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What Every Energy Engineer Needs to Know about
Thermodynamics and Liquefaction Systems Part 2

What Every Energy Engineer Needs to Know about Thermodynamics and Liquefaction Systems
Part 1, explained the basics of thermodynamics as applied to natural gas and LNG. It relied
heavily on the use of pressure enthalpy charts for the pure substance methane. The use of these
charts was good for building an understanding of the basics. However, the shortcomings of
using these charts are the inaccuracy of reading the charts by eye and the inability to easily
manage data for hydrocarbon mixtures. Also, it was tedious to scrutinize and interpolate the
fine lines of various properties on the Ph diagrams, which sometimes resulted in learner
frustration.

What Every Energy Engineer Needs to Know about Thermodynamics and Liquefaction Systems
Part 2 builds on the information presented in Part 1, and introduces the use of software for
understanding more complex concepts.

Although not essential, a companion list of conversions should be used with this book. The one
used in this work is that published by the Sequoia Publishing Company in their pocket
reference 4™ edition. Further, although not essential, it is recommended that the Ph diagram
used in the Part 1 learning (published in 1962 by Hydrocarbon Research) be used along with
this work as there is some reference made to that diagram Ph diagram. The source information
on the 1962 Ph diagram is as shown in Figure 2.

FROM: Canjar, Lawrence N,.; Tejada, Victol amic properties of methane". w
M.; Manning, Francis S. "Thermo Proper- Processing, vol. 41, no. 9, Sep. 1962. pp

Figure 2: Source of Ph diagram used in Part 1 and Part 2 of this course

A copy of that Ph diagram accompanies this course.
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Disclaimers

Although 1 believe this information to be correct no guarantee is given to its accuracy or
completeness. It is the user’s obligation to evaluate and use this information safely and to
comply with all applicable laws and regulations. No statement made in this document shall be
construed as a permission or recommendation for use of any product that might infringe
existing patents or put persons or property at risk. No warranty is made, either express or
implied.

The NIST software used in this book has its limitations. Cautions are given in the software and
in the NIST documentation. The reader of this course is asked to read the NIST software
documentation to better understand the limitations of the software. In particular, | show below,
in Figure 3, the NIST caution that appears upon opening the software.

NIST uses its best efforts to deliver a high quality copy of the D atabase and to verify that the
data contained therein have been selected on the basis of sound scientific judgement.
However, NIST makes no warranties to that effect, and NIST shall not be liable for any damage
that may result from errors or omissions in the Database.

Figure 3: NIST disclaimer (Source: REFPROP software)
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Cautionary Notes

This document is intended to teach basic concepts. To accomplish this, a simplified approach is
taken to explain thermodynamic processes.

Real plants have pressure drops associated with flows through piping, heat exchangers and
other process equipment. Such pressure drops are not taken into account in the simplified
examples given herein. Parts of the plant, such as the CO> and water removal systems were not
included in the Part 2 analysis because their study is outside the scope of Part 2 but will be
discussed in Part 3 of this course.

Rounded-off numbers are often used throughout to allow the reader to focus on concept and not
get bogged down in numerical detail. Also, often pure methane is used as a study fluid when
the real-world fluid would be natural gas as a mixture of many components.

It needs to be realized that different agencies use different values for Standard Temperature and
Pressure or Normal Temperature and Pressure. Therefore, the reader needs to understand that
before any analysis is attempted. The analyst needs to know the definition of Normal or
Standard conditions for the calculation being made. Some of the various standard reference
conditions are as shown below.
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Table 1: Standard Reference Conditions. Source: Wikipedia

Standard reference conditions in current use

Temperature Absolute pressure Relative humidity
Publishing or establishing entity

°C kPa % RH

0 100.000 IUPAC (present definition)""

0 101.325 NIST, 1 ISO 10780, formerly IUPAC!"]

15 101.325 pieIal ICAO's ISA SO 13443 1'% EEA 'Y EGIAT

20 101.325 EPA I NiSTI™

25 101.325 EPA!™

25 100.000 SATPI™

20 100.000 0 CAGI"

15 100.000 SPE!

20 1013 50 IS0 501114

°F psi % RH

60 14.696 SPE"® U S OSHA P scAQMDE!

60 14.73 EGIA Y OPEC I U.S. EIA™

59 14.503 78 U.S. Army Standard Metro® %]

£9 14.696 60 ISO 2314, 1SO 3977-217

°F in Hg % RH

70 29.92 0 AMCA B2 air density = 0.075 Ibmift®. This AMCA standard applies only to air.
59 (15¢) |29.92 (1013.25 hPa) FAA, FAA's Pilot Handbook of Aeronautical Knowledge, Chapter 3%

In this document the SI Normal Temperature and Pressure used are 1.01325 bar and 0 C unless
otherwise stated. In this document the English Standard Temperature and Pressure used are 60
F and 14.696 unless otherwise stated.

1. A word about standard conditions

Take note that a scf is a mass measurement because it is a measure of a fixed number of
molecules. That is because a scf is 1 cf at 60 F and 14.696 psia for the standard condition |
chose to use. You need to determine which “Standard Conditions” you should use depending
on what industry you are in and what your suppliers and customers are using.

For example, many in the Natural Gas Industry use 60 F and 14.73 psia as standard conditions.
Although the difference in properties between 14.696 psia and 14.73 psia are small, when
multiplied by billions of cubic feet, the mass delivered and associated dollar value can be large.
For example, if an LNG ship is delivering $30,000,000 worth of LNG, the diffference between
a standard pressure of 14.696 psia and 14.73 psia for contract calculations can equate to a
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difference of approximately $70,000 per shipload. If that error is made for 100 ships per year,
the cumulative effect can be an error of $7,000,000 per year.

UNLESS OTHERWISE STATED OR OBVIOUS BY THE NATURE OF THE PROBLEM,
ALL PROCESS PROBLEMS PRESENTED IN THIS LEARING ARE TO BE CONSIDERED
AS STEADY STATE STEADY FLOW PROCESSES.
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Prerequisites for Learning from this Book

The work herein presumes that the learner has completed and understands the concepts from
What Every Energy Engineer Needs to Know about Thermodynamics and Liquefaction Systems

Part 1.
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Units

In Part 1 of this course, English units were used. It is expected that the learner will need to
easily be able to switch between English and Sl units in the workplace. Thus, in order to
maximize the learning experience and since our industry uses both English and Sl units, both
units are used in Part 2 of this course. See Figure 4.

In this work, unless otherwise stated, mixtures are molar mixtures and not mass mixtures. Thus,
if a mixture is stated to be a 97/3 methane ethane mixture it is a molar mixture and not a mass
mixture unless defined as a mass mixture in the text.

Figure 4: Statement on how to understand mixtures. Source: Self-made
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Introduction

This course is intended to be an aid for Liquefied Natural Gas (LNG) engineers to help them
better understand the basic thermodynamic principles they deal with daily. Although this
learning specifically deals with LNG, methane gas and mixtures of natural gas, the principles
certainly pertain to propane, refrigerants and other gases and that engineers manage.

LNG is an essential part of the gas industry supply portfolio. It is used during our most critical
supply times, and it is available only because we have reliable equipment and a highly skilled
staff of operators and engineers.

