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ABSTRACT 

Preliminary equipment design calculations are 

repetitive trial and error calculations, the use o-f 

computers greatly enhance the accuracy and effectiveness of 

these design calculations. However, computer programs for 

preliminary design calculations to be used with 

microcomputers were not readily available, because the rapid 

development of microcomputer hardware surpassed the 

development of chemical engineering application programs. 

Several computer program packages for preliminary 

equipment design have been developed. These computer 

programs cover the following calculations! distillation, 

flash , heat exchanger, ' pressure vessel, compressor, pump 

and piping system. Also a chemical property estimation 

package which can be incorporated with each equipment design 

package program was developed. 

The programs developed in the project have the 

following characteristics: inter-active, modular, 

structured, versatile, and portable. The portability 

criteria allows the programs to be run on different 

microcomputers or even on minicomputers. 



CHAPTER 1 

INTRODUCTION 

Computerizing process design calculations have 

been the subject o-f research by chemical engineers since 

the development o-f digital computers. Simulation packages 

which perform steady-state material and energy balance 

calculations were developed by universities and private 

companies since the early 1960's. In the early 1970's, the 

development of computer programs for chemical engineering 

applications attracted wide attention. This surge 

prompted several recognized organizations to perform a 

survey of computer programs which are available for 

chemical engineers, for example AIChE formed the Computer 

Aids for Chemical Engineering Education (CACHE) committee, 

and Chemical Engineering magazine directed a program which 

surveyed the availability of all types of computer 

programs for chemical engineers. 

In 1979, Chen and Evans(1979) provided the 

chemical engineering profession with the results of the 

survey which was directed by the Chemical Engineering 

magazine. The types of programs mentioned in the survey 

were numerous and covered wide ranges of applications. 

Several computer programs for process design calculations 
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2 

were also included, for example flowsheeting packages, 

thermodynamic packages, and equipment design packages. 

The computer programs which were the result of 

surveys conducted by the CACHE committee were also 

published and presented to , the chemical engineering 

profession in seven separate volume, CACHE <1971>. In 

general these computer programs had these common 

characteristics: 

They were not inter-active computer programs and 

required fixed fo~mat input, thus they were not easy 

to use 

Their use was limited to certain 

calculations 

They required large computers to run them 

They were difficult to update 

specific 

Also the programs were generally not intended as 

educational-purpose computer programs, 

those programs which were surveyed by 

committee 

except for 

the CACHE 

For process design calculation programs, a physical 

property package was not always included or not 

incorporated with the program. ·cA developed property 

package program is usually a stand-alone program 

which has limited range of components and routines 

for calculating the many required physical 

properties.> 
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•ne of the reasons for the awkwardness of these early 

programs was the use of an outdated high-level computer 

language, for example they used the FORTRAN 66 language, 

commonly known as FORTRAN IV. 

In the early 1980's, there were two major advances 

in the field of digital computation which were 

particularly advantageous for developing computer programs 

for chemical engineering calculations . These advances are 

the standardization of a new FORTRAN language and the 

development of relatively fast 16-bit microcomputers. The 

new standardized FORTRAN language is called FORTRAN 77. 

This new language provided several good characteristics of 

a high-level language, for example structured programming, 

modular programming and free—format input, etc. 

Meanwhile, the development of 16-bit microcomputers 

provided the chemical engineers with low-cost, relatively 

fast, relatively large memory, and stand-alone computer 

hardware. Thus both of these advances provided positive 

incentives for developing chemical engineering application 

programs for the microcomputers. 

Since most preliminary design calculations are 

repetitive trial and error calculations, the use of 

computers greatly enhance the accuracy and effectiveness 

of these design calculations. However, computer programs 

for preliminary design calculations were not available, 

because the rapid development of microcomputer hardware 
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surpassed the development of chemical engineering 

applications programs. 

Based on the above situations, the development of 

computer programs for preliminary equipment design was 

initialized. The objective of the project is to develop 

educational-purpose computer programs which can perform 

the preliminary calculations for equipment sizing with 

only limited data from a process flow sheet as available 

input. The programs developed were to be able to 

calculate the necessary equipment parameters so that 

preliminary equipment costs could be made. The programs 

developed in this project have the following 

characteri sti cs: 

- The programs are modular so that additional 

calculation routines can be easily added into the 

program when the need arises, for example the 

addition of other physical property routines. 

- The programs are structured to allow easy updates by 

other programmers beside the original programmer 

- These programs are versatile in accommodating a wide 

variety of input possibilities or calculation options 

- The programs adhere to standard FORTRAN 77 language 

specifications so that portability is preserved. 

This means that the program can be run on different 

machines which have a standard FORTRAN 77 compiler 

without any major modifications. These machines can 
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be microcomputers, minicomputers or main frame 

computers. 

- The other most important -factor is that the programs 

are user—friendly and fully-interactive. Thus they 

are easy to use by both experienced and the new 

program users. 

The process equipment to which the programs apply 

was chosen as that to be commonly found in chemical 

process plants and usually encountered by chemical 

engineering students in an undergraduate equipment design 

course. The equipment calculation programs developed in 

this project cover: 

- Distillation calculations 

- Flash calculations 

- Heat exchanger design calculations 

- Pressure vessel design calculations 

- Compressor design calculations 

- Pump and piping design calculations. 

These equipment design packages all use the same property 

databank and estimation methods which was developed in 

this project. Thus permitting ease of use and 

adaptability for future upgrading and updating. 

The development of these computer packages is the 

major topic of this study. The following chapters discuss 

the detailed explanation for the development of each 

package. 



CHAPTER 2 

CHEMPRQP 

CHEMICAL AND PHYSICAL PROPERTY ESTIMATION PROGRAM 

Process design calculations involve the 

determination of reliable thermodynamic, transport, and 

other physical properties o-f pure compounds or mixtures at 

particular process conditions. These data are needed 

be-fore any design calculations can be performed. The task 

•for acquiring these data can be a very time consuming 

effort, particularly when mixtures are involved in the 

calculations, the usual case in equipment design 

calculations. 

The effort to find the data for a compound's 

chemical properties varies from looking up the data in 

various text books to accessing a central time-sharing 

chemical property databank. Looking up data in text books 

might be a very good idea during the learning period of a 

chemical engineer's career, but as calculations become 

more complex this approach is very tedious and time 

consuming. Another alternative is to use a time-sharing 

chemical property databank provided by a chemical 

engineering organizations or private firms. Physical 

- 6 -
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Property Data Service (PPDS) maintained by Motard (19B1) 

and The Comprehensive Industrial Materials Property 

Package (CIMPP) developed by Waite(19B2) are several 

examples of such chemical and physical property data 

services. These data services provide numerous selections 

o-F chemical properties for wide ranges of temperature and 

pressure and for a large number of compounds. The 

chemical and physical properties produced by these 

time-sharing services are relatively accurate and 

dependable compared to approximations by hand 

calculations. The draw-backs of using such systems are 

the price for connecting to the databank and the initial 

fee for using the system. This alternative is not an 

economical alternative when the system is intended for 

instructional purposes by a large number of students. 

The above approaches for obtaining chemical and 

physical properties of pure compounds and mixtures are not 

feasible for adaptation to the development of computer 

programs for preliminary equipment design. Looking up 

data in textbooks while executing a computer program is 

very annoying to the user of the program. On the other 

hand connecting to a time-sharing data bank is very 

expensive, especially if a student decides to try several 

alternative calculations during the design of a particular 

piece of equipment. Considering these difficulties, a 
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property databank and property estimation program was 

developed to be incorporated with the equipment design 

programs or used in a stand alone data retrieval and data 

estimation package. 

System Design 

The development of the system was divided into 

three major parts, which when used together, generate the 

data required by the user. The three major parts o-f the 

system are : 

1. The main driver program 

2. The databank 

3. The property estimation subroutines 

Several considerations were used to develop the 

system. These considerations became the guidelines -For 

writing the computer programs of the overall physical 

property system. Among the system's considerations are 

simplicity and modularity. These specifications are 

needed for a growing computer program, particularly for a 

physical property program. Modular programs are easy to 

update when the need for more accurate determination 

methods arise. Simplicity is needed when updating by 

programmers, other than the original author, is seen to be 

necessary. Overall the system was designed to 

accommmodate even the most inexperienced user without 

constant reference to the user's manual. 
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An overview of the data retrieval and data 

estimation program can be shown on Fig. 1. User supplied 

information which consists of the compounds' name, mixture 

composition, property requested and process condition i.e 

temperature and pressure, are inputed into the main driver 

program. Given the compounds' name, the driver program 

will search through the alphabetical list of compounds for 

each compound's code number. This code number is very 

important for accessing other information concerning the 

specified compound. The driver program will perform this 

search for each compound in the mixture until all code 

numbers of the compounds have been determined. Knowing 

these code numbers, the main driver program will begin 

accessing and reading the constant properties of each 

compound in the databank. 

The previous steps conducted by the system are 

only data searching and data accessing steps. There are 

no calculations involved in the above steps. Calculations 

and estimations are performed at the next level, which is 

the property estimation and calculation step. At this 

level, all information concerning the compounds is used to 

determine the property requested by the user. Finally, 

the main driver program causes the results to be written 

to a file which can be printed or shown on the screen. 



USER SUPPLIED INFORMATION 
-Compounds' name 
-composition DATABANK 

-alphabetical 
list of compounds 

-compounds' 
constant properties 

-property requested 
-process condition 

PROPERTY 
ESTIMATION 
AND CALCULATION 

RESULT 

MAIN DRIVER 
PROGRAM 

SUBROUTINES 

Figure 1. 

DIAGRAM OF CHEMPROP 



The Databank 

The databank contains the information required -for 

the estimation or calculation of properties for some 400 

compounds. The databank consists of several files which 

hold this information. These files can be categorized 

into three types of files 

1. A file which holds the alphabetical list of 

available compounds and accompanying code numbers. 

This file is called INDEX. In this file several 

versions of a compound's name are stored to give 

greater ease of accessibility to the information for 

a specified compound. For example, isopropyl 

alcohol is stored with two other equivalent names 

i.e. isopropanol and 2-propanol. Each of these 

names is given the same code number, so that the 

user can enter any one of these names and still get 

the same information. These different versions of 

names are required to reduce errors and to give 

greater flexibility in data input. The complete 

list of these compounds can be found in Appendix 2. 

2. The curve fitted constants for several properties 

are stored in file LENJ0N.DAT, SURTEN.DAT and 

TERC0N.DAT. The contents of these files are shown 

in the following list: 
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PROPERTIES 

Curve—fitted 
constants -for 
Liquid thermal 
conductivity 

Curve-fitted 
constants for 
vapor thermal 
conductivity 

Curve—fitted 
constants for 
surface tension 

Curve-fitted 
constants for 
heat capacity 
of liquid. 

Lennard-Jones 
potentials 

FILE LOCATION 

TERCON.DAT 

TERCON.DAT 

SURTEN.DAT 

SURTEN.DAT 

LENJON.DAT 

Files which are used to store the constant 

properties of each compound. Two files are used to 

hold these constants. These files are named PROP 

and THERPROP. Contents of these files are also shown 

in the following list: 

PROPERTIES 

- Molecular weight 

- Normal freezing point 

- Critical temperature 

- Critical pressure 

- Critical volume 

Critical compre
ssibility 

Pitzer's acentric 
factor 

FILE LOCATION 

PROP 

PROP 

PROP 

PROP 

PROP 

PROP 

PROP 
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Liquid density at 
reference temperature 

PROP 

Dipole moment PROP 

Constants for the 
ideal gas heat 
capacity 

THERPROP 

Constants -for liquid 
viscosity equation 

THERPROP 

Standard enthalpy o-f 
•formation 

THERPROP 

Standard Gibbs free 
energy 

THERPROP 

Heat of vaporization 
at normal boiling point 

THERPROP 

The first and second type of files are sequential 

file. This means that the program will access information 

by first searching sequentially through the file to find 

the right required information, then read the information 

from the file. An example of a sequential file access is 

the accessing of the compound's code number in file INDEX. 

The sequential access of file INDEX is started by an 

alphabetical search for the specified compound in the 

file. The program will try to find the exact compound's 

name in the file which matches the compound's name 

supplied by the user. When it is found the compound's 

code number is read from the file. If the compund nameis 

not found a message will appear prompting the user to 

provide the correct name. 
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The third type of file in the data bank are the random 

access -Files. This type o-f file is used to access large 

amount of information quickly and efficiently. Initial 

searches are not necessary for this type of file because 

the information in the file is accessed directly with the 

help of an index number or the compound's databank code 

number. An example of a random access file is the 

accessing of information in file PROP. This file contains, 

among other items, the critical properties of the 400 

compounds. Accessing information of a four or 

five-compound mixture is a time consuming effort when done 

sequentially, but using a random access method, the 

information for mixtures can be read very quickly. 

The Property.Estimation Subroutines 

The estimation subroutines are one of the most 

important part of the physical property system. These 

subroutines determine the accuracy and the reliability of 

the property produced by the system. There are 15 

properties that can be calculated or estimated using 

CHEMPROP. These properties are shown in the following 

list: 

— Liquid viscosity 

— Vapor viscosity 

— Liquid density 
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- Vapor density 

- Vapor pressure 

- Vapor heat capacity 

- Liquid heat capacity 

- Liquid thermal conductivity 

- Vapor thermal conductivity 

- Surface tension 

- Ideal gas enthalpy 

- Vapor enthalpy 

- Liquid enthalpy 

- Heat of vaporization 

- Vapor-liquid equilibrium 

There are four general criteria used in selecting 

the estimation methods to be used. These criteria arei 

1. The method must provide property data within a range 

of 1% to 10% error. This range of error is 

sufficiently precise for preliminary design 

calculations. 

2. The estimation methods should require a relatively 

small amount of computer memory and disk memory. 

The small amount of memory is essential because of 

two reasons. First, the programs are developed on a 

microcomputer which has a maximum random access 

memory of 256 K bytes. Presently, microcomputers 

can not accommodate programs which require a large 

memory. The second reason is that these estimation 



16 

methods are incorporated with the equipment design 

programs which in themselves are programs with 

relatively large memory requirements. Due to these 

reasons, several well known estimation methods were 

not included in the property estimation methods. 

For example, the Lee-Kesler method which requires a 

large look-up table to determine the thermodynamic 

property departures for hydrocarbon and 

nonhydrocarbon compounds, is not chosen as one of 

the estimation methods. The computer memory also 

limits the use of experimental data in the property 

databank because a property of one compound will 

require at least a data table, consisting of the 

property as a function of temperature or pressure, 

to be typed and stored in the magnetic media. 

3. The estimation methods should be easy to use during 

program execution. Since the computer program is an 

inter-active program, the data input procedure 

should be simplified so that input information can 

be easily inputted manually using the computer 

keyboard. Group contribution methods which are 

relatively more accurate than other methods, i.e. 

corresponding state method etc., are not included 

due to this criteria, since group contribution 

methods demand that the user have extensive 
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knowledge o-f the compound's structure and also these 

groups methods are relatively complex to be inputted 

using a regular computer keyboard. 

4. The -final criteria is that the methods do not 

require lengthy computing time, particularly when 

the program is executed using a microcomputer. 

Based on these four criteria, a compilation o-f 

estimation methods are chosen -for CHEMPROP. 

The detailed explanation o-f each method is 

presented in Appendix A, Section 1. Due to the modularity 

in the set up o-f the system, these methods are not 

permanently con-figured in the program. They can be 

changed to meet any level o-f required accuracy felt to be 

needed in the future. Changing only one method can be 

done easily by developing a better subroutine for that 

specific property and then relinking the new subroutine 

with driver program. 



CHAPTER 3 

FLASH 

FLASH CALCULATION PROGRAM 

There are two reasons why flash separation 

calculations are an important subject in a preliminary 

equipment design course. First, flash calculation combines 

the practical knowledge of chemical engineering 

thermodynamics, and stoichiometry with practical equipment 

design know-how. It is therefore an ideal synthesis 

subject to evaluate the knowledge of an undergraduate 

chemical engineer before he or she can solve more complex 

vapor-liquid separation problems, for example plate to 

plate distillation problem. Secondly flash drums, which 

are physical separators based on the principles of flash 

separation, are commonly used in the chemical process 

industry as single stage separation units in vapor-1iquid 

processes. 

There are many possible controling schemes in a 

flash separation operation, for example holding the 

pressure constant and varying the temperature, or holding 

the temperature constant and varying the pressure, etc. In 

each of these many possibilities, the vapor composition, 
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vapor flow rate, liquid composition and liquid flow rate 

are solved by using an iterative solution technique. Most 

undergraduate chamical engineers probably never have the 

opportunity to solve problems in all this wide variety of 

flash calculations due to the numerous possibilities of 

flash calculations and also due to the required iterative 

solution to each type of problem. 

Based on the above facts the need for a complete 

package of computer programs for solving several types of 

flash calculations can clearly be seen. The package 

program should also include subroutines for determining the 

dew point and the bubble point condition which are very 

important in determining the required two-phase condition 

in a flash separation problem. 

System Design 

Similarly as in CHEMPRQP, the flash package is also 

coordinated by a main driver program. This driver program 

coordinates the two major parts of the FLASH package. The 

two parts aret 

1. The data retrieval of the compounds' properties. 

2. The dew point, bubble point and flash calculation 

subroutines. 

The flash calculation package was developed with 

nine calculation option available to the user of the 
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program. These options are: 

1. Dew point temperature calculation given the vapor 

composition and pressure 

2. Dew point pressure calculation given the vapor 

composition and temperature 

3. Bubble point temperature calculation given the liquid 

composition and pressure 

4. Bubble point pressure calculation given the liquid 

composition and temperature 

5. Flash calculation given the temperature and recovery 

of one compound 

6. Flash calculation given the pressure and recovery of 

one compound 

7. Flash calculation given the temperature and pressure 

8. Flash calculation given the temperature and the 

vapor-liquid split 

9. Flash calculation given the pressure and the 

vapor-liquid split. 

Results and Limitations 

The major limitation of the flash package is the 

method used for calculating the vapor-liquid equilibrium 

ratio, K. The FLASH package uses the Lee, Edmister and 

Erbar correlation (1973) for calculating the equilibrium K 

values. As can be seen in Appendix A, Subsection 1.2, 
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there are several assumptions used in this procedure that 
i 

limits the use of the above correlation to hydrocarbon 

mixtures only. 

Also the FLASH package assumes that in each flash 

calculation option, equilibrium and steady-state conditions 

have been achieved.(Refer to Appendix A Section 2 for the 

detail explanation of each option.) In each calculation 

option the feed composition and flow rate must be 

specified. 

If the above limitations are not violated, the 

following are the results of the flash calculation package: 

- Product liquid composition 

- Liquid flowrate of each compound 

- Product vapor composition 

- Vapor flowrate of each compound 

- Dew point temperature and pressure 

- Bubble point temperature and pressure 

Finally, the FLASH package is integrated with the 

CHEMPROP databank which contain permits the determination 

of properties of some 400 compounds. In addition to this, 

the FLASH package offers the user a simple inter-active 

approach in executing a program. Thus the need for a 

complete flash calculation program that can be use easily 

has been fulfilled by the development of this FLASH 

package. 



CHAPTER 4 

DISTIL 

DISTILLATION CALCULATION PROGRAM 

Distillation is probably the most widely used 

separation process in the chemical and allied industries, 

particularly for separating liquid-liquid systems. Its 

application ranges -from the rectification of alcohol to 

the fractionation of crude oil. A distillation separation 

process can be categorized into two modes of operation, 

i.e. continuous or batch operation. It can also be 

specified according to the type of contacting device used 

inside the distillation column, i.e. packed column or 

plate column. The mode of operation and the type of 

contacting device are chosen depending upon the desired 

separation. Most industrial distillation columns operate 

in continuous mode with predominately plate contacting 

device. In this chapter the discussion of distillation 

separation focuses on continuous distillation operation 

with plates or trays as the contacting device. 

The design of a distillation column involves the 

determination of the number of equilibrium stages required 

for the specified separation. In recent years, most of 

the work done to develop reliable design methods for 
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distillation equipment has been carried out by commercial 

organizations, particularly by Fractionation Research, 

Inc., an organization which carries out experimental work 

on full size columns. Since their work is of a 

proprietary nature, it is not published in the open 

literature. Only companies who are members of the 

organization will receive the design manuals from this 

organization. 

Chemical engineering students must resort to basic 

distillation design methods which have been used over the 

years. The DISTIL package program presented here is 

intended for chemical engineering students and it was 

designed as a tool to study the effect of changing 

parameters during distillation column preliminary design. 

Accuracy is not a major criteria in the development of the 

package but versatility is. Based on this guide line, the 

DISTIL package program does not use the methods from 

Fractionation Research Inc., but instead it uses the 

design methods which are commonly used by process 

designers that are available in the literature. 

Methods 

There are two types of approaches for designing a 

distillation column to separate a multicomponent feed 

mixture. The two approaches are the rigorous approach and 

the short-cut approach. The rigorous approach involves 

determining the required number of theoretical stages by 
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way of stage to stage calculations. In the rigorous 

approach, the design engineer performs mass and energy 

balances at each stage o-f the column and the results are 

checked with the separation specification. If the 

specification and the results from the computation do not 

agree, similar recalculations of the mass and energy 

balance for each stage are performed. Thus the rigorous 

approach requires an iterative procedure to arrive at the 

number of theoretical stages. This approach is used 

during a detailed design of a distillation column. For 

preliminary design the short-cut method is usually used. 

The short-cut method is different from a rigorous 

approach because the former approach uses several 

assumptions to simplify the calculations. The assumptions 

in the short-cut approach are dependent upon the methods 

used in the calculation of the design parameters. There 

are many assumptions used in the DISTIL package because 

the package is based on the short-cut approach. In order 

to discuss these assumptions, the general methods used in 

the DISTIL package must first be introduced. 

The design of a distillation column can be divided 

into the following stepst 

1. Set the product specification and perform the 

initial material balance calculation. 

2. Determine or select the operating conditions. 

3. Calculate the reflux requirement. 
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4. Compute the theoretical and actual stage 

requirement. 

5. Perform the mechanical design of the column. 

DISTIL performs the calculations in step 1 to 4 but it 

does not perform mechanical design. The design of a 

column vessel is covered by another package program named 

VESSEL which is discussed in Chapter 6. 

There are many methods in the literature for 

determining the parameters in step 2 to 4. The following 

are several methods which are available for a short-cut 

approach. 

1. The minimum reflux ratio 

- Underwood algebraic method (194B) 

- The Scheibel-Montross empirical equation (1946) 

- The Colburn method (1941) 

2. The number of minimum stages 

- Fenske equation (1932) 

- The Underwood method (1932) 

3. The number of theoretical stages 

- The Gilliland method (1940) 

- The Brown and Martin method (1939) 

- The Smoker equation (1938) 

4. The overall column efficiency 

- The AIChE method developed by Fair (1971) 

- The O'Connell equation (1946) 

- The Drickamer and Bradford equation (1943) 
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The methods chosen in the DISTIL package are as -follow: 

The Fenske method -for computing the minimum number o-f 

equilibrium stages, the Underwood algebraic method -For 

calculating the minimum reflux ratio, the Gilliland method 

-for estimating the number of theoretical stages and the 

Drickamer and Bradford equation for predicting the overall 

column efficiency. The criteria and reasons for choosing 

the methods are discussed in Appendix A, Section 3. The 

combined methods are commonly known as the 

Fenske-Underwood -Gilliland method. This method is very 

popular among process designers because of its relative 

accuracy in predicting the required number of stages and 

minimum reflux ratio compared to results from a rigorous 

approach. Frank (1977) recommend its use for preliminary 

design calculations. This method is also commonly taught 

in an undergraduate chemical engineering equipment design 

course. 

As mentioned earlier the Fenske-Underwood 

-Gilliland method uses several simplifying assumptions. 

The following are the major assumptions in the method: 

1. The moles of liquid overflow and moles of vapor 

ascending the column are constant in each section 

2. The operation of the column is continuous and 

adiabatic 

3. There is no heat of mixing of any of the components 

4. Constant relative volatility for each component 
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5. The binary interaction between component is minimal 

The detailed limitations and the general reliability of 

the Fenske-Underwood -Gilliland method is discussed in 

Appendix A, Section 3. 

The Fenske-Underwood -Gilliland method also 

assumes that the distillation operating conditions have 

been established or are known. These operating conditions 

must be estimated or selected if they are not specified. 

The determination of the distillation operating conditions 

receives little attention in many design text books yet 

the determination present a considerable problem for 

inexperienced process designers. An algorithm for 

determining the distillation operating condition was 

developed for the DISTIL package. The discussion of the 

Algorithm is detailed in Appendix Af Subsection 3.2. 

System Design 
r 

The DISTIL package was developed to be used as an 

educational purpose program. Thus it was designed to be 

versatile in the type of problem being solved, for example 

the user is allowed to specify a temperature from any of 

the four locations in the column. The four locations are 

the feed plate location, the top of the column, the bottom 

of the column and the inside of the condenser. The reason 

for this flexibility is based on the practical application 

of the program itself. A typical example of a 

distillation problem would be setting the condenser 



28 

temperature based on the temperature of the available 

coling medium, Another example would be setting the bottom 

temperature because of a possible thermal degradation of 

the bottoms product or to avoid operating a reboiler in 

the vicinity of the critical temperature. 

Versatility in specifying the product 

specification is also important. For example in a scoping 

study of a distillation separation, X recovery of the key 

components in the products are usually used and, while for 

greater accuracy, the X compositions are often specified. 

The DISTIL package program was designed based on these 

type of examples. 

The following demonstrates the input flexibility 

of DISTIL. 

1. The distillation products can be specified in any 

one of the following specifications 

- X composition of the light key component and X 

composition of the heavy key component in the 

distillate are specified. 

- X composition of the light key component in the 

distillate and X composition of the heavy key 

component in the bottoms are specified. 

- X composition of the light key component in the 

bottoms and X composition of the heavy 

component in the distillate are specified. 

- X composition of the light key component and 7. 
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composition of the heavy key compc.ient in the 

bottoms are specified. 

- % recovery of the light key component in the 

distillate and V. recovery of the heavy key 

component in the bottoms are specified. 

- % recovery of the light key component in the 

bottoms and 5C recovery of the heavy key 

component in the distillate are specified. 

These X can be molar 7. or weight X. 

2. Temperature or pressure can specified in any of 

these four locations. 

- At feed location 

- At the top column location 

- At the bottom column location 

- At the inside of the condenser 

If the feed temperature is specified, DISTIL allows 

the user to input any additional information 

concerning the feed mixture to simplify the problem, 

for example the thermal condition of the feed. 

3. The ratio of actual reflux over minimum reflux can 

be varied. 

4. The tray pressure drop can also be varied according 

to the type of contacting device used in the column. 

A good method for determining the vapor-liquid 

equilibrium K value is essential during distillation 

design calculations. The DISTIL package uses similar 
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estimation methods as in the CHEMPROP package -for 

estimating the required properties needed in the 

calculations, -for example K values, liquid viscosity, 

vapor and liquid enthalpy, etc. Both programs also use a 

similar data bank to access the constant properties of the 

compounds in the mixture. 

Results 

The following results of calculations are the 

output of the DISTIL program: 

1. Products composition and flow rate 

2. Top and bottom temperature 

3. Top and bottom pressure 

4. Minimum reflux ratio 

5- The number of minimum stages 

6. The number of theoretical stages and actual stages 

7. The overall column efficiency 

B. The pressure drop in the rectifying and stripping 

section 

9. The internal vapor and liquid flow rates in the 

column 

The DISTIL package does not calculate the mechanical 

design of the distillation column but offers several 

parameters which are needed to perform the detailed 

calculation, for example the vapor flow rate for 

determining the column diameter and the number of actual 

trays for determining the column height. 



CHAPTER 5 

HEATEX 

SHELL AND TUBE HEAT EXCHANGER DESIGN PROGRAM 

The transfer of heat between process fluids is an 

essential part of most chemical processes. There are many 

types of heat-transfer equipment used in the chemical 

process industries(CPI>, i.e. double-pipe exchangers, 

plate and frame exchangers, air cooled heat exchanger, 

direct contact heat exchanger and the shell and tube heat 

exchanger. 

Among these numerous types of heat exchangers, 

shell and tube heat exchangers are the most common type of 

heat-transfer equipment found in most chemical processing 

plants. The reason for its popularity is because shell 

and tube exchanger can be used in a wide variety of 

applications. There are three major applications of a 

heat exchanger, these are; exchanging heat between process 

fluids, vaporizing liquids in a process stream, and 

condensing vapors in a process stream. Shell and tube 

exchangers for these three applications are the main focus 

of this chapter. HEATEX is a shell and tube heat 

exchanger design package program that can perform design 
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calculations -for these three kinds of applications. 

As with distillation, work on the development o-f 

reliable design methods -for heat exchanger has been 

dominated in recent years by commercial research 

organizations, -for example Heat Transfer Research 

Inc.(HTRI), in the United States, and Heat Transfer and 

Fluid Flow Service(HTFS) operated by the United Kingdom 

Atomic Energy Authority and National Engineering 

Laboratory in the United Kingdom. Similarly, as the policy 

in Fractionation Research Inc. for distillation research, 

the design methods for heat exchangers produced by HTRI 

and HTFS are of a proprietary nature and are not therefore 

available in the open literature. They will, however, be 

available to design engineers in the major operating and 

contracting companies, whose companies subscribe to these 

organisations. 

Due to the proprietary nature of the design 

methods from these commercial organizations, chemical 

engineering students must resort to basic heat exchanger 

design calculation methods which are available in the open 

literature. As with the DISTIL package program, the 

HEATEX package program presented in this chapter is 

intended for chemical engineering students and was 

designed to be used as a teaching tool for studying the 

effect of changing parameters during heat exchanger 

preliminary design. Thus accurate detailed design methods 
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developed by commercial organisations are not required, 

but instead methods which are commonly used by process 

engineers -For performing preliminary design are chosen to 

be implemented in the HEATEX package. 

Method 

The primary objective of designing a heat 

exchanger is to find a heat exchanger configuration which 

gives the necessary surface area required for transfering 

the specified duty in a process stream. The heat 

exchanger duty is usually fixed by the temperature 

difference and other process specifications. As the 

physical configuration of the exchanger cannot be 

determined until the area is known, the design of an 

exchanger usually involves trial and error procedures. 

Preliminary design of heat exchangers has been 

discussed in a large number of books, among them are: Kern 

(1950), Ludwig (1983), Fraas and Ozisik (196S), and 

Rohsenow and Hartnett (1973). Each one of these authors 

proposed his own methods for designing a shell and tube 

heat exchanger, but many of them are only slight 

modifications of the method proposed by Kern. 

HEATEX uses the original Kern method for 

performing preliminary design calculations because the 

original Kern method is still considered to be a reliable 

method for performing a preliminary design of a shell and 
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tube heat exchanger. The Kern method is also the method 

recommended by Aerstin (1978) and Coulson (1983) in their 

design textbooks. Among process engineers the Kern method 

has received wide acceptance and has become the basis -for 

several short-cut approach, for example Gilmour (1952), 

Lord et al.(1970), and Crane R. (1973). The other reason 

this method is chosen for HEATEX is because the method is 

commonly taught in an undergraduate chemical engineering 

equipment design course, particularly for heat exchanger 

design. 

The general steps in the Kern method are as 

follows: 

1. Define the heat exchanger duty from the process 

conditions and compute the average temperatures of 

the fluids on the shell side and tube side. 

2. Determine the true or corrected temperature 

difference 

3. Assume a tentative value of overall heat transfer 

coefficient and calculate the estimated heat 

transfer area 

4. Find a shell and tube configuration which will give 

the closest necessary heat transfer area to that 

determined in step 3. 

5. Compute the shell side and tube side heat transfer 

coefficients. 
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6. Calculate the shell-side pressure drop, tube-side 

pressure drop and the heat exchanger dirt factor. 

If these parameters do not satisfy the process 

requirements, recalculate by using a different heat 

exchanger configuration. 

The above procedure proposed by Kern is 

implemented in the HEATEX package with several additional 

procedures, for example a procedure for determining the 

unknown temperature in a heat exchanger specification is 

added in the package. The determination of the unknown 

temperature is sometimes considered to be a heat exchanger 

simulation problem rather than a heat exchanger design 

problem. However in most heat exchanger design problems 

usually only three of the following four temperatures are 

specified, i.e., shell-side input temperature, shell-side 

output temperature, tube-side input temperature and 

tube-side output temperature. The determination of the 

unknown temperature receives little attention in most 

design textbooks, but it is covered in great detail in the 

literature under the topic of heat exchanger simulation. 

An algorithm for determining the unknown temperature was 

developed for the HEATEX package. The detailed discussion 

of this algorithm is given in Appendix A, Subsection 4.1 
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System Design 

Similarly as in the other packages, tha HEATEX 

packaga program was designed to be versatile in the type 

o-f problem being solved. The HEATEX package can be used 

to designs 

1. An exchanger with liquids flowing inside the tubes 

and inside the shell(s) 

2. An exchanger with vapors flowing inside the tubes 

and inside the shell(s) 

3. A horizontal or vertical condenser with vapor 

condensed inside the tubes 

4. A horizontal or vertical condenser with vapor 

condensed inside the shell 

5. A vertical or horizontal vaporizer with liquid 

vaporized inside the shell 

The HEATEX package performs the design for each of the 

above equipment types using the same Kern method. The 

major differences in each procedure lie in the 

calculations of the fluid properties, the heat transfer 

coefficiants and tha pressure drops. Due to this 

similarity in procedure, the design program for these 

several equipment types was able to be tied together in 

one single package program with the calculation of the 

neccesary parameters, for example heat transfer 
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coefficients, in several different subroutines. The 

result being in a small but complex program. 

The interactive input of HEATEX was also designed 

to be simple and yet informative. For example the program 

can recommend to the user of the program reasonable values 

of the design parameters which are needed in the design 

calculation. A typical example of this capability is the 

recommendation of the overall operating heat transfer 

coefficient, U^, estimate shown to the user during inter 

active input. 

Results and LBjnflfcation? 

A shell and tube heat exchanger design program is 

always limited in the capability of performing the design 

calculations. One of the major factor which limits the 

capability of a shell and tube heat exchanger program is 

the comprehensiveness of the tube sheet layout count table 

stored in the data bank of the package program. HEATEX 

uses the standard TEliA tube sheet layout count table 

available in Perry (1984). HEATEX. can accommodate the 

fallowing shell and 

tube heat exchanger configurations: 

No of Shell max. i 3 

No of tube passes max. : 6 

TEMA class s P, S, L, M or U 

Tube outside diameter : 0.625, 0.75, 1.0, or 1.25 inch 
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Pitch size s 0.8125, 0.9375, 1.0, 1.25 or 

1.5625 

Pitch type : triangular or square 

Heat exchangers which are designed using shell and tube 

configuration other than the above specifications cannot 

be solved using HEATEX. 

The following parameters are the results of the 

HEATEX- package: 

1. The input specifications which include 

- The fluid flow rates in the shell and tubes 

- The fluid compositions in the shell and tubes 

- The process temperatures, i.e. inlet and 

outlet tube-side temperatures, and inlet and 

outlet shell-side temperatures. 

- The TEMA class, the no of shell and tube 

passes. 

- Tube outside diameter, BWG, and tube length. 

- Pitch type and size. 

- Baffle spacing and the baffle cut. 

- Up estimate 

2. Heat load and the corrected LMTD. 

3. The design overall coefficient, the clean overall 

coefficient, and the dirt factor. 

4. The tube-side specifications which include the mass 

velocity, the total number of tubes, heat transfer 
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coefficient, and tube-side pressure drop. 

5. The shell-side specifications which include the mass 

velocity, the shell diameter, the shell equivalent 

diameter, the heat transfer coefficient, and the 

shell-side pressure drop. 

The above parameters can be considered to be the 

detailed parameters in a heat exchanger design 

specification. This shows that the HEATEX package can be 

used to specify the detailed parameters of a shell and 

tube heat exchanger. Other important parameters which are 

also the results of calculations, for example the fluid 

properties of the fluids in the shell and tubes, are not 

included in the output because these properties can be 

calculated using the CHEMPROP package. Both programs use 

a similar constant properties databank and similar 

property estimation methods. 



CHAPTER 6 

VESSEL 

PRESSURE VESSEL DESIGN PROGRAM 

Pressure vessels perform a wide range of process 

functions, and thus they are a part of essentially any 

major chemical processing plant. In the chemical 

processing industry pressure vessels are used as knock-out 

drums, agitating drums, reactors, distillation columns, 

etc. 

Currently, there is no strict definition of what 

constitutes a pressure vessel, because each industrialized 

country which designs and fabricates pressure vessels has 

developed its own national standard and code of practice 

for performing design and fabrication. For example, the 

British Standard Code defines a pressure vessel as any 

closed vessel which has a diameter over 150 mm and is 

subjected to a pressure difference of more than 1 bar. On 

the other hand, the American Society of Mechanical 

Engineers defines a pressure vessel as any closed vessel 

which has a total capacity of greater than 120 gallons, 

internal pressure less than 3000 psi, and an inside 

diameter greater than 6 inch. These differences in 
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definitions and specifications provide an interesting 

dilemma -for process designers. The only solution to this 

problem is to -follow and abide by all the rules and 

procedures o-f one Code during the design o-f a pressure 

vessel. A brief summary o-f the available pressure vessel 

Codes -from several major industrial countries is given in 

Hydrocarbon Processing (1970). 

These pressure vessel Codes can be used to design 

the two major types o-f vessel, i.e. internal pressure 

vessels and external pressure vessel. Internal pressure 

vessels are vessels with internal pressure greater than 

atmospheric pressure. External pressure vessels are 

vessels with internal pressure less than atmospheric 

pressure or under vacuum conditions internally. Both o-f 

these types of pressure vessels are discussed in this 

chapter and could be designed using the VESSEL package. 

Chemical engineers are not usually required to 

undertake the detailed mechanical design of a pressure 

vessel. Vessel design is a specialized subject and will 

be performed by mechanical engineers who are conversant 

with the current design codes and practices. However, the 

process designer will be responsible for developing and 

specifying the basic design information for a particular 

vessel. The following list from Heinze (1979) shows some 

of the basic data needed by the specialist designer to 

arrive at a detailed pressure vessel design: 
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- Vessel function/service 

- Process materials to be handled 

- Design temperature and design pressure 

- Materials of construction 

- Corrosion allowance 

- Vessel dimensions, which include vessel length, 

vessel diameter, shell thickness, head thickness, and 

vessel orientation, etc. 

- Type of vessel head to be used 

- Openings and connections required 

- Specification of heating and cooling jackets or coils 

The above design specifications must be calculated or 

determined by the process designer during the initial 

stage of pressure vessel design. Other than these 

specifications, the process designer is also required to 

estimate the vessel weight, because vessel weight is 

sometimes used as a parameter for calculating the pressure 

vessel cost. The VESSEL package program performs the 

necessary computations to calculate most of the above 

parameters. 

Method 

The design calculations performed by VESSEL follow 

the rules and procedures given in the American Society of 

Mechanical Engineers (ASME) Boiler and Pressure Vessel 
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Code (1977), particularly for the computation of the 

vessel shell thickness and head thickness. Beside using 

the standard procedures, several other additional methods 

are included in the VESSEL package, for example the 

determination of the optimum head type, the method for 

estimating the design temperature and design pressure, 

etc. 

The preliminary design of a pressure vessel is 

usually performed by following these steps: 

1. Compute the vessel length and the vessel diameter 

based on the following specifications, for example 

L/D ratio, the required minimum vessel capacity, or 

the specified total vessel volume 

2. Determine the design temperature and the design 

pressure 

3. Choose the type of metal and determine the metal 

stress value at the design temperature 

4. Calculate the shell thickness and the head thickness 

3. Compute the vessel weight. 

All of the above computations are performed by the VESSEL 

package program. The theoretical background of the 

methods used by VESSEL during the calculations of the 

above steps are discussed in Appendix A,Section 5. 
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System Design 

The VESSEL package program was also designed 

similarly as the other packages, for example it is 

versatile in the type of problem being solved and flexible 

in accommodating several input specifications. 

The following list demonstrates the capability of 

the VESSEL package. 

1. The package program can be used to design these 

three types of pressure vessel 

- Spherical vessel 

- Horizontal cylindrical vessel 

- Vertical cylindrical vessel 

2. The pressure on the vessel wall can be internal 

pressure or external pressure. 

3. The vessel head type can be ellipsoidal, 

torispherical, or hemispherical. 

4. The user can input any one of the following 

dimensional input specifications to initialize the 

design calculations. 

- The length over diameter ratio (L/D) and the 

minimum required volume which the vessel' must 

contain, for example in an agitation tank or a 

vapor-liquid separator design. 
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- The total vessel volume, for example in a 

problem for designing storage tanks. 

- The length and diameter, for example in a 

distillation column design. 

Beside these capabilities, VESSEL can also recommend the 

type of metal best suited for the vessel applications, and 

it can recommend the best L/D ratio for several 

applications. Also, the package program can pick the best 

type of head based on the process conditions of the 

vessel. 

Results and Limitations 

There are two major limitations in using the 

VESSEL package program. The first limitation concerns the 

use of the procedures described in the ASME Boiler and 

Pressure Vessel Code. The procedures in the Code should 

not and cannot be used for pressure vessel which are not 

under the jurisdiction of the Code. Thus they cannot be 

designed using the VESSEL package program. The complete 

classification of the vessels which cannot be designed 

using the ASME Code are listed in section U~1 of the Code 

(1977). A summary to this list is also included in the 

introduction of Appendix A, Section 5. 

