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Preface

“Thermodynamics” is an important subject in engineering studies and has applications in almost all fields

of engineering. As such, it is included as a ‘core subject’ in the engineering syllabi of many Universities.
In engineering colleges, generally, the subject of Thermodynamics is taught over two semesters:

a) In the first half, ‘Basic Thermodynamics’ is taught. This covers the topics of Units,
Pressure, Temperature, Properties of Pure substances, Zeroth Law, Heat and Work, First
Law of Thermodynamics for a closed system and for flow processes, Second Law of
Thermodynamics, Heat engines, Refrigerators and Heat Pumps, Entropy, Availability and
Irreversibility, Real and Ideal gases and Gas mixtures etc.

b) In the second half, ‘Applied Thermodynamics’ is dealt with. Here, the topics studied are:
Thermodynamic relations, Vapour power cycles, Gas power cycles, Refrigeration cycles,

Psychrometrics, Reactive Systems and Compressible fluid flow.
Thermodynamics is also considered as an abstract subject by students since many of the concepts
introduced are unfamiliar to them. Therefore, the subject is better learnt by solving a large number

of problems.

This book contains solutions to problems in Basic Thermodynamics, as per the syllabus of B.E. courses

in Visweswaraya Technological University (VTU), Karnataka, India (and other Universities as well).
Solutions to Problems in Applied Thermodynamics will be presented in a subsequent book.

In this book, problems are solved using three popular software, viz. “Mathcad”, “Engineering Equation
Solver (EES)” and “The Expert System on Thermodynamics (TEST)”.

Comments are included generously in the codes so that the logic behind the solutions is clear. An

introductory chapter gives a brief overview of the software used.
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Advantages of using computer software to solve problems are many:

1) It helps in solving the problems fast and accurately

2) Parametric analysis (what - if analysis) and graphical visualization is done very easily. This
helps in an in-depth analysis of the problem.

3) Once a particular type of problem is solved, it can be used as a template and solving similar
problems later becomes extremely easy.

4) In addition, one can plot the data, curve fit, write functions for various properties or
calculations and re-use them.

5) These possibilities create interest, curiosity and wonder in the minds of students and

enthuse them to know more and work more.

This book is an expanded version of the teaching notes of the author, who has taught this subject over

the past many years to Engineering students.

S.I. Units are used throughout this book. Wide variety of worked examples presented in the book should

be useful for those appearing for University, AMIE and Engineering Services examinations.

This particular book may be used in conjunction with any of the standard Text Books on Engineering

Thermodynamics.

The book is presented in four Parts:

Part-1 contains the following:
Chapter 1. Introduction to the Software used
Chapter 2. S.I. Units, Unit conversion, Pressure, Temperature etc.
Chapter 3. Properties of Pure substances

Part-2 contains problems on following topics:

Chapter 4. Work, Heat and I Law of Thermodynamics applied to Closed Systems
Chapter 5. I Law of Thermodynamics applied to Flow processes

Part-3 contains problems on following topics:

Chapter 6. II Law of Thermodynamics
Chapter 7. Entropy
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Part-4 contains problems on following topics:

Chapter 8. Availability and Irreversibility
Chapter 9. Real and Ideal gases and Gas Mixtures
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About the Software used

Following three software are used while solving problems in this book:

1. Mathcad 2001 (Ref: www.ptc.com)
2. Engineering Equation Solver (EES) (Ref: www.fchart.com), and

3. The Expert System for Thermodynamics (TEST) (Ref: www.thermofluids.net)

Trial versions of the first two software and detailed Instruction Manuals may be down-loaded from the

websites indicated.

TEST is a very versatile and popular Java based software for solving Thermodynamics problems and can

be accessed freely on the website indicated. Initially, free registration is required.

Chapter 1 gives an introduction to these software as well as some free software available for water/steam

properties, humidity calculations and Unit conversions.
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To the Student

Dear Student:
Thermodynamics is an important core subject useful in many branches of engineering.

When the subject ‘Basic Thermodynamics’ is first introduced, students often feel that it is an abstract
subject, since the terms such as ‘work] ‘heat’ ‘energy’ etc seem to appear with new meanings; also, terms
such as ‘entropy, ‘enthalpy, ‘exergy’ etc are rather unfamiliar! In addition, the teacher talks of the Carnot
cycle as an Ideal cycle, but says that ‘it is not a practical cycle’! Immediately the student asks himself: ‘then,
why am I studying this?’ Well, importance of these topics are appreciated by students only when they
are exposed to ‘Applied Thermodynamics’ where topics such as Gas power cycles used in I.C. Engines

and Turbines, Vapour power cycles used in Power plants, Refrigeration cycles etc are taught.

Best way to learn such an abstract subject is to work out a large number of problems, particularly of

practical applications.

This book contains solutions to problems on ‘Basic Thermodynamics’ using three popular software, viz.
Mathcad, Engineering Equation Solver (EES), and The Expert System for Thermodynamics (TEST). Trial
versions of Mathcad, and EES can be downloaded from the websites indicated. TEST can be accessed

directly from the website www.thermofluids.net after an initial, free registration.

Problems in this book are chosen from the University question papers and standard Thermodynamics
Text books.

Use of Software in solving problems has many advantages:

It helps in logical thinking
Problems are solved quickly and accurately
Parametric solutions (or ‘what-if” solutions) are obtained easily

Solutions can be presented in tabular or graphical form, very easily and quickly

ok e

Once a particular type of problem is solved, solving a similar problem with different data

input becomes very easy

6. Ease of getting solutions to problems in tabular or graphical form creates further interest
and curiosity on the subject and encourages students to be creative and work further

7. In Thermodynamics, traditionally, one has to interpolate property values from Tables, and

this is a very tedious process while solving problems. Use of suitable software allows one to

get accurate property values with minimum effort.
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How to use this Book?

You need not worry if you don’t know about these software. Since each problem is solved systematically
step by step, and is well commented, just reading through the solution will make the logic of the solution
clear to you. That is the most important thing in solving the problems. Then, you must work out the
problem yourself, by hand or using the software. Of course, use of software has the above-mentioned
advantages. Simply reading the book won’t do. Have your favorite Text book nearby, in case you need to
refer to it for any formulas or clarifications. There is no other ‘easy method’ As they say, ‘Success is 1%

inspiration plus 99% perspiration!’
Lastly, I hope that you too will enjoy as much as I did in solving these problems. Good Luck!

Author
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1 Introduction To The
Software Used

Learning objectives:

1. In this chapter, a brief overview is given about three very useful commercial, technical
software, viz. Mathcad, EES and TEST, particularly useful to solve problems in
Thermodynamics.

2. This chapter is not intended as a tutorial on these software. However, since many examples
have been worked out, it is expected that the reader will get sufficient working knowledge on
use of these software.

3. In addition, four ‘free’ software are described, with worked examples. Out of these, two
programs viz. SteamTab of ChemicaLogic and SteamTable of Figener S/A are for finding
out properties of Steam/Water and the ‘Humidity Calculator’ program of Vaisala, Finland
is for psychrometric calculations. Also, a very useful program for Units conversion viz.
‘UConeer’ from Katmar Software is explained. They are handy, little programs, though with

some limitations.

1.1 Introduction:

“Thermodynamics’ deals with heat, work and their interactions. Traditionally, Thermodynamics course
requires considerable amount of problem solving, since the subject is studied better by applying the
theory to practical problems. Study of Thermodynamics also involves referring to tables and charts to
find out the thermodynamic and other properties of various working substances such as water/steam, air,
refrigerants, fuels etc. Interpolation in tables and charts is always a tedious work and is a source of error.
With the advent of high speed personal computers, and with the availability of good thermodynamic and
technical computing software, calculations and problem solving in Thermodynamics has become easy,
fast and straight-forward. However, it must be clearly appreciated that there is no substitute for ‘thorough
understanding’ of the theory on the part of the student; computers are only tools to be used efficiently,

and cannot replace the originality, thinking, analysis and intuition associated with human brain.

In this book, problems in Thermodynamics are solved using three popular software, viz. Mathcad,
Engineering Equation Solver (EES), and The Expert System for Thermodynamics (TEST). We also
introduce four ‘free’ software, viz. ‘SteamTab Companion’ (from M/s ChemicaLogic Corporation) and
‘SteamTable’ (from M/s Figener S/A) to determine the properties of Steam/Water, ‘Humidity calculator’
from Vysala Oyj (Finland) for psychrometric calculations, and ‘Uconeer} a very popular Units conversion

program from Katmar Software.

Download free eBooks at bookboon.com



In this Chapter, we shall give an introduction to these software. It is not intended to give a tutorial on
these software; but, only the salient features immediately required for the purpose of solving problems
in the present context, will be explained. These software, have much higher capabilities than explained
here, and for a detailed information on any of them, the reader must refer to the respective instruction

manual or specialized publications on that particular software.

1.2 About the software:
1.2.1 Mathcad:
What is Mathcad?

Mathcad, supplied by M/s Parametric Technology Corporation, USA, is a very powerful and popular
problem solving tool for students of Science and engineering. It turns the computer screen in to a ‘live
Maths note pad; and has a ‘free form interface] i.e. you can add equations, text and graphs in a single
document. One great advantage of Mathcad is that equations are entered in ‘real Math’ notation (i.e. as
you would enter in a note pad by hand) and not in a single line, complicated manner as in programming
languages such as FORTRAN. This makes it very easy to see if there is any mistake committed while
entering the equation. There are built-in functions and formulae and there is facility for user-defined
functions too. Unlimited vectors and matrices, ability to solve problems numerically and symbolically
, root finding, quick and very easy 2-D and 3-D graphics, ‘click selecting” of greek and other symbols
from palettes are some other high-lights. All this is done without any programming, but, just with a

few clicks in Windows.

Symbols in Mathcad worksheet:

Mathcad uses usual math notations. +, -, * and / have usual meaning: addition, subtraction, multiplication
and division. One advantage in Mathcad is that you can assign a value to a variable and use that
variable subsequently throughout your worksheet. Symbol for assignment is:= i.e. a colon combined

with ‘equal’ sign.

Consider the following example. Let variables A, B and C be assigned values of 3, 5 and 7 respectively.
Then, the product A .B. C is obtained by simply typing A.B.C =, i.e. result is obtained by typing the
desired mathematical operation, followed by = (i.e. equals sign of maths). Some typical calculations

using A, B and C are shown below:

A=3 B=5 C:=7 ....assigning values to variables A, B and C
A-B-C=105 ....multiplication
2A+8B-4C=18 ....multiplication, addition and subtraction
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A-B
=2.143 ....division
C
B’- 4.A.C=-59 ....eXxponentiation
[ 3. 3. (3 .
A”+ B+ C =22249 ..taking square root
A C g1 s . .
exp| — | = 1.089 ....using ‘built-in’ exponential function
B-C

Note that typing the equals sign (‘ =) after typing the mathematical operation, gives the final result

immediately and accurately.

‘What-if’ analysis in Mathcad:

If a phenomenon depends on any variables, estimating the effect of varying one variable on the
phenomenon, while rest of the variables are held constant, is known as ‘what-if” analysis. Such an

analysis is carried out very easily in Mathcad.

Consider, for example, the heat flow by conduction through a rod.

“I studied
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Heat flow rate Q, through the rod is given by:

Q=k-A~<T =Ty W

where, k = thermal conductivity of the material, (W/(m.K)
A = area of cross-section of the rod, m?
(T, - T,) = temperature difference between the two ends of rod, (where T1 > T2), and
L = Length of rod, m

Now, suppose that we are interested to find out the value of Q for rods made of different materials,
say, copper, Aluminium and stainless steel. i.e. we would like to study the variation of Q with k, rest of
the variables being held constant. This is done very easily and quickly in Mathcad, as follows: Let T, =
300K, T,=200K,L=05m, A=0.785x 10" m*

First, define Q as a function of all variables. Then, write the data, assigning values for T, T,, L and A.
Next, assign the first value of k (i.e. for copper), and type ‘Q(k) =’ (i.e. Q(k) followed by an ‘equals’
sign), and the value of Q appears immediately. Now, to see the change in Q for the next value of k, again,
assign the new value for k, followed by ‘Q(k) =, and the new value of Q appears immediately. Similarly,

repeat for other values of k. Entire worksheet of these calculations is shown below:

Q=k.A.<T1*T2)

...W...heat transfer rate by conduction
T,;:=300 K, T,=200 K, L'=05 m, A=078510" m2

Q <k, AT T, L> KA. <T - T 2) ....define Q as a function of variables involved
L

Copper: k=407 W/(m.K)....mean value of k between 300 K and 200 K

Then,  Q(k,A,T . T L) =639 W....Ans.
Aluminiumm: k=237 W/(m.K)....mean value of k between 300 K and 200 K
Then, Q(k.A,T |, T, L) =372 W....Ans.
S.S (AISI 304): k =13.75 W/(m.K)....mean value of k between 300 K and 200 K
Then, Q(k,A,T |, T L) =0216 W....Ans.

Download free eBooks at bookboon.com



In a similar manner, by individually changing other values viz. area of cross-section (A), end temperatures

(T, T,) and length (L), effect on the heat transfer rate (Q) can be studied.

Producing the results in tabular form:

Many times, we need the results to be presented in a tabular form. This is done very easily in Mathcad.

Let us say, we need to produce a table of values for air standard efficiency (n_ ) of Otto cycle against

otto

the compression ratio (r,).

1

(y—1)
'k

T otto <’/v rk> =1- ~=Totto is defined as a function of y and r,
To draw the Table: First, define a range variable r,, varying from 6 to 15 with an increment of 1. Then
typing r, =’ immediately gives the values of r, one below the other; similarly, type n , (y,r,) =, and

values of ) (y,r,) appear one below the other. Arrange these two sets side by side, and we have the

otto

required results in a tabular form. This worksheet procedure is shown below:
y = 1.4..ratio of sp. heats for air

1y :=6,7..15.... define range value of comp. ratio

1
(y—=1

1 otto <Y ’rk> =1- .M, 18 defined as a function of y and rk

Tg
Ik 1 ottol? -7k
6 0.512
7] 0.541
8 | 0.565
9 | 0.585
10 0.602
1| 0.617
12 0.63
13| 0.642
14 0.652
15| 0.661
Graphing in Mathcad:

Graphing in Mathcad is very easy. Let us say, we would like to produce a graph of the Air standard effcy.

of Otto cycle against the compression ratio.
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We have:
— 1 1
M otto <Y’ rk> Aw— ~~Totto  js defined as a function of y and r,
'k

First step is to define a ‘range variable’ r,, varying from say, 6 to 15, in increments of 1. In Mathcad, it

is written in the form:
1, =6,7..15 ... define range value of comp. ratio

Then click on the graphing palette, and select the x-y graph. A graphing area appears with two ‘place
holders; one on the x-axis and the other on the y-axis. Fill in the x-axis place holder with r,. On the y-axis
place holder, fill in n_, (y,r,). Click any where outside the graph and immediately the graph appears.
Further, there are simple mouse-click commands for giving titles for the graph, x-axis and y-axis, and
also for showing grid lines and legend. Logarithmic scaling also can be applied by simple mouse click

commands. Entire worksheet is shown below:

DUKE

= THE FUQUA
SCHOOL
OF BUSINESS

i

BUSINESS HAPPENS

qua.duke.edu/globalml

Learn More »
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Prob 1: Find out the air standard efficiency of Otto cycle for a compression ratio of 7. Draw a
graph of compression ratio vs. air standard eficiency far compression ratios varying fram B to
14,

YWWe have for Air standard efficiency of Otta cycle:

1

T otto =1 - where = ratio of sp. heats for air
[y-1)
T
k . .
tk = compression ratio
Mo, ry =7 ..compression ratio yi=14
Therefare, W oattg =1- (1_13 ig. T otpn = 0541 ....thermal effcy....Ans.
I’k Y
To draw the graph: ty =6,7.15 .... define range value of comp. ratio

'r;' uttn('?:rk} =1- 5 e Watte 15 defined as a function of v and r,
T
k

Otto cyele-- The effey. ws, comp. ratio

0.7
E‘.‘ 065
®
i)

Moot YTy

'E' b 0.6
o
N
= 0.55

0.5

G 2 10 12 14 16
Ty
Comnpressiot, Tatio

4

Fig. 1.1 Mathcad Worksheet for producing graph of Otto cycle efficiency
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Solving a set of simultaneous equations (both linear and non-linear):

To solve a set of simultaneous equations, we use the ‘Solve block’ of Mathcad. Again, the procedure is very
simple: start with guess values for the variables involved say X, y, z. Then type ‘Given’ and immediately
below it, type the constraints, i.e. the set of equations to be solved. Here, while typing the constraints, take
care to use the “ =’ sign, and not the assignment sign, “: =’. Then type Find(x,y,z) =", and immediately,
the answer appears, in vector form, giving values of x, y and z, in that order. Entire worksheet of solving

a set of three equations is shown below:
7
A
D] Slav| |||l | |- | mlel=] o]eA] @2
|N|:|rmal ﬂ |.ﬁ.rial ﬂ |'IEI ﬂ B |I|ﬂ||§§|

Prob. 2: Solve the following set of 3 equations:

2x-y4+z=5
3-x2+2-5r— z=1

Ty 4+ 2 z=E

Solution:

otant with gquess values far ¥, y and

x:=1 vi=1 z:=1 ....guess values +

2a—y+E=5h

2
3%+ 2y z=2
x4 2z=E

1.141
Find(x,v,2) = | 0816
3.535

ie. x=1.141 y=0.516 z=3.535 .. Ans.

Fig. 1.2 Mathcad Worksheet for solving simultaneous equations
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Mathcad has several other capabilities such as: differentiation, integration, matrices, symbolic calculations
etc. There is also programming capability in Mathcad with the usual constructs such as if-then-else, do-
loops etc. Thus, with its very wide mathematical and graphing functionality, coupled with programming
capability and the convenience of Windows platform, Mathcad is a very powerful and versatile tool for

engineering and scientific calculations.

Note:Itis pertinent to make one note here. Mathcad does not contain built-in functions for thermodynamic
properties of working substances such as steam/water, air, refrigerants, fuels etc; one has to buy separately

add-in programs supplied by third parties.

1.2.2 Engineering Equation Solver (EES):
What is EES?

EES, supplied by M/s F-Chart Software, USA, is basically an equation solver, which gives numerical
solutions of a set of linear or non-linear algebraic or differential equations. EES also provides built-in
functions for thermodynamic and transport properties of many fluids such as water/steam, dry and moist
air, refrigerants, cryogenic fluids, fuels and others. User written data and functions can also be added
to the library. Parametric study can easily be conducted to provide optimum design solutions. There
is good graphing capability and publication quality graphs of different types can easily be generated.
Combined with this is the programming capability, as in other computer languages such as ‘Fortran’ or

‘C’, making EES a powerful tool to solve problems in Thermodynamics.

Join American online

Interactive Online programs

Special Christmas offer:

enroll by December 18th, 2014
start studying and paying only in 2015 §
save up to $ 1,200 on the tuition! '
Interactive Online education
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Equations Window of EES:

As you start EES, equations window appears. Here, you enter your equations. Formatting rules are as

follows (Ref: F-chart.com):

1. Upper and lower case letters are not distinguished. EES will (optionally) change the ease of
all variables to match the manner in which they first appear.

2. Blank lines and spaces may be entered as desired since they are ignored.

3. Comments must be enclosed within braces { } or within quote marks “”. Comments may
span as many lines as needed. Comments within braces may be nested in which case only
the outermost set of { } are recognized. Comments within quotes will also be displayed in
the Formatted Equations window.

4. Variable names must start with a letter and consist of any keyboard characters except () |
*/ 4+ - A {}: “or;. Array variables are identified with square braces around the array index
or indices, e.g., X[5,3]. String variables are identified with a $ as the last character in the
variable name. The maximum length of a variable name is 30 characters.

5. Multiple equations may be entered on one line if they are separated by a semi-colon (;). The
maximum line length is 255 characters.

6. The caret symbol /A or ** is used to indicate raising to a power.

7. 'The order in which the equations are entered does not matter.

8. The position of knowns and unknowns in the equation does not matter.

Unit System:

Initially, EES is configured for SI system. Go to ‘Unit System’ under OPTIONS menu, if you need to

check or change the unit system. See screen shot below:

2|x]

Unit System Specific Properties
& sl * Mass basis i
" English " Molar basis
Store

Temperature Units Prezsure Units
* Celsius " Pa " bar
" Kelvin * kPa ¢ MPa

] ) ) « Ok
Energy Units Tng Functions
o d (+ Degrees x Cancel
(v kd " Radians —_

—"\Ll riit System AStop Crit Alntegration 4 Dptions 4 Display AE quations APrinter 4Plots /

Fig. 1.3 EES screen shot - setting Unit system
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Also, go to “Variable Info’ under OPTIONS menu and set the units of all variables; this makes sure that

all units are consistent and avoids unnecessary error messages popping up.

Formatted equations Window:

In this window, you can see the equations entered in the equations window, in a formatted manner. This

is useful to quickly check if you have entered the equations properly.

Solutions Window:

After entering the equations successfully, press F2 to solve; solutions window will appear with all

variables shown.

Example: Let us now solve in EES the same system of three equations, solved in Mathcad earlier. Equations

window, Formatted equations window and Solutions window are shown below:

ES Academic Commercial;: D:\BTD Text Book\Prob_1.EES

File Edit Search Options Calculabe  Tables: Flots  Windows Help  Examples

quations Window
"Sokving & systemn of three equations:” %
Solving a system of three egquations:

Eperiie Jenestens Enter the 3 equations:

2%eyrz=h ¥ -y + I = &
T 24202
Xy TenE

Unit Settings: [kKJ/[C)[kFal{kalldegrees]
¥ =1141 w=08159

Mo unit problems were detected.

Calculation time = .0 sec

Fig. 1.4 EES Worksheet to solve a system of simultaneous equations

As expected, answers are the same as obtained with Mathcad.
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Parametric study in EES:

One of the most useful features of EES is its ability to provide parametric studies. For example, let us
work out the Air standard efficiency of Otto cycle for various values of compression ratios. This is the

same problem as worked out earlier with Mathcad.

First, enter the equation in the equations window. Next, select the New Table command. A dialog will

be displayed listing the variables appearing in the Equations window.

Mew Parametric Table ﬂ'@i
Mo. of Buns |10 5| Table: |Tahle 2

Yarniables in equations Yariablesz in table
gamma
r_k Add =

<=

[v Show Array Yariables

X Cancel

Fig. 1.5 EES screen shot - setting up the Parametric Table

Choose the variables r_k and eta_otto for the Table and click OK. The Parametric Table works much like
a spreadsheet. You can type numbers directly into the cells. Numbers which you enter are shown in black
and produce the same effect as if you set the variable to that value with an equation in the Equations
window. Delete the r_k =6 equation currently in the Equations window or enclose it in comment brackets
{ }. This equation will not be needed because the value of r_k will be set in the table. Now enter the
values of r_k for which eta_otto are be determined. Values of r_k = 6 to 15 have been chosen for this
example. Now, select Solve Table from the Calculate menu. The Solve Table dialog window will appear
allowing you to choose the runs for which the calculations will be done. Click the OK button. A status
window will be displayed, indicating the progress of the solution. When the calculations are completed,

the values of eta_otto will be entered into the table.
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CEx) s

Table 1 |

"Otto cycle efficiency:”

gamrnas=1.4 "ratio of sp. heats for air
{r_k=B "compression ratio"}
eta_otto= 1- (1/r_K)"{gamma-1)

]

Fig. 1.6 EES Worksheet - calculations in Parametric Table

Graphing in EES:

Select New Plot Window from the Plot menu. The New Plot Window dialog window shown below will
appear. Choose r_k to be the x-axis by clicking on r_k in the x-axis list. Click on eta_otto in the y-axis
list. Select the scale limits for r_k and eta_otto, if required. Grid lines make the plot easier to read. Click
on the Grid Lines control for both the x and y axes. When you click the OK button, the plot will be
constructed and the plot window will appear. In the screen shot shown below, all the tree windows (i.e.

Equation, Parametric Table and the Plot windows) are arranged side by side:

EUROPEAN
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FIN:\NCIAI. TIMES

busr‘s

W sche
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MASTER IN MANAGEMENT 4§ 1 E= |}

Because achieving your dreams is your greatest challenge. IE Business School's Master inManagement taught
in English, Spanish or bilingually, trains young high performance professionals at the beginning of their career
through an innovative and stimulating program that will help them reach their full potential.

Choose your area of specialization.
Customize your master through the different options offered.
Global Immersion Weeks in locations such as Rio de Janeiro, Shanghai or San Francisco.

Because you change, we change with you.

www.ie.edu/master-management mim.admissions@ie.edu f in YouTube L
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2 Lo Winine ___ 51X ol
"Otto cycle efficiency:” Pt | s
gamma=1.4 "ratio of sp. heats for air" =
{t_k=6 "compression rafio”} L}

eta_otto=1- (1/r_K)"(gamma-1) 0.68 7 T ‘

0.68

= Parametric Table
Table1 |

1.40

Fig. 1.7 EES graph - screen shot

Once created, there are a variety of ways in which the appearance of the plot can be changed. Refer to

the EES manual for further study. Help can also be obtained at any time by pressing F1.

Fluid property functions in EES: As mentioned earlier, EES has built-in functions for thermodynamic

and properties of a variety of fluids, making it very convenient to solve problems in Thermodynamics.

As an example, let us find out the isentropic work produced in a turbine when steam expands from 30

bar, 350 C to 10 kPa. Also, find out the quality of exit steam.

Procedure is as follows: We know that isentropic turbine work = (h1 - h2) per kg of steam, where h1 =
enthalpy at inlet to the turbine, and h2 = enthalpy at exit. In EES, open the Equations window. Enter
the given data:
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= GIE(E vIE | =MIE) &) ) EIREE @S B 2
"Example: Tofind isentropicwork of stearm turbine:"
F1=3000 "kPa" I
T1=350 "deg.C"
F2=10"kFa"

"MNow, we need to find the enthalpies..."

Fig. 1.8 EES Worksheet to find Isentropic work of Turbine

Now, to get enthalpies of steam/water we have to use the built-in functions of EES. Before doing so, it is
important to confirm that the unit settings are alright. So, under OPTIONS menu, click on ‘unit system’

and check that units are set OK, as shown earlier.

SMS from your computer
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Now, go to ‘Function Info’ in OPTIONS menu: Select ‘Fluid properties’ button. On the RHS, names of
several fluids appear. Select Steam_NBS. On the LHS, select the property required viz. Enthalpy. To get
enthalpy, you have to input any two independent properties. You can choose the independent properties,
using the selection arrows at the bottom of screen. We have chosen P and T for state 1, since the same
are given as data. Format for entering the function is also shown at the bottom line, in Ex: (see the

screen shot below).

" Math functions

i* Fluid properties
" Solid/liquid properties

? Function Info

i~ EES library routines
" Esxternal routines
i ]Bniling and Condenszation LJ

?  Fluid Info
AcentricF actor A |RT17F A
Conductivity ['w/m-K] — |RA18 =
Cp [kJ/kg-K] R744
Cv [kJ/kg-K] RC318
Density [kg/m3] s02
Dipole [debye] Sodium
ek LJ[K Steam
p 1 Steam_|APWS

Enthalpy_fusion [kJ/kg] Steam MBS =
Entropy [kJ/kg-K] | |SulfurHexafluoride b
Independent Properties

]Temperature IC] LJ ]Plessure [kPa] L]

Ex: ]h_1 =E nthalpy[5team_MBS5.T=T_1.P=P_1]

Fig. 1.9 EES - Function Info window

I

X Done

Now, paste the format on the equations window, taking care to enter the same notations for P and T
used earlier. For state 2 at the exit of the turbine, input the pressure and entropy; the pressure at exit of
turbine, P2, is given as 10 kPa and we know that s2 = s1 for isentropic expansion in turbine. To determine

quality at state 2, input pressure P2 and enthalpy h2.
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Go to ‘Variable Info’ under OPTIONS menu and set the units of all variables to make sure that all units

are consistent and no unnecessary error messages pop up. Screen shot is shown below:

5= Variable Information
I3

Show array variables |
[~ Show string variables @
Variable [FSS_E Lower Upper Display Units Key Comment
BT 3115 -infinity infinity - A LM kfkg
h 2 2135 -infinity infinity A 0 M kdikg
P1 3000 -infinity infinity & 0 N kPa
P2 10 -infinity infinity A 0 M kPa
51 6.742 -infinity infinity & 3 N kdkg-C
5 2 6.742 -infinity infinity A 3 M kd/kg-C
m 350 -infinity infinity A 1 N G
W turb 979.7 -infinity infinity A 1 M klikg
12 0.8124 -infinity infinity A 3 M

o ok ES Apply 2 print | Upda‘lel X cancel A

Fig. 1.10 EES - Variable Info window to set Units

Now, press F2 to calculate. Solutions window will appear, where we read the isentropic turbine work as
979.7 kJ/kg and the ‘quality” at exit of turbine, x2 as 0.8124. See the screen shot below:

£ Equations Window
"Example: To find isentropic work of steam turbine:"

‘Prl :ggg”d';zﬁc Unit Settings: [kJﬁC]f[kPa];[kg];[degrees]

Pe=10"kPa" hy =315 [kJikg] hz=2135 [kifkg]
Mow, we need to find the enthalpies P1 =3000 [kPs] P2 =10 [kPs]
h_1=Enthalpy(Steam_NBS.T=T1.F=F1) "kfkg, enthalpy at entry ta turbine" 51 =6.742 [kfkgC] 52 =6.742 [klfkogC]
s_1=Entrapy({Steam_MNES T=T1.F=F1) "klfkg¥ entropy at entry ta turbine” 3 .
s_2=s_1"_forisentropic expansion in turbing" 11 =350 [E] Wi =979.7 [kl/kg]
h_z=Enthalpy(Steam_MNBS.P=F2 s=5_7) "kJ/kg. enthalpy at exit from turbing" %2 =0.8124

W _turbi=(h_1-h_2) "kdfkg"
x2=Cluality(Steam_NBS F=F2 h=h_2) " finds the quality at exit"
Mo unit problems were detected.

Calculation time = .0 sec

Fig. 1.11 EES Solution Window-- Isentropic work of Turbine

Thus, we see that EES is a very versatile software. It is easy to learn, has an intuitive interface, and is
particularly suited to solve problems in Thermodynamics because of its built-in functions for a large
number of substances. EES is developed by Prof. Klein and his colleagues who teach Thermodynamics

and Heat Transfer at Wisconsin University, USA.
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1.2.3 The Expert System for Thermodynamics (TEST):
What is TEST?

TEST is a web based learning tool for Thermodynamics. It is not a ‘commercial’ software, in its strict
sense. Educational version of TEST is freely made available to Educators by the author of TEST, Prof.
Subrata Bhattacharjee. ‘Mirroring’ is also encouraged to ensure that every one has access to the same,
updated version.

TEST, according to its author, Prof. Subrata Bhattacharjee of San Diego State University, USA, is “..a
visual environment to solve thermo problems, pursue what-if scenarios, perform numerical experiments,
and engage in a life-long learning experience... It is a visual platform where a user can look up traditional
charts and tables, explore hundreds of thermodynamic systems through Flash animations, browse online
solutions to problems”. Calculations in TEST are done by...Daemons — smart thermodynamic calculators
customized for specific classes of problems”. A TEST solution is visual in nature, but can be saved and

recreated later.

The Wake

the only emission we want to leave behind

Low-speed Engines Medium-speed Engines Turbochargers Propellers Propulsion Packages PrimeServ

The design of eco-friendly marine power and propulsion solutions is crucial for MAN Diesel & Turbo.
Power competencies are offered with the world’s largest engine programme — having outputs spanning
from 450 to 87,220 kW per engine. Get up front!

Find out more at www.mandieselturbo.com

Engineering the Future — since 1758.

MAN Diesel & Turbo
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‘Daemons’ (i.e. TEST calculators) can be used to evaluate thermodynamic properties, define complete
states, analyze thermodynamic systems such as: IC engines, gas turbines, steam power plants,
refrigeration, air-conditioning, combustion, etc., and perform what-if analysis, produce solution report,
plot thermodynamic charts, and create solution macros called TEST-codes, which can be saved for
later use. TEST has a rich database of working substances - solids, liquids, gases, gas mixtures, phase-
change fluids, moist air etc. One can also create a custom solid, liquid, or gas. There are more than forty
refrigerants in the TEST database. TEST also has hundreds of animations of systems and old fashioned
thermodynamic tables and charts are also provided. There is an I/O panel, wherein one can perform
numerical calculations in an ‘Excel-like environment. Refer to the exhaustive tutorial of TEST (Ref:

www.thermofluids.net) for complete instructions on using TEST.

While TEST is great as a visual solution to problems in thermodynamics, another aspect to be remembered
is that the equations, formulas and steps involved in calculations are hidden ‘behind the scene’ Therefore
TEST is very much useful as a visual tool for quick calculations and verification of designs. To produce
‘publication quality’ graphs, it is recommended that the graph data produced in TEST are transferred

to some other software such as Excel (or any other) for further processing.

Systematic approach to solve thermodynamic problems:

Fig. 1.12 shows the TEST — Map i.e. classification of daemons for solving different types of thermodynamic
problems. Essentially, there are 3 types of daemons: Basic, State and System daemons. See the sub-
classification under each type of daemon. Note that under “Basic’ daemons, there is a very good Units
conversion program, a desk calculator and conventional thermodynamic property tables. Click on the
appropriate daemon to bring it to surface. “...The core of the daemon is its robust state calculator, which
bundles the relevant state variables (p, T, v, u, h, s, etc.) into a single graphical interface called a state.
You can enter the known state variables in any desired units and calculate the state fully or partially by
the click of a button. The daemon checks for redundancy in inputs, determines phase composition, and

plots simple thermodynamic diagrams (such as the T-s diagram, psychrometric plot etc.)”.
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Basic Tools

l l

|
System Analysis

Closed Open
| |

|
Unsteady Process

Steady Stale Steady State

|
States & Fl’roperties
[ l
Uniform Uniform
Svstem Flow

| |

|
Unsteady Process

| {cycles) | |
Generic “].:y Spedcific Generic Specific
I
| l
Reciprocating Cvcles  HVAC/Psychwometry Comb. & Fquilibrium
I [ i i
Uniform Non-Mixing Semi-Mixing Mixing
Svstem Non-Uniform Non-Uniform Non-Uniform
l [ I
Single-Flow g, Non-Mixing Multi-Fiow Mixing Multi-Flow &
| |
[ I [ [ I
Vapor and Gas  Refrigeration HVAC Gas Combustion
Power Cycles Cycles Psychromeltry Dynamics & Equilibrium

Fig. 1.12 TEST - Map

After selecting the system, you have to select the material model before the daemon is launched. There

are four models of working substances: Solid/Liquid, Gases, Gas mixtures and Phase change fluids. Gas

models are subdivided into Perfect (i.e. constant cp), Ideal and Real gas models. Phase change fluids’

refers to Steam/Water, Refrigerants etc. As an example, in TEST-Map shown above, if you click on States-

Uniform System, following screen will appear from where you choose the material model.
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thermofluids.n
4 Home o
B2 TEST

Pure Phase-Transition Fluid: The phase-change (PC) model can be used to determine states of sub-cooled
(compressed) liquid, super-heated vapor, and saturated mixture of liquid and vapor phases. Based on the
saturation and super-heated tables, the model is quite accurate. Sub-cooled liquid is modeled with the compressead-

~ liquid sub-model, except for species with an asterisk (H20™ as opposed to H20), which uses compressed liquid
| ? :‘ table for better accuracy.
PC Model Working fluids such as H20, R-12, NH3, R-134a, N2, CO2, etc., should be treated as PC fluids if there is any

possibility of a phase transition.

Examples: Evaluate the pressure of a known mass of steam in 3 tank of known volume if the pressure is given. For
specific examples, click on the help icon at the bottom margin of the daemon.