Currently, LNG accounts for only a few percent of the U.S. gas supply. However, during a
peak day, LNG may account for 30% of a local distribution company’s send out. LNG also
allows local gas production and stored natural gas supplies to contribute to the global energy
picture as this gas can be transported in liquid form around the world. LNG utilization has
grown significantly over the next 10 years, and it is highly likely that LNG will play a very
important role in the future U.S and global energy picture. Today there are numerous import
and export terminals in operation and on the drawing boards, and the present fleet of worldwide
LNG tankers is increasing at a rapid pace. This growth in the LNG industry will require a
significant increase in the skilled workforce necessary to operate and maintain this production,
processing, export, receiving, distributing, and vaporizing facilities.

To better respond to anomalies during plant operation, engineers need some understanding of
thermodynamics. The thermodynamic principles presented in this Part 2 of the course are basic
and based on application rather than theory. The cases studied are mostly steady-state (the
properties of the fluid at any point do not change with time) and steady-flow (the flow rate does
not change with time) type problems. All of the solutions are based on some simple
calculations and or on the use of thermodynamic or software.
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Software

In this learning, software developed by the National Institute of Standards and Technology
(NIST) is used to determine the properties of fluids. The program name is:

NIST Standard Reference Database 23

NIST Reference Fluid Thermodynamic and Transport Properties — REFPROP
April 2007, Version 8.0

Later versions are available

It should be noted that, at the time of this writing, there is a Version 10 available. For this work,
Version 8.0 is being used. For this work, the program will always be referred to as REFPROP.

1. Mechanics of using the Software

The first thing you will need to do is to obtain the software, read the related documentation and
install the software on your computer. Once REFPROP is installed the icon, shown in Figure 5
should appear on your computer desktop. The file name should also appear in your list of
programs.

Start the program by double clicking the REFPROP icon on your desktop or via your all
programs list.

Chortout to
REFFEOF.EXE

Figure 5: REFPROP shortcut icon found on your computer desktop. Source: Computer Desktop
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Once the program opens the first screen will show the informational message shown in Figure
6. Take note, that this information screen does state that REFPROP is a “best efforts” program.
To continue using the program you will need to click on the “continue” tab on the screen.

REFPRQOP

Reference Fluid Thermodynamic and Transport Properties

MIST Standard Reference Database 23, Wersion 8.0
E*. Lemmon, M.L. Huber, and M.0. McLinden
Phyzizal and Chemical Properties Divizgion
Copyright 2007 by the .5, Secretay of Commerze on behalf of
The United Statez of America. All Rights Beserved.

MIST uzes itz best effortz to deliver a high quality copy of the Database and to verify that the
data contained therein have been selected on the baszis of sound zcientific judgement,
Howerver, MIST makes no warranties to that effect, and MIST zhall not be liable for any damage
that may result fram errars or amizzions in the Database.

Irformation |

Figure 6: REFPROP opening statement — you must check on “continue” to use the program. Source: REFPROP

After you select “continue” and press enter, another information screen, as shown in Figure 7,
will be displayed. This screen advises the user of the limitations of the REFPROP program.
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Information

The MIST REFFROF program iz designed to provide the most accurate
thermophysical properties currently available for pure fluids and their mistures.
The prezent wersion i limited to vapar-iquid equilibrium PYLE ] only and does not
addrezz liquid-iquid equilibriurm [LLE ], vapor-hiquid-iquid equilibrium LLE] or
ather complex forms of phase equilibrium.

[T Do nat show this meszage again

Figure 7: REFPROP opening statement — you must check on “OK” to use the program. Source: REFPROP

After you acknowledge the information shown in Figure 7, you will have displayed the screen
shown in Figure 8. This screen has a blank display with a menu on the top of the screen. The
menu is your interface to the REFPROP program. Take note, that at the very top of the screen it
says “REFPROP (nitrogen)”. Every time you start the program the default fluid is nitrogen.
One common mistake, learners make, is to open REFPROP, start using it and not realize that
they need to change the fluid to the fluid they are studying. Whenever you get strange data,
check to assure that you have selected the correct fluid for your analysis.
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File Edit Options Substance Calculate Plot Window Help Cautions

Figure 8: Menu screen shown when you open REFPROP (note, the default substance is nitrogen). Source:
REFPROP

The menu line shows multiple selections for interfacing with the program. Rather than review
each of these, at this point, we will jump right into showing the sub-options and using the
program. Then the use of the menu will become self-evident. Figures 9 through 18 show
various menu sub-options.

File | Edit Options Substance Calculate Plot  Window Help  Cautions

Open
Save
Close

Save Tables

Print Dialog
Print Setup
Print Ctrl+P

Bait Ctrl+ Q)

Figure 9: Menu screen shown with sub-options of file. Source: REFPROP
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File | Edit | Options Substance Calculate

Plot Window Help Cautions

Copy All Table Data
Copy Selected Table Data

Copy Plot

Save Plot Data Points
Paste

Read Data from File

Select All
Insert Row

Delete Row

Ctrl+C

Ctrl+V

Ctrl+A
Ctrl+R
Shift+Del

Figure 10: Menu screen shown with sub-options of edit. Source: REFPROP

Units
Reference State
Properties
Property Order

Preferences

Save Current Options
Retrieve Options

Figure 11: Menu screen shown with sub-options of options.

Substance Calculate Plot Window Help Cautions

Copyright® Steven Vitale, 2024
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File Edit Options Calculate Plot Window Help Cautions

Pure Fluid (Single Compounds)
Pseudeo-Pure Fluid

Predefined Mixture

Define New Mudure

Specify Fluid Set

Fluid Information
Fluid Search
Specify Composition

View Mixing Parameters

Figure 12: Menu screen shown with sub-options of substance. Source: REFPROP

File Edit Options Substance | Calculate | Plot Window Help Cautions
Saturation Tables

Isoproperty Tables

Specified State Points
Saturation Points (at equilibrium)

Figure 13: Menu screen shown with sub-options of calculate. Source: REFPROP

Copyright® Steven Vitale, 2024 15




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

File Edit Options Substance Calculate Window Help Cautions

New Plot
Overlay Plot

Madify Plot
Add Label

Zoom In Ctrl+1
Zoom Out Ctrl+0

Zoom Full Frame Ctrl+F

T-s Diagram

T-h Diagram

T-d Diagram

p-h Diagram

p-d Diagram

p-v Diagram

p-T Diagram

Z-p Diagram

h-5 Diagram

Cv-T Diagram

Cp-T Diagram

w-T Diagram
Exergy-h Diagram
(£-1)/d-d Diagram
Viscosity-T Diagram
Thermal Cond.-T Diagram
T-x Diagram

p-x Diagram

Other diagrams Ctrl+D

Figure 14: Menu screen shown with sub-options of plot. Source: REFPROP

REFPROP
File Edit Options Substance Calculate Plot

Tile
Cascade

Rename Window

Close Window

Figure 15: Menu screen shown with sub-options of windows. Source: REFPROP
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- REFPROP (nitrogen) - NIST Reference

File Edit Options Substance Calculate Plot  Window | Help | Cautions

First time users
Help Index
Using Help

About

Figure 16: Menu screen shown with sub-options of help. Source: REFPROP

Cautions
Users of the REFPROP program should be aware of several potential pitfalls:

If you experience large differences in your expected values of enthalpy or entropy as compared to those calculated by the program, see information on reference states.
Changing the units in the Options/Units menu does not change the units on the tables already created, but only for new tables and plots.

