part of the output is the Heat
Exchangers, Heaters and Coolers summary tables, which follow.

The heat exchanger summary above the pinch shows that there should be a hesat
exchanger between streams H1 and C1. The heat transfer rate will be 120 Js. Also, it givesthe
inlet and outlet temperatures for both the streams. Note that the area of the heat exchanger
(0.014 n) has been calculated using the film heat transfer coefficient supplied in the data.
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Next comes the heater summary above the pinch. It shows that we need two hestersin
the system, one for each cold stream. The hesat load for the heater on the stream C1is 17.5 Js.
C1 entersthe heater at 118 °C and leaves at 125 °C. Similarly, the other heater has a load of
90 Js and hests the stream C2 from 70 °C to 100 °C.

After this comes another solution array for the problem below the pinch. The Heeat
Exchangers summary below the pinch is given next, and it has three heet exchangers between
streams C2-H2, C1-H2 and C2-H1. Then, the cooler summary follows and shows that two
coolers, one for each hot stream are needed.

Next comes the information about the loops identified in the network. A loop is any
path in the heat exchanger network that starts at some point and returns to the same

point. For the smple process, there is only one loop in the network, and it involves al of the
four heat exchangers which are needed for this process.

Findly, the last two lines of output give the minimum hot and cold utilities needed for this
process. Thus, for this smple process, 107.5 J of external heat needs to be supplied and 40.0 J
of hest needs to be removed.

Note that just above the printout of the two solution arraysis a message which saysif al
the streams were exhausted or not. If the message is ‘dl streams exhausted' for both above the
pinch and below the pinch problems, THEN has successfully generated the heat exchanger
network. If the message is ‘Error- not al streams exhausted’, THEN has failed to solve the
problem. In this case, the order of the streams in the input data should be changed. For
example, the data for stream H2 should be entered before stream H1. The program uses a
solution method that is sengtive to the order in which the stream dataiis entered.

To summarize, the smple process has a pinch point a 80 °C, and it needs 4 hesat
exchangers, 2 heaters and 2 coolers for maximum energy utilization. The minimum amount of hot
utility is 107.5 Js and the minimum amount of cold utility is40 Js.

Flowsheet for the Improved Simple Process
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Using the above results, let us build a process flowsheet which incorporates the new
heat exchanger network design. The network grid diagram generated by THEN for this process
(shown in Figure 15) can be of greet hdp in this effort.

In the network grid diagram, we sdlect a particular siream and follow its path in the
network. We gtart with its source and follow it until it reaches its target temperature. Along this
path, the stream flows through various heat exchangers, heeters and coolers. For example, we
select the hot stream H1 and follow its path. We see that it flows through heet exchanger 1 and
then passes through heat exchanger 4 and then finally, it is cooled down to its target temperature
by coolerl. We repest this exercise for dl the streams. The inlet and outlet temperatures for
each of the heat exchangers, heaters and coolers can be obtained either from the grid diagram
by smply clicking that unit or can be read from the output data file. All these heat exchangers,
hesters and coolers are now included in the process flowsheet at the appropriate places. The
new process flowsheet thus obtained features the optimum heat exchanger network. The new

flowsheset for the smple processis given in Figure 17.

\L PRODUCTS 1
FEED 1
1
\® 4 @ —>] Reactorl
20°C 70°C 118°C 125°C 150 °C
Heater 1
/M M 90 °C
FEED 2 90 °C
ﬁL@ /N A f\( Reactor 2
5oCc N nc Q7 70°C /O 100 °C PRODUCTS 2
Heater 2
675°C 65°C 60 °C 60°C OFFGAS
' 63.1°C
Cooler 1£5 ﬁ 60 °C
Cooler 2
60 °C 60 °C
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Figure 17 : The process flowsheet with the optimum heat exchanger network

Data-File Option

Now we can change the Minimum Approach Temperature to 25 °C and run the
program again. Click the Start button on the menu to bring up the input page shown earlier in
Figure 5. Thistime, choose the Existing Data File option. The program will ask you to enter the
file name as shown in Figure 18. We had saved the file as *adat’; 0, choose thisfile in thefile-
open window as shown in Figure 18. You will be asked if you want to edit the file. Click the
Y es button, and the program will display the 'Edit’ window, which is shown in Figure 19.