The second limitation concerns the data bank that 

stores the maximum allowable stress values for different 

metals used with the VESSEL package program. The databank 
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of the VESSEL package program currently holds the maximum 

allowable stress values -for carbon steel and low alloy 

steel 

for these metal type designations: 

SA-2B3 

SA-2B5 

SA—299 

SA-414 

SA—442 

SA—455 

SA-515 

SA-516 

SA-662 

SA-202 

SA—203 

SA—204 

SA—225 

SA—302 

SA—387 

grade : A, B, C, D 

grade a A, B, C 

grade : A, Bf C, D, E, F, G 

grade s 55 & 60 

grade : A, B, C 

grade : 55, 60, 65, 70 

grade s 55, 60, 65, 70 

grade : A & B 

grade s A 8c B 

grade : A, B, D, E 

grade a A, B, C 

grade : A, B, C, D 

grade : A, B, C, D 

grade : 2 Cl.l, 2 CI.2, 12 Cl.l, 12 CI.2 

11 Cl.l, 11 C1.2, 22 Cl.l, 22 CI.2 

21 Cl.l, 21 CI.2, 5 Cl.l, 5 CI.2 

SA-533 grade i A, B, C 

The temperature for each metal ranges -From -20 °F to 1200 

° F. Other choices of metals and other temperatures cannot 

be accommodated by this databank. 
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If the above limitations are not violated, the 

following results of calculations are the output of the 

VESSEL package program: 

1. Design temperature and design pressure 

2. The vessel dimensions which include 

- vessel inside and outside diameter 

- shell thickness 

- head thickness 

- tangent to tangent length 

- total vessel length 

- inside depth of head 

3. Joint efficiency 

4. Maximum allowable stress value 

5. Vessel head weight 

6. Vessel shell weight 

7. Total vessel weight 

B. Type of flange that should be used 

The above information is more than the required basic data 

needed by the specialist vessel engineer from the process 

designer. The total vessel weight can also be used by the 

process designer to estimate the cost of the pressure 

vessel material and also the fabrication cost. 

The preliminary design of an internal pressure 

vessel can be performed quickly using the VESSEL package 

program. A typical execution time is less than one minute 
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using the IBM personal computer. However, -for an external 

pressure vessel longer execution time is needed to achieve 

the final results. This is due to the trial and error 

calculations involve in the procedure. A typical 

execution time for external pressure vessel is less than 

two minutes. 



CHAPTER 7 

COMPRESS 

COMPRESSOR EQUIPMENT DESIGN PROGRAM 

Any chemical, petrochemical or petroleum process 

which involves a pressure increase for air or gas will 

require compression equipment. 'Compressor' is the term 

applied to the machine which produces such a pressure 

increase by compressing the gas volume as it flows through 

the machine. In the chemical processing industry, 

compressors are also still considered to be the primary 

fluid mover for transporting gas from one location to 

another. The term 'blower' is sometimes used 

interchangeably with the term compressor, particularly in 

the lower pressure ranges. Currently, there is no uniform 

agreement on where or when the term blower should be used 

instead of compressor. 

Compressors can be broadly divided into two basic 

types of machines, i.e. dynamic type compressors and 

positive displacement compressors. Dynamic type 

compressors produce a pressure rise by imparting velocity 

to the gas through one or more rotating impellers. 

Centrifugal and axial compressors are included in this 
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category. On the other hand, positive displacement 

compressors usually have piston or plungers within 

cylinders which can displace a positive compressed volume 

of gas. The most widely used positive displacement type 

compressors are the reciprocating compressors. 

Reciprocating, centrifugal ' and axial -Flow 

compressors are the three principal types of compressors 

used in the chemical process industries. The range of 

application for these three types of compressors is very 

wide and will cover most process requirements. COMPRESS 

is a design package program which can be used to design 

these three major types of compressors. 

Similarly as in the design of pressure vessels, 

the detailed mechanical design of compressors is not 

usually performed by chemical engineers. Instead, 

mechanical engineers who are conversant with the design of 

rotating machines are usually responsible for the detailed 

compressor design. However, the process designer is 

required to specify the basic design specifications of the 

compressor so that the cost estimate and a reasonable 

compressor specification can be made. Thus the 

preliminary design of a compressor must be performed by 

the process designer. The following list shows some of 

the specifications needed to be determined by the process 

engineers 
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- The type of compressor 

- The number of compression stages 

- The discharge and suction conditions of each 

compression stage 

- The total compressor brake horsepower 

- Other specifications which could limit the use Df the 

designed compressor. 

COMPRESS can be used to calculate all of the above 

parameters, and the program can show the specifications in 

each stage for multistage compressors. 

Method 

COMPRESS is a compressor design package program 

which performs the preliminary design of centrifugal 

compressors, axial compressors and reciprocating 

compressors. The following is the summary of methods used 

in the COMPRESS programx 

- The centrifugal compressor design is based on the 

polytropic formulas. 

- The axial compressor design is also based on the 

polytropic formulas. 

- The reciprocating compressor design is based on the 

adiabatic formulas. 

The reasons for selecting the above methods are 

explained in the introduction of Appendix A, Section 6. 
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Based on the above methods, the following procedure 

describes the general steps in designing a compressor: 

1. Select the compressor type based on the discharge 

pressure and gas capacity. 

2. Determine the number of compression stages required 

and also the compression ratio per stage. 

3. For each stage of compression, perform the following 

calculations: 

- Calculate the gas properties at inlet condition 

- Compute the discharge temperature and the 

discharge pressure in each stage 

- Calculate the compression efficiency and the 

brake horsepower for each stage 

Compute the required total brake horsepower and 

other compressor specifications depending upon the 

type of compressor being designed. 

The detailed methods of how COMPRESS performs the 

computations of each of the above steps are discussed in 

Appendix A, Subsections 6.1 to 6.6. 

System Design 

The COMPRESS package program was designed to be 

simple and versatile when used by chemical engineering 

students. The package only requires the suction 

conditions, the discharge pressure, the gas composition 
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and the gas flow rate. Additional specifications may be 

made by the user of the program or can be chosen by the 

program, for example the type of compressor, compression 

ratio per stage, etc. 

The package program combines basic compression 

equations with several manufacturers' data for the design 

of the compressor, for example the detailed selection of 

centrifugal and reciprocating compressor specifications 

needs a table of available manufacturers' information. 

These selection tables are included in the program. Other 

manufacturers' information is also incorporated in the 

program, for example the the compressor efficiency for 

axial, centrifugal and reciprocating compressors. 

The gas properties which need to be computed 

during the design of the compressor are calculated using 

the subroutines used in CHEMPROP. Both programs use the 

same chemical property data bank. 

Prpqram Results 

The COMPRESS package does not have any practical 

limitations. However, the program cannot be used to 

design other types of compressors beside the axial, 

centrifugal and reciprocating type compressors. The 

following results of the calculations are the output of 

the COMPRESS package program: 
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1. The number of compression stages and the compression 

ratio per stage. 

2. The suction and discharge conditions in each stage 

which include: 

- Gas flow at inlet condition 

- The suction temperature and pressure 

- The discharge temperature and pressure 

- The suction and discharge compressibility 

- The gas heat capacity and the gas density at 

suction conditions 

3. The specifications of each stage which depend on the 

type of compressor. For example, ths specifications 

of each stage in a centrifugal compressor will 

include the impeller diameter, the actual impeller 

tip velocity, the flow coefficients, the rotation 

speed, etc. 

4. The specifications of each stage in a reciprocating 

compressor include: the type of cylinder, the stroke 

length, the piston speed, the volumetric efficiency, 

the piston displacement volume, the cylinder 

diameter, the compression and tension frame load, 

etc. 

5. The total required brake horsepower. 

These detailed specifications are needed for 

determining the feasibility of the compressor preliminary 
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design. For example, reciprocating compressors cannot be 

designed with tension loads greater than the maximum 

allowable tension load specified by the compressor 

manufacturer, or the impeller tip speed of a centrifugal 

compresser should be less than the acoustic velocity at 

similar conditions, etc. These specifications can also be 

used as an aid for selecting and evaluating the final 

compressor from several manufacturers' proposals. 

The COMPRESS package program is relatively fast to 

execution time because the program does not contain 

numerous iterative calculations. A typical preliminary 

design of a centrifugal or a reciprocating compressor 

requires less than one minute of computer time when the 

program is executed on an IBM personal computer. 



CHAPTER B 

PUMP 

PUMP AND PIPING DESIGN PROGRAM 

Fluids are transferred -from one location to 

another inside piping systems in a process plant. These 

piping systems usually constitute one of the major costs 

in process plant design, because all major pieces of 

equipment in a process plant are interconected with them. 

As mentioned in Chapter 7, gases are moved using 

compressors, however to move liquids from one location to 

another, pumps are commonly used to give the necessary 

differential head. Thus during the process design stage, 

pump and piping systems are designed simultaneously. 

The design of pumps requires a knowledge of the 

available pump types. There are two categories of pumps 

under which all types of pumps can be grouped, i.e. 

dynamic pumps and positive displacement pumps. Dynamic 

pumps include centrifugal and axial pumps. These pumps 

operate by developing a high liquid velocity and 

converting the velocity to pressure in a diffusing flow 

passage. Dynamic pumps usually have lower maintenance 

requirements than positive displacement, but they have 

- 56 -
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lower efficiencies. On the other hand, positive 

displacement pumps operate by -Forcing a -fixed volume -fluid 

from the pump inlet into the discharge zone o-f the pump. 

Positive displacement pumps tend to be physically larger 

than equal-capacity dynamic pumps thus requiring more 

space. 

The PUMP package program has the capability o-f 

selecting the type o-f pump for the user of the program. 

It can also be used to determine the total pressure drop 

in a piping system. The pump best suited for the required 

application can also be designed using the results of the 

piping pressure drop calculations. Currently, the PUMP 

design package can be used to calculate the detailed 

specifications of centrifugal pumps. 

Method 

Although the literature on the calculation of 

piping hydraulics is massive, reflecting its importance, 

methods for performing simultaneous design of both pump 

and piping system are rarely found. The common procedure 

is to separate the calculations into two steps, i.e. the 

calculations of the piping hydraulics and the calculations 

for the pump design itself» Kern provides a method for 

calculating the pump total differential head based on the 

calculations of piping hydraulics in the pump-suction 

piping section and the piping hydraulics in the 
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pump-discharge piping section. The Kern method is 
* 

incorporated in the PUMP package program. 

The piping hydraulics calculations are based on 

the Bernoulli equation. The objective of these 

calculations is to determine the total differential head 

between two locations in a piping system. Based on this 

total di-f-f erential head and other process specifications, 

the pumps preliminary design can be performed. The 

-following steps constitute the general outline o-f 

performing the preliminary design of a pumpi 

1. Select the type of pump 

2. Calculate the available net positive suction head 

3. Compute the pump-suction pressure 

4. Compute the pump-discharge pressure and the total 

pump differential head 

5. Determine the pump specifications, for example 

suction type* specific speed, rotation speed and the 

number of stages. These specifications can be used 

to check the designed pump applicability. 

6. Calculate the pump hydraulic horsepower and the 

brake horsepower. 

The detailed explanation of how the PUMP package performs 

the above calculations are given in Appendix A* 
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System_Design 

The PUMP package program was designed to be 

•flexible and versatile in processing the input data. 

Since piping systems usually consist of several sections 

of pipes with different diameters and flow rates, the pump 

and piping program should accommodate these possibilities. 

The PUMP package program performs the calculations 

of piping pressure drop by computing the pressure losses 

and the velocity head of each section of pipe with similar 

diameter and flow rate. The sum of pressure losses of all 

sections of the piping system are then subtracted from the 

sum of the total static head, and the total pressure 

head. The advantage of using this method is that the 

program will not be limited in the number of different 

sections of pipe diameters in a piping system. Also the 

program will require less memory, because for each section 

of pipe with similar diameter, the specifications are read 

from the input file and then directly calculated. Thus 

the program does not require computer memory to store the 

parameters of each pipe section. 

The interactive input of PUMP was also designed to 

be simple to use. For example, the program provides a 

page of input for entering the number and specification of 

different types of flanges and fittings in each section of 

pipe. This page of input can be easily corrected. 
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Results and Limitations 

As mentioned earlier, the PUMP package can be used 

to calculate the total pressure drop of a piping system 

and also design the detailed specifications of centrifugal 

pumps. However, the PUMP package is limited by the 

comprehesiveness of the table of piping dimensions. 

Currently, the program package can accommodate pipe 

nominal size from 0.5 inch to 24 inch, with Schedule No 40 

or 80. These pipe size specifications are stored in file 

PIPE.DAT. 

The results of the PUMP design package are divided 

into two types of results, which are the results of piping 

hydraulics calculations and the results of pump design 

calculations. The piping hydraulics calculations results 

are: 

- The specification of each pipe section, which 

includes the inside diameter of the pipe, the total 

equivalent length of fittings and flanges, and the 

length of straight pipe 

- The control valve pressure drop, the pipe friction 

loss and the kinetic energy changes of each pipe 

section 

- The static head, the pressure head and the total 

differential head of the piping system. 
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The results of the pump design calculations are: 

- The available pump suction pressure and the required 

pump discharge pressure 

- The available net positive suction head 

- The pump total differential head at normal flow and 

maximum flow 

- The centrifugal pump specifications which include 

pump suction type, specific speed, rotation speed, ' 

pump efficiency and number of stages 

- The pump hydraulic horsepower and the brake 

horsepower. 

The PUMP package program performs the calculations 

of the above parameters relatively fast, because there is 

only one iteration calculation in the package program, 

which is the calculation of the pipe friction factor. 

Other calculations are relatively straight-forward, for 

example the calculation of the liquid density. Liquid 

properties in the PUMP package are computed using methods 

similar to those as in the CHEMPROP package. Both 

programs use a similar databank. 



CHAPTER 9 

CONCLUSIONS 

Development of a computer program can be broadly 

classified into four stages, i.e. defining the problem, 

flowcharting or algorithm development, coding, and finally 

executing or testing the program. 

Each package program mentioned in this study was 

developed based on these four stages. For example, the 

initial problem definition in each program was specified 

according to the criteria given in the objective of the 

project, which is to develop preliminary equipment design 

programs for use with only limited information from a 

process flowsheet as the available input data. Other 

criteria also are considered in the problem definition, for 

example program versatility, etc. 

After the problem has been defined, a step-by-step 

procedure to solve the problem was written. This step is 

called flowcharting or algorithm development. All of the 

algorithm for each package program are explained in Appendix 

A, Section 1 to Section 7. These algorithms are the basis 

for the coding stage, which is the writing of the FORTRAN 

representation of the step-by-step procedures. 
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The final stage of the program development is the 

program execution and testing stage. All o-f the package 

program were tested for accuracy and compared to results 

from hand calculations. Using the IBM personal computer 

with BOBS microprocessor and single precision accuracy, the 

results are found to be exact to B digit accuracy. 

The other test that was performed on the programs is 

the ease of use test. These tests were conducted with the 

help of chemical engineering students. The two main points 

that were observed during these tests were the ease of use 

of the program during program execution, particularly during 

the inter-active portion. Other observations concerned the 

ease with which the user could read the program results. 

Most students found the programs to be easy to use 

without any initial training. All of them found the 

programs can reduce the design calculations time 

dramatically, and the program results were found to be 

self-explanatory. The following list is a summary of the 

available programs and typical execution time for a design 

problem with a four compound feed mixture: 
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PROGRAM SPECIFICATIONS 

No. NAME MEMORY EXECUTION TIME 

1. CHEMPROP 110 K 45 sec. 

2. FLASH 108 K 1.5 min. 

3. DISTIL 112 K 8.0 min. 

4. HEATEX 128 K 2.0 min. 

5. VESSEL 110 K 50 sec. 

6. PUMP 95 K 40 sec. 

The above program execution times were derived using the IBM 

personal computer with 8088 microprocessor. Currently, all 

of the programs are operational on an IBM personal 

computer. But these programs have been designed to be 

easily transferable to other computers, for example the 

DEC-digital Rainbow personal computer and the VAX 11-7X 

series minicomputers. 



APPENDIX A 

THEORETICAL BACKGROUND 

Introduction 

This appendix describes in greater detail the 

theoretical background used -for developing each package 

program mentioned in the main thesis. There are seven 

sections in this Appendix. The formulas and approaches for 

each chapter in the main thesis are explained in these 

sections. 

Each section consists of seven separate 

subsections, mainly | introduction and formulas are covered 

in subsection Introduction and subsection Method. 

Subsection Procedure explains in step-by-step format the 

calculation procedure used to achieve the desired result. 

Subsection Limitations discuss the major constraints for 

using the procedure. While subsection Reliability discuss 

the error estimate when the method prescribed in the 

subsection is used. Literature sources which are mentioned 

in the subsection are compiled in the end of this appendix. 
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SECTION 1 

THEORETICAL BACKGROUND OF CHEMPROP 

la.i_GcittcsI_EraBecti.ca 

INTRODUCTION 

The critical state is the state where the properties 

of liquid and vapor approach each other until they become 

identical at a single point on the pressure-temperature 

diagram. At this point a single homogeneous phase is 

present, which is called the critical point. Properties at 

the critical point are called the critical properties of the 

compound, for example critical temperature, critical 

pressure, critical volume, critical compressibility, etc. 

Critical properties are different for each pure compound. 

METHOD 

Critical properties are usually measured 

experimentally. If experimental data are unavailable, 

several estimation methods can be used to estimate the 

critical properties. When estimated, the method of Lydersen 

is usually used. Compilation of critical properties are 

available in Appendix A of Reid, et al (1977). 

- 66 -



67 

PROCEDURE 

1. Using the compound's name, search -for the compound's 

code number using subroutine FINCOM. 

2. Using the compound's code number read the critical 

properties from random access file PROP. 

RELIABILITY 

The critical properties data in the chemical 

property data bank were taken from Appendix A, Reid, et al. 

Most of these data are experimental data, but some lesser 

known compounds were estimated using the Lydersen method. 

The estimated data usually have errors less than ZX and up 

to 5% for higher molecular weight (>100) nonpolar materials. 

1^2_EaullibriumJ<_Value 

INTRODUCTION 

The equilibrium K value is the phase distribution 

ratio for a component in coexisting vapor and liquid at 

equilibrium. It is represented as: 

(1.2-1) 

where t 

Kj • Vapor liquid equilibrium constant for 

. component i at the given temperature 
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and pressure. 

• Mole fraction of component i in the vapor, 

xj • Mole fraction of component i in the liquid. 

If the components form an ideal solution in the 

liquid phase and if the vapor of the individual component 

forms an ideal vapor mixture condition, then the system may 

be considered an ideal system. Raoult's law and Dalton's 

law can be used for such system. For non-ideal systems, 

several methods can be used to calculate the equilibrium K 

value. One of these methods is the generalized method of 

Lee, Edmister and Erbar (1973). This method is used in the 

chemical property estimation program because it is among one 

of the most accurate methods for predicting vapor-liquid 

equilibria of hydrocarbon mixtures. 

METHOD 

Analytical prediction methods for K values have been 

based on the equal-fugacity criterion of equilibria which 

states that during equilibrium, the fugacity of each 

component is equal in both the vapor and the liquid phases . 

Two approaches have been developed in predicting 

equilibrium K values by using this equal-fugacity 

criterion. The first approach, an equation of state 

describing PVT behavior is used to compute the fugacities of 

both the vapor and liquid phases. While in the second 

approach, liquid phase fugacities are found via an activity 
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coefficient and pure component reference state fugacity 

relationship. Vapor—phase fugacity in the second approach 

is also obtained using an equation of state. The Lee, et 

al. generalized method follows the second approach. 

The equal-fugacity criterion of equilibria may be written as: 

Vapor phase fugacity • liquid phase fugacity 

0iPVi - yt (1.2-2) 

Rearranging and defining ** 

givesi 

Kt - (1.2-3) 

where 

• Vapor-phase fugacity coefficient 

• Liquid-phase fugacity coefficient 

• Activity coefficient in liquid soln. 

VAPOR-PHASE FUSACITY COEFFICIENT 

Lee, et al. proposed a three-parameter equation of 

state to calculate the vapor phase fugacity coefficient. 

The three parameters are system parameters, which may be 

pure substance parameters or mixture parameters. The 

equations are as followi 

The equation of statei 

P » RT - a + b c (1.2-4a) 
V - b V(V - b) V(V - b)(V + b) 

Rearranging Eqn. 1.2-4a would give the following equation 
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of state in terms of Z : 

Z - V - a 
V - b RT(V - b) RT(V - b> (V + b) 

(1•2-4b) 

•4 - R2Tci2C<0.246105 + 0.02B69wi) - <0.0037472 

+ 0.149687w.)T , + <0.16406) + 0.023727)T -1 
i ri 

-2. + <0.04937 + 0.132433wi)Tri 3/Pci 

n n 
2 2 
i-l i-l ?. ,?«yiyJ aij 

(a. a.) 0.5 

bt - RTci<0.086313 + 0.002*^ )/ P  t  

m 2 y^i 
i-l 1 1 

Cj - R2Tci2C<0.451169 + 0.00948WJ)Tri 

-2. 

-0.5 

+ <0.387082 + 0.078842^ )Tri 3/Pci 

• IH 
2 2 y Ay* P ij ( ci cj >  

i-l i-l 1 J 1J * J 
0.5 

ai j" 

C2<T T )1/23ml ci cj _ 
ml 

ri 

<1.2-5) 

<1.2-6) 

<1.2-7) 

<1.2-8) 

<1.2-9) 

<1.2-10) 

<1.2-11) 

<1.2-12) 

<T=i + T=j' 
_ -ml 

C L m  B  
ij i J 

for H_ I ml - 0.3 
* m2 - 1.1 

for CO. i ml - -2.0 
* m2 - -0.8 

for N- i ml - -2.0 
* m2 - 0 

for other hydrocarbons s ml and m2 - 0 

Using the above equations, the vapor phase fugacity 

coefficient can be calculated using the following equationi 
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In <f>t - C (2A^ - •Bi - bRT) ln(l - b/V) 

+ (O.ScBi - CjJlnd - (b/V)2> 3/bRT + B4 (Z - 1> 

- In Z (1.2-13) 
whera 

At - -i0-S2t Yj ,j \°-S <1.2-14> 

Bt - bj/b <1.2-15) 

C4 - Cj0-5 S yj ..c,0,5 (1.2-16) • r V v C 
i yJ U cj 

LIQUID-PHASE FUBACITY COEFFICIENT 

Ln, at *1. developed an empirical aquation -for 

liquid-phasa -fugaclty coefficient. The expression is as 

follows I 

ln vt - A1 + A2 Tri-1 + A31nTrl + A4Tpl A3Tpi2 

+ A6Tri7 + (A7 + ASTri-l + A91nTpi 

* ftl0TriZ + flUTrl7pri * *l2TriZpr* 

+ C(l-Tri) (A13 + A^T^"1 + A15Tpi) 

+ fll6PriTri"1 + A17TriPri2]"i 

- lnPri (1.2-17) 

where 

For Tr < 1.0 For Tr > 1.0 

A1 6.2741 9.S2326 
A2 -7.3401 —9.88046 
A3 -4.2751 -6.00351 
A4 -0.22647 -0.41660 
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AS 0.93842 0.18150 
A6 -0.23825 0.0 
A7 0.03798 -0.02010 
AB -0.00344 0.10390 
A9 -0.21974 -0.06538 
A10 0.10862 0.08916 
All 0.0298 0.0 
A12 -0.00188 -0.00188 
A13 10.2920 -1.027 
A14 -11.6780 -0.59264 
A15 -1.6470 0.0 
A16 -0.03885 -0.03885 
A17 -0.00101 -0.00101 

where 

2 P • Pressure, k N/m 

R * Gas constant, 8.3147 m' kN/kg-mol K 

T • Temperature, K 

Z • PV/RT| Compressibility factor 

V • Gas volume, m'/kg-mol 

w ' m acentric factor 

Subscript 

r • indicates reduced condition 

ACTIVITY COEFFICIENTS IN LIQUID SOLUTIONS 

In the chemical property estimation program, the 

activity coefficient of the liquid solution is assumed to be 

equal to one,.an assumption used when the liquid solution 

forms an ideal solution. It is a reasonable assumption for 

homologous hydrocarbon mixtures. 
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PROCEDURE 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor for each 

compound from the chemical property data bank. 

2. Tp^ and Pri can be calculated given the temperature 

and pressure. 

3. Calculate a^v b^, c^ using Eqs. (1.2-5), (1.2-7), and 

(1.2-9) respectively.4 

4. After knowing a^, bj, ci§ Tr^ and Pri for each 

compound. Use Eqs. (1.2-6), (1.2-8), and (1.2-10) to 

determine a, b, c. 

5. Using a trial and error calculation, calculate Z and V 

from Eqn. <1.2-4b). Start the iteration with Z-1.0. 

6. Compute and C^ in the vapcr-phase fugacity 

coefficient equation by using Eqs. (1.2-14), (1.2-15), 

and (1.2-16). 

7. Calculate the vapor-phase fugacity coefficient for 

each pure compound. Use Eqn. (1.2-13). 

8. Determine the liquid-phase fugacity coefficient from 

Eqn. (1.2-17). 

9. Calculate the equilibrium constant for each compound 

using Eqn. (1.2-3). 
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PURPOSE 

The above procedure is used to determine the 

vapor-liquid equilibrium ratio of each component in a 

mixture or K values of pure compounds given the temperature 

and pressure. 

LIMITATIONS 

The method is limited to hydrocarbon mixtures. It 

is recommended for the ranges of temperature from 115 K to 

535 K and pressure up to 0.9 of the mixture convergence 

pressure. This method is not recommended for systems 

containing nonhydrocarbon gases and liquids. The user can 

calculate the vapor-liquid equilibrium of nonhydrocarbon 

compounds at his or her own risk. The activity coefficient 

assumption also limited the calculation to hydrocarbons in 

homologous series. 

RELIABILITY 

Lee, et al. (1977 

computed 2298 selected points for 13 hydrocarbons. At the 

conditions and compositions of experimental data, they found 

the average absolute deviation to be 6X and the maximum 

error to be 15.3%. This error is comparably better than 

other methods.) 
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1.5 Ideal_Baa_Enthaipy 

INTRODUCTION 

The Ideal gas enthalpy is the vapor enthalpy of a 

pure compound at very low pressure(sometimes assumed at zero 

atm). The enthalpy calculated in CHEMPROP does not include 

a pressure correction term. 

METHOD 

A method -for calculating ideal gas enthalpy is that 

of integrating the heat capacity equation -from a reference 

temperature to the required temperature. The reference 

temperature used in the program is 273 K. Ideal gas heat 

capacity eqn. are available from several sources. The 

polynomial eqn. used in the program were taken from 

Appendix A, Reid, et al (1977). 

The ideal-gas heat capacity equation is usually represented 

as a polynomial expression, i.e 

Cp • A + B T + C T2 + D T3 (1.3-1) 

Integration of this equation from a reference temperature 

results in a working equation, namely 

H - A(T - Tref) + 1/2 B(T - Tref)2 + 

1/3 C(T - Tref)3 + 1/4 D(T - Tref)4 (1.3-2) 

where 
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Cp • Ideal-gas heat capacity 

A to D » Constants in the ideal gas heat capacity 

equation 

H • Ideal-gas enthalpy 

T • Temperature, K 

Tre-f • Reference temperature, 273 K 

PROCEDURE 

1. Obtain the constants in the ideal gas heat capacity 

equation from the databank. 

2. Using the temperature given, compute the ideal-gas 

enthalpy using Eqn. (1.3-2). 

PURPOSE 

The above procedure is used to calculate the vapor 

enthalpy of pure compounds or mixtures without pressure 

correction term referenced to H"0 at 273 K. 

LIMITATIONS 

The procedure is limited to compounds which have a 

polynomial expression for the ideal-gas heat capacity 

equation. 

RELIABILITY 

The polynomial expression is a curve-fitted equation 
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of experimental vapor heat capacity data. Curve-fitted 

equations are sensitive to the range of original data used 

in the curve-fitting process. When used beyond the 

specified range the calculated result could become 

erroneous. Although Reid, et al., did not specify the 

applicable range, the author found that the polynomial 

equations in Reid, et al. will produce results with errors 

>5X at temperatures above 2000 K, below this temperature the 

error is less than 354. 

J.. 4 Li Quid Density 

INTRODUCTION 

Density is defined as the mass of a substance 

contained in a unit volume. There are several estimation 

methods available for calculating liquid density. Most of 

these methods are based on the law of corresponding state. 

One of the most accurate methods is the Gunn and Yamada 

method (1962). 

METHOD 

Using a reference liquid specific volume at 

reference temperature, a liquid specific volume can be 

calculated at other temperatures using the Gunn St Yamada 

equations 
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Vp" CI - w Thau Tr3 

VrR CI - w ThauR Tr3 

where TrR - /Tc 

»r°. VrR and Thau are 

temperature and acentric -factor, 

calculating them are as -Follow: 

(1.4-1) 

-functions of reduced 

The equations -for 

For 0 

.. o _ 

.2 < Tr < 0.8 

0.33593 - 0.33593T + 1.51941T 3 r r 

- 2.02512Tr3 + 1.11422Tr4 (1.4-2) 

For O.B< T. <1.0 

V rO. 

VrR ii 

r 

For 0. 

Thau • 

ThauR 

t. 
where 

Tr 

Tr" 

w 

1.0 + 1.3(1 - T > 0.5, 

- 0.50879(1 - Tp> - 0.91534(1 - Tp)' 

log(l - T ) 

(1.4-3) 

also calculated using these equations, except that 

Re-ference temperature/Critical temperature 

2 < Tp < 1.0 

» 0.29607 - 0.09045Tp + 0.04B42Tr2 

- 0.29607 - 0.09045TrR + 0.04B42(TrR>2 

• Reduced temperature 

- Reduced re-ference temperature 

- acentric -factor 

• Liquid specific volume, cm'/mol 

m Liquid specific volume at re-ference 

temperature. 

(1.4-4) 

(1.4-5) 
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PROCEDURE 

1. Obtain the normal boiling point, critical temperature, 

molecular weight, acentric -factor and liquid density 

at reference temperature from the data bank. 

2. Calculate the reduced temperatures, i.e. reduced 

R reference temperature T and reduced temperature Tr« 

3. Calculate specific volume Vp° at the specified 

temperature using Eqs. (1.4-2) or (1.4-3). 

4. Compute the specific volume at reference .< temperature 

also using Eqs. (1.4-2) or (1.4-3). 

R 9. Determine Thau and Thau using Eqs. (1.4-4) and 

(1.4-5) respectively. 

6. Using Eqn.(1.4-1) calculate specific volume V. 

7. Determine density by dividing molecular weight with V. 

PURPOSE 

This method is limited to calculating the 

saturated-liquid volume. It is applicable for nonpolar and 

slightly polar compound. 

LIMITATIONS 

The Qunn and Yamada method should not be used for 

liquids at Tp greater than 0.99. 
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RELIABILITY 

For moat nonpolar saturated liquids, errors are less 

than one percent. Gunn and Yamada (1962) claimed that the 

maximum error would not be greater than 3 percent. 

l.S Liquid Enthalpy 

INTRODUCTION 

Enthalpy is de-fined as the sum o-f internal energy o-f 

a system plus the amount of pressure/volume work performed 

by the system or done on the system. It is usually 

expressed asi 

H » U + PV (1.5-1) 

where 

H • Enthalpy 

U • Internal energy 

P • Pressure 

V m volume 

The system could be a vapor or liquid system, and 

also it could encompass pure compounds or mixtures. 

Enthalpies are always given relative to an arbitrary basis 

rather than to an absolute zero of enthalpy, because the 

absolute zero enthalpy cannot be determined. In the 

program, the enthalpy basis is chosen at 273 K and saturated 

liquid state. 
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There are several methods for determining enthalpy 

of liquids* if experimental data are unavailable. One 

method is to calculate the vapor enthalpy of the pure 

compound or mixture at a specified temperature and pressure 

and then subtract the compound's or mixture's heat of 

vaporization at that temperature. This method is used in 

the CHEMPROP program. The vapor enthalpy is calculated 

using the method of Lee, Edmister and Erbar (1973). The heat 

of vaporization is calculated using the Watson correlation. 

This approach was chosen because Lee's et al. equation of 

state is also used for determining equilibrium K values. 

METHOD 

The method for calculating vapor enthalpy is 

explained in detail in subsection 1.12. The equation for 

computing the heat of vaporization at temperatures other 

than the reference temperature can be performed by using the 

following Watson equation: 

H - ' W ' - V "  
v 

where 

Hy • Heat of vaporization at temperature T 

H . • Heat of vaporization at normal boiling point. 
VD 

Tfa - Normal boiling point 

subscript 
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r • indicates reduced temperature 

b • indicates condition at normal boiling, point. 

PROCEDURE 

1. Obtain the critical temperature, critical pressure, 

acentric factor, ideal gas heat capacity constants, 

normal boiling point, heat of vaporization at normal 

condition and molecular weight of the pure compound. 

2. Compute the ideal gas enthalpy using Eqn. (1.3-2) in 

subsection ideal gas enthalpy. 

3. Calculate the reduced temperature and reduced 

pressure. 
v 

4. Determine the three parameters a, b and c in the Lee, 

et al. equation of state, Eqs. (1.2-3) to (1.2-10). 

5. Using a trial and error calculation, calculate Z and V 

from Eqn. (1.2-4b). Start the iteration with Z«1.0. 

6. Knowing parameters a, b, c and the calculated 

compressibility factor Z compute Hv-H° which is the 

difference between the vapor enthalpy and the ideal 

gas enthalpy using Eqn. (1.12-1). 

7. Hv can now be determined since Hv-H° is known and H° 

has also been calculated in step 2. 

B. Determine the heat of vaporization at the specified 

temperature using Eqn. (1.5-2). 
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9. Calculate the liquid enthalpy by subtracting the heat 

of vaporization -from the vapor enthalpy. 

PURPOSE 

The above procedure is used -For calculating the 

liquid enthalpy of pure compounds and mixtures of 

hydrocarbons. 

LIMITATIONS 

This method is not recommended for systems 

containing nonhydrocarbon liquids. The program can be used 

to calculate the liquid enthalpy of nonhydrocarbon liquids 

but no reliable estimate of the error can be given. 

RELIABILITY 

Lee, et al. tested 1471 data points for 21 mixtures 

and found the overall average deviation is 4.4 k Joule/kg. 

Lee, Byung I., J. H. Erbar, and W.C. Edmister: AIChE 

J., 19:349(1973) 

INTRODUCTION 

The liquid heat capacity is the first derivative of 

the liquid enthalpy with respect to temperature. Three 
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different heat capacities are in common use: isobaric 

(constant pressure), isochoric (constant volume), and 

saturated (temperature and pressure varying according to the 

vapor pressure relationship). Isochoric heat capacity are 

not used frequently, so the heat capacity of liquids are 

usually confined to isobaric and saturated conditions. 

The heat capacities of liquids can be calculated 

using the curve-fitted eqn. of experimental data or 

estimated using several available estimation methods. The 

CHEMPRQP program uses both methods to determine the heat 

capacities of liquids depending on the availability of the 

the curve-fitted constants. These curve-fitted constants 

were taken from Yaws (1980) and the estimation method chosen 

is the Sternling and Brown estimation method (Reid, 1977). 

METHOD 

The estimation of liquid heat-capacity is based 

primarily on the corresponding-states method. This type of 

estimation method usually determines the liquid heat 

capacity departure from the ideal gas heat capacity by using 

the compound's critical properties and acentric factor. 

Sternling and Brown proposed the following equation 

C , - C ° - (0.55 + 2.2w) C3.67 + U.64U-T )4 + 0.634(1-T )-12 
pi h 'P r r 

(1 .6 -1 )  
where 
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Cpl » Zsobaric liquid heat capacity, cal/mol K 

Cpo m Isobaric ideal gas heat capacity, cal/mol K 

R - 1.987 cal/mol K 

Tr « Reduced temperature 

w » Acentric factor 

The equations for liquid heat capacity from Yaws, 

are curve-fitted polynomial equations of experimental liquid 

heat-capacity data. The form of the equation is as follows: 

C , - A + B T ID"3 + C T2 10~6 + D T3 10~9 (1.6-2) 
P* 

where 

A to D «• Constants from Yaws. 

PROCEDURE 

1. Obtain the constants for the ideal gas heat capacity 

equation, the critical temperature and acentric factor 

of the compound from the data bank. 

2. Calculate the reduced temperature. 

3. Read file SURTEN.DAT which contains the curve-fitted 

constants of the liquid heat capacity equations. If 

the constants for the compound are available in file 

SURTEN.DAT, calculate the liquid heat capacity at the 

specified temperature using Eqn. (1.6-2). 

' 4. If the liquid heat capacity constants are not 

available in file SURTEN.DAT, estimate the liquid heat 
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capacity using the Sternling and Brown method (steps 5 

- 7 below). 

5. Compute the ideal gas heat capacity by using Eqn. 

(1.13-1) in subsection vapor heat capacity ^nd the 

curve-fitted constants from the data bank. 

6. Calculate the difference between the liquid heat 

capacity and the ideal gas heat capacity using Eqn. 

(1.6-1). 

7. Determine the liquid heat capacity. 

PURPOSE 

The above procedure is used to determine the liquid 

heat capacity of polar and nonpolar compounds. 

LIMITATIONS 

The method can not be used for temperatures greater 

than the critical temperature of the compound. 

RELIABILITY 

The accuracy of the Sternling and Brown method is 

surprisingly good. Although it is not a satisfactory method 

for polar compounds at low temperatures, the accuracy is 

still within 5 to 10 percent. The curve-fitted equations 

from Yaws, are within IX to 2% error. 
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1.7 Liquid Thermal Conductivity 

INTRODUCTION 

The liquid thermal conductivity describes the ease 

with which heat can flow by conduction through that specific 

liquid. It is defined as the parameter, k, in Fourier's law 

of heat conduction in liquids. Most estimation methods for 

estimating liquid thermal conductivity involve group 

contribution methods. These methods are difficult for an 

inter-active program and are not used in the data bank. 

Instead curve-fitted equations of available liquid thermal 

conductivity data are used in the data bank. 

METHOD 

The liquid thermal conductivity of liquids are 

calculated using curve-fitted equations given in Yaws 

(1980). The form of the equations are as follows: 

TC2 « A + B T 10~2 + C T2 10~4 (1.7-1) 

where 

A to C " Constants from Yaws. 

T • Temperature, K 

TCj - Liquid thermal conductivity, microcal/s cm K 

TCj can be converted to standard units by multiplying with the 

following conversion factor i 

TCj - TCj H 3.6 cal/(hr.cm. K) 
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PROCEDURE 

1. Obtain the compound's code number using subroutine 

FINCOM. 

2. Search through file TERCON.DAT to see if the constants 

for the liquid thermal conductivity equation of the 

requested compound are available in the file. If the 

constants are not available give a warning message. 

3. If the constants are available calculate the liquid 

thermal conductivity using the Eqn. (1.7-1). 

PURPOSE 

The above procedure is used to calculate the liquid 

thermal conductivity of polar and nonpolar liquids which are 

available in Yaws. 

LIMITATIONS 

The curve-fitted equation can not be use if the 

temperature is greater than the compound's critical 

temperature. The method is limited to compounds where their 

liquid thermal conductivity data have been curve-fitted. 

RELIABILITY 

The curve-fitted equations from Yaws, are within IX. 
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1.8 Liquid Viscosity 

INTRODUCTION 

Liquid viscosity is the measure of the ability o-f a 

liquid to resist shear. The term Newtonian fluid is given 

to a fluid where the velocity gradient, perpendicular to the 

direction of the flow, is proportional to the shear stress 

on any differential volume element. The method used in the 

data bank is limited to Newtonian liquids. 

The liquid viscosity can be estimated using the 

corresponding-state method or calculated using curve-fitted 

equations of experimental data. Both methods are used in 

the data bank depending on the availability of the 

curve-fitted constants. The Letsou and Stiehl method (1973) 

is chosen when curve-fitted constants for the required 

compound are not available. 

METHOD 

The constants for the curve-fitted equations are 

available in Appendix A, Reid, et al.(1977) The curve-fitted 

equation for calculating the liquid viscosity follows the 

form proposed by Van Velsen, et al.(1972): 

log nx - B<l/T - l/To> (1.8-1) 
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where 

m Liquid viscosity, cP 

B & T • Constants -from Appendix A Reid, et al. 
o 

T • Temperature, K 

If the curve—fitted constants are unavailable in 

Appendix A o-f Reid, et al., The Letsou and Stiel method is 

used to estimate the liquid viscosity. This method is based 

on the corresponding-state method. The equations for this 

method are as follow: 

nx E - ni(0> + w n1(1) (l.B-2) 

where 

€ - <TCT/6>/<M1/2PC2/3> <1.0-3) 

n1(0) - 0.015174 - 0.02135 TR + 0.0075 T* <1.0-4) 

NJ111 - 0.042552 - 0.07674 TP + 0.0340 T* <1.0-5) 

w * Compound's acentric factor. 

11 • Molecular weight 

P m Pressure, atmospheres 

subscript 

r • indicate reduced condition 

c • indicate critical condition 

PROCEDURE 

1. Obtain the constants for the liquid viscosity equation 

<B and Tq), molecular weight, acentric factor, 
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critical pressure and critical temperature from the 

data bank. 

2. Calculate reduced temperature. 

3. If the constants for the curve-fitted liquid viscosity 

equation are available in the data bank, compute the 

compound's liquid viscosity using Eqn. (1.8-1). 

4. If the constants are not available, estimate liquid 

viscosity using the Letsou and Stiel estimation method 

(step 5-7). 

9. Knowing molecular weight, critical temperature and 

critical pressure of the compound, calculate E using 

Eqn. (1.8-3). 

6. Compute nl, nl*** using Eqs. (1.8-4) and (l.B-5) 

respectively 

7. Determine the compound's liquid viscosity using Eqn. 

(1.8-2). 

PURPOSE 

The above procedure is used to calculate and 

estimate the viscosity of polar and nonpolar saturated 

liquids. 

LIMITATIONS 

The curve-fitted constants can be used to calculate 

liquid viscosities with reasonable confidence from about 
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20°C to 30°C above the -Freezing point to a value of Tr«0.75. 

The Letsou and Stiel method is limited to Tr < 0.9B, above 

this range the method will become inaccurate. 

RELIABILITY 

The constants B and Tq were determined using 

experimental data, the author tested several known compounds 

and found the maximum error is below 3%. Letsou and Stiel 

(1973) 

reported that the average error for their method is about 3X 

for most materials up to Tr 0.92.i 

1.9 Properties at Normal Condition 

INTRODUCTION 

Ordinarily, when one refers to freezing point or 

boiling point, there is an implied condition that the 

pressure is one atmosphere. A more exact terminology for 

these temperatures might be the normal freezing point or the 

normal boiling point. The word normal indicates that the 

measurement was performed at one atmosphere. Properties at 

normal condition are often needed in several estimation 

methods for estimating other properties. Bailing points and 

freezing points are usually measured experimentally because 

methods for estimating them are generally poor. 
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METHOD 

In the chemical property data bank the properties at 

normal condition which include normal -Freezing point, normal 

boiling point and heat of vaporization at normal boiling 

point were taken -From Appendix A, Reid, et al (1977). These 

properties are experimentally measured data. 