Pure Solid and Pure Liquid: Constant density and constant specific heats (¢, = ¢, = ¢} characterize the solid/liquid
(SL) model. Beside 3 wide selection to choose from, a new solid or liquid can be created by assigning custom
material properties.

Working substances such as steel, iron, copper, aluminum, wood, water, oil, etc., which can be assumed to maintain
their condensed (solid or liquid) phase when a system undergoes other changes, can be analyzed with the SL
model.

SL Model

Examples: Evaluate the change in entropy of a block of solid as it is heated from a given initial temperature to 3
given final temperature. For specific examples, click on the help icon at the bottom margin of the daemon.

TURN TO THE EXPERTS FOR
SUBSCRIPTION CONSULTANCY

Subscrybe is one of the leading companies in Europe when it comes to innovation
and business development within subscription businesses.

We innovate new subscription business models or improve existing ones. We do

business reviews of existing subscription businesses and we develope acquisition and
retention strategies.

Learn more at linkedin.com/company/subscrybe or contact
Managing Director Morten Suhr Hansen at mha@subscrybe.dk

SUBSCRYBE - fofle fifur
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Pure Perfect Gas: The perfect gas (PG) model is the simplest gas model. It obeys the ideal gas equation of state
(pv=RT); moreover, the spedific heats are assumed constants. Noble gases, He, Ar, Ne, etc.,, are genuinely perfect
-~ gases. Beside a wide selection, new gases can be constructed by assigning custom material properties. A perfect
;n;C;nsi gas can be considered as a simplified ideal gas.
Fefie

PG Model Examples: Evaluate the change in entropy of a fixed volume of argon, heated from a given initial pressure and
temperature to a given final state. For specific examples, click on the help icon at the bottom margin of the
daemon.

Pure Ideal Gas: An ideal gas (IG) is a gas that obeys the ideal gas equation of state (pv=RT). Specific heats are
— temperature dependent. As a result the IG model is more accurate than the PG model when variation in

;;v"—:‘??" temperature is significant. Choose from an wide selection of gases.

Il; hf;od;l Examples: Evaluate the change in internal energy of a fixed volume of carbon dioxide, heated from a given initial
pressure and temperature to a given final state. For specific examples, click on the help icon at the bottom margin
of the daemon.

Pure Real Gas: Based on the generalized compressibility chart (pv=7ZRT), the real gas (RG) model can handle a large
= number of fluids in their liquid, vapor or gaseous states. But generality comes at the expense of accuracy.

évf;?»{ Examples: Evaluate the change in entropy of a fixed mass of propane, compressed from a given initial pressure

RG Model and temperature to a given final pressure at the super critical region. For specific examples, click on the help icon at
the bottom margin of the daemon.

~ o
) 3P leg f’f’gi?‘i{ Binary Mixture: The mixture of two gases, A and B, is expressed in terms of the mass or
L RG+RG Model mole fraction of gas-A. Select one of the mixture models. Moist air is 3 special case of a
PG+PG Model : :
binary mixture (PG+PG) of dry gas and water vapor.
G R g W Examples: Evaluate properties of a flow of a mixture of two gases, Oz and COz, given the
*, 0" mass or mole fraction of Oz {gas-A). For specific examples, dick on the help icon at the
o =.R€ MA (Moist Air) bottom margin of the daemon.
IG+G Model Model
General Mixture: Mixture can contain an unlimited number, n, of species. Composition can
.\: f'. o a.r be specified through mass, volume, mass fraction, or mole fraction.
¢ = comst pv=RT . : ) : : ) :
. = @ . o ® Examples; Evaluate mixture and partial properties (including chemical potential) of a mixture
n-PG Model n-1G Model of several gases For specific examples, click on the help icon at the bottom margin of the
daemon.
1deal Gas Equilibrium (IGE) Mixture: An initial (reactants) mixture, (say, 1 kmol of Oz and 3.76 kmal of Nz) is
specified. Thereafter, any state can be calculated (say, for a given temperature and pressure) with the mixture
composition itself 3 variable. Possible species in the equilibrium mixture are user selected (say, Oz, Nz, NO, NOz, O,
~ N, and O3z) to keep computational time reasonable.

A0+

B E+F Examples: Suppose air is heated at 100 kPa from 300 K to 5000 K. The difference in any property, say, enthalpy,

IGE Model calculated from the PG model, IG model, and the IGE model will be different. While the PG and IG model are based
on frozen compaosition, the IGE model will include the effect of dissociation and new species formation. However the
result will also depend on if all the likely species are included by the user during the mixture set up. For specific
examples, dick on the help icon at the bottom margin of the daemon.

State Simulation by RIAs: These rich internet applications (RIAs) can be used to explore an equilbrium state.

K R I 5 Unlike the daemons, the RIAs do not require a thorough thermodynamic background and can be used to to gain

pv=RT practical insight alongside learning the underlying theory.

Simulator:

1G Model Examples: Explore how the volume of a gas changes as the temperature or pressure of the gas is changed. For
specific examples, click on the help icon at the bottom margin of the daemon.

Fig. 1.13 TEST — Material models

Depending upon the problem, choose the material model.

As an example, let us find out the properties of steam at 30 bar and 350 C.
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So, in TEST-Map, choose States-Uniform System (Fig. 1.12), and, then choose the PC (i.e. Phase Change)
model in the Fig. 1.13 and the PC model daemon will appear. In that screen, working fluid is already
chosen as H20; change the fluid in case you are working with any other fluid, such as refrigerants etc.
Select P and T (since these are given as data in the problem) and enter the respective values. Note that

you can the units as you require. This is shown in the following screen shot:

System State Daemon: Phase-Change (PC) Model
= PC-Model

Ti= deg-C [Absolute temperature]

&~ Mixed ¢ SI ( English il v Help Messages On Super-iterate m
State Panel |
Jsmer <] - |
| 7| 7 | | |
|30 = 3 |350 e 3 | T - . sy =
| et | | | veit |
[ s | [ wrox v~ O -~
| | I phit psit [N
I kig || klfieg || kg || kg v || kg v
v i
| m3 | hglkmol v
e The system state represents the condition of a uniform system. It is an extended set of properties (grouped and
Sﬂ } e color-coded below) that builds upon the underlying thermodynamic state, the core state representing equilibrium.
ystem
\State -1 s | @& Material Intrinsic properties of a ® Thermodynamic Intrinsic properties describing
{ A \'J’ substance - &M, &, etc, equilibrium - &, 7, ¥, 4, & 5, etc,
] & Fytringir Dranertics that denend An a Extensive (Tatall :ddditive nronerties that denend nn

Fig. 1.14 TEST - to find properties of Steam

Now, click on ‘Calculate’ or hit Enter, and immediately, all other property values will appear on the screen.

Along with it, a T-s plot will also be presented if we choose T-s plot from the plot widget. See fig. below:

Move molse over a variable to display 1s value with more precision

* Mixed Sl ( English ﬂ ¥ Help Messages On Super-terate Super-Calculate m Super-nitialize

State Panel | 1o Panel

I alculate | Initialize
pt | | | | o

e Ca —x| oo

| ot | | st | vent d

T e e

J et J 1 phit psit J mt

C - rowesdl (o o e o 0

_|vai A1
| (o )| e

Superheated Vapor

Fig. 1.15 (a) TEST - properties of Steam at 30 bar, 350 C
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[RESEPBE| connectstates | cria| oaw NN BN BN B B3 D mestor [aisiates v | [BEiEEDIE]
] ]xl.nin: [6o xiax:  [11.71 ymin: [200.83  yMax: [712.02 !!]ﬂ

Use mousel/stylus to write 1

Mote: You can use the zoom buttens (+-) and drag the plot around to resize. To scribble on the plot by mouse drag, click the pen button first.

T.K (7591, 840,801 )

712.02

208.83

-1.69 s, kJ’/Kg.K 11.71

Fig. 1.15 (b) TEST - T-s plot for Steam at 30 bar, 350 C

DO YOU WANT TO KNOW:

What your staff really want?

The top issues troubling them?

How to make staff assessments
work for you & them, painlessly?

How to retain your
top staff

FIND OUT NOW FOR FREE

Get your free trial

Because happy staff get more done
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If required, state point can be shown on a variety of plots by selecting the type of plot from the widget
in the State panel. In the fig. below, p-v plot and the State point 1 is drawn:

Connect States | Grid | Draw @ lines for _i':ll S.tc-.nes “
| xMin: [S0E-4  xMax: [1953 yMin: [1.06457  yMax: |50064.1 -]
Use mouselstylus to write |
Mote: You can use the zoom buttons (+-) and drag the plat around to resize. To scribhble on the plot by mouse drag, click the pen button first.
P. kPa (log Scale) (335849, 963912.923 )
60064 .1
1
1.0648
5 0E-4 v, m*3/kyg (log Scale) 1953

Fig. 1.16 TEST - Steam at 30 bar, 350 C- state point on p-v plot

TEST Codes: The results of this calculation can be stored as a TEST code, which can be used to recreate
this TEST solution, later. To do so, simply click on ‘Super-Calculate’ button, and then go to the I/O panel.
There, TEST code and the detailed results are available. You can copy the TEST code on a word processor

(say, MS Word) and save it as a separate file. This window is shown in two halves below:

~ Mixed gl  English Super-Initialize Super-lterate Super-Calculate
| 10 Panel |
E — RESULT OF SUPER-CALCULATIOM--onemmemememeemenenes ~
FEAnalyst Dr. Muliva; TEST Mode: Academic™*
#
# Copy (select text by dragaing the mouse & pressing Cirl_c) and paste (Ctrl_v) the following TEST-code onto a file
# to save for later use. To reproduce the visual solution in a new session launch the appropriate daemon,
# identified by the full daemon path listed below. Paste {Ctrl_v) the saved TEST-Code an this D Panel,
# click Load and then Super-Calculate to recover the solution. You can email a solution in this manner.
+
# Daemaon Path: Test-Daemaons=States=Volume=PC-Model, Version: v-7.5ce3;
#
S Start of TEST-Cod
States {

State-1: H20;

Given:  {p1=30.0bar, T1=350.0deg-C; Yell=00m/s;, zi=00m; }

}
e End of TEST-Cod
" v
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* Mixed gl " English Super-Initialize | Super-lterate | Super-Calculate

\ 110 Panel |

] End of TEST-Cod ~

#

# Solution Time: Aug 10, 2008 1:50:33 PM; Analyst Dr. Muliya

# Diaemaon Path: Daemon Path: States=Yolume=P C-hodel; v-7 5ces3;

#

e =+ Detailed Output

#

# States

#

# State-1: H20 = Superheated Vapar,

# Given: p1= 300 har, T1=350.0 deg-C; “el1= 0.0 mis;

# 1= 0.0 m;

# Calculated: rho1=11.046292 kafm®3; v1=0.090528116 m"3ky; ul= 2843641 kliky;

#* h1=3115.2256 klky, s1= 67426596 kIkg. K e1= 2843.641 klfko,

# 1= 3115.2256 kliko; MM1=18.0 kofkmal;

#

e Spreadsheet Friendly Property Table (tab-delimited, 999995 signifies unknown valug)-----------—-m-mmmn

#

#State  pikPa) Tk ¥ wim3ikg) uikalikg) hikadieg) siklikg)

# 1 30000 623.2 0.0805 284364 3118.23 6.743

#

#TO USE THIS PAMEL AS A CALCULATOR, EMTER AM EXPRESSION IM MICROSOFT EXCEL FORMAT, AND PRESS ENTER. 5
|UBE 10 Panel as a calculator
E el Copyright 1998-2005: Subrata Bhattacharjee

Fig. 1.17 TEST - codes for properties of Steam at 30 bar, 350 C

To recreate the solution, go to the relevant daemon page and just copy the TEST code from the saved file
on to the I/O panel and click on ‘Super-Calculate’ button. Then, the code will be ‘loaded; and a message

will appear on successful completion.

As shown in TEST - Map (Fig. 1.12), TEST can be used not only just to calculate properties at state points,
but also to solve many system problems such as Steam power cycles, Gas power cycles, Refrigeration

cycles, Psychrometry.. etc. We shall show more examples of using TEST when we deal with those chapters.

1.24 Comparison of Mathcad, EES and TEST:

Features of these three software are presented below in a tabular form for comparison:

Sl. No. Feature Mathcad EES TEST

1 Type of Interface Free form - i.e. egns., | Egns. and text on Visual interface
text and graphics eqn. window and
can all be put on the | graphics on plot
same screen window

2 Entering egns Appears as if you Eqns. Appear in No need to write
write math on a a straight line as eqns. generally
letter pad in ‘Fortran’or ‘'C’

languages
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Sl. No. Feature Mathcad EES TEST
3 Checking eqns Very easy and You have to switch -
immediate since to ‘Formatted eqns’
they appear as you window to check
generally write on
paper
4 Computer screen ‘Live’as in a Spread Press F2 to calculate | Click on‘Calculate’
sheet, i.e. results and results appear in | button; immediately,
appear immediately | a separate ‘Solutions | results are filled in
as you enter ‘=’ (i.e. window’ the blank widgets on
equals sign) the same window
5 Programming capability Yes Yes N/A
6 Quality of plots Publication quality Publication quality Indicative plots
and Plot data is
produced; this data
has to be copied to
a plotting software,
such as Excel, to get
Publication quality
plots
7 Ease of learning ‘Learning curve'is Very easy - intuitive | Very easy
steep; however, easy | interface
and powerful after
you get proficient
with it
8 Learning tools & Help Very good manual Very good manual Extremely good -
and help file and help file with many tutorials,
examples and
animations
9 Extra Info Has ‘built-in Wealth of worked Very good collection
electronic reference’ | out examples - to of examples/
to get instant access | gain familiarity with problems to learn/
to standard formulae | EES teach TEST
and equations
10 Thermodynamic and other ‘Add-in’ programs ‘Built-in" with EES —a | Built into the
properties of substances are required to be great advantage! program - a great
incorporated extra advantage!
1 Speciality Powerful; eqgns, Basically an equation | Great ‘visual
text, graphics - all solver; easy to solutions’;

on same screen,
great graphing,
produce and share
publication quality
reports

learn and use; built
in functions for
thermodynamic and
other properties

of large no. of
substances

tutorials, examples,
animations; built in
properties for large
no. of substances;
can be accessed

‘on line’ or can be
installed on your PC
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Sl. No. Feature Mathcad EES TEST
12 Suitability Quite powerful Especially Specially
technical software; suitable to solve developed to solve
but, needs add - in thermodynamics thermodynamics
programs to solve problems since problems
some types of property functions
thermodynamics are built in
problems
13 Speed (...depends on Fast Fast Java applets may
computer confign. of course) take a little time to
load on Internet; Fast
if TEST is installed on
your PC
14 Website ptc.com Fchart.com Thermofluids.net

Table 1.1 Comparison of Mathcad, EES and TEST5

1.3

‘Free’ Software:

There are many ‘free’ software available in the Internet, made available by well known companies or

some well meaning individuals. Generally, such software are not very versatile and are meant to do

some specific job; but, they may do that job very well indeed, some times, even better than commercially

available software!
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Here, we shall mention about three software: two for finding out properties of Steam/Water, and the

other one for doing psychrometric calculations.

1.3.1 ChemicalLogic SteamTab Companion:

This is a small, but handy program to find out the properties of Steam/ Water.

As you start the program, following screen appears:

¢ Chemical.ogic SteamTab Companion

About l Saturated] Superheatedfﬁubcnnled] Ennstants]

Chemical ogic 5teamT ab Companion
Thermodynamic and Tranzport Properties of Water and Steam

Yersion 2.0 [Bazed on the IAP'WS-95 Formulation]

Chemical ogic SteamT ab Companion is a steam property
lookup application. Yalues displayed cannot be cut and

pasted.
Chemicalogic 'wWeb Site SteamT ab Information
Chemizalogic Corporation Tel [781] 425-6738
933 South Bedford Street, Suite 207 Fam: [F81] 425-6741
Burlington, ka 01803 wiae chemicalogic. com
115, clz. zupport@chemicalogic. com

Copyrght 2 1933-2003 Chemicalogic Corporation. All nights rezerved.

CHEMICALOGIC

Chemizalogic® and SteamT ab® are registered trademarks of
Chemicalogic Corporation.

Fig. 1.18 About SteamTab Companion

As can be seen in the above fig., there are 4 tabs: About, Saturated, Superheated/Subcooled and Constants.
Clicking ‘About’ brings up the above screen, which gives details about the company etc. ‘Saturated’ tab
gives properties of saturated steam; either P or T has to be input, since in saturated state only one intrinsic

property determines the state.

As an example, let us find out the saturated properties at, say, P = 6 bar. Click on the ‘Saturated tab and

enter the value of P when the screen appears. See the following screen shot:
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emicalogic SteamTab Companion |X|

Aboyt  Saturated ] Superheatedfﬁuhcmled! En:nnstants]
i~ Independent ¥ ariable: - Uniks: Closa
" Temperature o hetric/Sl
alue, bar 15
* Pressue " Englizh Calculate
Phaze: -
+ \apor 7 Liguid " Two-phase ]—
Property ] Yalue ] LI rit *
Temperature 2
Preszure bar
Steam guality 4
Wolume nedkg
Denzity kg N
Comprezsibility factor dimenzionless
E nthalpy kJkg
Entropy kd k.’ C]
Helmaltz free energy kd kg
Internal energy kJ kg
Gibbs free enengy kJkg
Heat capacity at constant wolume kd kg "C) b
Chemizalogic Corporation, 33 South Bedford St Ste 207, Burlington, Ma 01803 Tel:
781-425-6738
Copyright 2 1333-2003 Chemicalogic Corporation. Al rights rezerved.

Fig. 1.19 Sat. properties of Steam

Note that P is selected as independent variable. You can also choose either Metric/SI. or English units.
We have chosen Metric/SI. We can read either Sat. Vapor properties or Sat. Liquid properties. Here, we
have chosen Vapor properties. Now, click ‘Calculate’ and immediately, the properties are shown on the

screen. Following fig. shows both the Sat. Vapor and Sat. Liquid properties:
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smicalogic SteamTab Companion

dhogt Saturated Superheateda’Suhcmledl Constants

— Independent \ ariable: i Units: Clase I
" Temperature {* Metic/s|
& Walue, bar iE

% Pressure " English Calculate I
~ Phase:

% YWapor © Liguid © Two-phase I ‘

Property I Valuei Lnit i -~
Temperature 188826 °C

Pressure B bar -
Stearn quality 101 x =
Wolume 0.215583 mifkg

Denaity 316874 kgdmd |
Compreszibility factor 0949764  dimensionless
Enthalpy 27614 klika

Entropy E.7R925  kJ/ka C]

Helmaltz free energy -353.043  kl/kg

|nternal energy 286679 klika

Gibbs free energy 63634 k)/kg

Heat capacity at conzstant volume 1.79777  kJ/Aka "Cl o

Chemicalogic Corporation, 99 South Bedfard St Ste 207, Burlington, Ma 01803 Tek:
T81-425-6738

Copyright € 1933-2003 Chemicalogic Corporation. Al rights reserved.

Fig. 1.20 (a) Sat. Vap. properties of Steam at P = 6 bar
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| About Saturated Superheated:’Subcooled] Eonstantsl
i Independent ' ariable: hits: Close
" Temperature * Metric/5|
: Walue, bar |5
1 * Pressire " English Calculate
Phaze:
" Napor + Liguid " Two-phaze li
| Froperty | W alue | Lnit i
| Temperature 158.826 °C
| Prezsure E bar
1 Steam quality 100 %
b Yolurme 0218583 méfkg
D enszity 316874 ka'n?
Comprezzibility factor 0949764  dimenzsionless
' Enthalpy 278614 klika
| Entropy £.75925  kJ/Aka.’C)
| Helmaoltz free energy -353.043  klfko
Internal energy 2R6E.79  klfkao
Gibbz free energy -163.694  kJ/kao
Heat capacity at constant volume 1.79777  kJAka C b
i Chemicalogic Corparation, 39 South Bedford St Ste 207, Bulington, Ma 01803 Tel:
Fa1-425-6738
E Copyright € 1933-2003 Chemicalogic Corporation. &1 ights reserved.
1

Fig. 1.20 (b) Sat. Lig. properties of Steam at P = 6 bar
Note that there are several other properties which can be read by scrolling down the scroll bar.
Another example to find the Superheated/Subcooled properties of Steam: Consider the earlier example
of Steam at 30 bar and 350 C: Click on the ‘Superheated/Subcooled’ tab; now, two intrinsic properties

must be input - so, we enter values of P and T and click on ‘Calculate’ Following screen appears giving

the results:
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About | Saturated  Superheated/Subcooled ] Canstants |
|nput; | it Close
|Temperature ﬂ |35EI i+ Mebic/S|
Pressure ﬂ |3EI " English Calculate
Froperty | Walue | Lnit |~
Temperature /0 C
Freszure a0 bar
Steam guality Superheated X
Walume 00905564 mffkg
Densgity 11.0428  kasné
Comprezzibility factor 1944624  dimensionless
Enthalpy FE0E  klikg
Entropy 74493 k)AkgC]
Helmaltz free energy 135871 klfkg
[nternal energy 284439 klsfkg
Gibbz free energy 087.04  klikg
Heat capacity at constant volume 1.72024  k)Akg."C]
Heat capacity at constant pressure 235687 kl/ka"C]
Speed of zound B.FPA miz
Coefficient of thermal expanzion no01esvz4 1/C bt
Chemizalogic Corporation, 39 Saouth Bedford St Ste 207, Burlingtan, ka 01803 Tel:
Fa1-425-67 38
Copyright € 1933-2003 Chemicalogic Corparation. &l rights resered.

Fig. 1.21 Superheated/Subcooled. properties of Steam at P = 6 bar
Note that at 30 bar, 350 C, enthalpy (h1) = 3116.06 kJ/kg, and entropy (s1) = 6.74493 kJ/kg-C.
Again, more properties are available in this screen if you roll down the scroll bar.

A great advantage is that in ‘Superheated/Subcooled’ mode, combination of any two of the following

properties can be used: Pressure, Volume, Temperature, Enthalpy, Entropy, Internal energy.
Now, if isentropic expansion occurs in a turbine to a pressure of 10 kPa, what is the exit enthalpy and the

isentropic work of the turbine? To solve this, input P = 0.1 bar and s2 = s1 = 6.74493 kJ/kg-C. Results

are in the following screen shot:
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About | Saturated  Supetheated/Subcooled | Canstants |

[nput; [ itz Class
| Preszzure j ||:|1 * Metric/Sl
|Entr|:||:uy ﬂ |5.?4493 " Englizh Calculate
Froperty | Yalue | I riik |
Temperature 458063 °C
Preszure 01 bar
Steam gualiby a1.2808 X
Yaolume 119241 kg
Denzity 00833634  ka'n?
Compressibility factor 0810042  dimensionless
Enthalpy 213608 klikg
Entropy 674493 kl/kaC]
Helmaltz free emnergy 134501 kdikg
Internal energy 2016.84 klikg
Gibbz free energy 152591 kg
Heat capacity at constant valume Mdd kdAkn."C]
Heat capacity at constant prezsure M ko "C]
Speed of zound Mt mdz
Coefficient of thermal expanzion Mat 1/°C

Chemizalogic Corporation, 39 South Bedford St Ste 207, Burlingtan, M 01803 Tel:

FE1-425-6738

Copyright 2 1333-2003 Chemicalogic Corparation. &l rights resemed.

Fig. 1.22 Superheated/Subcooled properties of Steam at P = 0.1 bar, s = 6.74493 kJ/kg-C

Read from the above fig: h2 = 2136.08 kJ/kg. Therefore, Isentropic work of turbine =

(h1 - h2) = 979.98 kJ/kg. (Compare this with the value of W = 979.7 k]J/kg, obtained with EES). And,

quality at exit of turbine, x2 = 81.2805%, whereas with EES, we got x2 = 81.24%.
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Clicking on ‘Constants’ tab brings up the screen giving values of some constants pertaining to Steam/Water:

About ] Saturated | Superheated/Subcooled  Caonstants

[ rits: Close
* Metric/S|
" English
Froperty | Value | I it |
Malecular weight 18.0153  kadkmol
Critical ternperature 373946 C
Critic:al preszure 22064  bar
Critic:al solume 000310559 nédkg
Critical density 322 kgl
Critical compressibility factor 0229441  dimensionless
Triple point termperatune nm °C
Triple point pressune 000611657  bar
Chemicalogic Corporation, 99 South Bedford St Ste 207, Burlington, kA 01803 Tel:
FA1-425-6738
Copyright € 1333-2003 Chemicalogic Corporation. Al rights reserved.

Fig. 1.23 Constants for Steam/Water
Two disadvantages of this software are:

1) there is no ‘copy and paste’ facility, i.e. you can not copy and paste these values into another
file, and
2) there is no ‘log’ facility, i.e. each time you make a new calculation, results of earlier

calculations are lost since they are not stored in a log file.

Still, this software is quite useful since it permits input of any two properties to get a large number of

remaining properties.

1.3.2 SteamTable from M/s Figener S/A:

This is also a very handy, little program to find out properties of Steam/Water. In addition, it gives (T-s),
(T-h) and (h-s) or Mollier charts for steam, and the state point calculated is also plotted in those charts.
Further, a log facility is also provided, so that you can see the record of calculations done by you in

one sitting.
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As you open the program, following screen appears:

1 Table (the 1967 |

Steam T able [Camplete Hange]l Saturation Zn:nnel Diagrams: About

ZTEAM TABLE (a free distribution software):
Figenetr Si& developed this software using "The 1967 IFC Formulation
for Industrial Use", accepted by Sixth International Conference on the
Propetties of Steam, which calculates the thermodynamic properties of
weater inthe range:

- Pressure: fram 0.0 bar to 1000.0 bar

- Temperature: from 0.01 "Cto 300.0°C
The input data are prezsure and temperature. Enthalpy, entropy, specific
volume and saturation line are the autput data.

~Steam Table - -
Powver =ystem Analysiz Expertize by FIGENER Sra:
Developed by: Engineering Studies:
FlGENER S_.TA - cogeneration and thermal power plant feaszibilty studies;
Engenheiros Associados - tycle optimizations,
- gpecifications, bid analysiz and owner's engineering,
Releaze 1.1 - related electrical studies (load flow, short circuit, selectivity);
Copyright 2000 - integrated thermal and electrical transient analysis.
Developed Softvwares:
it g e e figgEnet cotm e - TRAMSYAP - & softyware for steam (or sny gas) system transient
e-mail; jhid@figener.com.br hehavior analysis.
Phone; 5511 2565999 - FMESS - a software for fluid flow steady state analysis of piping
Fax: 5511 31203754 netwiorks. Developed using & finte element scheme, and with a
graphical interface ta build the model.

Fig. 1.24 SteamTable - opening screen

This e-book Y o N
ismadewith SETASIGN

SetaPDF h Y 4

/\
\7\‘ PDF components for PHP developers

www.setasign.com

53 Click on the ad to read more

Download free eBooks at bookboon.com



http://s.bookboon.com/Setasign

As can be seen, four tabs: ‘About’ (i.e. above screen), ‘Steam table (complete range); ‘Saturation zone’

and ‘Diagrams’

When you click on ‘Steam table (complete range), a table appears, wherein you have to enter both P and
T values. Note that there is no other choice of properties available; this is a draw back of this software.
However, a log facility is available i.e. in the same table, in the next lines, you can get results for other

states. See the example in the following screen shot:

" A _J

Steam Table [Complete R ange] l Saturation Zone | Diagrams | About |

P T | v h ‘ s ‘ Saturation State ‘
(k) ") (kg (ki) (kg™ ")
4 a0 0.001029 335.2 107502 14352 Licyuid
3 250 0.293210 2950 4 7.03970 170.41 Steam
30 350 0.090526 3175 574714 233.54 Steam

Fig. 1.25 SteamTable - Properties at different Pand T

If you immediately click the ‘Diagrams’ tab, and select any of the three diagrams (i.e. T-s, T-h or h-s
diagrams), these state points will be shown plotted in that diagram. For example, the T-s diagram is

shown below and note that all these 3 points are marked there:

| AES

| Steam Table [Complete Hange]| Saturation Zone  Diagrams i.t'—\bu:uut i

Ts Diagram
Th Diagram

Mollier

Settings ‘

Fig. 1.26 SteamTable - state points on T-s diagram
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Scale in the diagrams can be changed by clicking on the ‘Settings’ button and making necessary changes.

When you click on ‘Saturation zone’ tab, saturation properties can be calculated. Of course, you have to
input either P or T. Also, if you need the properties at some point within the two phase region (i.e. Sat.
zone), you can input quality x first, and, then enter either P or T. Following screen shows some results:
First, for P = 6 bar, next, for T = 200 C, next for x = 0.75, P= 20 bar, and, then forx =0.8 and T = 125 C.

| [x]

e

-

Steam Table [Complete Fangs]  Saturation Zone l Diagrams] About ]

P T ¥ W b ‘ = W' ‘ k' ‘ =4 ! ‘ h" ‘ g
(ki) (") cmimka) | Ckdead |Ckdibe®CHf (meka) | Chdbg) (CkIRo®CY (m@ka) | Ckdkd] |Cklikg®c)
5 158.837 000101 6704 193083 0.3 547 27555 |BTSTSS
15.54858 200 000156 8524 233066 01276 27900 |B42777

19.9997 M2374 075 0074347 23250 536421 0001177 9056 244685 00995357 27972 B.33666

2.3 12500 0.8 061638 22754 597779 0001065 5250 1.58125 077022 (27130 7.07693

Fig. 1.27 SteamTable - properties in Sat. zone
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Now, click on ‘Diagrams’ tab and choose Mollier diagram. The state points are shown in the Mollier

diagram below:
B ' - O[]

Steam T able [Complete Hange]| Saturation Zone  Diagrams |.-'1‘-.|:u:|ut |

Enthaliy Entropy gram (hallier)
Ts Diagram mme= e
FHH i p;-tF"—'FFFFFi——'H
3500 1 1 a5 _‘:‘_‘l‘_‘l:';_‘|“|’l:F T
Th Diagram I _'lj_
3000
Mollier
2000
1500
1000
Settings 0o 10 20

Fig. 1.28 SteamTable - State points in Mollier diagram

Thus, SteamTable is also a useful program. Choice of the three diagrams and log facility are its

added advantages.

133 Humidity Calculator from M/s Vaisala, Finland:

This is a very versatile and extremely useful software for psychrometric calculations. It is very easy
to use. A great advantage is that the results obtained can be printed to a printer or stored in a file

for future reference. There is also a very good ‘Help file which gives relevant technical information

on psychrometrics.
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Following is the extract from the details supplied in the ‘help’ file:

“Vaisala Humidity calculator is a software tool that provides an easy way for solving humidity conversions
from one humidity parameter to another. It can also be used to calculate the effect of changing ambient
conditions. Vaisala Humidity Calculator includes both a basic version and an advanced version which
are shown on the user interface as separate sheets. The basic version provides calculations between
relative humidity and dew point when one of these parameters and temperature are known. Note that
below the freezing point of water (0°C/32°F), frost point values are provided by convention, although the
word dew point is commonly used to express both dew point and frost point. The advanced version of

Vaisala Humidity Calculator includes calculation of:

o relative humidity

o dewpoint / frostpoint
o parts per million.

o absolute humidity

e mixing ratio

« water content
 vapor pressure

o wet bulb temperature

360°
thinking

Deloitte

Discover the truth at WWW.dClOittC,CalcareerS © Deloitte & Touche LLP and affiliated entities.

57 Click on the ad to read more

Download free eBooks at bookboon.com


http://www.deloitte.ca/careers

Basic Thermodynamics: Software Solutions
Part | Introduction To The Software Used

In the advanced version the user can also choose to output dew point (equilibrium over super-cooled
water instead of ice) for values below the freezing point of water (0°C/32°F). For gas dependent humidity
parameters (e.g., ppm by weight and mixing ratio) a wide selection of carrier gases is available in addition
to air (natural gas, CO,, SF,, Ar, O,, N, Hz). The user can specify additional carrier gases but must
provide the molecular weight of the gas. Wet bulb calculation can be performed based on standard or

WMO coeflicients, as well as custom values given by the user”.
When you start the Humidity Calculator, following screen appears:
- [5]x]

Yaisala Humidity Calculator 2.1 i_'q.:‘.'. '“ﬂisaln

<= Basic » Advanced o Lanﬁ.mq-:-. B R

Ambient Conditions Value Unit/Conversion

Temperature 23 a s E

Fill in the known parameter

to calculate the other walue Value Unit
Belative huridity (RH]) a WRH
Dewpoint a 21z

7 - N W -1 ¢

Capyrgnl B Yamal - www vazmala.cam

Fig. 1.29 Vaisala Humidity Calculator - opening screen (Basic version)

This is the basic version. You can input temperatures in deg. C, deg. F or K.

58

Download free eBooks at bookboon.com



Basic Thermodynamics: Software Solutions
Part | Introduction To The Software Used

As an example, let us find out the Relative Humidity (RH) at a dry bulb temperature of 35 C and dew
point temperature of 29 C. Fill up these values and click on ‘Calculate’ button. Read RH = 71.234% as

shown below:

Yaisala Humidity Calculator 2.1 i:+:. ‘l’nlsnln

+ Basic + Adwvanced . ] Lanflhlaqe ! BES ¢ P

Ambient Conditions alue UnitsConversion

Temperature 25 a s E

Fill in the known parameter

to calculate the other value Value Unit
Eelative humidity (RH] 71,234 a SLRH
Dewpoint [ 249 a S

Capyrghl El Wazmala - wewew vamala.cam

Fig. 1.30 Vaisala Humidity Calculator - typical calculation in Basic Version
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To use Advanced’ version, click on that tab, and following screen appears:

¥aisala Humidity Calculator 2.1 vmsm_n

» Basic ¢ Advanced Language / B #&& § 3

Ambient Conditions ¥alue

Termperature 23

Praszure 10132, 25

Gas type L

Pzychrometer Slanda * Add new

Fill in the known parameter

to calculate other values Value Unit/Conversion
Relative hurnidity (RH) s % RH
Dewpoint g Ta=w/ThaslL B
Partz per million (pprn) a PPHwval B
Abzolute hurmidity (a) g/m? B
Mixing ratio [x) E g/ug B
Water content (w) s oy M Mzcl B
Vapor pressure [pw) g mban B
wet bulb B
Saturation vapor preszure [(pws) mbar

I

Capyighl B Mamala - www o vamalacam

Fig. 1.31 Vaisala Humidity Calculator - Advanced version
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Let us again calculate the properties for DBT = 35 C and Wet Bulb Temp (WBT) = 30 C. Enter these

values and click on ‘Calculate’ tab. Following are the results:

Yaisala Humidity Calculator 2.1 ite YRISALA

» Basic ¢ Adwanced b Language [ HEE [ 53
Ambient Conditions Value Unit/Conve ‘h.
- s
Termperature a5 5
Pressure 1013.25 mar B
GHas type B B
Psychrameter Slanaaw E _>--_-:I-:| mew

Fill in the known parameter

to calculate other values walue Unit/Conversion
Eelative humidity (RH) 69,514 ¥ RH
Cewpoint [(2C) 28,578 E Taew/Thazl B
Partz per millian (pprm) 40271.82 FPHwval a
Absolute hurnidity (a) 27.58199 g¢4m?
Mixing ratio [x] 25,04869 2/kg a
W ater content [w) 1837.889 -] b M M=l
Yapor pressure [pw) 29,22573 (] mba
wet bulb 30 el
Saturation vapor pressure (pws) 56,429 mbar

f o =n

Capyrgnl B Yazala - wew . vazalacam

Fig. 1.32 Vaisala Humidity Calculator - typical calculation in Advanced version

Note that you can make calculations for different Pressures. All the entered and calculated properties
can be expressed in different units; choose the desired units by clicking the ‘down arrows’ in the widgets

under ‘Unit/Conversion,
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‘Reset’ button will reset the values, so that you are ready for next calculation. Next to ‘Reset’ button is the
Print button using which you can print the results; and next to Print button is the Copy button. Click

on Copy button and then paste the results to MS Word and save as shown below:

Ambient Conditions Value Unit/Conversion
Temperature 35 °C

Pressure 1013.25 mbar

Gas type Air

Psychrometer Standard

Relative humidity (RH) 69.514 %RH
Dewpoint (°C) 28.578 Tdew/Tfrost
Parts per million (ppm) 40271.82 PPMvol
Absolute humidity (a) 27.58199 g/m?
Mixing ratio (x) 25.04869 g/kg

Water content (w) 1837.889 Ib/MMscf
Vapor pressure (pw) 39.22573 mbar

Wet bulb 30 °C
Saturation vapor pressure (pws) 56.429 mbar
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Free Unit conversion program —‘Uconeer’ from Katmar Software:

This is a very popular unit conversion program - created specifically for engineers. Uconeer has over
397 units arranged in 46 categories. Uconeer is claimed to be ‘the easiest to use conversion program
available; while still retaining all the units engineers actually use.