The "Edit’ window has two tables. The table at the top shows the list of hot streams in
the process and the table at the bottom shows the list of cold streams. There are three buttons

adjacent to the table of hot streams; 'Add hot stream’, 'Delete hot stream’ and 'Edit hot stream’.

opn  HEH|
Lok jt: IEﬂThen ..:! 5

File name: Ia.dat Open I
Files of type: [ Daata Filesl* dat) ] Cancel |

[ Open az read-onily

Figure 18 : The File-Open window
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. The Heat Exchanger Network Program [_[21%]
START ABOUT EXIT

k. E dit the nput data file

Hot Streams:

Stream Mame| Flowrate | Heat Capacity | Source Temperatuwe| Target Temperature | Film Coefficient Add hat stream |
Delete hot stream |
Edit hot strearm data |

Cold Streams: Finish |

Stream Name| Flowirate | Heat Capacity | Sounce Tempelature| T arget Temperature | Film Coefficient
1 25 20 125 500

3 25 Add cold stream |
Delete cold stream |
Edit cold stream data |

Minimum Approach Temperature | 20 deg k

Figure19: The Edit window

im. Enter data for the new hot ztream |
Stream Name
Flowrate [ Kmol/hr
Heat Capacity KJ/kmol-deqg K
Source Temperature deg K
Target Temperature deg K
Film Coefficient K/ sq it-hr-deg K

Cancel | Done |
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Figure20: 'Add a stream' window

To add a hot stream, click the 'Add hot stream' button. A small window will be shown
to enter the data for the new hot stream. This is shown in Figure 20. After entering dl the
necessary data, click the 'Done button. To go back to the 'Edit" window without adding a
gream, click the 'Cancel’ button. To delete a stream from the hot streams table, sdect thet
gream in the table by dicking the mouse pointer on that row and then click the 'Delete hot
stream’ button. The row will be deleted from the table. To change the data for a particular hot
stream, sdlect that stream in the table and click the 'Edit hot stream' button. A small window
smilar to the window in Figure 20 is displayed. Enter the new data vaues for the sdected
stream and click the 'Done’ button. The values for that stream in the table will be changed.

Similar to the buttons for the hot streams, there are three buttons for the cold streams;
'Add cold stream’, 'Delete cold stream' and 'Edit cold stream’. These buttons can be used to
add a cold stream, delete a cold stream and edit a cold stream in the cold streams table in
exactly the same manner as the buttons for the hot streams.

At the bottom of the 'Edit' window, the minimum gpproach temperature is shown. We
can change this vaue to from 20 to 25.

After dl the changes are made, the 'Finish’ button on the edit window should be clicked.
The user is now asked if the changes made in the edit window should be accepted.

Click 'Yes to accept the changes. This modified data will now be used for the next run. The
user is further asked if the new deta is to be saved to a file. This time, save the data with a
different filename of your choice.

THEN now shows the same Execution window shown in Figure 12. Run the program
and andyze the output just as we did for approach temperature of 20 °C. This is left as an

exercise for the reader.
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A INPUT DATA REQUIREMENTS

The datarequired for a THEN run is explained below.( Knopf, 1989)

Number of Hot Streams
This is the total number of hot streams in the problem. A hot stream is defined as a

stream that has to be reduced in temperature. By definition, a hot stream is a source of hest.
This heat may be used to heat other cold streams or may have to discarded in a cooling utility
such asair, cooling water or arefrigeration system.
Number of Cold Streams