PROCEDURE 

1. Knowing the compound's name, search through file INDEX 

for the compound's code number. This searching and 

retrieving is performed by subroutine FXNCOM. 

2. Zf the compound's code number has been retrieved, read 

the properties at normal condition from file THERPROP 

and PROP using the code number. 

PURPOSE 

The above procedure is used to determine the normal 

properties of hydrocarbon and nonhydrocarbon compounds. 

LIMITATIONS 

The normal properties in the databank are limited to 

those compounds which have been measured experimentally. If 

experimental data are unavailable, the data bank can not 

estimate the normal properties of the requested compound. 
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1.10 Surface Tension 

INTRODUCTION 

The molecules on the boundary layer between a liquid 

phase and a gas phase are acted upon by unbalanced -forces of 

attraction whose net inward force tends to minimize the 

surface area. Surface tension is the force, parallel to the 

liquid surface, which opposes the surface contraction to the 

smallest area. Surface tension can be measured 

experimentally or estimated using several known estimation 

methods. In the chemical property estimation program , the 

surface tensions are calculated using curve-fitted equations 

of experimentally measured surface tension data. If these 

equations are unavailable, the surface tensions are 

estimated using the Hakim, et al (1971). method or the Brock 

and Bird (1955) method depending upon the polarity of the 

1i qui d. 

METHOD 

The constants for the curve-fitted equations are 

available in Yaws (1980), the form of the equation is as 

followsI 

S - S, C(T — T)/(T — T.)3° (1.10-1) 
X  C  C I  

where 
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8 • Surface tension at temperature T, dynes/cm 

Sj m Surface tension at temperature TJf dynes/cm 

T • Temperature, K 

n • correlation parameter. 

subscript 

c " indicates critical condition. 

The parameters TJf T= and n are available in 

Yaws. If these parameters are not available, several 

estimation techniques based on group contribution method and 

corresponding-state method can be used. Group contribution 

method is not used in CHEMPROP. Two available 

corresponding-state methods are the Hakim, et al. method 

and the Brock and Bird method. The method of Hakim, et al. 

is chosen -For estimating surface tension of polar liquids 

and for non polar liquids the method of Brock and Bird is 

used. The equations used in the Brock and Bird method are 

as followi 

FOR NON POLAR LIQUIDS(The Brock and Bird method) 

S - Pc2/3Tc1/3 Q(1 - Tr>11/9 (1.10-2) 

Q • 0.1207(1 •»• T. In P ) - 0.2B1 (1.10-3) 
D r  C  

where 

S • Surface tension, dyne/cm 

T • Temperature, K 

P • Pressure, atm 
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V - ĉ 
Tb « Normal boiling point temperature, K 

Subscript 

c « indicates critical condition 

FOR POLAR LIQUIDS(The Hakim, et al. method.) 

S - p 2/3 T 1/3 Q(1 - T >m (1.10-4) 
C  C  P  r  

0.4 

where 

Q -.0.1574 + 0.359W - 1.769X - 13.69X2 - 0.510w2 
P 

+ 1.298wX (1.10-5) 

m - 1.210 + 0.5385W - 14.61X - 32.07X2 - 1.656w2 

+ 22.03wX (1.10-6) 

X - log + l«70w + 1.552 (1.10-

w • acentric factor. 

Pvpr(0.6) " vap°r Pr«««urB Tr - 0.6 

The polarity of a compound can be specified using 

the Reid, et al.. criteria, which states that compound's 

polarity can be determined given the characteristic energy, 

molecular diameter and the dipole moment of the compound. 

Using a variable called SIGMA Reid, et al. specified that: 

Nonpolar fluids i SIGMA < 1.0 

Polar fluids i SIGMA >1.0 

SIGMA is calculated using the following equations. 

If the characteristic energy and molecular diameter for 
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the compound arc available, calculate SIGMA as -follows! 

SIGMA • D_2/(2 e d3> (1.10-8) 
m 

I-f the characteristic energy and molecular diameter for the 

required compound are not available, calculate SIGMA using 

the -Following equations 

SIGMA » (1940.0 D / (V. T .  ) (1.10-9) 
m o D 

where 

d « Molecular diameter, Angstrom 

D * Dipole moment, debyes 
III 

e • Characteristic energy 

V. • Liquid molal volume at normal boiling point, D 

cm3/mol 

m Boiling point, K 

The compound's characteristic energy and molecular 

diameter are usually listed together with the compound's 

Lennard-Jones potential. A typical list of these parameters 

can be found in Appendix C, Reid, et al.(1977). 

PROCEDURE 

1. Obtain the compound's code number, critical 

temperature, critical pressure, critical volume, 

normal boiling point, dipole moment, acentric factor, 

heat of vaporization at normal condition and molecular 

weight of the compound from the chemical property data 
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bank. 

2. Search through -file SURTEN.DAT to see if the file 

contain the curve-fitted constants for calculating the 

surface tension of that compound. If the constants 

are available in file SURTEN.DAT determine compound's 

surface tension using Eqn. (1.10-1). 

3. If the constants are not available in file SURTEN.DAT, 

estimate surface tension using the Brock and Bird 

correlation or the Hakim, et al. correlation (steps 

4-B). 

4. Determine the polarity of the compound by first 

searching through file LENJDN.DAT to see if the 

characteristic energy and mol2ecular diameter are 

available in the file. If the characteristic energy 

and molecular diameter are available compute SIGMA 

using Eqn. (1.10-B) and when they are not available 

calculate SIGMA using Eqn. (1.10-9). 

5. Using Reid, et al. criteria determine if the compound 

is polar or nonpolar. If the compound is polar follow 

steps 7-9 . 

6. For nonpolar compound, Eqs. (1.10-2) and (10.-3) are 

used to estimate the surface tension. 

7. If the compound is polar the surface tension can be 

estimated using the Hakim, et al correlation by first 

determining the vapor pressure of the compound at 
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Tr«0.6. See subsection 1.14 for calculating compound's 

vapor pressure. 

B. Compute m, and X using Eqs. (1.10-5), (1.10-6) and 

(1.10-7) respectively. 

9. Calculate the surface tension of polar liquids using 

Eqn. 1.10-4. 

PURPOSE 

The above procedure can used to determine the 

surface tension of polar or nonpolar liquids. 

LIMITATIONS 

The curve-fitted constants can be used if the 

temperature of the liquid does not exceeds the critical 

temperature of the compound. The same restriction applies 

to the Hakim, et al. method and the Brock and Bird method . 

RELIABILITY 

The error for the curve-fitted equations is below 2% 

if the equations are used inside the applicable range, which 

is between the melting point and the critical point of the 

compound. On the other hand the Brock and Bird correlation 

is relatively inaccurate, the average error is 5% but the 

maximum error could reach 15%. The general reliability of 

the Hakim, et al. correlation is not known. Surface 
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tension calculated using the Hakim, et al. correlation is 

sensitive to several other properties and variables, for 

example compound's vapor pressure. 

1.11_Vapor Dqnsi tv 

INTRODUCTION 

Gas or vapor densities can be expressed using the 

perfect gas laMi 

P- P M (1.11-1) 
Z R T 

where 

p « density, gr/cm3 

II * Molecular weight 

P • Pressure, atm 

R » gas constants, cm3 atm/(mol. K) 

T " Temperature, K 

If the vapor condition approaches ideal condition, 

vapor density can be easily determined from Eqn. (1.11-1) 

because Z can be assumed equal to one. This condition is 

approached when the temperature of the vapor is extremely 

high or the pressure is very low. When the condition 

deviates from ideal condition the compressibility factor 

also deviates from one. The calculation of compressibility 

factor at non-ideal condition usually requires an equation 
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of state to determine the relationship between pressure, 

volume and temperature of the vapor. There are many 

equation of state available for determining compressibility 

factor. Most of them can be categorized into a 

two-parameter equation of state or a three-parameter 

equation of state. The Peng-Robinson equation of state is a 

two-parameter equation of state. This equation of state is 

used in the chemical property estimation program for 

calculating vapor density. It is chosen because the 

equation is relatively reliable compared to other 

two-parameter equation of state and also it is relatively 

easy to program. 

METHOD 

Peng and Robinson (1976) proposed an equation of the 

formi 

P • R T - a(T> (1.11-2) 
v - b v(v+b) + b(v-b) 

rearranging the above equation in term of Zi 

Z3 - (1 - B)Z2 + (A - 3B2 - 26)Z - (AB-B2-B3) - 0 (1.11-3) 

where 

A -a P/(R2T2) (1.11-4) 

B « b P/(R T) (1.11-5) 

Z - P V/(R T) (1.11-6) 
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The constants a and b are calculated using the following 

equations: 

a - ac x ALPHA <1.11-7) 

a_ » 0.45724 R2!" 2/P_ CI. 11-8) 
c c c 

ALPHA- C1.0 + k(l - Tr°"5)32 (1.11-9) 

k » 0.37464 +1.54226W - 0.26992w2 (1.L1-10) 

b « 0.0778 RT /P_ (1.11-11) 
c c 

P * Pressure 

T » Temperature 

V m molar volume 

w • acentric -factor 

subscript 

c • indicates critical condition. 

The equation of state in term of Z yields one or 

three roots depending upon the number of phases in the 

system. In a two-phase region, the largest root corresponds 
I 

to the compressibility factor of the vapor while the 

smallest positive root corresponds to that of liquid. The 

roots of Eqn. (1.11-3) are found using an iterative 

calculation. 

PROCEDURE 

1. Obtain the compound's critical temperature, critical 

pressure, acentric factor and molecular weight from 
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the chemical property data bank. 

2. Check if the pressure is < 1 atmosphere. Below this 

pressure, the compressibility -Factor can be assumed 

equal to one and vapor density can be calculated 
4 

directly using Eqn. (1.11-1). 

3. If the pressure is higher than one atmosphere, the 

compressibility -Factor must be calculated using the 

Peng-Robinson equation o-F state (steps 4-7). 

4. Calculate a and b using Eqs. (1.11-7) to (1.11-11). 

5. Knowing af b, also the specified temperature and 

pressure, compute A and B using Eqs. (1.11-4) and 

(1.11-5) respectively. 

6. Solve Z in Eqn. (1.11-3) by using a trial and error 

calculation and assuming initial trial Z«1.0. Newton's 

method can be used -For this purpose. 

7. Compute the vapor density by using Eqn. (1.11-1). 

PURPOSE 

The above method can be used to determine the 

compressibility -Factor, vapor specific volume and vapor 

density of hydrocarbon and nonhydrocarbon compounds. 

LIMITATIONS 

There are no specific limitations for using the 

Peng-Robinson equation of state. 
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RELIABILITY 

The accuracy of the Peng-Robinson equation of state 

is relatively better than other two-parameter equation of 

state, for example the Redlich-Kwong equation of state but 

it is still less accurate than a three-parameter equation of 

state. The method is reported to be accurate for 

temperatures from -300°F to 1100°F and pressure up to 5000.0 

psia. Peng-Robinson claimed that the average error would 

not be >3 X. 

1.12 Vapor Enthalpy 

INTRODUCTION 

Enthalpy is defined as the sum of internal energy of 

a system plus the amount of pressure/volume work performed 

by the system or done on the system. Vapor enthalpy implied 

that the system is vapor or gas. Vapor enthalpy must be 

differentiated from ideal-gas enthalpy in which no pressure 

correction term is included in the calculation of ideal-gas 

enthalpy. One method for determining vapor enthalpy is by 

calculating the enthalpy departure from ideality. Lee, 

Edmister and Erbar (19731 

proposed a method for computing vapor enthalpy departure 

from ideal-gas enthalpy. 
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METHOD 

The isothermal enthalpy difference has been derived 

by Lee, et al. The form of the equation is as follow: 

HV - H° - 2 - 1 + Ca ln(l- b/V) 

- 0.5 c ln<l - b2/V2)1/(b R T> (1.12-1) 

The compressibility factor, Z, can be determined from the 

following equation of state. 

Z • V - _ a + c (1.12-2) 
V - b RT(V — b) RT(V - b)(V+b> 

where 

V • - Z R T (1.12-3) 
P 

a4 - R2Tci2C(0.246105 + 0.02869wi) - (0.0037472 

+ 0.1496B7w.)T . + (0.16406) + 0.023727)T."1 
x ri ri 

+ (0.04937 + 0.132433wi)Tri"23/Pci (1.12-4) 

« - 2 ly.y.a^la.a.)0,5 (1.12-5) 
i«l i*l J J 

bt - RTci (0.086313 + 0.002wi)/P(_i (1.12-6) 

n 
b « 2 y.b. (1.12-7) 

i-1 1 x 

ct - R2Tci2C(0.451169 + 0.0094Bwi>Trl~°'5 

+ (0.387082 + 0.078842wi)Tri~23/Pc;1 (1.12-8) 
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0,5 (1.12-9) 

d and can be calculated using equations (1.2-11) 

and (1.2-12). 

Hv • vapor enthalpy 

H° • ideal gas enthalpy 

P • Pressure 

R • gas constant 

T ** Temperature 

V * Molar volume 

w • acentric -factor 

k^ * Liquid mole fraction 

yA « Vapor mole fraction 

Z • compressibility factor. 

subscri pt 

i *• indicates component i 

j • indicates component J 

c • indicates critical condition 

r • indicates reduced temperature 

PROCEDURE 

1. Obtain the compound's code number, critical 

temperature, critical pressure, acentric factor, 

molecular weight, and the constants for the ideal gas 

heat capacity equation . 
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2. If acentric factor recommended by Lee,et al. differs 

with the acentric factor in the chemical property data 

bank., Use Lee's, et al. acentric factor. Data for 

Lee, et al. acentric factors are already incorporated 

inside the program. 

3. Calculate the ideal gas enthalpy of the compound using 

Eqn.(1.3-2). For detail explanation of this 

procedure,see subsection 1.3. 

4. Using Eqs. (1.12-4) to (1.12-9) compute a, b and c in 

the Lee, et al. equation of state. 

5. Determine the compressibility factor, Z, from Eqn. 

(1.12-2) by using an iterative procedure. 

6. Knowing Z, calculate the vapor molar volume, V, using 

Eqn. (1.12-3). 

7. Calculate the difference between the vapor enthalpy 

and ideal gas enthalpy using Eqn. (1.12-1). 

B. Knowing Hv-H° computed in the previous step and H° 

calculated in step 3, Hv can be determined. 

PURPOSE 

The above procedure was developed for calculating 

the vapor enthalpy of hydrocarbon compounds, but it can be 

used to determine the vapor enthalpy of hydrocarbon and 

nonhydrocarbon compounds. 
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LIMITATIONS 

The program can be used to calculate the vapor 

enthalpy of nonhydrocarbon mixtures but no reliable estimate 

of the error can be given. 

RELIABILITY 

Lee, et al. tested 1471 data points for 21 mixtures 

and found the overall average deviation is 4.4 k joule/kg. 

1.13 Vapor Heat Capacity 

INTRODUCTION 

The vapor heat capacities calculated by CHEMPROP are 

ideal-gas heat capacities. Calculation of real gas heat 

capacity or vapor heat capacity involves the calculation of 

heat capacity departure from ideality. Several methods for 

determining the heat capacity departure are available in 

literatures, for example the Lee and Kesler method. Most of 

these methods involve extensive computer memory due to the 

size of look-up table used for calculating the heat capacity 

departure from ideality. This is one reason why the 

calculation of vapor heat capacity is not included in the 

chemical property data bank. Instead only ideal gas heat 

capacities are calculated using curve-fitted polynomial 

equations. The constants for the polynomial equation used 
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in calculating the ideal gas heat capacity are taken -From 

Appendix A, Reid, et al. 

METHOD 

Ideal-gas heat capacity equation, can be represented as 

a polynomial expression: 

C p " A  +  B T  +  C  T 2  +  D  T 3  < 1 . 1 3 - 1 )  

where 

A, B, C, and D - curve-fitted constants -from Reid, et al. 

C • ideal gas heat capacity, cal/mol K 
P 
T • Temperature, K 

PROCEDURE 

1. Obtain the constants for the ideal gas heat capacity 

equation from the chemical property data bank. 

2. Calculate the ideal gas heat capacity for the given 

temperature using the above equation. 

PURPOSE 

The above procedure is used to calculate the ideal 

gas heat capacities of hydrocarbon and nonhydrocarbon 

compounds. 
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LIMITATIONS 

The above method is limited to compounds which have 

a polynomial expression for the ideal-gas heat capacity 

data. 

RELIABILITY 

The data in Reid, et al. are accurate to within IX 

- 2% error at temperatures below 2000 K. Above this 

temperature the computed compound's heat capacity becomes 

inaccurate. This is probably due to the limited temperature 

range of heat capacity data used during the curve fitting 

procedure. 

INTRODUCTION 

Vapor pressure is the pressure when the vapor phase 

of a substance is in equilibrium with the liquid phase of 

that substance at a specified temperature. The term can be 

applied to pure substances or mixtures. The effect of 

composition and temperature must be taken into account in 

calculating the vapor pressure of a mixture. 
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METHOD 

The vapor pressure o-f a pure substance can be 

estimated by integrating the Clausius-Clayperon equation: 

d In - AH 
^ - 1. (1.14-1) 

d(1/T) R AZy 

One of the difficulties in integrating this equation 

is the dependence of the groupAHy/AZv on temperature. An 

effort to improve this estimation was proposed by Thek and 

Stiel (1967) by using the Watson relation for variation of 

Hy with temperature. 

H , - <1.14-3, 

1 " Trl 

An exponent of n-0.375 was chosen by Thek and Stiel 

in their equation. The effect of temperature on AZy was 

included in the correction term in the AHy expansion. The 

final equation can be written as follows: 

In P - AC(1.14693 - 1/T - 0.11719 T vp r r 

- 0.03174 Tr2 - 0.375 lnT^ 

+ (1.042 - 0.46284 A) 

(T 5. 2691+2. 0753A-3. 1738*1^ } 
r 5.2691+2.0753A-3.1738h 

+ 0.040(1/Tr - 1) (1.14-3) 
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(1.14-4) 

(1.14-5) 

Hyb used in CHEMPROP are experimentally measured data 

taken -from Appendix A, of Reidv et al(1977>. If Hvb are not 

available in Appendix A, it can be estimated using the Vetere's 

empirical equation cited in Reid, et al(Reid, 1977). 

H . « RT T, 0.4343 In P_ - 0.6BB59 + 0.895B4 T. VD c pr c or 

0.37691 - 0.037306 Tfar+ 0.14B78 Pc"1 Tbr"2 (1.14-6) 

T * Temperature, K 

Tp " Reduced temperature 

Hy* • Heat of vaporization at cal/mol 

R " gas constant* cal/(mol K) 

Zv • compressibility factor of saturated 

vapor - compressibility factor of 

saturated liquid. 

subscript 

1 » refer to temperature 1 

2 * refer to temperature 2 

b « refer to normal boiling point temperature 

where 

P vp • Vapor pressure, mmHg 
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PROCEDURE 

1. Obtain critical temperature, normal boiling point, 

critical pressure and heat of vaporization from the 

data bank. 

2. Calculate h using Eqn. (1.14-5). 

3. Zf the heat of vaporization is not available use Eqn. 

(1.14-1) to estimate the heat of vaporization. 

4. Determine A from Eqn. (1.14-4) using known Tb and Hytj. 

5. Using Eqn. (1.14-3) calculate c at Pyp » 1 atm and T = 

I V 
6. Knowing c, h and A determine the vapor pressure at T 

using Eqn. (1.14-3). 

PURPOSE 

The above procedure is used to estimate the vapor 

pressure of nonpolar and polar compounds. 

LIMITATIONS 

1. Zf the calculated P is less than 10 mm Hg the result vp 

should be used with caution and should be assumed 

inaccurate. 

2. The calculated value of Pyp is sensitive to the value 
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of Hvb used for calculating the constant A. The use of 

experimental H . will result in relatively accurate VO 

P . On the other hand, the use of estimated H. can VP VD 

produce relatively large errors. 

3. At all temperatures, except near T£f estimation of Pyp 

is also sensitive to the selected value of T= used in 

the estimation procedure. 

RELIABILITY 

Thek and stiel tested 69 compounds both polar and 

nonpolar compounds found the average error to be <1 X and 

rarely did the maximum error exceeds 5 X over a wide 

temperature range. 

1.15 Vapor Thermal Conductivity 

INTRODUCTION 

The vapor thermal conductivity describes the ease 

with which heat can flow by conduction through that specific 

vapor. It is defined as the parameter, k, in the Fourier's 

law of heat conduction. Most estimation methods for 

estimating vapor thermal conductivity involve group 

contribution methods. These methods are difficult to 

program and are not used inside the data bank. Instead 

curve-fitted equations of available vapor thermal 
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conductivity data are used in the data bank. 

METHOD 

The vapor thermal conductivity of vapors are 

calculated using curve—fitted equations given in Yaws 

(1980). The form of the equations are as follows! 

TC - A + B T 10~3 + C T2 10"6 + 
9 

D T3 10~9 (1.15-1) 

where 

A, B, C, and D • Constants from Yaws. 

T « Temperature, K 

TC *» Vapor thermal conductivity, micropoise 
9 

PROCEDURE 

1. Obtain the compound's code number using subroutine 

FINCOM. 

2. Search through file TERCON.DAT to see if the constants 

for the vapor thermal conductivity equation, of the 

specified compound, are available in the file. Read 

the constants A, B, C and D from file SURTEN.DAT. 

3. Calculate the vapor thermal conductivity using Eqn. 

(1.15-1). 
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PURPOSE 

The above procedure ie used to calculate the vapor 

thermal conductivity of polar and nonpolar compounds which 

are available in Yaws. 

LIMITATIONS 

The curve-fitted equation can not be use if the 

temperature is less than the compound's critical 

temperature. 

RELIABILITY 

The error of the curve-fitted equations is within 

1X-2X of experimental data. 

1.16 Vapor Viscosity 

INTRODUCTION 

The vapor viscosity is a measure of the ability of 

vapor to resist shear. Estimation techniques for vapor 

viscosity are based either on the Chapman-Enskog theory or 

the law of corresponding states. Both of these techniques 

are used in the chemical property estimation program 

depending on the polarity of the compound. 

The Chapman-Enskog formula can be written as followsi 

n - 26.69(11 T)°*5/V (1.16-1) 
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where 

Cy ** Collision integral 

<Cy~ lv if the molecules do not attract each other) 

d m molecular diameter, A 

n • Vapor viscosity, micro Poise 

II * Molecular weight 

T • Temperature, K 

To use the Chapman-Enskog formula, the collision 

integral of the compound must be first determined. The 

determination of collision integral greatly depend on the 

availability of the characteristic energy of the compound 

and also on the compound's molecular diameter. This 

information usually accompanies the Lennard-Jones potential 

of that compound. 

Vapor viscosity is also a strong function of 

pressure and temperature. Due to the pressure effect, 

different correlation are used for estimating low-pressure 

vapor viscosity and high-pressure vapor viscosity. Another 

factor which must be considered in estimating vapor 

viscosity is compound's polarity, because polar and nonpolar 

compounds require different estimation methods. 
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METHOD FQR LOW PRESSURE VAPOR VISCOSITY 

The est i mat ion technique -for vapor viscosity at low 

pressure can be differentiated into two type of estimations* 

polar compound and nonpolar compound estimation techniques. 

The polarity of the compound can be determined using the 

Reid, et al. criteria explained in subsection 1.10. 

Nonpolar Bases. If the molecular diameter and the 

characteristic energy of the compound are available, 

calculate the collision integral using the Neufeld et al. 

relation(1972)z 

C • #p # # (1.16—2) 
v T exp(DT ) exp(FT > 

where 

T* - k T/e 

k • Boltzmann's constant 

e • characteristic energy 

A - 1.16145 

B - 0.14874 

C - 0.52487 

D - 0.77320 

E - 2.16178 I 

F - 2.43787 
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The values of e/k and molecular diameter are 

available in Appendix C of Reid, et al(4). Using these 

values and the calculated collision integral, the vapor 

viscosity can be computed using the Chapman-Enskog formula. 

If the molecular diameter and collision integral are 

not available, the method of corresponding state is used for 

calculating vapor viscosity of nonpolar gases at low 

pressure. One such relation is the Thodos et al. relation 

(1964)i 

„ X - 4.610 Tr°-6lB - 2.04«-°-449Tr • 

1.94«"4-05aTp + 0.1 <1.16-3) 

where 

X » T 1/6 M~1/2 P~2/3 (1.16-4) 

n • vapor viscosity, microPoise 

P •* Pressure, atm 

T • Temperature, K 

subscript 

c • indicates critical temperature 

r " indicates reduced temperature 

Polar Bases. For polar gases, the vapor viscosity is 

also calculated using the Chapman-Enskog formula and 

collision integral is determined using the Stockmayer 

potential relation. 

Cvp - Cy + 0.2 SIGMA2/T* (1.16-5) 
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where 

C * Collision integral calculated using Stockmayer vp 

potential relation. 

Cy • Collision integral calculated using Neufeld et al. 

relation. 

SIGMA m polar parameter 

The determination o-f SIGMA is explained in detail in 

subsection 1.10. Characteristic energy and molecular 

diameter can also be estimated when no values are available 

in literature. Brokaw (1969) recommends the following 

equations to estimate the characteristic energy and 

molecular diameteri 

<1.585 V1/3 

(1 + 1.3SIGMA2)1/3 
(1.16-6) 

e/k - (1.18X1 + 1.3 SIGMA2)Tb (1.16-7) 

where 

T. - Normal boiling temperature, K 
D 

V. • Liquid molal volume at normal bailing 
D 

point, cm3/mol 

METHOD FOR HIGH PRESSURE VAPOR VISCOSITY 

The estimation of vapor viscosity at high pressure 

involves the calculation of residual between high pressure 

vapor viscosity and low pressure vapor viscosity. Jossi, 

Stiel and Thodos(1962) developed several equations for 
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calculating vapor viscosity for polar and nonpolar 

compounds. The equations can be summarized as -follows: 

Nonpolar gases 

C(n - n°>X 1110"25 - 1.0230 + 0.23364 + 0.5B533 p
2 

- 0.40758 r
3 + 0.093324 p

4 (1.16-8) 

where 

n • Vapor viscosity at high pressure, microPoise 

n° • Vapor viscosity at low pressure, microPoise 

M « Molecular weight 

r 
m Reduced gas density " V£/V 

X • TC1/6 M"1/2 PC"2/3 (1.16-9) 

Polar gases 

•for < 0.1 s (n - n°> X - 1.656 p
1-111 (1.16-10) 

•for 0.1 < < 0.9 i (n - n°)X - 0.0607(9.045 + 0.63)1,739 

•for 0.9 < < 2.6 : log€4 - logC(n - n°)X3> « 

0.6439 - 0.1005 - DELTA (1.16-12) 

•for - 2.8 s Cn - n°)X • 90.0 (1.16-13) 

•for - 3.0 i (n - n°)X « 250.0 (1.16-14) 

where 

DELTA • 0 -for 0.9 < < 2.2 

DELTA - (4.75)(10-4)( p
3 - 10.65)2 for 2.2 < p < 2.6 

4 
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PROCEDURE 

1. Obtain the compound's code number, critical 

temperature, critical pressure, critical volume, 

normal boiling point, moment dipole, acentric -factor 

and molecular weight from the chemical property data 

bank. 

2. Search in file LENJQN.DAT -for the compound's 

characteristic energy and molecular diameter. If both 

of these values are available determine the polarity 

of the compound. See subsection 1.10 for the detail 

explanation of this step. 

3. For nonpolar gases with known characteristic energy 

and molecular diameter, calculate the collision 

integral using the Neufeld et al. relation (eqn. 

1.16-2). Then compute the vapor viscosity using Eqn. 

(1.16-1). 

4. For nonpolar gases without any information concerning 

the characteristic energy and molecular diameter, 

calculate the vapor viscosity using Eqn. (1.16-3). 

5. Check the specified pressure. If the pressure is <1.0 

atm, the calculation is finish. If the pressure >1.0 

atm, calculate the difference between low pressure 

vapor viscosity and high pressure vapor viscosity 
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using the Jossi, Stiel and Thodos method (steps 6-9). 

6. Using the Peng-Robinson equation of state, determine 

the vapor specific volume. See subsection 1.11 -For 

the detail explanation of this step. 

7. Compute reduced gas density. 

B. Calculate n - n° using Eqn. (1.16-8) -for nonpolar 

gases or Eqs. (1.16-10) to (1.16-14) -For polar gases. 

9. Since n° has been computed in step 3 or step 4, 

calculate the vapor viscosity at high pressure, n. 

PURPOSE 

The purpose of the above method is to determine the 

vapor viscosity of nonpolar and polar gases at low and high 

pressure. 

LIMITATIONS 

There are no specific limitations in the estimation 

of vapor viscosity at low pressure, but for estimating high 

pressure vapor viscosity the method of Jossi, et al. is 

limited to reduced gas density below 3.0. The equations can 

be used above this range but there is no report on the 

general reliability of the method. Most engineering 

calculations do not go beyond this range. 
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The expected error in the estimation of low pressure 

vapor viscosity for.nonpolar gases is very low. Zt normally 

lies between IX and 3%. If values of characteristic energy 

and molecular diameter are available* the error would not be 

>1X. Error in the estimation of low pressure vapor viscosity 

for polar gases are usually < 4%. Xf characteristic energy 

and molecular diameter are not estimated, the expected error 

would be between 0.5X and 1.5%. The high pressure vapor 

viscosity estimated using the Jossi, et al. has an 

approximate error of < 10%. 



SECTION 2 

THEORETICAL BACKGROUND OF FLASH 

Dew and Bubble Point Calculation 

Dew and bubble point calculations involve the 

determination of temperature or pressure when a droplet of 

equilibrium liquid is formed in a vapor mixture or when the 

first sign of equilibrium vapor is noted above a liquid 

mixture. Dew and bubblepoint calculations are an important 

aspect in vapor—liquid equilibrium calculations. It is the 

basis for performing flash calculation and distillation 

calculation. Equilibrium K values used in these 

calculations are determined using the Leev Edmister and 

Erbar method. For the detail explanation of this method see 

subsection 1.2. 

2.1 Dew Point Temperature Calculation 

METHOD 

Dew point temperature is the temperature indicated 

when a droplet of liquid is formed in a vapor mixture. In 

the calculation of dew point temperature, vapor composition 

and pressure are usually given. Dew point temperature is 

found by a trial and error method using one of the several 

convergence criteria available in the literature. A slight 

- 125 -
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modification of available convergence criteria is used in 

the FLASH program. The following equation is the modified 

convergence criteria. 

ln(2yi/Ki) - 0 (2.1-1) 

where 

Ki " yi/xi (2.1-2) 

yi « Vapor mole fraction 

k^ • Liquid mole fraction 

subscript 

i • indicates component i 

The above convergence criteria is chosen because 

vapor composition is given in the problem statement. Thus 

only K values are required to be calculated in Eqn. (2.1-1). 

A logarithmic sum is used because it promotes rapid 

convergence compared to using only the sum of 

PROCEDURE 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor of the compounds 

in the mixture using the compounds' name and code 

numbers from the chemical property data bank. These 

properties are needed for calculating the equilibrium 

K values. 

2. Read the vapor mole fractions and the specified 
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pressure. 

3. Start the trial and error calculations by determining 

two temperature values which bracket the dew point 

temperature. This procedure can be performed by 

stepping, from a small starting temperature, a fixed 

incremental temperature until the logarithmic sum of 

K^/y^ indicates a change of sign. Zero Celsius is 

chosen as the initial temperature for starting the 

stepping procedure and the stepping increment is 50. 

4. During each iteration equilibrium K must be evaluated 

because the trial temperature is always changing. 

5. When a change of sign occurs, indicating that the root 

is bracketed between the two temperatures, refine the 

root using subroutine SOLVE. Subroutine SOLVE is a 

subroutine which finds the roots of an equation using 

the combination of bisection and secant method. The 

root which is found by subroutine SOLVE is the dew 

point temperature. 

PURPOSE 

The above procedure is used to determine the dew 

point temperature of a vapor mixture, given the vapor 

composition and its pressure. 

RELIABILITY AND LIMITATION 

The reliability of this method depends on the 4 
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convergence tolerance of subroutine SOLVE. The convergence 

tolerance used in FLASH is The solution of the trial 

and error calculation is also affected by the starting trial 

value for the stepping procedure, which is zero Celsius. 

This value limits the program to calculate only dew point 

temperature above zero Celsius. Lower temperatures can be 

used but the solution may not converge. 

2.2 Dew Point Pressure Calculation 

METHOD 

Dew point pressure is the pressure indicated when 

the first droplet of liquid is formed in a vapor mixture. 

Using the vapor composition and temperature, dew point 

pressure can be found by a trial and error method using the 

convergence criteria similar to the convergence criteria 

used for determining the dew point temperature. 

In( 2yi/Ki) • 0 (2.2-1) 

The procedure for computing the dew point pressure 

is similar to the procedure for calculating the dew point 

temperature, with only slight differences. 

PROCEDURE 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor of the compounds 
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in the mixture using the compounds' name and code 

numbers from the chemical property data bank. 

2. Read the vapor mole fractions and the specified 

temperature. 

3. Start the trial and error calculations by determining 

two pressure values which bracket the dew point 

pressure. This procedure can be performed by 

stepping, from a small starting pressure, a fixed 

incremental pressure values until the logarithmic sum 

of yi/Ki indicates a change of sign. Zero atm is 

chosen as the initial pressure for starting the 

stepping procedure and the stepping increment is 2. 

4. Compute equilibrium K at each iteration using the new 

trial pressure value. 

5. When a change of sign occurs, indicating that the root 

is bracketed between the two pressure values, refine 

the root using subroutine SOLVE. The root which is 

found by subroutine SOLVE is the dew point pressure. 

PURPOSE 

The above procedure is used to determine the dew 

point pressure of a vapor mixture, given the vapor 

composition and its pressure. 
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RELIABILITY AND LIMITATION 

As in the case of calculating dew point temperature, 

the reliability of this method depends on the convergence 

tolerance of subroutine SOLVE and is also affected by the 

starting trial value for the stepping procedure, which is 

zero atm This value limits the program to only calculate dew 

point pressure above zero atm. 

2.3 Bubble Point Temperature Calculation 

METHOD 

The bubble point temperature is the temperature that 

indicates the occurence of equilibrium vapor over a liquid 

mixture. Liquid composition and pressure are usually 

given. The bubble point temperature is found by an 

iterative procedure using the following convergence 

criteria. 

I N T S K J  X J )  «  0  <2 . 3 - 1 )  

where 

Ki " yi/Ki <2.1-2) 

y4 - Vapor mole fraction 

xi • Liquid mole fraction 

subscript 

i " indicates component i 

The above convergence criteria is chosen by 
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•following similar reasonings as in choosing the convergence 

criteria in the dew point calculation, which are fast 

convergence and can accommodate all the available 

information, i.e. liquid composition and pressure. 

PROCEDURE 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor of the compounds 

in the mixture using the compounds' name and code 

numbers from the chemical property data bank. 

2. Read the liquid mole fractions and the specified 

pressure. 

3. Start the trial and error calculations by determining 

two temperature values which bracket the bubble point 

temperature. This procedure can be performed by 

stepping, from a small starting.temperature, a fixed 

incremental temperature values until the logarithmic 

sum of xi indicates a change of sign. Zero Celsius 

is chosen as the initial temperature for starting the 

stepping procedure and the stepping increment is 50. 

4. Equilibrium K must be evaluated at each iteration 

because the trial temperature is changing. 

5. When a change of sign occurs, indicating that the root 

is bracketed between the two temperatures, refine the 

root using subroutine SOLVE. The root found by 
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PURPOSE 

The above procedure is used to determine the bubble 

point temperature of a liquid mixture, given the liquid 

composition and the required pressure. 

RELIABILITY AND LIMITATION 

The convergence tolerance used in subroutine SOLVE 

affects all iteration scheme used in the package. Due to 

this fact, the reliability of the above procedure is 10 5. 

Similar to the procedure for determining dew point 

temperature, the solution of the trial and error calculation 

in this procedure is also affected by the starting trial 

value for the stepping procedure, which is zero Celsius. 

This value limits the program to only calculate bubble point 

temperature above zero Celsius. 

2.4 Bubble Point Pressure Calculation 

METHOD 

The bubble point pressure is the pressure that 

indicates the occurence of equilibrium vapor over a liquid 

mixture. Liquid composition and temperature are usually 

given. Bubble point pressure is found by an iterative 

procedure using a convergence criteria similar to the bubble 
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point temperature convergence criteria. 

In(2 K£ xi> - 0 (2.3-1) 

PROCEDURE 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor of the compounds 

in the mixture using the compounds' name and code 

numbers from the chemical property data bank. 

2. Read the liquid mole fractions and the specified 

temperature. 

3. Start the trial and error calculations by determining 

two pressure values which bracket the bubble point 

pressure. Using a similar stepping procedure as in 

the determination of dew point pressure, stepping 

increment pressure until the logarithmic sum of 

indicates a change of sign. 

4. Compute equilibrium K at each iteration using the new 

trial pressure value. 

5. When a change of sign occurs, indicating that the root 

is bracketed between the two pressure values, refine 

the root using subroutine SOLVE. The root which is 

found by subroutine SOLVE is the bubble point 

pressure. 
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The above procedure is used to determine the bubble 

point temperature of a liquid mixture, given the liquid 

composition and the required pressure. 

RELIABILITY AND LIMITATION 

As in the previous methods, reliability of this 

method depends on the convergence tolerance of subroutine 

SOLVE and is also affected by the starting trial value for 

the stepping procedure, which is zero atm This value limits 

the program to only calculate bubble point pressure above 

zero atm. 

Flash Calculation 

Flash calculation involves the determination of 

vapor and liquid compositions after a vapor-liquid feed 

stream has come to equilibrium. Several varieties of flash 

calculations are possible depending upon the available 

information in the problem statement. There are five type 

of calculations covered by the FLASH package. Each one of 

these methods requires a different convergence criteria to 

solve the iterative solution. The feed rate and its 

composition are assumed to be specified in each type of 

problem. 

The following is a schematic diagram of flash separation i 
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F « total molar feedrate 

L • total liquid molar flowrate 

lj • liquid molar floMrate 

V « total vapor molar flowrate 

v^ • vapor molar flowrate 

* liquid mole fraction 

Vj * vapor mole fraction 

• feed mole fraction 

subscript 

i ™ indicates component i 

2.5 Temperature ftnd Pressure Specified 

METHOD 

This type of flash calculation requires an initial 

checking of the flash temperature because flash calculation 

can be performed only if the mixture is in a two-phase 

condition, i.e vapor-liquid phase. This condition will be 

satisfied if: 

^bubble point * ̂  * Tdew point 

Due to the above condition, bubble point temperature 

and dew point temperature must be first calculated using 

procedures in subsections 2.1 and 2.3, before any flash 
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calculation can be initialized. If the specified 

temperature is bounded between the two temperatures, then 

the calculation can proceed to the -flash calculation. 

The vapor and liquid composition can be computed by 

an iterative procedure using the -fallowing convergence 

criteria. 

_ Z. <K. - 1) 
f(V/F) = V 1 x -0 (2.5-1) 

^ <Ka - 1) (V/F) + 1 

derived from : 

yi " xi " 0 <2.5-2) 

x. m 1 (2.5-3) 
1 (K4 - 1) (V/F) + 1 

*i ™ *i xi (2.5-4) 

where 

F - molar feed rate 

Ki - equilibrium K value 

V - molar vapor flow 

*i 
m liquid mole fraction 

yi - vapor mole fraction 

Zi - feed mole fraction 

subscript 

i • indicates component i 

The above convergence criteria is chosen because the 

equation involves assuming several trial values o-f V/F until 

the function reaches zero. The advantage of using V/F, as 
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the assumption variable, is that the function is bounded 

between the value of V/F=0 and V/F=l. Also this equation 

does not have spurious roots, maxima or minima. These 

properties are very advantageous for a numerical solution. 

PROCEDURE 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor of the compounds 

in the mixture using the compounds' name and code 

numbers from the chemical property data bank. 

2. Read the given temperature and pressure. 

3. Determine bubble point temperature using feed's 

composition and the given pressure. See subsection 

2.3 for the detail explanation of this procedure. 

4. Compute dew point temperature also using the feed's 

composition and the given pressure. See subsection 

2.1 for performing this calculation. 

5. Check if the problem's temperature is between the 

bubble point temperature and the dew point 

temperature. If the temperature is not between these 

two values, the calculation can not proceed to the 

flash calculation step. 

6. If the temperature is bounded between the bubble point 

temperature and the dew point temperature, start the 

iteration by using the two availabe initial values, 
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i.e. V/F-0 and V/F-l. 

7. Ztaratively find V/F value that represents the root Df 

the convergence Eqn. (2.5-1). Use subroutine SOLVE -for 

this purpose. 

8. Using V/F calculated in the previous step, calculate 

and using Eqs. (2.5-3) and '(2.5-4) 

respectively. 

9. Molar flow rate of each component can be calculated 

using the -foilowing equations. 

F - V + L (2.5-5) 

• y^ V (2.5-6) 

lt - L (2.5-7) 

Mhere 

Vj - molar flowrate in the vapor phase 

1^ • molar flowrate in the liquid phase 

subscript 

i "indicates component i 

PURPOSE 

The above procedure is used to determine the liquid 

composition, liquid flowrate, vapor composition and vapor 

flow rate of each component in a flash separation problem 

given the feed composition, feed flowrate, temperature and 

pressure. 
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RELIABILITY AND LIMITATION 

The above method is relatively reliable. This is 

due to the almost linearity of the convergence equation and 

the bounded initial trial values, i.e V/F»0 and V/F«l. There 

is no particular limitation to the above method. 

2.6 Temperature and Recovery o-f One Component Specified 

METHOD 

This type of flash calculation corresponds to a 

fixed recovery of single component in the vapor phase or in 

the liquid phase and also a fixed temperature value. Using 

this information, pressure, vapor composition and liquid 

composition are calculated. In the FLASH package program 

the recovery can be compound's recovery in the vapor phase 

or in the liquid phase but for the purpose of explanation, 

the compound's recovery discussed in this procedure is 

assumed to be recovery in the vapor phase. 

The following equations are used as the convergence 

criteria for this type flash calculation. 