When you start the program, you get the following screen:

Bl Weoneer, - Units Conversion for Engineers

Katmar Soffware
Cost Effective Engineering and
Project Managemenit Soffware
Frormn | |kF'a j i | Clear |
To: I 7.50064 |mm Hag (=t0rr)j Copy # | Copy #U |
Hecently Used Categories
From| Available Unitz  To
Area | z
Density + 5 pecific Wolurme (v kPa £ Swap From / To Units |
Energy + Wwhark £ atrn )
E rithalpy " bar £
Force | footH20 O Fesult Format
Fouling Factor C inch H20 ~
Heat Transfer Coefficient ~ inch H ~ e e
Length + Distance ~ g
Mazs = kgficm?® 5 ™ Fixed Decimals
Power Ibfrt " : .
o~ Ep —~ - F|:-cfed la.\l.lth Separators
Temperature ] i rmeter H2 O o " Scientific
Thermgl E:-:pansn;nn [Folurmetrnic) O i H2o e © Enginesring
Vizcoszity [Dynamic) = _
it rmim Hg (=tarr) o
e rAPa £ o o
More i Fa - Significant Digitz |E -
rans e FS1 {=Ibffin®) o
Clipboard Contents : |Welc0me ta Ucaneer - the units converzion pragram

Fig. 1.33 Uconeer - Units conversion program

Select the category and the ‘From’ and “To’ radio buttons; enter the numerical value of units to be

converted, and the result appears immediately.

As an example, consider converting heat transfer coefficient: say, from 25 W/m2-K to BTU/ft2-h-F. Select
the category ‘heat transfer coeft. and select ‘From’ and ‘“To’ buttons as required. Enter 25 in front of ‘From’

and immediately the answer appears against ‘To as 4.40275 Btu/ft>.h.°F. The screen shot is shown below:
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R Iy x)

&

6" R

22|
Blending calculations and density- L +
concentration conversions for A _!._ @I
ethanol/water mixtures.

e o
P&

Frc:m| 25 |W.I'm2.K j ; | Clear |
To: | 440275 |BufehF  v| Copy#t | Copytl |
Hecently Uzed Categories a 2
From| Awailable Unitz | To
Brea :
Dengity + Specific Valume w o wimER 7 Swap From / To Units ‘
Energy + Work, £ Btuffe h *F ¥
Enthalpy | BtufEsF £
Force £ calicm®. s " o Result Format
eat Transfer Coefficient : e .
Length + Distance ff: kealfh. ? £ Automatic
Rrag i kcalimz b C & (™ Fixed Decimalz
Pawer kdimz h. G {; ~ ]
B i ~ Kl K ~ Fn-cfed l.r\l.lth Separators
Temperature . i pouifE h G i " Scientific
T_herm._al E:-:panmqn [ alurnetric) r WicrrE K -~ & e
Wizcozity [Dynamic)
Wolume
More... Significant Digts {6~ |

Clipboard Contents : | 4.40275 Btu/iE.h°F

Fig. 1.34 Uconeer - Units conversion for heat transfer coefficient

There is also facility to copy to clip board and choose the result formats and significant digits. There
is a very good ‘Help’ file, Gas and Liquid Volume/Mass Flow converters, Gas constant converter and
Hardness converter. However, there is one ‘disadvantage, which does not affect the results anyway:
regular popping up of advertisements regarding the products or services provided by the company, as

shown in the above screen shot.

1.4 Summary:

In this chapter, a brief overview was given about three very useful commercial, technical software, viz.
Mathcad, EES and TEST, particularly useful to solve problems in Thermodynamics. This chapter is not
intended as a tutorial on these software. However, since some examples have been worked out, it is
expected that the reader will get sufficient working knowledge on use of these software. As we proceed,
more problems will be worked out; all the examples will be thoroughly commented, and the reader

should not have any difficulty in understanding the solutions, even if he does not use these software.

In addition, four ‘free’ software are described, with worked examples. Out of these, two programs are
for finding out properties of Steam/Water and one program for psychrometric calculations, and another

program for Units conversion.
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2 Sl Units, Unit Conversion,
Pressure, Temperature etc.

Learning objectives:

1. In this chapter, we first describe the International System of Units (i.e. SI Units). Authentic
information from National Institute of Standards and Technology (NIST), USA, formerly
(National Bureau of Standards - NBS — USA) is compiled.

2. Unit conversion examples are demonstrated with Uconeer and the Unit converter of
TEST software.

3. Then, we discuss about the pressure measurement with manometers and work out
some examples using Mathcad as well as EES. One example on ‘curve fitting’ with EES is
also explained.

4. Temperature measurement with Thermocouples is explained next. Details regarding
different types of thermocouples are given. Problems are worked out using both Mathcad
and EES.

5. Next, constant volume gas thermometer is described and a problem is worked out
using EES.

6. Finally, RTD’s and Pt resistance thermometer are explained; a versatile, free software viz.
PRTCalc to make calculations in connection with Pt-100 is introduced and a problem is
worked out in Mathcad and verified with PRTCalc.

7. Finally, Temperature vs Resistance characteristics for Pt-100 thermometer are drawn
in Mathcad.

2.1 Introduction:

In this chapter, we shall, first describe International System of Units (SI), its proper usage, Unit conversion
from one system of units to another and, then work out problems on measurement of pressure with

manometers, and measurement of temperature with thermocouples.

2.2 International System of Units (SI):

SI Units are now almost universally adopted in scientific work. National Institute of Standards and
Technology (NIST), USA, formerly (National Bureau of Standards - NBS - USA) has brought out
authoritative information on SI Units and guide lines for the correct usage of SI Units. An extract of

that information is given below:
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There are seven base units in SI:

Table 2.1. Sl base units

Sl base unit
Base quantity Name Symbol

length meter m
mass kilogram kg
time second s
electric current ampere A
thermodynamic temperature kelvin K
amount of substance mole mol
luminous intensity candela cd

(]
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Next, derived units are defined in terms of these base units:

Table 2.2. Examples of Sl derived units

Derived quantity
area
volume
speed, velocity
acceleration
wave number
mass density
specific volume
current density
magnetic field strength
amount-of-substance concentration

luminance

mass fraction

Sl derived unit

Name
square meter
cubic meter
meter per second
meter per second squared
reciprocal meter
kilogram per cubic meter
cubic meter per kilogram
ampere per square meter
ampere per meter
mole per cubic meter
candela per square meter

kilogram per kilogram, which may be
represented by the number 1
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22 SI derived units have been given special names and symbols, as shown in Table 2.3:

Table 2.3. Sl derived units with special names and symbols

Derived quantity
plane angle
solid angle
frequency
force
pressure, stress
energy, work, quantity of heat
power, radiant flux

electric charge, quantity of
electricity

electric potential difference,
electromotive force

capacitance

electric resistance
electric conductance
magnetic flux

magnetic flux density

Name
radian @
steradian @
hertz

newton

pascal

joule

watt

coulomb

volt

farad

ohm

siemens

weber

tesla

)

Symbol
rad
sr

Hz

Pa

Wb

Sl derived unit

Expression
in terms of
other Sl units

Expression
in terms of
Sl base units

N/m?

I/s

W/A

C/V
V/A

AN

Wh/m?
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inductance henry H Wb/A m2kg-sZA?
Celsius temperature degree Celsius °C - K
luminous flux lumen Im cd-sr @ m*m?-cd = cd
illuminance lux Ix Im/m? m*m™cd = m?cd
activity (of a radionuclide) becquerel Bq - st

absorbed dose, specific energy

2 -2
(imparted), kerma gray Gy ke m-s
dose equivalent sievert Sv I/kg m?.s?
catalytic activity katal kat s*mol

@ The radian and steradian may be used advantageously in expressions for derived units to distinguish between
quantities of a different nature but of the same dimension; some examples are given in Table 4.

®)in practice, the symbols rad and sr are used where appropriate, but the derived unit "1" is generally omitted.
“n photometry, the unit name steradian and the unit symbol sr are usually retained in expressions for derived
units.

@ Other quantities expressed in sieverts are ambient dose equivalent, directional dose equivalent, personal dose
equivalent, and organ equivalent dose.
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The special names and symbols of the 22 SI derived units with special names and symbols given in Table 2.3

may themselves be included in the names and symbols of other SI derived units, as shown in Table 2.4:

Table 2.4. Examples of Sl derived units whose names and symbols
include Sl derived units with special names and symbols

Sl derived unit

Derived quantity Name Symbol
dynamic viscosity pascal second Pa:s
moment of force newton meter N-m
surface tension newton per meter N/m
angular velocity radian per second rad/s
angular acceleration radian per second squared rad/s’
heat flux density, irradiance watt per square meter W/m?
heat capacity, entropy joule per kelvin J/K
specific heat capacity, specific entropy joule per kilogram kelvin J/(kg-K)
specific energy joule per kilogram J/kg
thermal conductivity watt per meter kelvin W/(m-K)
energy density joule per cubic meter Jm?
electric field strength volt per meter V/m
electric charge density coulomb per cubic meter c/m?
electric flux density coulomb per square meter c/m?
permittivity farad per meter F/m
permeability henry per meter H/m
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molar energy

molar entropy, molar heat capacity

exposure (x and Yrays)
absorbed dose rate
radiant intensity
radiance

catalytic (activity) concentration

Prefixes of SI Units are shown below:

Correct usage of SI Units:

US Metric Association (USMA) has given guide lines about correct use of SI Units:

Important in SI-metric:

1. The short forms for SI units (such as mm for millimeter) are called symbols,

not abbreviations.

joule per mole

joule per mole kelvin

coulomb per kilogram

gray per second

watt per steradian

watt per square meter steradian

katal per cubic meter

Factor Prafix

10
107
10°
10
1
107F
10~
107"

107

51 Unit Prafixes
Symbaol
tera T
giga G
mega M
kila k
hacto h
centi ¢
milli m
MHCro g
nana n
pica p

10~

J/mol
J/(mol-K)
C/kg

Gy/s
W/sr
W/(m?sr)

kat/m?

2. SI symbols never end with a period unless they are the last word in a sentence.

o RIGHT: 20 mm, 10 kg
o WRONG: 20 mm, 10 kg.
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W

. SI symbols should be preceded by digits and a space must separate the digits from the symbol.
o RIGHT: It was 300 mm wide. The millimeter width was given.
o WRONG: It was 300mm wide. The mm width was given.

4. Symbols always are written in the singular form (even when more than one is meant).
o RIGHT: 1 mm, 500 mm, 1 kg, 36 kg
o WRONG: 500 mms, 36 kgs

o BUT:Itis correct to pluralize written-out metric unit names: 25 kilograms, 250 milliliters

5. The symbol for a compound unit that is a quotient of two units is indicated by a solidus or by
a negative exponent.
o RIGHT: km/h or km-h™! (for kilometers per hour)
o WRONG: kmph or kph (do not use p as a symbol for “per”.)

o BUT: It is correct to say or write “kilometers per hour”.

6. The meaning of an SI symbol can be changed if you substitute a capital letter for a lower
case letter.
o RIGHT: mm (for millimeter, which means 1/1000 of a meter)
o WRONG: MM or Mm (M is the prefix for mega, which means one million; a

megameter is a million meters)
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Correct Usage Examples of Incorrect Usage For
km Km, km., KM, kms, K, k kilometer
m M, m. meter
mm Mm, mm., MM millimeter
Lorl L., L liter
mL or ml ML, Ml, mL., ml., mls milliliter
kg KG, KG., Kg, Kg., kar, kgs, kilo kilogram
g G, G, g, gr,gm, GR, GM, GRM, grms gram
Mg mcg microgram
h hr, hrs, HR, h., HR., HRS. hour
s sec, S, SEC, sec,, s, S. second
cm? cc cubic centimeter
km/h KPH, kph, kmph, km/hr kilometer per hour
kHz KHz, KHZ, Khz kilohertz
MHz MHZ, Mhz megahertz
hPa HPa, HPA, Hpa, mb hectopascal
kPa KPa, KPA, Kpa kilopascal
°C C, deg(C,°C degree Celsius
K °K, deg K kelvin

Table 2.5 Examples of incorrect SI-metric usage:

There is a more detailed ‘SI Units rules and style conventions’ (Check list for reviewing manuscripts)
published by NIST, USA.

23 Conversion of Units:

Even though SI system is now generally adopted for scientific work, still, the old FPS system is used by
general public in some countries, especially in the US. So, many times it becomes necessary to convert

from FPS to SI or vice-versa.

FPS System:

The fundamental units in the foot-pound-second (fps) system of units are: the foot for length, the pound

for weight, and the second for time.
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Following Table will be useful for doing unit conversions by hand:

Quantity Multiply by to get
Length m 3.2808 ft
ft 0.304804 m
Area m2 10.7639 ft2
ft2 0.092903 m2
Volume m3 353147 ft3
ft3 0.028317 m3
Mass kg 2.204586 Ib
b 0.4536 kg
Density kg/m3 0.062428 Ib/ft3
Ib/ft3 16.01845 kg/m3
Temperature K 0.555556 R
R 1.8 K
Mass transfer coeff. m/s 11811 ft/h
ft/h 8.47E-05 m/s
Vol. Flow rate m3/s 127130 ft3/h
ft3/h 7.87E-06 m3/s
Acceleration m/s2 42520000 ft/h2
ft/h2 2.35E-08
Energy J 0.000948 Btu
Btu 1054.997 J
Force N 0.22481 Ibf
Ibf 4.448201 N
Heat transfer rate W 3.4123 Btu/h
Btu/h 0.293057 W
Heat flux W/m2 0.317209 Btu/h ft2
Btu/h ft2 3.152496 W/m2
Heat gen. rate W/m3 0.096684 Btu/h ft3
Btu/h ft3 10.34297 W/m3
Heat transfer coeff. W/m2.K 0.17611 Btu/h ft2 F
Btu/h ft2 F 5.678269 W/m2.K
Kin. Visc.& diffusvity m2/s 10.76426 ft2/s
ft2/s 0.0929 m2/s
Latent heat J/kg 0.00043 Btu/Ib
Btu/lb 2325.852 J/kg
75
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Mass flow rate kg/s 7936.6 Ibm/h
Ibm/h 0.000126 ka/s
Pressure and stress N/m2 0.020886 Ibf/ft2
Ibf/ft2 47.87896 N/m2
Sp. heat J/kg.K 0.000239 Btu/lbm.F
Btu/lbm.F 4186.553 J/kg.K
Thermal conductivity W/mXK 0.57782 Btu/h ft F
Btu/h ft F 1.730643 W/mK
Thermal resistance K/W 0.5275 F/h.Btu
F/h.Btu 1.895735 K/w
Dynamic viscosity kg/m.s 2419.1 Ibm/ft.h
Ibm/ft.h 0.000413 kg/m.s

Table 2.6 Conversion Factors

However, if there is access to a computer, it will be convenient, accurate and fast to use a software like

Uconeer. AS mentioned earlier, TEST also has a very good ‘Unit converter daemon’ under the heading

“Basic daemons.

“I studied
English for 16 -
years but...
...I finally

learned to

speak it in jus
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

unique course download
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24 Examples of Unit conversion:

While doing Unit conversions by hand, above Table may be used. If a computer is accessible, it will
be quick, accurate and convenient to do unit conversions with the help of one of the softwares. A few

examples are shown below.

Mathcad can conveniently be used for quick unit conversions. If the unit conversions have to be done
quite a few times in the same worksheet, it will be useful to define the unit conversion factors in a

function. See below a Mathcad worksheet example:

Af
&4
Dal Sy @] | sle|l=| @i 2]
|Normal ﬂ |.t’-‘n.ria| j |1El j B|I|g||§§|§|
"Unit Conversions:"
Problem 2.1: A cylinder has an inside diameter of 5 cm and height of 10 cm. Find out its
volurne in cubic metres and cubic feet.
d:=002 m ... diameter
L:=005 m .. length
2 —_
v ::%-L i.e. ¥ =1.571+10 g m3.....vol in cubic metres. .. Ans.
From Tahle 2.1, m3 = 35.3147 3
Therefore, Vol (=W 353147 i.a. Wal = 5.54'?’10_4 ft3....Ans.
Problem 2.2: Matural convection heat transfer coefficient (h) in a particular situaltion is 12
W2 K. Express it in BTU/hR2.F
From Tahle 2.1, conversion factor is 0.17611. Let us write the conversion of 'h' from Sl to
FPS as a function:
h 3 to FP3(x) =x0.17611 ....define a function
Maw, any value of h in 3l can easily be converted to FPS:
h 31 to FP3(12) = 2113 BTUM.ft2.F... Ans.
Further examples: to convert 7.5, 25.8, and 4.65 WWm2 kX
h_31_to_FPI(T.5) = 1321 BTUM. fi2 F... Ans.
h 21 to FPS(25E) = 4.544 BTUM.fI2.F... Ans.
£

Press F1 for help.

Fig. 2.1 Mathcad Worksheet for Unit conversion

However, using the software designed specifically for unit conversions is always advantageous; you need

not remember the conversion factors. Just a few clicks of the mouse will do the job.
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Prob. 2.3 Convert a value of heat transfer coeff. of 25.8 W/m2.K to BTU/h.ft2.F using Uconeer software.

Open Uconeer, choose the category ‘heat transfer coeft] and click the radio buttons in ‘From’ and “To.

Enter 25.8 in the ‘From’ widget. Immediately, you get the following result:

wConeer - VNS LONVersion ior tngineers.
Sugar Technlc_al Informa_tlon [ R = 0 @
Engineers’ Material Properties
: Librar Industry News / ¥ -
1 b ZO 3 R
Sugar Prices _
Frarm | 258 @ wimzk ) | Cear |
R To: | 454364 |BrutehoF | Cow# | Copytiu |
Recently Used Categories !
, = |From| Awvailable Unitz | To
Area [ 1— .
Denzity + Specific Wolume {3 Wl [ Swap From / To Unitz ‘
Energy + Wark " Btufftz.h."F g
Enthalpy 7 Btusf s "F (]
Force o callem®s.*C T i Result Format
Tlr.:IZ:-:-er'r'i-::ient ff: Chu.l'f'tt.h.:C ? i BiiteTiste
Length + Distance kealift®.h.*C
b azs E: kcalfm®h."C ? " Fived Decimalz
Fower klimzh."C ~F :
Plisanrs ~ Kl K ~ Fl:-cfed l.r\l.lth Separators
Temperature _ " poufftth ° G 5 " Scientific
Thermal Expansion [Volumetric) £ Wior K e - Erideain
Wigcozity [Dynamic)
Yolume
More... Significant Digits |B -
Clipboard Cantents : ][ND text data in clipboard)

Fig. 2.2 Unit conversion with Uconeer
Next, an example of using the ‘Unit conversion daemon’ from TEST software is given below:
Prob. 2.4 Convert 1013 kJ/kg to BTU/Ibm.
Open the Unit converter daemon in TEST. Select the category ‘Specific Energy, Enthalpy, Latent Heat.

Enter 1013 on the yellow panel. Select ‘k]/kg’ on LHS and select ‘BTU/lbm’ on RHS, as shown. Immediately
the answer appears as 435.54907 BTU/lbm:
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|Specific Energy, Enthalpy, Latent Heat ~

Etulbm

“fou may use the blue message panel above as a caleulater. To initialize the panel mowe the peinter inte the panel from left or right, and then type

an expression (=5°5in30Y, '=In@+exp-3}, ete) beginning with '=' sign and presz Enter.

Fig. 2.3 Unit conversion in TEST software

DUKE

= THE FUQUA
SCHOOL
OF BUSINESS

et

Learn More »
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2.5 Examples of Pressure calculations with Manometers:

Manometers are commonly used in experiments to measure pressures or pressure differentials.

Formulae:

A barometer and a simple U-tube manometer are shown below:

Fig. 2.4 The barmoter

First principle to remember is: if the height of a column of liquid is h, and its density p, pressure at the

bottom of the column is:

P2=PI=P . +pgh Pa...eqn. (2.2)
where, p = density of fluid in kg/m3, h = vertical height of fluid column in m, g = accn.

dof, to gravity = 9.81 m/s2 at sea level

Second principle to remember is: in a body of liquid the pressures are the same at all points at the same

horizontal level. i.e. in the fig. below, P1 = P2.

Fig. 2.5 The basic manometer
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ie

P2=PI=P, +pgh ... eqn. (2.2)
or,

P1- P, =AP=pgh ....eqn. (2.3)

To improve accuracy and sensitivity of manometers, different arrangements have been devised: simplest
one is the inclined manometer. Here, the manometer arm is inclined at an angle of say, theta degrees to

the horizontal.

Fig. 2.6 Inclined manometer

Then, if the inclined reading is H, vertical height h is given by:

h=H-sin(8)  eqn. (2.4)

And, using this ‘h; AP is calculated from eqn.(2.3)

Another way of improving the accuracy and sensitivity of manometers is to use more than one fluid in

the manometer. Fig. below shows a manometer with three working fluids:

81
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Y =%

Air

Water

Fig. 2.7 Manometer with 3 fluids

To find the pressure at point 1, follow this procedure: start from point 1 and proceed along the fluid in

the manometer applying the two principles stated earlier. Then we can write:
P+ water8h 1 +Poirghp—p Hg'g'h 3=P atm

i.e. P1=Patm~ P water 8N 1~ Poirghotp Hg'g'h 3 --eqn. (2.5)

Join American online

Interactive Online programs

Special Christmas offer:

enroll by December 18th, 2014
start studying and paying only in 2015
save up to $ 1,200 on the tuition!
Interactive Online education

visit to find out ma@

vVvyvVvyyVvyy

Note: LIGS University is not accredited by an
nationallg' recognized accrediting agency listed
by the US Secretary of Education.

ore info here.

—
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Now, let solve a few problems on pressure measurement.

Following problem is solved in Mathcad.

Problem 2.5: A skin diver descends to a depth of 20 m in a salt lake where the density of water
i= 1025 kg/m3. What is the pressure on the diver's body at this depth?

ho=20 m....depth po=1025  kgfm3... density

g:=981  mis2 P g 5101325107 Pa

Pressure on diver's body is the atmospheric pressure + pressure due to a column of 25 m
water

8 Pyt TP amt 08k

. _ 3
i.e. Fintal = 3024-10 FPa....Ans.

i.e. The total pressure is 3.024 har.d
|

Problem 2.6: In the following fig. if the gauge reads 70 kPa, what should be the height of the liquid column in manometer?

Liquid sp. gravity = 0.85.

Pl=70kPa

¢

sp. gt =085

Fig. Prob. 2.6

Pressure inside the Gas tank is equal to the gauge pressure + atmospheric pressure. On the right limb of

manometer, atm. pressure is acting. Therefore, h should be equivalent to the gauge pressure, i.e.

AP :=70-1000 Pa g =981 m/s2

P lig =0.85-1000  kg/m3

AP=p liq'® ‘h ...eqgn. for pressure differential
AP
Therefore, h =
Pliq8
ie. h=8.395 m....height of liquid column....Ans.
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Note: This height of liquid column is rather too much. So, let us investigate the variation of liquid height

with pliq, say starting from 800m kg/m3 to 13600 kg/m3:

In Mathcad, this is very easy. Define ‘h’ as a function of p and proceed as shown in the following:

AP
h<P 1iq> = ....define ‘h’ as a function of pliq.
P liq8
P liq '~ 800,850..13600 ... define the range variable for liq. density; Format is:

first value, next value and the last value.
Then from the Insert menu, choose: Graph -x-y plot. A blank plot appears with place holders in x and

y axes. Fill up rliq for x and h(rliq) for y. Immediately the graph appears. It can then be formatted for
better appearance by adding grid lines, titles etc.

Manometer liq. height Vs. Lig. density

10

Liq.height (im)
=
| =
&
ESN

N

2 <

\"‘\\H

0 2000 4000 6000 8000 1‘104 1.2‘104 1.4'104
P lig
Liq. density (kg/m3)

Fig. Prob. 2.6(b)

Note the ease with which this graph is produced. Verify from the graph the lig. column height for
Mercury (p = 13,600 kg/m3):

h(13600) =0.525 m.... lig. height with Hg as manometric fluid.
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Problem 2.7: Calculate the pressure in the Natural gas pipe line in the following arrangement; assume

atm. pressure as 101.3 kPa

Fig. Prob. 2.7

Ol 30=07 " Som

A3 ot

Mercury
5G=136 ~

Water

Right hand end of manometer is open to atmosphere.

Procedure is to start from the LHS (ie. from natural gas pipe line) and proceed through the

manometer fluid.

EES worksheet solution of this problem is shown below:

"Prob. 2.7: Manometer with three fluids:"
"Data"

tho_Ho=13600 "kg/m3.... density of Hg"
tho_oil=0.7*13600 "kgfm3...density of oil"
tha_water=1000 "kg/m3...density of water"
=981 "m/s2...accn. due to grawity”
P_atm=101.3*10"3 "Fa"

"Let Gas pipe pressure be P_1"

"Then, starting fram LHS:"

|- [Bix
Iy )
Unit Settings: [kJJCY[Pa)/ka){degrees]
=981 [m/s? Py=102183 [Pa]

P = 101300 [Ps]
o = 9520 [kgfm?]

PHg= 13600 [ka/m?]
Puater = 1000 [kgfma]

Mo unit problems were detected.

P_1-rho_Hg*g*0.2[m]+rho_oifg*(0.65-0.3)[m]rho_waterg*(0.65+0.05)[m]=P_atm

"Mote: In the above eqn., [m] is added for unit congistency, to indicate that the

~heights 0.2, (0.65-0.3) and (0.65+0.05) are in metres"

"Setthe units in variable info window under OPTIONS menu; Press F2 to

..calculate”

"Ansvrers in Solution window"

Calculation time = .0 sec

Thus, the pressure in the gas pipe line is: P, = 102163 Pa = 1.02 bar.

Problem 2.8: Change in atm. pressure with the altitude is shown in the following table:

(Ref: http://www.engineeringtoolbox.com/air-altitude-pressure-d_462.html)
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Altitude Above Sea Level Absolute Barometer Absolute Atmospheric Pressure

feet meter in. Hg mm Hg psia kg/cm? kPa
-5,000 -1,526 35.58 903.7 17.48 1.229 120.5
-4,500 -1,373 35.00 889.0 17.19 1.209 118.5
-4,000 -1,220 3442 874.3 16.9 1.188 116.5
-3,500 -1,068 33.84 859.5 16.62 1.169 114.6
-3,000 -915 33.27 845.1 16.34 1.149 112.7
-2,500 -763 32.70 830.6 16.06 1.129 110.7
-2,000 -610 32.14 816.4 15.78 1.109 108.8
-1,500 -458 31.58 802.1 15.51 1.091 106.9
-1,000 -305 31.02 787.9 15.23 1.071 105.0
-500 -153 30.47 773.9 14.96 1.052 103.1
oY 0 29.92 760.0 14.696 1.0333 101.33
500 153 29.38 746.3 14.43 1.015 99.49
1,000 305 28.86 733.0 14.16 0.996 97.63
1,500 458 28.33 719.6 13.91 0.978 95.91
2,000 610 27.82 706.6 13.66 0.960 94.19
2,500 763 27.32 693.9 13.41 0.943 92.46
3,000 915 26.82 681.2 13.17 0.926 90.81
3,500 1,068 26.33 668.8 12.93 0.909 89.15
4,000 1,220 25.84 656.3 12.69 0.892 87.49
4,500 1,373 25.37 644.4 12.46 0.876 85.91
5,000 1,526 24.90 632.5 12.23 0.86 84.33
6,000 1,831 23.99 609.3 11.78 0.828 81.22
7,000 2,136 23.10 586.7 11.34 0.797 78.19
8,000 2,441 22.23 564.6 10.91 0.767 75.22
9,000 2,746 21.39 543.3 10.5 0.738 72.40
10,000 3,050 20.58 522.7 10.1 0.71 69.64
15,000 4,577 16.89 429.0 8.29 0.583 57.16
20,000 6,102 13.76 349.5 6.76 0.475 46.61
25,000 7,628 11.12 2824 5.46 0.384 37.65
30,000 9,153 8.903 226.1 4.37 0.307 30.13
35,000 10,679 7.06 179.3 347 0.244 23.93
40,000 12,204 5.558 141.2 2.73 0.192 18.82
45,000 13,730 4375 1111 2.15 0.151 14.82
50,000 15,255 3444 87.5 1.69 0.119 11.65
55,000 16,781 2.712 68.9 1.33 0.094 9.17
60,000 18,306 2.135 54.2 1.05 0.074 7.24
70,000 21,357 1.325 337 0.65 0.046 4.49
80,000 24,408 0.8273 21.0 0.41 0.029 2.80
90,000 27,459 0.520 13.2 0.26 0.018 1.76
100,000 30,510 0.329 8.36 0.16 0.011 1.12

Table 2.7 Atmospheric pressure with Altitude
" Sea Level
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Find out the atm. pressure in kPa at an altitude of 10000 m.

Let us work out this problem in EES. First, we prepare a ‘look up table’ in EES with altitude (m) in
column 1 and pressure (kPa) in column 2; then, plot the pressure against altitude, and then get the

curve fit equation and then use it to calculate the pressure at 10000 m altitude in the equations window.

Since ‘curvefit’is an important requirement in many problems, let us show the details: After starting EES,
go to ‘Tables’ menu, select ‘New look up table] select two columns and 30 rows, and fill up the altitude

values in metres in the column 1, and pressure values in kPa in column 2. Look up table is shown below:

-~
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Row 1 0
Row 2 153
Row 3 305
Row 4 458
Row § B10
Row & 763
Row 7 915
Row 8 1068
Row 8 1220
Row 10 1373
Row 11 1526
Row 12 1831
Row 13 2136
Row 14 2441
Row 15 2746
Row 16 3050
Row 17 4577
Row 18 6102
Row 19 7628
Row 20 9153
Row 21 10679
Row 22 12204
Row 23 13730
Row 24 16255
Row 25 16781
Row 26 18308
Row 27 357
Row 28 24408

101.3
99.43
g97.63
85.91
8419
82.48
90.81
8915
8748
85.91
8433
g1.22
78.19
7522
724
69.64
57.16
4581
37 .65
3013
2393
18.82
14.82
1t.65
917
724
4.458
28

Next, go to Plots menu, select ‘New Plot’ — x y plot — you get the following dialog window:

News Plot Setup

Tabh Name: IPIDt 1

[~ Print Description with plot

Description: I

Format I? IT
Minimum Il]_-

~X-Axs CY-Axis i Table
Columni Lookup Table b
Column2 i - —_I
i Lookup 1 _'J

Format [A_ IT
Minimum il]l]—

First Bun !1 5,,
Last Bun ;30 5,

[~ Spline Fit

I~ Automatic update
|~ Add legend item
[~ Show array ndices
[T Show ernor bars

M aximum i35l]l]l] M aximum i1 20.0 Line [—;!

Interval |5I]I]I] Interval !ZI]_I] Symbol I Mone vi

i Linear ¢ Log « Linear ¢ Log Color I_:i'

[~ Grid lines [~ Grid lines 0K I X Eance,i
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Choose column 1 for x-axis and column 2 for y-axis; press OK. Graph appears. You can format the graph

by right clicking on the graph, x-axis and y-axis. Graph obtained is shown below:

Plat 1 l Flot 1 [copy]]

120

o

53

100 |

Rltlels

80

60

40

Pressure (kPa)

20

0 A

] 5000 10000 15000 20000 25000 30000 35000
Altitude (m)

Now, to do curve fitting: Go to ‘Plots’ menu and choose ‘curve fit’; choose ‘polynomial order 3’ curve fit

eqn. appears at the bottom of that window as shown:

 Equation form- ml
i+ Polynomial mderlB_ :'j V’ Plot

" Exponential

241

" Power i Stats
" Logarithmic i
i Enter/edit equation E Eul

X-Name iEqumn1 ¥ Place equation on plot

Y-Hame iEqumnE [~ Copy equation to Clipboard

.Culumn2=’lDD.??5 —0.0113785-Column1 + 4 56616E-07-Column12 —
B.28284E—-12- Column13
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Statistics regarding the plot (to find how good is the curve fit) can be obtained by clicking on ‘Stats’:

__x

Value Std. Error No. points = 30
al 11 I 1.472247E-01 rms = 4 1945E-01
al -1.137848E-02  7.110074E-05

bias = 3.4088E-14

a? 4 566159E-07 6.411108E-09
a3 | -6.282845E12  1.471733613 | B 2=99.93%
ad | Copy to Clipboard
ah
o DK

SMS from your computer

...oync'd with your Android phone & number

Go to

BrowserTexting.com

and start texting from
your computer!

T, Docambes DG, 2992 X161

ma Pur. Srieenber G JE12 150658 Samus
Lo trting Fromm my computer! G

Andreas joredon
Eilas Nemer T Gotmenbes B, 3243 154737 Andrew McDonald
Oh_coclli@

Anja Prterien

(...) BrowserTexting
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Press OK in the above screen. Now, click on ‘Plot’ on the earlier screen and the eqn. is placed on the

plot. Right click on the eqn. and format it. Following is the screen shot after formatting:

Plat 1 ]
120 _
—y=100.775 - 00113785 % + 4 56616E-07 w2 - B.28284E-12-%° [% ﬁj
2
_'_
@
80 J
g
= 60
(e
7 40
17,
L
B 20
0
0 5000 10000 15000 20000 25000 30000 35000

Altitude m)

Note that plot shows one curve for the data in the table and a second curve for the results as per the

curve fit equation.

Next, to find the pressure at an altitude of 10000 m: Use the curve fit eqn. In the Equation window of
EES, you can type this eqn, substitute for x = 10000 and get the value of pressure ( = y). In the following
screen, we have written an EES function using the curve fit eqn. so that pressures can be calculated

conveniently for any altitudes, say for x1 = 1000 m, x2 = 5000 m and x3 = 10000 m:

-

3
s B[]
"Altitudelm) vws. Pressure (kPa) for standard atmosphere:”

"By curer fit"

FUMNCTION Pressure_atmAltitude)

Fressure_atm:=100.775 - 0.0113785%4ltude + 4. 5661 BE-07*Altituda”™2 - B.28284E-12%4ltitude™3 "kPa.....see plotwindow for egn”

End
"Tofind pressures (kPa) for altitudes of 1000 m, 5000 rn and 10000 m:"

x1=1000"m"
%2 =5000 "m"
%3 =10000 "m"

w1 =Pressure_atm(x1)"kPa"
w2 = Pressure_atmix2)"kPa"
w3 = Pressure_atm{x3)"kPa"

Download free eBooks at bookboon.com



Now, pressing F2 produces the following Solution:

SOLUTION

Unit Settings: [kJV[C]/[kPa]/kg}[degr
x1 =1000 %2
y2 =54.51 y3

0o x3 =10000 y1 = B985

Mo unit problems were detected

We note from the solution that the pressures for altitudes of 1000, 5000 and 10000 m are: 89.85, 54.51
and 26.37 kPa respectively.