Thisis the total number of cold streams in the problem. A cold stream is defined as a
stream that has to be increased in temperature. By definition, a cold stream requires heet and is
a source of cooling. This heat may come from other hot streams or from a hot utility such as
geam, a fired heater or a heat transfer fluid such as DOWTHERM. An dternate way of
looking at this is that the cooling capacity of a cold stream may be used to cool other hot
dreams or may have to be discarded in a hot utility. This definition is more ussful in cases
where the cost of cooling may be sgnificantly higher than the cost of heating, such as in
refrigeration cycles.
Stream Names

Each stream can be given aname of up to 12 characterslong for ease of identification.
Stream Flowr ates

The flowrate of each stream is required to compute the total heating or cooling required
by the stream and to compute its heating and cooling capacity. The heating or cooling capacity
of adream isthe change in the temperature of the stream when it absorbs one unit of heat. This
is dso the product of the stream flowrate and its specific heat. Note that streams with a very
large hegting or cooling capacity may require a smdl amount of total heeting or cooling if the
temperature range they span is smal, and streams with smal hesting or cooling capacities can
require alarge amount of hegt if they span alarge temperature range.
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Units

THEN does not require any particular set of units. However, care must be taken to
provide theinput in aconsistent set of units.
Stream Heat Capacities

These are required to compute the stream heating and cooling capacity as explained
under stream flowrates. The units used must be congstent with the units used for the flowrates
and temperatures.

Stream Source Temperatures

Thisisthe temperature a which the stream is available from the plant or process before
it undergoes any heat exchange. Typicdly, this is the bettery limit temperature, or the
temperature a which a stream originates from process equipment such as a reactor or
didtillation column.

Stream Target Temperatures

This is the temperature a which the stream is desired after al heat exchange has been
completed, including heating by hot utilities such as steam or fired heaters, or cooling by cold
utilities such aswater or ar. Typicaly, thisis aso a baitery limit condition or the temperature a
which astream must enter process equipment such as areactor or adidtillation column.
Minimum Approach Temperature

This is the closest gpproach temperature that is alowable between two Streams
exchanging heat. There is no fixed number that can be uniformly recommended. Typicaly, in
crude didtillation units, avaue of 30 to 50 deg F is reasonable, whereas in refrigeration cycles, a
vaue of 10 to 15 deg F is reasonable.  However, the optimum vaue of this parameter is
sgnificantly affected by the relative costs of energy and heet exchange area, and this is the
primary parameter that has to be optimized in any pinch design.

The minimum gpproach temperature selected affects both the capitd costs and the
operating costs. Selecting alow value means that hot streams can approach the temperature of
the cold streams more closely. The cold stream thus absorbs more heat from the hot stream.
This reduces the utility heating reguired for the cold stream and aso the utility cooling required

for the hot stream, as the hot stream exits a a lower temperature after heat exchange with the
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cold stream. This reduces the operating costs by lowering the utility codts, but it dso increases
the capitd costs, since the lower gpproach temperature between the hot and cold streams
reduces the Log Mean Temperature Difference (LMTD) in the heat exchanger. The lowered
driving force and higher duty of individua hest exchangers results in larger heat exchanger areas
being required, which increases cepitd cogs. Smilarly, alarge vadue of the minimum gpproach
temperature results in lower capitd costs and higher utility (operating) codts.
Stream Heat Transfer Film Coefficients

The overdl heat transfer coefficient is used to estimate the area required for each heat
exchanger generated by THEN. Assuming a counter-current flow in the heat exchanger, the
following equation is used.

Q=UA Dlin 1)

The overdl coefficient is computed from the film hest transfer coefficients using the

following gpproximate equation.

1/U =1/hc+ 1/ )

where U is the heat exchanger overdl hest transfer coefficient, I is the cold stream coefficient
and hy isthe hot stream coefficient.

The exchanger arealis given by the following equation

Area = Q/ (U x DTy) 3

where Q is the exchanger duty ( m C, DT for no phase change) and DT, is the log mean
temperature difference in the exchanger [ (DT1- DT, ) / In(DT,/DTy) ].