In (2 K4) - 0 (2.6-1) 

where 

xi " (Zi F " Vi)/L (2.6-2) 

L • F - V (2.6-3) 

V - 2 vi (2.6-4) 
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ZiF v. « 1 (2.6-5) 
l 

(•fj/Vj - 1>/Aij + 1 

Aij " Ki/Kj (2.6-6) 

F m total molar feedrate 

L » total liquid molar flowrate 

1^ * liquid molar flowrate of component i 

V m total vapor molar flowrate 

v^ * vapor molar flowrate of component i 

Vj/fj" recovery of component j in the vapor phase 

« mole fraction of component i in feed 

subscript 

i « indicates component i 

J • indicates the compound with the known recovery 

PROCEDURE 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor of the compounds 

in the mixture using the compounds' name and code 

numbers from the chemical property data bank. 

2. Determine the name of the compound with the known 

recovery. Give an index number for this compound. 

3. Read the recovery of the specified compound and also 

the flash temperature. 

4. Start the trial and error calculation by using a 
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similar stepping procedure as in determining dew point 

pressure or bubble point pressure. Zero atm is used 

as the initial pressure and the stepping increment is 

two atm. 

5. During each iteration, the value of is calculated 

using Eqs. (2.6-2) to (2.6—6). 

6. When the ln( Ki x^) indicates a change of sign, which 

means that the root is bracketed between the two 

pressures, refine the root using subroutine SOLVE. The 

root determined by subroutine SOLVE is the flash 

calculation pressure. 

7. Calculate using the calculated pressure and the 

given temperature. 

8. Compute x^, v^ using the computed and the above 

Eqs.. and 1^ can be computed using the following 

equations. 

yi " Vi/V (2.6-6) 

1± • x. L (2.6-7) 

PURPOSE 

The above procedure is used to determine the liquid 

composition, liquid flowrate, vapor composition and vapor 

flow rate of each component in a flash separation problem 

given the feed composition, feed flowrate, temperature and 

recovery of one component in the vapor phase or liquid 
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RELIABILITY AND LIMITATION 

As in the case of calculating dew point pressure and 

bubble point pressure, the reliability of this method 

depends on the convergencetolerance o-f subroutine SOLVE and 

is also affected by the starting trial value -for the 

stepping procedure, which is zero atm This value limits the 

program to flash pressure above zero atm. 

2.7 Pressure and Recovery of one Component Specified 

METHOD 

This type of calculation is similar to the previous 

flash calculation. In this method the flash temperature is 

the calculated variable instead of the flash pressure as in 

subsection 2.6. A similar convergence criteria is used for 

the iterative solution. 

ln(2x. Ka> - 0 (2.7-1) 

PROCEDURE 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor of the compounds 

in the mixture using the compounds' name and code 

numbers from the chemical property data bank. 
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2. Determine the name of the compound with the known 

recovery. Give an index number -for this compound. 

3. Read the recovery of the specified compound and also 

the flash pressure. 

4. Start the trial and error calculation by using a 

similar stepping procedure as in determining dew point 

temperature or bubble point temperature. Zero Celsius 

is used as the initial starting temperature and the 

stepping increment is 50°. 

5. When the ln( x^) indicates a change of sign, which 

means that the root is bracketed between the two 

temperatures, refine the root using subroutine SOLVE. 

The root determined by subroutine SOLVE is the flash 

calculation temperature. 

6. Calculate using the calculated temperature and the 

given pressure. 

7. Compute x^, y^ using Eqs. (2.5-3) and (2.5-4) 

respecti vely. 

8. Calculate v^ and 1^ by using Eqs. (2.5-6) and (2.5-7). 

PURPOSE 

The above procedure is used to determine the liquid 

composition, liquid flowrate, vapor composition and vapor 

flow rate of each component in a flash separation problem 

given the feed composition, feed flowrate, pressure and 

recovery of one component in the vapor phase or liquid 
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RELIABILITY AND LIMITATION 

As in previous methods, the reliability o-f this 

method depends on the convergence tolerance o-f subroutine 

SOLVE and is also affected by the starting trial value -for 

the stepping procedure, which is zero Celsius. This value 

limits the program to -flash temperature above zero Celsius. 

2.B Temperature and Vapor Split Specified 

METHOD 

Vapor split is defined as the ratio of the total 

amount of vapor to the total amount of liquid obtained in a 

flash separation problem. In this type of flash 

calculation, given the value of vapor split, the total 

amount of vapor can be computed using the following 

equation. 

V - F/<1 + L/V) (2.8-1) 

V/L • Vapor split 

F « molar feedrate 

V - vapor molar flowrate 

Using the knowledge of the amount of vapor and also 

the flash temperature, flash pressure can be computed 

iteratively. The fallowing convergence criteria is used in 

the flash package for the iterative solution. 
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ln(2yi> - 0 (2.0-2) 

where 

(K4 - 1XV/F) + 1 

• Equilibrium K value 

y^ m Vapor mole fraction 

" Feed molar fraction 

subscript 

i • indicates component i 

PROCEDURE 

(2.8-3) 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor of the compounds 

in the mixture using the compounds' name and code 

numbers from the chemical property data bank. 

2. Check the input information available, convert to 

vapor molar flowrate if vapor split is given. Read 

the specified flash temperature. 

3. Start the trial and error calculation by using a 

similar stepping procedure as in the dew point 

pressure or bubble point pressure iteration method. 

Zero atm is used as the initial starting pressure and 
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the stepping increment is two atm. 

4. When the ln( y.) indicates a change of sign, which 

means that the root is bracketed between the two 

pressures, refine the root using subroutine SOLVE. The 

root determined by subroutine SOLVE is the flash 

calculation pressure. 

5. Calculate using the calculated pressure and the 

given temperature. 

6. Compute x^, y^ using Eqs. (2.5-3) and (2.5-4) 

respectively. 

7. Calculate v^ and 1^ by using Eqs. (2.5-6) and (2.5-7). 

PURPOSE 

The above procedure is used to determine the liquid 

composition, liquid flowrate, vapor composition and vapor 

flow rate of each component in a flasih separation problem 

given the feed composition, feed flowrate, temperature and 

the required vapor split. 

RELIABILITY AND LIMITATION 

The reliability of this method depends on the 

convergence tolerance of subroutine SOLVE and is also 

affected by the starting trial value for the stepping 

procedure, which is zero atm This value limits the program 

to flash pressure above zero atm. 
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2.9 Pressure and Vapor Split Specified 

METHOD 

This type of calculation is similar to the flash 

calculation described in the previous method. In this 

method the flash temperature is the calculated variable 

instead of the flash pressure as in subsection 2.B. A 

similar convergence criteria is used for the iterative 

solution. 

lntEyj) - 0 (2.9-1) 

PROCEDURE 

1. Obtain the molecular weight, critical temperature, 

critical pressure and acentric factor of the compounds 

in the mixture using the compounds' name and code 

numbers from the chemical property data bank. 

2. Check the input information available, convert to 

vapor molar flowrate if vapor split is given. Read 

the specified flash pressure. 

3. Start the trial and error calculation by using a 

similar stepping procedure as in the dew point 

temperature or bubble point temperature iteration 

method. Zero Celsius is used as the initial starting 

temperature and the stepping increment is 50. 
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4. When the ln( y^) indicates a change of sign, which 

means that the root is bracketed between the two 

temperatures, refine the root using subroutine SOLVE. 

The root determined by subroutine SOLVE is the -Flash 

calculation temperature. 

5. Calculate using the calculated temperature and the 

given pressure. 

6. Compute x^, y^ using Eqs. (2.5-3) and (2.5-4) 

respectively. 

7. Calculate v^ and 1^ by using Eqs. (2.5-6) and (2.5-7). 

PURPOSE 

The above procedure is used to determine the liquid 

composition, liquid flowrate, vapor composition and vapor 

flow rate of each component in a flash separation problem 

given the feed composition, feed flowrate, pressure and the 

required vapor split. 

RELIABILITY AND LIMITATION 

As in previous methods the reliability of this 

procedure depends on the convergence tolerance of subroutine 

SOLVE and is also affected by the starting trial value for 

the stepping procedure, which is zero Celsius. This limits 

the flash calculation to temperature above zero Celsius. 



SECTION 3 

THEORETICAL BACKGROUND OF DISTIL 

The Fens^e-ynderwood-Billiland Method 

As mentioned in the main thesis, the 

Fenske-Underwood- Gill Hand method is a short-cut method for 

determining the minimum stages, the minimum reflux ratio and 

the number of theoretical stages for a required distillation 

separation. The method is considered a short-cut method 

because of the assumptions used in the calculation 

procedure. There are three major assumptions used in the 

Fenske-Underwood -Gilliland method, namely 

1. Constant molar overflow throughout all the stages in 

the distillation column. 

2. Constant relative volatility for each component in the 

mixture. 

3. The separation system is an adjacent key system which 

means that the separation process will be performed on 

key components that are adjacent with respect to their 

volatilities. 

Other parameters beside the minimum stages, minimum 

reflux ratio and the number of theoretical stages are also 

calculated by the DISTIL package program. Among these 

parameters are the number of actual plates, vapor flow rates 

- 149 -
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inside the column, liquid flow rates inside the column and 

the -feed plate location. 

For a preliminary design o-f a distillation column, 

the problem o-f determining the distillation operating 

condition presents a difficult task for the process 

engineers, particularly when there is no process information 

available concerning the distillation operating condition. 

Most design textbooks do not cover this important topic. 

The usual approach is to estimate an overall column pressure 

drop and then calculate the top and bottom operating 

condition based on this value. 

This approach is not used in the DISTIL package 

because it requires considerable knowledge of column 

pressure drop estimation based on the separation 

specification. This type of estimation can only be 

performed by experienced engineers, not by chemical 

engineering students. In the DISTIL package an algorithm 

for determining the distillation operating condition was 

developed and incorporated with the 

Fenske-Underwood-Gilliland method. The algorithm involves 

an iterative calculation to find the number of plates which 

then approximately gives a total column pressure drop equal 

to the total pressure drop caused by all of the installed 

trays in the column. It can be expressed in an equation 

form as follows x 
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P. - P. . • N P. C3-1) 
top bot tray 

where 

N " Number o-f actual trays or plates 

PtQp « Pressure at the top of the column 

Pbot • Pressure at the bottom of the column 

Ptray™ PrBssure drop per tray 

The reason for choosing this criteria is because 

pressure drop per tray can be easily estimated. It is 

normally in the range of 0.1 to 0.5 psi (Schweitzer, 1979). 

Thus there are only three other parameters which must be 

determined in Eqn.(3-1) i.e. ^top* Pbot and N" ^hese three 

parameters can be computed when the compositions and flow 

rates of the feed, distillate and bottoms are available. 

The other reason for choosing this criteria is the total 

pressure drop calculated will be a function of the number of 

trays in the column not predetermined as in the more simple 

approach. The DISTIL approach shows the effect of 

installing more or less trays inside the column better than 

the simple approach. 

The following procedure describes the general steps 

in the Fenske-Underwood-Gilliland method combined with the 

above algorithms 

1. Perform the initial material 

assuming complete separation 

components. 

balance calculation 

of the non-key 
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2. Guess a number of actual plates in the column. An 

initial trial value of plate^iO is used. 

3. Determine the distillation operating condition 

depending upon the available initial information. 

- If a temperature is known. 

- If a pressure is known. 

- Also if no information concerning the process 

conditions are available. 

4. Determine the minimum stages using the Fenske 

equation. 

5. Using the minimum number of stages calculated in step 

4, refine the initial material balance calculation by 

determining the distribution of the non-key 

components. Thus eliminating the complete separation 

assumption. 

6. Calculate the minimum reflux ratio using the Underwood 

algebraic method. 

7. Compute the number of actual plates based on the 

Gilliland curve and The Drickamer and Bradford 

equation for plate efficiency. 

8. Determine the feed location using the Kirkbride 

equation. 

9. If the number of plates is not relatively close to the 

estimated number of actual plates tried in step 2, 

recalculate again from step 2 using the new number of 

actual plates and the product compositions calculated 
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in step S. If the number of plates between subsequent 

calculations is relatively close (difference of at 

less than 10%) proceed to the next step. 

10. Calculate the vapor flow rate and the liquid flow rate 

inside the column. 

Each step in the above procedure is explained in 

considerable detail in the following subsections. 

3.1 The Initial Material.Balance Calculation 

INTRODUCTION 

The distillation design calculations can be 

performed if the amount and composition of each compound in 

the feed, distillate and bottoms are known. Since the 

determination of the exact separation of each component 

requires the knowledge of the distillation operating 

conditions i.e, column temperatures and column pressures 

which are not readily available, the initial material 

balance calculation can be initialized if several pieces of 

information are available and also if an assumption is made. 

The following are the necessary items of 

information: 

1. The feed molar or weight flow rate and its 

composition. 

2. Identification of the light key and heavy key 

components in the feed. 
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3. The separation specification of the light key and 

heavy key. The separation specification can be 

expressed as: % recovery of the light key and heavy in 

distillate and bottoms or as 'A composition of the 

light key and heavy key in distillate or bottoms. 

Hengstebeck and Geddes(1958) have shown that the 

distribution of the non-key components can be found from a 

logarithmic relationship of the formi 

logtd^/b^ - A + B log CL^ 

where 

d^/b^ " the split of each component in the distillate 

and bottoms. 

A and B • constants 

®i *• average relative volatility of component i 

Hengstebeck and Geddes states that specifying the 

split of the key components determines the constants A, B 

and the distribution of the other non-key components. This 

approach seems to offer a simple and straight-forward 

approach, but actually it is not. ^ in Eqn.(3.1-1) is the 

average volatility of component i between the top and the 

bottom of the column. Thus for determining ^ the 

distillation operating condition must be known prior to the 

calculation of the distillate composition and bottoms 

composition. As mentioned earlier, the distillation 

operating conditions usually are not readily available, but 
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are determined from the separation specification. 

The Hengstebeck and Geddes approach is not chosen in 

the DISTIL package program, instead a simplifying assumption 

is used for calculating the initial distillate and bottoms 

compositions. This assumption states that all components 

lighter than the light key component separate to the 

distillate and all components heavier than the heavy key 

component separate to the bottoms. During the course of the 

distillation calculation, this simplifying assumption will 

be refined and finally eliminated. 

METHOD 

There are six possibilities for specifying the 

separation specification in a distillation separation 

problem. The sin possibilities arei 

1. X composition of the light key component and X 

composition of the heavy key component in the 

distillate. 

2. X composition of the light key component in the 

distillate and X composition of the heavy key 

component in the bottoms. 

3. X composition of the light key component in the 

bottoms and X composition of the heavy component in 

the distillate. 

4. X composition of the light key component and X 
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composition of the heavy key component in the 

bottoms. 

5. X recovery of the light key component in the 

distillate and X recovery of the heavy key component 

in the bottoms. 

6. X recovery of the light key component in the bottoms 

and X recovery of the heavy key component in the 

distillate. 

These six possibilities are covered by the DISTIL 

package program. DISTIL also allows the user to input the X 

composition and X recovery in molar X or weight X , but for 

the purpose of explanation the X compositions and X 

recoveries in this procedure are assumed to be weight X. The 

conversion to mole X is straight forward. 

an example is used. The derivations 'for calculating the 

amount of light key and heavy key components in the 

distillate and bottoms are based on the examples given in 

Schweitzer <1979). Consider a five component feed mixture 

which is listed and arranged by increasing molecular 

weights, or increasing normal boiling point. 

Component wtX Feed flow rate 
A a a F 

The explanation for each case can be simplified if 

B 
C 
D 
E 

c 
b 

b b F 
c F 
d F 
a F 

Compounds C and D have been determined as the light 
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key and heavy key components respectively based on the 

problem specification. Normally the separation is required 

between a specific pair of adjacent components, as shown in 

this example, and usually these components become the 

designated light key and heavy key components. 

Based on feed composition and the problem 

specification, the initial material balance for each 

possible option can be derived. 

GSSI 1 

given : % light key and X heavy key in the distillate. 

Let £ x >• X C in the distillate (light key) 

y - X D in the distillate (heavy key) 

The following table can be constructed. 
# 

wt. flow rates 
Component Feed flow rate Distillate Bottoms 

A a F a F 0 
B b F b F 0 
C  c F  Q  c F - Q  
D  b F  R  d F - R  
E e F 0 e F 

where 

x (a F + b F) 

(100 - x - y) 

y (a F + b F) 

(3.1-2) 

(3.1-3) 
(100 - x - y) 

A more general form would be s 

a. For compounds lighter than the light key component: 

Dt - F (3.1-4) 
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Ba - 0 (3.1-5) 

b. For the light key component s 

DLK * * <2 Zj F)/C100 - x - y) (3.1-6) 

BLK * *LK F - DLK (3«l"7> 

c. For the heavy key component i 

DHK " v (2?j F)/(10° ~ * ~ Y> (3.1-B) 

bHK - *hk f - dhk (s-1_9> 

d. For compounds heavier than the heavy key component: 

- 0 (3.1-10) 

m zi F (3.1-11) 

where 

Dj • weight flow rate in the distillate 

B^ « weight flow rate in the bottoms 

F • Feed weight flow rate 

• feed composition 

subscript 

i » indicates component i 

j • indicates those compounds which are lighter than 

the light key component. 

LK * indicates the light key component 

HK • indicates the heavy key component 

The formulas for the other options can be derived 

using an analogous approach as above, particularly for 

the light key and heavy key components because the non-

key components are similar to Eqs. (3.1-4),(3.1-5)T 

(3.1-10), and (3.1-11). 
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case 2 

Given s X light key in distillate and X heavy key in 

bottoms. 

Let t x • X light key in distillate 

y » X heavy key in bottoms 

When applied to the -feed composition, this problem 

becomes a system of simultaneous equations of the 

form t 

fb, 
'11 

'11 

'12 

'12 

where 

11 
m y 

12 - 100 - y 

21 - 100 — X 

22 - X 

1 
m X

 
N F 100 - y!Sik F )  

2 - ZLK F 100 - X ( Z J F) 

1 - BLK 

2 - DHK 

b 

b 

x 

x 

Using Cramer's rule the following formulas are derived, 

a. For the light key component : 

LK 

B LK 

DET 

ZLK F " ®LK 

bl *22 ~ b2 *12 

DET 

(all *22> " (a21 a12> 

(3.1-12) 

(3.1-13) 

(3.1-14) 

b. For the heavy key component : 
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0HK « *n b2 *21 bl (3.1-15) 

DET 

BHK " ZHK F ' °HK (3.1-16) 

where 

Dj m weight flow rate in the distillate 

B^ * weight flow rate in the bottoms 

F « Feed weight flow rate 

» feed composition 

subscript 

i • indicates component i 

j • indicates those compounds which are lighter than 
* • • 

the light key and the light key component itself, 

k •' indicates those compounds which are heavier than 

the heavy key and the heavy key component itself. 

LK • indicates the light key component 

HK • indicates the heavy key component 

CASE 3 

Given : % light key in bottoms and X heavy key in 

distillate. 

Let s x "• % light key in bottoms. 

y • X heavy key in distillate. 

When applied to the feed composition, this problem 

also becomes a system of simultaneous equations of 

the form i 

'*11 *12* 'bl' I 11 "| l 1 j — | A1 

laA1 *12® ,xl' >bl' 
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where 

*11 "" y 

*12 - 100 - y 

*21 - 100 - x 

*22 
•1 X 

bl - y(ZZj F) 

b2 - x(2zk F) 

X1 
m 

BLK 

*2 - DHK 

Using Cramer's rule the following formulas are derived. 

a. For the light key component i 

DLK " ZLK F ~ BLK (3.1-17) 

BLK " bl *22 ~ b2 *12 C3.1-1B) 

DET 

DET - (alx a^) - <a21 a12> (3.1-19) 

b. For the heavy key component i 

DHK " all b2 *21 bl (3.1-20) 

DET 

BHK " ZHK F ~ DHK (3.1-16) 

where 

• weight flow rate in the distillate 

• weight flow rate in the bottoms 

F • Feed weight flow rate 

• feed composition 

subscript 

i • indicates component i 
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j « indicates those compounds which are lighter than 

the light key and the light key component itself, 

k • indicates those compounds which are heavier than 

the heavy key and the heavy key component itself. 

LK " indicates the light key component 

HK • indicates the heavy key component 

CASE 4 

given s X light key and % heavy key in the bottoms. 

Let : x » % light key in bottoms 

y • X heavy key in bottoms 

Based on derivations similar to case 1 the -Following 

equations can be used -For this option. 

a. For the light key component i 

' °LK " ZLK F ~ BLK 

BLK " x  ( S 2k F ) / ( 1 0° - * - y> 

b. For the heavy key component r 

Bhk - y <Izk F)/(100 - x - y) 

DHK " ZHK F " ®HK 

where 

Dj • weight -Flow rate in the distillate 

B^ " weight flow rate in the bottoms 

F • Feed weight flow rate 

• feed composition 

subscript 

i • indicates component i 

k » indicates those compounds which are heavier than 

(3.1-21) 

<3.1-22) 

<3.1-23) 

(3.1-24) 
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the heavy key component. 

LK • indicates the light key component 

HK * indicates the heavy key component 

CASE 5 

given i X recovery of light key in the distillate and 

X recovery of heavy key in the bottoms. 

Let z x * X recovery of light key in the distillate 

y • X recovery of heavy key in bottoms 

The equations for the initial material balance 

calculation are as fallows: 

a. For the light key component s 

°LK " * ZLK F/100> (3.1-23) 

®LK " ZLK F ~ DLK (3.1-26) 

b. For the heavy key component s 

°HK " ZHK F " ®HK (3.1-27) 

BHK " y *HK F/10° (3.1-2B) 

CASE 6 

given : X recovery of light key in the bottoms and 

X recovery of heavy key in the distillate. 

Let : x « X recovery of light key in the bottoms 

y • X recovery of heavy key in distillate 

The equations for the initial material balance 

calculation are as follows. 

a. For the light key component i 

®LK " K ZLK F/100) (3.1-29) 

DLK - *LK F - BLK <3-1-30> 
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b. For the heavy key component : 

BHK " ZHK F " DHK 

DHK " y ZHK F/10° 

PROCEDURE 

1. Obtain the molecular weight,and the normal boiling 

point -For each compound in the feed mixture -from the 

chemical property data bank. 

2. Arrange the feed components in the order of increasing 

boiling point and increasing molecular weight 

3. Analyze the problem specification and determine the 

light key and heavy key component 

4. Based on the problem specification determine the case 

number for the distillation problem. 

5. Perform the initial material balance calculation using 

Eqs. (3.1-2) to (3.1-32) as appropriate for the case. 

6. If necessary convert the weight flow rate to molar 

flow rate by dividing the compound's weight flow rate 

with its molecular weight. 

PURPOSE 

The above procedure is used to estimate the 

composition and flow rate of each component in the 

distillate and bottoms given the separation specification by 

assuming complete separation of the non-key components. 

(3.1-31) 

(3.1-32) 
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LIMITATIONS 

The limitation of the above procedure is that the 

separation is performed between adjacent key components. 

Thus a non-key component may not exist between the heavy key 

and light key component. 

The other limitation concerns with the problem 

specifications. For example specifying X composition of the 

light key component in the distillate close to 100X and 

simultaneously specifying X composition of the heavy key 

component in the bottoms also close to 100 X could produce 

an improbable distillation separation, i.e. the flow rate 

of one component is less than zero. An error message will 

appear when this condition occurs. Specifying X recovery of 

the light key and heavy key instead of X composition is 

recommended for an initial estimate calculation. 

RELIABILITY 

The procedures are relatively reliable, particularly 

the use of Cramer's rule in case 2 and case 3 instead of the 

Gaussian elimination procedure which has a tendency to 

produce unstable results. 



166 

5.2 The Determination of 

the Distillation Operating Condition 

INTRODUCTION 

After an initial estimate of the distillate and 

bottoms compositions has been established* the next step is 

to determine the column operating condition, i.e. the top 

and bottom operating temperatures, and the top and bottom 

operating pressures. In a distillation separation problem 

usually a temperature or a pressure is specified or given, 

for example the feed temperature, feed pressure, condenser 

temperature, etc. Based on this information and the results 

from the initial material balance calculation, the other 

distillation operating conditions can be calculated. 

However, there are many distillation separation 

problems where the process information is not readily 

available, for example in an analysis of a new process. 

This type of problem can also be solved by assuming an 

operating condition, usually a temperature. In this section 

the determination of the distillation operating condition 

based on any one of these three possibilities of input 

information, i.e. temperature specified, pressure specified 

and no process information specified, are discussed. 

METHOD 

The distillation operating conditions are determined 

by considering several conditions in the column. There are 
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three considerations which are usually used in determining 

the distillation operating condition. These considerations 

are: 

1. The mixture at the bottom of the column is considered 

a bubble point mixture. Thus the temperature at the 

bottom o-f the column can be determined via a bubble 

point calculation knowing the bottoms composition and 

bottoms pressure. Similarly, the bottom pressure can 

be calculated from bubble point pressure calculation 

knowing the bottoms composition and bottoms 

temperature. 

2. The mixture at the top of the column is considered a 

dew point mixture. Thus the temperature at the top of 

the column are determined by a dew point calculation 

based on the distillate composition and distillate 

pressure, and pressure Similarly, the pressure at the 

top of the column can be calculated from dew point 

pressure calculation knowing the distillate 

composition and the temperature at the top of the 

column. 

3. The final consideration deals with the type of 

condenser used in the distillation problem. If a 

total condenser is used, the distillate product is 

considered a saturated liquid and the pressure in the 

reflux drum is determined by a bubble point 
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calculation. 

The calculation of the distillation operating 

condition are based on these three considerations. The 

following subsections explain the step by step method for 

performing the calculations depending upon the available 

information. 

THE DETERMINATION OF THE DISTILLATION OPERATING 

CONDITION WITH A KNOWN TEMPERATURE 

As mentioned in the main thesis Tthe DISTIL package 

program was developed to be used as an educational purpose 

program. Thus it was designed to be versatile in the type 

of problem that can be solved. For example the user is 

allowed to specify a temperature from any of the four 

locations in the column. The four locations are the feed 

plate location, the top of the column, the bottom of the 

column and the inside of the condenser. 

IF THE FEED TEMPERATURE IS SPECIFIED 

If only the feed temperature or the average 

temperature is specified, the distillation problem is still 

considered an undetermined problem. Thus additional 

information concerning the feed stream as must be given in 

the problem specification, for example the feed thermal 

condition or the feed pressure must be specified in order 

for the problem to be solvable. 

The feed thermal condition is defined as the 
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condition of the feed stream as it enters the column, -for 

example sub-cooled liquid feed, -feed at boiling point, feed 

at bubble point, or feed at dew point, etc. Specifying the 

feed stream; a subcooled liquid mixture or a superheated 

vapor mixture does not provide sufficient additional 

information for solving the problem. Specifying the feed 

stream at a bubble point condition or at a dew point 

condition does provide the necessary additional information 

needed in solving the problem. 

Based on the necessary additional information and 

the feed temperature, the column operating condition can be 

determined. The general idea is to find the feed pressure 

from the dew point and bubble point calculation explained in 

Section 2. The following steps show the procedure for 

determining the distillation operating condition for this 

type of problem. 

PROCEDURE 

If the feed mixture is at bubble point condition, 

the following procedure can be used: 

1. Determine the bubble point pressure at the feed using 

the method in Subsection 2.4. This pressure is the 

feed pressure. 

2. Determine the pressure at the top and bottom of the 

column by assuming the feed plate is located in the 
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middle of the column for the first iteration. In the 

subsequent iteration the feed location calculated 

using the Kirkbride equation will be taken into 

account in calculating the top and bottom pressure. 

The equations for calculating top and bottom pressure 
are as follow t 

^top ™ ^feed ^strip ^tray <3.2 1) 

Pbot - P*..d + Nr=ct Ptr.y <3-2"2> 

For the first iteration 

Nstrip " 3 

Nrect - 5 

where 

N . . • The number of plates in the stripping section 
strip 

Nrect • The number of plates in the rectifying section 

P. « Pressure at the top of the column 
top 

P. . - Pressure at the bottom of the column 
Dot 

Pfeed " Pressure at the feed, calculated from step 1. 

P^.ray « The estimated pressure drop per tray 

Calculate the dew point temperature at the top of the 

column using P^0p and the distillate composition with 

the method in Subsection 2.1. The dew point 

temperature is the top column temperature.. 

Compute the bubble point temperature at the bottom of 

the column using *nd the bottom composition with 

the method in Subsection 2.3. This bubble point 

temperature is the bottom column temperature. 
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FEED AT DEW POINT CONDITION 

I-f the feed is at dew point condition, the -following 

method can be used: 

1. Determine the dew point pressure at the -feed using the 

method outlined in Subsection 2.2. This pressure is 

the feed pressure. 

2. Determine the pressure at the top and bottom of the 

column using Eqs. (3.2-1) and (3.2-2). 

3. Calculate the dew point temperature at the top of the 

column using P^0p And the distillate composition using 

the method in Subsection 2.1. The dew point 

temperature is the top column temperature. 

4. Compute the bubble point temperature at the bottom of 

the column using P^ot and the bottom composition using 

the method in Subsection 2.3. This bubble point 

temperature is the bottom column temperature. 

If the feed temperature and the feed pressure are given, 

the procedure is similar to the above procedure. 

If the TOP Column Temperature is Specified 

The procedure for determining the distillation 

operating conditions with the top column temperature given 

is relatively simple. The steps are as follow t 

PROCEDURE 

1. Determine the dew point pressure using the top column 
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temperature and the distillate composition. See 

Subsection 2.2 -for the detailed explanation of this 

step. The dew point pressure is the top column 

pressure. 

2. Compute the pressure at the bottom of the column using 
the following equation: 

P. , «= P. + N P, (3.2-3) 
bot top tray 

where 

N « Number of actual plates 

N « 10 for the first iteration 

P. . «• Pressure at the bottom of the column 
DOC 

P. •» Pressure at the top o-f the column top 

Ptpay» Pressure drop per tray 

3. Determine the bubble point temperature at the bottom 

of the column using P^ot and the bottoms compositions. 

If the Overhead Condenser Temperature is Specified 

The determination of the distillation operating 

condition with a fixed value of condenser temperature 

involves calculating the pressure inside the condenser or 

reflux drum. If the distillate product is considered 

saturated liquid the pressure at the condenser is computed 

via a bubble point pressure calculation using the distillate 

composition and the condenser temperature. While if the 

distillate stream is to be taken as vapor, the condenser 

pressure is calculated via a dew point pressure 

calculation. Knowing the condenser pressure, the top column 
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pressure can then be determined by adding the condenser and 

piping pressure drop. The condenser and piping pressure 

drop used in the program is 5 psi. 

Finally, the top and bottom temperatures can be 

determined knowing the top column pressure, and the 

distillate and bottoms compositions. The procedure involves 

determining the dew point temperature at the top of the 

column and the bubble point temperature at the bottom of the 

column. 

If the Bottom Column Temperature is Specified 

The bpttom column temperature is usually taken as 

the reboiler temperature. Thus determining the other 

operating condition can be based on the bubble point 

calculation using the bottom temperature and bottoms 

composition. 

PROCEDURE 

1. Determine the bubble point pressure at the bottom of 

the column using the method in Subsection 2.4. This 

pressure is the bottom column pressure. 

Determine the pressure at the top of the column using 

the following equation 

« P. . - N P. (3.2-4) 
top bot tray 

where 

N - The number of plates in the column 



174 

Pb(J£ • Pressure at the bottom of the column 

P^Qp * Pressure at the top of the column 

P^rayaB The estimated pressure drop per tray 

3. Calculate the dew point temperature at the top of the 

column using P Q̂p and the method in Subsection 2.1. 

The dew point temperature is the top column 

temperature. 

The Determination of the.Distillation Operating 

conditions with.a Known Pressure 

For a distillation problem with a pressure 

specified, the operating condition is determined using a 

similar method as for determining the operating condition 

with a temperature specified. The procedure also involves 

the determination of the bubble point temperature at the 

bottom of the column and the dew point temperature at the 

top of the column, The following procedures explain the 

method for determining the operating conditions based on the 

location specification. 

If Feed Pressure or ftveraae Pressure is Specified 

PROCEDURE 

1. Determine the pressure at the top and bottom of the 

column using Eqs. (3.2—1) and (3.2—2). 

2. Calculate the dew point temperature at the top of the 
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column using P. and the distillate composition using 
top 

the method in Subsection 2.1. The dew point 

temperature is the top column temperature. 

3. Compute the bubble point temperature at the bottom of 

the column using P^^ anc* the bottom composition with 

the method in Subsection 2.3. This bubble point 

temperature is the bottom column temperature. 

If The Top Column Pressure is Specified 

PROCEDURE 

1. Calculate the dew point temperature at the top o-f the 

column using Ptop and the distillate composition with 

the method in Subsection 2.1. The dew point 

temperature is the top column temperature. 

2. Compute the bubble point temperature at the bottom of 

the column using P^0^. and the bottom composition with 

the method in Subsection 2.3. This bubble point 

temperature is the bottom column temperature. 

If the Overhead Condenser Pressure is Specifieti 

PROCEDURE 

1. Knowing the condenser pressure , the top column 

pressure can be determined by adding the condenser and 

piping pressure drop to the condenser pressure. The 
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condenser and piping pressure drop used in the program 

is 5 psi. 

2. Calculate the dew point temperature at the top o-f the 

column using P. and the distillate composition with 
top 

the method in Subsection 2.1. The dew point 

temperature is the top column temperature. 

3. Calculate the bottom column pressure using Eqn. 

(3.2-3) 

4. Compute the bubble point temperature at the bottom of 

the column using P|j0t *nd the bottom composition with 

the method in Subsection 2.3. This bubble point 

temperature is the bottom column temperature. 

If The Bottom Cqlyimn Pressure is Specified 

PROCEDURE 

1. Compute the bubble point temperature at the bottom of 

the column using Pbot and the bottom composition with 

the method in Subsection 2.3. This bubble point 

temperature is the bottom column temperature. 

2. Determine the top column pressure using Eqn. (3.2-4). 

3. Calculate the dew point temperature at the top of the 

column using Ptop And the distillate composition with 

the method in Subsection 2.1. The dew point 

temperature is the top column temperature. 
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The Determination of the Distillation Doer at i no 

Conditions Without any Process In-formation Specified. 

If no process information is available in the 

distillation specification, the problem can be solved if an 

estimate value of a temperature is used. The most common 

estimation technique is to assume a temperature for the 

cooling medium in the condenser. A common coolant is water, 

which has an upper limit of about 120°F. Based on this 

temperature, a user can select the appropriate condenser 

temperature, for example reasonable temperature estimates 

are between 110°F - 130°F. 

Based on this condenser temperature, the 

distillation operating condition can then be determined 

using the method outlined in Subsection (3.2-3). 

PROCEDURE 

1. Check the type of input information available, i.e. 

either a temperature is specified, a pressure is 

specified or an estimate of temperature is required. 

2. Determine the location where the temperature or 

pressure is specified. For example, feed 

temperatures, bottom pressure, overhead temperature, 

etc. 

3. Read the temperature or pressure 

4. Choose one of the method describe in sections 3.2.3 to 
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3.2.5 for determining the distillation operating 

condition. 

PURPOSE 

The methods described in this section can be used to 

determine the distillation operating condition based on the 

type of information available in the problem. 

LIMITATIONS 

The methods described in this subsection are based 

on the assumption that the distillation column operates at a 

dew point condition in the top of the column and at a bubble 

point condition at the bottom of the column. Thus for 

distillation columns which are not operated under these 

conditions the methods do not apply. The methods also 

assume that only one feed stream enters into the column. 

The final assumption deals with the type of 

condenser used for condensing the distillate. In the DISTIL 

package program, when a temperature or pressure is not 

specified, a condenser temperature is usually assumed and 

the distillation operating condition is determined based on 

this assumed value. For this type of problem, the DISTIL 

program will assume the condenser to be a total condenser. 
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RELIABILITY 

The methods described above are relatively reliable 

-from the computational point of view, -for example the 

pressures at the top and bottom column are determined based 

on simple arithmetic. However these methods are also 

dependet on the reliability o-f the bubble and dew point 

calculations discussed in Section 2. Refer to this section 

for the reliability evaluation of these calculations. 

3.3 The Number of Minimum Theoretical Stages 

INTRODUCTION 

After the distillation operating condition has been 

determined* the next step is to compute the required number 

of minimum stages for the specified distillation 

separation. The minimum stages is the number of theoretical 

stages needed when all of the overhead vapor from the top 

tray is condensed and returned again to the top tray. This 

mode of operation is called total reflux. During total 

reflux no feed, no overhead and no bottoms product are 

withdrawn. ' 

In a preliminary design of a distillation column, 

the minimum number of theoretical stages is needed for 

estimating the total number of theoretical stages required 

for a specified distillation separation. Based on the total 
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number of theoretical stages, the number of actual trays can 

be estimated. 

METHOD 

Fenske (1932) developed an equation for estimating 

the minimum number of theoretical stages at total reflux. 

„ _ lnCtXLK/XHK>di.t <XHK/XLK)bc.t] 

0,1 ln< aLK,.v> 

where 

»!,„• "VWtop 'VWmid 'VWW"3 (3-3"2> 

K • vapor-liquid equilibrium ratio 

N . • Minimum number of theoretical stages 
m&n 

X ' • mole fractions 

subscript 

LK - indicates the light key component 

HK " indicates the heavy key component 

top m indicates the condition at the top of the column 

mid " indicates the condition at the middle of the column 

bot ™ indicates the condition at the bottom of the column 

(X^ for each component is computed using a 

three-point average method. This is necessary to minimize 

the error due to molecular interaction between components, 

particularly binary interactions between components in the 

mixture. 
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PROCEDURE 

1. Obtain the necessary properties -for estimating the 

equilibrium K value -from the data bank. See 

Subsection 1.2 -for this purpose. 

2. Compute the average temperature and average pressure 

in the column based on the operating condition 

calculated in Subsection 3.2. 

3. Determine the mole fractions of each component in the 

distillate and bottoms. For an initial trial, the 

compositions of the distillate and bottom are 

determined using the method explained in subsection 

3.1. 

4. Calculate the equilibrium K values for each component 

at the top of the column using distillate 

compositions, top temperature and top pressure. 

5. Calculate the equilibrium K values far each component 

at the bottom of the column using the bottoms 

compositions, bottom temperature and pressure. 

6. Compute the equilibrium K values for each component at 

the average column condition based on the feed 

composition, average pressure and average 

temperature. 

7. Determine the average relative volatility of each 
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component using Eqn.(3.3-2). 

8. Determine the minimum number of stages using 

Eqn.(3.3-1) 

PURPOSE 

The above method can be used to determine the 

minimum required theoretical stages in a distillation 

separation problem. 

LIMITATIONS 

The Fenske equation was derived based on several 

assumptions. The assumptions are 

1. The moles o-f overflow and moles of vapor ascending the 

column are constant in each section of the column. 

2. The operation of the column is continuous and 

adiabatic. 

3. There is no heat of mixing of any of the components. 

4. That Raoult's law may be used in determining the 

vapor-liquid equilibria. 

So this method is not recommended for azeotropic 

mixtures. Secondly, the Fenske equation assumes that 

molecular interaction between compounds in the mixture is 

minimal. Thus the method should not be used for mixtures 

which have high heats of mixing. 
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RELIABILITY 

If the above limitations are not violated, the 

number of actual plates estimated using the minimum number 

of stages calculated based on the Fanske equation will 

produce results relatively close to the number of actual 

plates calculated using a rigorous method. A difference of 

less than 10% is usually found. 

3.4 Refining the Initial Material Balance Calculation 

INTRODUCTION 

The initial material balance calculation was 

computed based on a complete separation assumption of the 

non-key components in the distillate and bottoms. After the 

distillation operating condition has been established, the 

initial estimate of distillate and bottoms composition can 

be refined by determining the distribution of the non-key 

components. 

METHOD 

The Fenske equation can be combined with the 

component material balance giving several equations for 

estimating the distribution of the non-key components in the 

distillate and bottoms. 
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The equations can be found in Schweitzer (1977). 

These equations can be used to revise the initial estimate 

o-f the distillate and bottoms products. The equations are 

as -Follow: 

For light components 

®i,av * ®mean,av 

zi F 
Bi " i /n \ ( n / n %Nmin (3.4-1) 

1 HK HK ( i,av HK,av 

Dt " zi F " Bi (3.4-2) 

For heavy components 

CL < CL i,av **mean,av 

2i F D .  -  1  y . i  ( 3 . 4 - 3 )  
1 - (BLK/DLK> ' aLK,.v/ ai,.v> 

" zi F ~ Di (3.4-4) 

where 

tti,av» "VWtop CKi/KHK,mid <Ki/KHK}botr'~ C3-4"5) 
,1/3 

a_ • ( CL, „ + CL )/2.0 (3.4-6) 
Tnean,av LKTav HK,av 

Bi * Flow rate of component i in the bottoms, moles/unit ti 

Di • Flow rate of component i in the distillate, 

moles/unit time 

F » feed total molar flow rate, moles/unit time 

Nmin • The minimum number of theoretical stages 

z& • mole fraction of component i in the feed. 

. • relative volatility 
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subscript 

i • indicates component i 

i,av « indicates component i at average condition 

HKfav = indicates heavy key component at average condition 

LK,av * indicates light key component at average condition 

bot B indicates at bottom column condition 

mid •» indicates at middle or average column condition 

top • indicates at top column condition 

The new compositions calculated using the above 

relations are used in the subsequent iteration for 

determining the actual number o-f plates in the column. 

PROCEDURE 

1. Using the average relative volatility computed in 

Subsection 3.3 , calculate the mean relative 

volatility using Eqn.(3.4-6) 

2. For each compound in the mixture determine the degree 

of volatility of the compound compared to the mean 

relative volatility. 

3. If the compound is considered one of the light 

components, use Eqs.(3.4—1) and (3.4—2) to determine 

the distillate and bottoms molar flow rate. 

4. If the compound is considered one of the heavy 
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components, use Eqs.(3.4-3) and (3.4-4) to determine 

the distillate and bottoms molar flow rate. 

PURPOSE 

The above method is used to refine the initial 

material balance calculation by determining the distribution 

of the non-key components, if the number of minimum stages 

is known. 

LIMITATIONS 

The limitations of this method are similar to the 

limitations of the method for determining the minimum stages 

explained in Subsection 3.3, both are based on the Fenske 

equation (Refer to Subsection 3.3 the explanation of the 

Fenske method). The computation of the distribution of the 

non-key components is constrained by the number of minimum 

stage count calculated in Subsection 3.3. A minimum stages 

greater than 99 would produce a large exponential number in 

the denominator of Eqs. (3.4-1) and (3.4—3) which cannot be 

handled by the computer. Due to the improbability of a 

distillation problem which requires more than 99 theoretical 

stages, the program will give an error message and stop 

further execution if this limit is exceeded. 
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If the method is used correctly, the distribution of 

the non-key components calculated will be consistent with 

the problem specification. The method is more accurate than 

using the simplified Hengstebeck and Geddes graphical 

method. 