The equation parameters for mixtures composed of natural gas fluids come from the 2008 GERG model (see preferences for the reference). The default pure fluid equations of state in
REFPROFP are not the same as those used in the GERG maodel, rather they are more complex with lower uncertainties. The GERG equations for the pure fluids are shorter, less
complex, and faster, but slightly less accurate. To use the GERG model, as published, choose the corresponding option under Options/Preferences. The preference screen also has an
option to use the AGAS model for natural gas calculations.

The NIST REFPROP program is designed to provide the most accurate thermophysical properties currently available for pure fluids and their mixtures. The present version is limited to
vapor-liquid equilibrium (VLE) only and does not address liquid-liquid equilibrium (LLE), vapor-liquid-iquid equilibrium (VLLE) or other complex forms of phase equilibrium. The program
does not know the location of the freezing line for mixtures. Certain mixtures can potentially enter into these areas without giving warnings to the user.

Some mixtures have components with a wide range of volatilities (i.e., large differences in boiling points), as indicated by a critical temperature ratio greater than 2. Certain calculations,
especially saturation calculations, may fail without generating warnings. Plotting the calculation results may reveal such cases—looking for discontinuities in density is a good check.
Such mixtures, including many with hydrogen, helium, or water, may not have Type | critical behavior, that is they do not have a continuous critical line from one pure component to the
other. The estimated critical parameters specified in the Substance/Fluid Information screen for these types of mixtures will not be displayed.

There are cases where an input state point can result in two separate valid states. The most common is temperature-enthalpy inputs. Viewing a T-H diagram will help show how there
can be two valid states points for a given input. For example, nitrogen at 140 K and 1000 J/mal can exist at 6.85 MPa and at 60.87 MPa. When this situation occurs, REFPROP
returns the state with the higher density. See the Specified State Points section for information on calculating the upper and lower roots.

There are certain properties pertaining only to the saturation line, such as dp/dT. For most cases, displayed properties at saturation states are those for the single phase on the
saturation boundary. Thus, derivative properties at saturation as well as saturation properties that are given along constant property paths. such as Cv, Cp, or Csat. pertain to their state
in the single phase. Those properties label with a [sat] indicate a path along the saturation line.

For pure fluids, when the "Show 2-phase’ option in the plot menu is selected, the generated lines for pressure and temperature represent metastable fluid states and the calculated lines
between them. These are calculations from the equation of state disregarding any saturation states and generally have no physical significance.

Two equations of state are available for hydrogen to account for the different quantum spin states of the molecule. Mormal hydrogen should be used in applications where it was created
and stored at 250 K or above, or when it was cooled to below 250 K and stored without a catalyst for less than a day. The parahydrogen equation should be used where hydrogen was
catalyzed or stored for several days at the normal boiling point (NBP) and used at any temperature within 1 day of storage at the NBP. Since the rate of conversion between quantum

states is dependent on temperature, pressure, and the storage container, these values are only estimates. For more information, see the Leachman et al. literature reference in the Fluid
Information window for hydrogen.

Figure 17: Menu screen shown after selecting “cautions”. Source: REFPROP

Let’s get right into using REFPROP. Toggle on the menu “Options” and select “Units” as
shown in Figure 18 Then click on “Units”. You will get the screen shown in Figure 19. Take
note, on this screen, temperature has been highlighted by the user.
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nitrogen) - erence riluid Froperties
File Edit Oplions Substance Calculate Flot Window Help Cautions
~ Units |
Reference State
Properties

Property Order
Preferences

Save Current Options
Fetfrieve Options

Figure 18: Menu screen shown with sub-options of options with units selected. Source: REFPROP

Dimenzion — Rezet Lnits — Properties
g % Mass Basis
Temperature = = Molar Basis

S1 with Celzius

Preszure "y
— Composition

balar 51 i+ Mass Bas_i.s
{7~ Malar Basis

Wolume

Mazz/Mole

k=

Energy
fala:

Sound Speed

Mixed Cancel

Vigcosziby

Thermal Conductivity Englizh

Uritless

4

Led Led Lol Lo Lo f Lo f Lef Lo

Surface Tension

Prezzure
[~ Uze Gage Pressure

{% | Barometric Fressure [0.101325
| Elewvation |

Figure 19: Screen showing units for analysis work (temperature is highlighted). Source: REFPROP
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On the unit’s screen to the right of temperature select the pull-down menu arrow. Select
temperature to be measured in degree “C”. Take note, you could have also selected “SI Units
with Celsius” to achieve the same results. See Figures 20 and 21.

Also take note that we have selected to show properties on a mass basis and on the bottom, we
have chosen to use absolute pressure by not checking the box “Use Gauge Pressure”.

Dirmenzian — Reset Unitz — Properties
g {* Masz Basis
Temperature ¢ = = Molar Basis

Preszsure  |K 51 with Celziuz

— Compositian

Yaolume [ Malar SI f* Mazs Bas_i.s
: " Maolar Basis
b azz/Male

mks

Energy

(elal:

Sound Speed |

Mined
Wizcozity e

Thermal Conductivity English

Surface Tension Uritless

Pressure
[T Use Gage Pressure

¥ Barometric Preszure 0101325
" Elevation |

Figure 20: Screen showing units with degree C selected for units via using drop down menu. Source: REFPROP
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s . H
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Temperature

Pressure ",
Compositian

(o hasz Basiz
" Muolar Baziz

Yolume

Masz/Male | kg; kmol mks

Energy | kl
Cos

Mised Cancel

Englizh

Sound Speed | m's

YWizcosity | uPa-s

Thermal Conductivity |mwn-n_}(

-~
=
~
~
~
-
~
=
-

Surface Tension | miim Uritless

Preszzure
[ Use Gage Pressure
' 0101325

2 |

Figure 21: Screen showing units with degree C selected for units via using reset units. Source: REFPROP

Let’s solve problems using REFPROP.

2. Applying the Software to Sample Problems, Analysis and Graphing

2.1 Problem #1.1 — Mass and Weight of Nitrogen in a Room
What is the mass of Nitrogen in a 10 m x 10 m x 10 m room? What is the weight of the
nitrogen. Note, the room is filled with nitrogen, not air.

2.2 Solution #1.1

Answer — It depends!!!

The mass amount depends on the nitrogen’s state! Define any two “intensive properties” and
you have defined the state. Assume 1 bara and O degree C as two intensive properties. The
weight of the nitrogen depends on the mass and the gravitational field strength. Assume 9.8
m/sec? as the gravitational acceleration.

Copyright® Steven Vitale, 2024 20




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

Now use REFPROP to find the density in order to find out the mass of nitrogen in the room.
The REFPROP default substance is nitrogen, so we do not need to change the substance. We
have already selected temperature units in degree C and we are already in Sl units. Now go to
the menu and select “Calculate” and select “Specific State Points”. The screen shown in Figure
22 will be displayed. Input the values of 0 for degree C and 0.1 MPa for pressure. Note, 1 bar =
100 kPa which is equal to 0.1 MPa. Remember, REFPROP is presently set up to have the
pressure input in “absolute” pressure values (See Figure 21).

1: nitrogen: Specified state points

Temperature [Fressure| Density | Enthalpy | Entropy
('C) (MPa) | (ko/m?) | (kdfkg) | (kdfkg-K)
1 I 0.1

Figure 22: Screen showing specified state points under the calculate menu (take note that the 2 intensive
properties of pressure and temperature have been input).

When you press enter you get a new screen showing the data you need to solve the problem.
This is shown in Figure 23, where you see density, enthalpy and entropy displayed.