Care must be taken to ensure the film coefficients are entered in units consstent with the
units used for the flowrates, heat capacities and temperatures.
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\% RESULTSFROM THEN

The results from THEN consist of an echo of the input data, details of the heat exchange
matches made, a summary of the loops detected in the network, the total hot and cold utility
required as illustrated in Table 2b. THEN adso shows the Grand Composite Curve and a
graphicd display of the Network Grid Diagram.

Before explaining the output file, it is necessary to provide some background on pinch
technology to explain some of the terms that will be encountered.

Pinch analysis is a technique for evauating the heat flows in any heat exchange
network. It is used to determine the pinch temperature. The pinch temperature is a temperature
determined from the stream data and the approach temperature. It is used to separate the
problem into two sub problems, caled the problem above the pinch and the problem below the
pinch.

The problem above the pinch is dways in heat deficit, and the problem below the pinch
isadwaysin heat surplus. The problem above the pinch requires only utility heating and no utility
cooling, and the problem below the pinch requires only utility cooling and no utility hegting. Any
utility heating supplied to the process below the pinch temperature cannot be absorbed and will
be rgjected by the process to the cooling utility, increasing the amount of cooling utility required.
Smilarly, the problem above the pinch requires only utility hesting and no utility cooling. Any
utility cooling above the pinch temperature has to be made up by additiona utility heating.

Some processes require no utility cooling at dl, only utility heating. Such a process is
sad to lie above the pinch.  Other processes require no Utility heet a dl, only utility cooling.
These processes are said to lie below the pinch. Problems that are entirely above the pinch or
entirely below the pinch are cdled unpinched problems.

The results from solution of THEN are given in Tables 2a and 2b for the smple
process. Thisistypica of the output for a genera problem. The firg section of the output file
consgs of an echo of the hot stream data followed by an echo of the cold stream data and the
minimum gpproach temperature to be used. Thisisfollowed by a satement that the problemisa
pinched problem or an unpinched problem. For a pinched problem, the statement 'Pinch
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located' is given and the pinch temperature is reported as shown in Table 2b. Following this

pinch temperature is the solution array for the problem above the pinch temperature. Just above

the solution array, a message states whether dl streams were exhausted or not exhausted.

THEN has successtully generated a heet exchanger network for the problem above the pinch if

the message 'dl streams exhausted' appears after the pinch temperature as shown in Table 2b. If

the message says 'error-dl streams not exhausted’, THEN was unsuccessful in generating a
network above the pinch.

The solution array above the pinch is a matrix that represents the streams above the
pinch and the heat exchange matches made between them. The dements of the first four rowsin
the first four columns of this array are aways zero. Hot streams are represented in the rows of
this array, beginning from row five, and cold streams are represented in the columns of this
aray, beginning from column five. For example, the fird dement of the fifth row is 1. This
means that the fifth row represents hot stream H1 because H1 is the first hot stream in the
order of hot dreams for the input data. Similarly, the firg dement of the fifth column of the
matrix is 2. This means that the fifth column represents stream C2 because stream C2 appears
second in the input order of cold sireams. The second eement of arow or a column shows the
product of mass flowrate and heat capacity for the stream that it represents. For example, the
fifth column represents the stream C2. The second dement of that column is 3 which is equa
to the product of the mass flowrate and heat capacity of stream C2. The intersection of a row
and column gives the amount of heat exchange between the hot stream and the cold stream they
represent. For example, intersection of fifth row and fifth column is 120. This means that thereis
an heat exchanger between stream H1 and stream C1. This exchanger is placed above the
pinch and the heat exchange load of this exchanger is120 Js.