3.5 The Minimum Reflux Ratio and the Actual Reflux.Ratio 

INTRODUCTION 

The reflux ratio, R, is normally defined as: 

R « The amount of flow returned as reflux (3.5—1) 
The amount of flow taken off from the top product 

There are two important types of reflux ratio 

usually encountered in a distillation problem, these are the 

minimum reflux ratio and the actual reflux ratio. The 

minimum reflux ratio is a limiting condition used in a 

distillation column operation. If a column is operatied 

below this ratio, the specified separation cannot be made 

even with an infinite number of plates. Thus it is 

necessary during a preliminary design to determine the 

minimum reflux ratio for a specified separation problem. 

The actual reflux ratio is the reflux ratio used in 

the distillation column operation. The value lies somewhere 

between the minimum reflux ratio and the total reflux. In a 

preliminary design calculation the designer must select a 
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value of actual reflux ratio which gives the lowest annual 

operating cost. Increasing the reflux ratio reduces the 

number of stages required, and hence reduces the capital 

cost, but will increase the operating cost due to higher 

heating and condensing requirements. For many systems the 

optimum reflux ratio lies between a factor of 1.2 to 1.5 

times the minimum reflux ratio. The DISTIL package allows 

the user to input this multiplication factor. 

METHOD 

There are several methods for determining the 

minimum reflux ratio of a distillation problem and all of 

them require iterative solutions. The minimum reflux ratio 

in DISTIL is determined using the algebraic Underwood method 

(1948). This method is chosen because it yields a good 

estimate of the minimum reflux ratio and it requires minimal 

computation time. 

The Underwood method consists of two main equations 

which share a common variable, Q . The following are the 

equations in the Underwood method: 

a z 
i,av i 

a - $ i ,av v 

where 

( 1 - q) (3.5-2) 

CL̂  av •» average relative volatility of component i 
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• -feed mole -Fraction o-f component i 

q « feed thermal condition 

0 is evaluated from the above equation using an 

iterative procedure. For the case o-f adjacent key systems, 

the value o-f - is bounded between av< 0 < LK,av" When 6 

is found, the minimum reflux ratio can be evaluated using 

the -Following equation: 

R + 1 - V -—i,av) Xi fdist (3.5-3) 
min " ( a.^av> - 0 

where 

R . ® minimum re-Flux ratio 
min 

X. .. . * mole fraction o-f component i in the distillate 
1yUXSt 

The value o-F, q, in Eqn. (3.5-2) is the -feed thermal 

condition. It is de-Fined as the amount o-F vapor in the -feed 

stream as it enters the column. These equations can be used 

to determine the feed thermal condition. 

q = Moles of saturated liquid in the feed (3.5-4) 
Moles of total feed 

H,(dew point) - h.(feed condition) 
1 - q = ~I t (3.5-5) 

Hp(dew point) - h^(bubble point) 

where 

H^(dew point) * feed vapor enthalpy at dew point condition 

h^(feed condition) • liquid enthalpy at feed condition 

hf(bubble point) • liquid enthalpy at bubble point condition 

For a feed mixture at its bubble point condition, q • 0 



190 

For a -feed mixture at its dew point condition, q • 1 

PROCEDURE 

1. Based on the feed composition and the feed pressure, 

determine the feed dew point temperature and feed 

bubble point temperature. The explanation for 

performing the dew point and bubble point calculations 

are given in Subsections 2.2 and 2.3 respectively. 

2. Determine the feed thermal condition, q, from the 

available information. If the feed mixture condition 

is specified, i.e. bubble point mixture, dew point 

mixture, or the vapor-liquid ratio of the mixture is 

given, q can be easily determined and steps 3, 4, 5, 

and 6 can be skipped. 

3. If this additional feed thermal information is not 

available, the feed thermal condition must calculated 

using Eqn. (3.5-5) by following steps 4 to 6. 

4. Using the feed composition, and the feed pressure, 

determine the vapor enthalpy at the dew point 

temperature. Also calculate the liquid enthalpy at 

the feed temperature and at the bubble point 

temperature. Refer to Subsections 1.5 and 1.12 for 

the detailed explanation for determining liquid 

enthalpy and vapor enthalpy. 
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5. Compute the feed thermal condition,q, using 

Eqn.(3.5-5) 

6. Start the iterative calculation -for computing Q by 

determining the two extreme values which Mill bracket 

the root of Eqn. (3.5-2). The two extreme values of 0 

are** and & , . The average relative volatilities 
LKfAV UKfAV 

for the heavy key and the light key have been 

determined in Subsection 3.3.2. 

7. Based on the value of feed compositionv the average 

relative volatility of each component and the feed 

thermal condition, calculate Q which satisfies Eqn. 

(3.5-2) by using subroutine SOLVE and the two 

bracketed values from Step 6. 

8. When Q has been calculated, compute Rmin from Eqn. 

(3.5-3) using the distillate composition and average 

relative volatility of each component. 

PURPDSE 

The purpose of the above method is to determine the 

minimum reflux ratio for a distillation separation problem. 

LIMITATIONS 

The Underwood method was derived using several 

assumptions, namely it assumes constant relative 

volatilities and constant molal reflux. Thus the above 
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methods are not suitable -for mixtures which do not follow 

these restrictions, for example azeotropic mixtures. The 

above method is also limited to adjacent key systems only. 

RELIABILITY 

The Underwood method produces minimum re-flux ratios 

which agree to within 55i (Hoicomb, 194B) of the true value 

o-f the minimum reflux ratio determined from a rigorous 

method. 

2i.6_Itlg_BeterfniQatieQ_Si_t!2e_Nymber_2f_QE£ual .Plates 

INTRODUCTION 

The actual distillation column height can be 

calculated from the actual number of trays by first 

computing the required number of theoretical stages and the 

tray efficiency. The number of theoretical stages are not 

the number of actual trays in the column but they represent 

the number of theoretical equilibrium stages required to 

separate the feed into the specified products. The number 

of actual trays can be determined from the number of 

theoretical stage using the concept of stage efficiency. 

In a preliminary design of a distillation column the 

number of theoretical stages can be computed using the 

Gilliland curve which represents the correlation between the 
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theoretical stages, the required minimum theoretical stages, 

the minimum reflux ratio and the actual reflux ratio. Thus 

if the other three parameters are known, the number of 

theoretical stages can be determined from the Gilliland 

curve (Gilliland, 1940). 

The concept of stage efficiency is used to link the 

performance of practical contacting stages or actual trays 

to the equilibrium stages. The efficiency which relates the 

number of actual trays to the number of theoretical stages 

is called the overall column efficiency. It is defined as : 

E • Number of theoretical stages (3.6-1) 
° Number of actual trays 

METHOD 

The Gilliland correlation is a graphical 

representation of several parameters, namely 

N " Nmln 
Y - min (3.6-2) 

N + 1 

R - R M I N  
X - 212. (3.6-3) 

R + 1 

where 

N * the number of theoretical stages at reflux ratio R 

N . * the minimum number of theoretical stages 
mm 

R * the actual re-Flux ratio 
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R . « the minimum reflux ratio min 

X « Absisca of the Gilliland curve 

Y » Ordinate of the Gilliland curve 

Eduljee (1975) has developed an equation that can 

replace the Gilliland curve with considerable accuracy. The 

form of the curve-fitted equation is as follows: 

Y = 0.75 - 0.75 x°"S66S (3.6-4) 

where X and Y are defined in Eqs. (3.6-2) and (3.6-3). 

Using this curve-fitted equation the number of 

theoretical stages can be determined if the values of the 

minimum stage, the actual reflux ratio and the minimum 

reflux ratio are known. These three parameters are computed 

using the methods in Subsection 3.3 and Subsection 3.5 

The number of actual trays can be found from the 

number of theoretical stages if the overall column 

efficiency or plate efficiency has been predicted. There 

are several empirical correlations which can be used to 

predict the plate efficiency, for example the O'Connell 

correlation(1946) and the Drickamer and Bradford 

correlation(1943). Among these correlations, the Drickamer 

and Bradford correlation predicts low and safe plate 

efficiency values compared to other correlations and also 

it's applicable for wide ranges of systems. The Drickamer 

and Bradford correlation is used in the DISTIL package to 

calculate the plate efficiency. 
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E - 0.17 - 0.616 log. (n, , .) (3.6-5) 
o io l,feed 

where 

nl feed " molal average feed liquid viscosity, cP 

Eq • plate efficiency 

PROCEDURE 

1. Specify the multiplication factor for determining the 

actual reflux ratio. The multiplication factor is the 

ratio of the actual reflux over the minimum reflux 

ratio 

2. Multiply the factor with the minimum reflux to get the 

actual reflux ratio 

3. Calculate X in Eqn. (3.6-3). 

4. Compute Y using the Eduljee correlation, Eqn. (3.6-4). 

5. Knowing Y and the minimum stages from Subsection 3.3, 

the number of theoretical stages can be calculated 

using Eqn. (3.6-2). 

6. Obtain the constant properties for calculating the 

liquid viscosity form the data bank. See Subsection 

l.B for the details of obtaining the required constant 

properties. 

7. Calculate the molal feed viscosity at feed temperature 

using the method explained in Subsection l.B. 



196 

B. Compute the plate efficiency using Eqn. (3.6-5). 

9. Divide the theoretical stages with the plate 

efficiency to obtain the actual number of trays. 

PURPOSE 

The above method can be used to determine the number 

of theoretical stages for separating the multicomponent feed 

mixture into the desired products. The multicomponent 

mixture can be hydrocarbons or nonhydrocarbons. The method 

can also be used to estimate the actual number of trays 

inside the column by first calculating the plate efficiency 

in the column. 

LIMITATIONS . 

There are basically three correlations used in this 

method, they are the Gilliland correlation, the Eduljee 

correlation and the Drickamer and Bradford correlation. 

Each correlation has limitations and shortcomings , for 

example the Drickamer and Bradford correlation is restricted 

to columns of standard or customary design ignoring factors 

of submergence, by-passing, entrainment, and flooding. Also 

the Drickamer and Bradford correlation should be used for 

operation near maximum capacity. 

The Gilliland curve which has been curve-fitted by 

Eduljee also has several limitations: 



197 

1. The separation system must contain two to eleven 

components. 

2. The operating pressures must be from vacuum to 600 

psig. 

3. The relative volatilities between the key components 

must range from 1.26 to 4.OS 

4. The values of minimum reflux ratio should range from 

0.53 to 7.0 

5. The minimum number of stages is between 1.4 to 42. 

The Gilliland approach should not be used for 

systems with greatly different relative volatilities. 

RELIABILITY 

The Gilliland curve has been used by process 

designers over the years with great confidence. The curve 

is popular because it produces a number of theoretical 

stages close to the number of theoretical stage calculated 

by using a rigorous method. Gilliland claimed the deviation 

is < 7%. Though there is no single equation that can 

represent the Gilliland curve, the Eduljee equation seems to 

closely correlate this curve with considerable accuracy 117. 

- 10% deviation). 

The plate efficiency values calculated using an 

empirical equation are not reliable for detailed design 
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because it could produce an error of 15% - 50% . The 

Drickamer and Bradford correlation is also subject to this 

error. The correlation has been found to agree quite well 

for hydrocarbons, chlorinated hydrocarbons, glycols, 

glycerine, and related compounds. 

3.7 The Feed Plate Location 

INTRODUCTION 

The feed plate is the plate at which the feed stream 

enters the column. The location can be estimated using an 

empirical equation or by a rigorous plate-to-plate 

calculations. Since the DISTIL package was developed for 

preliminary design calculation, an empirical equation is 

chosen for determining the feed plate location. 

METHOD 

An estimate of the feed plate location can be made 

by using the Fenske equation to calculate number of stages 

in the rectifying and stripping section separately. This 

approach requires the knowledge of the feed-point 

temperature which often is not readily available. Another 

alternative is to use the empirical equation derived by 

Kirkbride (1944). 



Nrect 

Nstrip 

8 jf^HK 
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(3.7-1) 

Nrect + "strip " N/Eo <3-7-2) 

where 

B • total molar -Flow of bottoms 

D • total molar flow of distillate 

Eq *= plate efficiency 

N * Number of theoretical stages 

Nrect* Number 0* stages above feed, including any 

partial condenser 

Nstrip" Number stages below the feed, including 

the reboiler 

Xx u » Feed heavy key component mole fraction nlv 

Feed light key component mole fraction 

Xfa Bottoms light key component mole fraction 

X . .» Distillate heavy key component mole fraction 
a * His 

Based on both of the above equations, the number of 

stages above and below the feed can be determined. Thus the 

feed plate can be counted from the bottom of the column or 

from the top. 

PROCEDURE 

1. Calculate the mole fractions of each component in the 

distillate and bottoms. 



200 

2. Compute the NrBCt/Nstrip *rom EQnm <3.7-1). 

3. Using the number of theoretical stages calculated in 

Subsectibn 3.6, determine the number of stages above 

and below the feed using Eqn.(3.7-2). 

4. Find the feed plate location 

PURPOSE 

This method can be used to determine the number of 

stages above and below the feed given the feed composition, 

distillate composition* the bottoms composition and the 

number of theoretical stages. Thus the above method also 

estimate the feed plate location. 

LIMITATIONS 

The Kirkbride method is limited to one feed stream 

in the column and the method also assumes that there are no 

side streams from the column. 

RELIABILITY 

The Kirkbride method is an empirical method and it 

is subject to considerable error. Kirkbride suggests that 

two alternate feed nozzles should be installed above and 

below the feed location calculated using his equation to 

account for any deviation of his equation. 
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3.8 Vapor and Liquid Rates Inside the Column 

INTRODUCTION 

The liquid and vapor are flowing counter-currently 

inside a distillation column. The vapors rise to the top of 

the column while the liquids descend to the bottom. The 

fluid flow rate inside a distillation column is divided into 

two types of flow rates, i.e. rectifying flow rate and 

stripping flow rate. 

The vapor flow rate is needed for determining the 

+diameter of the distillation column, a larger vapor flow 

rate will need a larger column diameter. 

METHOD 

The method for determining the vapor and liquid flow 

rates in the rectifying and stripping sections involves a 

simple material balance calculation. The following 

equations can be used to calculate the vapor and liquid flow 

rates in both sections 

Vr " 
D(R + 1) (3.8-1) 

Lr " 
Vr - D (3.8-2) 

Ls = Lr + q F (3.8-3) 

Vs " Ls - B 
(3.8-4) 

where 
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Vr • Vapor flow rate in the rectifying section 

particularly at the top of the column. 

Lr • Liquid flow rate in the rectifying section 

Ls . • Liquid flow rate in the stripping section 

just below the feed plate 

Vs » Vapor flow rate in the stripping section 

q * Feed thermal condition 

F * feed molar flow rate 

B " bottoms total molar flow rate 

D • distillate total molar flow rate 

R • actual reflux ratio 

PROCEDURE 

1. Determine the total flow rate in the distillate and 

bottoms. 

2. Using R calculated in Subsection 3.5, determine Vr 

using Eqn. (3.B-1) 

3. Calculate Lr using Eqn.(3.8-2) 

4. Using q from Subsection 3.5 and the feed molar flow 

rate, compute Lg from Eqn. (3.B-3). 

5. Calculate Vfi using Eqn.(3.0-4) 



SECTION 4 

THEORETICAL BACKGROUND OF HEATEX 

The design o-F a shell and tube heat exchanger can be 

easily explained by looking at the integrated steady-state 

modification of Fourier general equation, namely 

Q • UD A AT (4-1) 

where 

Q * The exchanger heat load or duty, Btu/hr 

Up • The design overall heat transfer coefficient, 

Btu/(hr ft2 °F> 

2 A • The total heat transfer area, ft 

AT. » Temperature difference for the entire area, °F 

The objective of designing a shell and tube heat 

exchanger is to find the right configuration of heat 

exchanger which will give the necessary area, A, and an 

overall heat transfer coefficient. Up, to perform the 

transfer of heat, Q. 

The heat load Q is fixed by the process condition, 

and T can be calculated from the process temperatures using 

a correction factor. Thus the remaining unknowns in Eqn. 

(4-1) are U^ and A. These two parameters can be^calculated 

by assuming a shell and tube configuration which could 

satisfy the load requirement and the process requirements. 

- 203 -
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If the assumed con-figuration does not satisfy these 

requirements, another shell and tube con-figuration is tried 

until the right heat exchanger configuration is found. 

As can be seen, the method of designing a shell and 

tube heat exchanger involves an iterative procedure of 

finding the right heat exchanger configuration. To prevent 

loss of considerable time, rational methods of assuming an 

exchanger should be used. Kern has developed a trial and 

error method for performing a preliminary design of a shell 

and tube heat exchanger. The method developed by Kern can 

be summarized as in the following procedure . 

1. Compute the exchanger heat load or duty from the 

process conditions. 

2. Calculate the average temperatures of the fluids in 

the shell and tubes. 

3. Determine the true or corrected temperature 

difference. 

4. Assume a tentative value of and determine the 

required heat transfer area. 

5. Find a shell and tube configuration which will give 

the closest necessary heat transfer area determined in 

step 4. 

6. Calculate the necessary properties of the fluid in the 

tubes and in the shell, for example viscosity, thermal 

conductivity, density, etc., based on the average 
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fluid temperatures. 

7. Compute the tube side heat transfer coefficient, h^.. 

If h. is less than the estimate, try a lower value 

of Up and recalculate from step 4 until an h^ value 

higher than Up is achieved. The importance of this 

criteria can be seen by refering to the following 
definition of (J^ 

1 - 1 + 1 + R . (4-2) 

*!= "*= 

hiO " hi VdD 

where 

d^ ™ tube inside diameter, inch 

d ™ tube outside diameter, inch Q 

hi • tube side heat transfer coefficient, 

Btu/(hr ft2 °F) 

h * shell side heat transfer coefficient, 
o 

Btu/(hr ft2 °F> 

Rd * the total fouling resistance and tube wall 

resistance, (hr ft2 °F)/Btu 

Based on Eqn.(4-2), an h. value less than Up can 

result in negative values of or hQ, which is an 

impossible condition during heat exchanger operation. 

8. Determine the shell side heat transfer coefficient. 

9. Determine the tube wall temperature of the heat 

exchanger. The tube wall temperature is used to 

estimate the fluid viscosity correction factor during 

heat transfer coefficient calculation. The wall 
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temperature is also used for calculating the film 

temperature in condensers because in a condenser 

design, the fluid properties should be calculated 

using the film temperature, not the average 

temperatures. Thus a recalculation from step 6 is 

needed for condensers after the film temperature has 

been established. 

10. Compute the tube-side pressure drop. If it is too 

high, use a different tube pass configuration. 

11. Calculate the shell-side pressure drop. If it is too 

high, use a different baffle spacing. 

12. Compute the design dirt factor. If the design dirt 

factor is lower than the required minimum dirt factor, 

try a new shell and tube configuration or try 

different fluid allocation and recalculate from step 

1. 

13. If the necessary process requirements, i.e. 

shell-side pressure drop, tube side pressure drop, and 

dirt factor have been satisfied, then the shell and 

tube configuration is a satisfactory heat exchanger 

for preliminary design. 

Each step in the above procedure will be discussed 

in greater detail in the following subsections. 
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4.1 The Exchanger Heat Load and the Ayeraae.Temperatures 

INTRODUCTION 

The heat exchanger load or duty is the amount o-f 

heat which must be transfered between the fluid in the shell 

and the fluid in the tubes per unit time. The heat load of 

an exchanger is usually fixed by the process condition, 

i.e. the flowrate of fluid in the shell or tubes and the 

required output temperatures. The heat load of a condenser 

or a vaporiser must also include the heat of vaporization of 

the compounds present. 

METHOD 

The exchanger heat load can be determined from 

simple heat balance equations on the exchanger. The 

equations are as follow 

0 • WS CP,S (Tsl - T.2' * °«v,p., <4-l"1> 

0 " Wt Cp,t CTt! " Tt2' + °.v.p,t 

If no condensation or vaporization occurs in the shell than 

G - 0 
evap,s 

If no condensation or vaporization occurs in the tubes than 

Q « 0 
evap,t 

where 

C • fluid heat capacity in the shell at average 
P»» 

shell temperature, Btu/(lb °F> 



20B 

C . * fluid heat capacity in the tubes at average 
P»t 

tube temperature, Btu/(lb °F) 

Q * exchanger heat load, Btu/hr 

T.! 
m the input fluid temperature in the shell, °F 

TS2 - the output fluid temperature in the shell, °F 

Ttl 
m the input fluid temperature in the tubes, °F 

Tt2 
m the input fluid temperature in the tubes, °F 

Ws 
m The weight flow rate of fluid in the shell, lb/hr 

Wt 
SB The weight flow rate of fluid in the tubes, lb/hr 

The exchanger heat load can be determined from 

either of the two equations (4.1-1) or (4.1-2). Thus 

specifying the fluid input and output temperatures in the 

shell or in the tubes can determine the heat exchanger duty. 

The combination of Eqs. (4.1-1) and (4.1-2) can also 

be used to determine the fourth temperature in a heat 

exchanger problem because in most heat exchanger problem 

only three of the following four temperatures are specified, 

Ttl* Tt2* Tsl' and TS2" 

A trial and error algorithm was developed for 

determining the fourth temperature for the HEATEX package 

program. The following procedure describes this algorithm 

for the three major types of heat exchangers, i.e. process 

exchangers, condensers and vaporisers. 
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EXCHANGER (No phase change inside the shell or tubes) 

The following methods can be used to determine the 

unknown temperature in an exchanger problem. If Tgl is not 

specified, these steps can be used: 

1. Determine T ̂  by assuming maximum temperature 

difference for the first trial by calculating DELTA 

DELTA - Tt2 - Ttl (4.1-3) 

T « » T _ + DELTA (4.1-4) 
si sz 

2. Compute the average temperatures of the fluids in the 

shell and the tubes. 

3. Based on the average temperatures determine C^ t and 

4. cBifipute the new T-x based on the heat balance eqn. 

• T.r wt cP.t <Tt2 - Tti>/<w. CP..' + t.2 <4-1_5) 

5.' If the difference between the newly calculated T ^ and 

the Tsl assumed in step 1 is relatively large, 

recalculate from step 2 using the new T ^ until the 

difference between subsequent iteration is relatively 

small( C.01). 

The methods for the other cases are similar to the 

above method, the following are the procedures for 

determining the unknown temperature for the other cases. 

If Ts2 is not specified, these steps can be used: 

1. Determine T%2 bV assuming maximum temperature 

difference for the first trial by calculating DELTA 

DELTA - Tt2 - Ttl (4.1-6) 
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Ts2 - - DELTA <4.1-7) 

2. Compute the average temperatures of the fluids in the 

shell and the tubes. 

3. Based on the average temperatures determine C and 

4. cBthpute the new Ts2 based on the heat balance eqn. 

T,2- "Wt Cp.t !Tt2 " Ttl,/(Ws Cp,.' + TS1 <4-1'B> 

5. If the difference between the newly calculated T^ and 

the Ts2 assumed in step 1 is relatively large, 

recalculate from step 2 using the new Tg2 until the 

difference between subsequent iteration is relatively 

small( <.01). 

If T^ is not specified, these steps can be 

followed! 

1. Determine T^ by assuming maximum temperature 

differencefor the first trial by calculating DELTA 

DELTA - T , - T _ (4.1-9) 
SI Sa 

Ttl - Tt2 - DELTA (4.1-10) 

2. Calculate the average temperatures of the fluids in 

the shell and the tubes. 

3. Based on the average temperatures determine C . and 
P t ̂  

CP,«' 

4. Compute the new T., based on the heat balance, C . 
•nd C " p,t 

p,s 

T,- -W C „ (T_« - T _)/(W C > + J (4.1-11) 
tl S p,s SI S2 t P,t t2 

5. If the difference between the newly calculated T^ and 

the T^^ assumed in step 1 is relatively large, 
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recalculate from step 2 using the new until the 

difference between subsequent iteration is relatively 

small( <.01). 

If is not specified, the following procedure can 

be used: 

1. Determine by assuming maximum temperature 

difference for the first trial by calculating DELTA 

DELTA « Tsl - Ts2 (4.1-12) 

Tt2 - Ttl + DELTA (4.1-13) 

2. Compute the average temperatures of the fluids in the 

shell and the tubes. 

3. Based on the average temperatures determine C . and 
P»^ 

4. Compute the new T,_ based on the heat balance, C . 
and C . p,t 

P»a 

Tt2" W, Cp,« <T.l " T.2,/<Wt Cp.t' - Tt» 

5. If the difference between the newly calculated T^ and 

the Tt2 assumed in step 1 is relatively large, 

recalculate from step 2 using the new T^ until the 

difference between subsequent iteration is relatively 

small( <.01). 

The above algorithms are applicable if these 

parameters are known; Ws, and three of the four 

temperatures. 
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HEATEX requires the user of the program to specify 

the condensing temperature as the inlet vapor temperature. 

For example, if n-propanol is to be condensed inside the 

tubes, the inlet temperature in the tube side must be the 

condensing temperature for n-propanol. Similarly, if the 

fluid is to be condensed inside the shell, then the 

shell-side inlet temperature must be the fluid condensing 

temperature. 

If the outlet temperature of the condensed liquid is 

not specified, HEATEX will assume that the inlet and outlet 

temperatures are the same. However if the outlet 

temperature of the condensed liquid is specified, HEATEX 

assumes that further cooling is desired and will add the 

cooling load to the total heat load. 

HEATEX also allows the user to leave the inlet or 

outlet temperature of the cooling medium unspecified. Thus 

letting HEATEX estimate the output temperature of the 

cooling medium or estimate the required minimum temperature 

of the cooling medium. The methods for determining the 

unknown temperature are similar to the methods described 

Subsection 4.1.3. 

VAPORIZER (Liquids vaporized inside the tubes) 

The method for calculating the heat load in a 

vaporizer is similar to the method HEATEX uses to calculate 

the heat load in a condenser. HEATEX also assumes that the 
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vaporizing temperature is the inlet liquid temperature. If 

the outlet vapor temperature is not specified, HEATEX 

assumes that the outlet vapor temperature is the same as the 

inlet liquid temperature. 

PROCEDURE 

1. Specify the type of heat exchanger being designed, i.e 

process exchangers, condensers or vaporizers. 

2. Determine which of the four temperature is not 

specified. 

3» Select one of the procedure described above to 

determine the unknown temperature. Heat capacity of 

the fluids in the shell can be calculated using the 

fluid composition in the shell and the average 

temperature of the shell fluid. The calculation of 

heat capacity of the fluid in the tubes is similar. 

For condensers or vaporizers, remember to note the 

assumptions that HEATEX uses in determining the fourth 

temperature. 

4. Compute the average temperatures of the fluids in the 

tubes and the shell. These average temperatures will 

be used in subsequent calculations. 

5. Calculate Q using Eqn. (4.1-1) or Eqn. (4.1-2) 
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PURPOSE 

The above procedure is used to determine the fourth 

unknown temperature in a heat exchanger problem. Also the 

exchanger heat load or duty can be calculated using this 

procedure based on the input and output temperatures of the 

fluid in the shell or in the tubes. The fluid in shell or 

tubes can be liquid, vapor or gas. 

LIMITATIONS 

There are no particular limitations to the above 

procedures. However the limitation of HEATEX is concerned 

with the data for the liquid heat capacity of the fluids. 

If the curve-fitted constants for the compounds flowing 

inside the heat exchanger are not available in the data 

bank, then the fluid heat capacities are estimated using 

methods discussed in Subsection 1.6 and 1.13. These 

estimated fluid heat capacities will be relatively 

inaccurate compared to results from curve-fitted equations. 

RELIABILITY 

Kern (1955) does not recommend using average 

temperatures for calculating the fluid properties during 

heat exchanger design calculations, except for heat transfer 

processes with relatively small input and output temperature 

differences. Instead he suggests the use of caloric 
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temperatures for this purpose. Caloric temperatures are hot 

and cold mean temperatures calculated from the input and 

output temperatures using a caloric fraction correlation 

based on actual heat exchanger operation. Kern (1955) shows 

a typical correlation for a petroleum cut in his book and 

suggests that for other fluids similar correlations must be 

made from experimental data. 

The method used in HEATEX does not follow this 

suggestion because caloric fraction correlation for other 

fluids other than petroleum cuts were not to be found in the 

literature. Instead a true arithmetic mean of temperatures 

is used. The accuracy using this algorithm is not known. 

Several tests must be made to insure the reliability of this 

method. However Kern (1955) and Lord(1970) indicate that 

the difference will be insignificant if the fluid properties 

do not vary. For preliminary design the deviation is 

unrecognizable. 

4.2 The Corrected Log Mean Temperature Difference 

INTRODUCTION 

The temperature difference T in Eqn. (4-1) is the 

logarithmic mean of the differences in temperatures at the 

opposite ends of the paths of flow of the two fluids. This 

temperature difference can be determined from the four 

temperatures established in Subsection 4.1. 

There are two types of MTD's (Mean Temperature 
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difference) commonly used in heat exchanger design, these 

are the weighted MTD and the corrected LMTD. The weighted 

MTD are used for special purposes, for example reboilers in 

vacuum service, condensers with subcooling, vaporizors with 

superheating, etc. The method involves breaking the heat 

transfer calculations into several zones. 

The type of MTD chosen for HEATEX is the commonly 

used MTD in heat exchanger design, which is the corrected 

LMTD. The reason for choosing the corrected LMTD is because 

HEATEX was designed to be used for solving common heat 

exchanger problems, i.e simple heat transfer operations, 

condensation and evaporation. 

The correction factor in the corrected LMTD is 

necessary to take into account the multipass arrangement 

inside a heat exchanger which produces countercurrent flow 

of fluids between the shell-side and the tube-side. 

METHOD 

The LMTD of a typical heat exchanger operation can 

be calculated using the following formula 

AT- - ATJ 
LMTD = £ (4.2-1) 

In ( AT2/ ATx) 

where 

ATI • Temperature difference at one end of the exchanger 

AT2 • Temperature difference at other end of the exchanger 
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LMTD « Log mean temperature difference 

The corrected LMTD can be calculated using the following 

formula: 

CLMTD = Ft LMTD (4.2-2) 

where 

CLMTD • The corrected LMTD 

Ft • The correction factor 

The value of Ffc is determined based on the 

configuration of the shell and tube heat exchanger. The 

equation for Ffc derived by Kern (1955) for a 1-2 exchanger 

is as follows: 

<R2 + 1)1/2 In (1 - S>/(1 - RS> 
F « (4.2-3) 
1 (R - 1) In <A/B) 

where 

A - 2 - S(R + 1 - (R2 + 1)1/2) (4.2-4) 

B  = 2 - S ( R + l +  < R 2  +  1 ) 1 / 2 )  ( 4 . 2 - 5 )  

R " "at - T«2,/<Tt2 " Ttl> <4-2"6> 

S " <Tt2 " Ttl"<T,l " Ttl> <4-2'7' 

Tsl • The input fluid temperature in the shell, °F 

Ts2 • The output fluid temperature in the shell, °F 

Ttl " ThB input temperature in the tubes, °F 

Tt2 • The input fluid temperature in the tubes, °F 

The equation for Ft for a 2-4 heat exchanger is 

F. - C0.5(R2 + 1)1/2 (R ~ 1)1 In (1 - S)/(l - R5) 
t in A/B 

(4.2—B) 
where 
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A - 2/S-l-R + (2/S)C(1 - S)(l - RS)31/2 + (R2 + l)l/2 
(4.2-9) 

1/2 2 1/2 
B - 2/S-l-R + (2/S) C (1 - S)(l - RS)3A,iC + (R - 1) 

(4.2-10) 

R and S are similarly defined as in Eqs. (4.2-6) and 

(4.2-7). 

The corrected LMTD for a heat exchanger 

configuration with the number of shells greater than 2 can 

be calculated using equations developed by Pigorini, et 

al.(2)f i.e. 

CLMTD - A/q (In C (B + A)/(B - A)3) (4.2-11) 

where 

If T.l > Ttl 

A - C(Tb1 - TaZ)2 + (Ttl - Tt2)231/2 (4.2-12) 

B « C(Tal - Tt2)1/p + (T#2 - Ttl>1/p3p (4.2-13) 

" Tsl < Ttl 

A - C(Ttl - Tt2)2 + (Tal - Ts2)231/2 (4.2-14) 

d a r(T — T )+ (T — T ) b - t(Ttl tb2) + t2 Tsl' • 

q « the number of shells 

For shell * 3 : p • 2.595 

For shell • 4 : p • 3.0 

For shell * 5 t p • 3.355 

For shell • 6 : p • 3.586 

(4.2-15) 
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PROCEDURE 

1. Compute the LMTD using Eqn. (4.2-1). 

2. For a heat exchanger configuration with the number of 

shells less than 3, Determine the correction factor, 

Ft, using Eqs.(4.2-3) or (4.2-B) and calculate the 

CLMTD using Eqn. (4.2-2). 

3. For a heat exchanger configuration with the number of 

shells greater than 2, the corrected LMTD can be 

directly calculated using Eqs. (4.2-11). 

PURPOSE 

The above procedure can be used to calculate the 

corrected log mean temperature difference(CLMTD), from the 

process temperatures, for a heat exchanger configuration 

with the number of shells less than 7 and assuming 2 passes 

per shell. 

LIMITATIONS 

As mentioned earlier, the MTD calculated using the 

corrected LMTD approach has several limitations. The above 

approach should not be used for designing a heat exchanger 

intended for the following applications: 

1. Overhead condenser with steam and hydrocarbons 

condensing 
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2. Amine overhead condensers. 

3. Pure component condensers with subcooling. 

4. Condensers with large desuperheating zones such as -For 

refrigerants, chemical and steam. 

5. Pure component vaporization with superheating. 

6. Vertical reboilers in vacuum service. 

7. Desuperheati ng-condensi ng-subcooli ng. 

8. Condensing in the presence of non-condensable gases. 

The derivation of the temperature correction factor, 

F by Kern is also based on several assumptions as follow: 

1. Equal heat transfer area in each pass 

2 .  A constant overall heat-transfer coefficient in each 

pass. 

3. The temperature of the shell-side fluid in any pass is 

constant across any cross section. 

4. There is no leakage of fluid between shell passes. 

Though these conditions will not be strictly 

satisfied in practical heat exchangers, the F^ values 

obtained from Eqn.(4.2-3) and (4.2-B) will give an estimate 

of the "true mean temperature difference" that is 

sufficiently accurate for most designs. 

RELIABILITY 

The use of Eqn.(4.2-3) and Eqn.(4.2-8) is more 

accurate than using the graphical representation of found 
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in most heat exchanger design textbooks. However, the use 

of Eqs. (4.2-11) to (4.2-15) is subjected to slight error. 

Pagorini, et al, (19B2) claimed that the corrected 

temperatures are accurate to within -1.958% to +0.143% o-f 

the actual heat exchanger temperature difference. 

4.5 The Tube-Side.Parameters 

INTRODUCTION 

After the temperature difference and the exchanger 

heat load have been determined, the next step in the heat 

exchanger design is finding the right number of tubes which 

will give the required area, A in the following Fourier 

equation: 

A =Q/(UdAT) (4.3-1) 

where 

2 A • Heat transfer area, ft 

U JJ * Design overall heat transfer coefficient, 

Btu/(hr ft2. °F> 

Q • Heat load, Btu/hr 

At = The corrected LMTD, °F 

In order to find the correct number of tubes 

required to give an area, A, an estimate of must be 

selected for the problem. 

There are several design texts which recommend 

values for many applications, for example Timmerhaus (1980), 
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Kern(1955), LudwigC19B3), etc. HEATEX summarizes and 

incorporates these Up estimates in the program so that the 

user o-f the program can pick a value which is reasonable 

-For the desired application. 

METHOD 

An estimated tube count can be obtained after the 

heat transfer area, A, has been determined by assuming the 

necessary Up 

N . • A/(L. ' A ,) (4.3-2) 
est tube surf 

where 

A - fT D /12.0 (4.3-3) 
surf o 

2 
A * « the outside surface area per linear feet, ft 
surf r 

2 A « the required heat transfer area from Eqn.(4.3-1), ft 

D • Tube outside diameter, inch 
o 

Ltube™ the len9th each tube, ft 

N . » the estimated tube counts 
CSSb 

After an estimated tube count has been established, 

the exact tube count can be found from a tube sheet layout 

count table. The exact tube count, N, is the number of 

tubes in the table found nearest to the estimated tube 

count. The layout count used by HEATEX is the layout count 

for TEMA heat exchanger presented in, Perry(19B4). 

The determination of the exact tube count is also 

based on the type of pitch, the size of pitch, the TEMA 
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class of the heat exchanger, the number of tube passes, and 

tube outside diameter. HEATEX requires the user of the 

program to specify these parameters. 

Based on the exact tube count found in the table, 

and the corrected Up and the mass velocity of fluid, can 

be calculated. The equations are as follow: 

UDc = 

Gi * 

where 

Acorr* 

Stot " 

S • cross 

where 

Acorr 

Asurf 

S cross 

Stot 

CLMTD 

D. 

Acorr CLMTD 

Wt/Stot 

N Ltube Asurf 

N S cross 

144 P 

2 ,  1T DIV4 

(4.3-4) 

(4.3-5) 

(4.3-6) 

(4.3-7) 

(4.3-B) 

* The corrected heat transfer area calculated using 

2 the exact number of tube count, ft 

» The tube outside surface area per linear feet, 

ft2/tube 

2 = The tube cross sectional area, inch /tube 

= The total flow area of all the tubes in each 

2 pass, ft 

• The corrected LMTD, °F 

« The tube inside diameter, inch 

• The fluid mass velocity in the tubes, 

lb/(hr ft*) 



224 

Dc 

« The exact tube count 

= The number of tube passes 

« The corrected overall heat transfer coefficient, 

Btu/(hr ft2 °F> 

Q •» The exchanger heat load, Btu/hr . 

Wt * The fluid flow rate in the tubes, lb/hr 

The tube inside diameter can be found in a typical 

dimension of steel tubing table, e.g. Aerstin(19B0). Tube 

inside diameter can also be calculated based on the tube 

outside diameter and BWG specification of the tube. HEATEX 

uses the following equation: 

"i 

where 

- D„ - 2 t o 
(4.3-9) 

Di • tube inside diameter, inch 

Do « tube outside diameter, inch 

t » tube thickness, inch 

for BWG - B 

for BWG » 9 

for BWG « 10 

for BWG - 11 

for BWG - 12 

for BWG * 13 

for BWG - 14 

for BWG - 15 

for BWG « 16 

0.165 

0.148 

0.134 

0.120 

0.109 

0.095 

0.083 

0.072 

0.065 
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for BWG « 17 t - 0.05B 

•for BWG « IS t - 0.049 

PROCEDURE 

1. Based on the desired heat exchanger application, 

select an estimated value of the overall heat transfer 

coefficient, U^. 

2. Calculate the estimated heat transfer area using, the 

Up estimate, and the CLMTD calculated in Subsection 

4.2 and Q computed in Subsection 4.1. Eqn.(4.3-1) can 

be used for this purpose. 

3. Determine the tube specifications, i.e, D^ using 

Eqn.(4.3-9), Scroas using Eqn.(4.3-8), and Asur^ using 

Eqn. (4.3—3). 

4. Compute the estimated tube counts using Eqn.(4.3-2). 

5. Find the exact tube count from the tube sheet layout 

count table. HEATEX uses subroutine COUNT to perform 

this search. 

6. Using the exact tube count, compute the corrected Up 

using Eqn.(4.3-6) and Eqn.(4.3-4). 

7. Calculate ^ using Eqn.(4.3-7). 

8. Compute using Eqn.(4.3-5). 

PURPOSE 

The method presented above is used to determine the 
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tube specification, i.e the exact number of tubes, and the 

tube inside diameter. The above method is also used to 

determine the corrected overall heat transfer coefficient, 

UQc, and the fluid mass velocity, , and the total heat 

transfer area, A. 

LIMITATIONS 

The search, for the exact tube count in HEATEX is 

limited by the comprehensiveness of the tube sheet layout 

count table stored in the package program. Currently HEATEX 

contains the layout configuration for the following heat 

exchanger configurations: 

TEMA classes s P, S, L, II or U 

Tube outside diameters: 0.625, 0.75, 1.0, or 1.25 inch 

Pitch sizes : 0.8125, 0.9375, 1, 1.25, or 1.5625 

Pitch types : triangular or square 

Heat exchangers which are designed outside these 

ranges cannot be accommodated by HEATEX. 

RELIABILITY 

The reliability for finding the exact tube count 

depends on the value of estimated in the initial trial. 

A very low value of would require a very large number of 

tubes in the exchanger. The required number of tubes may 

not be available in the tube sheet layout count table. 
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Similarly specifying a very large value of Up would require 

a small tube count in the configuration which may not be 

available in the tube sheet layout count table. 

4.4 The Shell-Side Parameters 

INTRODUCTION 

During the design of a heat exchanger, the -following 

shell-side parameters are usually determined; the shell 

diameter, the shell equivalent diameter, the shell-side 

cross -Flow area, and the shell-side fluid mass velocity. 

These parameters are needed to calculate the shell-side heat 

transfer coefficient and the shell-side pressure drop. 

METHOD 

The Shell diameter is the heat exchanger shell 

diameter which gives the tube count obtained in Subsection 

4.3. Using this shell diameter, the shell cross sectional 

flow area can be computed by estimating the actual area 

utilized by the fluid during its flow across the bundle. 

For a segmental baffle the cross sectional area can 

be calculated using the following equation 

a « fraction of clearance x total flow area 
s 

a - <C/PT> D B (4.4-1) 
s —PPT-S 

where 
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2 a « shell cross-flow area, -ft s 

8 " baffle spacing, inch 

C = clearance between the tubes, inch 

*= P_ — D (4.4-2) 
T O 

Dq « The tube outside diameter, inch 

« Shell diameter, inch 

PT - pitch size, inch 

The mass velocity of fluid in the shell, which is 

the ratio of mass flowrate over crossflow area can be 

computed as follows: 

G - W /a (4.4-3) 
S S 9 

where 

2 a • shell crossflow area, ft 
s 

Gs * shell fluid mass velocity, lb/(hr ft2) 

W » weight flowrate of fluid in the shell, lb/hr 
s 

Finally, the final shell parameter is the equivalent 

shell diameter, D . The equivalent diameter for the shell is 
e 

taken as four times the hydraulic radius of the tube sheet 

layout inside the shell. The following equation can be used 

to calculate the shell equivalent diameter for the two types 

of pitch, i.e. triangular and square. 