1: nitrogen: Specified state points

Temperature | Pressure| Density | Enthalpy | Entropy

[C) (MPa) | (kofm?) | (ki) | (kdfkgK)
1 0.00000 010000 [ 1.2340 | 283.24 | b.7480
2
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Figure 23: Screen showing specified state points, under the calculate menu, showing density, enthalpy, and
entropy.

You do need density to solve this problem but you do not need enthalpy or entropy. Why did

enthalpy and entropy show on the screen? It showed because it had been selected on the
“Properties” sub menu under “Options”. This is shown in Figure 24.

Select Properties to Display ]
Thermodynarmic ] Trangpart, Mizc. ] Der_ivative] 5pen:ia_|]
|v Temperature [ Cpi | Helmholtz
v Presaure [~ CpdCw [ Gibbs
v Dienzity [ Cazat [ Heat of Yapor.
[ Yaolume [ Sound Speed [~ Fugacity
[ Int. Energy [ Comp. Factar [ Fugacity Coef,
[vw Enthalpy [ Joule-Thaom. [ K walue
v Entropy [ Quality [ Molar Mass
| Cw [ 2ndVinal Coef, | Compozition
[ Cp [ 2rd Yirial Coef.
i+ Bulk properties anly
i Bulk, liquid, and wapor properties
. Cancel Select Al Clear &

Figure 24: Properties screen showing pressure, temperature, density, enthalpy, and entropy selected.

Let’s now again use REFPROP to determine the density at 0 C and 0.1 MPa. As shown in
Figure 25, the density is 1.234 kg/m?® (Figures 22 and 23 combined).
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Q = =]

1: nitrogen: Specified state points

Temperature | Pressure| Density | Enthalpy | Entropy
('C) (MPa) | (ka/m®) | (kd/ka) [(kkg-K)

: 1 1] 0.1 0

1: nitrogen: Specified state points

Temperature Presgure Density | Enthalpy | Entropy N
Q) (MPa) | (kg/m?) | (kdikg) |(kdikgK)

(0.00000 010000 | 1.2340 | 283.24 | 6.7480

—h

Figure 25: Properties screen showing density as 1.234 kg/m3.

The mass in the room is equal to the volume of the room multiplied by the density of the
fluid in the room. The volume of the room is 1,000 m? and the density of the nitrogen is
1.234 kg/m3. Thus, the mass of nitrogen in the room is 1,000 m3 x 1.234 kg/m?. Doing this
multiplication gives us a mass of nitrogen of 1,234 kg. (Answer).

The weight of a substance is a function of the mass of the substance and the gravitational
field the substance is experiencing. We have assumed the gravitational acceleration is 9.8
m/sec?. This means that 1 kg results in a weight of 9.8 Newtons. Thus, 1,234 kg x 9.8 m/sec
2 x (sec? x Newton) / (kg x m) = 12,093.2 Newtons. (Answer).

2.2 Problem # 1.2 — Nitrogen in a Vessel - 1 to 10 Bara
A 100m? vessel is maintained at 0 C. On day 1 it is at a pressure of 1 bara. Two days later it is
at 10 bara. How much nitrogen was added? How much “more” does the vessel weigh?

2.3 Solution # 1.2

The initial mass of the nitrogen was 123.4 kg (1.234 kg/m® x 100 m®). The final mass of the
nitrogen is it’s density x 100 m3. Use REFPROP to find the final density. On the same
REFPROP screen you have already opened, look at the density of nitrogen at 1 bar (0.1 MPa)
and 10 bar (1 MPa). This is shown in Figure 26.
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1: nitrogen: Specified state points

Temperature | Pressure| Density | Enthalpy | Entropy
(C) (MPa) | (kofm®) | (kdflo) | (koK)

0.00000 010000 | 1.2340 | 283249 | B.7480
0.00000 1.0000 | 12388 | 26083 | BOL70

L= |l | MO | —

Figure 26: Properties screen showing density as 12.388 kg/m3 at 10 bara (1 MPa).

In the earlier problem the volume was given as 1,000 m3, but in this problem the volume of the
vessel is 100 m®. The mass of nitrogen initially in the vessel is 100 m? x 1.234 kg/m®. Thus, the
initial mass in the vessel is 123.4 kg.

The final mass in the vessel is the volume of the vessel times the density at 10 bara. The final
mass of nitrogen in the vessel is calculated as 100 m® x 12.388 kg/m?® which is equal to 1238.8
kg.

The difference in the vessel’s mass between 1 bara and 10 bara is 1,238.8 kg — 123.4 kg =
1,115 kg.

(Answer).

The change is weight is the change in mass x gravitational acceleration. That is 1,115 kg x
9.8 m/sec? x (sec? x Newton) / (kg x m) = 10,930.92 Newtons.

(Answer).

2.5 Problem # 1.3 — Nitrogen in a Vessel - 1 to 10 Barg
A 100 m?® vessel is maintained at 0 C. On day 1 it is at a pressure of 1 barg. Two days later, it is
at 10 barg. How much nitrogen was added? How much “more” does the vessel weigh?

2.6 Solution # 1.3
This problem is slightly different than problem # 1.2 in that in problem # 1.2 absolute pressure
was used and in problem # 1.3, gauge pressure is used. Use REFPROP to solve problem # 1.3.
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If we are going to use REFPROP with absolute pressure, we must convert gauge pressure to
absolute pressure. See Figure 27.

1 bar = 100 kPa = 0.1 Mpa = 100 kN/m?

1 atm = 1.01325 bar = 101.325 kPa etc.

1 barg = 2.01325 bara (1 bar + 1.01325 bar)

Use REFPROP with the pressure at 2.01325 bara (0.201325 MPa).

1: nitrogen: Specified state points

Temperature [ Fressure| Density | Enthalpy | Entropy
Q) (MPa) | (ko/m?) | (kdika) | (kdfkg-K)

0.00000 o.roooo | 1.2340 | 28324 | k74580
0.00000 1.0000 | 12388 | 28063 | B.0570
0.00000 0.200132 | 24855 | 2829k | k5395

| Lo | [P0 | —

Figure 27: Properties screen showing density as 2.4855 kg/m3 at 1 barg (note, “g” means gauge). Note, 1 barg =
2.01325 bara = 0.201325 MPa.

Take note the density at 1 barg is close to twice that of the density at 1 bara. The density at 1
barg is 2.4855 kg/m? and the density at 1 bara is 1.234 kg/m?.

Next compute the density of the nitrogen at 10 barg. Keep in mind that 10 barg = 11.01325
bara. Also note, 11.01325 bara = 1.101325 MPa. See Figure 28
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2: nitrogen: Specified state points

Temperature |Fressure| Density | Enthalpy | Entropy
('C) (MPa) | (ko/m®) | (ko) | (kdfkoK)

0.00000 010000 | 1.2340 | 28324 | B.7450
0.00000 1.0000 | 12388 | 280.83 | B.0O570
0.00000 020732 | 24855 | 28246 | hAH3Y45
0.00000 11013 | 13648 | 25056 | BOZ7

| La [ | O | —

Figure 28: Properties screen showing density as 13.672 kg/m3 at 10 barg (1 MPa gauge =1.101325 MPa
absolute).

The mass of nitrogen in the vessel initially was 2.4855 kg/m?3 x 100 m® = 248.55 kg. The mass
of nitrogen in the vessel @ 10 barg is 13.648 kg/m® x 100 m® = 1,364.8 kg.