For the problem above the pinch, the message 'dl streams exhausted' indicates that the
cooling requirements of dl the hot streams above the pinch have been met, and dl the hot
sreams are exhausted. For the problem below the pinch, the message 'dl streams exhausted
indicates that heating requirements of al the cold streams have been met, and dl the cold
streams are exhausted asillustrated in Table 2b.
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Note that ‘THEN' has successfully generated a solution only when the message "dl
streams exhausted" appears for the problem above the pinch as wel as the problem below the
pinch.

The solution array is followed by the heat exchanger summary above the pinch and it
ligts the heat exchangers and heaters used in the solution for the problem above the pinch. The
heet exchanger summary lists the heat exchanger number (HEX), the name of the hot stream
and the cold stream exchanging heat (HS and CS respectively), the exchanger duty (HEAT),
the hot and cold inlet and outlet temperatures (THIN, THOUT, TCIN, TCOUT), the product
of the mass flow and specific heat for the hot and cold stream (CPH and CPC), and the
exchanger area (AREA).

The heat exchanger summary is followed by the heater summary. This summary ligs the
hester number (HEATER), the stream number of the cold stream flowing through it (CNO), the
heeting load of the heater (HEAT), the inlet and outlet temperature of the cold stream flowing
through it (TCIN and TCOUT) and the product of the mass flow and specific heat of the cold
stream (CPC).

Next the information is given for the solution below the pinch. This includes the solution
aray, heat exchanger summary and cooler summary for the problem beow the pinch. The
description of the information in the solution array and the heat exchanger summary  is the same
as the information for solution above the pinch. The cooler summary information is as follows. It
ligts the cooler number (COOLER), the stream number of the hot stream flowing through it
(CNO), the coaling load of the cooler (HEAT), the inlet and outlet temperature of the hot
gream flowing through it (THIN and THOUT) and the product of the mass flow and specific
heat of the hot stream (CPH).

Next the information is given for the loops in the system. A loop refers to a closed path
on the heat exchanger network grid diagram formed by a combination of heat exchangers and
streams. For the smple process, there is one loop and it involves heat exchangers 4, 1, 2 and 3
asshown in Table 2b.

Physicdly, a loop represents those aress of the network where more exchangers have

been usad than are theoreticaly required. For a problem involving n streams, the number of
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exchangers theoretically required is n-1 according to Shenoy, 1995. However, it is usudly not
possble to achieve the desired utility use with this number of exchangers. Since the pinch
method breaks any problem into two sub problems and solves them independently, only the sub
problems are likely to satisfy thisrule. The whole problem will have a number of loops equa to
the number of streams that exist both above the pinch and below the pinch.

Loops can be broken by removing one of the exchangers that is a part of it. If one of
the exchangers in the loop lies above the pinch, and the other lies below the pinch, then bresking
the loop will incur an energy pendty equa to the duty of the exchanger that is removed.
However, if the loop lies entirely above the pinch or entirdy below the pinch, it may be possble
to readjust the duties of the other exchangers so that there is no energy pendty. The loop
summary provided by THEN isintended to assst in these evauations by highlighting the loopsin
the design generated by THEN. THEN currently does not support these reevaluations of the
network.

The loop summary provided by THEN ligs dl the exchangersinvolved in theloop. This
information is used to trace the loop on a grid diagram in the following manner. Start with the
first heat exchanger listed in the loop summary. If this exchanger lies above the pinch, locate the
hot stream flowing through it. If the exchanger lies below the pinch, locate the cold stream
flowing through it. Follow this stream in the direction of its flow until you hit another heat
exchanger. This heat exchanger will be one of the heat exchangers listed in the loop summary.
Now locate the stream flowing through the other end of this heet exchanger and then, follow that
dream in the direction of its flow until you come across another heet exchanger. Continue doing
this until you reach your origind starting point. The cyclic trgectory traversed in the network in
this manner condtitutes the path of the loop. For the smple process, the network grid diagram
has been redrawn in Figure 21 to show the loop path in a dotted line.