For square pitch: 

4 x <P_2 - i! D„2/4> 
D » ' ° (4.4-4) 

ft DQ 

For triangular pitch: 
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4 x (0.5 PT x 0.B6 P. - II D„2/S> 
D - I I ° (4.4-5) 
B 0.5 IT D 

• 

where 

De • shell equivalent diameter, inch 

Do *= tube outside diameter, inch 

P^. • pitch size, inch 

These equations are taken -from Kern (1955). 

PROCEDURE 

1. From the tube outside diameter and pitch size, 

calculate the clearance between the tubes using 

Eqn.(4.4-2) 

2. Compute the cross sectional -Flow area using 

Eqn.(4.4-1). 

3. Knowing the cross sectional flow area calculated in 

step 2, determine the mass velocity of fluid in the 

shell using Eqn.(4.4-3) 

4. Calculate the shell equivalent diameter using 

Eqs.(4.4-4) or (4.4-5) depending on the type of pitch 

for the shell configuration. 



230 

PURPOSE 

The above method can be used to calculate the shell 

crossflow area, the shell -Fluid mass velocity and the shell 

equivalent diameter for triangular and square pitch tube 

bundles. 

LIMITATIONS 

The calculation of cross flow area is limited to a 

shell and tube heat exchanger with segmental baffles, and 

the calculation of the shell equivalent diameter is limited 

to triangular and square pitches only. The HEATEX package 

program cannot be used for shell and tube heat exchangers 

with other configurations. 

RELIABILITY 

The calculation of crossflow area assumes that the 

maximum number of tubes across the shell is calculated by 

dividing the shell diameter by the tube pitch and also the 

calculation assumes that there is a row of tubes through the 

center of the shell. These assumptions are not always 

correct because shell and tube heat exchangers come in a 

wide variety of configurations. However the deviation of 

the result calculated using these assumptions is very small. 
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4.5 The Tube Side Heat Transfer Coefficient 

INTRODUCTION 

Inside the tubes The heat is transfered through 

forced convection. This type of heat transfer may be 

described in the following integrated form of the Newton law 

of cooling. 

Q - h A T (4.5-1) 

where 

Q » the amount of heat being transfered, Btu/hr 

2 A . • heat transfer area, ft 

h • heat transfer coefficient, Btu/(hr ft^ °F> 

T • temperature difference promoting heat flow, °F 

The heat transfer coefficient inside the tubes is 

commonly called tube-side heat transfer coefficient, h^. In 

the preliminary design of a shell and tube heat exchanger 

the tube-side heat transfer coefficient is needed for 

calculating the design dirt factor, R^. This value must be 

calculated to see if the heat exchanger being designed meets 

the required dirt factor limitation. 

METHOD 

The method for calculating the tube—side heat 

transfer coefficient depends on the nature of the fluid flow 
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inside the tubes and the orientation of the tubes. The 

•following equations can be used for calculating the 

tube-side heat transfer coefficient in several applications. 

Sieder and Tate (1936) developed these equations for vapors, 

liquids with no phase change inside the tubes: 

For N <2100 re 
h D / - U/3 /_ \0.14 

1 i • l.B6|N N L 1 I—LI (4.5-2) 
k. 
l f • v ar 8 

For 2100 < Nre < 10000 from Lord(3) 

-Liquids 

h 
0.116 

[ n 2 / 3  -  1 2 s l  / D 2 < 3  - 2 / 3 /ni\°'14 

[ "T. J" 
-Vapors 

r0.14 

h « 0.0059 (N 2/3 ~ 125) (1 
re <3 ' 

Far N > 10000 
re 

(4.5-4) 

h. D. n R 1/3 " 0,14 
1 1 - N 0,8 N 1/3 (4.5-5) 

k. " Pr 
l 

where 

© 
Nre " <Di sl>/ni 
V " <cp,i ni,/ki 

* tube inside diameter, ft 
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C . • fluid heat capacity inside the tubes, Btu/(lb/°F) 
P» 1  

2 « tube-side mass velocity, lb/(hr ft ) 

2 Q 
h^ » tube-side heat transfer coefficient, Btu/(hr ft F) 

ki • fluid thermal conductivity inside the tubes, 

Btu/(hr ft2 °F/ft) 

« total tube length, ft 

n^ * fluid viscosity at average fluid temperature, lb/(hr ft) 

n * fluid viscosity at wall temperature, lb/Chr ft) W9 

If there is a change of phase inside the tubes, the following 

equations from Kern can be used: 

For condensation of single vapors inside horizontal tubes. 

-1/3 

h.' « 1.51 I —= I (4.5-6) (n 4E "\ 

G" - W. / (0.5 L. .) (4.5-7) 
t tot 

For condensation of single vapors inside vertical tubes, a 

curve-fitted equation for the condensation curve made by 

Colburn(1934) is used. 

hi » YI ^ * M• ' I (4.5-8) 

For N < 1900 s Y - exp(-0.342 ln(N ) + 0.680) (4.5-9) 
re re 

For N > 1900 s Y « exp(0.173 ln(N ) - 2.628) (4.5-10) 
re re 

where 

4 W 
N - t (4.5-11) 
re ffD. nt N 

2 g « gravity, ft/hr 
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N * total number of tubes 

For vaporization of liquid inside vertical tubes 

h. 

cp,i Gi 

where 

4.02 N "°"3 N ~0-6 ( p. E/P2)"0'425 (4.5-12) 
re pr i,i 

N - (D. G.)/n. 
re I I i 

N « (C . n.)/k. 
pr p,i l i 

E * Surface tension, dyne/cm 

^i,l « liquid density of fluid inside the tubes, lb/ft3 

P " pressure, psia 

PROCEDURE 

1. Based on the type of heat exchanger being designed, 

choose the equation for calculating the tube-side heat 

transfer coefficient. 

2. Calculate the required physical properties for 

calculating h^. 

3. Compute h^ using Eqs.(4.5-2) to (4.5-12). 

PURPOSE 

The above method can be used to calculate the 

tube-side heat transfer coefficient for shell and tube heat 

exchanger with vapor, liquid, condensing vapor or vaporizing 
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liquid inside the tubes. 

LIMITATIONS 

The equations developed by Sieder and Tate are 

applicable for mixtures of vapors or liquids. However the 

equation for condensing vapors is limited to condensation of 

single vapors only and the equation for vaporizing liquids 

is limited to nucleate boiling inside the tubes. 

RELIABILITY 

The deviations of Eqs.(4.5-2) and (4.5-5) from the 

experimental values are + 12X and ±15% respectively(Ludwig, 

1983)f while the deviations of the curve-fitted equation is 

< 0.001. The use of Eqs. (4.5—3) and Eqs.(4.5-4) for the 

transition zones are relatively inaccurate. This flow 

regime should be avoided in tube-side design of shell and 

tube exchangers because experimental data in this range 

shows wide scatter of hi, and the operation is 

unpredictable. 

The true condensing load, G'*f in multipass tubes 

must be computed through trial and error calculations 

because the condensate from the first pass may reduce the 

condensation surface in subsequent passes and therefore 

reduce the condensing load. HEATEX does not use this 

procedure, instead it assumes a maximum condensing load in 
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each pass. This assumption introduces a slight error in the 

calculated result of hr , but reduces the calculation 

significantly. 

4.6 The Shell Side Heat Transfer Coefficient 

INTRODUCTION 

As in Subsection 4.5, the shell-side heat transfer 

coefficient is defined as the constant, h, in Newton's law 

of cooling. The shell-side heat transfer coefficient 

applies to that the heat transfered through forced 

convection caused by the fluid flow inside the shell and 

outside of the tubes. 

Similarly as to the tube side heat transfer 

coefficient, the shell-side heat transfer coefficient is 

also needed to calculate the design dirt factor of the 

specific heat exchanger configuration being evaluated. 

METHOD 

The method for calculating the shell-side heat 

transfer coefficient also depends on the nature of the fluid 

flow inside the shell and the orientation of the heat 

exchanger tubes. 

The following equations can be used for calculating 

the shell- side heat transfer coefficient for various 
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applications. 

Kern <1955) has developed an empirical equation for 

calculating the shell-side heat transfer coefficient, but 

the equation is limited to heat exchangers with 25% baffle 

cut. To estimate the shell-side heat transfer coefficient 

for other baffle cuts ,several equations were curve-fitted 

from Ludwig (1983). 

The following constants were the results from the 

curve-fitting program called CURFIT. 

For segmentally baffled heat exchanger with vapor or 

liquid inside the shell. 

If . N < 200 

15% baffle cut • • log(jH) * 0. 4609 log(Nre) -0. 1185 

25% baffle cut • • log(jH> - 0. 4651 log(Nre) + -0. 1980 

35% baffle cut • • log (jH) SB 0. 4431 log <N ) 
* re 

+ -0. 2001 

45% baffle cut • • log (jH) - 0. 4309 log(Nre) + -0. 2135 

If 200 < N < re 
5000 

15% baffle cut s log(JH> m 0. 5110 l o g ( N )  
re 

+ -0. 2135 

25% baffle cut • log<jH) s 0. 5025 log <Nre) + -0. 2905 

35% baffle cut • • log(jH) m 0. 5068 log(N ) 
r*B 

+ -0. 3467 

45% baffle cut a • log<jH) m 0. 5100 log(Nre) -0. 3954 

If Npe > 5000 

15% baffle cut • • logUH) s 0. 5470 log(N ) 
• © 

+ -0. 3684 

25% baffle cut i log(j„) - 0. 5549 log<N > 4- -0. 4844 
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35X ba-ffle cut : logCj.,) « 0.5446 log(N ) + -0.4893 
M rc 

45JC baffle cut : logU,,) • 0.5476 log(N ) + —0.5375 
n re 

. h) 1/3,_ 0.14 

h_ - • Pr |_L\ (4.6-1) 

N - <D E)/n re s s s 

N - (C o n /k ) 
pl̂  PfS s s 

where 

De « shell equivalent diameter, ft 

C = liquid heat capacity at average shell 
P »s 

temperature Btu/(lb °F) 

Gs «• shell—side fluid mass velocity, lb/(hr ft2) 

h « shell-side heat transfer coefficient, 
o 

Btu/<hr ft2 °F) 

kg * shell-side liquid thermal conductivity at average 

shell temperature, Btu/(hr ft °F> 

n * shell-side liquid viscosity at average shell 
s 

temperature, lb/(ft.hr) 

n • shell-side liquid viscosity at Mall temperature, 

lb/(ft.hr) 

For condensing vapors in a vertical shell 

with s N < 2000 re 
3 2 _U/3 

hQ - |— | (4.6-2) 

Nre -<*V)/ns 

G_ « W /iTY N D) os o 
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for : N > 2000 

- (^r -
For condensing vapor's in a horizontal shell 

with N < 2100 
i 

hQ - 0.945 A3 g\ 1/3 (4.6-4) 

N - 4 En'7na ' re o s 

B *' - W /(L N273) 
o s 

where 

C * liquid heat capacity at film temperature 
P*» 

Btu/(lb °F) 

Dq • Tube outside diameter, ft 

2 g * gravity, ft/hr 

2 Gg « fluid mass velocity, lb/(hr ft ) 

hQ m shell-side heat transfer coefficient, 

Btu/(hr ft2 °F> 

ks = liquid thermal conductivity at film temperature 

Btu/(hr ft2 °F/ft) 

N • Total number of tubes 

nfi K liquid viscosity at shell film temperature, 

lb/(ft.hr) 

W « Weight flow rate in the shell, lb/hr 
9 

For vaporizing liquids in the shell, the shell-side 
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heat transfer coe-f-Ficient can be computed using an equation 

developed by Mc Nelly(3), i.e. 

- 4.02 <N>~0*3<N)~0"6 (P2/p E)0"425 (4.6-5) 
C G re pr S 
p,s s 

N  -  D  G / n  re s s s 

N  •  C  n / k  
pr Pfs s s 

where 

Ds m shell diameter, -Ft 

C « liquid heat capacity at average shell 
P.S 

temperature Btu/(lb °F) 

Bs • -Fluid mass velocity, lb/(hr -Ft2) 

h * shell-side heat trans-Fer coe-f-ficient, 
o * 

Btu/<hr ft2 °F) 

ks " liquid thermal conductivity at average shell, 

temperature, Btu/(hr ft2 °F/ft) 

N * Total number o-F tubes 

n » liquid viscosity at average temperature, 
s 

lb/(ft.hr) 

nM • liquid viscosity at wall temperature, 

lb/ (-Ft.hr) 

P * absolute pressure o-F boiling fluid, psia 

E * surface tension, dyne/cm 

W * Weight flow rate in the shell, lb/hr 
s 

« shell-side liquid density, lb/ft' 
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PROCEDURE 

1. Based on the application o-f the heat exchanger, choose 

one of the above equations for the calculation of hQ. 

2. Determine the required fluid properties, i.e thermal 

conductivity, viscosity, and density, etc. The 

properties are calculated at the average fluid 

temperature in the shell. For condensers, if the film 

temperature has been calculated, this temperature 

should be used. 

3. Using the parameters computed in previous subsections 

and the fluid properties calculated above, determine 

the hQ using Eqs. (4.6-1) to (4.6-5) 

PURPOSE 

The above method can be used to calculate the shell 

side heat transfer coefficients for vapors or liquids with 

no phase change inside the shell. Several equations are 

also presented for calculating hQ for various applications, 

for example a heat exchanger with condensing vapor in the 

shell or for a heat exchanger which vaporizes liquid in the 

shel1. 
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LIMITATIONS 

Eqs.(4.6-1) assumes that the baffles inside the 

shell are segmental baffles, and the baffle cut is limited 

to between 15% to 45X. For other type of baffle and other 

baffle cuts, Eqn. (4.6-1) does not apply. 

The equations for calculating the shell-side heat 

transfer coefficient in a condenser assumes that the 

condensation of vapor is a film-type condensation. This 

type of condensation is considered to be the usual condition 

for most pure vapors, although drop-type condensation gives 

transfer coefficient many times larger when it does occur. 

For practical purposes film-type is considered in design. 

The equation developed by lie Nelly for calculating 

shell side heat transfer coefficients in a vaporizer assumes 

that the boiling is nucleate boiling and not pool boiling. 

RELIABILITY 

The curve-fitted equations for calculating the 

shell-side heat transfer coefficient in exchangers is 

accurate to within 10-1 of the graphical representation. 

The use of Eqs.(4.6-2) to (4.6-4) for calculating hQ of 

condensers are relatively better than using the curve made 

by Kern-
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Experience shows that the use of the lie Nelly 

equation is better for a system with a high boiling 

pressure. For systems with low boiling pressures the 

equation is less accurate. 

4.7 The Wall Temperature and The Film Temperature 

INTRODUCTION 

There are two other temperatures which are commonly 

used in preliminary heat exchanger design beside the average 

fluid temperatures. These temperatures are the wall 

temperature and the film temperature. 

The wall temperature is the actual temperature of 

the tube metal outer surface. It is customary to neglect 

the temperature difference across the pipe metal and to 

consider the pipe to be at the temperature of the outside 

surface of the tube wall. This is necessary because the 

calculations of several heat exchanger parameters, for 

example Up, are based on the tube outside surface area 

instead of the tube inside surface area. 

The significance of wall temperature is in 

calculating the tube-side heat transfer coefficient using 

the Sieder and Tate correlations or other heat transfer 

coefficient correlations. These correlation are usually 

performed on a large quantity of experimental data in tubes, 
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rather than pipes which usually are thicker than tubes. 

Thus a correction factor must be introduced to minimize the 

errors due to this inconsistency. Sieder and Tate introduce 

transfer coefficients. 

The wall temperature is commonly encountered in 

designing exchangers with no phase change in the tubes or in 

the shell, but for exchangers with condensing vapors, the 

film temperature is usually used. The film temperature is 

the estimated film condensate temperature during the 

condensation process. 

METHOD 

Kern suggests the following equations for estimating 

the wall temperatures. 

If T > T.1f T is calculated using the fallowing equation: 
S X W 1 W 

the (n,/n ) 
1 w 

0.14 correction factor when calculating heat 

T w 
(4.7-1) 

If Tgl < then use 

T w 
s.ave 

) 
(4.7-2) 

where 

T 

T • Inlet shell-side fluid temperature, °F 

- Inlet tube-side fluid temperature, °F 
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T. *= tube-side fluid average temperature, °F 
w | AV6f 

T • shell-side fluid average temperature, °F 
S | dVG 

Tw * The wall temperature, °F 

h. • tube-side heat transfer coefficient based on 
io 

MB 

tube outside diameter, Btu/(hr ft F) 

h • shell-side heat transfer coefficient, o 

Btu/(hr ft2 °F> 

The method for estimating the film temperature has 

been proposed by both Mc Adams (1954) and Kern(1955). The 

following equation is the equation proposed by Kern. 

T, - (T. + T >/2 (4.7-3) 
f b w 

where 

Tj "film temperature, °F 

Tfa « bulk temperature or condensing temperature in 

the condenser, °F 

Tw • wall temperature, °F 

PROCEDURE 

1. Determine the type of heat exchanger being designed, 

i.e. process exchangers, condensers or Vaporizers. 

2. Compute the wall temperature based on Eqn.(4.7-1) or 

Eqn.(4.7-2) and using h.„ and h. calculated in io 1 

Subsections 4.5 and 4.6 respectively. 

3. For exchangers or vaporizers, calculate the correction 
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0 14 factor (n/n ) * . Revise h. or h using this newly 
W X O 

calculated correction factor. 

4. For condensers, calculate the film temperature using 

Eqn.(4.7-3) and recalculate h^ and h^Q based on this 

temperature. 

PURPOSE 

The above method can be used to calculate the tube 

wall temperature and the condensing film temperature of a 

heat exchanger. 

LIMITATIONS 

There are no practical limitations to the above 

equations. 

RELIABILITY 

The tube wall temperature is usually calculated from 

caloric temperatures not average temperatures, i.e. ^t,ave 

and Ts ave» but as mentioned earlier the calculation of 

caloric temperatures requires experimental correlation of 

the fluids in the heat exchanger which are not readily 

available in the literature. 

The use of average temperatures does produce less 

accurate results. However in most instances the effect of 

the difference on physical properties will be small. 
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4.8 The Tube-Side Pressure Drop 

INTRODUCTION 

The tube-side pressure drop is the -fluid pressure 

drop inside the tubes which represents the sum of the 

pressure drop due to the linear length of the tubes and due 

to the abrupt change of direction in the tube bends. 

METHOD 

Kern(1955) has developed several equations for 

calculating the fluid pressure drop inside the tubes. The 

fallowing equations can be used to calculate the tube-side 

pressure drop. 

f. G.2 L P 
A p i  =  o  2 4  ( 4 . 8 - 1 )  

1 5.22 x 10iU D. s (n./n )u>1* 
i t w 

4 P V2 
AP «= _ (4.8-2) 

r s 2 g 

V « Ga/( Pt 3600) (4.B-3) 

A Pt •AP1 +APr (4.8-4) 

where 

D^ » tube inside diameter, ft 

ft » tube-side friction factor 

2 g « acceleration of gravity, ft/sec 
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L • tube length, ft 

A P1 = -fluid pressure drop due to tubes linear part, psi 

A Pr • -Fluid pressure drop due to return bends, psi 

A " total tube side pressure drop, psi 

n^. • tube-side -Fluid viscosity at average temperature, 

lb/(ft.hr) 

nw * tube-side fluid viscosity at wall temperature, 

lb/(ft.hr) 

P • number of passes 

s " fluid specific gravity 

V • tube side fluid velocity, ft/sec 

P i « liquid density, lb/ft^ 

Sieder and Tate(1936) have correlated the friction 

factor, f^, for fluids being heated or cooled in tubes. The 

plot has been curve-fitted using the package program CURFIT. 

The following equations are used in HEATEX for calculating 

the tube-side friction factor. 

If N < 1000 re 

log(f.) » -0.9933897 log(N ) ™ t re 

I-f N > 1000 re 

log(ft) « -0.2543625 log(IMpe) 

where 

Nre * (D^ 

- 0.3122607 (4.8-5) 

- 2.5293423 (4.8-6) 
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PROCEDURE 

1. Calculate N of the fluid inside the tubes. re 

2. Compute ft using Eqs.(4.8-5) or (4.8-6) depending upon 

the fluid Reynolds number. 

3. Determine using Eqn. (4.8-1). 

4. Calculate V and Pr using Eqs.(4.8-3) and (4.8-2) 

respectively. 

5. Compute the total tube-side pressure drop, using 

Eqn.(4.8-4) 

PURPOSE 

The above method is used for determining the 

tube-side fluid pressure drop in a heat exchanger. The 

fluid may be vapors as in the case of condensing vapor in 

the tubes of a condenser or liquids as in the case of 

process exchangers. 

LIMITATIONS 

There are no practical limitations for using the 

above equations. However the value of heat exchanger tube 

side pressure drop is usually limited by the process 

specification. Typical design or operating values for 

tube—side pressure drop usually range from 5 to 10 psi. 
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Pressure drops above this range are usually considered too 

high due to economics. If the tube side pressure drop is 

too high, a different heat exchanger configuration must be 

used. This is a primary convergence criteria that must be 

met in obtaining a suitable preliminary heat exchanger 

design. 

RELIABILITY 

The deviations of the Sieder and Tate tube side 

friction factor curve were not given, but the curve has been 

accepted by the Tubular Exchanger Manufacturers Association 

to be reliable for heat exchanger design. The curve-fitted 

equations which represent this curve are reliable to within 

10~6 of the original graph value. 

The pressure losses due to contraction at the tube 

inlets, expansion at the exits, and flow reversals can be a 

significant part of the total tube-side pressure drop. The 

method of Kern used here assumes that the loss is 

approximately four velocity heads per pass. This assumption 

is considered to be too high by many authors, for example 

Frank recommends 2.5 times the velocity head, Butterworth 

suggests 1.8, and Evans appears to add only 67 tube 

diameters per pass. Coulson (1993)indicates that a 

multiplication factor of 2.5 to 4.0 are realistic factors. 
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4.9 The Shell—Side Pressure Drop 

INTRODUCTION 

The shell-side pressure drop is the fluid pressure 

drop for the fluid flowing inside the shell of a heat 

exchanger. The pressure drop through the shell of an 

exchanger is proportional to the number of times the fluid 

crosses the bundle between baffles. It is also proportional 

to the distance across the bundle each time the bundle is 

crossed. 

METHOD 

Kern(1955) has developed an equation for estimating 

the shell-side pressure drop based on the Fanning equation. 

f G 2L (N + 1) 
AP = io 0l4 (4.9-1) 

5.22 x 1010 De s <ns/ngw)0*14 

N + 1 * Number of crosses 

« 12 x L/B 

where 

B = baffle spacing, inch 

D^ •= shell equivalent diameter, ft 

D « shell diameter, ft 
s 

f * shell-side friction factor 
s 

2 
G « shell-side mass velocity, lb/(hr ft 
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L s tube length, ft 

ns • shell-side -Fluid viscosity, lb/(ft hr) 

ngw « shell-side fluid viscosity at wall temperature, 

lb/(ft.hr) 

Ap- ® shell-side pressure drop, psi 
s 

s « specific gravity 

The shell-side friction factor, fg, for several 

baffle cuts has been plotted as a function of Nre in 

Ludwig(1983). For digital computation these curves have been 

curve-fitted using the package program CURFIT. The following 

equations are used in HEATEX for calculating the shell-side 

friction factor. 

- 15 X baffle cut 

for N < 150 
rB 

log(fg) « -0.9966 X + 0.2695 

for 150 < N < 1500 re 

log(ffi) • 7.3370 - 9.1111 X + 2.9512 X2 - 0.3270 X3 

for N > 1500 
re 

log(f ) » -0.15097B X - 1.838859 
s 

- 25 •/. baffle cut 

for Nre < 150 

log (f ) « -1.0018 X -»• 0.1484 
s 

for 150 < Nre < 1500 

log(f ) - 5.5567 - 7.2023 X + 2.21B6 X2 - 0.2351 X3 
s 
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•for N > 1500 re 

log (f ) • -0.154702 X - 1.957846 
s 

- 35 % baffle cut 

for N < 150 iB 

log<fs> » -1.0151 X + 0.0955 

for 150 < Nre < 1500 

log(fB> - 9.6016 - 11.8676 X + 3.9548 X2 - 0.4481 X3 

for N > 1500 re 

log(f ) « -0.151974 X - 2.066964 
s 

- 45 % baffle cut 

for N < 150 
• s 

log<fs> - -0.9720 X - 0.0787 

for 150 < Nre < 1500 

log(fs> - 9.7631 - 12.0711 X + 4.0037 X2 - 0.4510 X3 

for N > 1500 
» wt 

log(f ) » -0.173593 X + -2.029026 
s 

where 

X - log <N ) « B 

N • (D B_)/n 
r e  e s s  

De shell equivalent diameter, ft 

Gs " shell fluid mass velocity, lb/(hr ft2) 

ns * shell fluid viscosity, lb/(ft.hr) 
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PROCEDURE 

1. Calculate shell Nre> 

2. Determine the shell friction factor, fg, using the 

curve-fitted equations based on the baffle cut of the 

heat exchanger. 

3. Calculate the number of crosses, i.e (N + 1). 

4. Compute shell pressure drop using Eqn.(4.9-1). 

PURPOSE 

The above method is used for calculating the 

shell-side fluid pressure drop of a heat exchanger. The 

fluid may be vapors as in the case of condensing vapor in 

the shell of a condenser or single phase liquids or vapors 

as in the case of process exchangers. 

LIMITATIONS 

The calculation of the shell-side friction factor is 

limited to baffle cuts between 15 and 45 For exchangers 

with baffle cuts greater than 45% or less than 15%, HEATEX 

will use the information for baffle cuts at 45% and 15% 

respectively. 

Similarly to the case of tube side pressure drop, 

the shell-side pressure drop is usually limited by the 
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process specification. Typical values -For shell-side 

pressure drops also range -from 5 to 10 psi. Pressure drops 

above this range are usually considered too high. If the 

shell-side pressure drop is too high, a different heat 

exchanger configuration must be used. Again a primary 

criteria in selecting a suitable preliminary heat exchanger 

design. 

RELIABILITY 

The shell-side friction factor curve has been used 

extensively for designing shell and tube heat exchangers. 

This indicates that the curve is relatively reliable for 

designing a shell and tubes heat exchanger. The 

curve-fitted equations which represent this curve are 

reliable to within 10 of the original graph value. 

4.10 The Design Dirt Factor 

INTRODUCTION 

The design dirt factor is the final criteria which 

must be checked during heat exchanger design. The other 

criteria which have been previously mentioned are the 

tube-side and shell-side pressure drops. 

When a heat exchanger has been in service for any 

significant amount of time, dirt and scale will deposit on 
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the inside or outside of the tubes. These deposits can and 

do resist the trans-fer of heat between the fluids in the 

shell and tubes, thus reducing the performance of the heat 

exchanger. 

During the design of a heat exchanger, this factor 

must be taken into account and added to the metal resistance 

of the tubes . The final total resistance is called the 

design dirt factor. 

METHOD 

There are two equations which represent the design 

dirt factor, 

R d '  " R i + R o  +  t w / k w  ( 4 . 1 0 - 1 )  

(U - U ) 
R a —£ - (4.10-2) 
fles (Uc * uD> 

h. x h 
U « «JlE EL. (4.10-3) 

(hio + ho> 

where 

h = shell-side heat transfer coefficient, 
0 

Btu/(hr ft2 °F> 

h. = tube side heat transfer coefficient referenced to 
1 o 

•n g 

outside tube area, Btu/(hr ft F) 

kM • thermal conductivity of tube metal material, 

Btu/(hr ft2/°F/in) 



257 

2 n 
R. « The minimum dirt factor, (hr ft F)/Btu 
a 

Rdes * T,1e dBsi9n dirt factor, (hr ft2 °F)/Btu 

Ri = Fouling factor associated with fluid on inside of 

tubes, (hr ft2 °F)/Btu 

Rq = Fouling factor associated with fluid inside the 

shell, (hr ft2 °F)/Btu 

t = Tube wall thickness, inches 
w 

Uc = Clean overall heat transfer coefficient, 

Btu/(hr ft2 °F) 
\ 

Up = Design overall heat transfer coefficient, 

Btu/(hr ft2 °F> 

During the initial stage of designing a heat 

exchanger, R^ can be readily calculated using Eqn.(4.10-1) 

because fouling factors for various fluids are available in 

several design books. Similarly k^ for various metals are 

also available, thus R^ can be easily calculated . 

The dirt factor calculated above will become the 

minimum dirt factor which must be accommodated by the 

required heat exchanger. If the designed shell and tube 

heat exchanger has a lower dirt factor than the required 

minimum dirt factor, the configuration must be changed. 

HEATEX calculates the design dirt factor, R^es* 

using Eqn.(4.10-2) and Eqn.(4.10-3). The following procedure 

shows the method for calculating the design dirt factor. 



258 

PROCEDURE 

1. Knowing h and h. from Subsection 4.5 and Subsection o 10 

4.6, calculate Uc using Eqn.(4.10-3). 

2. Using the corrected UD calculated in Subsection 4.3 

and Uc calculated in step 1, determine R{jes using 

Eqn. (4.10-2). 

3. Compare R^g calculated in step 2 with R^ calculated 

using Eqn.(4.10-1). 

PURPOSE 

The above method can be used for calculating the 

design dirt factor and the minimum dirt factor for heat 

exchanger. 



SECTION 5 

THEORETICAL BACKGROUND OF VESSEL 

The design of a pressure vessel performed by VESSEL 

follows the rules and procedures given in the American 

Society of Mechanical Engineers (ASME) Boiler and Pressure 

Vessel Code, Division VIII, 1977 edition. Besides using the 

calculation procedures recommended by the ASME Code, several 

additional calculation procedures which are not explained in 

this Code were taken from selected literature, for example 

the procedure for determining the design temperature and the 

design pressure, or the procedure for selecting the type of 

head, etc. 

Although the ASME code covers wide ranges -of 

pressure vessel application, the type of pressure vessel 

designed using the ASME Code is limited to standard pressure 

vessel only. The following list is a summary of vessel 

classifications which are NOT considered to be within the 

jurisdiction of the ASME Code, thus they cannot be designed 

using the VESSEL package program. 

1. Pressure vessels designed for pressure greater than 

3000 psi. 

2. Vessels with a nominal water containing capacity of 

120 gallons or less. 

- 259 -
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3. A hot water supply storage tank heated by steam or any 

other indirect means with: 

- A heat input of less than 200,000 Btu per hr 

- A water temperature of less than 200 °F 

- A nominal water containing capacity of 120 

gallons or less. 

4. Vessels having an internal or external operating 

pressure not exceeding 15 psia with no limitation on 

size. 

5. Vessels having an inside diameter less than 6 in. 

with no limitation on size. 

6. Unfired steam boilers and fired process tubular 

heaters. 

7. Pressure containers which are integral parts of the 

following equipment 

- Pumps 

- Compressors 

- Turbines 

- Generators 

- Engines and hydraulic systems 

8. Piping systems and pipe components, for example 

flanges, bolting, etc. 

Pressure vessels which are not included in any of 

the above classifications can be designed using the ASME 

Code. The following steps constitute the general procedure 

for performing the preliminary design of a pressure vessel: 
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1. Based on the L/D ratio, the required minimum vessel 

capacity, ar the specified vessel volume, vessel 

length and diameter are calculated. 

2. The design temperature and the design pressure are 

determined. 

3. Type o-f metal is chosen and the stress values are 

determined. 

4. The shell thickness and the head thickness are 

calculated. 

5. The vessel weight are computed. 

Each step in the above procedure will be explained 

in greater detail in the following subsections. 

5.1 The Vessel Dimensions and the. Vessel Head Dimensions 

INTRODUCTION 

The initial information in a pressure vessel design 

usually includes the required vessel dimensions for a 

certain application, for example the required catalyst 

volume is specified in a reactor vessel for reacting fluid 

and catalyst, or the L/D ratio is fixed as in the case of a 

vessel for agitating liquids, or the height and diameter are 

known as in a design of a distillation column, etc. 

The calculation of the shell thickness and the head 

thickness are based on several parameters, among them are 

the length or height and the diameter Df the vessel. Thus 



262 

these values must be first established be-Fore any -further 

design calculations can be performed. 

METHOD 

VESSEL allows the user to speci-fy any one of the 

following input information sets: 

1. The length over diameter ratio (L/D) and the minimum 

required volume which the vessel must contain. 

2. Total vessel volume. 

3. The vessel length or height and vessel diameter. 

The first or second option requires further 

calculations to determine the actual vessel diameter and 

vessel length or height. The following method describes the 

steps for calculating these parameters. 

IF L/D RATIO AND THE MINIMUM REQUIRED VOLUME IS SPECIFIED 

The equations for calculating the shell diameter and 

length can be derived as follows: 

FOR VERTICAL VESSEL 

Q « V + V. <5. 1-1) 
s n 

V - L x 1Y/4 x D.2 (5.1-2) 

- (L/Di> x D4 x ft/4 x DA2 (5.1-3) 

where 
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L • vessel length, ft 

Di * vessel shell inside diameter, -Ft 

Vs » vessel shell volume, ft3 

Vh « vessel head volume, ft' 

Head volume depends on the type o-f head used with 

the vessel. There are three major types of vessel heads 

which may be used, i.e. torispherical, ellipsoidal, and 

hemispherical heads. 

The equations for calculating the head volumes are available 

in Heinze(1979) in the following forms 

V h  - a x  D i
3  ( 5 . 1 - 4 )  

Torispherical head : a • 0.08085 

2:1 Ellipsoidal head : a • 0.13075 

Hemispherical head x a * 0.21603 

where 

V. » head volume, cubic inch 
n 

= vessel shell inside diameter, inch 

Based on the above equations, the fallowing 

relations can be used to calculate the vessel length and 

vessel diameter of a vertical cylindrical vessel if the L/D 

ratio and the minimum required volume are given. 

D± - CQy (a + 0.25 TT CL/D^S173 (5.1-5) 

L « (L/D) x ~ (5.1—6) 

where 

a • parameter based on the type of head 
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D^ " vessel shell inside diameter, ft 

L = vessel tangent to tangent length, -Ft 

L/D = the given length over diameter ratio 

Q = minimum required volume, -ft3 

FOR HORIZONTAL CYLINDRICAL VESSEL 

For fully or partially filled cylindrical vessel, the 

partial liquid volume can be calculated using an 

equation given in Ludwig<1983): 

V = 0.25 D.2 L C(fT )/lB0 - sinflcosfl 1 (5.1-7) 
S I  v  v  

$" cos"1C(Di - 2H)/Dj.3 (5.1-B) 

where 

= vessel shell inside diameter, ft 

L . • vessel tangent to tangent length, ft 

H * vertical liquid height in a partially filled 

vessel, ft 

Vs • partially filled volume or content, ft3 

The head volume can be assumed to be negligible for 

horizontal cylindrical vessel, thus the required volume, Q: 

Q -V 
s 

where 

3 
Q = the required volume, ft 

Though (L/D) and Q are known, the diameter of a 

partially filled horizontal cylindrical vessel cannot be 

directly calculated using Eqn.<5.1—7) because of the 

trigonometric functions in the equation. The diameter of 

the vessel can only be calculated using an iterative 
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procedure with the -following convergence -function: 

•f(Di) = Q - 0.25 Di2 L C (TTQ )/180 - sin$ cas$ 3 (5.1-9) 

The root o-f Eqn. (5.1-9) is the desired diameter of 

the vessel. The VESSEL package program calculates this root 

using subroutine SOLVE. 

The VESSEL package program can also pick the best 

type o-f vessel head for the user o-f the program, if the user 

does not speci-fy a type. The selection is based on the 

vessel pressure and vessel diameter. These equations were 

curve—fitted from Fig.3 in Heinze(1979) and are the basis 

for the selection of the vessel head type. 

-For P < 100 psig 

Use Torispherical head 

-For 100 < P < 300 psig 

If D. > 7B inch 
l 

Use 2r1 Ellipsoidal head 

If D. < 78 inch 
x 

fx « 96.39 - 0.13 P - 7.22E-4 P2 + 1.86E-6 P3 (5.1-10) 

If D. < fx s use 2:1 Ellipsoidal head 

If Di > fx : use Torispherical head 

-For 300 < P < BOO psig 

use 2:1 Ellipsoidal head 

-For P > 800 psig 

< 85 inch 

fx - 954,33 - 2.44 P + 2.25E-3 P2 - 7.03E-7 P3 
(5.1-11) 
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I-f D. < fx : Use 2:1 Ellipsoidal head 

If Di > fx : Use Hemispherical head 

> S5 inch 

Use hemispherical head 

where 

•* the shell inside diameter, inch 

P = vessel pressure, psig 

CYLINDRICAL VESSEL WITH THE TOTAL VESSEL VOLUME SPECIFIED 

The vessel length and vessel diameter can be 

calculated from the total vessel volume using an optimum 

vessel size criteria. The optimum vessel size is the vessel 

dimension which gives the minimum material to satisfy the 

needed capacity. 

The chart for determining the vessel diameter using 

this criteria is given in Megyesy(1977). The method is 

applicable for cylindrical vessels with a pressure less than 

1000 psi. The curves in the chart have been curve—fitted 

for digital computation. The fallowing equations can be 

used for this purpose: 

D. = <Q - b)/m (5.1-12) 
l 

L -4 Q/Di <5.1-13) 

where 

b and m • curve-fitted constants from chart in Megyesy 

Di " optimum vessel shell inside diameter, ft 

L * optimum vessel length, ft 

Q = the total vessel volume, cuft 
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The b and m constants are listed as follow: 

For F • 0.0 • • m B 3.0557 b • -0.1368 

For F m  0.01 • • m a 3.3933 b - -0.1902 

For F m  0.02 : m 3.5600 b m  -0.1763 

For F - 0.05 • • m SB 3.7506 b - -0.0946 

For F m  0.10 • • m - 3.8434 b m t  0.0819 

For F ss 0.20 • • m = 3.8515 b - 0.3165 

For F = 0.40 • m 3.9415 b = 0.5125 

For F -

O
 

>0 • 

o
 a 

• m n 3.9399 b 0.6972 

For F s 0. B0 • • m - 3.9640 b m  0.7929 

For F SB 1.00 • • m m  3.9444 b - 0.9007 

For F S 

O
 

Ul • 

H
 t m - 4.0176 b - 1.0284 

For F •1 2.00 • • m - 3.9571 b - 1.1999 

For F s 3.00 • • m as 3.9829 b m 1.3374 

where 

F * P/(C S Ej> (5.1-14) 

C » corrosion allowance, inch 

Ej » joint efficiency 

P * design pressure, psia 

S • stress value of material, psia 

Intermediate F values can be interpolated between 

two available F values. 



268 

SPHERICAL VESSEL WITH TOTAL VOLUME SPECIFIED 

/ The diameter of a spherical vessel can be calculated 

directly -from the speci-fied total volume using the following 

equation: 

D± • C(6 Q) /fT/31/3 (5.1-15) 

« the diameter of the spherical vessel, inch 

Q • the total spherical vessel volume, cubic inch 

PROCEDURE 

1. Based on the type of vessel and the available initial 

information, select the appropriate equations for 

calculating the vessel diameter and vessel length. 

2. If L/D and the required volume are known, determine if 

the vessel is a vertical cylindrical vessel or a 

horizontal cylindrical vessel. For a vertical 

cylindrical vessel, the diameter and length can be 

calculated directly using Eqn. (5.1-5) and Eqn. 

(5.1-6), respectively. If the head is not specified, 

select the type of head using the curve-fitted 

equations. 

3. For partially filled horizontal cylindrical vessel 

with L/D and the required vessel volume given and/or 

partial fill factor determine the vessel diameter and 
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vessel length using an iterative calculation by 

following these steps: 

- Determine the two values which will bracket the 

root of Eqn.(5.1-9). VESSEL uses the following 

values as the bracket values; the left bracket is 

D»0 and the right bracket is D=1200 inch. 

- Based on these two bracket values, find the root 

of Eqn. (5.1-9) using Subroutine SOLVE. The root 

found by an iterative calculation is the diameter 

of the vessel. 

- Calculate the vessel length using Eqn. (5.1-6). 

4. If the total vessel volume is given, calculate the 

vessel length and diameter using Eqn. (5.1-12) or Eqn. 

(5.1-13). 

PURPOSE 

The above method can be used to determine the vessel 

length and vessel diameter for three types of vessel, i.e. 

a horizontal cylindrical vessel, a vertical cylindrical 

vessel or a spherical vessel, given the L/D ratio and 

required minimum vessel volume or the total vessel volume 

and partial fill factor. 

The method also includes a procedure for selecting 

an optimum type of head for the specified design pressure. 
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The method for calculating the vessel diameter and 

vessel length -for a cylindrical vessel with a known total 

vessel volume is limited to carbon steel vessels with 

ellipsoidal heads. 

The vessel head selection method is also limited to 

carbon steel heads with a design pressure of less than 1200 

psig. 

RELIABILITY 

The diameter and length calculated using the 

curve-fitted constants of the chart given in Megyesy is 

2 accurate to within 0.01 ft. The S variance of these 

curve-fitted constants are greater than 0.995. 

The other calculation procedures are relatively 

reliable from a computational point of view. 

5.2 The Design Temperature and the Design Pressure 

INTRODUCTION 

The design pressure and design temperature are the 

pressure and temperature used in the design of a pressure 

vessel. The design pressure and temperature are calculated 

from the operating pressure and operating temperature 

specified by the process conditions. 

The design temperature is an important variable in 

vessel design since it directly determines the maximum 
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allowable stress value to be used after the vessel material 

of construction has been chosen. The design pressure is 

used to determine the minimum permissible thickness of the 

various components of a pressure vessel such as shell 

thickness, head thickness, etc. 

The ASME Code does not provide a method for 

determining the design pressure and design temperature. For 

the design temperature, the Code only states:"The 

temperature used in design shall be not less than the mean 

metal temperature expected under operating conditions for 

the part considered". While for the design pressure, the 

Code only indicates that:"The vessel shall be designed for 

at least the most severe condition of coincident pressure 

and temperature expected in normal operation". 