The difference in mass is 1,364.8 kg — 248.55 kg = 1,116.25 kg. (Answer)

The weight of the nitrogen added is 1,116.25 kg x 9.8 m/sec? x (sec? x Newton) / (kg x m) =
10,939.25 N. (Answer)

2.7 Switch to Using Methane and Bar Absolute Pressure
On the main menu select substance and then “Pure Fluid (Single Compounds)”. This is shown
in Figure 29. Then select “methane” (See Figure 30) and enter “OK”.
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| REFPROP (nitrogen) - NIST Reference Fluid Properties

File Edit Options | Substance Calculate Plot Window Help Cautions

Pure Fluid (Single Compounds) ’

[
. 12 nitr - Pzeudo-Pure Fluid

Predefined Mixture

Ty Define New Mixture Enthalpy | Entropy
Specify Fluid Set (kedfbec) | (ko)
Fluid Information 28324 | F7480
Fluid Search
280.83 | B.0O570

262496 | B.5395

28055 | K.0ZRY

O | oL | | o2 | —

Figure 29: Switching fluid by selecting “Pure Fluid (Single Compounds) .

Select Fluid

cyclopropane N
decane

deuterium

dimethylether (ethylens oxide) Cancel
dodecane

ethane

ethancl (ethyl alcohol)
ethylene (ethene)

fluorine

heavy water (deuterium oxide)
helium {helium-4)

Info

[ e

/[ Fluid s

heptane

hexane

hydragen (narmal)

hydrogen sulfide ~Sort by
isobutane (2-methylpropane) &+ Short name
ischutene (2-methyl-1-propene) " Full name
isohexane (2-methylpentane) " CAS number
isopentane (Z2-methylbutane) " Chemical formula
krypton {7 Synonym
methang UM Mumber
methanol

necn

neopentane (2 2-dimethylpropane)

nitragen M

Figure 30: Switching fluid by selecting “methane”.
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IT IS CRITICALLY IMPORTANT TO CLOSE ANY CALCULATION WINDOWS AFTER
YOU CHANGE THE FLUID. IF YOU FAIL TO CLOSE THE CALCULATION
WINDOWS YOU WILL BE STILL CALCULATING ON THE OLD FLUID.

Now select “Options” and then “Units” and then use the pressure drop down menu to select
“bar” and click “ok”. This is shown in Figure 31.

Select Units DI
Dimenzion Uitz Fezet nits Properties
g {+ Mazs Basis
Temperaturs |°': j = (" Molar Basis
Pressure ||:,a, ﬂ Sl with Celzius Composition
Yalume |KPa ) Malar 51 (+ Mazsz Eas_lls
MPa -- "~ Molar Basiz
Mazs/Mole  fhar
atrn ks
inHg cgs
Sound Speed | gsia |
L. P/Pe hd b iwed Cancel
Yiscosity  Fas =
Thermal Canductivity | i A ﬂ English
Surface Tension |mN Am j Unitless
Prezsure
| Usze Gage Preszure
g |
. |

Figure 31: Switching pressure units by selecting Options — Units — bar.

Now let’s explore the density of the fluid methane at “Normal Conditions” and as we cool it
colder and colder. View this in Figure 32. Normal Conditions are conditions that are set by
various agencies. A common set of normal conditions are 0 C and 1.01325 bar. Note that the
density at that normal condition is 0.71746 kg/m®.

For the rest of the computations, for ease of typing, let’s use 1 bar as the pressure and let’s
make the gas colder and colder. Then observe the density as the fluid, methane gets colder.
Observe this in Figure 32. At -50 C, the density is 0.8686 kg/m3. This makes sense. The fluid
got colder so the density got higher. At -100 C, the density is 1.252 kg/m?®. Again, this makes
sense as the methane gas is getting colder. At -161 C the methane gas has a density of 1.7831
kg/m?.

Copyright® Steven Vitale, 2024 28




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

Now look at what happens when the methane is cooled just one more degree to -162 C. The
density increases from 1.7831 kg/m? all the way up to 423.11 kg/m®. What happened between -
161 and -162 C to cause the extreme jump in density? What happened is that the methane vapor
became a liquid. At -161 C it is a vapor and at -162 C it is a liquid. Also note the very large
drop in energy (enthalpy) between -161 C to -162 C. The enthalpy changed sharply from
511.98 kJ/kg to -1.8014 kJ/kg. Note also the large drop in entropy.

3: methane: Specified state points

Temperature | Fressure| Density | Enthalpy| Entropy
(C (har) | (kofm?) | (kdfkd) | (kdfkok)

1| 0.00000 1.0000 | 0.70805 | 85483 | 64882
2| 0.00000 1.0133 | 071746 | 85482 | 64814
3| -&0.000 1.0000 | 0.86860 | 74759 | 60548
4 -100.00 1.0000 | 171252 | B42.22 | hhEDE
Bl -150.00 1.0000 [ 16091 | 53602 | 4.7959
b
i
i

-157.00 1.0000 | 17152 | 52079 | 4.BEBE
-155.00 1.0000 | 17316 | 51859 | 46496
-155.00 1.0000 | 17484 | 51640 | 46305
3 -160.00 1.0000 | 17656 [ 51419 | 46111
10 -161.00 1.0000 [ 1.7831 | 511958 | 45915
11 -162.00 1.0000 | 42311 | -1.8014 | -0.016741
12| -163.00 1.0000 | 42457 | -5.2751 |-0.047535
13  -164.00 1.0000 | 426.02 | -8.7415 |-0.0749157

Figure 32: Observation of what happens to methane as it is cooled. Note how it changes to a liquid between -161
C and -162 C when maintained at 1 bara.

2.8 Observing Saturation Temperature, Pressure and Density

Let’s explore Methane at the saturation pressure and temperature. From the menu select
“Calculate” and then select “Saturation Points”. As shown in Figure 33, now you only need to
input 1 intensive property and click enter to populate the table with data. This is because you
have selected “saturated” properties and for each pressure below the critical pressure and above
the triple point pressure, there is a corresponding saturation temperature. The same is true if
you input pressure or any other intensive property.
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For our work as shown in Figure 33, we have opted to input Temperature and then allowed
REFPROP to calculate and display the saturated properties. The first temperature we put in is 0
C and we get an error! Why did we get and error? The error occurs because there is no
saturated pressure associated with that temperature. 0 C is above the critical temperature. The
very same thing occurs at -50 C. It is too warm to have a saturated condition.

Note that at -90 C, REFPROP displays a corresponding saturated pressure of 36.399 bara. That
is a very high pressure. Note the liquid density is 261.66 kg/m® and the vapor density is 72.271
kg/m®. This is close to the critical conditions.

As we make the methane colder the saturation pressure gets lower and lower and we note that
the densities of the vapor and liquid diverge as we get further from the critical conditions (have
a larger difference between them).