The lagt two items shown on the output are the totd hot utility required and the total
cold utility required. For the smple process, the minimum hot utility required (usudly steam) is
107.5 Js. Of thistotal, 17.5 Js has to be supplied at a temperature of at least 125 °C and 90
Js has to be supplied at a temperature of a leest 100 °C. The minimum total cold utility
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requirement, usualy cooling water, is40 Js and it has to be supplied below atemperature of 60
°C.
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Figure 21 : The Network Grid Diagram with the Loop Path

This completes the discusson of the results obtained from THEN. The next section
presents detailed information on the grand composite curve and the solution method used by
THEN.
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VI ADDITIONAL INFORMATION

Grand Composite Curve (GCC) :

The grand composite curve is a plot of temperature againgt the net heeting or cooling
requirement. The GCC is a useful way to view the heat flows in a system graphicdly. The GCC
for the ample process described in the tutoria sesson of this manud is given in Figure 14.

In a GCC, the temperaure is plotted on the y axis and the heating or cooling
requirement on the x axis. The curve begins in the top right corner of the graph and descends
towards the bottom left corner. It may change direction severa times. It approaches a leftmost
point and then changes direction and descends towards the bottom right corner. The GCC will
touch they axis a its leftmost point. The point at which the curve touches the y axisis the pinch
temperature of the problem.

The GCC above the pinch temperature represents the problem above the pinch. To
determine the net hot utility required to heet dl the sreams in the problem to any temperature
above the pinch temperature, sSmply read the heat flow requirement at that temperature.
Similarly, the GCC below the pinch temperature represents the problem below the pinch. To
determine the net cooling requirement to bring dl the streams to any temperature below the
pinch temperature, read the heat flow at that temperature,

If a part of the GCC has a negative dope (top left to bottom right), there is a heat
aurplus in that temperature range. This is true above the pinch as well as below the pinch. The
heat surplusis aresult of hot streams giving up more hest in that temperature range than can be
absorbed by the cold streams.  Often, condensing streams will cause a large heat surplus
because of the large amount of heat released over ardatively smal temperature range.

Similarly, if a part of the GCC has a positive dope (bottom Ieft to top right), thereis a
heat deficit caused by the cold streams requiring more heat than is available from the hot
dreams in that temperature range. Streams undergoing vaporization will typicaly cause the
GCC to have a positive dope. Thermodynamicaly, any heat surplus can be used to meet a heeat
deficit at a lower temperature, but not at a higher temperature. This represents the spontaneous

flow of heat from a higher temperature to alower temperature.
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Solution Method : (Knopf, 1989)
Cdculation of pinch temperature and utilities;

THEN cdculates the pinch temperature and the minimum amount of utilities using the
Problem Table Algorithm developed by Linnhoff and Flower(1978). The basic principles of this
agorithm are explained below. The cdculations presented are for the smple process shown in
Figure 1. For caculaing the pinch temperature and the utilities, only the inlet and temperatures,
heat capacities and flowrates are required. The steps of are the dgorithm (Shenoy, 1995) are as
follows.

1) Determingtion of temperature intervas. ) Trin / 2 is subtracted from the hot stream
temperatures and ) Tri, / 2 is added to the cold stream temperatures () Tin is the minimum
gpproach temperature). These temperatures are then sorted in descending order, omitting
temperatures which are common to both hot and cold sireams. These temperatures now form
the limits of the various temperature intervals. This sep is necessary to ensure that there is an
adequate driving force of ) Ty,in between the hot and cold streams for possible heat transfer in
every temperature interva. The limits of these intervas are shown as T, in column A of Table
3.

2) Cdculation of net mass*heat capacity (MC,) in each interva: The sum of MC, values of
the hot streams is subtracted from the sum of the MC, values of the cold streams present in
each temperature interva and the result MC, i is entered in column B of Table 3 againg the
lower temperature limit of theinterva. Thus,

MCp,int = é. Mvac = é. MCp‘h fOI' thelnte’\/d

3) Cadculation of net enthdpy requirement in eech interva : The MC,,;: in each intervd is
multiplied by the temperature difference for that interva to obtain the net enthapy deficit in the
interval (Qint). These vaues are entered in column C of Table 3 againgt the lower temperature
limit of the interval.