Prob. 2.9: Find the differential pressure P, in Pa and the head in metres of water in the following

arrangement. Given: Rm = 60 cm, h = 75 cm, Az = 30 cm, P, =5 *10* Pa.
Let us work out this problem in Mathcad.

The method is: to start the known pressure and work the way through the manometer fluid. Mathcad

worksheet is shown below:

. Hg 3G=136

Water
Fig. Prob 2.9
L o L L 4
R,,706 m h:=0.75 m Az:=03 m Py =510 Pa
P water = 1000 kg/m3  pp, =13600 kg/m3  gi=9.81 m/s2
Find out Pg:

Write down the pressures, starting from bulb A:
Py ::[PA’ p water'g'<Rm+ h AZ> t <p Hg'g'Rm> t <p water'g'hﬂ

. 5
ie.  Ppg=1212:10
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To find the head in metres of water:

P B=p \yater&-head

P
B
ie. head =————

P water'

ie. head=12.357 m of water....Ans.

2.6 Examples of Temperature calculations with Thermocouples:

Thermocouple works on the basis of ‘Seebeck effect’ discovered by Thomas Johann Seebeck in 1821: i.e.
when a junction formed out of two dis-similar metals/alloys is kept at a temperature different from the

other ends, an emf is generated between those ends as shown below:

Nickel-Chromium

300°C
12.2mVv

Nickel-Aluminum

The Wake

the only emission we want to leave behind
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Thermocouple is a popular device for temperature measurement.

Its advantages are: it is cost effective, easy and convenient to use and is suitable for a wide range of

temperatures. Because of low thermal mass of the thermocouple junction, it is quite suitable to measure

varying temperatures with fast response.

However, its disadvantages are non-linear characteristics of output (i.e. milli-Volts against temperature)

and very low values of voltage output, which needs amplification; also, ‘cold junction compensation’ is

required for accuracy.

Voltage developed in thermocouple is a function of temperature difference between junctions. It varies

from 1 to 70 microvolts per degree Celsius.

Thermocouples popularly used in industry are:

Type Materials Typical Range (deg.C) Comments

T Copper/Constantan -200 to 400 Non-magnetic; sensitivity of about 43 pv/°C.

J Iron/Constantan -40 to 750 Limited range; sensitivity: approx. 50 uV/°C

K Chromel/Alumel -200 to 1300 General purpose; most commonly used.

Sensitivity: approx. 41 pv/°C.

E Chromel/Constantan -200 to 900 Suitable for cryogenic use; high sensitivity:
68 uv/°C

S Pt-10%Rh vs Pt -50 to 1760 Costly; used for high temp; Low sensitivity:10
pV/deg.C

B (Pt-13%Rh) vs (Pt-6% Rh) 100 to 1800 --do--

R (Pt-13%Rh) vs Pt -50to 1760 --do--

N (Ni-Cr-Si) vs (Ni-Si-Mg) -200 to 1300 For high temp. exceeding 1200° C. Sensitivity

is about 39 pV/°C at 900°C.

Table 2.8 Thermocouple types

Correct method of connecting a thermocouple is shown below:

MEASURING (HOT) REFEREMCE {COLD)
JUNCTION JUNCTION
________________ i
METAL A i COPPER
+ 1 @ +
1
1
W i Voaur
| @ COPPER
METALB !
TH |
| I
Vout=aiTy - Tg)

Fig. 2.8 Using Reference junction for thermocouples
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Reference junction is normally at 0 deg. C. However, if it is difficult to maintain 0 deg. C reference in

practice, by suitable electronic circuitry, ‘cold junction compensation’ is provided.

Standard reference tables for Thermocouples are normally referenced to 0 deg.C cold junction. NIST
reference functions and tables of thermocouple electromotive force (emf) versus temperature have been
adopted as standards by the American Society for Testing and Materials (ASTM) and the International
Electrotechnical Commission (IEC). Distributed by Standard Reference Data Program of the National
Institute of Standards and Technology. NIST look up tables and polynomial coefficients for different Types

of thermocouples are available for download from the web site: http://srdata.nist.gov/its90/download/

This website presents the following screen:

2 Download Tables: 43

Tables of Thermoelectric Voltages and Coefficients for Download Definitions and Format

Click the desired type to download] . TYPE B L] Type g Eeference Function

a table of thermeoeleciric vohiages Coefficients Definitions

d coefficienis of thai type. . -
[ AR I o TypeE o Type R Thermoelectric Voltage File
Click All Thermocouple Types to Format
downlead a table of thermoeleciric
voliages and coefficienis of all o el 0 Bpes Coefficients File Format
types (B - T).

o Type K s« TypeT

Click Coefficients of All 5P 5P
Thermocouple Types o download
a tahle of ONLY coefficients ofall o All Thermocouple Types s Coefficients of All Thermocouple Types
types (B - T).

©1995F copyright by the U8, Secretary of Commerce on behalf of the Unfted States of America, AR rights reserved.

N NIST Data ITS-90 NIST Online
HOMHE Home Page Thermocouple Databases

National Institute of Standards and Technology (NIST) is an agency of the U.S. Commerce Deparimeni.
For comments and questions, please contact us.

This page was created om 12/20/1999_

This page was last modified on 04/17/2008 17:12:47.

By clicking at the required type of thermocouple, one can download the look up table for that type.
For example, a partial extract (-270 deg.C to 90 deg.C) of the look up table given by NIST for Type E
thermocouple in their website is shown below. Note that the table is given in the temperature range:
(-270 deg.C t01000 deg.C).

(Ref: (http://srdata.nist.gov/its90/download/type_e.tab)
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Or, if a polynomial equation is desired, coefficients can be downloaded by clicking ‘Coeff. of all

thermocouple types.
Polynomial function is defined as follows:

Reference Function Coeflicients Definitions:

The general form for the emf, E, as a function of t90 for all except type K thermocouples is:

B = Zci (t90)1-
=0

where E is in mV and t90 is in °C. For type K thermocouples above 0°C, there is an additional term to

account for a magnetic ordering effect:

1
. 2
F = ZCI (tgﬁ )-‘ + aoea1(fgu—az)

1=0
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where e is the natural logarithm constant, E is in mV, and t, is in °C. The constants a, a,, and a, have

the values:

a, = 0.118597600000x10°

a, =—0.118343200000x10"

a, =0.126968600000x10°

As an example, coefficients for E type thermocouple are downloaded and shown below: Note that polynomial

coefficients for E type are given for two temperature ranges, i.e. from -170 to 0 deg.C and 0 to 1000 deg.C:

KAKAKA IR A IR A IR A I A A KA A I A XA AR A A XA A XA AKX K

* This section contains coefficients for type E thermocouples for

* the two subranges of temperature listed below. The coefficients
* are in units of °C and mV and are listed in the order of constant
* term up to the highest order. The equation is of the form

* E = sum(i=0 to n) c_ 1 t"i.
*
*
*
*
*

TemperatureRange (°C)
-270.000 to 0.000
0.000 to 1000.000
R i b S b e b b b b b S i 2 b b b b b b b I I b b b b Ib e b i b
name: reference function on ITS-90
type: E
temperature units: °C
emf units: mV
range: -270.000, 0.000, 13
0.000000000000E+00
0.586655087080E-01
0.454109771240E-04
-0.779980486860E-06
-0.258001608430E-07
-0.594525830570E-09
-0.932140586670E-11
-0.102876055340E-12
-0.803701236210E-15
-0.439794973910E-17
-0.164147763550E-19
-0.396736195160E-22
-0.558273287210E-25
-0.346578420130E-28
range: 0.000, 1000.000, 10
0.000000000000E+00
0.586655087100E-01
0.450322755820E-04
0.289084072120E-07
-0.330568966520E-09
0.650244032700E-12
-0.191974955040E-15
-0.125366004970E-17
0.214892175690E-20
-0.143880417820E-23
0.359608994810E-27
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Polynomial equations for voltage developed: Voltage developed in a thermocouple is a non-linear function

of temperature. Normally a 5% or 7 or 9" order polynomial describes the voltage output. Following

Table gives the polynomial coeflicients (NBS) for a few types of thermocouples (Ref: www.omega.com):

TYPE E TYPE J TYPE K TYPER TYPE § TYPET
Nickel-10% Irom{+) Nickel-10% Chromium{+)| Pletinum-13% Rhodium{+) [Flatinum-10% Rhodium{+) Copper(+)
Chromium{+) Varsus Versus Versus Versus Versus
Versus Constantan{-} Nickal-5%{-) Filatinum{-) Flatinum{-) Constantan{-)
Constentan|-) (Aluminum Silicon)
-100°C 1o 1000°C OG0 TOUC 0'Cto 1370°C OCto 1000°C 0'Cto 1750°C -180°C to 400°C
«0.5°C =0.1°C = 0.7°C =0.5C =1'C *0.5°C
Bth onder Eth order Eth order Eth onder Bth order Tth order
EN 0104887 248 -0.048888852 0.226584802 0.263832817 0.827TTE3167 0. 100860810
S 1716845282 18673.14503 2415210800 178075481 168526.5150 25727 pd350
= 282638, 0850 -21 85145353 BTE33.4248 -1BB40341.3T -3158835835.84 -TET345.8205
ER 126053305 11588182.78 2210340882 1.80002E + 10 BB00T 30883 T8025585.51
EN 44 BTO3084.8 ~2E4R1TE31.4 -SE0SEIR1A.S -4 BETO4E « 12 -1.63565E + 12 2474 BESE
A 1.10886E + 10 2018441314 4. B3508E + 10 TEB0RIE + 14 1.880ETE + 14 B.ETEBEE + 11
&, -1. TEBOTE + 11 -1. 1B452E + 12 -T.20026E + 18 -1.3TAHE + 18 -2ES1BEE < 13
N 1.7T1842E + 12 1.38800E + 13 3.T14B5E + 18 6.17501E + 17 3.B4078E + 14
N -BLIEETEE + 12 B.33T08E + 13 -B.03104E + 18 -1.58105E + 18
a8, 2.05132E + 13 1.88535E + 20
TEMPERATURE CONVERSION EQUATION: T=a,+a,x+ax?+. .. +ax"

MESTED POLYMOMIAL FORM: T = g, +x{a, + x(a, + x (a,+ x(a. +ax)}}}} (5th order)
where x is in Volts, Tis in *C

Table 2.10 NBS polynomial coefficients for Thermocouples
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Note: Polynomial equations should be used strictly within the temperature ranges indicated.

Thermocouple voltage vs temperature for different types of thermocouples is shown graphically in

Fig.2.10below. From this graph, one can easily compare the sensitivities of different types of thermocouples:

1700 +

1500 4

1300 o

1100 4

800 4

700 4

500 4

Temperature (Centigrade Degrees)

300 4

100 o

L T T T T T T T T T T L] T L

0 5 .f 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Thermocoupla Voltage (mV)

Fig. 2.10 Thermocouple voltage vs temperature for different types of thermocouples
Following problem is worked out in Mathcad:
Prob.2.10: EMF in a Thermocouple, with test junction at t deg.C on gas thermometer scale and reference
junction at ice point is given by: € = 0.2*t - 5 * 10* t}, mV. The milli-voltmeter is calibrated at ice point

and steam points. What will this thermometer read in a place where gas thermometer reads 50 deg. C?
M.U.]
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Solution:

e(t) =02t 510 *¢*  ...define € as a function of t
Therefore: £(0)=0 .valueofeatt=0C
€(100) =15 ..value of e at t = 100 C
£(50) =8.75 ..value of e at t =50 C
Then T ::%50-8.75 ..value of T at e = 8.75 mV
ie. T=58.333 C.....Ans.

Problem 2.11: A temperature T on a thermometric scale is defined in terms of property P by the
relation: T = a. In(P) + b where a and b are constants. The temperatures at ice point and steam point are
0 deg.C and 100 deg.C respectively. Instrument gives values of P as 1.86 and 6.81 at ice and steam point
respectively. Evaluate temperature corresponding to a reading of P = 2.5 [M.U.].

Here, we set up two equations from the given data and solve them simultaneously.

We use the ‘Solve block’ of Mathcad.

First, we write the trial values for a and b; then write the Solve block, i.e. type: Given, and below that

write the two constraint equations; then write ‘Find (a, b) =" ; then, values of a and b are given in a vector:

a:=1 b =1 trial values

Given
0=a-In(1.86) + b
100=a-In(6.81) + b
Find(a,b) = { 77.053 }
~47.817
ie. a:=77.053 b :=-47.817

When p=2.5: T(p) :=a‘ln(p) +b

T(2.6)=25.808 C....Ans.
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Problem 2.12: The readings t, and t, of two Celsius thermometers A and B agree at the Ice point (0
deg.C) and Steam point (100 deg.C), but elsewhere are related by the equation: t, =1+ m* t, + n* t.2,
where I, m and n are constants. When both the thermometers are immersed in a well stirred oil bath, A

registers 51 deg.C, while B registers 50 deg.C. Determine the reading on B when A reads 25 deg.C [M.U.]
This problem is now solved in EES:

First, enter the constraints in the ‘Equation window’. See the comments against each line in the screen

shot below. Next press F2 and the solution appears in the ‘Solutions window’.

0=1+0+0 "..8t0ceg.C .t 2=t B.. bydata"

100 =m"100 +« n* 1002 "at 100 geg.C, £ A =t B.. bydata”

51 =m*50 + n* 502 "when A reads 51 deg.C, B reads 50 deg.C"

t A=l+m"t_B+n™t_B"2 ". relation between A and B in the range of 0 1o 100 deg.C"
t A=25 "when A reads 25 deg.C, what Is the valve on B?"

SOLUTION

Unit Settings: [kJ}[C)/[kPa]/ka}degrees]

|l =0 m=1.04 n =-0.0004 ta = 25
tz =24.26

Mo unit problems were detected.

We get the solution as: t, = 24.26 deg.C when t, = 25 deg.C

Problem 2.13: Fahrenheit and Centigrade thermometers are both immersed in a fluid. Fahrenheit reading
is numerically twice that of the Centigrade reading. What is the temperature of the fluid expressed on

degree Rankine and Kelvin?

This problem is also easily solved in EES. See the screen prints of ‘Equation window’ and ‘Solution

window’ below. Read the comments against each eqn. in the Eqns. Window.

"Let the Fahrenheit reading be 'y’ and the Centigrade reading be x™

Za=y .y Istwice x .. by dala”

X"9/5 + 32=y "..since both x and y are for the same filuid at the same time, they are equai”
R=y+480 ".deg. R = deg.F + 450"

K=x+273.1 "Kelvin = deg.C + 273.1"

RbyK=R/K "...to verify that R/K = 1.8"

SOLUTICN

Unit Settings: [kJJIC]/[kPa]/[xaldegrees]

K =4331 R =780 RbyK = 1.801 x =160
y =320

Mo unit problems were detected
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Note the answers as: x = 160 deg.C, y = 320 deg.F;
R = 780 deg. Rankine; K = 433.1 K; (R/K = 1.8 ...verified).

Problem 2.14: A Pt vs Pt-Rh thermocouple gave following readings during its calibration: at 630.74 C,
emf = 5550 microvolts; at 961.93 C, emf = 9150 microvolts, and at 1064.3 C, emf = 10335 microvolts.
If the polynomial relation between emf and temperature is emf = AT + B.T> + C.T? determine the

constants A, B and C. Also, find the temperature corresponding to an emf of 7300 microvolts.
Solution is done in EES.

In the Eqn. window, write the equations for the three temperatures as shown. Solving them simultaneously,
one gets polynomial coefficients A, B and C. Then use the polynomial eqn. to get temperature

corresponding to emf = 7300 microvolts. Press F2 to get solution. Results are shown below:

"From data:"

5550 = A’630.74 + B*(B30.74)"2 + C*(630.74)"3 "..a1 630.74 deg.C"
9150 = A"961.93 + B*(961.893)"2 + C*(861.83)"3 "..af 961.93 deg.C"
10335 = A*1064.3 + B*(1064.3)"2 + C*(1064.3)*3 " _.ar 1064.3 deg.C"
When emf= 7300 microvolts:”

7300 = A'T + B*T*2 + C*T*3 "L..finds T in deg.C"

SOLUTION
Unit Settings: [kJJIC]/kPa]/[kaldegrees]
A =7.142 B =0.002838 C =-4831E-07 T =786.2

MNa unit problems were detected.
We note the results:

Polynomial coefts: A = 7.142, B = 0.002938 and C=-4.931E-07, and
At emf = 7300 microvolts, Temperature T = 796.2 deg.C

2.7 Constant volume gas thermometer:

A constant volume thermometer, as the name implies, has a constant bulb volume and as the temperature
is changed, pressure inside the bulb also will change. Temperature and pressure are related by the Perfect

gas law, viz. PV = m. R .T where P is the absolute pressure and T is the absolute temperature.
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A schematic diagram of a constant volume thermometer is shown below:

level maintained constant

_________ Reservoir
h E :_:

Fig. 2.11 Constant volume gas thermometer

Volume is maintained constant by maintaining the level at the mark as shown in Fig. above, by moving
the reservoir up or down.
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First, place the bulb in a bath maintained at a constant, known temperature of triple point of water (i.e.
273.16 K) and measure the pressure. Since RHS of manometer is open to atm. pressure, pressure inside
the bulb is:

P TP=P atm~ p-gh (2.7)

where pressures are Pa.

Now, place the bulb in the environment of the temperature to be measured (say, T Kelvin); maintain
constant volume by maintaining the level in the manometer at the mark, and again measure the

pressure = P, say.

Then, applying the Gas Law:

P _T _ T 08
= = ...(2.8

Prp Trp 273.16

. P

ie. T=273.16—— ...(2.9)

Prp
Problem 2.15: A constant volume gas thermometer is filled with Hydrogen gas. When it is brought in
contact with a system at triple point of water, pressure reading is - 175 mm Hg; when the same thermometer
is brought in contact with a system at an unknown temperature of T, the pressure reading is -105 mm

Hg. If barometric pressure is 750 mm Hg, what is the unknown temperature in Kelvin?
Solution: We shall solve this problem in EES:

Equations are entered in the Eqn. Window. Take care to see that pressures are absolute pressures, and

temperatures are in Kelvin. Apply the Gas law, as indicated earlier.
Press F2 to get Solutions.

Screen shot of Equations and Solution window are shown below:

P_atm =750 "mm Hg"

T_TP=273.16 "K"

P_TP=P_atm-175 "mm Hg"

P_T=P_atm-105 "mm Hg"

P_TP_TP =T/T_TP ".finds Tin Kelvin"

SOLUTION

Unit Settings: [kJJ[C]/kPz] ko) {degrees]

Pam =750 Pr =645 Pt =575 T =306.41
Trr =273.16

Ma unit problems were detected.

So, the result is: Unknown temperature, T = 306.41 K
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2.8 Resistance Thermometer Detectors (RTD):

RTD’s work on the principle that electrical resistances of many metals such as Platinum, Copper,

Aluminium, Lead, Indium, Gold and Silver change with temperature.
Generally, Platinum is used because of its advantages:

i. it has a wide range and non-reactive upto high temperatures of around 850 deg. C,
ii. it has good accuracy

iii. it has good interchangeability

iv. it has long term stability

V. it can be drawn into wires

vi. it is not too soft

vii. it gives reproducible results, and

viil. it is not affected by corrosion and oxidation
Disadvantages of Pt are:

i. expensive
ii. influenced by lead wire resistance
iii. slow thermal response, and

iv. low resistance to shock and vibration

Pure Pt (99.99%) is used, since impurities in the resistor will affect the electrical resistance. Pt-resistance
thermometers are known as PRT. According to the IEC and DIN Standards, temperature coeflicient of
the resistance wire must be 0.003850°C™ (i.e. mean resistance change referred to the nominal resistance
at zero deg.C) and it should have a resistance of 100 ohms at 0 deg.C; so, it is known as PT-100. Its

resistance changes approximately 0.4 ohms/degree C. Following graph shows the variation of resistance

with temperature:

Resistance Ohm

400 s
350 L~

250 "~

!

'8

0 100 200 300 400 500 €00 700 800 9000
Temperature C

Fig. 2.12 Resistance - Temperature characteristics of Pt-100
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For analytical calculations, the resistance — temperature characteristics is expressed as follows:
A third order polynomial in the temperature range (-200 deg.C to 0 deg.C):
2 3
R()=R o' (11 Ats B + C(t— 100)£] ..(2.10)

A second order polynomial for the temperature range: (0 to 850 deg.C):

R(t)=R04(] +At+ B-tz) .(2.11)

Here, constants A, B and C are given by:

4

A=3.9083 x 10” °C

B=-5775x10" °¢c*

A2 O -4
C=-4183x10 c
Free software to quickly determine temperature for a given resistance and vice-versa:

For those who use Pt 100 very often, there is a very versatile free software to make calculations, known

as PRTCalc., available for download from http://www.isotech.co.uk/prtcalc/prtcalc.html. According to its

supplier: “It allows for the accurate conversion of resistance to temperature or temperature to resistance.
PRTCalc is a small utility that can sit on the desk top alongside other applications. The calculated results
can easily be imported to spreadsheets or other applications for presentation, storage or whatever. Output

data can also be saved as a text file”,

Important features of PRTCalc are:

Can Generate Large Tables or Single Values

Convert Temperature to Resistance with high accuracy
Convert Resistance to Temperature to approx. 0.01°C
Allows very large lists of data

Output Can be Saved as a text file

Allows marking and copying of result data

Stores coefficients for user entered probes

Probe Management.

Unit Choice - Celsius, Fahrenheit or Kelvin

O 0 N R W
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Using PRTCalc:

As you start PRTCalc, following screen is presented:

REL

File Edit Direction Units  Help

|'Temperatum Range “C

Start EI Finizh Step Size D

PRT | Default PRT ~| calculate

Mo results pet. - I

EXPERIENCE THE POW

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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Then, select °C, °F or Kelvin from the Units menu:

Fil= Edit

Direckion BEyE

Temperature Rar ¥ Degrees Celsius
Degrees Fahrenheit

Start EI F' kelvin e D
PRT | Default PRT ~| calculate
=

Mo results yet.

Choose between calculating from resistance to temperature or temperature to resistance from the

=] »
S
File Edit Inits

Direction menu:

Direckion Help

v Temperature - = Resistance

Temper

Resistance - = Temperature
Start |0 IS | o aep Size D

Mo results yet.

PRT | Default PRT ~| calculate
-
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Press ‘Calculate’ and the table of Temp vs Resistance appears as shown:

SEE

il

Temperature Range *C

Start EI Finish Step Size D
j” Calculate

PRT | Default PRT

Temp *C Resistance -
0.0000 100.0000

1.0000 100.3908

2.0000 100.7814

3.0000 1011720

40000 101.5624

5.0000 101.9527

6.0000 102.3429

7.0000 102.7330

&.0000 103.1229

9.0000 103.5128

10.0000 103.9025

11.0000 104.2921 |

Use the Edit menu to copy data to the clipboard; the data can then be pasted into a spreadsheet to produce
a graph. As an example, values of resistances are calculated in the temperature range -180 deg.C to 820
deg.C and the table produced is copied to Excel; then, the Temperature vs Resistance chart is produced

in Excel, and is shown below:

B3 Microsoft Excel - Book1 E@@
(] Fle Edt  Wiew Insert Format  Tools Data  Window  Help Type & question for help = @ X
INEEBOIERITE &GS A8 SRS e -
: Arial -0 - B I U|=S==H|S5 % 2 BB|FEE - H-A-H
530 - &
A | B | & | D | E | E | G | H | | J | K | 12 | il | N | ] e
| 1 |[Temp °C  Resistance
22 180 27.0984
IEE 4130, 48.0048
4 80| E8.3254 :
5| @ e Pt-100 Resistance Thermometer
6 200 107.7935
7 70 127.0751
N 120, 146.088 400
9 170 164.7721
10 220 183.1875 0
11 270 2013141 —,
(12 320| 219.152 )
13 ] 370 236.7011 b= 5e
14 420 2539615 =
15 470 2709331 o) e
16 520 287616 —— :
iz 570 304.0101 P — Resistance
18 620 320.1155 x1 266
19| 670 335.9321 =
20 720 351.48 & o
(21 770 3666991 ]
22 820| 3816495 i
|23 | O 68
24 o
25 o
26
27
28 =
29 | 200 100 O 100 200 300 400 sS00 600 700 8O0 900
En —
31| Temperature (deg.C)
32
(33 &
W 4 » n\Sheetl, Shestz /sheeta / |« »|

Ready

7Y start

=1

= ﬁ Chapter-2.

r- AToiTheoty . | =5 Mathcad Pro...

'r.{

[ &l chapterz.d... B Micrasoft Ex...
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If you wish to calculate a single value only, say the value of resistance at 55 deg.C, then, leave the Finish

box empty, and click on ‘Calculate’; you read the resistance as 121.321 ohms.:

— price R R

File Edit Direction Units Help
Temperature Range *C
’75tart IEI Finizh I:l Step Size D
PRT | Default PRT ~[| calculate |
Temp "C Resistance =
55.0000 121.3210
hd

Note: You can run multiple copies of PRTCalc simultaneously to see the effects of different coefficients

or for multiple thermometers.

This e-book Y o N
ismadewith SETASIGN

SetaPDF h Y 4

\7\‘ PDF components for PHP developers

www.setasign.com
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Problem 2.16: A Pt-100 RTD shows a resistance of 38.6 ohms. Find out the temperature.

We shall solve this problem in Mathcad.

Since the resistance is less than 100 ohms, temperature is less than 0 deg.C, and we use the eqn:

R(t):RO-[ 1+ At BE) - C(t-100)6) ..(2.10)
where R =100 ohms

A 1=3.9083-10°° deg.C/C

B =-5.775.10 ' deg.C/CA2

Ci=-4183.10 deg.C/ch4

We use the ‘Solve block’ to solve this. First, assume a trial value for temperature, say -10 deg.C. Then,
type Given, and under ‘Given’ write the constraint eqn. i.e. R(t) is equal to 38.6 ohms. Now, simply type
‘Find(t) =" and the answer appears immediately as -152.694 deg.C
=-10 deg.C......trial value

Given

38.6=R0-[ (14 AtsBE) = Ot 100)~t3}

Find(t) = —152.694
Now, the same problem can be solved quickly in PRTCalc.

First choose ‘Resistance to Temperature’ from the Direction menu.

Then, enter Resistance = 38.6 and click on ‘Calculate’
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Immediately, answer appears: T = -152.6936 deg.C. This matches with the value of T calculated in
Mathcad. Screen shot of PRTCalc is shown below:

= -x

Resistance Range

Start Finizh I:I Step Size D

PRT | Default PRT ~|| calculate |
Reszistance Temp *C -
38.6000 -152.6936

bl |

Finally, let us produce a graph of Temperature vs Resistance for Pt-100 thermometer, in Mathcad, in

the temperature range: -200 deg.C to 850 deg.C:

To draw Temp vs Resistance graph for Pt 100:

Resist(t) := RO-[ <l +At+ B-t2> +C(t- 100)-t3} if t<0 ...Define Resistance as function of
temp in the two ranges i.e. below 0
R0-<1 +At+ B-t2> otherwise deg.C and above 0 deg.C

For example:  Resist(- 152.7) = 38.597 ohms

In the above, we first define a function to calculate resistance for any temperature. Since there are two
different equations to determine the resistance depending on the temperature range, we have written a
small Mathcad program using ‘if...otherwise’ construct. First line in the above program gives the value
of resistance if the temperature t’ is less than 0 deg.C and the next line gives the value of resistance
‘otherwise’ i.e. if the value of temperature is more than 0 deg.C. To check the working of the program,

resistance at -152.7 deg.C is calculated, which is 38.597 ohms, same value obtained earlier.
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Next, to draw the graph, first define a range variable ‘t’ to vary from -200 deg.C to 850 deg.C with an
increment of 5 deg.C. Then, from the ‘Insert’ menu in Mathcad, click ‘graph-x-y plot’ and a blank plot
appears with one ‘place holder’ on the x-axis and another ‘place holde’r on the y-axis. On the x-axis
place holder type t’ and on the y-axis place holder type ‘Resist(t)’ and the graph appears immediately. To
format the graph for grid lines, titles, axis limits etc, double click on the graph and the formatting menu

table appears where the choices can be selected. The Mathcad worksheet with graph is shown below:

t:=-200,-195.. 850 ...define a range variable t from -200 C to 850 C with an increment of 5 deg.C

RAND
MERCHANT
BANK

Adivision of FirstRand Bank Limited

Y O | l T I I I N K Traditional values. Innovative ideas.
]

YOU CAN WORK
AT RMB

Rand Merchant Bank uses good business to create a better world, which is one of the reasons that the country’s top talent chooses to
work at RMB. For more information visit us at www.rmb.co.za

Thinking that can change your world

Rand Merchant Bank is an Authorised Financial Services Provider
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Temperature ws Hesistance for Pt 100
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Fig. 2.1 Pt 100 Resistance Thermometer characteristics

29 Summary:

In this chapter, we first described the International System of Units (i.e. SI Units). Unit conversion
examples were worked out using Uconeer and the Unit converter of TEST software. Then, we discussed
about the pressure measurement with manometers and worked out some examples using Mathcad as
well as EES. One example on ‘curve fitting’ with EES was also explained. Temperature measurement
with Thermocouples was explained next. Details regarding different types of thermocouples were given.
Problems were worked out using both Mathcad and EES. Next, constant volume gas thermometer was
described and a problem was worked out using EES. Finally, RTD’s and Pt resistance thermometer were
explained; a versatile, free software viz. PRTCalc to make calculations in connection with Pt-100 was
introduced and a problem was worked out in Mathcad and verified with PRTCalc. Finally, Temperature

vs Resistance characteristics for Pt-100 thermometer were drawn in Mathcad.
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3 Properties Of Pure Substances

Learning objectives:

1. In this chapter, we study about ‘pure substances’ i.e. substances which have a fixed chemical
composition throughout.

2. Various property diagrams are explained, with particular reference to water.

3. Use of EES, TEST and many ‘free’ and online software to determine properties and plot
property diagrams for different substances is demonstrated.

4. Methods of finding out property values and generating property tables are also shown using
different software.

5. Determination of dryness fraction (or quality) of steam with ‘throttling calorimeter’ as well

as ‘separating and throttling calorimeter’ is explained.

3.1 Introduction:

A substance may exist in solid, liquid or gaseous state, and a pure substance’, by definition, ishomogeneous
and has the same chemical composition in all the states. For example, water has the same chemical
composition whether it exists as ice (i.e. solid), or liquid water or steam (i.e. gaseous state). Sometimes,
a mixture of gases, such as air is also treated as pure substance as far as it does not change phase. (When

air changes phase, it has different compositions in gaseous and liquid phases).

In engineering, we frequently use water, air and refrigerants as important working substances. Water/
steam is used in boilers, turbines and power plants. Air is used in Internal combustion engines and in
numerous other applications. Many different types of refrigerants are in use in refrigeration and air-

conditioning applications.

We shall study the properties of simple, compressible systems (i.e. systems where surface effects, magnetic
effects and electrical effects are insignificant), where changes in pressure (P), volume (v) and temperature
(T) are important. While studying the properties of pure substances, it is worthwhile to remember the
‘State principle, which states as follows: ‘For a simple, compressible substance specifying the values of any
two independent, intensive properties will fix the values of all of the others’. Here, the term ‘independent’
is important. Thus, for example, pressure (P) and temperature (T) are two independent properties for liquid
water or gaseous steam, and given P and T fix the state for liquid water or gaseous steam. But, when the
water is boiling, P and T are dependent on each other; so, one more independent property such as quality’
is to be specified to fix the state.

We shall present our discussion mainly for water, but in general, the principles are valid for other fluids too.
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3.2 Property diagrams for Water:

Following are the important property diagrams: P-v, T-v, P-T (or phase diagram), T-s and h-s. Of these,

T-s and h-s diagrams are very useful in analyzing power cycles and refrigeration cycles.

Some sample diagrams are shown below:

3.2.1 T-v diagram: (Ref: 1)

(¥

{
> [
f
Saturated Satuwrated

liquid vapor

Q003106 i, mikg
Fig. 3.1 T-v diagram for Water at different pressures
Note that with increasing pressures, the two phase region becomes shorter and shorter and at a ‘critical

pressure’ of 22.06 MPa, it is just a point. This is called ‘critical point’ and the value of ‘critical temperature’
is 373.95 K.

Locus of points such as 3 and 5 give the ‘saturated liquid line’ and ‘saturated vapour line’ as shown below.

Both these lines meet at the critical point.
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3.2.2 P-v diagram: (Ref: 1)

Note the various regions and the nature of constant temperature lines in the following P-v diagram.

P
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Fig. 3.2 P-v diagram for Pure substance

It is a specialty with water that as it freezes, the volume increases, whereas for most of other substances,
volume decreases as temperature decreases.

If the solid region is also included, P-v diagram for water (which expands on freezing) will appear
as follows:

P
- Critical
"1 [ point
i || ,f""x\
1 ¢ %
— | A"
\ ;Il a g’f N,
= = f
I
' =) = ."II \l.
| “f.-' kY VAPOR
= |
L=
2| / %
1 i
1

|J.r' LIQUID = VAPOR
alt ¥ 8
o 1 .llrl £
31/ o \
o 3 Tripls linz e
7 N
/H{ S
F 50LI0 - VAPOR ~

Fig. 3.3 P-v diagram for water (which expands on freezing)
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And for substances which contract on freezing, P-v diagram will be as follows:

Critical
point

VAPOR

SO
SOLIEY + LI
LIy

LIQUID - YAPOR

Triple linz

/ SOLID + VAPOR \

Fig. 3.4 P-v diagram for substances which contract on freezing
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323 P-T diagram (or, Phase diagram): [Ref:12]

A pressure-temperature diagram is called a ‘phase diagram’ since all the three phases of a substance are

shown therein.

P-T diagram for water, which expands on freezing, is shown below; all the three phases are shown and
also the melting or fusion (from solid to liquid), vaporization (from liquid to vapor) and sublimation
(from solid to vapor) lines are shown. C is the critical point. And, T is the triple point, where all the

three phases are present. Note that for water, melting line has a negative slope.

pressure
melting
c
solid vaporization
liguicl f
T
L. vapour
"_F,_suhl.l.matmn
Eemperature

Fig. 3.5a. P-T diagram for water

Following diagram indicates the Triple point, critical point, normal melting point and normal boiling

point parameters for water:

pressure

218 atm \ (&

solid

liuic!

1 atm (101325 Pa)

0.006 atm (511 Pa) T

/ vapaur

.-/ a7
M.Pt0°¢ 00\0\0300 BPtiDoec  974°C
e termperature

Fig. 3.5b. P-T diagram for water
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Note that for water, as a consequence of negative slope of the melting line, freezing temperature decreases
with an increase in pressure; also, at a temperature below the Triple point, as the pressure is increased
vertically along the constant temperature line, vapor will first become a solid and then liquid! At a
temperature above the critical temperature, it is impossible to condense a vapor into liquid by increasing

the pressure.
For a substance other than water, i.e. which contracts on freezing, the phase diagram will look as follows:

pressure

solid
liguict

vapour

temperature

Fig. 3.6 P-T diagram for a substance which contracts on freezing
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Note that in the above fig. melting line has a positive slope. As a consequence, freezing temperature
increases with an increase in pressure; also, at a temperature below the triple point, as the pressure is

increased vertically along the constant temperature line, vapor will first become a solid and will not

become a liquid!