As clearly shown, the method for determining design 

pressure and design temperature are not provided by the ASME 

Code, but instead procedure from the literature all based on 

the experience of pressure vessel designers must be chosen 

and used. 

METHOD 

The determination of the design pressure depends on 

the type of pressure being applied to the vessel wall, i.e. 

internal pressure from inside the vessel or external 

pressure from outside the vessel. The following methods are 

recommended by Megyesy(1977) for estimating the design 
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pressure. The determination o-f design temperature is based 

on the recommendations given by Heinze. 

PRESSURE VESSEL WITH INTERNAL PRESSURE 

The design pressure can be calculated as -follows: 

If P > 300 psia : P . = P + 0.1 x P (5.2-1) 
o do o 

I-f P < 300 psia : P. • P + 30.0 (5.2-2) o a o 

where 

P = internal operating pressure, psia 
o 

P. = design pressure, psia 
d 

The design temperature depends on the type o-f metal 

used for the vessel service. For solid alloy and clad 

steel, the maximum operating temperature can be used as the 

design temperature. However for carbon steel, the 

determination of the design temperature is based on an 

approach which is frequently used by process designers. The 

method involves selecting a design temperature by 

considering the carbon steel, vessel flange, 

pressure-temperature rating. This method is explained in 

Heinze(1979). 

The reason for using this approach for carbon steel 

and low alloy steel is that the maximum allowable stress 

values for most carbon and low alloy steels are constant in 

the range of -20°F to 650°F. For example, a carbon steel 

with 150 psig design pressure and 250°F operating 

temperature can use a design temperature of 500°F without 
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the penalty of having to go to a lower stress value. 

Indeed, a lower design temperature than 500°F may 

unnecessarily restrict the use of the vessel. 

However, higher design temperatures will require the 

use of tougher flanges, for example selecting a design 

temperature of 650°F in the above problem will require 300 

psig flanges instead of Just 150 psig flanges. Thus 

specifying an extremely high design temperature is also not 

wise. This example shows that the carbon steel, vessel 

flange, pressure-temperature rating must be considered 

during the determination of the design temperature . The 

following procedure explains this method: 

1. As a first trial, using 150 lb flange and based on the 

vessel operating temperature, find the maximum 

allowable non-shock pressure(P ) of the flange from 
ns 

the pressure-temperature flange rating chart available 

in Megyesy. 

2. If Pns < Pd, try a larger flange rating and go back to 

step 1. 

3. If P > P . for the specified operating temperature, ns o 

find the largest temperature at which Png is still 

larger than Prf for the type of flange tried at step 1. 

This temperature is the design temperature. 
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PRESSURE VESSEL WITH EXTERNAL PRESSURE 

The design pressure for an external pressure vessel 

or vessel under vacuum condition can be calculated using the 

criteria given in Megyesy(1977) , as -follows: 

If P > 60 psia : P. - P„ + 0.25 x P„ (5.2-3) o • o o 

For vacuum pressure 

If P < 60 psia i P. - 15 (5.2-4) 
o • 

where 

P • max. external operating pressure, psia 
o 

P, m design pressure, psia 
a 

The design temperature for a pressure vessel under 

external pressure is equal to the maximum operating 

temperature fixed by the process requirement. 

PROCEDURE 

1. Determine the type of vessel, i.e. pressure vessel 

subjected to internal pressure or pressure vessel 

subjected to external pressure. 

2. For pressure vessel with internal pressure, use Eqs. 

(5.2-1) and (5.2-2) for determining the design 

pressure and the appropriate method for determining 

the design temperature. 

3. For pressure vessel under external pressure, use Eqs. 

(5.2-3) and (5.2-4) for determining the design 
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pressure and use the maximum operating temperature as 

the design temperature. 

PURPOSE 

The above method is used -for determining the design 

temperature and design pressure of a pressure vessel 

subjected to internal or external pressure. The material of 

construction of the pressure vessel can be clad steel, solid 

alloy, carbon steel or low alloy steel. 

LIMITATIONS 

The methods described here are general 9ui.gSli.QSS 

only and should be used for preliminary design purpose 

only. The methods are not intended to be substitutes for 

thorough detailed analysis of the vessel service which may 

identify significant process variables, and thus affect the 

determination of the final design temperature and design 

pressure. 

The determination of the design pressure for a 

pressure vessel with internal pressure is also governed by 

the type of overpressure relieving device used with the 

vessel. The method described in this section assumes that 

relief valves are used to protect the vessel from 

overpressure. 
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RELIABILITY 

The method for determining the design temperature 

•for a carbon steel pressure vessel with internal pressure 

depends on the accuracy o-f the pressure-temperature -flange 

rating given in the Standard ANSI Code -for carbon steel 

-flanges. The ANSI Code is continually being updated and new 

editions of the Code are always being released. The chart 

used in VESSEL is the chart -from the 1973 edition (Megyesy 

1977, p. 26). 

S.3 The Material.of Construction and the,Metal Stress Value 

INTRODUCTION 

The vessel material o-f construction is one o-f the 

most important aspects of pressure vessel design. It is 

normally specified by the process design engineer through 

his knowledge of the process chemistry, materials of 

construction and strengths of materials. Important data 

needed for proper material selection include the identity 

and amount of each component in the vessel, vessel fluid pH, 

degree of aeration and temperature. 

Based on the selected material of construction, the 

metal stress value can be determined from the maximum 

allowable stress value tables given in the ASME Code, for 

example Table UCS-23 for carbon steel and low-alloy steel. 
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METHOD 

In practice* a vessel material of construction is 

usually determined based on past experience in similar 

service. If a new vessel service is encountered several 

references on engineering materials and corrosion data must 

be investigated. 

The following method is a tentative selection 

guideline for selecting a carbon steel or low alloy steel 

for several applications. This guideline is recommended by 

Heinze(2) and it is used to recommend to the user of the 

VESSEL program of the type of metal that should be chosen 

for a specific application. 

DESIGN TEMP. 

•150 < T < -320 

-50 < T < -150 

-50 < T < amb. 

amb. < T < 750 

METAL 

SA-645 

SA-353 

SA—553 
Gr. 1 

SA-203 

SA-553 

SA-203 

SA-537 

SA—516 

SA-517 

SA—662 

SA-2B5 

NOTE 

Used for LNG service 

For liquefiediN2,02,CH^ 

Normalized or quenched 

Normalized & impact tested 

Normalized & impact tested 

for highly stressed service 

Lowest cost, low stress only 
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750 < T < 850 

850 < T < 950 

950 < T < 1100 

1100 < T < 1200 

where 

T = temperature, 

SA-515 

SA-516 

SA-442 

SA-204 

SA—517 

SA-533 

SA-387: 
gr. 2 

gr. 12 

gr. 11 

SA-387s 
gr. 22 

gr. 21 

SA-3B7: 
gr. 7 

gr. 8 

higher tensile than SA-285 

improved notch toughness 

used in service 

stranger than SA-387 

used in service 

•for corrosive environment 

for service 

most widely used low alloy 

better than gr. 22 

for corrosive service 

PROCEDURE 

1. Using the design temperature, select the appropriate 

type of metal for the vessel. 

2. Based on the type of metal and design temperature, 

determine the metal stress value given in ASME Code 

Section VIII, Division 1, Subsection C. Intermediate 

design temperatures can be interpolated between two 
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metal stress values. 

PURPOSE 

The above method is used to select the type o-f metal 

for a specific vessel service and to determine the maximum 

allowable stress values for that type of metal. 

LIMITATIONS 

The databank of the VESSEL package program currently 

holds the maximum allowable stress values for carbon steel 

and low alloy steel for these type metal designations: 

SA-2B3 grade • • A, B, c, D 

SA-2B5 grade e A, B, c 

SA—299 

SA—414 grade s A, B, C, D, E, 

SA—442 grade • • 55 & < 60 

SA—455 grade i A, B, c 

SA-515 grade t 55, 60, 65, 70 

SA—516 grade • • 55, 60, 65, 70 

SA—662 grade • m A & B 

SA—202 grade t A & B 

SA—203 grade t A, B, D, E 

SA—204 grade i A, B, C 

SA—225 grade i A, B, c. D 

SA—302 grade : A, B, C, D 



280 

SA-3B7 grade : 2 Cl.l, 2 CI.2, 12 Cl.l, 12 CI.2 

11 Cl.l, 11 CI.2, 22 Cl.l, 22 CI.2 

21 Cl.l, 21 CI.2, 5 Cl.l, 5 CI.2 

SA-533 grade : A, B, C 

The temperature ranges -from -20 °F to 1200 ° F. 

Other choices of metal and other temperatures can not be 

accommodated by this databank. 

5.4 Shell,Thickness and Head Thickness 

•for Internal Pressure. Vessel 

INTRODUCTION 

The vessel shell thickness and the head thickness 

are the minimum thickness allowable for the specified design 

pressure and design temperature of the vessel. 

METHOD 

The following equations can be used for calculating 

the shell thickness and head thickness for a pressure vessel 

subjected to internal pressure. 

SHELL THICKNESS (formulas in terms of inside dimensions) 

For vertical or horizontal cylindrical vessels 

If ta < ri/2 or P £ 0.385 S Ej 

then : 

P ri t - C (5.4-1) 
* S EJ - 0.6 P C 
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If t > r./2 or P > 0.385 S E. 
5 1 J 

then : 

,1/2 

S - •"» I ' J - rl * Cc <S-4"2> 

For spherical vessels 

If tm < 0.356 rt or P < 0.665 S E^ 

then t 

P ri t - 1 + C (5.4-3) 
A 2 S EJ - 0.2 P C 

If t %  > 0.356 r ±  or P > 0.665 S Ej 

then : 

ll 5 E. + 2 p\1/3 
t -  r M  I J I - rj + C_ (5.4-4) 

HEAD THICKNESS (formulas in terms of inside dimensions) 

For ellipsoidal heads 

P Da t. - = + C (5.4-5) 
" 2 S Ej - 0.2 P C 

For torispherical heads 

0.BB5 P L 
t. - =- + C (5.4-6) 
n S Ej - 0.1 P C 

For hemispherical heads Use Eqs. (5.4-3) or (5.4-4) . 

where i 

Cc * corrosion allowance, inch 
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Da • inside diameter, inch 

EJ - joint efficiency 

La - inside radius of dish, inch 

P m design pressure, psia 

ri - inside radius of the shell, inch 

S m maximum allowable working stress, psi 

t s 
shell thickness, inch 

*h - head thickness, inch 

PROCEDURE 

1. Determine the type of vessel being designed, i.e. a 

spherical or cylindrical vessel. Based on the type o-f 

vessel being designed choose the appropriate 

equations. 

2. Calculate the shell thickness using Eqs. (5.4-1) or 

(5.4-2) -for cylindrical vessels or Eqs. (5.4-3) or 

(5.4-4) for spherical vessels. 

3. Check the criteria for shell thickness with the shell 

inside radius, recalculate the shell thickness if 

necessary. 

4. Based on the type of head, calculate the vessel head 

thickness by choosing one of the equations mentioned 

above. 



2B3 

PURPOSE 

The method described in this subsection can be used 

to calculate the shell thickness and head thickness of 

pressure vesstals subjected to internal pressure. The vessel 

could be a spherical vessel or a cylindrical vessel and the 

type of head could be ellipsoidal head, torispherical head, 

or hemispherical head. 

LIMITATIONS 

Since the procedure for calculating vessel head 

thickness and vessel shell thickness are taken from the ASME 

Code, these methods should not be used for pressure vessel 

which are not within the jurisdiction of the Code. 

RELIABILITY 

The metal selection method is intended as a 

tentative guideline only. The final selection of the 

material of construction must be based on specific vessel 

service experience, fabricated vessel cost, and the 

availability of competing materials. 

The VESSEL package program uses the table of metal 

selection guideline only as a guide for the user of the 

program in selecting an appropriate vessel material for the 

specified vessel process conditions. The user is not 

required to follow this recommendation, but he or she is 
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allowed to enter the desired type of metal based 

on his or her evaluation. 

5.5 Shell Thiqkriess and. Head Thickness -for External Pressure 

INTRODUCTION 

The shell thickness and head thickness -For a 

pressure vessel subjected to external pressure or vacuum is 

calculated based on the method recommended by the ASHE Code 

(1977). The thickness calculated are also the minimum 

allowable thickness -For the specified design pressure and 

design temperature of the vessel. 

METHOD 

The procedure for calculating the shell thickness 

and head thickness of a vessel under vacuum condition 

involves trial and error calculations. The following steps 

are the recommended procedure explained in the ASME Code for 

calculating the shell thickness. 

SHELL THICKNESS 

1. Asumme a value for shell thickness, ts> 

2. Compute D /t and L/D ratio . OS o 

.3. Using L/D_ and D_/t_, determine factor A. O OS 

4. Based on the type of metal chosen and factor A 
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determined in step 2, read the value of factor B from 

Figure UCS 28-1 or UCS 28-2. 

5. Calculate the maximum allowable working pressure, P , 

using the equations recommended in the A5ME Code. 

6. If the maximum allowable working pressure, P , cL 

calculated in step 5 is smaller than the design 

pressure, the procedure must be repeated from step 1 

using a larger shell thickness. The smallest shell 

thickness which provides a P value greater than the A 

design pressure is the desired shell thickness. 

The following equations can be used to calculate 

several parameters mentioned in the above procedure. 

1.- Determination of factor A. 

For cylindrical vesselsi 

If D /t < 4.0 : A « 1.1/(0 /t >2 (5.5-1) 
OS OS 

If D /t >4.0 o s 

Factor A is determined from Fig. UGO-28.0,Section VIII 

using D /t and L/D . If A > 0.1 use OS o 

A - 0.1 

For spherical vessels: 

A - 0.125/(R/ts> (5.5-2) 

where 

A « factor A 

D * shell outside diameter, inch 
o 
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™ shell inside diameter, inch 

L » the length or height o-f the shell, inch 

R « inside radius of shpere, inch 

t • shell thickness, inch 
s 

The calculation o-f P . 

For cylindrical vessel. 

For D /t < 10.0s o s 

P , « B < 2.167/(D /t) - 0.0833 ) (5.5-3) 
ai os 

2 S (1 - 1/(D /t >) 
P 2— ( 5 . 5 - 4 )  

*2 

if p41 < . p. - pal 

" p.» > ! p. -

For D /t > 10.0s 
O 9 

4 B 
P « . (5.5-5) 
a 3 D /t o s 

For spherical vessel. 

B 
p * (5.5-6) 
* R/t s 

where 

B • B -factor determined -from Fig. UCS-28.1 & UCS-28.2 

D • shell outside diameter, inch 
o 

P « & P _ " parameters calculated using 
ax az 

Eqs. (5.5-3) 8c (5.5-4). 

P m maximum allowable working pressure, psia 
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R « shell inside radius, inch 

S " maximum allowable stress value, psi 

ts • shell thickness, inch 

The curves in Figures UG0-28.0, UCS-28.1, and 

UCS-2B.2 have been curve fitted for digital computation, but 

due to the voluminous data of the curve-fitted results 

(appro*. 90 polynomial equations) these equations are not 

included in this subsection. 

The detailed explanation and the complete polynomial 

equations are available in Subroutine AFACTR and BFACTR in 

Appendix 4, Section 5. 

HEAD THICKNESS 

The method for calculating the head thickness and 

the inside depth of head depends on the type of head used 

for the vessel. 

The following equations can be used for calculating 

the head thickness and the inside depth of head for the 

three types of head, i.e, hemispherical, ellipsoidal, and 

torispherical head. 

1. Ellipsoidal Head. 

The required head thickness shall be the greater of the 

following: 

a. The thickness as computed by the formulas given 

for ellipsoidal heads subjected to internal pressure, 
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i.e. Eqn. (5.4-5) using a pressure of 1.67 times 

the design pressure and using a joint efficiency 1.0. 

b. The head thickness calculated using the method for 

computing sphere thickness described above with 

R • 0.9D . (5.5-7) 
o 

The inside depth of an ellipsoidal head is calculated 

as follows : 

h^. - 0.25 Dt 

where 

h^ • inside depth of ellipsoidal head, inch 

• shell inside diameter, inch 

Torispherical Head. 

The required head thickness shall be the greater of the 

following: 

a. The thickness as computed by the formulas given for 

torispherical heads subjected to internal pressure 

i.e, Eqn. (5.4-6) using a pressure of 1.67 times 

the design pressure and a joint efficiency of 1.0. 

b. The head thickness calculated using the method for 

computing sphere thickness described above with 

R - 0.9D . o 

The inside depth of a torispherical head is calculated 

as follows : 

hi - 0.169 Di (5.5-B) 

where 

hj • inside depth of torispherical head, inch 
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0^ " shell inside diameter, inch 

3. HEMISPHERICAL HEAD. 

The method for calculating the head thickness of a 

hemispherical head is similar to calculating the 

shell thickness for a spherical vessel. 

The inside depth of an hemispherical head is calculated 

as follows : 

h£ - 0.50 D4 (5.5-9) 

where 

h^ • inside depth of hemispherical head, inch 

• shell inside diameter, inch 

PROCEDURE SUMMARY 

1. Determine the type of vessel being designed, i.e. 

spherical or cylindrical. 

2. For cylindrical vessels, use Eqs. (5.5-1) or (5.5-2) 

for calculating A, and Eqs. (5.5-3) or (5.5-4) for 

calculating P . For spherical vessels, use Eqn. 
A 

(5.5-2) calculating A, and Eqs. (5.5-6)calculating P . 

3. Calculate the shell thickness using the trial and 

error procedure mentioned earlier in this subsection. 

The VESSEL package program uses subroutine SOLVE for 

finding the root of the following convergence 
functioni 

f <t ) - P - P. (5.5-10) 
s a aes 
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where 

P * maximum allowable working pressure calculated 
A 

using the method described in this subsection. 

F*des • design pressure computed in Subsection S.2. 

t m shell thickness, inch 
S 

The root of the above equation is the shell thickness 

of the pressure vessel. 

4. Based on the selected type of head for the vessel, 

calculate the head thickness and inside depth of the 

vessel head using Eqs. (5.5-7) to (5.5-10) as 

appropriate for the type of problem. 

PURPOSE 

The method described in this subsection can be used 

to calculate the shell thickness and head thickness of a 

pressure vessel subjected to external pressure. The vessel 

could be a either a spherical vessel or a cylindrical vessel 

and the type of head could be ellipsoidal, torispherical, or 

hemispherical. 

LIMITATIONS 

Similarly as in the procedure for calculating head 

thickness and shell thickness of pressure vessels subjected 
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to internal pressuret these methods should not be used for 

pressure vessel which are not within the jurisdiction o-f the 

Code. 

RELIABILITY 

The reliability of the above method depends on the 

convergence tolerance of subroutine SOLVE and is also 

affected by the starting trial value for the searching 

procedure. 

The initial trial value for the shell thickness is 

D^/1000 which is a sufficiently small number, and the 

tolerance value of subroutine SOLVE is 1.0E-5. Thus the 

VESSEL package program cannot be used to design pressure 

vessels which have a shell thickness or head thickness less 

than Di/1000. 

5.6 Vessel Weight 

INTRODUCTION 

The vessel weight includes the weight of the shell 

and both of the vessel heads. The vessel weight is 

necessary during preliminary design of a pressure vessel for 

estimating the vessel cost. The vessel weight is also 

sometimes used as a guide for determining the total 

man-hours needed to fabricate the vessel. 
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METHQD 

The vessel weight is calculated directly -from the 

vessel dimension and the metal density. The -following 

equations can be used for calculating the vessel shell 

weight and the vessel head weight. The weight of the head 

is calculated using the equations given in Peters and 

Timmerhaus (1980). 

SHELL WEIGHT 

For cylindrical shells: Id • fT D. t L p (5.6-1) 
S 18 ffl 

For spherical vessels : W_ • fT C (D. + t )' - D.^3 p 
* 6 1 B 1 (5.6—2) 

HEAD WEIGHT 

For torispherical head: 

Pm -
W. « — CtT CD + D /24 + a t. )* t. 3 (5.6-3) 
h . o o n n 

4 

For ellipsoidal head: 

Pm _ 5 
W. • Jl CfT (n D t. )** t .  1  (5.6-4) 
h - o h h 

4 

For hemispherical head: 

W. - P (2 1YL  2 t. ) (5.6-5) 
h m ah 

where 

a • factor in Eqn. (5.6-3) 

for th< 1.0: a B 2.0 

for th > 1.0 : a - 3.0 

• shell inside diameter, inch 

0Q ™ shell outside diameter, inch 
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L • shell length, inch 

n • -factor in Eqn. (5.6-4) 

•for Di < 60 : n • 1.2 

for 60 < Di < 79 s n « 1.21 

•for 80 < Di < 106s n - 1.22 

•for Di > 106 s n - 1.23 

tfi • shell thickness, inch 

t^ * head thickness, inch 

W • shell weight,lb 
S 

Wh * head weight, lb 

• metal density 
in 

* 0.2833 lb/cubic inch for carbon steel 

The total vessel weight can be calculated by adding 

the shell weight and the head weight. Extra weight due to 

nozzles, manholes and skirts also increases the weight of 

the vessel. A usual factor is 6% - 15% of the total vessel 

weight. VESSEL does not calculate this additional weight. 

Thus the vessel weight is computed as follows: 

W - W + 2 W. (5.6-6) 
v s h 

where 

* head weight, lb 

Wg = shell weight, lb 

Wy * vessel weight, lb 
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PROCEDURE 

1. Based on the type of vessel being designed, calculate 

the shell weight using Eqn. (5.6-1) or Eqn. (5.6-2). 

2. Calculate the weight of the vessel head using Eqs. 

(5.6-3) to (5.6-5) as appropriate for the type of 

head. 

3. Compute the vessel weight using Eqs. (5.6-6). 

PURPOSE 

The above method can be used to calculate the shell 

weight, head weight and the total vessel weight for 

cylindrical or spherical vessel with hemispherical, 

torispherical or ellipsoidal heads. 



SECTION 6 

THEORETICAL BACKGROUND OF COMPRESS 

A compressor can be designed using the adiabatic, 

the polytropic or "the isothermal equations. Adiabatic 

•formulas are used -for compression processes where heat is 

neither added to nor removed from the gas during 

compression, and the compression process is reversible. 

Isothermal -formulas are used for compression processes where 

heat is abstracted from the gas during compresssion so that 

the gas temperature may be held constant. The actual 

compression path seldom fallows either the adiabatic process 

nor the isothermal process but it is generally of the form 

PVn» a constant. This type of compression is called 

polytropic compression, and the polytropic formulas are 

often used for this type of compression. 

These three major categories of formulas can be used 

to design all types of compressors. However in a 

preliminary design of a compressor, the choice usually 

depends on which compression efficiency is most readily 

available. In recent years, the manufacturers of 

centrifugal and axial-flow compressors have generaly used 

the polytropic formulas as the basis for designing these 

types of compressors. Thus polytropic efficiencies for 

centrifugal compressors and axial compressors are easily 

- 295 -
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found in the literature. 

On the other hand, most industrial-scale 

reciprocating and rotary compressors are designed based on 

the adiabatic -Formulas, because the compression process for 

these type of compressors closely resembles the adiabatic 

compression process. Thus the adiabatic efficiency for 

these type of compressors are usually available in the 

literature. 

COMPRESS is a compressor design package program 

which performs the preliminary design of centrifugal 

compressors, axial compressors and reciprocating 

compressors. The following list shows the summary of 

methods used in the COMPRESS programi 

- The centrifugal compressor design is based on the 

polytropic formulas. 

- The axial compressor design is also based on the 

polytropic formulas. 

- The reciprocating compressor design is based on the 

adiabatic formulas. 

Based on the above methods, the following procedure 

describes the general steps in designing a compre' ' or: 

1. Select the compressor type based on the discharge 

pressure and gas capacity. 

2. Determine the number of compression stages required 
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and also the compression ratio per stage. 

3. For each stage of compression, perform the -following 

calculations: 

- Calculate the gas properties at inlet condition 

- Compute the discharge temperature and the 

discharge pressure in each stage 

- Calculate the compression efficiency and the 

brake horsepower for each stage 

4. Compute the required total brake horsepower and other 

compressor specifications depending upon the type of 

compressor being designed. 

The detailed methods of how COMPRESS performs the 

computations for each of the above step are discussed in the 

following subsections. 

6.1 The Type of Compressor and the_ftctual ..Sas^Inlet^Flow 

INTRODUCTION 

Compressors are either dynamic or 

positive-displacement types. The dynamic type includes 

radial-flow and axial-flow centrifugal machines. The 

positive-displacement type includes the reciprocating 

compressors and rotary compressors. 

A process designer is usually required to specify 

the type of compressor for the desired application. Thus a 

general guideline is needed to choose the type of 

compressor. < 
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METHOD 

The selection o-f compressor type is usually based on 

several -factors, for example the discharge pressure and the 

actual inlet -flow o-f gas into the compressor. Bresler 

(1970) developed a chart for selecting the type of 

compressor based on the discharge pressure and actual gas 

inlet flow. The following criteria from his chart can be 

used as a general guideline for selecting the type of 

compressor. 

For Q < 3000 : use a reciprocating compressor 

For 700 < Q < 15000 : use a centrifugal compressor 

A £> For 10 < Q < 10 t use a reciprocating compressor 

A 
If Q > 10 use more than one compressor 

where 

Q = actual compressor gas flow corrected to the 

inlet condition, cuft/min 

As can be seen, for a certain inlet flow, two types 

of compressor are possible, for example, a compressor inlet 

flow of 700 < Q < 3000 can use a reciprocating compressor or 

a centrifugal compressor. COMPRESS sees this possibility 

and will perform the design of both of the two types of 

compressor when this criteria is encountered. 

In the above criteria, the actual gas inlet flow is 

usually specified by the problem specification. However, it 

may be specified in several ways. The following equations 
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can be used to convert the gas flow in the problem 

specification to the actual flow corrected to the inlet 

condition. 

W 
q = (6.1-1) 

Pv 

Q1 14.7 T Z 
q . _i s s (6.1-2) 

P 520 s 

°2 14'7 T, Za 60 

P 320 s 

14.7 T_ Z_ 106 

(6.1-3) 

(6.1-4) 

(6.1-5) 

P 520 60 24 
s 

Q P T Z, 106 

Q » I • 
P 520 Z 60 24 
s 

where 

P • pressure, psia 

Pg = suction pressure, psia 

Q « inlet flow corrected to the inlet condition, cuft/min 

« inlet flow, standard cuft/min 

Q2 • inlet flow, standard cuft/hr 

Q « inlet flow, million standard cubic feet per 

24-hr day 

Q. • flow at T and P , cuft/min 
4 

T « temperature, °R 

T * suction temperature, °R 
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W • weight flow, lb/min 

Z " gas compressibility at T and P 

Z • gas compressibility at suction condition 
s 

pv * gas density, lb/cuft 

PROCEDURE 

1. Correct the gas flow to the compressor inlet 

conditions by using any one of Eqs. (6.1-1) to 

(6.1-5). 

2. Determine the type of compressor using the general 

criteria given in this subsection. 

PURPOSE 

The above method is used to calculate the actual gas 

flow corrected to the compressor inlet condition and also 

determine the type of compressor based on this flow. 

LIMITATIONS 

The above method can only be used to select the 

three major types of compressors, i.e. reciprocating, 

centrifugal and axial. Other types of compressors cannot be 

designed using the COMPRESS package, and thus are not 

provided for in the selection procedure. 
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RELIABILITY 

The above criteria are general criteria only and 

should not be used as a -final selection method because 

compressor capabilities are expanding due to the progress in 

equipment engineering. The final selection should be made 

by the process engineer after designing and comparing 

several types of compressor. 

6.2 The Number of Compression, Stages 

INTRODUCTION 

Due to the limitations in the compressor sealing 

system and the metal strengthness, the compression process 

in a compressor is usually designed in several stages, 

particularly for a process that requires high final 

discharge pressure compared to the initial inlet pressure. 

The ratio of the absolute discharge pressure to the absolute 

suction pressure in each stage is called the compression 

ratio per stage. 

R c  -  P 2
/ p

1  ( 6 . 2 -1 )  

wh ere 

Pj * suction pressure in each stage, psia 

P2 • discharge pressure of each stage, psia 

Rc • compression ratio per stage 

Ludwig (1983) indicates that optimum minimum 
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compression ratios per stage in a multistage compressor are 

equal. If the compressor has external cooling between 

stages, it is necessary to take into account the intercooler 

pressure drops. Thus, the final discharge pressure can be 

represented as follows: 

pd • p. Rc" - < APi'Rc""1 - <AP2,Rcn"2 - ••• (i_2_2) 

where 

Prf » final discharge pressure of the compressor, psia 

Pg • the initial suction pressure, psia 

R£ * compression ratio per stage 

A P j  *  i n t e r s t a g e  c o o l e r  p r e s s u r e  d r o p  f o r  t h e  f i r s t  s t a g e ,  

psia 

APj ~ interstage cooler pressure drop for the second stage, 

psia 

Ap^ • interstage cooler pressure drop for the nth stage, 

psia 

n • the total number of stage 

Eqn. (6.2-2) can be simplified by assuming equal 

interstage cooler pressure drops in all of the compression 

stages. COMPRESS uses this assumption during the 

calculation of the compression ratio per stage. The 

simplified equation is as follows: 

Pd - Pa Rc" - SAP Rci (6.2-3) 

where 

n = the number of compression stages 
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•= final discharge pressure of the compressor, psia 

Ps = the initial suction pressure, psia 

R= = compression ratio per stage 

p = the interstage cooler pressure drop per stage, psia 

The -final discharge pressure, Prf, the initial 

suction pressure, Pg, and the interstage cooler pressure 

drop are usually fixed by the problem specification. Thus, 

only two parameters need to be calculated in Eqn. (6.2-3), 

they are the compression ratio per stage, R^, and the number 

of compression stages, n. 

Theoretically, the number of stages cannot be 

calculated from Eqn. (6.2-3) because there are two unknown 

variables in the equation. In order for the problem to be 

determined, an additional criteria should be used. The 

final criteria involves the maximum compression ratio per 

stage which is typically between 3.5 - 4.0. 

By using this final criteria the compression ratio 

per stage can be calculated by trying several values of 

compression stages, n, and solving R= from Eqn. (6.2-3). The 

smallest number of stages which gives a compression ratio 

per stage, R£ lower than the maximum compression ratio is 

the design compression ratio. 

As can be seen above, the method for calculating the 

compression ratio per stage involves trial and error 

calculations using the following convergence function for 

several values of n: 



304 

f (R > * P. - P= R " + SAP R-X (6.2-4) c d s c c 

where 

n = the number of compression stages 

P. » final discharge pressure of the compressor, psia 
o 

P » the initial suction pressure, psia 
s 

Rc * compression ratio per stage 

A.P ** "the uniform interstage cooler pressure drop per 

stage, psia 

PROCEDURE 

1. Compute the ratio of the final discharge pressure over 

the initial suction pressure. If this ratio is less 

than the maximum compression ratio, use one 

compression stage. However if the ratio is greater 

than the specified maximum compression ratio, proceed 

to the next step. 

2. Try a larger number of compression stages, n. 

3. Calculate Rc using an iterative procedure with Eqn. 

(6.2-4) as the convergence function. 

4. Start the trial and error calculations by determining 

the two values of compression ratio, R£, which bracket 

the root of Eqn. (6.2-4). This procedure can be 

performed by stepping, from a small starting value of 

R£, at fixed incremental values of R= until f(R£) in 

Eqn. (6.2-4) indicates a change of sign. Rc equal to 

0.0001 is chosen as the initial R£ value for starting 
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the stepping procedure, and the stepping increment is 

5.0 

5. When a change of sign occurs indicating that the root 

is bracketed between the two R= values, refine the 

root using subroutine SOLVE. This root is the 

compression ratio for the number of stages tried in 

step 2. 

6. Check the compression ratio per stage, R=, with the 

maximum compression ratio specified, If R < cmax c 

R then R is the design compression ratio, and the 
cmax c * 

number of stages tried in step 2 is the number of 

stages for the compressor. If R_ > R „ go back to c cmax 

step 2. 

PURPOSE 

The method described in this subsection can be used 

to calculate the compression ratio per stage and also be 

used to determine the number of stages for the compressor. 

LIMITATIONS 

The above method assumes an equal interstage cooler 

pressure drop in each compression stage. This assumption 

may not reflect the actual compressor performance, because 

interstage pressure drops often vary slightly from stage to 

stage in actual compressor operation. 
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RELIABILITY 

The reliability of the above method depends on the 

convergence tolerance o-f subroutine SOLVE. The convergence 

—5 
tolerance value used in COMPRESS is 10 

6.3 JThe^Discharge..Temperature and the Discharge Pressure 

INTRODUCTION 

After the number of compression stages have been 

determined in Subsection 6.2, the next step is determining 

the detailed specifications for each compressor stage, for 

example the discharge temperature and the discharge pressure 

from each stage. 

METHOD 

The following equations can be used for calculating 

the discharge temperature and the discharge pressure in each 

stage for reciprocating, axial and centrifugal compressors. 

P. • P x R + A p (6.3-1) 
d s c 

T . = R Y x T (6.3-2) 
H C S 

For reciprocating compressors (based on adiabatic formula): 

Y - k/(k - 1) (6.3-3) 

For axial compressors (based on polytropic formula): 

k 

(k " » Eaxi 

(6.3-4) 

For centrifugal compressors (based on polytropic formula): 
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(6.3-5) 
<k - 1) E cen 

where 

E . • polytropic e-f-ficiency -for an axial compressor 
SIX X 

Ecen • polytropic e-f-ficiency -for a centrifugal compressor 

k " Cp/Cv 

p = interstage cooler pressure drop, psia 

P. = discharge pressure of each stage, psia 
a 

Ps • suction pressure of each stage, psia 

F?c = compression ratio 

T. « discharge temperature of each stage, °R 
d 

r s T • suction temperature of each stage, °R 

The polytropic efficiencies for axial compressors 

and centrifugal compressors in the above equations are 

calculated using the curve-fitted equations from the 

available polytropic efficiency graph. One such graph is 

available in an article by Dimoplon (197B). 

The following equations are the results of the 

curve-fitting procedures: 

Polytropic efficiency for centrifugal compressors: 

For Q < 1400 

E - 0.10949 X + 0.32552 (6.3-6) 
cen 

For 1400 < Q < 5000 

E - -4.25 + 3.7208 X - 0.9296 X2 + 0.0776 X3 
cen (6.3-7) 

For Q > 5000 
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E " 0.0307 X + 0.6063 (6.3-B) 
cen 

where 

X • log(Q) 

Ecen • polytropic efficiency -for a centrifugal compressor 

C =» actual inlet flow to each stage corrected to the 

inlet condition, cu-ft/min 

Polytropic ef-ficiency for axial compressors: 

E . - -0.57924 + 0.63129 X - 0.09227 X2 + 0.00437 X3 
axl <6.3-9) 

where 

X « log(Q) 

E . • polytropic efficiency for an axial compressor 
AX 1 

Q " actual inlet flow to each stage corrected to the 

inlet condition, cuft/min 

The suction pressure and the suction temperature for 

the next stage are equal to the discharge pressure minus any 

interstage cooler pressure drop and the discharge 

temperature of the previous stage. Thus the following 

equations can be used for calculating the suction conditions 

for the next stage: 

P = P - A p (6.3-10) 
s d 

If an interstage cooler is used then 

T - T (6.3-11) s c 

If, however, an interstage cooler is not used 

Ts - Td (6.3-12) 

where 
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P. » discharge pressure of each stage, psia 
a 

Pg « suction pressure of each stage, psia 

• discharge temperature o-f each stage, R 

• suction temperature of each stage, R 

T£ *» the interstage cooler temperature, R 

PROCEDURE 

1. Using the appropriate equation from Subsection 6.1, 

calculate the actual inlet flow corrected to the inlet 

condition of each stage. 

2. Compute the gas heat capacity at the suction condition 

of each stage. 

3. For centrifugal and axial compressors calculate the 

polytropic efficiencies using the curve-fitted 

equations. 

4. Calculate Y from Eqn. (6.3-3) to (6.3-5) as 

appropriate. 

5. Compute the discharge pressure using Eqn. (6.3-1) and 

the discharge temperature using Eqn. (6.3-2). 

6. Determine the suction temperature and the suction 

pressure for the next stage based on the discharge 

temperature and the discharge pressure of the previous 

stage. 

7. Calculate for the following stage(s) the discharge 

pressure and the discharge temperature using the 
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methods described in step 1 to step 5. 

PURPOSE 

The above method can be used to determine the 

suction and discharge conditions o-f each stage in a 

reciprocating, centrifugal or axial compressor. 

LIMITATIONS 

The determination o-f the discharge conditions are 

based on several assumptions, for example the compression 

process in a reciprocating compressor is assumed to behave 

similarly as an adiabatic compression. While, the 

compression process in a centrifugal compressor and an axial 

compressor is assumed to behave similarly as in a polytropic 

compression. 

RELIABILITY 

The polytropic efficiencies plotted by Dimoplon 

which are curve—fitted and used in COMPRESS are approximate 

polytropic efficiencies. They are sufficiently accurate for 

estimating purposes only. The actual polytropic efficiency 

will vary with speed, impeller design, compression ratio and 

other factors. The curve-fitted equations should be used 

with caution at high or low compression ratios. 
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6.4 The Total Brake Horsepower 

INTRODUCTION 

One o-f the most important parameters in compressor 

design is the total brake horsepower. The total brake 

horsepower o-f a compressor is the sum of the required 

horsepower of each compression stage. This parameter 

usually determines the cost of the compressor. 

METHOD 

The required horsepower per compression stage can be 

calculated using the adiabatic formulas or the polytropic 

formulas. The difference between the two types of formulas 

lies in the use of the compression efficiency, as shown in 

the following equations: 

<Z. + Z.) 1545 (r_Y - 1) 
H - S d V C ' (6.4-1) 

2 MW Y 

Q P H 
HP « „ (6.4-2) 
9 33000 E 

where 

E * compressor efficiency 

For centrifugal compressors use Eqs. (6.3-6) to 

(6.3—B). 

For axial compressor use Eqs. (6.3-9). 

H « compressor head per stage, (ft-lb)/lb 
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HP " gas horsepower per stage, hp/stage 

MW = molecular weight of mixture 

Q « actual inlet -Flow to each stage corrected to the 

inlet condition, cu-ft/min 

Rc • compression ratio per stage 

Y • parameter de-fined by Eqs. (6.3-3) to <6.3-5) in 

Subsection 6.3. 

For reciprocating compressor use Eqn. (6.3-3) . 

For centrifugal compressor use Eqn. (6.3-4). 

For axial compressor use Eqn. (6.3-5) . 

Z • suction compressibility at each stage 
s 

Zd • discharge compressibility at each stage 

pv - gas density, lb/cuft 

The compressor efficiency for reciprocating 

compressor has not been defined in previous - subsections. 

The following equations are the curve-fitted equations of 

the adiabatic efficiency curves available by Neerken (Bhatia 

and Cheremisinoff 1981, p. 75): 

For MW • 3.0 

Rc < 1.5 

E . « 0.523333 X 
ad 

Rc > 1.5 

E ̂  - 0.62B02 + 1.21945 X 
ad 

For MW - 15.0 

Rc < 1.5 

E . • 0.50667 X 
AO 

(6.4-3) 

- 2.0985 X2 + 1.31413 X3 
(6.4-4) 

(6.4-5) 
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R. > 1.5 

E . « 0.63557 + 0.91009 X - 1.23509 X2 + 0.6379 X3 

(6.4-6) 

For MW - 24.0 

Rc < 1.5 

Ea(j - 0.48 X (6.4—7) 

R_ > 1.5 

E . « 0.5B241 + 0.99299 X - 1.33107 X2 + 0.72917 X3 

(6.4-8) 

For MW - 33.0 

RG - 1,5 

Ead " °*45333 X (6.4-9) 

Rc > 1.5 

E . - 0.53845 + 0.99702 X - 1.17242. X2 + 0.54051 X3 
ad (6.4-10) 

For MW - 40.0 

Rc < 1.5 

Ead « 0.43333 X (6.4-11) 

Rc > 1.5 

E . - 0.469B9 + 1.34623 X - 2.04221 X2 + 1.23605 X3 

(6.4-12) 

For MW - 44.0 

Rc < 1-5 

Ea(J « 0.38333 X (6.4-13) 

Rc > 1.5 

E . « 0.37402 + 1.4414 X - 1.8456 X2 + 0.94386 X3 
(6.4-14) 
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where 

X » log(Rc> 

Ead * ad&abatic efficiency 

MW * gas mixture molecular weight 

R= = compression ratio per stage 

The total brake horsepower can be calculated by 

summing the required horsepower of each stage. The equation 

is as -follow: 

BHP - 2 HP 

where 

BHP • the compressor total brake horsepower 

HP » the gas horsepower per stage 
9 

PROCEDURE 

1. Determine the actual inlet flow to each stage 

corrected to the inlet condition using the appropriate 

equations described in Subsection 6.1. 

2. Calculate the gas density and the gas compressibility 

at the suction conditions using the method described 

in Subsection 1.11. 

3. Compute the gas compressibility at discharge 

conditions. 

4. Determine the compressor efficiency based on the type 

of compressor. The compressor efficiency for an axial 

compressor can be calculated using Eqn. <6.3-9). For a 
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centrifugal compressor use Eqs. (6.3-6) to (6.3-6), 

and -for a reciprocating compressor, Eqs. (6.4-3) to 

(6.4-14) can be used. 

5. Compute Y using Eqs. (6.3-3) to (6.3-5) using the 

appropriate equation based on the type of compressor. 

6. Calculate H in Eqn. (6.4-1). 

7. Determine the required horsepower of the first stage. 

8. Calculate the required horsepower of all the other 

s t a g e s  u s i n g  a  s i m i l a r  m e t h o d  ( S t e p s  1 - 6 ) .  

9. Sum all the required horsepower to find the total 

brake horsepower. 

PURPOSE 

The above method can be used to determine the 

required horsepower per stage and the total brake horsepower 

of the three types of compressors, i.e. reciprocating, 

centrifugal and axial. 

LIMITATIONS 

Similarly as for the determination of the discharge 

conditions, the calculations of the compressor brake 

horsepower are also based on several assumptions, for 

example the compression process in a reciprocating 

compressor is assumed to behave similarly as an adiabatic 

compression. 
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6.5 The Centrifugal Compressor Specifications 

INTRODUCTION 

Other parameters beside the total brake horsepower 

and the discharge conditions are usually needed to be 

calculated during the design of centrifugal compressors. 