4) Cdculation of cascaded heat: The net enthdpy in an intervd is subtracted from the
cascaded heat in the previous interval to obtain the cascaded heat (Qcasi) for thet interva.
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Qeasi = Quasi-1- Qinti

These vaues are entered in column D of Table 3. Note that Q.; = 0 for i = 0.
Cascading of heat essentidly involves hest transfer from atemperature interva to dl the intervas
which are lower in temperature.

5) Revison of cascaded heat: The most negative Qs in column D of Table 3 is subtracted

from each vaue in that column to obtain the revised cascaded heat (Rs) in column E. Thus,
Reasi = Qeasi - MiN(Qes) provided min(Qys) is negative.

Note that if dl the valuesin column D are nonnegetive, then step 5 is not required and column E

is the same as column D.

6) Determination of energy targets and pinch temperature: The minimum hot utility and the

minimum cold utility are the firs and lagt vaues in column E of Table 3. The temperaure in

column A that corresponds to zero revised cascaded heat in column E is the Pinch temperature.

If dl the vdluesin column E are poditive, then it is an unpinched problem.

Table 3 The Problem Table Algorithm

Temperature | Column A Column B Column C ColumnD Column E
interval Tint MCyp,int Qint Qcs Res
0 140 0 0 0 107.5
1 135 -2 -10 10 1175
2 110 0.5 125 -2.5 105
3 80 35 105 -107.5 0
4 50 -4.5 -135 27.5 135
5 35 5.5 82.5 -55 52.5
6 30 25 125 -67.5 40

As seen in Table 3, there are 6 temperature intervas. The pinch temperature for the
smple process is 80 °C, and the minimum hot and cold utilities are 107.5 and 40 Js

respectively.
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Synthesis of optimum heat exchanger network:

THEN breaks the network synthesis problem into two problems-the problem above the
pinch and the problem below the pinch. Each problem is then solved separatdly, beginning at the
pinch temperature. In each case, the most constrained hot stream is matched with the most
constrained cold stream. If a match cannot be made, the next most constrained hot or cold
gream is chosen. The process is repeated until a match can be made. The amount of heat
trandeared is the maximum amount that is thermodynamicdly feesble (until one sream is
exhaugted or the streams are separated by the minimum approach temperature). The sireams
are then reevauated to determine the new most constrained hot stream and most constrained
cold stream, and the process is repeated until al the streams have been exhausted.

The most congtrained hot stream is the hot stream with the lowest temperature. If two
or more hot streams have the same temperature, the most constrained hot stream is the stream
with the lowest mCp (mass flow x heat capacity) product above the pinch and the lowest mCp
product below the pinch. For cold streams, the most constrained stream is the stream at the
highest temperature. If two cold streams have the same temperature, the most constrained cold
stream is the stream with the highest mCp product above the pinch and the lowest mCp product
below the pinch.

This method of solution sometimes makes THEN sengtive to the order in which stream
information is entered. If THEN is unable to reach a solution, try changing the order of the
sreamsin the input data.

Program Limits:

THEN is currently limited to a maximum of 50 hot streams, fifty cold streams and fifty
heat exchangers.
General Information :

THEN was developed as a result of a class project in a graduate class on computer
alded design offered by Dr. Knopf at the Chemica Engineering Department at LSU. It is written
in FORTRAN. It has been tried on a number of problems and been found to solve successfully
in most cases. The types of problems that have been solved range from simple classroom

problems, problems from the literature, and industrid problems covering the petrochemicds,
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refining, and speciaty chemicds industries. However, it has been known to fall in some cases
and it is not guaranteed to work with al problemsthat are likely to be encountered.
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