Properties Of Pure Substances

For water, values corresponding to the sublimation curve are given below:

T(K) P (mm Hg) T (K) P(mmHg) | T(K) P (mm Hg)
190 0.00025 261 1.632 271 3.880
200 0.0012 262 1.785 272 4.217
210 0.0053 263 1.950 2725 4.40
220 0.026 264 2.131 273 4.579
230 0.074 265 2326

240 0.25 266 2537

245 0.351 267 2.765

250 0.58 268 3.103

255 0.939 269 3.280

260 1.49 270 3.568

Table 3.1 Vapor pressure of Ice

Similarly, vaporization curve for water is a plot of vapor pressure against temperature. Values of P and

T for vaporization curve of water are shown below in Table 3.2.

T (K) P(kPa) T (K) P (kPa) T (K) P (kPa)
273 0.6105 310 6.2751 370 90.9349
274 0.6567 320 10.6124 371 94.2947
275 0.7058 330 17.3079 372 97.7570
280 1.0016 340 27.3257 373 101.3247
290 1.9372 350 41.8764 374 105.0004
300 3.5650 360 62.4974 375 108.7721

Table 3.2 Vapor pressure of Water

Note: Triple point: 273 K, Normal boiling point: 373 K, Critical point: 674 K.
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Vapor pressure of water is represented graphically in Fig. 3.7 below:

Vapor pressure of Water

120

100 /

80 /

60 / —P(kPa)

P (kPa)

40 /

250 300 350 400
T(K)

Fig. 3.7 Vapor pressure curve for Water
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3.24 P-v-T surface [Ref: 111:

P-v-T surface for water (which expands on freezing) is shown in Fig. 3.8. It may be observed that other
diagrams such as T-v and P-v diagrams described above are the projections of this three-dimensional
P-v-T surface on respective coordinate planes. Note that single phase regions appear as curved surfaces

on the P-v-T surface, and the two phase regions are surfaces perpendicular to the P-T plane.

Solid and

liquid

Solid Critical
state

Pressure P

Constant temperature line

Fig. 3.8 P-v-T surface for Water

For a substance that contracts on freezing, the P-v-T surface will be as shown in Fig. 3.9 below:

Solid

and liquid o
Critical ™,
S‘tate Constant-pressure
' line

Pressure P

Constant-temperature line
Volume v

Fig. 3.9 P-v-T surface for a substance that contracts on freezing
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33 Property Diagrams from Software:

Property diagrams can be obtained very accurately and conveniently from software like EES and TEST.
EES gives presentation quality property diagrams for several fluids with just a few clicks of the mouse,
whereas TEST gives property diagrams which are indicative while solving the problems or determining
the states. However, TEST also gives ‘plot data’ which can be copied to a spreadsheet like EXCEL and
then good quality diagrams can be drawn. We shall illustrate the use of EES as well as TEST to draw a

few representative property diagrams.

3.3.1 Property diagrams using EES:

It is very easy and convenient to draw property diagrams using EES.

As you start EES, welcome screen appears; dismiss it and, then, from the ‘Plot’ menu, choose ‘Property

plot’ as shown below:

Academic Version:

Fig. 3.10a. Drawing Property plot with EES
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Then, the ‘Property plot information’ window appears. Here, you choose the fluid (Steam_NBS), Type

of plot (say, T-v plot), and constant pressure, entropy and quality lines, as shown below in Fig. 3.10 b.

? Fluid Info

RE00a ~ ype
R717 ' ©T-s ' DK

o T-w

T P-v

Cpoh | (% o]
™ h-s

~

[¥] Include lines of

v P=[11000 [kPa] v s=[5  [kikaK]
" P=[5400  [kPa] [ s=|54 [ki/kgK]
v P= 2100 [kPa] [ s=|5.8 [kJ/kg-K]
vV P={101 [kPal v s=|6.2 [kJ/kg-K]
rP=[  [kPal Ts=|  [kikeK]
re=[  Ikpal T s=[ IkikeK]

[v Show lines of constant quality

Fig. 3.10b. Drawing Property plot with EES
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Click OK and the T-v plot appears immediately. Format the graph for scale, captions, gridlines etc. by

‘right clicking’ on the item to be formatted and a presentation quality graph is produced as shown below:

i¥ T-w: Steam_MBS
T-v; Steam MBS I =
— SteamNB.;
|
600 | E
El N
500 ) EI
/ I8
— 400 EI
o W AN
R \{
ol 300 m 11000 kPa \
EIN
N
2100 kR —=
200 ; .
\\
SN
100 e
101 kPa I!| &_\_‘E.ta_
L
] ”l . P A4
103 102 101 100 101 102 102
v [mrkg]
|
—

Fig. 3.10c. Drawing Property plot with EES

In a similar manner, P-v diagram for Water (i.e. Steam_NBS) is drawn, and the same is shown below:

L P-v: Steam_NBS

P-v: Steam_MBS I -
105 SteamNBs
m:: w =z
a [=
@
ool ' - N
Taper ==
4+ O
it _l
210 H !I
107 )
i . 3l
&y 150°C =
= || ™
o 2 - 1100 N
10 e
31— 'Hii
10 == =
107 4
103 102 10-1 102 101 102
v [mtkg]

Fig. 3.11 P-v plot for Steam with EES
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If we wish to draw Property plot for, say R134a refrigerant, follow a similar procedure. Select the fluid
as ‘R134a’ in the property plot info window; choose the type of plot (say, P-v plot), choose the lines of

constant temperature, entropy and quality and click OK.

Property Plot Information
7 Fluid Info l

GE 3 Type
R134a_ha b @
R14 = AL
R141b
R143a &P
R152a P
h
T

s
¥
- X
-h Cancel |
R22 |
s
h

P
R22_ha i  h-
R23 T

R290 >

X1 Include lines of ~ [¥] Include lines of

M T=[75  ro v s= 08 [k/kgK]
W T=[50 re M s= 11 Ik/keKI
wT=[25 rc [ s= [T Ik/keKI
¥ T=[383 [Tl v = [17 [Ki/keK]
rT-[ o Ms= [ IkkeK
r1=[ ro ms= |  [k/kaK]

¥ Show lines of constant quality

Fig. 3.12a. Drawing P-v plot for R134a with EES

The plot appears immediately. Format the plot by ‘right clicking’ on the item to be formatted and the

plot produced is shown below:

i Pv: R134a - o x|
Pov R134a | -]
R134a
108 5
)
N
o ; o
i
- P, 9
- - |
@ 3 s e
= 10 i s
: BT — =
—— 3 |
102
- - I::
!
10° .
0.0001 0.001 0.01 0.1
v [mkg] |
=

Fig. 3.12b. Drawing P-v plot for R134a with EES
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Other three property plots which are very much useful are: Temperature-Entropy (T-s), Enthalpy-Entropy
(h-s), and Pressure-Enthalpy (P-h) diagrams. Of these, (T-s) and (h-s) or Mollier diagrams are used in
connection with steam cycles and the (P-h) diagram is used to analyze refrigeration cycles. We shall, at

this stage, just present these charts drawn with EES as already explained. We shall deal with these charts

again later, when we study the steam cycles and refrigeration.

M

700
G50
600
540
500
450
400
340
300
240

T[°C]

T-z: Steam_MBS

REE

-

Ste amu_BS

.07y

13 e

Ogg——

1
£

=)

&=

[lolol/|t k

-

11000 kPa
-
— 5400 kPa

—— 2100 kPa —

2 {7 /
T 8
8 10

g

200
150 / G20 kPa
L]
100 o
a0 R e
] (7 e T 4
o1 2 3 4 5 B 1M1 12
s [kJikg-K] o,
Fig. 3.13 T-s plot for Steam with EES
s -[5[x]
h-g: Steam_MEBS %‘_
Steam
4000 HHS:
7 ==
19000 kPa . o / ﬂ
3500
30 kPa M
3000 1kPa g
o
g 2500 J
=
ﬁ -
= 2000 / /
1400
1000
a00 A
20 a0 4.0 4.0 6.0 T.a 8.0 50 100 110 120
s [kJikg-K]
Fig. 3.14a. h-s plot for Steam with EES
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Fig. 3.14b. h-s plot for Steam (from www.Engineeringtoolbox.com)
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I
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Fig. 3.15a. P-h plot for R12 with EES
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Preasure-Enthalpy Diagram TorWater and Bteam
Based on the IAPWS-4T Formulation for General and Scientific Usa

: \\;v\\ i
%10 B =
é

[} s 1000 1509 20 250 E 50 0
Drawn witn SieamTah Dua V14 Enthalpy, kJikg Cagyright & 1338 Chemizalagh: Carparatian

Fig. 3.15a. P-h plot for Steam (from www.ChemicalLogic.com)

3.3.2 Property diagrams using TEST:

With TEST, one can draw the property diagram in an instant, with just one click. However, if presentation
quality graph is required, it is reccommended that the plot data supplied in the TEST software, be exported
to a spreadsheet like EXCEL and the plots drawn there. Procedure is illustrated below:

Go to the Home page of TEST. Click on ‘Daemons’ and choose ‘States & Properties — Uniform System’:
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1 B W . gL |
| : |
Basics System Analysis States & Properties
Unifor Uniform
Clo‘sed Oplen Systen Flow
I 1 [ l
Unsteady Process Steady State Steady State Unsteady Process
(cvcles) } |
Generic Specific Generic——— Specific
|
I I 1
Reciprocating Cycles HVAC/Psychrometry Comb. & Equilibrium
I I [ 1
Uniform Non-Mixing Semi-Mixing Mixing
System Non-Uniform Non-Uniform Non-Uniform
[ I I
Single-Flow Non-Mixing Multi-Flow Mixing Multi-Flow
I I I I I
Vapor and Gas  Refrigeration HVAC Gas Combustion
Power Cycles Cvcles Psychrometry Dynamics & Equilibrium

right 1998-2008: Subrats Bhattacharjee

Co
e Do ainsons ot Exampes Tt o | yiccoms oos ]

Fig. 3.16a. Drawing P-v plot for H20 with TEST

You get the following screen; choose PC model (i.e. Phase Change Model), since we want to get property

diagram for Water/Steam.

System State Daemons: Select a Material Model
thermofluids.net > Daemons

Home of i
& TEs T =

Launch the daemon by selecting a model that best suits the working substance.

> 5ta

Pure Phase-Transition Fluid: The phase-change (PC) model can be used to determine states of sub-cooled
(compressed) liquid, super-heated vapor, and saturated mixture of liquid and vapor phases. Based on the
saturation and super-fieated tables, the model is quite accurate. Sub-cooled liquid is modeled with the compressed-
~ecpu z liquid sub-model, except for species with an asterisk (H20* as opposed to H20), which uses compressed liquid
‘M table for better accuracy.

Pt Mod|Launches the PC Model | fllids such as H20, R-12, NH3, R-134a, N2, CO2, etc, should be treated as PC fluids if there is any
System State Daemon |ty of a phase transition.

Examples: Evaluate the pressure of a known mass of steam in a tank of known volume if the pressure is given. For
specific examples, click on the help icon at the bottom margin of the dasmon.

Pure Selid and Pure Liquid: Constant density and constant specific heats (¢, = ¢, = ¢ characterize the solid/liquid
(SL) model. Beside a wide selection to choose from, a new solid or liquid can be created by assigning custom
material properties.

-
Eé':'é Working substances such as steel, iron, copper, aluminum, wood, water, oil, etc., which can be assumed to maintain
S_L_ IIJI_ _d:l their condensed (solid or liguid) phase when a system undergoes other changes, can be analyzed with the SL
ode
model.

Examples: Evaluate the change in entropy of a block of solid as it is heated from a given initial temperature to a
given final temperature. For specific examples, click on the help icon at the bottom margin of the dasmon.

Fig. 3.16b. Drawing P-v plot for H20 with TEST
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Then, following screen appears. Choose H2O for the substance, and click on ‘P-v’ for the plot.

System State Daemon: Phase-Change (PC) Model

thermofluids.net > Daemons States > System > PC-Model

it= Kk [Specific flow energy]
# Mixed ¢ SI (" English il ¥ Help Messages On Super—lteratel m
State Panel | M0 Panel
E Calculate : : |Unknown Phase
| et n x1 = vt
I [pa  ~] g |fraction || |raction ] lmsrg v
_| ut _| i s s1 ﬂ Velt |
[ lmg ] kg [p CZTINRA] 0 BT e [
et N eT - i |t
| o ] mo ] g v CZ e v
| veit M1
| ws | kghmol

Fig. 3.16c. Drawing P-v plot for H20 with TEST

Immediately, the P-v plot appears:

TEST: p-v Plot : =l
[RESERIBE connectstates | eno| orav PR B B3 B0 B3 lines for [ all States v | [DEEmABE]
vLog | rLagiLir | xmin: [5.0E4  xmax: [195.3 ymin: [106457  ymax: [60084.1 - ' .
Use mouselstylus to write |
Mote: You can use the zoom buttons (+-) and drag the plot around to resize. To scribble on the plot by mouse drag, click the pen button first.
p. kPa (log Scale) {14147 302, 43406 517 )
50064 .1
1.06456
5.0E-4 v, m*3/Ky (log Scale) 1953

Fig. 3.16d. Drawing P-v plot for H20 with TEST
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This plot is rather indicative; to draw a ‘presentation quality’ plot it is recommended that you get the
plot data, export it to EXCEL and then plot it there. So, click on ‘Data Table’ tab on the right hand top

corner, and you get the following window:

Plot Data E”E]|z|
| I

Data used in the Flot (You can copy and paste

the tab-delimited data into a Microsoft Excel

sheet for fancier plots ar further processing) =
Calculated States(x and y as they appear on plot):

X y

FEEARRERERREEEREER

Saturation Curve(x and y as they appear on plot):

x ¥

-5.9075 0.0695

-6.9073 0.2047

-6.9068 0.3379

-6.9068 0.4587

-6.9068 0.5977

-6.9063 0.7248

-6.9058 0.8497

-6.9053 0.89725

-5.9045 1.0936

-6.9043 1.2715

-6.9038 1.446

-6.90238 1.5598

-6.9018 1.6722

-6.9013 1.7828

-6.9008 1.8819

-6.9003 1.9862 3
-R oO0% 2 n704 h

Fig. 3.16e. Drawing P-v plot for H20 with TEST
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Copy the x-y data to EXCEL and draw the graph. Resulting plot is shown below:

P-v diagram for H20
121 !
10 =
¥ 4 ‘\
8 -
N~
6 ~
4 N
o i :
E 2 £ =
0 St
2 : =SS
4 5 S
i
-6 1
-10 5 0 5 10
In(v)

Fig. 3.16f. P-v plot for H20 drawn in EXCEL with data from TEST

Similarly, we can draw other diagrams by choosing the type of plot required (see Fig.3.18c).
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As another example, if we wish to draw T-v plot for R134a, choose the substance as R134a, and the

plot type as T-v as shown below:

System State Daemon: Phase-Change (PC) Model

thermofluids.net > Daemons > States > System > PC-Model

& Home of Yo T
3 e W]

Move mouse over avariabie to display its value with more precision.

* Mixed ¢ SI ( English > |+ Help Messages On Super—]teralel Super{:a\culatef
State Panel | lig Panel

oc=mrn
_| et
|

Calculate | Uknownhase

| _Initi:alif_e |
.

xf

H20{Comp.Lig.Table}

e ] losme v macton  v|] 1lammoniaH3)
o _| _IE | veit
| g ] lma ] wingk | [0 T s
_l el _| Vi phit psit
| kg || kikg || kg v |
| vent W1
| m vl P

Fig. 3.17a. Drawing T-v plot for R134a with TEST

Immediately following plot appears:

TEST: T-v Plot (PC-Model)

BB comesas | cra] oo T
cLoglLin | | xmin: [32E4 xmax: [o ywin: [13477  ymae [e1173 [t I
Use mouseistylus to write |
Maote: You can use the zoom buttens (+-) and drag the plot around to resize. To scribble on the plot by mouse drag, click the pen button first.
T’ K [ 264.115, 224.152)
41178
13477
3.0E-4 v, m*3/ky (log Scale) 9.1

Fig. 3.17b. Drawing T-v plot for R134a with TEST
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Then, to plot a presentation quality plot, click on ‘Data Table’ tab, and x-y data table appears and copy
this table to EXCEL and plot a graph:

| A~
Data usedin the Plot (You can copy and paste

the tab-delimited data into a Microsoft Excel
sheet for fancier plots or further processing)

Calculated States(x and y as they appear on plot):

X ¥

FERERAAAARREARELKL

Saturation Curve(x and v as they appear on plot}:

A ¥
-7.3036 14974
-7.3008 20315
-7.2978 205.65
-7.29449 208.15
-7.2812 210.65
-7 2876 21315
-7.28349 215.65
-7.2803 21815
-7.27548 22065
-T.2716 22315
-7.2673 225 65
-7.263 22815
-7.258 230.65
-7.2531 23315
-7.2481 23565
-7.2432 23815 2
-7 2389 AN RR

Fig. 3.17c. Plot data for T-v plot for R134a with TEST

T-v diagram for R134a
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~ 200
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Fig. 3.17d. T-v plot for R134a with EXCEL
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34 Property values and Tables:

Many times, it is difficult to read accurately from the Property plots, particularly if the scale is logarithmic.
We may need property values at a given state; or, we may need a table of property values at a set of points.
P, vand T are measurable properties and other properties tabulated are internal energy (u), enthalpy (h)
and entropy (s). Generally these properties are calculated from the measured properties by means of
complicated state equations. For example, for steam, different formulae are applicable depending upon

the region in which the state lies. (see figure 3.18 below).

International Association for Properties of Water and Steam (IAPWS_97) defines the properties of Steam

in 5 regions:

« region 1 for the liquid state from low to high pressures,
« region 2 for the vapor and ideal gas state,

« region 3 for the thermodynamic state around the critical point,

« region 4 for the saturation curve (vapor-liquid equilibrium),
o region 5 for high temperatures above 1073.15 K (800 °C) and pressures up to 10 MPa (100 bar).

*I studied
English for 16 p
years but... ’
...I finally
learned to
speak it in jus
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

unique course download
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o I MPa

FAE ALY 62318

10731 TIK

Fig. 3.18a. Five regions for Steam Properties (IAPWS-97)

At this stage, we shall define two quantities:

1. Enthalpy: The quantity (U + P.v) occurs very often in thermodynamic analysis, particularly
in the analysis of steam cycles. It is denoted by H, and is termed as ‘Enthalpy’ (kJ). On unit

mass basis, ‘specific enthalpy’ is:

=u Pwv

2. Quality: One small note on the properties in the two phase region, i.e. wet steam.

Temperature

Two phase region

Critical P oint

X

auy

Supethesat
region

ey

Fig. 3.18b. Five regions for Steam Properties (Ref: www.Steamline.com)
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‘Wet steam’ or two-phase region is the region bounded by the ‘Sat. liquid line’ and the ‘Sat. vapor lin€’
To fix the state within the two phase region, we need either pressure or temperature and one more
independent property like ‘quality’ or ‘specific volume’ etc. Properties at the sat. liquid state are denoted
with a subscript f” (ex: v, u, h,, s, etc.) and the properties at the sat. vapor state are denoted with a

subscript ‘g’ (ex: Vo U, hg, s, etc.).

Quality in two phase region is defined as the ratio of mass of vapor to the total mass (mass of liquid

plus vapor). i.e.

Mg

mf+m

g

= (3.2)

And, quality varies from zero to 1.
Further, specific volume of mixture v’ is given by:
VEV £+ XV veeen.(3.3) where Vg=Ve- Vf
Similarly, internal energy, enthalpy and entropy of the mixture are given by:
USU XU gy ...(3.4)
h=h ¢+ xh fg (3.5) and,
STS f XS gy

341 Property values from TEST:

TEST is perhaps best suited to get property values of steam and many substances by plugging in values
of two independent properties. Advantage of TEST is that properties are presented visually immediately,
without the need to do any calculations or refer to any tables. Further, the TEST codes generated can be

copied, stored and used to regenerate the solutions at a later time if required.

As an example, let us find the properties of water at a temperature of 50 deg. C and specific vol. of
4.16 m3/kg:
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Open TEST, Click Map > Uniform system > Phase Change model. (See Figs. 3.18a and 3.18b.). Following
screen appears. H20 is automatically selected as the substance. State required is called as State 1. Select

T1 and v1 and plug in the values given, as shown below:

System State Daemon: Phase-Ch
thermofluids.net > Daemons

2 Home &
i TEST .

Move mouse over a variable to display its value with more precision.

#Mixed ©sI CEnglish  <[Cased w|>| ¥ HelpMessageson  Superiterate |

State Panel |

(PC) Model

Supernitialize

Fig. 3.19a. Finding property values for H20 with TEST

DUKE

= THE FUQUA
SCHOOL
OF BUSINESS

i

BUSINESS HAPPENS

qua.duke.edu/globalml

Learn More »
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After entering the values of T1 and v1, click on ‘Calculate’ (or, press Enter), and the following screen

appears showing all the properties of H2O:

“ Mixed C Sl © English j ¥ Help Messages On Super-iterate S Cz m
State Panel | ii0 Banel
| < [ostate 1 v >| | calcuate | [ nitiaiize | Sat Mixture: Lig *Vap. - Hz0 v .

|| | 7 | = | v | v
[ESSOET -~ N -c | S o~ [oucion” ) I -=ns 5]
| | m | st | vent E
T Twwnl O rrwe) ) O
e n | phit _ pait | _
SRS e | [0S e || wrg ] [CZa | [

| veit 1
| (s ~| (RSN oo v

Fig. 3.19b. Finding property values for H20 with TEST

Note that the state is indicated as: (sat. liquid + vapor mixture), with a ‘quality’ x1 = 0.34575 and
enthalpy h1 = 1033.1659 kJ/kg. Other properties such as pressure (pl), internal energy (ul), entropy

(s1) etc. can also be read from the above fig.

By clicking on the ‘Supercalculate’ button, TEST codes as well as the detailed output are generated, as

shown below:

Move mouse over a variable to display its value with more precision.

# Mixed ¢ SI ¢ English <|@Case-n vﬂ ¥ Help Messages On Superterate Super-Calculate Super-initialize

State Panel | 110 Panel
F*=2=ANAL YST. Dr. Muliya; TEST License: Professional******* -~
#
# Solution logged at Feb 12, 2014 9:57:52 PM
#

#=*TEST-code: To save the solution, copy the codes generated below into a textfile. To reproduce the solution at a Iater time, launch
Ihe daeinun (See palh ndime below), pasle e saved TEST-cude dl the bollein of this PO panel, and dick he Luad bullon.

Daemon Path: States=System=PC-Model; v-10.ch01

B

#—————————Start of TEST-cod

States {
State-1. H20;
Given: {T1=50.0deg-C; vi=4.16 m*3fkg; Vell=00mi/s; z1=00m; }
H

#—————————End of TEST-cod

Maove mouse over a varizble to display its value with more precision.

# Mixed ¢ Sl  English <|@Case-[| vﬂ ¥ Help Messages On Super-terate Super-Calculate Super-nitialize

State Panel | 110 Panel

>

i3

#***=*DETAILED OUTPUT: All the computed properies and variables are displayed on this block **+#====2
i

# Evaluated States:

#

# State-1: H20 = Saturated Midure;

# Given: T1=50.0 deg-C; v1=4.16 m"3/kg; Vel1=0.0 m/s;

# Z1=00m;

# Calculated: p1= 12.35 kPa; x1= 0.3458 fraction; y1=0.9998 fraction;

# ui=981.7898 kJkg; hi= 10331659 kJlkg, S1= 32528 kikgK:

# e1=981.7899 kl/kg; j1=1033.1659 kl/kg, MM1=18.0 kg/kmol;

#

#

#———Property spreadsheet starts: The following property table can be copied onte a spreadsheet (such as Excel) for further analysis or plots.
iid

# State  p{kPa) TK} x vim3ikg) u(ktkg) hikJkg) s(kJikag)

# 01 1235 3232 03 416 98179 1033.17 3253 =

#
#+*****CALCULATE VARIABLES: Type in an expression starfing with an =" sign (= mdoti*(h2-h 1}, "= sqri(4*A1/P1}, etc.) and press the Enter keyj*********
#

Fig. 3.19c¢. Finding property values for H20 with TEST
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In a similar manner, let us solve the following problem:

Properties Of Pure Substances

Problem 3.1.a: Complete the following Table for H20 using TEST:

State P (kPa) T (deg.C) v (m3/kg) u (kJ/kg) h (kJ/kg) X Phase

1 60 3.95

2 210 Sat. vapor
3 350 220

4 600 105

5 125 2350

6 250 Sat. liquid
7 800 210

8 5000 160

9 220 0.7

10 150 1820

1 500 85

12 800 3000

Solution: Open TEST, Click Map - Uniform system — Phase Change model. (See Figs. 3.18a and 3.18b.).

H20 is automatically selected as the working substance. Start with State 1. Proceed as described earlier.

Next, select State 2. New window appears and plug in the values of properties given, click ‘Calculate’

Calculated results appear immediately. In a similar manner, get properties for all the State points, and

click ‘Supercalculate’ to generate the TEST code and compiled output. Results from TEST report are

shown below:

#State  plkPa)
#1 19.94
# 2 2100
# 3 350.0
# 4 G000
#5 231.84
# B 3972.99
&7 a00.0
# 8 a000.0
#9 2200
#10 47458
# 11 500.0
#12 8000

Tk

3332
3949
4932
3rez
3982
5232
4832
4332
396.4
4232
358.2
5467

n.a
n.o

0.7 |
0.6

v 3rki)
3.4
0.8437
0.63499
00010
0.7005
0.0013
0.2673
0.0o11
0.5681
02212
00010
0.3077
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uikdikg)
137228
253113
2680149
4400

23500
1080.43
2647 56
G74.87
192813
171478
35584
275384
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hilkdiki)
1450.04
2708.79
290414
440.63
251242
1085.4
2861.37
63033
2052.94
1820.0
356.36
3000.0

sikdrka)
4,429
7112
7319
1.363
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Now, complete the Table. Calculated values are given in italics.

State P (kPa) T (deg.C) v (m3/kg) u (kJ/kg) h (kJ/kg) X Phase

1 19.940 60 3.95 1372.276 1450.042 0.50 Sat. mixture

2 210 121.736 0.849 2531.126 2708.787 1.0 Sat. vapor

3 350 220 0.6399 2680.186 2904.143 - Sup. vap.

4 600 105 0.0010 440.0 440.63 -- Subcooled lig.
5 231.84 125 0.7005 2350 2512.42 0.9 Sat. mixture

6 3972.99 250 0.0013 1080.43 1085.4 0.0 Sat. liquid

7 800 210 0.2673 2647.56 2861.37 - Sup.vapor

8 5000 160 0.0011 674.87 680.38 - Subcooled lig.
9 220 123.2 0.5681 1928.13 2052.94 0.7 Sat. mixture
10 475.8 150 0.2212 1714.78 1820 0.6 Sat. mixture
11 500 85 0.0010 355.84 356.35 - Subcooled lig.
12 800 273.5 0.3077 2753.84 3000 - Sup.vapor

Table 3.3b. Properties of H20

Join American online

Interactive Online programs

Special Christmas offer:

enroll by December 18th, 2014
start studying and paying only in 2015

save up to $ 1,200 on the tuition!
Interactive Online education

vVvyvVvyyVvyy

visit to find out ma@

Note: LIGS University is not accredited by an
nationallg' recognized accrediting agency listed
by the US Secretary of Education.

ore info here.

—
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Problem 3.1.b: Complete the following Table:

Properties Of Pure Substances

Fluid P(kPa) T(deg.C) v(m3/kg) X Phase
R-22 10 0.036
H20 0.2 0.5
H20 50 60
NH3 60 30
R-134a 0.005 0.5

Table 3.3c. Properties of Fluids

Solution: As in the previous case, open TEST, Click Map > Uniform system > Phase Change model.

(See Figs. 3.18a and 3.18b.). Following screen appears. Choose R-22 as the substance. State required is

called as State 1. Select T1 and v1 and plug in the values given, click ‘Calculate’

Move mouse over a variable to display fis value with more precision.

* Mixed O Sl

" English

State Panel

< _=J ¥ Help Messages On

Super-lterate |

Super-Calculate |

0 Panel

Super-nitialize |

| Calculate |

Fig. 3.19d. Finding property values with TEST

Next, select state 2, choose H2O for substance, plug in the values of v and x, and click ‘Calculate’ Then,

immediately properties for water are presented. Proceeding similarly, get properties for all states and

complete the table as follows:

Fluid P(kPa) T(deg.C) v(m3/kg) X Phase
R-22 659.61 10 0.036 - Sup. vapor
H20 467.99 149.38 0.2 0.5 Sat. mix.
H20 50 60 0.00102 - Sub. Liq.
NH3 60 30 2.452 - Sup. vapor
R-134a 2049.62 68.59 0.005 0.5 Sat. mix.
Table 3.3d. Properties of Fluids
147
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34.2 Property values from EES:

In EES, we have the functions to determine the properties when any two independent properties are

given. As an example, let us solve the following problem:

Problem 3.2: Complete the following Table for R-134a:

State | P(kPa) | T (deg.C) v (m3/kg) | u(kl/kg) | h(kJ/kg) X Phase
1 520 -9

2 30 0.022

3 550 90

4 20 95

5 400 300

6 1200 300

Table 3.4a. Properties of R-134a

Solution: Open EES and first set the ‘Unit system’ by clicking Options-Unit system as shown below:

Unit System Specific Properties =
+ 51 + Mass basis ko=
" English " Molar basiz
Store

Temperature Units Preszure Units
&+ Celsius " Pa " bar
" Kelvin + kPa  MPa

« DK
Energy Units Trig Functions

il ' Degrees x Cancel
~ kil " Radians

_\U nit Systern i Stop Crit 4lntegration 4 Options AGeneral AE quations A Printer APlots /

Fig. 3.20a. Properties of R-134a with EES

Next, in the Equations window, write the EES code as shown below. Note how the built in property
functions are used to calculate various properties. Also, note that we have used array notation for various

properties so that they are collected neatly in the Array table. Results in Array table are also shown.

“Properties of R-134a:”

“Data:”

P[1]=520"kPa”; T[1]=-9"deg.C”
T[2]=30"deg.C”; v[2]=0.022"m3/kg”
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P[3]=550"kPa”; T[3]=90"deg.C”
T[4]=20"deg.C”; u[4]=95"k]/kg”
P[5]=400"kPa”;u[5]=300"k]/kg”
P[6]=1200"kPa”; h[6]=300"k]/kg”

“Calculate properties for State 1:”

v[1]=VOLUME(R134a,T=T[1],P=P[1]) “calculates sp. volume”
u[1]=INTENERGY(R134a,T=T[1],P=P[1]) “calclulates int. energy”
h[1]J=ENTHALPY(R134a,T=T[1],P=P[1]) “calculates sp. enthalpy”
x[1]=QUALITY(R134a,h=h[1],P=P[1]) “calculates quality (dryness fraction)”

“Calculate properties for State 2:”

P[2]=PRESSURE(R134a,T=T[2],v=v[2]) “calculates pressure”
u[2]=INTENERGY(R134a,T=T[2],v=v[2]) “calculates int. energy”
h[2]=ENTHALPY(R134a,T=T[2],v=v[2]) “calculates sp. enthalpy”
x[2]=QUALITY(R134a,h=h[2],P=P[2]) “calculates quality (dryness fraction)”

“Calculate properties for State 3:”

v[3]=VOLUME(R134a,T=T[3],P=P[3]) “calculates sp. volume”
u[3]=INTENERGY(R134a,T=T[3],v=v[3]) “calculates int. energy”
h[3]=ENTHALPY(R134a,T=T[3],v=v[3]) “calculates sp. enthalpy”
x[3]=QUALITY(R134a,h=h[3],P=P[3]) “calculates quality (dryness fraction)”

«Calculate properties for State 4:»

P[4]=PRESSURE(R134a,T=T[4],u=u[4]) «calculates pressure»
v[4]=VOLUME(R134a,T=T[4],u=u[4]) «calculates sp. volume»
h[4]=ENTHALPY(R134a,T=T[4],v=v[4]) “calculates sp. enthalpy”
x[4]=QUALITY(R134a,h=h[4],P=P[4]) “calculates quality (dryness fraction)”

“Calculate properties for State 5:”
v[5]=VOLUME(R134a,P=P[5],u=u[5]) “calculates sp. volume”
T[5]=TEMPERATURE(R134a,u=u[5],P=P[5]) “calculates temperature”
h[5]=ENTHALPY(R134a,T=T[5],v=v[5]) “calculates enthalpy”
x[5]=QUALITY(R134a,h=h[5],P=P[5]) “calculates quality (dryness fraction)”
“Calculate properties for State 6:”

v[6]=VOLUME(R134a,P=P[6],h=h[6]) “calculates sp. volume”
T[6]=TEMPERATURE(R134a,h=h[6],P=P[6]) “calculates temperature”
u[6]=INTENERGY(R134a,T=T[6],v=v[6]) “calculates int. energy”

[
x[6]=QUALITY(R134a,h=h[6],P=P[6]) “calculates quality (dryness fraction)”
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[kdikg] [kdrkg] [ fkg]
1] 36.95 520 I 3956 00007547 @ -100
2] 23556 7706 30 218.7 0.022 08207
[3] 330 550 50 302.1 0.05081 100
(4] 97 .47 572.1 20 55 0.004316 0.09956
[5] 326.1 400 86,24 300 0.07017 100
(6] 300 1200 F9.44 276.7 0.01944 100

Fig. 3.20b. Array Table
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Now, we can complete the Table for Prob. 3.2:

Properties Of Pure Substances

State P (kPa) T (deg.C) v (m3/kg) u (kJ/kg) h (kJ/kg) X Phase

1 520 -9 0.0007547 39.56 39.96 - Subcooled lig.
2 770.6 30 0.022 218.7 235.6 0.8207 Sat.mix.

3 550 90 0.05081 302.1 330 - Sup. vap.

4 572.1 20 0.004316 95 97.47 0.09956 Sat. mix.

5 400 86.24 0.07017 300 328.1 - Sup. vap.

6 1200 69.44 0.01944 276.7 300 -- Sup. vap.

Table 3.4b. Properties of R-134a

It may be observed that EES does not specifically indicate the phase of the fluid; it has to be inferred by

looking at the quality (x) or by locating the state in one of the property diagrams.

In this connection, it may be stated that while using TEST, after calculating the state, the phase of the

substance is indicated explicitly. For example, if we work out the state 1 in the above problem using TEST,

following is the result:

Move mouse over avariable to display its value with more precision.

* Mixed ( sl

" English

State Panel

< |Case0 w| =

¥ Help Messages On

Super-iterate I

Super-Calculate |

1D Panel

Super-nitialize |

[esmer v 5]

Calculate |

o
v/ -~
m1
[kimg v [

Fig. 3.21(a) Properties of R-134a with TEST
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Note that State 1 is in the sub-cooled liquid region.

Properties Of Pure Substances

If we get the p-v plot, State 1 is also shown in that plot immediately:

TEST: p-v Plot (PC-Model)

g Connect States | Gn’d‘ Draw ﬂ ﬂ E J lines for m _

*xMin; ]3.2E-=-1- xMax; (9.1 yMin;  [1.55081

Mote: You can use the zoom buttons (+.-y and drag the plot around to resize. To scribble an the plot by mouse drag, click the pen button first.

p. kPa (log Scale)

93293

1.5308

3.0E-4

Use mouselstylus to write |

yMax: ]9329.3 [Re-plot. !] ﬂ

(2.438, 84844.036 )

v, m*3/kg (log Scale)

9.1

Fig. 3.21(b) State point 1 on the p-v plot for R-134a with TEST

After calculating all the six states, if we click ‘Supercalculate, the TEST code and the output results are

generated. The property table obtained is shown below:

#State p(kPa)

#1
#2
#3
#4
#5
#6

520.0
771.0
550.0
572.8
400.0
1200.0

T(K)
264.2
303.2
363.2
293.2
360.5
343.0

X
8.0E-4
0.8

0.1

v(m3/kg)

0.022

0.0508
0.0045
0.0704
0.0195

u(kJ/kg)
38.9
217.58
301.22
95.0
300.0
276.59

Compare these values with those obtained using EES.