6: methane: Saturation points (at equilibrium)

Liguid | “apor | Liguid | “apor Liguid “apaor
Temperature | Pressure| Density | Density | Enthalpy | Enthalpee|  Entropy | Entropsy
() (har) | tkafr®) | (eofm®) | (ko) | (kdfeg) | (koK) (kdfkok)

1 I

2 -50
3| -80.000 36399 | 26166 | 72271 | 30671 | H21.52 20062 31791
4] -110.00 18026 | 325876 | 29056 | 198.85 | BRG.28 14209 36117
5| -130.00 75201 | 37111 | 11.848 | 11533 | BROGT 1.39560 393584
Bl -150.00 2.3784 | 40502 | 3.9877 | 40694 | 528.60 0.34399 43055
7| -157.00 1.4439 | 41573 [ 25157 | 16742 | 518.11 013731 44624
8| -158.00 13376 | 41722 | 23442 | 12216 | 51652 010704 44866
9] -158.00 12373 | 41871 | 21822 | 86978 | 51491 | 0076665 | 45112
10 -160.00 11429 | 420718 | 20288 | 571885 | 51328 | 0045884 | 45363
11 -161.00 1.0542 | 42165 | 1.8836 | 16874 | B11.63 | 0.014392 | 45620
12| -162.00 097079 | 42311 | 1.7465 | -1.8056 | 509.96 | -0.016117 | 45882
13| -161.64 1.0000 | 42259 [ 1.7946 |-0.55734| 51056 | -0.0049665% | 45787

14

Figure 33: Observation of what happens to methane as it is cooled along the saturation curve. On the last line a
pressure of 1 bara was selected instead of a temperature.

In the same way you chose to look at the saturated conditions, you can also use REFPROP to
create Iso Tables. An Iso Table is a table where one of the properties is kept constant and the
other properties are varied. Under the menu “Calculate” tab you can select “Iso-property
Tables” and then select any of the following:

Constant T (temperature)

Copyright® Steven Vitale, 2024 30




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

Constant P (pressure)
Constant (1/sv) (density)
Constant sv (specific volume)
Constant h (enthalpy)
Constant s (entropy)

2.9 Plotting Graphs
There are many plots that can be made using REFPROP. Some graphs that can be plotted are:
T-s, T-h, T-d, P-h, P-v, P-d etc.

Let’s plot a Ph diagram. From the menu select “Plot”, then “Ph diagram”. You will need to
adjust the parameters for the X and Y axis ranges and for the steps of the paramaters until you
have the correct range of properties desired. The the plot should look like that shown in Figure
34. Remember if you make the steps too close, the graph will become too cluttered and if you
make the steps too big, there will not be enough data shown. We will not spend further time on
plotting but rather focus on using REFPROP for analysis.

LERMNGK kg w2

&

T — - JPP—— o v
102 kg KRG kK g-KE RANDH KNG 2 kakg-K1 sumgs 1 17T (3%
B

~ Pressure (MPa)

=1
=

-13C

-150°C

¥ jen y \
1 160TC 1 1 I 1 1 1 I 1 1

0.000 200 Enthalpy (kl/ka) 400. &00.

0.100

Figure 34: REFPROP plot of Ph diagram for methane (properties other than pressure and enthalpy can be plotted
on a Ph diagram).
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2.10 Changing Substance of the Fluid to a Mixture of Methane and Ethane

Whenever you open REFPROP the default substance is nitrogen. Unless you are using nitrogen
for your analysis you will need to change the substance to that which you want to analyze.
Earlier we had changed the substance from nitrogen to methane. Now we will change the
substance to a mixture of methane and ethane. Methane and ethane are the two major
components of natural gas.

To do this, on your menu select “Substance” as shown in Figure 35 and then select “Define
New Mixture”.

B e
ile  Edit Options Calculate Plot Window Help Ce

Pure Fluid (Single Compeounds)

Pseudo-Pure Fluid
Predefined Mixture
Define New Mixture
Specify Fluid Set

Fluid Information
Fluid Search

Specify Composition

View Mixing Parameters

Figure 35: Menu selection of “Substance” and then “Define New Mixture”.

Once you have selected “Define New Mixture” and press enter, the screen shown in Figure 36
will display. Use this screen to select “methane” then depress the “add” button. Then select
“Ethane” and then depress the “add” button. Then select the “OK” button.
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Available fuids Selected mixture components

hydrogen (normal) - ethane
hydrogen sulfide fdd > methane
isobutane (2-methylpropane)

isobutene (2-methyl-1-propene) <~Hemave
isohexane (2-methylpentane)

isopentane (2-methylbutane) Infa
krypton

methanol _____________________|m
neon

neopentane (2 2-dimethylpropane)

nitragen

nitrogen trifluoride

nitrous oxide (dinitrogen monoxide)

nonane

octane

oxygen

parahydrogen

pentane

perfluorobutane (decafluorobutane)
perfluoropentane (dodecaflucropentane)
propane

propylene (propeneg)

propyne

R11 (trichlorofluocromethane)

LCancel

Figure 36: REFPROP menu of mixture components. This menu is used create mixtures for analysis.

After you select “ok” on the Figure 36 screen the screen shown in Figure 37 will appear. This
screen gives the user the ability to specify the concentrations of the various components. Note,
in this case we selected a mixture of only methane and ethane. We could have selected a
mixture of many more components.

Take note that as shown in Figure 37, this is a 95% methane and 5% ethane mixture. Further
note that this has been selected as a “molar mixture (Mole Fraction)”.

The components must = 1. Observe that the sum of components in Figure 37shows as 0.55.
This will change to 1.0000 after “ok™ is depressed. Further, notice that ethane is shown first.
Ethane is shown first only because it was selected first (See Figure 36).
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| Specify Mixture Campmitiul @

Misture Name |ethane/methane
Components
Sum = 0.55000 Male Fraction j
etharne 0.05
methane 0.35

[ Momalize composition to one

0k Copy Add Fluid
Cancel Paste Remove Fluid
Stare

Figure 37: REFPROP screen that allows the user to input the concentration of the mixture components. Note, this
is a mole fraction mixture.

Let’s see how the mixture of methane ethane differs from a mixture of pure methane. As a
high-level view, plot a Ph diagram. Using approximately the same parameters as used to
develop the plot shown in Figure 34 plot a Ph diagram for the mixture of 95/5 methane ethane.
This is shown in Figure 38.

Observe that the temperature lines between the saturated liquid line and the saturated vapor
lines on Figure 34 are horizontal. Then note that the temperature lines of Figure 38 are sloped
downward as the enthalpy is increased between the saturated liquid and saturated vapor lines.
This is because the composition of the liquid and vapor are changing as the light hydrocarbon
methane, preferentially boils off first as the mixture vaporizes.

It should also be noted that the constant temperature lines between the saturated liquid and
vapor lines are shown as straight lines. These are not in fact straight lines, but are shown as
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straight lines because the software has been instructed to connect these points and it does so use
straight lines. In reality these are curved lines. This will be discussed and shown further in
section 10.1.3 problem # 2.2.

10.0
T e T

1.00

| -180°C | ] ] 1 | 1
0.100 ——

acn can Ten

Figure 38: REFPROP Plot of Ph Diagram for a 95/5 methane ethane mixture.

Figure 39 is the same plot is shown with a constant pressure line drawn across the plot. Seeing
the constant pressure line clearly brings attention to how the constant temperature line between
the saturated liquid and vapor lines differs from a horizontal line.

10.0 i I

1.00

L 160G | I 1 | 1 1
0.000 250 500. 750,

0.100

Figure 39: REFPROP plot of Ph diagram for a 95/5 methane ethane mixture with a horizontal line shown at 1
MPa.
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Note how the mixture causes the boiling temperature to vary as heat is added and the
composition changes. It should also be noted that the constant temperature lines between the
saturated liquid and vapor lines are shown as straight lines. These are not in fact straight lines
but are shown as straight lines only because the software has been instructed to connect these
points and it does so use straight lines. This will be discussed further in section 10.1.3 problem
#2.2.