These parameters include the impeller diameter, the actual 

impeler tip velocity, the flow coefficient, the head 

coefficient, the acoustic velocity and the rotation speed. 

The flow coefficient and the head coefficient are 

dimensionless values that are used to describe the 

performance of any single compresser impeller or group of 

impellers. The impeller tip-speed, rotation speed and 

impeller diameter are the detailed specifications of the 

impeller in a centrifugal compressor, while the acoustic 

velocity is the limiting velocity of the impeller. 

METHOD 

The methods for calculating the above parameters are 

given by Neerken in Bhatia and Cheremisinoff (1981). The 

equations for calculating them are as follow: 

ACOUSTIC VELOCITY 

U  •  ( k  g  R  T  Z > 1 / 2  ( 6 . 5 - 1 )  
A a S 

TIP-SPEED VELOCITY 
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i /I 
U - (10000 g/hc> (6.5-2) 

IMPELLER ROTATING SPEED 

RPM - 229.3 U/D (6.5-3) 

FLOW COEFFICIENT 

f - 700 Q/(RPM D3) (6.5-4) 
c 

where 

D = impeller nominal diameter, inch 

f « flow coefficient 
c 

2 g • gravitational constant, 32.17 ft/sec 

hc « average head coefficient 

k * Cp/Cv 

MW " gas mixture molecular weight 

R - 1545/MW 

RPM • impeller rotation speed* RPM 

Q *= actual inlet flow to each stage corrected to the 

inlet condition, cuft/min 

Tg « suction temperature, °R 

U » acoustic velocity at inlet, ft/sec 
a 

U * actual impeller tip-speed, ft/sec 

Zs = gas compressibility at suction conditions 

The impeller diameter and the head coefficient are 

determined based on manufacturers' data. Neerken provides a 

preliminary selection values of impeller diameters and head 

coefficients for multistage centrifugal compressors. 

This selection table is also included in C0MPRE5S 
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for the determination of the centrifugal compressor 

specifications. 

Actual flow Head coeff. Impeller diameter 
cuft/min h_ inch 

c 

800 - 2000 0.4B 14-16 

1500 - 7000 0.49 - 0.50 17 - 19 

4000 - 12000 0.50 - 0.51 21-22 

6000 - 17000 0.51 - 0.52 24 

8000 - 35000 0.51 - 0.52 32 

35000 - 65000 0.53 42-45 

65000 - 100000 0.54 54-60 

PROCEDURE 

The following steps are performed for each stage of 

the centrifugal compressor: 

1. Calculate the suction compressibility, Zs» 

2. Determine the actual inlet flow to each stage 

corrected to the suction conditions using the method 

described in Subsection 6.1. 

3. Based on the actual gas inlet flow calculated in step 

2, determine the impeller diameter and the head 

coefficient using the selection table given by 

Neerken. 

4. Calculate k and R in Eqn. (6.5-1). 
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5. Compute the acoustic velocity using Eqn. (6.5-1). 

6. Based on Eqn. (6.5-2) determine the actual impeller 

tip velocity. 

7. Calculate the impeller speed and -flow coefficient 

using Eqn. (6.5-3) and Eqn. (6.5-4) respectively. 

PURPOSE 

The above method can be used to determine the 

impeller diameter, the actual impeller tip velocity, the 

flow coefficient, the head coefficient, the acoustic 

velocity and the rotational speed in each stage of a 

centrifugal compressor. 

LIMITATIONS 

The selection table for determining impeller 

diameter and the head coefficient for multistage centrifugal 

compressors is based on impellers with backward-curved 

blades. This table cannot be used for impellers with radial 

blades and should be used for preliminary selection only. 

RELIABILITY 

The method for calculating the above parameters are 

relatively reliable from a computational point of view. 
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6.6 The Reciprocating Compressor Specifications 

INTRODUCTION 

Similarly as in the design of centrifugal 

compressors, other parameters beside the total brake 

horsepower and the discharge conditions are also needed to 

be calculated during the design of a reciprocating 

compressor. These parameters include: 

- The type of cylinder 

- The stroke length 

- The piston speed 

- The volumetric efficiency 

7 The piston displacement volume 

- The head end area and the crank end area 

- The cylinder diameter 

- The compression frame load and the tension frame load 

All of the above parameters constitute the more 

sophisticated specifications for the cylinder in a 

reciprocating compressor. The detailed explanations of 

these parameters are available in Ludwig(1983). 

METHOD 

The following method and equations can be used to 

calculate the above parameters: 
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THE TYPE OF CYLINDER, THE STROKE LENGTH AND THE PISTON SPEED 

The size rating of a reciprocating compressor which 

includes the type o-f cylinder, the stroke length and the 

piston speed is based on manufacturers' data. Typical 

size-ratings currently available -For process applications 

are given by Neerken (Bhatia and Cheremisinoff, p. 39) and 

it is used in COMPRESS. The following table is a summary of 

available manufacturers' data: 

1. Single crank cylinder 

Typical stroke 
inch 

5, 7 

7, 9 

9, U 

11, 13 

Typical speed 
Rpm 

600 - 514 

450 

400 

300 - 327 

Total BHP 
HP 

< 35 

30 - 60 

50 - 125 

100- 175 

2. Opposed crank cylinder 

Typical stroke 
inch 

5 

6, 8 

9 

9, 9.5 

10, 10.5 

11, 12 

14 

Typical speed 
Rpm 

1000 

720 - 900 

600 

600 - 514 

450 

450 - 400 

327 

Total BHP 
HP 

150 - 400 

1000 - 4500 

4000 - 8000 

200 - 800 

400 - 1200 

800 - 2000 

1000 - 2500 
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15, 15.5, 16 327 - 300 1500 - 4000 

19, 20 277 - 257 3000 - 10000 

The selection of the stroke length and piston speed 

is based on the total brake horsepower of the compressor. 

THE VOLUMETRIC EFFICIENCY AND THE PISTON DISPLACEMENT VOLUME 

Due to the clearance necessary to permit operation 

and allow valve passages to be designed, the piston of a 

reciprocating compressor does not sweep the entire volume of 

the cylinder. Therefore, the actual cylinder displacement 

is somewhat lower than the cylinder volume and can be 

calculated based on the volumetric efficiency of the 

cylinder. 

C_,. - Q/E (6.6-1) 
dxs v 

« 0.97 - Cl -5 

1/k _ j 

E - 0.97 - C I 1 <6.6-2) 
1 Zd/Zs 

where 

Cc = cylindrical clearance 

0.10 to 0.15 for preliminary estimate 

C.. • actual cylinder displacement volume, cuft/min 
dis 

Ey • volumetric efficiency 

k " Cp/Cv 

Q « actual inlet flow to each stage corrected to the 

inlet condition, cuft/min 
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Rc » compression ratio per stage 

Zs * suction compressibility at each stage 

• discharge compressibility at each stage 

THE HEAD END AREA, THE CRANK END AREA AND THE CYLINDER DIAMETER 

The head end area is the cross-sectional area of the 

cylinder where the piston is located. The crank end area is 

the area of the head end minus the cross-sectional area of 

the piston rod. 

Both of these area can be calculated using the 

equations given in Neerken: 

A. + A = C.. 172B/ (L N) (6.6-3) 
he ce dis 

A. = A . + A <6.6-4) 
he rod ce 

Thus! - "Vod + "he + flce,/2 (6-6-5' 

ftpod * °"25 ̂  "rod2 <6-6_6> 

The piston rod diameter can be estimated using the following 

equation: 

D _» L/4 (6.6-7) 
roo 

where 

2 Ace = crank end area, inch 

2 Ahe a head end area, inch 

2 
ArocJ « cross sectional piston rod area, inch 

Cdis « actual cylinder displacement volume, cuft/min 

DrQ(j * rod diameter, inch 

L * stroke length, inch 
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N " piston speed, rpm 

Based on the head end area, the cylinder diameter 

can be calculated using the following equation: 

THE COMPRESSION FRAME LOAD AND THE TENSION FRAME LOAD 

Every reciprocating compressor frame has a limit to 

the forces that can be applied during compression. For a 

double-acting cylinder, the compression piston will move 

inward toward the crankshaft and outward away from the 

crankshaft. When the piston is moving inward toward the 

crankshaft, the load is called the compression frame load, 

and when the piston is moving away from the crankshaft, the 

load is called the tension frame load. 

double-acting cylinders, the above parameters are needed to 

be calculated. -The following equations can be used to 

calculate these parameters: 

(6.6-8) 

where 

DCyj • cylinder diameter, inch 

2 A. • head end area, inch 
he 

Since most reciprocating compressors use 

F <6.6-9) 
c 

(6.6-10) 

where 
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2 Ace = crank end area, inch 

2 A. = .head end area, inch 
ne 

Fc = compression frame load, lb 

« tension frame load, lb 

Pd « discharge pressure, psia 

Pg = suction pressure, psia 

The compression frame load and the tension frame 

load calculated using the above equations must be checked 

with the published maximum values for the specified 

reciprocating compressor. It is recommended that the actual 

load values for a given application be not more than 757. of 

the published values. Maximum loads for reciprocating 

compressors based on their size are available in Neerken. 

PROCEDURE 

The following steps are needed to be performed for 

each compression stage of the reciprocating compressor: 

1. Determine the type of cylinder, the stroke length and 

the piston speed based on the selection table given in 

this subsection. 

2. Calculate the volumetric efficiency using Eqn. 

(6 .6-2) .  

3. Compute the displacement volume based on Eqn. (6.6-1). 

4. Determine the total head end area and crank end area 
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using Eqn. (6.6-3). 

5. Estimate the rod diameter using Eqn. (6.6-6). 

6. Calculate the head end area and the cylinder diameter 

using Eqn. (6.6-5) and Eqn. (6.6-8) respectively. 

7. Compute the crank end area using Eqn. (6.6-4). 

B. Calculate the compression -frame load and the tension 

•frame load using Eqn. (6.6-9) and Eqn. (6.6-10). 

PURPOSE 

The methods in this subsection can be used to 

calculate additional, detailed the specifications for a 

reciprocating compressor. These specifications include the 

type of cylinder, the stroke length, the piston speed, the 

volumetric efficiency, the piston displacement volume, the 

head end area, the crank end area, the cylinder diameter, 

the compression frame load, and the tension frame load. 

LIMITATIONS 

The above methods should be used for preliminary 

design purposes only, for example the selection table given 

by Neerken for selecting compression speed and stroke length 

is for average values of manufacturers' data. This table 

should not be used for a final detailed compressor design. 

The calculation of the volumetric efficiency is also 

based on an estimated value of cylindrical clearance. The 
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exact value of the cylindrical clearance should be taken 

•from the specific manu-facturers' data. 



SECTION 7 

THEORETICAL BACKGROUND PUMP 

The preliminary design of pumps usually involve two 

separate calculations, i.e. the calculations -for the piping 

hydraulics and the calculations for the pump design itself. 

The objective of the piping hydraulics calculations 

is to determine the required differential head which must be 

generated by the pump to move the liquid from one location 

to another. The pump differential head is calculated based 

on the Bernoulli equation, which represents the relation of 

pressure—head, velocity-head, static-head and friction 

losses with the required differential head. The equation is 

as follows: 

2 2 2 
<l/p)/*dp + <l/gc)/" v dv +/<g/gc> dz + hj = hp (7-1) 

(1/p)(p2 - Pj) + <v22 - Vl2)/2gc + g/gc<z2 " zl} + hl = hp 

(7-2) 

where 

2 g » acceleration of gravity, ft/sec 

2 
gc = gravitational constant, ft lbm/lbf sec 

h^ » losses due to friction and equipment pressure 

drop, ft lb,/lb„ 
T III 

- 328 -
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h * the required differential head, ft lbx/lb p T m 
2 p^ = the pressure at initial location, lb/ft 

2 p^ = the pressure at final location, lb/ft 

« the liquid velocity at initial location, ft/sec 

v2 « the liquid velocity at final location, ft/sec 

= the height at initial location, ft 

» the height at final location, ft 

Thus, if the parameters on the left hand side of 

Eqn. (7-2) have been calculated, the required pump 

differential head can be estimated. 

Based on the pump differential head and other 

process specifications, a preliminary design of the pump can 

be performed. The following steps constitute the general 

outline of performing the preliminary design of a pump: 

1. Select the type of pump 

2. Calculate the available net positive suction head 

3. Compute the pump-suction pressure 

4. Compute the pump-discharge pressure and the total pump 

differential head 

5. Determine the pump specifications, for example suction 

type, specific speed, rotation speed, and the number 

of stages. These specifications can be used to check 

the designed pump applicability. 

6. Calculate the pump hydraulic horsepower and the brake 

horsepower from maximum head and flowrate. 

The steps in the above procedure are explained in 

considerable detail in the fallowing subsections. 
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PUMP is a design package program which can be used 

to estimate the pressure drop of piping systems with or 

without a pump in the system. If a pump is included in the 

piping system, then the PUMP program will design the needed 

pump to satisfy the process requirements. 

7.1 The Type of Pump 

INTRODUCTION 

Similarly as in compressors, there are two 

categories of pumps under which all types of pumps can be 

grouped, i.e. dynamic pumps and positive displacement 

pumps. Dynamic pumps include centrifugal and axial pumps. 

These pumps operate by developing a high liquid velocity and 

converting the velocity to pressure in a diffusing flow 

passage. Dynamic pumps usually have lower maintenance 

requirements than positive displacement, but they have lower 

efficiency. 

Positive displacement pumps operate by forcing a 

fixed volume fluid from the inlet pressure section of the 

pump into the discharge zone of the pump. Positive 

displacement pumps tend to be physically larger than 

equal-capacity dynamic pumps thus require more space. 

METHOD 

The type of pump is usually selected by the process 

engineer during the preliminary design of a pump. The pump 
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selection is based on several criteria, -For example fluid 

characteristics, location, system hydraulic, etc. 

The PUMP package program has the capability of 

selecting the type of pump for the user of the program. The 

selection method is based on the criteria given in 

Cheremisi nof f (1980): 

For n < 110 : Use centrifugal pumps 

Far 110 < n < 220 : Use positive displacement pumps 

For n > 220 : Use rotary pumps 

n = 62.43 n1/p (7.1-1) 

where 

2 n « kinematic viscosity, mm /sec 

n^' • liquid viscosity, cP 

« liquid density, lb/ft^ 

PROCEDURE 

1. Calculate the liquid density and liquid viscosity. 

2. Compute the kinematic viscosity using Eqn. <7.1-1). 

3. Select the type of pump. 

PURPOSE 

The above method is implemented in the PUMP program 

for the preliminary selection of pump types, when the user 

of the program does not specify the type of pump. 
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LIMITATIONS 

The criteria given in Cheremisino-ff should be used 

•far preliminary selection only. It should not be used in a 

detailed pump design. 

7.2 The_Pipinq System.Hydraulics 

INTRODUCTION 

As can be seen in the Bernoulli equation, Eqn. 

(7-2), there are four parameters which determine the pump 

differential head. These parameters are the pressure-head, 

the velocity-head, the static-head and the friction-head 

losses. Thus, these four parameters must be calculated or 

established before any preliminary design of pumps can be 

performed. The equations used by PUMP for calculating these 

parameters are discussed in this Subsection. 

METHOD 

These four parameters can be easily determined if 

the system hydraulics have been specified. The following 

methods are used in PUMPS for calculating the above 

parameters. The equations assume that the ligyid is flowing 

from location 1 to location 2: 

THE PRESSURE-HEAD 

hp = 144 (p2 - pj)/p (7.2-1) 

i 
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where 

h * the pressure-head, -ft lb,/lb p + m 

Pj * pressure at initial location, psi 

P2 « pressure at final location, psi 

• liquid density, lb/ft^ 

THE VELOCITY-HEAD 

The velocity-head can be calculated -from the kinetic 

energy changes in the piping system. The PUMP package 

program performs the calculations, of pressure drop in 

several sections of similar size pipe and flow rate. To 

simplify the computations, PUMP performs the calculation of 

losses due to expansion and contractions simultaneously with 

the calculation of velocity-head. Thus if a change of pipe 

size does occur in the piping system, the velocity-head 

calculated by PUMP will include the losses due to 

contraction or expansion calculated as follows:. 

(7.2-2) 

(7.2-3) 

(7.2-4) 

hv -Apk + Apj 

with : 

A Pk - Cv22 - vt2)/2 gc 

A Pi * K vi2/29c 

For expansion, i.e. : 

K « El - (Dj/D2)232 (7.2-5) 

For contraction, i.e. > D2 ! 

K = CI - (D2/D1>23/2 (7.2-6) 

V « 0.408 Q/D„ (7.2-7) 



334 

where 

D = pipe inside diameter , inch 

D1 
s pipe inside diameter at location 1, inch 

D2 
s pipe inside diameter at location 2, inch 

9c 
a gravitation constant , ft lb /lb,sec' fll T 

2 

pk 
s velocity-head due to kinetic energy changes 

•ft lb,/lb T flJ 

Pj = velocity-head due to expansion and contraction 

losses, ft 

• * the liquid -Flow rate, gpm 

V = liquid velocity inside the pipe, -Ft/sec 

Vj • liquid velocity at location 1, -Ft/sec 

V_ = liquid velocity at location 2T -ft/sec 

THE STATIC-HEAD 

h s 

where 

Z2 - 21 

the static-head, ft lb^/lb m 

21 « the elevation of location 1, ft 

Z_ * the elevation of location 2, ft 

(7.2-B) 

THE FRICTION-HEAD LOSS 

The friction losses in a piping system could be due 

to the friction inside straight pipes, fittings or flanges. 

The calculation of the friction-head loss in a pipe is 

usually based on the Fanning friction equation: 

5 = 6 f Ltot V2 
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hf -
5 

D g 
<7.2 

Ltot 
S L + L s eq 

(7.2-

where 

D SB internal diameter of pipe, inch 

f S fanning friction factor 

g m 2 gravity constant, ft lbm/lb^sec 

hf - friction-head loss, ft lb,/lb f m 

Leq 
s the equivalent length of flanges and fittings, ft 

L s - the length of straight pipe, ft 

Sot -
the total equivalent straight length of pipe, ft 

V m liquid velocity, ft/sec 

The equivalent length of flanges and fittings, Leq» 

in the above equation can be determined from available 

manufacturers' data. These equivalent lengths are presented 

in the literature as: 

1. Charts of K factors 

where 

K  -  1 2  f  L / D  eq 

D = pipe inside diameter, inch 

f • friction factor 

L *= the equivalent length, ft 

2. Tables of equivalent length of straight pipe. 

Using the tables of equivalent length of straight 

pipe in a computer program will require a large amount of 

computer memory, so curve-fitted equations of K factor 

charts are used in PUMP. The following equations are 
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curve-fitted from the charts given 

NO FLANGES AND FITTINGS 

1. 90 deg. regular screwed 
elbow 

2. 90 deg. long screwed 
elbow 

3. 90 deg. regular flanged 
elbow 

4. 90 deg. long flanged 
elbow 

5. Sharp edge entrance 

6. Rounded entrance 

7. Projecting pipe entrance 

8. All type of exit 

9. Screwed tee in line flow 

10. Screwed tee with branch 
flow 

11. Orifice with orifice 
diameter=0.1 pipe diameter 

12. Screwed gate valve 

13. Flanged gate valve 

14. Regular screwed 45 deg. 
elbow 

15. Long flanged 45 deg. 
elbow 

16. Screwed globe valve 

17. Flanged globe valve 

in Simpson(197B): 

CURVE-FITTED EQUATION 

K - -0.52763 X + 0.15351 

K - —0.83828 X - 0.13673 

K « -0.24766 X - 0.35051 

K » -0.53598 X - 0.37460 

K - 0.50 

K « 0.05 

K » 0.78 

K = 1.0 

K « 0.9 

K-» -0.36747 X + 0.25256 

K = 2.8(1 - B2)<B~4 -1) 
B » 0.1 

K *» -0.41742 X -0.67502 

K « -0.99766 X -0.21167 

K - -0.13941 X -0.47455 

K - -0.16654 X -0.65419 

K • 0.93169 - 0.48166 X 

+ 0.43833X2 - 0.18456X3 

If D < 5.0 

K - 1.11394 - 0.55609 X 

- 0.39106X2 - 0.67126X3 



18. Screwed swing check 

valve 

19. Flanged swing check 
valve 

20. Screwed angle valve 

21. Flanged angle valve 

22. Screwed return bend 

23. Regular -flanged return 
bend 

24. Long flanged return 
bend 

where 

X = log <D> 

D = internal pipe diameter, inch 

The equivalent length of fittings and valves can be 

calculated from the above K factors using the following 

equation: 

L - K D/(12 f) (7.2-11) 
eq 

where 

D = internal pipe diameter, inch 

f • the friction factor 

K • factor calculated using the curve-fitted equations 

L • equivalent length, ft 
eq 
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If D > 5.0 | K « 5.6 

K « 0.44722 - 0.5969 X 

+ 1.06421 X2 - 0.79074X3 

K - 2.0 

K • -1.0961 X + 0.65992 

If D < 4.0 

K • 0.63364 - 1.52651 X 

3.09282 X2 - 2.66303X3 

If D > 4.0 ; K * 2.0 

K » -0.53731 X + 0.14468 

K - -0.24007 X - 0.38397 

K - -0.50596 X - 0.37807 
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The -friction factor in Eqn. (7.2-10) is a constant 

which indicates the resistance of the pipe surface when 

liquid is flowing inside the pipe. In manual calculations, 

the friction factor, f, is usually determined using the 

Moody chart or the Von Karman chart. However in digital 

computation, these charts cannot be used directly. Instead, 

friction factor model equations are usually used. 

For turbulent flow, the friction factor can be 

calculated iteratively using the Colebrook equation: 

[R 2.51 + 
3.7 Re f 

f 1/2 - -2 log (7.2-12) 

and for laminar flow: 

f - 64/Re (7.2-13) 

where 

Re - 123.9 D V p/nl 

D « pipe internal diameter, inch 

f « friction factor 

n^ • liquid viscosity, cp 

R * the pipe roughness factor 

Re • Reynolds number 

V = liquid velocity, cp 

The pipe roughness factor, R, is also determined 

from available literature data. The following constants are 

taken from Kern(1974): 

ND TYPE OF MATERIAL ROUGHNESS, R 
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1. Drawn tubing 0.000005/D 

2. Commercial steel 0.00015/D 

3. Alphalted cast iron 0.0004/D 

4. Galvanized iron 0.0005/D 

5. Wood stave 0.001B/D 

6. Cast iron 0.00085/D 

7. Concrete 0.0155/D 

where 

D « pipe inside diameter, -ft 

R • the pipe roughness 

1 
THE CONTROL VALVE AND EQUIPMENT HEAD LOSS 

Beside the pressure-head, static-head, 

velocity-head, and the -friction-head loss, the -final factor 

which must be taken into account in the piping system 

hydraulic is the control valve head loss and the head loss 

due to equipment pressure drop, if they are present in the 

piping system. 

The control valve pressure drop can be calculated 

using the equation given in Kern(1975): 

Ap = (Q/C )2 S (7.2-14) 

where 

C = flow coefficient for control valve 
v 

APcv = control valve pressure drop, psi 

Q = liquid flow rate, gpm 

S « liquid specific gravity 
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The tabulated values of flow coefficients for 

single-seat and double-seat control valves , C^, are given 

in Kern. These values are included in the PUMP program. 

THE TOTAL PIPING PRESSURE DROP 

The pressure differentials between any two points in 

a pipeline or piping system can be determined after all of 

the differential heads mentioned above have been 

calculated. The total pressure drop can be calculated from 

the total differential head as follows: 

p . . = * ( h  +  h  +  h  )  P / 1 4 4  +  A p  + i p  ( 7 . 2 - 1 5 )  
^tot p s v pcv *eq 

where 

hp * pressure-head defined in Eqn. (7.2-1), ft lb^/lbm 

h • static-head defined in Eqn. (7.2-B), ft lb,/lb^ s f m 

= velocity-head defined in Eqn. (7.2-2), ft lb^/lb m 

Pcv® control valve pressure drop, psi 

A Peq= equipment pressure drop, psi 

A P^ot*8 total pressure drop, psi 

P = liquid density, lb/ft3 

PROCEDURE 

The following procedure is used for calculating the 

total pressure drop in a piping system: 

1. Determine the initial and final location of the piping 

system. Specify the initial location as location 1 
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and the -Final location as location 2. 

Calculate the pressure-head using Eqn. (7.2-1). 

Compute the static-head using Eqn. (7.2-8). 

Separate the piping system into several sections o-f 

pipe with similar diameter and flow rate. At each 

section o-f pipe per-form the -following calculations: 

- If a control valve is present, determine the type 

and calculate the pressure drop 

- If the nominal pipe diameter is specified in the 

problem, determine the pipe internal diameter 

based on the table for dimensions of steel pipe . 

This table has been included in the package as 

file PIPE.DAT. 

- Determine the type and the number of fittings and 

flanges 

- Calculate the K factors for each type of fittings 

and flanges using the curve-fitted equations 

- Compute the equivalent length of all the fittings 

and flanges using Eqn. (7.2-11) 

- Find the pipe roughness factor, R 

- Calculate iteratively the friction factor, f, 

using Eqn. (7.2-12) or (7.2-13) with subroutine 

SOLVE. 

- Compute the total equivalent length of straight 

pipe and calculate the friction-head loss using 

Eqn. (7.2-9) 
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5. Sum all the -friction drops and the equipment pressure 

drops -for each pipe section 

6. Calculate the total piping pressure drop using Eqn. 

(7.2—15). 

PURPOSE 

The above equations can be used to calculate the 

total pressure drop or total differential head in a piping 

system. The piping system must be first broken down into 

several sections with similar pipe diameter and flow rate. 

LIMITATIONS 

The Bernoulli equation is derived based on the 

assumption of constant liquid density in the piping system. 

Thus, varying liquid temperature will not be considered in 

the calculation of fluid properties and piping hydraulics. 

The other limitation of the PUMP package is that the 

package allows only one control valve in each pipe section. 

RELIABILITY 

The calculations of the friction factor, f, is based 

on the Colebrook equation. This equation has proven to be 

reliable for computing the friction factor of turbulent flow 

and partially turbulent flow. The reliability of this 

equation also depends on ths solution of the trial and error 

calculations using subroutine SOLVE. 
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7.3 NPSHft and the Pump Total Differential Head 

INTRODUCTION 

As mentioned earlier, preliminary pump design 

involves determining the piping hydraulics of the 

pump-suction piping and the pump-discharge piping. In this 

subsection, the calculation of the pump total differential 

head from the pump—suction piping pressure drop and the 

pump-discharge piping pressure drop Mill be described. The 

method for calculating the pump total differential head is 

based on the equations given in Subsection 7.2. 

Also* the computation of the available net positive 

suction head (NPSHA) is explained in this subsection. NPSHA 

is the absolute pressure of the liquid at the inlet of the 

pump. In preliminary pump design, a check between the NPSHA 

and the required NPSH is usually performed. The required 

NPSH is a function of the pump design and is specified by 

the pump manufacturer, because it remains unchanged for a 

given head, flow, rotational speed and impeller diameter. 

Satisfactory pump designs should provide NPSHA 

greater than the required NPSH. If this condition is not 

met, undesirable pump operation condition will occur, for 

example cavitation inside the casing. 
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METHOD 

NPSHA is a function of piping elevation, temperature 

and the liquid vapor pressure at the pump-suction piping 

section. The following equations can be used to calculate 

the NPSHA of a pump: 

P. » P - p - (h + h, + h ) JV144 
i s vap s f v 

— A p — Ap (7.3—1) 
'eq *cv 

where 

h^ = the friction-head calculated using Eqn. (7.2-9), 

ft lbx/lb„. t m 

h • the static-head calculated using Eqn. (7.2-B), 
s 

ft lbx/lb, T ID 

hy « the velocity-head calculated using Eqn. (7.2-2), 

ft lb,/lb t m 

* pcv"s the control valve pressure drop, psi 

A P * the equipment pressure drop in the pump-suction 
eq 

piping section, psia 

P^ * pressure at the inlet of the pump, psi 

P^ = pressure at the surface of the piping system inlet, 

i.e. location 1, psia 

Pyap m the liquid vapor pressure, psia 

In the calculation of the static-head, the 

velocity-head and the friction-head using equations given in 

Subsection 7.2, the following specification is used: 

- Location of the piping inlet is location 1 
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- Location o-f the pump suction inlet is location 2. 

If the pressure at the inlet o-f the pump has been 

calculated, the NPSHA can be calculated using the -following 

equation given in Kern(1975): 

THE PUMP TOTAL DIFFERENTIAL HEAD 

The calculation o-f the total differential head is 

divided into two parts. They are the calculation o-f the 

pump-suction pressure and the calculation o-f the 

pump-discharge pressure. The pump total di-ff erential head 

can be calculated -from the di-f-ference between both 

pressures. The method is given in Kern. 

PUMP uses the Kern method because the method allows 

the pump safety factor to be included in the calculation. 

The Calculation of the Pump-Suction Pressure: 

NPSHA - 2.31 Pi/S (7.3-2) 

where 

NPSHA= the net positive suction head, ft 

P^ = the pressure at the inlet of the pump, psi 

S - liquid specific gravity 

P « P - (h . + hx1 + h ,) J*/144 suet s si fl vl 

P - P - h « - C(h,, + h .) f/144 
smax s si fl vl J 

„ 2 

(7.3-3) 

(7.3-4) 

where 
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h^ • the •friction-head calculated in the pump—suction 

section, ft lb,/lb 
T M 

hsl * sta^ic""head calculated in the pump-suction 

section, ft lbx/lb * f m 

hy^ • the velocity-head calculated in the pump-suction 

section, ft lb,/lb f m 

PCV1® the control valve pressure drop in the pump-suction 

section, psia 

P = the equipment pressure drop in the pump-suction 
eq l 

piping section, psia 

Ps « pressure at the surface of piping system inlet, 

psia 

^suct = pump suction pressure at normal flow, psia 

^smax " pump suction pressure at max. flow, psia 

* ratio of maximum flow over normal flow 

As in the NPSHA calculation, the calculations of the 

static-head, the velocity-head and the friction-head in the 

pump-suction section using equations given in Subsection 

7.2, are based on the following specifications: 

- Location of the piping suction inlet is location 1 

- Location of the pump is location 2. 

The calculation of the pump-discharge pressure: 

"die " Pd + <hs2 + hf2 + hv2> '/144 

+ AP*q2+4Pcv2 <7-3"3' 

Pd»>«* " Pd * h*2 + C(hf2 + hv2> "l44 

+ AP
Bq2 +  4 FW St Z  
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where 

hf2 = the friction-head calculated in the pump-discharge 

section, -ft lb,/lb + m 

h._ = the static-head calculated in the pump-discharge 

section, -ft lb,/lb 
T M 

hy2 = the velecity-head calculated in the pump-discharge 

section, ft lb,/lb 
•f m 

Pcv2= the control valve pressure drop in the 

pump-discharge section, psia 

p
eq2= the equipment pressure drop in the pump-discharge 

piping section, psia 

p^ s pressure at the surface of piping discharge outlet, 

psia 

Pdis= pump discharge pressure at normal flow, psia 

Pdmax= PumP discharge pressure at max. flow, psia 

velocity-head and the friction-head in the pump-discharge 

section using equations given in Subsection 7.2, are based 

on the following specifications: 

- Location of the pump is location 1 

- Location of the piping discharge outlet is location 2. 

Based on the pump-discharge pressure and the 

pump-suction pressure, the normal and maximum pump total 

differential head can be calculated as follows: 

The calculations of the static-head the 

H » (P 
n 

) 144ZP 

) 144 /i dmax smax 

(7.3-7) 

H (P (7.3-B) 
max 
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where 

Hn = the pump differential head at normal -flow, 

•ft lb,/lb t m 

H = the pump differential head at max. -flow, m a x  f t -  i  

ft lb,/lb -f- m 

P£lis * pump discharge pressure, psia 

Psuct= P^P suction pressure, psia 

PROCEDURE 

1. Specify location 1 and location 2 in the pump-suction 

piping section. Use the considerations given in this 

subsection. 

2. Compute the static-head at the pump-suction piping 

section using Eqn. (7.2-B). 

3. Separate the pump-suction piping section into several 

sections of pipe with similar diameter and flow rate. 

At each section of pipe perform the following 

calculations: 

- If a control valve is present, determine the type 

and calculate the pressure drop 

- If the nominal pipe diameter is specified in the 

problem, determine the pipe internal diameter 

based on the table for dimensions of steel pipe . 

This table has been included in the package as 

file PIPE.DAT. 

- Determine the type and the number of fittings and 
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-flanges 

- Calculate the K -factors -for each type of -fitting 

and flange using the curve-fitted equations in 

Subsection 3.2 

- Compute the equivalent length of all the fittings 

and flanges using Eqn. (7.2-11) 

- Find the pipe roughness factor, R 

- Calculate iteratively the friction factor, f, 

using Eqn. (7.2-12) or (7.2-13 ) and subroutine 

SOLVE. 

- Compute the total equivalent length of straight 

pipe and calculate the friction-head loss using 

Eqn. (7.2-9) 

Calculate the pump-suction pressure at normal flow and 

at maximum flow using Eqn. (7.3-3) and Eqn. (7.3-4) 

respectively. 

Determine the pressure at the inlet of the pump, , 

using Eqn. (7.3-1) 

Compute the available net positive suction head using 

Eqn. (7.3-2). 

Compute the pump-discharge pressure at normal flow and 

at maximum flow using steps 1 to 6 above but perform 

the calculation for the pump-discharge piping 

section. 

Calculate the pump total differential head at normal 

flow and at maximum flow using Eqn. (7.3-7) and Eqn. 
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(7.3-8) respectively. 

PURPOSE 

The above method can be used to determine the pump 

total differential head at normal flow and at maximum flow. 

Also, a method for calculating the available net positive 

suction head is included in this subsection. 

LIMITATIONS 

Since the method in this subsection is also based on 

the equations given in Subsection 7.2, the limitations of 

Subsection 7.2 also affect the results and the versatility 

of the above method, for example the Bernoulli equation 

assumption and the limitation of the number of control 

valve. See Subsection 7.2 for the detailed description of 

these limitations. 

RELIABILITY 

The method described in this subsection is 

relatively reliable from a computational point of view. 
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7.4 The Centrifugal Pump Specifications 

INTRODUCTION 

Among the many types of pumps, centrifugal pumps are 

considered to be the chemical processing industry 

workhorse. Due to their popularity, guidelines for 

preliminary design of centrifugal pumps are readily 

available in the literature. The PUMP package program can 

be used to calculate and determine the detailed 

specifications for centifugal pumps, for example the pump 

suction type, the pump specific speed, the impeller 

rotational speed, and the number of stages. 

THE PUMP SUCTION TYPE AND THE NUMBER OF STAGES 

There are two major types of centrifugal pumps, 

i.e. single suction pumps and double suction pumps. The 

suction type can be selected based on the guidelines given 

in Hicks(1978). The following equations are curve-fitted 

from the graph given in Hicks. 

fl » 1.6036 - 0.0003 X + 3.4011E-6 X2 - 2.4045E-9 X3 

f.2 » 3.1056 + 0.006 X - 0.00004 X2 + 64.309BE-B X3 

f3 « 1.14973 + 0.02731 X - 0.00008 X2 + 7.53407E-B X3 

X " Hmax 

If Q < 10*1 : use single suction pump 

f 1 f 2 If 10 < Q 10 i use single suction or double suction pump 
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If 10*^ < Q < 10*° : use double suction pump 

where 

H • the pump total differential head at maximum flow, 
max 

ft lbx/lb_ + m 

Q •= liquid flow rate, gpm 

Hicks also indicates that the number of stages in the pump 

can be roughly estimated as follows: 

N . » H /S + 1 (7.4-1) 
st max max 

where 

• the number of stages 

S * the maximum head per stage, ft lb./lb_ 
max f m 

approx. 250 ft lbf/lbffl for centrifugal pumps. 

THE SPECIFIC SPEED AND THE ROTATIONAL SPEED 

Performance of centrifugal pumps is related to a 

parameter called specific speed. As defined by the 

Hydraulic Institute, it is a correlation of capacity, head 

and speed at optimum efficiency that can be used to classify 

pump impellers with respect to their geometric similarity. 

Specific speed can be represented as follows: 

N - N Q1/2/H3/4 (7.4-2) 
s 

For single suction pump : H • H max 

For double suction pump : H • Hm||w/2 

where 
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« 

H ™ head per impeller, ft lb,/lb 
t m 

H » the total pump differential head, ft lb,/lb_ 
max f m 

N • pump rotational speed, rpm 

N m specific speed of the pump 
s 

Q - fluid flow rate, gpm 

Evans indicates that a centrifugal pump should have 

as specific speed between 7000 < N < 13000 (1978). Since 
S 

rotational speeds are generally fixed, the pump specific 

speed can be calculated using the above criteria and Eqn. 

(7.4-2). 

Thus the method of determining the rotational speed 

and the specific speed involves trying several values of 

standard pump rotational speeds. The rotational speed which 

gives the suction speed between 7000 - 13000 is the desired 

design rotational speed. 

The following rotational speeds are tried in the 

PUMP package; 10000, 7500, 5000, 3500, 2950, 1750, 1450, 

1160, 860, 575, 490, 350. The units for these rotational 

speeds are rpm. 

PROCEDURE 

1. Calculate fl, f2, and f3 using the curve-fitted 

equations. 

2. Based on the flow rate, determine the type of 
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suction. 

3. I-f the pump total differential head is greater than 

the maximum allowable head per stage, use more than 

one stage. Calculate the number of stage using Eqn. 

(7.4-1) 

4. Try several values of rotational speed and calculate 

the pump specific speed. The rotational speed which 

gives 7000 < Ng < 13000 is the desired designed 

rotational speed. 

PURPOSE 

The methods in this subsection can be used for 

determining the type of suction, number of stage(s), 

rotational speed and specific speed for centrifugal pumps. 

LIMITATIONS 

The above methods should only be used for 

preliminary design of pumps, particularly the calculation of 

the number of stages, and the determination of the type of 

suction. 

The other limitation of the above method is 

concerned with the values of rotational speeds tried in the 

PUMP program for calculating the specific speed. As 

indicated, there are only 12 pump rotational speeds tried in 

the program. These values are taken from tabulated pump 
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characteristic values found in Hicks(1978) and Evans(1979). 

7.5 The Total^Brake Horsepower and the Hydraulic Horsepower 

INTRODUCTION 

One o-f the most important parameters in pump design 

is the total brake horsepower of the pump. This parameter 

indicates the actual horsepower delivered to the pump shaft 

for moving the liquid. Brake horsepower is frequently used 

in the determination of the pump cost and the pump driver. 

METHOD 

The pump brake horsepower (BHP) is a function of the 

pump efficiency and the hydraulic horsepower. The following 

equations can be used to calculate the pump BHP: 

WHP - Q H S/3960 (7.5-1) 
flIAX 

BHP « WHP/EFF _ (7.5-2) 

where 

BHP • pump brake horsepower, hp 

EFF « pump efficiency 

H • pump total differential head at max. flow rate, 
max 

ft lb,/lb„ T ID 

Q m maximum liquid flow rate, gpm 

WHP • hydraulic horsepower, hp 

S ™ liquid specific gravity 
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As can be seen in Eqn. (7.5-2), the pump efficiency 

must first be established before the pump brake horsepower 

can be calculated. During preliminary pump design, pump 

efficiencies from the pump manufacturer are usually used for 

estimating the brake horsepower. 

For centrifugal pumps, several general charts have 

been made to aid in the calculation of pump efficiencies. A 

typical example of a centrifugal pump efficiency chart is 

given in Evans(1979). The curves in this chart have been 

curve-fitted and used in the PUMP package program. The 

following equations are the results of the curve-fitting 

procedure. 

For Q • 20 ; 

EFF - -1.5368 + .314899 X .117453 X2 

For Q » 30 | 

EFF » 25.3205 - 18.4072 X + 3.38601 X2 

For Q « 40 ; 

EFF « -14.03B1 +_6.96205 X + .42987 X2 

—.4B1214 X^ + .034341 X* 

For Q " 60 ; 

EFF « -10.3308 +_6.50795 X - .8590B4 X2 

-0.32988 X 

For Q * 00 ; 

EFF - -7.73349 + 5.11761 X - .780559 X2 

For Q * 100 ! 

EFF « -4.56702 + 3.05116 X - .44142 X2 
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For Q - 150 ; 

EFF = -3.2676 + 2.2574B X - .316679 X2 

For Q • 200 ; 

EFF • -3.30244 + 2.3229 X - .331631 X2 

For Q •» 300 | 

EFF • -2.9411 + 2.14205 X - .307894 X2 

For Q • 400 ; 

EFF - -3.09013 + 2.26626 X - .330923 X2 

For Q • 500 ; 

EFF • -.781141 + .293001 X + .125187 X2 

.0117 X^ - .009841 X* 

For Q - 700 s 

EFF « -.199798 _+ .153085 X.- .068699 X2 

.106448 X -.021608 X* 
( 

For Q • 1000 | 

EFF - -3.73615 + 2.71901 X - .404135 X2 

For • • 2000 ; 

EFF « -2.52075 + 1.9838 X - .291815 X2 

For • « 3000 { 

EFF • -2.30822 • 1.86979 X - .275312 X2 

For Q • 5000 ; 

EFF * -1.7745 +-1.14114 X - .013615 X2 
.018265 X^ - .023571 X* + .00301 X5 

For Q - 10000 ; 

EFF « -1.7628 + 1.55866 X - .228373 X2 

X - log(N > s 

where 
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EFF • pump efficiency 

Na = pump specific speed, defined by Eqn. (7.4-2) 

Q • liquid flow rate or pump capacity, gpm 

Centrifugal pump efficiencies for intermediate 

liquid flowrates can be interpolated between the two 

adjacent pump efficiency values. 

PROCEDURE 

1. Calculate the pump specific speed using Eqn. (7.4-2). 

2. Determine the pump efficiency using the appropriate 

curve-fitted equations. 

.3. Compute the hydraulic horsepower using Eqn. (7.5-1). 

4. Based on Eqn. (7.5-2), calculate the brake horsepower. 

PURPOSE 

The above method can be used to calculate the 

centrifugal pump efficiency and the required brake 

horsepower of a pump. 

LIMITATIONS 

Currently, the PUMP package program can only be used 

to calculate the efficiency of centrifugal pumps. For other 

type of pumps, the pump efficiency must be specified by the 

user of the program. 
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