152

h(kJ/kg) s(kj/kg)
39.29 0.157
234.55 0.812
329.16 1.131
97.58 0.362
328.17 1.153
300.0 0.991
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343 Property values from ‘free’ software:

Here, main disadvantage is that these free software are available only for Water/Steam. If we have to

calculate properties for any other fluid, then we have to use either EES or TEST.

Method of using ‘SteamTab companion’ has already been explained in Chapter 1. So, now, we shall just

show the results for State 1 and State 5 of Prob. 3.1:

Using ‘SteamTab companion’, for State 1 of Prob. 3.1:

]

About ] Saturated  Superheated/Subcooled l Constants
Input: Units: Clase
| Temperature | [e0 * Metic/S|
|| |volume e N EES " Englsh %
4
Froperty | Y alue | LUnit | ~
Temperature E1 °C
Fressure 0.199464  bar
Stearn quality B15116 %
Wolume 39 midkag
Drengity 0253165 kagin?
Compressibility Factor 0512429  dimensionless
Enthalpy 146564 kg
Entropy 447669 kJ/kg*C)
Helmaltz free energy 1045583 klAg
Internal energy 1386.86 kg
Gibbz free energy 257649 klka
Heat capacity at constant volume Mt klAkg C)
Heat capacity at constant prezzure Mt klAkg C)
Speed of sound M mds
Coefficient of themnal expansion M 1/C v
Chemicalogic Corporation, 33 South Bedford St Ste 207, Burlington, M4 07803 Tel:
TH1-425-6736
Copyright € 13932003 Chemicalogic Corparation. Al rights reserved.
|
[

Fig. 3.22a. Properties of Steam with ‘SteamTab companion’

Using ‘SteamTab companion’, for State 5 of Prob. 3.1:

_F%'

; About ] Saturated  Supertheated/Subcooled l Constants
Iripuit: Urits: Close
‘Tempe[ature j |125 &+ tetric/S|
| Internal energy j 12350 " English Calculate
Property | Walue | Unit | »~
Temperature 125 °C
Pressure 232238 bar
Stearn quality 908299 %
Volume 0699511 nédkg
Dengity 1.42957  kg/me
Compressibility factor 0.884083  dimenzionless
Enthalpy 201245 klikg
Entropy BA7309  kl/kg"C]
Helmaltz free energy -2ETOFF klikg
Internal energy 2380 klikg
Gibbs free energy 104624 klikg
Heat capacity at conzstant volume Méd k)Akg C)
Heat capacity at constant prezsue Méa kJAkg C)
Speed of sound Més miz
Coefficient of thermal expansion M 17T v
Chemicalogic Corporation, 99 South Bedford St. Ste 207, Burlington, & 01803 Tel:
TH1-425-6738
Copyright € 1993-2003 Chemicalogic Corporation. All rights reserved.

Fig. 3.22b. Properties of Steam from ‘SteamTab companion’

Compare these values with the values in Table 3.3 b.
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344 Property values from ‘online software”:
3.4.4.1 From NIST Website:

Property values can be calculated online for many fluids. Most popular and versatile online software
is from NIST, which can give all types of data and graphs for a huge number of fluids. Go to:
http://webbook.nist.gov/chemistry/fluid/. Following window appears:

g
Thermophysical Properties of Fluid Systems

Accurate thermophysical properties are available for several fuds. These data mclude the following:

o Density o Specific volume

- C, « C

« Enthalpy s Entropy

o Internal energy o Speed of Sound

s Viscosity s Thermal conductiity

s Joule-Thomszon coefficient o Surface tension (zaturation curve only)

SMS from your computer

...oync'd with your Android phone & number

Go to

| , - BrowserTexting.com
r:“m“mmwm;;:nawum:-s'ut Samu : S

Andreas johesan

T Cooqmemtes 06, 3542 151737 Andrew MeDonald

L
Oh_cocl T

Anja Peterien

and start texting from
your computer!

(...) BrowserTexting
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Please follow the steps below to select the data required.

1. Please select the species of interest:

Water v
2. Please choose the units vou wish to use:
Cluantity Units
Temperature O Eelvin & Celsius & Falwenheit & Rankine
Pressure O MPa @ bar O atm O torr O psia
Density O moll O molim3 O giml @& kgm3 O lb-mole/ft3 O lbomf3
Energy O klimoel ® kIkg O kealimel O Brudb-mole O keallg © Btudbm
Velocity @ mis O fi's O mph
Viscosity O uPa*s & FPa*s O cP O lbmift*s

Surface tension” | @ MNim O dyn/cm O it O Ibin
*Surface tension values are only available along the saturation curve.

3. Choose the desited type of data:
@ Isothermal properties (O Saturation properties — temperature increments
O Isobaric properties O Saturation properties — pressure increments
& Isochoric properties
4. Flease select the desired standard state convention:
Default far fluid he

5. [ Fress to Cantinue ]

Fig. 3.23a. Properties of Water from NIST

In the above window, choose the species; there are a host of substances you can choose, including

refrigerants, cryogenic fluids etc. Water is selected.
Next choose the units in which we wish the properties to be presented.

Next, choose the type of data you need, i.e. isothermal, isobaric, isochoric or saturation properties. We

have chosen ‘Isothermal’ Properties in tabular form can be obtained in these formats.

Next, press the ‘continue’ button. We get:

Isothermal Properties for Water N

Thiz option will supply data on a constant temperature curve over the specified pressure range. Values should not extend extend outside the minmum and
mazitmum values given, Caleulations are limited to a masium of 201 data points; increments resulting in a larger number of points will be adjusted upward to
Lirrnt the number of pomts computed.

1. Enter temperature i selected units

200 (Acceptable range: 0.01 to 1001.9 )
2. Enter pressure range and mcrement in selected units

P 1 (min value: 0.0 bar)

Pmk 20

P ana |1

* The mazirmurm pressure limit is the lowest of the following values:
< 10000000 bar
o The pressure at which a density of 1332, kgim3 1s reached
3 Check here f you want to use the display applet (requires Java capable browser)

4

@ 19040, 1994, 1094, 1907, 1008 1000 2000 2001, 2003, 2005 copyright by the ULS. Secretary of Commerce on bekalf of the United States of
Amarica. All rights reserved.

Fig. 3.23b. Properties of Water from NIST
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Enter the temperature as, say, 200 deg.C, and pressure range as 1 to 20 bar, with an increment of 1 bar.

Press the button ‘Press for data’ We get following window:

Isothermal Properties for Water

o Fluid Data

o Auxiliary Data
o References

o Additional Information

o Important Information About This Data

» Notes
o Other Data Available:
o View data in HTML table.
Download data as a tab-delimited text file.
Main NIST Chemistry WebBook page for this species.

Recommended citation for data from this page.

© © ©o© O

Fluid data for other species

Fluid Data

Isothermal Data for T = 200.00 C

Wiew Table | Help

Enthalpy (klika)
3o00. ¢
e —=— vapor
2500, - —= liguid
00 =
14600 -
1000 |
500 L L L 1 L L L 1 L L L 1 L L L 1 L L L
0.0 4.0 8.0 12. 16. 20.
Fressure (bar)
T Enthalpy (kikg) - R FPressure (ban i

E ntropy(Ig*K)
Cov (™K
S (ks
Sound Spd. {mis)

[Joule-Thomsan (Kibar)
Yiscosity (Pa*s) & Internet

Fig. 3.23c. Properties of Water from NIST

ﬂ Applet gov.nist.ch
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In the above, first graphical representation is presented. Several graphs can be drawn instantly by choosing
the x and y coordinates. As an example, we have drawn the P-h graph. All the data can be obtained in
tabular form too. Press “View data in HTML table’ We get:

Fluid Data &

Isothermal Data for T = 200.00 C

Temperature | Pressure Density Volume I'E::"ﬂl Enthalpy Entropy Cv Cp Sound T].{:ule- Vigcosity | Therm. Cond. Phas
(© Gar) | (sg/md) | (m3kg) = kg | (K | (K (g K) Spd. (wis) poat | Pars) | (WimK) ®
(kJkg) (Kbar)
200.00 1.0000 044031 21724 2658 2 IRT5S TE356 1 4988 19754 53369 23598 1 617Te-03 0.033284 | vapot
200.00 2.0000 092551 1.0805 26546 28707 75081 1.5208 20133 53206 23739 | 1 Ald6e-05 0.033684 | vapot
200.00 3.0000 13058 0.71642 26510 236519 73151 1.5438 20537 53039 23863 | 1alide0s 0.0534091 | vapor
200.00 4.0000 18715 0.53433 2647 2 28609 71723 1.5681 20969 S2BER 23969 | 1 A083e-035 0.034507 | vapor
200.00 5.0000 23528 0.42503 26433 23558 7.0610 1.5041 21420 52692 24060 | 16052e-035 0034933 | vapor
200.00 6.0000 2.2300 035212 26393 23506 60683 16218 21920 52512 24136 | 1.6020e-035 0035367 | vapor
200.00 7.0000 33333 0.30000 26353 28453 6 28R 1 &509 23448 52337 24200 1 598903 0.033812 | vapot
200.00 2.0000 38332 026088 26310 28307 6.3178 16821 23009 52157 24235 | 1.5957e-05 0.036267 | vapot
200.00 2.0000 43390 0.23042 26267 28341 6.7539 17156 23618 5194 24302 | 1.5925e-05 0.036733 | vapor
200.00 10.000 48530 0.20602 26222 28283 86955 1.7520 24281 51738 24344 | 1 589405 0.037211 | vapor
200.00 11.000 53735 0.12603 261764 23223 6.6415 1.7921 2.5010 51527 24385 | 1 5862e05 0037701 | vapor
200.00 12.000 59053 0.16934 26129 22161 6.5009 12370 25825 51305 24425 1.5830e-03 0.033205 | vapot
200.00 13.000 64430 0.13519 26079 2R09 6 65431 1 BBES 26751 51071 24465 1 5798e-03 0038722 | vapot
200.00 14.000 A.0918 0.14303 2602.7 2303.0 64975 1 24286 27823 50821 24506 | 1 .5T65e-05 0.039255 | vapot
200.00 15.000 T 5498 0.13245 25973 27960 845364 2.02068 29091 30551 24545 | 1 .5735e-05 0.039804 | vapor
200.00 15549 T.8610 0.12721 25042 27920 &.4302 20666 20805 30392 24564 | 15715e-05 0.040113 | vapor
200.00 15549 26466 | 00011563 25047 25227 23305 33179 44058 13321 -0.0020421 | 000013432 066331 | liguid
200.00 16.000 26469 | 00011565 250.44 25229 23305 33179 44956 13322 -0.0029464 | 0.00013433 066335 | Lguid
200.00 17.000 26477 | 00011564 B50.36 25233 23303 33178 44950 13326 -0.009561 | 0.00013435 066344 | lguid
200.00 15.000 26485 00011563 85020 85237 23301 33178 44944 13329 -0.0080657 | 0.00013433 0.66353 | Hguid
200.00 19.000 26492 | 00011562 85021 524 23300 33177 44935 13333 -0.0029753 | 0.00013440 066362 | Houid
200.00 20.000 26500 00011561 B50.14 25245 23108 33178 44932 13337 -0.0029249 | 0.00013443 066370 | guid

Fig. 3.23d. Properties of Water from NIST

In the same window, auxiliary data for water is also given:

Reference States

Internal energy | U =0 at 273.16 K for saturated liquid.

Entropy S =0 at 273.16 K for saturated liquid.
Additional fluid data

Critical temperature (T) 373.946 C

Critical pressure (P) 220.640 bar

Critical density (D) 322.000000 kg/m3

Acentric factor 0.3443

Normal boiling point 99.9743 C

Dipole moment 1.855 Debye
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Finally, the references are also shown in the same window.

As another example, proceeding in a similar manner, following P-T graph and Table of data is obtained

for Saturation properties for R134a:

Fluid Data by

Data on Saturation Curve

Vigw Table | Help

Pressure (bar)
20.

—=— vapor
—=— liquid

—=— ligquid and vapor

8.0
4.0
o0 L | L | L | L
-20 0.0 20. 40. &0.
Temperature {C)
Yo |Pressure (har) - X Temperaturs (C) hd

Fig. 3.24a. Properties of R134a from NIST

The Wake

the only emission we want to leave behind

Low-speed Engines Medium-speed Engines Turbochargers Propellers Propulsion Packages PrimeServ

The design of eco-friendly marine power and propulsion solutions is crucial for MAN Diesel & Turbo.
Power competencies are offered with the world’s largest engine programme — having outputs spanning
from 450 to 87,220 kW per engine. Get up front!
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Liquid Phase Data

Data on Saturation Curve

Temperature Pressure | Density

©
-20.000
-10.000
0.0000
10.000
20,000
30.000
40.000
50.000
60.000

(har)
13273
20060
29280
4.1461
37171
77020
10186
13179
16818

(kg/m3)
13583
1327.1
12048
12610
12253
11875
11467
11023
10529

Volume

(m3/kg)
0.00073623
0.00075351
0.00077233
0.00079305
0.000E1610
0.00054213
0.00027204
0.00090719
0.00094575

Fig. 3.24b. Properties of R134a from NIST

Vapor Phase Data

Data on Saturation Curve

Temperature  Pressure

©)
-20.000
-10.000
0.0000
10.000
20,000
30.000
40000
50.000
60.000

(har)
1.3273
20060
20280
41461
57171
77020
10.166
13179
16818

Density

(kg/m3)
6.7845
10.041
14.423
20226
27.780
37.535
30083
66272
87379

Volume

(m3/ke)
014739
0.099590
0.069309
0.049442
0.035997
0.026642
0.019966
0.015089
0.011444

hﬁmﬁl Enthalpy | Emwopy = Cv o s;p“;‘d T;{:ﬁml Viscostty
(kJke) &lkg)  (FE) (Je'K) |((J2E) (mfs.) (Kibar) (Pa*s)
17354 17364 050025 085511 12930 71379 | 0024277 | 000034758
18655 18670 095085 086638 13156 667.63| 0020062 | 00003055
19077 20000 10000 087900 13410 63165| 0D16DdE | 000026653
2325|  21358 | L0483 089177 13704| 37569 0011998 | 000023457
2700|2747 L0963 090501 | 14049 | 33961 -D0057783 | 0.0DDZOTIT
107|  24172 11435 091390 14465 48324 00022299 | 000018313
25552 25641 L1905 093383 14984| 43643 001248 | 000016145
043 27162 L2375 004045 13661| 38806 0027461 | 000014177
501 28750 12843 006683 1660z| 34040 0043508 000012361
%ﬁ;’;’] Enthalpy | Enwepy | Cv Sound T;{:ﬁm
s k)| GED e R S o
699 33655 L7413] 070464 | 08150 14628 43261
37269 wae6|  L7334| 073132 085435 14689 37110
3831 wes0| 1727l | 0760ez| 08973|  L46oa 32052
38382 A0432| L7zl | 070042| 094545 14638 20560
3017 4975|  L710| 08203| 10007 14515 26813
a3 41452|  L7145| 085773| 10655 14516 74576
913 41943 L711] 088375| 1iaas| L4034 23778
a355 4344|  L707Z| 09049 | 12461| 13655 71358
738 42663|  L7024| 093766 | 13868| 13166 20267

Fig. 3.24c. Properties of R134a from NIST

3.4.4.2 From Mathpad Website:[Ref:8]

This gives data and plots for properties of Water/Steam only.

Download free eBooks at bookboon.com

Therm.
Cond.
(Wim*K)

010107
0.096491
0.092013
0027618
0083284
0.078992
0.074716
0.070427
0.066091

Surf.
Tension
(M)
0.014513
0.013019
0011560
0010138
00087355
00074170
00061268
0.0042906
00037161

Viscosity Therm. Cond.

(Pa*s)
9999 5e-06
1.03632e-05
1.0726e-03
11099603
1.1488e-03
1.1907e-03
1.25373e-03
1.2917e-03
1.3587%e-03

(Wim*K)
00098164
0010655
001514
0012402
0013335
004336
0015446
0016734
0018326

Phase

Hequid
ligquid
lequid
liguid
Hiequid
lequid
licquid
lequid
lequid

Phase

Fapor
Fapor
Fapor
Fapor
vapor
vapor
Fapor
Fapor

Fapor



Basic Thermodynamics: Software Solutions
Part | Properties Of Pure Substances

Go to www.mathpad.com. Press ‘Steam Tables. We get:

2 Hinie - Miczrnsufl Interoet Fxpilures

File [Cdit “iew Cavodbes Tools  lelp

Q- @ [ B & Pwa Forowis @ (255 - [JE B
address | ] hitkpsfjmathpad.comf =

Coogle |G~ v oo B - v toomanse B 1esbiocked 7 Check % Autolik |s send tow () sertings=

Wdf‘.g’ Home What's New? Online Services Contact Us

Quick Links Info
# Numeric Analysis
+ Curve Fitting
= Curve Flotting
- Matrices Analvsis
# Thermodynamics s
+ Steam Tables (ST o U — | Language JAVA-SDKD 3
+HE & Entropy L
EECA [l (= T T | Version 113
* Mollier Chorts (T Ll — |

W Chemismy LT L s i L last lpdate 7001 04 07
» Gos Tables

+ Pariodic Table Author MathPad Software Corp

+ Calculator ‘: ‘L L

» Unit Convertsr 3 :
+ Scisntfic Colculatar e |

-

Help Applet Load Old Version Home

@ SteamTables Calculator (including charts)

@ SteamTahles Calculator (without charts] for fast lnading of applet

W 1espect youl piivacy.
Al ermitents A coppright 015982000 by MathPad Sritware o L A1 ights resered
MathFad, MF and MFEngne are tegiztersd Irademarke of Mathiad Soltware Lorp, Lid.

£ B internet

= & o 7 | 3 Isothermsl Properties A Ho we.., | O Online_calulstion of L) Chapber 2 doc - Wicro.... k_.,»:[u‘n 11:58 AM

Fig. 3.25a. Properties of H20 from Mathpad

Note that there are two versions of this calculator: one, including charts and the other without charts.
Click on the RUN. We get the following screen. Chose SI units. Select Pressure and Temperature; Available
range for these properties is immediately indicated, and enter the values of P and T as 200 kPa and 150

deg.C and press ‘RUN’. We get the following. Note that location of the state is indicated by cross hairs
on the plots.

v Pressure 200 | —
v Temperature lm—m
T rera—
[m;m
Superheated m

Pressure[kPa] ; 0.611289 ~99995. 797625
Temperature[oC] : 0.01056 ~ 800.0

@ Applet com.matt # Internet

Fig. 3.25b. Properties of H20 from Mathpad
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Basic Thermodynamics: Software Solutions
Part| Properties Of Pure Substances

If you click on the ‘Steam Tables calculator (without charts), you get the following screen:

3 http:/imathpad.com - SteamCalculato... |;||i||z|

I Prossure I IkPa ;l
I_ Temperature | |oc ;]
F Erimairy | i_kdmg ] Ll
;I‘ Entropy | . ll-:kngK ;|
I_ Volume I limSﬂ(gm _ ;l
I~ Humidity | i '|'_'cx_, ;[ |

@ Applet cor & Internet

Fig. 3.25c¢. Properties of H20 from Mathpad

TURN TO THE EXPERTS FOR
SUBSCRIPTION CONSULTANCY

Subscrybe is one of the leading companies in Europe when it comes to innovation
and business development within subscription businesses.

We innovate new subscription business models or improve existing ones. We do
business reviews of existing subscription businesses and we develope acquisition and

retention strategies.

Learn more at linkedin.com/company/subscrybe or contact
Managing Director Morten Suhr Hansen at mha@subscrybe.dk

SUBSCRYBE - fofle fifur
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Basic Thermodynamics: Software Solutions
Part |

Properties Of Pure Substances

Chose ST units. Select Pressure and Enthalpy. Available range for these properties is immediately indicated,
and enter the values of P and h as 200 kPa and 2700 kJ/kg and press ‘RUN’ We get the following:

v Pressure FZE"U—IW
[~ Temperatire me
¥ Enthalpy 2700 [y =]
[~ Entropy ]mm
[ Humidiby m]ﬁ

- Fressure[kPa] : 0.611248 ~99998.797625
Enthalpykdikd] : 5.0E-4 ~ 4158.7452

st CI[RUN | cLeaR |

@ Applet cor 0 Internet

Fig. 3.25d. Properties of H20 from Mathpad
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3.4.4.3 From Moscow Power Engg. Institute (MPEI) Website [Ref: 13]:

Properties of Water/Steam are presented in a comprehensive manner in this Website. Data are calculated
in a Mathcad calculation server. As you open the website, following screen is presented, with several

possible choices.

23

Steam Tables fOl‘ Industrial Use Paper version) (Bussian versiom)
About this site  Created: Valery Ochlkov by help on Mathcad Caleulation Server  Presentations on the IAPWS meeting »=>>

Structure of IAPWS-IFO7: All Regions (Regions with nat p-Taxis) | Region | |Region 2 | Region 3 | Region 4: Igfpl, T} (pic), Region j|
Phase-boundary curves of water m a p-T diagram

IAPWE-TF95: [T, p) | £iT. p)

Properties of Saturated Water and Stearm: with Chart -asjhmzx’on ofp without Chart: Table from P, Table from T, For PDA: as function p or t a2

function oft 25 function af g
Properties of Superheated Steam and Compressed Water (Thermodynaruic Surface ) | Table with p & t

Calcul without Plots 51 Calcul without Plets US Calcul with Plots (isolines) | Calcul with Surface

Pressure, h bl | p( o) | p(e 1) | 50 ) Pl
Temperature, T Tih, 5) | Tip, s | Tle, b) Tih, 5)
Specific Enthalpy, h hip, £ | hip. &) [ hit, s) hip, t) | hip, s) p-t|t-p | d-p | Diagr 7 hip, £
Specific Entropy, s sip, | s(p, ) | sit, by sip, 1] s(p, ) p-i|i-p | d-p | Diagr.9 sip, t)
Specific Volume, v | Density, p _ -
(7 texiStoam themoadymanic suface pic) wip, ) | vip, 5} | wip, b) wip, 1| vip. s} | wip. b t-p | p-t dit. p)
Specific Isoharic Heat Capacity, € cp(p, ] cp(p,s) | Cp(p,h) | cp(h, 5) Cp(p, )] Cp(p, 5| Cp(p, by pot | tp | dp | d-t UCp(t, £l
Specific Isochoric Heat Capacity, c,| c (b, t) | c(p.s) | e e, by e th s} | e (e t) ] e e, o) | e (. ) tp | et dp | -t e, (tp) (pic)
Dynamic Viscosity, p g g ) } R
E ormulation 2003 Formulation 2008 L. b k. B pot ) [ £ (pre) | dep | 4t
K tic Viscosity, v w(p, 1) - t-p | pet ] dp | d-t -
Thermal Conductivity, A Ap, 1) A, 1) p-t|ip|dt Atp) (pic)
Compressihility factor, z - - t-p | pt]p-h|p-s | dp | d-t zitp)
Prandtl Number, Pr Drip, 1) Prip, 1) t-p | p-t] dp | d-t Dritp)
Speed of Sound, w Wip, t) TWip, p-t|p | d-p | d-t| Disgr. 14 TWitp)
Isentropic exponent, & wlp, £ - t-p | p-t| d-p | d-t | Diagr. 15 wtp)
Joule-Thomson coefficient, JT - - tp | gt -

All property| potlhslphipsith - - -

Surface Tension (double)
Density Liquid Water at 0.1 MPa {calculation and formula) >>>
The Ionization Constant: plw=fDensity, T) pKw=fip, T)
Static Dielectric Constant ===
WVaper fraction () in Double-phase area: (pic) Mathcad 11 Mathcad 14 | Zit, b US
See a Table of Surfaces and Charts too =======
Molher Enthalpy - Entropy Chatt bow bsltier chart
Temperature - Entropy Chart
Steamn expansion i tutbine: A-g chare | Tos chart | p-s chart
Steam thretthng: e chart (pic) | k- chars (from double phase ks chars)
Appendix: Conversion for Pressure | .. for Temperature | 0T5-62 and 501 | .. for Specific Volume | .. for Specific Enthalpy and Specific Energy | ...for Specific
Entropy, Heat Capacity and Gas Constant
Tetic Product of Water | Rankine Cycle | Ranlane Cycle in Cube
Similar sites: www. wsp.ru | hitp ffwebbook nist gow/chemistry/fuid! | www. steamtables-pocket-caloulators com | www ruhr-uni-
bochum. deftherme/Seftware’Seiten TAPWS -TF 97 - eng | http/wrww. peac esoftware, deleinigewerte/wasser_darnpf e hiral |
bty Hwww. cheresources. comnAapwsif®7. shtmml | http/fwwer. spitaszsarco. comresources/steam-tables. asp

A second edition of the site 12 planned for approzimately 2008, after IATWE is expected to adopt new standards for the wiscosity and thermal conductivity of water
and steam.

TUpdated August 25, 2008

Fig. 3.26. Properties of H20 from MPEI
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As an example of its use, let us calculate the properties of sat. water and steam with chart as a function
of temperature (t). Click on the appropriate button on the page as shown and enter 50 deg.C for t;

following results and plots appear:

Water/Steam properties at saturated line |[APWS-IFS7
CEOACTES BOAEI W BOAAHOMD NEPE HA NMHUM HACEILLEHWA

Temperature =
e B

0.01 *C - 373.946 °C

p=wspPSTIT) = 0.01235MPa =0.1218atm = 1.7914 psi

?l' 1><1I:I5
| a
. 5110

210" : — -

== 280300 320 340 360

1><1I:|-’r E /

. i :
300 400 500 600

DO YOU WANT TO KNOW:

What your staff really want?

The top issues troubling them?

How to make staff assessments
work for you & them, painlessly?

How to retain your
top staff

FIND OUT NOW FOR FREE

Get your free trial

Because happy staff get more done
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AuTanenua Enthalpy

h'= wspHSWT[T) = 209.336 kJfkg h'= 49.989 kcaliky h'= 59.988 Btuflb

h' = wspHSSTIT) = 2591.31 kl/ky h"=618.924 kcalfky h" = 1114.063 Btu/lb

t=wspRST(T)I = 2381.974 kl'ky = 568.925kcallky t=1024.085Btu/lb
] T

____________________________________________________________ [N SR PN T
200 400 a00 G00
T, K
Fig. 3.27 a,b. Properties of H20 from MPEI
3uTponuA Entropy
g' = wepSEWT(T) = 0.70379 kfikg K s'= 0.1681 Btuf(lb °R) or keald(kg *C)
5" = wep3SST(T) = 8.07491 kdi(ky K 5" = 1.92866 Btu/(lb °R) or kealf(kg °C)

W= wspWSWT(T) = 101214 x 10 Smifkg  + = 0016213 77b

V= wepVEST(T) = 12.02786 m kg v' = 192667901 f°/1b

1><1D3
100
0

1

o1

W, m*3kg

0.01 :
1><1D_3 ! L . ' =

T.K
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¥neneHaA w3obapHaa TennoemkocTe Specific isobaric heat capacity

g wspCRSWT(T) = 417976 kJikg K) tp'= 0.99332 Btu/(lb °F) or kcalf(ky °C)

Epr= wspCPSET(T) = 1.94825 kd/ (kg K) Epr= 0.46533 Btu/(lb *R) or kealfky *C)
1x108 T T

=

o 10"

5

=

T

O
t=10° !

T K

YOENEHAA W3X0pHaA TennoemkocTe Specific isochoric heat capacity
= wepCYEWT(T) = 40243 kitkng K) ¢ = 0.9812Btuilb °R) or kealikg °C)

o= wspCVEET(T) = 1.4675 k) kg k) o= 03505 Btu/(lb °R) or kealiikg °C)

1><1D4 T

Cv, Jikg™H)

P : ; : :
T K
Fig. 3.27 ¢, d,e/f. Properties of H20 from MPEI
CropocTe 2EYKa Sound speed
W= wspWWEWT(T) = 1545176 m/fs W= 5562 832kmih
W on= wspWWEETIT) = 443203 mfs W on= 15885832 km/th
T T T T T
e [
o :
== '
) - 1
i i
= L i
| E | | |
300 400 500 &0
T, K
Hucno Mpangtna Prandtl number
Pr' = wspPRANMDTLESWT(T) = 3.56658 Pr" = wspPRANDTLESST(T) = 1.01036

Pr

L T |
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Basic Thermodynamics: Software Solutions

Part | Properties Of Pure Substances

TennonpoeogHocTe Heat Conductivity

N = wspTHERMCONDSWT(T) = 640,461 mW/(m K] X":= wspTHERMCONDSST(T) = 20.279 mWWi(m K

300 400 a00 GO0

Fig. 3.27 g,h,i. Properties of H20 from MPEI

Struggling to get
interviews?

Professional CV consulting & writing assistance
from leading job experts in the UK.

N Take a short-cut to your next job!

'l-'u UJ Improve your interview success rate by 70%.

TheCVagency

Visit thecvagency.co.uk for more info.
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Part | Properties Of Pure Substances

3.4.4.4 From Spirax Sarco Website:[Ref:14]

(Ref: http://www.spiraxsarco.com/resources/steam-tables.asp)

This is a very informative website for steam; it contains lot of information and useful tutorials, in addition

to steam table calculation software. When you click on the above link, following window appears:

43 Steam Tables : International site for Spirax Sarco - Microsoft Internet Explorer

File Edit Wiew Fawartes Took Help

@ Back - J |ﬂ @ _;j /:' Search ‘s:? Favorites @ L -,’4 ,ﬁj = _,J ﬂ ‘ﬁ
Address ig‘] hikkp: ffumn, spiraxsarco .comjresaurces)steam-tables, asp vl Go Links **
Google [Gl» v Goo g B~ {9 Bookmarksy Shi4sblocked % check v oy Autolink v | A0 (e Sendtow () Settings

International site for Spirax Sarco

=
spirax : _
sam @ ' Wigtt your national Spirax Sarco website i Advanced Search  Site Map

Home AboutUs Products & Services Applications & Industries Training Resources v Contact Us

You are here: Home B Resources b Steamn Tables

Resources Steam Tables

Acomplete set of steam tables is available, consisting of the five regions
from sub-saturated water through to superheated steam

Sub Saturated Water Region
Saturated YWater Line

Steam Tables .
-
= Wet Stearn Redion
[ ]
[ ]

Dy Saturated Steam Line

Enthi
Superheated Steam Reaion o
Learn more about steam in our Steam Engineering Tutarial - What is
Steam?
Feature
Training
Training that
’ targets plart
. ‘Q improvements
and energyficost L
. J J savings
Empower your team
e
@ Dione @ Internet

‘s start

Fig. 3.28a. Properties of H20 from Spirax Sarco
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We can get steam tables in any of the five regions by clicking on the appropriate link. Let us click on

the wet steam region:

sp.r%a ; International site for Spirax Sarco | .

rco Q | Wisit your national Spirax Sarco website i Advanced Search  Site Map

Home About Us Products & Services Applications & Industries Training Resources - Contact Us

You are here: Home » Resources B Steam Tsbles » Wet Steam Region

Steam Tables Wet Steam Region - Steam Table

The wet steam region (also known as the two-phase region) depicts all Critical paint
values of steam in its wet condition. 1ts boundaries are the saturated water
Wet Steam Region line and the dry saturated steam line,

Line:

m L The addition of heat to steam at any point in the wet steam region causes
the steam to dry, but ahways atthe same temperature. The drierthe steam,
the cloger itis to the dry saturated steam line

Temperature

Learn mare about stearn in our tutorial - Yhat is Stearn?.

Enthalpy
Setyour preferences forthese steam tahles

T -
Inputs | Saturstion Pressure and Dryness w
Qutput (®) Single Yalue () Tahle
Saturation Pressure [Enter value E_kPa (KNI absolute v |
Dryness [Enter Value % :I

[ cacuate | [ Resst || Pt |
Saturation Temperature ] |C ﬁ
Specific Enthalpy of Water (hf) ] i_kJJkg ii
Specific Enthalpy of Evaporation ofWet Steam ] i_kJJkg ﬂ
Specific Enthalpy of Wet Steam (h) | | ki ¥
Density of Vet Stearn | i_kg.l‘m‘ :I
Specific Volume of Wet Steam () | !_m‘.l'kg :i
Specific Entropy of Water (Sf) ] E_kJJkg K ii
Specific Entropy of Evaporation of Vet Steam ] i_kJJ‘kg K ﬂ
Specific Entropy of Yet Stearn (s) | E_kdmgK ﬁ
Specific Heat of'Water (¢ ) | [ kg K v
Specific Heat of\Wet Stearn (¢, ) | éikJ:kg K Zi
Specific Heat of Wet Steam (cp) ] i_kJJkg K :I
Dynarmic Viscosity of \Water ] E_Pas 1}
Dynamic Yiscosity of Steam ] E_Pas :_i

Fig. 3.28b. Properties of H20 from Spirax Sarco
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Note that you can get output for a single point (state) or you can generate a table for a set of states. Let us
get property at a single point. Input can be pressure and quality (dryness) or other combinations which can

be chosen from the widget. For now, enter Psat = 200 kPa and dryness = 80%. Press ‘Calculate. You get:

Inputs Saturation Pressure and Dryness w
Output (@ Single Value (O Table
Saturation Pressure -0 kP (KMIT?) shsole v
Dryness ’3,37 o

[ calcuste ][ Reset |[ Pt |
Saturation Termperature fzozn [« ~
Specific Enthalpy of Water th,) lBoasss  [kiko v
Specific Enthalpy of Evaporation of et Steam  [I7e138 [ kikg v
Specific Enthalpy of Wet Stearn (h) 26623 [kko v
Density of et Steam W kim® w
Specific Volume of Wet Steam o) b7osase  [meng v
Snecific Entropy of Water (s [lsa0a2 [kungk v
Specific Entropy of Evaporation of et Steam  [447747 koK v
Specific Entropy of Wet Steam {3) W (A R
Specific Heat of Water (¢} 424911 [kdkgK P
Specific Heat ofvet Steam (c) [aossr [kukgK v
Specific Heat of et Steam (¢ ) Rsstis [kagk -
Dynarnic Viscosity of Water 231623604 [Pas v
Cwnamic Viscosity of Steam ’m Paz w

Fig. 3.28c. Properties of H20 from Spirax Sarco

34.5 Property Tables:

Many times, values of properties are required in a tabular form for reference. Tables can be obtained in

the given range immediately from some of these software.

3.4.5.1 Property table from NIST:

This has already been explained under article 3.4.4. Advantage of NIST website is that you can get
property table and several types of plots not only for Water but also for a very large number of fluids.

So, it is a very useful site and should always be kept in mind while looking for properties of substances.
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3.4.5.2 Property table from Spirax Sarco:

Click on http://www.spiraxsarco.com/resources/steam-tables.asp). Then click on Superheated region.

Select the Inputs as Superheated temperature and pressure, and Outputs as Table:

spira} '—international site for Spirax Sarco Iy i '.
sarco

Q | Wistt your national Spirax Satco website v| Advanced Search  Shte Map

Home About Us Products & Services Applications & Industries Training Resources - Contact Us

You are here: Home » Besources W Steam Tables » Superheated Steam Region

Steam Tables Superheated Steam Region - Steam Table

The superheated steam region depicts steam at a temperature higherthan
its saturation temperature. Should saturated steam he heated at constant
preseure, its temperature will rise, producing superheated steam.

Learn more ahout steam in our tutorial - What is Steam®?.