2.11 Changing the Properties Displayed

Select “Options” then “Properties” and then select the properties you want to display. In the
bottom of the screen, you can choose to display “Bulk Properties Only” or both “Bulk and
Liquid and Vapor Properties”. In Figure 40 we have chosen to display Temperature, Pressure,
Density and Composition. Further we have selected to show both “Bulk” and “liquid and vapor
Properties”.

it Properies o D A =}

Thermodynamic l Transpart, Misc. | Dervative | Special |

[v Temperature [ CpO [ Helmholtz
[v Pressure [ Cp/Cw [ Gibbs
[v Density [~ Csat [~ Heat of Yapoar.
[ Valume [ Sound Spesd [~ Fugacity
[ Int. Enengy | Comp. Factar I Fugacity Coef.
[ Enthalpy [ Joule-Thom. [ K walue
[ Entropy [ Quality | Molar Mazs
[ Cw [ 2nd“irial Coef, [v Composition
[ Cp [ 3rd“irial Coef.

" Bulk. properties anly

{+ Bulk, liguid, and vapor properties

K Cancel Select Al Clear &I

Figure 40: Screen for selection of which properties will be displayed.

We have already showed how a phase change of a mixture is shown on a Ph diagram. Now
look at it via tabulated data. Select “Calculate”, then “Saturation Point (Bubble and Dew Points
at Same Composition)”. Using the 95/5 methane ethane composition, the selection of
Saturation Point (Bubble and Due Points.....) results in the display of the table shown in upper

Copyright® Steven Vitale, 2024 36




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

portion of Figure 41. Take note, the vapor and liquid phase change temperature is different (the
dew point is -99.395 C and the bubble point is -122.68 C).

In the lower portion of Figure 41 “Saturation Point at Equilibrium” was selected. Now if you
put the pressure of 1MPa in the liquid column, the software designates the liquid as being at the
95/5 composition and the vapor composition is computed by the software as being at a
composition of 99.856% methane and 0.14385 % ethane. The temperature of this phase change
is -122.68 C.

Now if you put the pressure of 1MPa in the vapor column, the software designates the vapor as
being at the 95/5 composition and the liquid composition is computed by the software as being
at a composition of 63.163 % methane and 36.837 % ethane. The temperature of this phase

change is -99.395 C.
n 3% methane/ethane: Saturation points (bubble and dew points at same <nmpnillloq (0:95/0.05) ¥

Liquid Phase | Vapor Phase | Liquid Phase | Vapor Phase | Liquid Phase | Vapor Phase | Liquid Phase | Liquid Phase | Vapor Phase | Vapor Phase

Temperature | Temperature |  Pressure Frassure Density Density Mole Frac. | Mole Frac. | Mole Frac. | Mole Frac.
("0 {'C) (MPa) (MiPa) (kg/m?) (kafm?) (methans) (ethang) {methang) {ethang)
1] -12268 -99.395 1.0000 1.0000 37452 13101 0.95000 0.050000 0.95000 0.050000

n 40: methane/ethane: Saturation points (at equilibrium]) (0.95,/0.05)

Liquid Phase | Vapor Phase | Liguid Phase | Vapaor Phase | Liquid Phase | Vapor Phase | Liquid Phase | Liquid Phase | Vapor Phase | Vapor Phase

Temperature | Temperature | Pressure Pressure Density Density | MoleFrac. | MoleFrac. | MoleFrac. | Mole Frac
(< (9 (MPa) (iFa) (kgimf) (kg/m?) (methane) | (ethane) | (methane) (ethans)

1) 12268 -122.68 1.0000 1.0000 37452 15.482 0.55000 0.050000 0.99856 0.0014385
2 -93.3%% -99.385 1.0000 1.0000 491.84 13100 0.36837 0.63163 0.95000 0.050000

Figure 41: REFPROP output for a 95/5 molar mixture of methane ethane.

Note: in the lower table if the pressure of 1 MPa is placed in the liquid phase pressure column,
the program calculates based on the liquid being of a 95/5 composition (phase change
temperature is -122.68 C). If the pressure of 1MPa is placed in the vapor phase pressure
column, the program calculates based on the vapor being of a 95/5 composition (phase change
temperature is -99.395 C). Take note, as highlighted above, the mixture is shown as a decimal
value (0.95/0.05). This being shown as a fraction is a REFPROP indicator that this is a molar
mixture.

2.12 Problem # 1.4 — Pressure at the Bottom of a Tank of LNG
What is the pressure at the bottom of a tank of liquid methane?
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2.13 Solution # 1.4
It depends! It depends on the pressure at the top of the tank, the liquid density, the height of
liquid in the tank and the local gravitational acceleration.

What is the pressure at the top of the tank? Assume 150 mbarg.
What is the height of liquid in the tank? Assume 30 meters.
What is the local gravitational acceleration? Assume 9.8 m/sec?.

Assume tank is well mixed liquid methane, thus, the temperature everywhere in the tank is the
saturation temperature at 150 mbarg.

Use REFPROP to find density of liquid methane. Select “Substance” then “Pure Fluid” then
“Methane”. Then select “Units” and select “SI with Celcus” and at the bottom select “Gauge
Pressure”. Then on the main menu select “Calculate” and “Saturation Points”. Then put in 0.15
bar gauge pressure. Press enter and the table shown in Figure 42 is displayed. From this table,
the density of the liquid can be read as 419.86 kg/m?3. Since the density is largely a function of
temperature and only very slightly a function of pressure, it is reasonable to use this density for
computing the head pressure caused by the LNG.

12: methane: Saturation points (at equilibrium) [Barometric pressure: 1.0133 bar]

Liguid | “apor | Liguid | “apor | Liguid | “apor
Temperature | Fressure| Density | Density | Enthalpy| Enthalpy| Entropy | Entropy
(C) (bar_g) | (ka/m®) | (ka/m®) | (ko) | (kdfkd) | koK) | (kdfkak)

-158.78 015000 | 41986 | 2.0619 | 59616 | 51364 [ 0052667 45307

—_

Figure 42: REFPROP data for pure methane at saturation at 150 mbar gauge pressure.

How much force pushes down on 1 m® of liquid methane? Assume g = 9.8 m/sec?. Then on the
bottom of 1 cubic meter of liquid methane the force is 419.86 kg x 9.8 m/sec? (sec? x Newton) /
(kg x m) = 4,114.63 N. Then on the bottom of a 1 m? column of liquid methane 30 meters high,
the force would be 4,114.63 N/m x 30 m = 123,439 N (123,439 N/m? since we had only
selected a column of liquid 1m? at the base). 123,439 N/m? = 1.23439 barg. The pressure on the
bottom of the tank would be 1.23439 barg (pressure due to the head of liquid) + 0.150 (pressure
in the vapor space of the tank) barg = 1.38439 barg. (ANSWER)

Copyright® Steven Vitale, 2024 38




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

In the above computation, the head pressure of liquid, for a liquid that is of uniform density, is
calculated as: Head pressure = density x gravitational acceleration x height of liquid. This
is a convenient equation to remember. It is often remembered as: pressure = density x g x h.
However, to find the total pressure at the bottom of the tank we must add the vapor space
pressure to the head pressure caused by the height of liquid.

2.14 Change of Reference State for REFPROP

In Part 1 “What Every Energy Engineer Needs to know about Thermodynamics and
Liguefaction Systems Part 1 a Ph diagram was used from a 1962 publication. If we wanted to
duplicate that Ph diagram, how could we use REFPROP to plot that 1962 diagram and to
duplicate and confirm the analyses done using that graph?

The way to duplicate that plot is to either use the same reference points for that chart in
REFPROP or to select a set of properties and then input the enthalpy and entropy for that state
into REFPROP.