Superheated Steam Region Setyour preferences for these steam tables

Feature Inputs ‘ Supethest Tempersture And Pressure i |
Training Output (2 8ingle Value & Table
? Training that
' targets plant Superheat Temperature Fram 250 [=c N
f., improvements
. “ l and energyoost To I4EIEI [ B
savings
Stens of [io [c -
Empower your team
Pressure !SUU !_kPa (kMAM?) absolute B
[ Calculate ] [ Reset J [ Prirt ]

Fig. 3.29a.Properties of H20 from Spirax Sarco

EXPERIENCE THE PC

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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Enter the values for temperature range and pressure. Click on ‘Calculate’ We get:

Specific  SPeECilG Specific
Enthalpy Enthalpy Specific Entropy
Specific  of of Specific Specific  Entropy of Specific Specific Compres
Enthalpy Evapora Superhea ¥olume  Entropy of Superhea Heat of Heat of Speed Dynamic Isentropic  sibility
Superheat Saturation Degrees of Water  tion ted Density of Steam of Water Evaporat  ted Steam  Steam of  ¥iscosity Coefficie Factor of
Temp Pressure| Temp Superheat  (h,) (h.,) Steam of Steam  [u) (s¢] ionf[s.,) Steam e.) (e,] sound ofSteam nt (k] Steam
kPa
[kNIm*)

C absolute C C kdikg  kdtkg  kdikg kgim® mikg  kdtkg K kMkg K kJlkgK  klikgK kdikgK  mis Pas
2850 300 133555 15445 SGIG4E 26367 296702 125676 0796333 L6727 531393 7577 154207 203376 550.303  182E-0S 130468 0.930458
260 300 133,656 126445 GEIE4E 216367 298TAE 123124 0BRM82 16727 531993 7EG428 164453 203376 663606 LBGE05 130363 0.990235
270 300 133555 136445 561645 216367 30078 120771 0B2BO0E3  16T2I? 531393 7H9208 15476 203456 56083 LA0E-DS 130255 0.990938
280 300 133,656 MEAE  BELEHE 216367 302815 11851 05438 167217 531998 7E282  1GGW0E 203603 673986 LME-0G 1306 0831575
290 200 132555 6445 SGIG45 216367 04852 116339 0859556 167217 531999 7EESTI 155489 202908 579071 199E-05 130035 0.992154
200 200 132665 6445 BEIE4E 216367 306831 14243 0875286 167217 5.31383 706 165302 204063 B34.093  203E08 123923 0392862
1) 200 132555 TTEA4E  SGIGA5 216367 208934 112235 0890989 167217 531999 773692 156345 204363 599052 207EDS 1.2081 0.993164
az0 200 132665 186445 BEIE4E 216367 310473 110284 0806EF 167217 5.31383 7T 1668 2047 B93853  2NE0G 123697 0393505
330 300 133.555 196445 GELE4T 216367 313028 108421 0922332 1ETIW 531993 780595 167293 205071 598797 215E-05 129583 039401
a40 00 133555 206445 5GIG4S 216367 3508 106613 0837378 167217 531393 783371 157806 205471 603536 219E-05 129468 0.994302
350 300 133.555 26445 GELE4S 216367 3I7LIT 104866 095360 167217 531999 7A7298 168329 205898 B02323  ZZ4E05 129354 0.994725
360 00 133555 226445 BGIG45 216367 313la8 10377 0882z 167217 531333 74058 158868 206348 B13008  220E05 123238 0395042
370 300 133,656 236445 GEIGIE 218367 321264 101542 053431 167217 53803 TAIMT 152 20682 GIVE4T  2IDE0F 129124 (0.9953M
280 200 132555 246445 5GIG45 206267  I29935 0999606 100039 167217 531999 79TM2 159985 20731 622238 236E-05 129009 (.995605
3480 300 133,656 266445 GEIGIE 218367 32541 0984284 10167 167217 531393 BOMGE  160GE 207813 B2EFBI  24DE0F 128894 (995367
400 200 132555 266445 G145 216367 327491 0969434 10353 167217 531999 80328 16T4E 208341 BIL283  244E05 128779 099609

Fig. 3.29b. Properties of H20 from Spirax Sarco

3.4.5.3 Property table from TEST:

Go to TEST - Map and click on “Tables & Charts”:

System Analysis

Closed QOpen
| |

Unsteady Process

[
Generic

Specific
|

l [

{cveles) |

Steady State  Steady State

Unsteady Process

Generic

l

Reciprocating Cycles

HVAC/Psvchromeltry

I

l

l
Uniform
System

I
Non-Mixing

Non-Uniform

l
Semi-Mixing
Non-Uniform

1

Mixing

Comb. & Equilibrium

Non-Uniform

Specific

i
Single-Flow

Non-Mixing Multi-Flow

I

I

Mixing Multi-Fiow

[
Vapor and Gas
Power Cvcles

[

Refrigeration

Cvcles

l
HVAC
Psvchrometry

[

Gas
Dvnamics

[

Combustion
& Equilibrium

Fig. 3.30a. Property Table of H20 from TEST
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We get:

Properties Of Pure Substances

Thermodynamic Lookup Tables: Evaluate Properties Manually and Verify Using Daemons

Basics > Tables

8 =
B »
=N

Click on a table icon for a traditional chart able and the daemen icon for a smart table

C Feriodi . 2 ' » .
Table-A Yt ;r;]ingson -?:SIEIC Material properties (¢, = ¢, and v = 1/a) of solids and liquids upon which the 5L
(5L Model) = Liguids Elements (solid/liguid) model is built. In the state daemon, simply select the working substance
ode - -
SL Dasmon Table A-1 Table A-2 and click Calculate to display the material properties.
| e
Ha0 © I ditional - Obl |
Table B-1 3 Opalnfc Eeii 'tinna el Table B-5 | Saturation and superheated
- tables for phase-change (PC)
fluids. In the PC daeman, select
R-1242 R-134a :
il w2 the working fluid (from more
Table-B : Table B-6 | Table B-7 Table B-9 | tpoh 60 fluids), enter two
(PC Model) PC D Super independent thermodynamic
gk RA2 = Ammonia properties (say, o and f1: all
. {NHz) i i
Table B-10 | Table B-11 Table B-12 || Table B-13 | thermodynamic properties are
colored blue) to obtain all other
[ ]
Propane C.H
= (CaHa) o
Table B-14 | Table B-15 Table B-16 | Table B-17
S | Em Material properties - ¢, ¢, R, &, etc. - upon which the perfect gas (PG) model is built. In
== ode the PG state daemon, select the working fluid and dlick Calculate to display the material
(PG Model) PG Daemon Table C-1 | properties.
AR BT FT Palynomial relation and tabular data for ¢, as a function of absolute
colT) temperature T. To obtain ¢, from the 1G daemon, select the gas, enter 3
temperature, and click Calculate. You may also obtain the temperature by
Table D-1 Table D-2 2
entering a value for cp.
‘IG-MDUEI‘ ‘IG-MUUEI‘ ‘IG-MDUEI‘ ‘IG-MUUE\‘ ‘\G-Model‘
AlR i} 0 co Co
bl b e = = = 1deal gas (IG) tables for several
{;E'ME‘dDD s Table D-3 | Table D-4 | Table D-5 | Table D-6 | Table D-7 | gages. In the IG daemon, you
ode : : k
16 Dasmon 1G-Mode] 15-Model 1G-Model 1G-Mode] wemne| | " Pnd & much wider selection
Ha Hot MO, MO aH of gases. Select a gas, enter
t d dent
Table D-8 | Table D-9 | Table D-10 | Table D-11 | Table D-12 | 0 \N9ependen
thermodynamic properties and
1G-Model 1G-Model IG-Model click Calculate for a complete
0 M H state.
Table D-13 | Table D-14 | Table D-15
Critical properties of various fluids used in the real gas (RG) model. In the RG daemon,
| select the fluid and click Calculate to display all the material properties including the
Table E-1 | critical properties.
Compressibility charts used in the real gas
Lee-Kesler (RG) model. Lee-Kesler charts are based on
Charts 2 i s
v g Fabls E-d ideal fluid assumption and Nelson-Obert
Table-E e charts are based on average data. In the RG
(RG Model) BE Dadmon daemor‘l, select a model by lesmg the LK or
Helson-Obert NO radio button, select a fluid, enter two
Charts independent thermodynamic properties, and
Table E-5 | Table E-6 | Table E-7 | jjick caleulate to obtain the complete state.
s Constants used in Benedict-Webb-Rubin (BWR) equation of state
Coefficents :
Table E-8
ke ¥ g‘i Traditional psychrometric chart for moist air. The MA (moist air) daemon handles other
del . 4 = moist gases beside air. After selecting the gas, enter the known thermodynamic (blue)
(e Madel) MA (Moist Air) Daemon Table F-1 | properties to calculate the rest.
v g Formation enthalpies, heating values, and
| e 0 A equilibrium constants tables. Use the n-1G
Table-G = s T | h? ‘ | HHV | | Kp | mixture daemon. to obtain cqmponent and
(Thermo-Chem n-1G Mon-mixing ch | mixture properties, combustion daemon to
Tables) Mixture Combustion EquirELch?m Table G-1 Table G-2 Table G-2 | find heating values, and the chemical
Daemon Daemon el equilibrium daemon to find equilibrium
constant.
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b 4 5 2 — 5 2
Table-H A - - - Isentropic, normal-shock, and barometric (variation of properties with
g e | y = 2 + i
N — p,T._f{zJ altitude) table. In the gas dynamics daemon, select a gas and click
(Gasil:anT::)mlcs Dyn;riics Table H-1 Table M- Table H-3 Calculate to populate the isentropic, normal-shock, delta-theta (oblique
Daamon shock), and Prandtl-Meayer table (expansion fan) in the table panel.
Table-1 L ¥ Quad Handy unit conversion table in a pdf file. &n enhanced version of the unit conversion
~
(Conversion = Btu dasmon is available as a free Android app with an intuitive spinning wheel interface.
Table) Unit Converter Daemaon Table I-1 Search for Engineering Unit Converter app in Google Play.
Table-] \\ ,_i Frequently used equations for property evaluation and system analysis for manual
Equation ==y c solution in a compact pdf file. Launch the calculator daemon (appears in a pop-up
q
Sheet) Engineering Calculator Table J-1 | window) for guick engineering calculations.

Fig. 3.30b. Property Table of H20 from TEST
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Click on desired Table. For example, click on Tsat-H2O. We get Sat. water-Temp-Table:

deg-C
Temp.

roc
0.01

10
15
20
25
a0
35
40
45
50
55
&0

70
74
a0
85
40
)

100
105
110
115
120
125
130
135
140
145
140
185
160
165
170
175
180

Table-B.2, PC Model, H,O: Safuration Température Table

&‘ XI"M H0

51 Units [] English Units

Saturated Water (H20)--Temperature Table

Spec. Yolwme Internal Energy Enthalpy
kPa m*3/ky kd/ky kl'ky
Sat. Sat. Sat. Sat. Sat. Sat. Sat.
press. ligquid vapor liquid vapor ligquid vapor
p_sat@T v vy M u, B h,
06113 0.001000 206.14 0.o00 23753 0.01 2501.4
0.8721 0.001000 14712 2097 23823 20.98 25106
1.2276 0.001000 106.38 42.00 2389.2 42.M 25198
1.7051 0.001001 77.93 62.99 23961 52.99 25289
2.339 0.001002 57.79 83.95 24029 53.96 25381
3169 0.001003 4336 104.88 2409.8 104.89 25472
4,246 0.001004 3289 12578 24168 125,79 2556.3
5628 0.001008 2527 146.67 24234 146.68 26663
7.384 0.001008 19.52 167.56 24301 167.57 25743
9.593 0.001010 15.26 188.44 24368 188.45 25832
12.349 0.o01012 12.03 209.32 24435 208.33 25421
15.758 0001015 9.568 230.21 24501 230.23 2600.9
19.940 noomomy T.ET1 28111 24566 25113 2609.6
25.03 0.001020 6.197 272.02 24631 272.06 26183
31.14 0.001023 H.042 29295 24696 292.98 2626.8
38.58 0.001026 4131 313.80 247549 313.83 26437
47.39 0.001029 3407 33488 24822 334.91 2635.3
a7.83 0.001033 2.828 35584 24884 355.80 26518
T0.14 0.001036 2.361 3T6.85 24945 376.92 2660.1
84.55 0.001040 1.982 397.88 25006 397.96 2668.1
P—:;::a@-r v v Uz u, B hy,

010135 0.001044 1.6729 418.94 25065 418.04 26761
012082 0.001048 1.4154 440.02 25124 440015 26838
0.14327 0.001052 1.2102 461.14 25181 461.30 2691.5
016906 0.001056 1.0366 482.30 26237 482.48 2689.0
019853 0.001060 08919 H03.50 25293 a03.71 2706.3
0.2321 0.001065 07706 52474 25346 524.99 27135
0.2701 0.001070 0.6685 546.02 25399 546.31 27205
03130 0.001075 0.5822 56735 25450 SET.6Y9 27273
0.3613 0.001080 0.5089 588.74 25500 588.13 27338
0.4154 0.001084 04463 61018 259549 B10.63 27403
0.4758 0.001091 03928 B31.68 255995 B32.20 27465
058431 0.001096 03468 B53.24 25641 B53.84 27524
0E178 0001102 0.3071 67487 25684 B75.55 27581
0.7005 0.001108 02727 BA96.56 25724 BA7. 34 2763.5
0.yay 0001114 02428 T18.33 25765 711 2768.7
0.8920 0.001121 0.2168 74017 2580.2 74117 27736
1.0021 0.001127 019405 TE2.09 25837 763.22 27782

Download free eBooks at bookboon.com

Entropy
kJ/kg™K
Sat. Sat.
liguid vapor

Sf Sg

0.0o0a 91562
0.0761 9.0257
01510 8.9008
0.2245 87814
0.2966 B.EET2
0.3674 8.5580
0.4369 2.4533
0.5053 8351
0.5725 8.2670
0.63gy 81648
0.yo3a B.0763
0.Te7a 7.9913
neaz 79096
0.8935 7.8310
0.9544 T.7643
1.01485 T.EE24
1.0753 TB122
1.1343 7.5445
11925 T.47a1
1.2500 T.4159
1.3089 T.3549
1.3630 T.25848
1.4185 T.2387
1.4734 T1833
1.5276 T1296
1.5813 T.0775
1.6344 T.02649
1.6870 B.9TTT
1.7391 6.9289
1.7907 B.8833
1.8418 B.8379
1.8825 B.7935
1.9427 67502
1.9825 67078
20414 B.6ER3
2.0909 6.6256
21396 6.5857



185
190
195
200
206
210
214
220
225
230
234
240
245
240
295
260
265
270
275
280
284
290
295

ana
305
a1n
314
320
330
340
340
360
a7a
37414

11227
1.2544
1.3878
1.8538
1.7230
1.9062
2104
2318
2.548
2.734
3.060
3.344
3648
3.973
43149
4 638
5.081
5.4949
5942
£.412
£.909
7.436
7.993

3.531
9.202
9.856
10.547
11.274
12.845
14.5868
16.513
18.651
21.03
22.09

0.001134
0.001141
0.0011449
0.001147
0.001164
0.001173
0.001181
0.001130
0.001134
0.001209
0.001214
0.001229
0.001240
0.001251
0.001263
0.001276
0.001284
0.001302
0.001317
0.001332
0.001348
0.001366
0.001384

n.001404
0.001425
0.001447
0001472
0.001453
0.001561
0.001638
0.001740
0.001393
0.002213
0.003155

0.17408
015654
0.14105
012736
011521
010441
0.09479
0.02619
0.07549
n.071458
0.06537
0.05976
0.05471
0.05013
0.04598
0.04221
0.03877
0.03564
0.03278
0.03017
0.02777
0.02557
0.02354

n.02187
0.0199483
0.018350
0.016367
0.015488
0.0129%6
0.010797
0.008313
0.006945
0.004925
0.003155

Fig. 3.30c. Property Table of H20 from TEST

78410
a06.19
828.37
840.65
873.04
89543
a18.14
940.87
963,73
986,74
1009.29
1033.21
1056.71
1080.39
110428
1128.39
1152.74
117736
1202.25
1227 46
1263.00
1278.92
1305.20

1332.00
135930
138710
1415.50
144480
1405.30
147030
1641.90
1725.20
1844.00
2029.60

2587.0
2680.0
2682.8
26853
26875
26895
26011
2602.4
2603.3
2603.9
26041
2604.0
2603.4
2602.4
2600.9
2589.0
2586.6
25837
25802
2686.1
2681.4
2676.0
2669.9

2463.0
26552
2646.4
2536.8
25255
24989
24648
24184
235148
222848
20298

785.37
807.62
825.98
852,45
875.04
89776
920.62
943,62
96678
99012
1013.62
1037.32
1061.23
1085.36
1108.73
1134.37
11549.28
1184.51
121007
1235.99
1262.31
1285.07
1316.30

1344.00
1372.40
1401.30
1431.00
1461.50
1625.30
148420
167060
1760.50
188050
2088.30

Similarly, we can get compressed water tables and Tables for R134a.
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27824
2786.4
2790.0
27932
2796.0
27985
2800.5
28021
28033
28040
28042
2803.8
2803.0
2801.9
27995
27T96.9
27938
27887
2785.0
277596
27733
2766.2
27581

27449.0
27387
27273
27145
27001
26659
2622.0
2463.9
2481.0
23321
20883

21879
22359
2.2835
2.3309
2.3780
24248
24714
24178
2.5639
2.6099
2.6558
27M45
27472
27927
2.8383
2.8838
292494
29751
3.0208
3.0668
31130
31594
3.2062

3.2534
3300
3.34493
3.3982
3.4480
3.5507
3.6594
37T
39147
41108
4.4293

6.5465
6.6079
f.4693
£.4323
£.39452
f.3585
6.3221
f.2861
f.2503
6.2146
61791
6.1437
f.1083
6.0730
6.0375
6.0019
5.9662
5.9301
5.8938
5.85871
5.8199
57821
5.7437

5.7045
5.6643
5.6230
5.5804
5.5362
5.4417
5.3357
5.2112
5.0526
4.7971
4.4298
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3.4.5.4 Property table from free software WSProps:

This software is from www.Sourceforge.net. As you start WSProps, go to File-New and following

window appears:

‘waa]

Water and Steam Properties
Themodynamic properties Transpart Properties | Satwiation Praperties | %

T{°K) P (tPa) Ro (kg/m3) Cp[lOitkg."k)] O [(kitkg."K3] | H{KJKg) 5 [kfitka #K)]

Fig. 3.31a. Property Table of H20 from WSProps

RAND
MERCHANT
BANK

Adivision of FirstRand Bank Limited

YOU CAN WORK
AT RMB

Rand Merchant Bank uses good business to create a better world, which is one of the reasons that the country’s top talent chooses to
work at RMB. For more information visit us at www.rmb.co.za

Thinking that can change your world

Rand Merchant Bank is an Authorised Financial Services Provider
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First set the Units by going to Calculation-Run. Set the Units as shown below:

¥ Property Table Generation

Calculation | Units set

Input
Wariable lUnit I
Pressure \bar
Output
Wariable IUnit
Density |kig/m3
Enthalpy kJII'kg
Eﬁtropy ij-II'(k-g.‘:-‘lé).
.Heat capacity :kJII'(kg."-‘K)
Pressure lbar
.S.urflace tn-an'si;Jn 'dyn,l'cm
.Temperature E“'IC
:rhérrﬁal coﬁductivity j‘nphu',l'(rn."K]l v/
Wiscosity .cP .

‘ " 0K J[ X Cancel J[

? Hep |

Fig. 3.31b. Property Table of H20 from WSProps

Next, press the calculation tab.

¥ Property Table Generation

Calculation | Units set |

~Keep constant

) Temperature (&) Pressure

Temperature

Minimum (°C) |30 |

Increment | 10 |

Masimum [C) | 150 |

Fressure

Walue [bar] | 2 |

Saturation temperature

Minimum [°C] |30 |

Increment | 10 |

—

P b |

L /Q_K_” X Cancel ”

Fig. 3.31c. Property Table of H20 from WSProps
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Enter the Temperature range and pressure values as shown above and click OK.

We get:

. Table 1

Water and Steam Properties

Thermodynamic properties | Tranzpart Properties || Saturation Properties| m
160 P (bar) Rofhaims) k) Coliofa ] Cvllaika] | 500MkaK]
30 2 995,693 125,912 4.15 4,117 0.4367
40 2 992,26 167,704 4.179 4,073 0.5723
=) 2 958,073 209,504 4,151 4.026 0.7037
&0 2 953,239 251,332 4,185 3.976 0.8312
70 2 977,805 293,203 4.19 3.925 0,955
g0 2 971,835 335.134 4,197 36873 1.075
i) 2 965,355 37714 4,205 3.82 1.193
100 73 955,395 419.24 4,215 3.768 1.307
110 2 950,975 461,456 4,225 3717 1.419
120 z 943,107 503,813 4,244 3,666 1.5926
130 2 1.098 2727267 2,124 1.582 7.15
140 2 1.069 2748.327 2.09 1.56 7.231
150 2 1.042 2769.093 2,066 1.546 7.2581

Fig. 3.31d. Property Table of H20 from WSProps

Thermodynamic properties, Transport properties and saturation properties are obtained by clicking on

the respective tabs:

*. Table 1

Water and Steam Properties

Thermodynarmic properties | Transport Properties | S aturation F‘roperties| m
] P (bar) Wik k[, =] Sigma {dynjcm)
30 2 0.7973 0.6155 71.194
40 z 0.653 0.6307 69,596
50 Z 0.5469 0.6436 67,944
60 z 04564 0.6544 66,235
70 z 0.4039 0.8632 64,451
g0 z 00,3544 0.6701 62,673
Q0 Z 0.3144 0.6753 60,516
100 Z 0.2518 0.6791 58,912
110 Z 0,2547 0.65817 06,962
120 2 0.2321 0.6832 54,968
130 2 0.01334 0.0z2s12 52,932
140 2 0.01374 0.02851 50,556
150 2 0.01413 0.02954 45,741

Fig. 3.31e. Property Table of H20 from WSProps
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| Water and Steam Properties

TKI) Pvp ibar) Rl (kgfm3) Rao¥ kgfm3) HL (k2 /ka) Hy (kfka) SL [k3fika. #k3] S [kaf kg, #K)]
303,15 0.004247 995,602 0.03041 125,734 25955727 0.4365 §.453
313,15 0007385 992,17 0.05124 167,534 2573.615 0.5724 8.256
323,15 0.01235 957,991 0.03315 209,344 2591.344 0.7035 5.075
333.15 0.01995 953,154 01304 251,183 2608.879 0.8313 7.903
343,15 0.0312 977 TG 0.1954 293,066 2626.162 0,9351 7754
353,15 0.04742 971,761 0.2937 335.012 2643.123 1.076 7611
363,15 0.07013 965,291 0.4239 377035 2659.653 1.193 7.479
373,15 0.1014 958,347 0.5951 419,163 2675.76 1.307 7.355
363,15 01434 950,945 0.5265 461,409 2691.273 1.419 7,239
393,15 0.1957 943,108 112z 503,802 2706.139 1.528 713
403,15 0.2703 934,836 1.497 546,368 2720.277 1.635 7.027
413.15 0.3615 926,136 1.967 589,139 2733.607 1.739 6,93
423,15 04762 917,01 2,045 632,147 2746.047 1,842 6537

Fig. 3.31f. Property Table of H20 from WSProps

360°
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35 Example Problems:

Let us work out a few problems to illustrate the use of these software.

Problem 3.3. Find the enthalpy and entropy of steam when the pressure is 2 MPa and specific volume
is 0.09 m3/kg. [VTU, 2005]

Solution: If this problem has to be solved using conventional steam tables, tedious interpolation will be

required. But, the problem is solved very easily with TEST:

Open TEST, Click Map > Uniform system > Phase Change model. (See Figs. 3.18a and 3.18b.). Substance
‘H20O’ is automatically selected. Select P1 and v1 and enter the values given. Take care to select proper

units. See Fig. 3.34a below:

= fraction [Quality of saturated mixture]
* Mixed 81  English ﬂ ¥ Help Messages On Super-lterate | Super-Calculate m
State Panel | o Pane]
| Initialize |Unknown Phase
|2 WPa ~ deg-C ~|| |maction v || : fraction |0.u9 kg v
|t 1 m s | ver <=
| o | ) e
_ | _ e ) psit | mi
[ g v wikg v TR g v [
| et M1 _
| — 1 =&

Fig. 3.32a. Properties of H20 from TEST

Now, click ‘Calculate’ and immediately all the results are displayed, as shown below:

lMove mouse over a variable to display its value with more precision.

# Mixed  SI  English = ¥ Help Messages On Supw—ﬂera§e| m Super-Initialize

State Panel | 110 Pans|

_| el _I 1" phit psit J m1

R e | o s V| o | ] R

Fig. 3.32b. Properties of H20 from TEST

181

Download free eBooks at bookboon.com



Basic Thermodynamics: Software Solutions

Part| Properties Of Pure Substances

Read the result as: h1 = 2614.85 kJ/kg, and s1 = 5.96 k]J/kg.K, and the state is: sat. mixture with quality
(i.e. dryness fraction) = 0.902.

By clicking on the T-s plot widget, you can locate the state on the T-s diagram too, as shown Fig. 3.34c
and 3.34d below:

Move mouse over a variable to display its value with more precision.

~ Mixed ¢ Sl  English 5 ¥ Help Messages On Suptheratel Super-Calculate | Super-nitialize

1i0 Panel

State Panel |

Initialize

Calculate |

< Jesmen v -]

[ ] L

..

CTEG [ [
psit J mt

lkirg — ~]] lhing || lw

Fig. 3.32c. Properties of H20 from TEST

BEX

TEST: T-s Plot (PC-Model) =13

[RESEIRIGE connectstates | crio| oaw  NY BN B B2 B3 lines for |4l States v| |EiaADIE]|
LogiLir | Lot I xMin: |—1.69 xMax: I‘H.'ﬁ yhin: !209.83 yMax: IT12.02 - - - 1
Use mouselstylus to write |
Miote: You can use the zoom buttons (+-) and drag the plot around to resize. To scribble on the plot by mouse drag, click the pen button first.
T.K [ 16.026, 821.643 )
71202
O\
20983
-1.69 s, kd/kg.K 11.71

Fig. 3.32d. Properties of H20 from TEST - (T-s) plot
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Problem 3.4. A rigid container is filled with steam at 600 kPa and 200 deg.C. At what temperature the

steam begins to condense when it is cooled? Determine the corresponding pressure. [VTU, 2004]

Solution: Container is ‘rigid’ - means that the volume remains constant. Let us solve this problem in

TEST. Let state 1 be at 600 kPa and 200 deg.C.

Open TEST, Click Map > Uniform system > Phase Change model. (See Figs. 3.18a and 3.18b.). Substance
‘H20O’ is automatically selected. Select P1 and 1 and enter the values given. Take care to select proper

units. Click ‘Calculate’ and all properties at state 1 are presented. See Fig. 3.35a below:

* Mixed ¢ Sl ( English <lcase—0 v = ¥ Help Messages On Super—lteratel Super-Caiculate | Super-nitialize |

State Panel I 0 Panel

el

Initialize |&

[Jesaer <2

 [EETEE
=
LT

_] Volt - it
I| m"z w ;ﬁ@_ ]i' kgdkmal v

Fig. 3.33a. Properties of H20 from TEST - State 1
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Next, select State 2. Since State 2 is saturated vapor (when condensation just begins), ‘quality’ x2 =1. Also,
since volume remains constant, v2 = v1. Enter these values of x2 and v2 as shown, and click ‘Calculate’

You get the following result:

Move mouse over avariable to display its value with more precision.

* Mixed  SI ¢ English < > ¥ Help Messages On Super-iterate

State Panel |

| m 7| w

_J u2 _J k2 LI Vel2 ij z2
- s x| O~ )
_! psi2 _l m2
(v i 2 ) ks %
| e M2
I

Fig. 3.33b. Properties of H20 from TEST - State 2

Note that condensation occurs at T2 = 154.39 deg.C and the corresponding pressure P2 = 534.49
kPa. And if we need the amount of heat rejected, it is equal to (u2 - ul), since volume is constant; and
(u2-ul) = (2563.46 - 2638.89) = -75.43 kJ/kg. (-ve sign indicates that heat is rejected.).

Next, states 1 and 2 can be shown on a T-s diagram. Choose T-s on the Plots widget and the plot
appears as shown below. Press ‘Connect states, click ‘v = ¢’ tab to produce the const. volume line, and

adjust xmin, xmax, ymin and ymax as shown:

B2 TEST: T-s Plot (PC-Model) l=1E3
RBBBIRRH| comecisises | o | orow [ [ RN [ R [ s o oataTable.
| . | xhin: [0 xMax:  [10 yMin: [200 yMax:  [700] - - .
Use mouseistylus to write I
Click again to remove the constantvolume line(s).
T.K (11.516, 828.319 )
F00.0
1
2
200.0
oo s, kd/kyg.K 100

Fig. 3.33c. Properties of H20 from TEST - (T-s) plot
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Note that constant volume line passes through states 1 and 2, as it should.

Problem 3.5. A pressure cooker contains 1.5 kg of steam at 5 bar pressure and 0.8 dry. Find the quantity

of heat which must be rejected so that the quality of steam becomes 0.4 dry.... [VTU, 2003]

Solution: Again, TEST is very convenient to solve this problem.

Open TEST, Click Map > Uniform system > Phase Change model. (See Figs. 3.18a and 3.18b.). State 1

is at P1 = 5 bar, m1 = 1.5 kg, x1 = 0.8. Enter these values and press ‘Calculate’ All properties at state 1

are presented immediately:

Move mouse over a variable to display its value with more precision.

State Panel | lio Pansl

& Mixed sl English ﬂ ¥ Help Messages On Supe(—iteralel Super-Calculate Super-initialize

| et m it o | mt

0 TR - P o o I »
[ R s P

Fig. 3.34a. Properties of H20 from TEST - State 1

Next, enter parameters for state 2, i.e. m2 = ml, x2 = 0.4, v2 = v1; Press ‘Calculate’ and we get:

Move mouse over a variable to display ils value with more precision

i

State Panel | 1o Panel

* Mixed ¢ SI ¢ English » ¥ Help Messages On Super-iterate Super-Calculate Super-nitialize

@State-2 |w Calculate | Initialize Sat Mixure: Lig.+Vap.

J p2 J T2 ﬂ x2 J y2 ﬂ v2
B S - D e ) R
| w | me n | ver | 2

J e2 J 2 phi2

[ e v] [gSBE I (e V]| |CZZIES)
| vee iz

B o

Fig. 3.34b. Properties of H20 from TEST - State 2

psi2

Since volume is constant, heat rejected =

v

ﬂ m2
g v/~

(u2-ul)=(1331.263 - 2176.8577) k] /kg x 1.5 kg = - 1268.4 kJ. (-ve sign indicates that heat is rejected.)
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Alternatively:

Let us solve this problem in EES. In the Equation window of EES, enter the equations and press F2 for

solution. We get:

tions Calculate  Tables Plots  Windows Help  Examples

"Problem 3.5"

"Dat1a;' . Uit Settings: [kJ],-"[C],-"[kPa],-"[kgK%degrees]
m=15"kg" ) -
F1 =500 "kPa" m =15 [ka] F1 =500 [kPa]
x1 = 0.8 "quality at state 1" 0 =-1268 [kd] ul = 2177 [kdikg]
x2 = 0.4 "quality ot state 2" u2=1332 [kdfkg] w1 = 0.3003 [m3fka]
w1 =%olume(Stearn_MNBE.x=x1.F=F1]" sp. volme at state 1" Vs ) g.jDDS [n3ka] A0

x2 =0,

ul =IntEnergy(Steam_MNBSw=v1.P=P1) "Int. energy at state 1"
w2 =v1". since volume is constant”

ue = IntEnergy(Steam_MNBSw=vZ2.x=x2) "Int. energy at state 2" Fun bl e meie e eten
Q= m*{uz-ul) "kd...heat rejected" b J

Calculation time = .0 sec

Fig. 3.34c. Properties of H20 from EES
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Problem 3.6: A rigid vessel contains 1 kg of wet steam at a pressure of 0.15 MPa. When the mixture is

heated, the state passes through the critical point. Determine:

i. the volume of the vessel
ii. mass of liquid and vapor initially in the vessel
iii. temperature of the mixture when the pressure has risen to 3 MPa, and

iv. the heat transfer required to produce the final state (iii)....[VTU, 2004]

Solution:

Note two points:

i. Since 1 kg of wet steam passes through the critical point in a closed vessel, it is clear that the
volume must be equal to critical volume = 0.003155 m3/kg.

ii. Specific volume of wet steam is given by:
VeV f+ XV fg
i.e. v=vye+ x'(v g— Vv f)

i.e. v=(l-X)vp+xV g

i.e. v=xv_, ..apmox...(3.7) snce <Y,
=
Therefore, for a constant volume process, we can write, approximately:
Xl'Vg1=X2'Vg2 (3.8)
Where x, x, are the dryness fraction values at state 1 and state 2 respectively.

First let us solve this problem with TEST:
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Open TEST, Click Map > Uniform system > Phase Change model. (See Figs. 3.18a and 3.18b.). State
1 is at P1 = 0.15 MPa, m1 = 1.0 kg, vl = 0.003155 m3/kg. Enter these values and press ‘Calculate’ All

properties at state 1 are presented immediately:

Move mouse over a variable to display its value with more precision.

# Mixed ¢ S1 ¢ English > ¥ Help Messages On Snper—ﬁera.tel Super-Calculate Super-nitialize
State Panel | o Panel
@5tate-1  w I Calculate Mao-Plots i Sat Mixture: Lig +Vap

7| ot | | . | o |
SN . | [N coc v |[OOGTBANNNN recton | [DISSEBRNNNN recton v | NGRESNN e v

J ut J ht J 51 | velt Ll z1
[ TP 7 TR - T )
| et I phit psit 7| mi
FosaEnvie | s ve V)| g ] CEENEE  [FE

| vair ket
B

Fig. 3.35a. Properties of H20 from TEST

Note that internal energy ul = 470.563 kJ/kg and quality x1 = 0.00181.

Next, calculate for state 2, with v2 = vl and P2 = 3 MPa. We get the following screen, where we note
that u2 = 1052.0969 kJ/kg, and T2 = 233.9 deg.C

Move mouse over avariable to display its value with more precision.
 Mixed © SI ( English ﬂ |+ Help Messages On Supeﬂ(efa‘lel Super-Calculate

State Pans! | 10 Pans

< |estate2 | > | | cacuate No-Plots v

Fig. 3.35b. Properties of H20 from TEST

For completeness, draw the T-v plot too. As explained earlier, select the T-v plot and the plot appears
immediately. Draw the v = const. line by clicking v = c tab (see fig. below). Note that constant volume

line connecting states 1 and 2 passes through the critical point.
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TEST: T-v Plot (PC-Model)

m ConnectStates| Grid‘ Draw ﬂj |:| E lines for I_,f\ustates_:} m
xMin:  |5.0E-4 xMax: [206103  ymin: [20083  ymax: (71202 'Re-plot ﬂ ﬂ
LIse mouse/stylus to write |
Click again to remove the constantvolume line(s).
T, K ( 181954.026, 539.419 )
712.02
D,
By
20883
2.0E-4 v, m*3/kg (log Scale) 206103

Fig. 3.35c¢. T-v plot for H20 from TEST
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Therefore, the solution is:

a) volume of the vessel = 0.003155 m?

b) mass of liquid and vapor initially in the vessel: By definition, ‘quality’ is the mass fraction of
vapor present in the mixture. So, since the total mass is 1 kg, we have: mass of vapor = x1 =
0.00181 kg, and mass of liquid = (1 - x1) = 0.9982 kg.

c) temperature of the mixture when the pressure has risen to 3 MPa = T2 = 233.9 deg.C, and

d) the heat transfer required to produce the final state 2: Q = (u2-ul) = 581.53 kJ.

Alternatively:

Let us solve this problem with EES:

Write down the equations in the Equations window, as shown below. Read the comments against each eqn.

S EQUANIONS WO = O]
"Prok. 3.6"
"data"
m=1.0"kg.."
pl1=150"kFa.. .initial pr. in the wvessel"
p2=3000"kFa"

w_c=0.003155"m3/kg....sp. wol. at crit. point”

Wem*y_c"m3. wvolume of vessel"

x1=Cluality(Steam_|APYWS F=pl.w=v_c) "At 150 kFa.._dryness, x1:"
v_gl=Yolume(Steam_|APWS P=p1 x=11"m3kg. At 150 kPa.. satvap. wol, wgl:"

w_g2=volume(Steam_|APYWS. P=p2.x=11"m3/g. At 3000 kPa.. satwvap. wal. wgl:"
x1*_gl=x*w_g2" for const wol. process, gives dryness x2 at 3000 kFa"

T2=temperature(Steam_APWS FP=p2.w=v_c)"C. gives temp. pressure has risen to 3000 kPa"
m_wap = m*x1 "kg.... initial mass of wapar inwessel"
mr_lic) = {113 "k, initial mass of ligin vessel"

"Heat transfer, Q=(L12-1)"
u2=intenergy(Steam_|APWS P=p2 x=x2)
ul =intenergyiSteam_|APYWS, FP=p1,x=x1)
C=rm™u2-ul)"kd.. heat tr."

Fig. 3.36a. Properties of H20 from EES
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Now, press F2 to calculate. Following results appear:

= BEIE

b & ]

Unit Settings: [kJ)/[C)/[kFal/[kgl/[degrees]

m =1 [kg] Mjjq = 0.9982 [ko]
M,yap= 0.001815 ko] p1 =160 [kPa]
pZ= 3000 [kPa] O = 584.4 [kJ]

T2 =233.49 [C] ul = 470.7 [kdika]
uZ = 1055 [kdikg] W = 0.003155 [m3]
w, = 0.003155 [m3/kg] wgr = 1.158 [m3gkg]
wgz = DLOBBET [m3/kg] «1 =0.001815

x2 = 0.03156

Mo unit problems were detected.

Calculation time = .0 sec

Fig. 3.36b. Solution for Prob.3.6 from EES

Very slight difference in u2, x2 and Q obtained from TEST and EES are due to the approximation made
in EES code, viz. x1.vgl = x2.vg2.

Problem 3.7: A vessel having a capacity of 0.85 m’, contains steam at 12 bar and 0.92 dry. Steam is blown
off until the pressure drops to 6 bar. The valve is then closed and the vessel is cooled until the pressure is

4 bar. Assuming that the specific enthalpy of steam is constant during the blowing off period, determine:
i. quantity of steam blown off

ii. quality of steam in the vessel after cooling, and

iii. quantity of steam in the vessel after cooling .... [VTU, 2004]
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Solution:

Since the problem involves finding out the states, TEST is most convenient to use.

Open TEST, Click Map > Uniform system > Phase Change model. (See Figs. 3.18a and 3.18b.). State
1 is at P1 = 12 bar, Voll = 0.85 m’ x1 = 0.92. Enter these values and press ‘Calculate. All properties at

state 1 are presented immediately:

Move mouse over avariable to display its value with more precision.

# Mixed ¢ Sl ( English > ¥ Help Messages On Super—]teratel

State Panel | WO Panel

| <[estate-1 v > [ | calcuate | N No-Plots (| [Sat Mirture: Lia.+Vap. -HZO

Super Initialize |

Fig. 3.37a. Properties of H20 with TEST - state 1

With us you can
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We get mass, m1 = 5.65329 kg, enthalpy h1 =2625.9255 kJ/kg.

Now, some steam is blown off at constant enthalpy, till the pressure becomes 6 bar. ie. at state 2,

P2 = 6 bar, h2 = hl, and vessel volume remains same as Voll. Enter these values for state 2. Click on
‘Calculate. We get:

Move mause over a variable to display its value with more precision.

* Mixed  S1 ¢ English = v Help M on Super-iterat | super-Calculate Super-nitialize

State Panel | O Panel

Calculate | Initialize Sat.Mixture: Lig.+Vap.
7| p2 | | . | e
[ [T TR - e N - e ) - S CETR
N | n | e | e 7| 2
[ SNl [N TSNS W) e

J a2 J 2 phi2. p.w}? ) J m2
B R ) o CTR - -
| vor2 iz

[ O] e e

Fig. 3.37b. Properties of H20 with TEST - state 2

Now, we note that the mass m2 in the vessel is m2 = 2.87224 kg.

Now, the vessel is cooled at constant volume Voll until the pressure is 4 bar; this is state 3. So, select state

3 and enter P3 = 4 bar, Vol3 = Voll, m3 = m2; click on ‘Calculate’ Properties at state 3 are presented:

Move mouse over a variable to display its value with more precision.

 Mixed ¢ Sl ¢ English > ¥ Help Messages On Super-terate Super-Calculate m Super-initialize

State Panel | /0 Panel

Calculate | Iruiti:alize Sat Midure: Lig +Vap
7| s n | [ | s |
- TR e e e
| w | #s n | vess 7| 23
| phi3 osid | ma
s | Y
7| vess 13

[ ol

Fig. 3.37c. Properties of H20 with TEST - state 3

Note from the above that steam quality, x3 = 0.6385.Therefore, we have the results:

i. Quantity of steam blown off = (m1-m2) = 2.781 kg.
ii. Quality of steam in the vessel after cooling = x3 = 0.6385

iii. Quantity of steam in the vessel after cooling = x3.m3 = 1.834 kg of dry steam
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The entire process can be shown on a h-T diagram by selecting the h-T plot in TEST as shown below.

In the plot: 1-2 is blowing off at constant enthalpy and 2-3 is cooling at constant volume.

TEST: h-T Plot (PC-Model)
SRR Cornecstaes | cna| orov [ I R 0 IO [ s ostaTatie
wLog/Li | xin:  [200 xMax:  [700 yMin:  [-450 yMax:  [3080] - ' .
Use mouseistylus to write |
Click again to disconnect the state points.
h, KJ/Kg (745,263, 3065 103 )
30800
2 1
3
-450.0
2000 T.K F000

Fig. 3.37d. Properties of H20 with TEST - (h-T) plot

Problem 3.8: A rigid tank of 2 m’ volume is filled with dry sat. steam at 0.2 MPa. Owing to poor insulation
of the tank, the pressure of steam is found to be 0.1 MPa after some time. Determine the final state of

the steam and the amount of energy transferred as heat to the surroundings. [VTU, 2001]

Open TEST, Click Map > Uniform system > Phase Change model. (See Figs. 3.18a and 3.18b.). State 1
is at P1 = 0.2 MPa, Voll = 2.0 m’ x1 = 1, since dry saturated. Enter these values and press ‘Calculate’

All properties at state 1 are presented immediately:

x1=1.0 fraciion [Quality of saturated mixture]

& Mixed ¢ S1  English i! ¥ Help Messages On Super—lteratel Super-Calculate M SuperInitialize |

State Panel | 1Ig Pansi

@State—‘l L L"alcul-atE- Mo-Plots

| veit it
e e T

Fig. 3.38a. Properties of H20 with TEST - state 1
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Note that mass of steam, m1 = 2.25666 kg, and internal energy of steam, ul = 2529.5012 kJ/kg.

Now, select state 2, and enter the known conditions, i.e. Vol2 = Voll, m2 = m1 and P2 = 0.1 MPa. Click
on ‘Calculate’ We get:

v2 =0.8862638 m"3kg [Specific volume]

# Mixed (" 51  English j ¥ Help Messages On Super—ﬂe.ra.tel Super-Calculate m

State Panel | o Panel
CState2 v | caicuiate No-Plots -+ [ inmaize Sat Mixtre: Lig +Vap.
LI o2 V2

| n _| | » _
facton ¥ racton ¥ LE I
rscton v [BSSSETIN [recion v [GB8EEB I
e | ne | e 7| ve M

J a2 J 2 phid. psi2 | ﬂ m2
(C (] - PR | | G Y]
| Voi2 12

Fig. 3.38b. Properties of H20 with TEST - state 2

We read: u2 = 1509.4971 kJ/kg. and quality, x2 = 0.52288. Energy transferred to surroundings =
m.(u2 - ul) = -2.25666 kg x 1020 kJ/kg = -2301.79 KkJ. (-ve sign indicates that heat is rejected.)
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Finally, the process can be shown on (T-v) plot as shown below:

TEST: T-v Plot (PC-Model) =13
g‘ ConnectStates‘ Grid‘ Draw ﬂ] E m E : lines for | All States :] !‘
‘ | xiin: [SOE-4 xMax: [206103  ymin: [200 yMax:  |700] o - -]
Use mouse/stylus to write I
Click again to remove the constantvolume line(s).
T.K [ 571410317, 826.844 )
J00.0
{x
200.0
5.0E-4 v, m*3/kg (log Scale) 20610.3

Fig. 3.38c. Properties of H20 with TEST - (T-v) plot
Problem 3.9: Two boilers, one with a super-heater and the other without superheater, are delivering equal
quantities of steam into a common main. The pressure in the boiler and main is 20 bar. The temperature of
steam from the boiler with super-heater is 350 deg.C and temperature of steam in the main is 250 deg.C.
Determine the quality of steam supplied by the other boiler. Take cp,s = 2.25 kJ/kg.C.....[VTU, 2001]

Solution: First, let us solve this problem with EES.

Let 1, 2, 3 denote boiler without super-heater, boiler with super-heater and the main.
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In Equation window of EES, enter the following code. Read the explanatory comments against

each equation:

"Prok. 3.9"

"data:"
m1=1.0"kg...mass of steam from bailer without superheater...assumed"
me=m1"kg...mass of steam fram boiler with superheater."
m3=ml+mz2"ka...tatal mass of steam in the main"

p1=2000"kFa...gr. in the boilers and main"

T2=350"C. temp. of steam from boiler BZ, i.e. boilerwith superheater”
T_m=250"C. temp. of steam in the main"

cps=2.25"kJ/k.C..sp. heat of superheated steam"

h_gZ=enthalpy(Steam_|APWS P=p1.x=1)"enth. of sat. steam from boiler B2"
T_s2=T_sat(Steam_|lAPWS P=p1)"C.. sat temp. at B2"

h2=h_g2+cps*(T2-T_s2)" kdfkg..enth. of steam from B2"

"Mate: We could hawve found out hZ by directly plugging in the values of P2 = p1, and T2 = 350C;
but, since walue of cps was given, abowe eqn for hZ is used."
h_f1=enthalpy(Steam_IARPYWS, P=p1 x=0)"kfkg. sat lig. enthalpy from bailer B1"
h_gl=enthalpy(Steam_|APWS,P=p1.x=11"kJ/ka. sat wap. enthalpy from boiler B1"
h1=h_fl+x1*(h_g1-h_f1)"kJ/kg. .enth. of steam from boiler B1, with dryness x1. to be found"
"Energy balance:"

h_g3=h_g2"...since the pressures are same"

h3=h_g3+cps*(T_m-T_s2)"kJfkg.. TsZ=sat temp. in the main "

"Therefare:"

m1*h1+m2*h2=m3*h3"..energy balance..gives x1"

Fig. 3.39a. Properties of H20 with EES
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Now, press F2 to get solution:

2 soion R

LT |

Unit Settings: [kJ[Cl[kFalikal/{degrees]

cps=2.25 [kdkg.C] h1=2658 [kdiko]
he =3108 [kdikg] h3=2883 [kdika]
hpp = 9085 [kdikg] hg1 = 2798 [kdfka]
hgp = 2798 [kdfkg] hgz = 2798 [kdfkg]
ml =1 [kqg] m2 =1 [kg]

m3 =2 [ko] p1=2000 [kPa]
T2 =350 [C] T, =250 [C]
To=2124[C] x1 = (0.9257

Fig. 3.39b. Solution with EES
It may be observed from the solution that quality of steam supplied by boiler-1 is 0.9257.

Now, let us verify this solution with TEST:

Open TEST, Click Map > Uniform system > Phase Change model. (See Figs. 3.18a and 3.18b.). State 1
is at P1 = 20 bar, m1 = 1 kg, x1 = to be determined. Temperature T1 is also not known. However, from

energy balance, we have:
ml-hl+ m2-h2=m3-h3

(m3-h3— m2h2)

ml

i.,e. hl=

Enter these values for P1, m1 and h1, and press ‘Calculate’. We see that all properties can not be calculated

at this stage:

51=NaN kikg K [Specific entropy]
% Mixed © Sl ( English > ¥ Help Messages On Super-lterate | Super_Calculate Super nitialize

State Panel | 1o Pans
H | Calculate | | Initialize [3at isture: Lig.+Vap.

i! p1 J ot J x1 J ¥1 J vt
O | B e O oo | W e W e
|t | nr m - | el E

FEN s | s | e |- -
_! et J i1 phit psit ﬂ mi
[T | S TR wa | o Y]
| vein d1

Fig. 3.40a. Solution with TEST-state 1
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However, we proceed to states 2 and 3 and ‘Supercalculate’ and TEST will refer back to state 1 and

calculate properties at state 1 at that stage.

For state 2, we have: P2 = 20 bar, T2 = 350 C, m2 = m1. Enter these values and click on ‘Calculate’. We get:

72 =0.0 m [Elevation above a datum]
& Mixed Sl ( English »| ™ HelpMessagesOn  Superlterate s | [ ———

State Panel | IfQ Pane|
H | Calculate | | Initialize Superheated Vapor - H20 v\.
| 2 B 2 _ . n

M
FE e . e < R 755
| e | ke [ | ver | =z

| e phiz e ] me
EEE e RS e | CTR ) .
| wvee iz
B

Fig. 3.40b. Solution with TEST-state 2

Next, for state 3 (i.e. Steam main), P3 = P1, T3 = 250 C, m3 = (m1 + m2). Enter these values and press
‘Calculate. We get:

Move mause over a variable to display its value with more precision.
“ Mixed ¢ Sl [ English ﬂ ¥ Help Messages On Superterate Super_Calculate Super-Initialize

State Panel | lio Panl

Superheated Vapar - Hz0

Fig. 3.40c. Solution with TEST-state 3
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Now, click ‘Supercalculate’:Go to state 1 and following screen appears for statel:

Mave mouse over a variable to display its value with more precision.

~ Mixed ¢ SI  English < > ¥ Help Messages On Super-terate Super-Calculate | m Super-nitialize |

State Panel | WO Panel

©s1ate-1 v: ] Calculate No-Flots v Irlili:a\ii_e {3aturated Mivture -Hgo

J Vol1 At
[ e R e N

Fig. 3.40d. Solution with TEST-state 1
It may be seen that quality of steam supplied by the boiler with no super-heater is: x1 = 0.93043.
‘Supercalculate’ also generates TEST code which can be copied to a MS Word file and used to regenerate

the results at a later date if required, and also a property table. The property table from the TEST report

is reproduced below:

-
#-———Fropery spreadsheet starts: The following property table can be copied onto a spreadsheet (such as Excel) for further analysis or plots.

#

# State p(kPa) TK) X wim3aika) ulkJikg) hikJkg) s(kJkag)
# 01 20000 4856 0.9 0.0928 248242 2667.93 6.07

# 02 20000 6232 0.1386 2859.8 3136.94 6.956
# 03 20000 5232 01114 2679.56 290243 6.545

Fig. 3.40e. Solution with TEST- property table

Problem 3.10: Temperature of feed water entering a boiler is 50 deg.C and the pressure of steam in the

boiler is 13 bar. How much heat will be required to produce one kg of steam if the steam produced is:

i. 0.97dry
ii. Dry saturated

iii. Superheated with 40 deg.C of superheat

Take cp for superheated steam as 2.1 kJ/kg.C and cp of water as 4.187 kJ/kg.C ...[VTU, 2000]
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Solution: First, let us solve this problem with Mathcad. In Mathcad, there are no built-in properties for
steam. So, we will get the steam properties from ‘SteamTab companion’ and use them in Mathcad for
further calculations. Mathcad worksheet is shown below:
Let h1 = enthalpy of feed water at 50 C and 13 bar,

h2 = enthalpy of 0.97 dry steam

h3 = enthalpy of dry sat. steam

h4 = enthalpy of superheated steam with 40 deg. C superheat

DUKE

= THE FUQUA
SCHOOL
OF BUSINESS

iy

Learn More »
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Get hl: Entering the values of P and T in SteamTab companion and click ‘Calculate. We get:

Chemical ogic SteamTab Companion

About | Saturated  Supstheated/Subcooled | Constants |

— Input; | Units: i Clote i
!Tempe[atu[e ;i !50 & Metric/S]
!PIBSSUIE _:j !1 3 " Englizh Calculate |
Froperty i Walue i Unit i Lol
Temperature a0 C
Fressure 13 bar
Stearn guality Subcooled %
Yolume 0.0MmIs7  ndkg —
Denzity 988.557  kalm i
Compreszibility factor Q00331757 dimenzionless
Enthalpy 210452 klikg
Entrapy 0703212 kl/ka"C] el
Helmaltz free energy 181061 klikg
Internal eneray 209137 kJ/ka
Gibbs free energy ABETHT kdikg
Heat capacity at congtant volume 402312 klikg"C)
Heat capacity at congtant pressure 417858 klikg."C)
Speed af sound 154473 mis
Coefficient of thermal expanzion 0000457603 1°C el

Chemicalogic Corporation, 93 South Bedford St Ste 207, Burlington, Ma 071803 Tel:
TE1-425-6738
Copyright € 1993-2003 Chemicalogic Corporation, Al rights regerved,

Fig. 3.41a. Solution with Mathcad & SteamTab companion
ie. h1:=210452  kJ/kg

Next, to get h2: In SteamTab companion, click on ‘Saturated’ tab; choose Pressure as 13 bar, select “Two

phase’ and enter 0.97 (for dryness fraction value), and click ‘Calculate’ We get:

About  Saturated Superheateda"Subcooledi Constants]

i~ Independent ' ariable: - 1 1 Units: - : Cloze

" Temperature o Meticss!

Walue, bar |13
* Pressure " English Calculate

~ Phase: - =
" Mapor  Liquid * Two-phasze |0.97

Froperty ] W alue ] Unit o
Temperature 191605 °C

Prezsure 13 bar

Steamn quality 97 %

Yolume 0146684 midkg

Denszity B81736  kg/m? e
Compreszibility factor 0.889027  dimenzionless

Enthalpy 27273 klikg

Entrapy B36E33  klAka )

Helmoltz free energy 422173 kldkg

Internal energy 253661 klikg

Gibbz free energy -231.483 klfkg

Heat capacity at constant volume MNAE - k) ka Cl bt

Chemicalogic Corporation, 93 South Bedford St. Ste 207, Bwlington, M4 07803 Tel
781-425-6738

Copyright © 1933-2003 Chemicalogic Corporation. Al rights reserved.

Fig. 3.41b. Solution with Mathcad & SteamTab companion
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ie. h2:=27273  Kkj/kg

Next, to get h3: This is equal to enthalpy of dry sat. steam at 13 bar. So, in the above screen, choose

‘Vapor’ and click ‘Calculate’ as shown below:

x|

About  Saturated 1 Superheated/Subcooled | Constants
Independent Y ariable: Units: Close
" Temperature & Mehic/S1
Walue, bar {1 k}
{* Pressure " English Calculate
Phaze:
& apor " Liquid [ Two-phase ,7
Property J Valuej Lnit J ~
Temperature 191605 °C
Preszune 13 bar
Steam quality 1l x
alure 0151186 nrlkag
Denzity E.61438 kg/n?
Compreszibility factor 0916308 dimensionless
Enthalpy 2786 46 kl/kg
Entropy 6.49362 kl/ka C)
Helmaltz free energy 428024 klikg
Internal energy 288992 klikg
Gibbs free energy -231.483  klika
Heat capacity at conztant volume 200678 kM/ka C] by
Chemicalogic Corporation, 99 South Bedford St Ste 207, Burlington, k& 01803 Tel:
FE1-425-6738
Copyright 2 1999-2003 Chemicalogic Corporation. All rights reserved.
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ie. h3 :=2786.46 kJ/kg

Next, to get h4: This is equal to enthalpy of dry sat. steam at 13 bar plus cp.AT. So, we calculate h4 as

follows:

3

h4 :=h3+2.1-40 ie. h4 = 2.87-10 kJ/kg

Now, we get the results:

Ql:=h2-hl  ..Amount of heat reqd to get steam 0.97 dry

3

ie. Q1 =2517-10 kJ/kg

Q2:=h3-hl1  ..Amount of heat reqd to get dry steam
e,  Q2=257610° kJ/kg

Q3 :=h4-hl ..Amount of heat reqd to get superheated steam with 40 deg. superheat

3

ie. Q3 = 2.66* 10 kJ/kg

Alternatively:

Let us demonstrate this calculation in MS Excel spreadsheet.

Free Steam properties Add-in is available for Excel (i.e. Water97_v13.xla — Excel Add-In for Properties
of Water and Steam in SI-Units, authored by Bernhard Spang, Hamburg, Germany, Ref: http://www.

cheresources.com/staff.shtml).

The file Water97_v13.xla is put in the Add-In directory in Excel and is then available as a set of built-in

functions.
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Open Excel and first calculate h1. To calculate h1, we have to choose the relevant function from Add-in
directory. Go to Excel > Insert > function and select ‘User defined’ category. Steam functions are presented.

Select EnthalpyW and click OK. Enter values of T (in Kelvin) and P (in bar) as shown. Immediately, the

result appears. You get:

Function Arguments

enthalpia
Temperature | S04+273.15

Pressure ! 13

= 210.4455539
Mo help available.

Pressure

Formula result =

Help on this Function

210.4465539

J [ Cancel

J

Fig. 3.41d. Solution with Excel

Now, click OK and the value is transferred to the cell in the worksheet:

B Microsnit bxcel - Honk1

P] He Edt vew Inset fomet ook Data Window Heb
HERER NN TIE BN A N . RO A AR R AN A | O B |

L s 5Bz u|EEEES % 88 FEE AN
2] - A =enthalpyWial1+/4 14 19)
| S T [ S I O O O

"1 [Prob. 3.10

2

Am CEzaml et of tesd water, kikg

EX I I

5

1 6 |

| 7 |

1]

a

110/

gl EE SEE R R e es
Bl e R RS R (s 55 |5 =jE s

4 b wisheet1 (sheets {sheets/ i ) I : ] >

2] prob. 3. 10.xis

T} Chapter 3.00c - Micro...

* | B Chapter-2

5 Bookl

Fig. 3.41e. Solution with Excel
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In a similar manner, calculate other values:

B3| Microsoft Excel - Prob. 3.10.xs

S % ) RBEE| - D

= Vo ?|“7'P"|&E_r%$ zgllgﬁmn% - @ !

| E [ F | 6 [ H | N ]

Prob. 31I]

hi | 210.4486 Enth. of feed water, k./kg

hi2 | 814.7637 Enth. of sat. water at 13 har, kJ/kg

hy2 | 2786 493 Enth. of sat. vap at 13 bar, klikg

h2 | 2727.341 Enth. of wet steam with x = 0.97, kJ.kg

h3 | 2786.493 Enth. of dry sat. vap, kJikg

hd ' 28?0..493'Emh: of SLiper .heated'st_ea.m,.{lﬂ [« degres of S.L!pe.rh.ea.t', kil
o1 | 2516.895 klikg. . amt of heat reqd to get 0.97 dry steam

o2 :QS%:DA?:kJIkg....amt of heat re.qd'tu gt dry steam

03 | 2660.047 kl/kg....amt of heat reqd to get superheated steam

OO BRI RIRI (B R RIIPI RD R (M= | = | e | |

i 4 b i Sheetl / Sheet2 / Sheet3 / ' ' ' ir S
Ready

<

Fig. 3.41f. Solution with Excel

Note that values for Q1, Q2, Q3 obtained by Mathcad and Excel agree.
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3.6 Determination of ‘quality’ (or dryness fraction) of wet steam:
3.6.1 Throttling calorimeter:

Here, wet steam from the steam mains(state 1) is throttled in a throttling valve in such a way that the
final state 2 is in the super-heated region. Throttling is a constant enthalpy process. In state 1, P and
T are interdependent; so, P1 is measured. In state 2, both P2 and T2 are measured. See fig. 3.44a and

3.44b. Then, h2 can easily be calculated (or found out from steam tables). Since h1 = h2, we can write:

h=h g +xphg

e, hy=hgexp(hg~hgy) (3.9)

d « _hlihfl ( )

and, S 3.10
hgr-hp

Knowing P1, sat. liq. enthalpy h;, and sat. vap. enthalpy h , are easily determined and thus the quality

of steam in the mains, X, is determined.

-~

R N |

| EHHE R
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FINANCIAI. TIMES

|

]

' i
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Sampling tube
Throttle valve

/F”— l [ i#/
<4

s 5 i —
High pr. steam
Pressure, P2 —_

J» Temp. T2

Exhaust

Fig. 3.42a. Throttling calorimeter

h, kJ/kg
pl 5
3000.0 b

const. pressure lines

0.0

3.0 s, kdikg.K 8.0

Fig. 3.42b. (h-s) diagram for Throttling calorimeter (from TEST)

Problem 3.11: In a throttling calorimeter, pressure in the steam mains is 20 bar and the pressure and

temperature after throttling are 1 bar and 125 C. What is the quality of steam in the mains?

Solution: This problem is worked out easily using TEST.
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Go to TEST > Map > Uniform system > Phase Change model. (See Figs. 3.18a and 3.18b.). State 1 is
at P1 = 20 bar, x1 = to be determined. Temperature T1 is also not known. However, we know hl = h2,
where h2 will be determined later. So, enter the value of P1 and for h1 enter h1 = h2. Click ‘Calculate’
We see that all properties can not be calculated at this stage. We get:

ol i i wioi i{é“e:ﬁ T] J IV Help Messages On M _SUDer-C-alc:u]-atl @] Super.lnmaiize
State Panel | e ]
N - i =]
o ol T . I
[ R legc V][ lmen  v[[ T [mecion v make v
|t D m | B | I
! kg | v [-n2 o] 7l el B
J 2 J ki psit J )

kg | o v| g v kg v [

lwrs vl [kgrmel v |

Fig. 3.43a. Throttling calorimeter — properties at state 1 (from TEST)

SMS from your computer

...oync'd with your Android phone & number

Go to

— : y BrowserTexting.com
r:“m“mmwm;;:nawum:-s'ut Samu : S

T Cooqmemtes 06, 3542 151737

Andrew MeDonald

L
Oh_cocl T

Anja Peterien

and start texting from
your computer!

(...) BrowserTexting
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Next, we proceed to state 2. Enter values of P2 and T2. Click ‘Calculate. Properties at state2 are

immediately calculated.

Move mouse over avariable to display its value with more precision.

&~ Mixed ¢ SI (" English > ¥ Help Messages On Su;_mrfﬂévaiel Super-Calculate

State Panel | 10 Panel

Fig. 3.43b. Throttling calorimeter - properties at state 2 (from TEST)

Now, click on ‘Supercalculate’ and TEST refers back to state 1 with h1 = h2, and calculates all properties.

Now, if we go back to state 1, we see:

Move mouse over a variable to display its value with more precision.

* Mixed ¢ Sl © English ﬂ I¥ Help Messages On Super-terate Super-Calculate Super-initialize

State Panel | 1o Panel

Fig. 3.43c. Throttling calorimeter properties at state 1 (from TEST)
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Observe that h1 = h2 = 2726.29 and x1, the quality of steam in the steam mains, is 0.961.

(h-s) plot for this throttling calorimeter is shown below:

h, kJ/kg P1 =20 har
3000.0

P2 =1bar

const. pressure lines

1000.0

5.0 s, kd/kg.K 10.0

Fig. 3.43d. Throttling calorimeter - (h-s) plot from TEST

Note: While using throttling calorimeter, it is important that the exit state 2 is in the super-heated region.
Also, at least 5 deg. Superheat must be provided in state 2. Then, if the exit P2 is 1 bar (with Tsat = 99.61
C), T2 should be, say, 105 C. Now, if the inlet pressure from mains, P1 is 20 bar, we see by a similar

calculation in TEST that max. dryness fraction that can be measured with the throttling calorimeter is 0.94.

36.2 Separating and Throttling calorimeter:

If the steam in the mains is very wet, i.e. by throttling the state 2 does not reach superheated region, we
use a Separating and Throttling calorimeter, where excess water is separated in the separating section
and the wet steam is then throttled in a throttle valve (TV) in the throttling section. See fig. below.
Pressures P1, P2, P3 and temperature T3 are measured. Also, the moisture separated out in the separating

calorimeter, m, is measured; steam after throttling is condensed and this amount, m,, is also measured.
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P2 is approximately equal to P1, since the pressure drop in the separator is generally quite small.

. Separating calorimeter
Steam mains P3.h3,T3

| TV

46 Cooling water, In

ms mc

Fig. 3.44a. Separating and Throttling calorimeter

The Wake
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(h-s) plot for this case of separating and throttling calorimeter is shown below:

h, kd/kg P1=F2
3000.0
const. pressure lines
1000.0
5.0 s, kJ/'Kg.K 10.0

Fig. 3.44b. Separating and Throttling calorimeter-(h-s) plot from TEST

Then, since P3, T3 are measured, h3 can be calculated. Also, h2 = h3 for throttling. Further,

ho=h o+ x5 (hgp-h p)

i.e XH= hamhe ( )
i N .(3.11
hgo-hp
Therefore, X, can be calculated. Then, X,.m_= amount of dry steam at state 2. This must also be the
amount of dry steam at state 1. Therefore, quality of steam at state 1 is calculated as:
X2'm c
= ...(3.12)
rns + rnC

Problem 3.12: In a test conducted to determine the dryness fraction of steam using combined separating

and throttling calorimeter, following observations were recorded:

Water collected in separating calorimeter = 4.5 kg; steam condensed after throttling = 45.5 kg; Initial
pressure of steam = 11.5 bar; temp. of steam after throttling = 140 C; manometer reading = 98 mm
Hg; barometer reading = 752 mm Hg. Estimate the dryness fraction of steam as it enters the throttling
calorimeter. Also, determine the dryness fraction of steam entering the separating calorimeter. Take cp
for superheated steam as 2.0 kJ/kg.K....[VTU, 2005]
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Solution:

We shall solve this problem in EES. In the Eqns. Window of EES, enter the code as shown below. Read

the explanatory comments given in each line.

Feg Equations Window

"Prob. 3.12"

"data"

p_h=0.752 "m Hg ...barometer pressure"

p_m=0.098"m Hg...manometer reading"

p1=1150 "kFa...pressure in steam mains"

p2=p1"kPa.. pressure after separating calorimeter”

rho_Hg=13600 "kgfm3"

0=9.81"m/s2...accn. due to granit"

p3=rho_Hg*g*(p_b+p_rm)/1000 "kPa.. since abs. pressure, p3 = (barometer + manometer) readings"
T3=140"C"

ms=45"kg. separated water"

mc=45.5 "kg...condensed water"

cps=2"kJfko K. ... sp. heat of superheated wapor"
T_g3=T_sat(Steam_|APWS P=FP3)"C. .sat. temp. atF = P3"
h_g3=enthalpy(Steam_|APWS FP=p3x=1)"k k... sat vap. enthalpy at P3"
h3=h_g3+cps™(T3-T_g3)"kJ/ky. .enthalpy after throttling at P3, T3"
h_fz=enthalpy(Steam_IAPWS, P=p2 x=0)"kJ/kg. .58t lig. enthalpy at F2"
h_gZ=enthalpy(Steam_|APYWS F=p2.x=1)"kJ/kg...sat vap. enthalpy at F2"
h_fg2=h_g2-h_f2"kJ/ka... heat of vaporization at P2"
he=h_f2+x2*h_fg2"kJ/kg...enthalpy before throttling, at F2"
h3=h2"_throtling process is isenthalpic"

x1=xZ*mcfims+mc)"..dryness fraction in the steam main"

Fig. 3.45a. Separating and Throttling calorimeter-EES code

Now, press F2 to get the solution:

£ Solution [- [B]X]
I ain i

Unit Settings: [kJ[CYPa)/kgl/[deqgrees]

cpe=2 [klikg.Cl g= 881 [m/s9 h2 = 2754 [klfkg] h3 = 2754 [kJikg]
hyy =789.8 [kJ/kg] higz= 1992 [kfkg] hgs = 2782 [kfkg] hys = 2681 [kfkg]
mc = 45.5 ms = 4.5 [ka] pl=1150 [kPa] pZ=1150 [kPa]
p3=113.4 [kPal pp = 0.762 [m Ho] b, = 0038 [mHg] Prg= 13600 [kg/m?]
T3 =140 [C] Tg3=1032 [C] x1 = 0.5872 x2 = 0,985

Fig. 3.45b. Separating and Throttling calorimeter-Solution from EES
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It may be observed that dryness fraction of steam entering the throttling calorimeter = x2 = 0.9859 and
dryness fraction of steam entering the separating calorimeter (i.e. in the steam mains) = x1 = 0.8972.

(h-s) plot for this case is shown below:

h, kJ/kg P1=P2=115 bhar
3000.0
const. pressure lines
1000.0
5.0 s, kd/kg.K 10.0

Fig. 3.45c¢. Separating and Throttling calorimeter-(h-s) plot from TEST
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3.7

Conclusion:

In this chapter, we studied about pure fluids. Various property diagrams were explained, with particular

reference to water. Use of software to plot property diagrams for different substances was demonstrated.

Methods of finding out property values and generating property tables were also shown using different

software. Determination of dryness fraction (or quality) of steam with ‘throttling calorimeter’ as well as

‘separating and throttling calorimeter’ was explained.

3.8

3.9

14.
15.
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Exercise Problems:

. A 200-m’ rigid tank is filled with saturated liquid-vapor mixture of water at 125°C. If 25% of

the mass is liquid and the 75% of the mass is vapor, find out the total mass in the tank.
Water is boiled at 300 kPa pressure in a pressure cooker. The cooker initially contains 2.5 kg
of water. Once boiling started, it is observed that half of the water in the cooker evaporated
in 20 minutes. If the heat loss from the cooker is negligible, find the average rate of energy
transfer to the cooker.

A 0.25-m’ rigid tank contains 8.5 kg of water (in any phase or phases) at 500 kPa. Find the
temperature in the tank.

A rigid tank contains 0.7 kg of steam at 9 MPa and 300°C. What is the volume of the tank?
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5.

10.

Fill up the following Table:

Fluid P(kPa) T(deg.C) | v(m3/kg) X Phase
R-22 100 -25

H20 120 0.5

H20 100 1.8

NH3 100 20

R-134a 50 0.8
R-134a 0.005 0.5
R-12 350 0.036

N2 100 -75

R-22 50 0.05

NH3 550 0.31

A rigid vessel has a volume of 0.01 m® and contains 4 kg of water at 40 deg. C. Calculate the
quality and masses of liquid and vapor.

A pressure cooker contains 1.5 kg of sat. steam at 5 bar pressure. Find the quantity of heat
which must be rejected so that the quality of steam becomes 0.6 dry. Determine the pressure
and temperature at new state.

The dryness fraction of steam at a pressure of 22 bar is measured with a throttling
calorimeter. After throttling, pressure in the calorimeter is 13 bar and the temperature is 115
C. Find the dryness fraction of steam entering the calorimeter.

What is the dryness fraction that can theoretically be determined in a throttling calorimeter
if the steam to be tested is at a pressure of 15 bar and the pressure after throttling is 1.1 bar,
with 5 degree C superheat?

Following data are obtained with a separating and throttling calorimeter:

Pressure in the mains: 15 bar; condition after throttling: 1 bar, 115 degree C; Moisture collected
in the separator in 5 min: 155 cm® at 70 degree C; steam condensed after throttling, in 5 min:

3.2 kg. Find the quality of steam in the mains.
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