Let’s do the latter. Read as carefully as possible, the enthalpy and entropy from the 1962 Ph
diagram for some temperature and pressure.

Since the 1962 chart is in English terms, we first need to select “Options” then “Units” then
“English” then enter. Select 60 F and 20 psia as a reference point. Read the chart by eye for 60-
degree F and 20 psia. As accurate as possible the enthalpy is read to be -1534.5 Btu/Ibm and the
entropy is read to be 2.72 Btu/lom R.

On REFPROP select “Options” then “Reference State” then select “Specify the Reference State
Values” and input the data of: 60-degree F, 20 psia, h =-1534.5, and s = 2.72
This is shown in Figure 43.
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Select Reference State

Enthalpy and entropy reference ztate
(" Use the default reference state [the default state faor this Auid iz HEP)
" Enthalpy, entropy = 0 for the zaturated liguid at the normal boiling point [MEF)
("~ Enthalpy, entropy = 0 for the zaturated liguid at -40 C [ASHRAE]
" Enthalpy = 200 kJ/ka, entropy = 1 kJkg-K. for the zaturated liquid at 0 C [11B]
{+ iSpecify the reference state values:

Bt b

h=1|15350
E= |2V

I=c00 F
P=1200 pzia

[ Saturated liguid state

Etudlbrn-"H

Info on reference states |

Exergy reference state

To= [77.0 F

E xergy definition
(o Ewxergy=(h-ho]-T ofz-z0]
" Exergy=(u-un]-To[z-zo)+Polw-va)

+ Pg= (014504 psia
" Saturated liguid at To
" Saturated vapor at Tao

Apply reference state to
(" Each pure compaonent
{+ Cumrently defined rmixture

ok Cancel |

Figure 43: REFPROP change of reference properties to replicate the 1962 Ph diagram used in book 1 of “LNG
and Gas, An Operators Guide to Thermodynamics”.

The 1962 published Ph diagram is shown in Figure 44. The REFPROP reproduced Ph diagram
is shown in Figure 45 and the plotting information used for the REFPROP plot is as shown in
Figure 46.

For the next several problems this “Selected Reference State” will be used. If you want to
convert back to the original reference state, which will produce the ASHRAE tables and plots,
then select “Selected Reference State” and then select:

" Use the default reference state [the default state for this fluid is NBP)

Then select ok.
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Figure 44: 1962 published Ph diagram for methane. After inputting the data displayed in Figures 45 and 46
REFPROP will compute values consistent with this chart.

10000, ‘

A O B O DR oo g Ay e R L g i ST s s —F [—
o O E R R T 0t e R s ¥ Lo
128w P Ve vty L B R g e e Cp e "‘ﬂ]:‘ﬂhn'\ﬁ_'_.:j%ﬂ.ri
- i

A L AAT A =
'/"Q : ‘:, S

1000.

100.

) it Rt =

-1800. -1800. -1700.

100

Enthalpy (Btu/lom)

Figure 45: 1962 published Ph diagram duplicated by REFPROP.
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Setup Pressure vs. Enthalpy Plot

(=]

¥ Temperature [F)

Erom [ 260

To |20
Step 20

[ Show 2-phase
Additional values

W Density (IbmE)

Erom |4
To 5
Step [z

¥ Show 2-phaze
Additional values

[v Entropy [Btu/lbm-"R] T Quality

Erom [1.2
To|3—
Step |1

[v Show 2-phase
Additional walues

Erom g
To |1—
Step [0.25

Additional values

|.05 &

|.og [1.4

1 I

Auig scaling

#huiz Range [19e0  to [1460
waxis Range [10 to [qoooo psia

Pairt spacing

" Coarse

(¢ Medium

" Fing

" Ve fine
Labels

¥ Include labels
v with wnits

IIJ_ Unlabeled Lines

I
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I

Optionz

Btu/lbm

Enthalpy

[v Draw saturation lines
[~ Draw melting line
[v Connect saturation states

[~ Swap denszity for zpecific volume
[v Add = and v lines at saturated temp.

Pressure - Cancel

Less

Figure 46: Input data for making the plot of Figure 45 using the Reference State Properties shown in Figure 43.
Take note, to get to this screen, you must select Plot and then in the lower right hand corner you must select More.
Then you need to input the ranges you want to plot.

2.15 Problem # 1.5 — Heat Needed to Vaporize High Pressure LNG (Invalid Properties)
How much heat must be added to a Ibm of saturated liquid methane at 1,000 psia to vaporize it

to 40-degree F?

2.16 Solution # 1.5

Use REFPROP. Select “methane”. Then select “Saturation Points”. Then input 1,000 psia.
pressure and enter and you get an “ERROR message (See Figure 47)

What went wrong?
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Liguid | “apor | Liguid | “epor Ligguid “apor
Temperature |Pressure| Density | Density [Enthalpy | Enthalpy|  Entropy Entropy
'F) (psia) | (lbm/Me | (b | Btudbm) [ (Btulbm) [ (Btulbm=-"R) | (Btuibm-"R)

1 1000

Error Status

[SATP emar 141] prezsure input to saturation routine iz greater than crtical
pressure; P = 6.8348 MPa, Porit = 45332 MPa.

Do pou wish to continue calculations?

Yes to Al Mo |

Figure 47: Error message displayed when 1000 psia is input into the saturated points table (1,000 psia is above
the critical point pressure of methane).

What went wrong is that 1,000 psia is above the critical point, so there is no such thing as a
saturated liquid at 1,000 psia for methane. This is because there is no liquid or vapor defined
above the critical point. There is only fluid above the critical point. The words liquid and vapor
imply a difference in density between the 2 phases. At the critical point the density of the liquid
and the density of the vapor are exactly the same and at that point and at higher pressures the
substance no longer exists as a vapor or a liquid but is called a fluid. Thus, a saturated liquid at
1,000 psia is undefined (impossible to be saturated at that pressure). The only way to continue
with this problem is to give 2 intensive properties, such as pressure and temperature, to define
the state of the fluid.

The critical point is shown as a single point at the top of the dome where the saturated liquid
and saturated vapor lines meet and the densities of the liquid and vapor are equal as shown in
Figures 48 and 49.

Also shown on Figure 49 is the horizontal line at 1,000 psia. Viewing this horizontal line and
the saturation dome highlights why the error message was displayed when we tried to input
saturated data at 1,000 psia.
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22: methane: Saturation points (at equilibrium)

Liguid | “apor | Liguid | “apor Liguid Vapar
Temperature | Pressure | Density | Density | Enthalpy | Enthalpy|  Entropy Entropy
('Fl (psiz) (lbmAt | (b [(Btufdbm) | (Btufbrm) | (Btudbm="R) | (Btulbm-"F)
2  -205.12 100.00 23.367 | 067982 | -18705 | 16809 1.3833 2.12584
3 17799 200.00 21.492 | 1.3608 | -1844.3 | 16776 1.4750 2.0695
4 -159.48 300.00 19943 | 21177 | -18245 | -1678.8 1.5430 2.0284
5  -145.02 400.00 18.453 | 3.0049 | -180771 | -1682.9 1.5964 1.9913
B[ -133.02 500.00 16.842 | 41263 | -1790.2 | -1690.1 1.6457 1.9523
7l -12276 B00.00 14744 | BE11E | -1771.2 | 17031 1.69495 1.9017
g -118.14 £50.00 12.886 | 74811 | -1757.0 | -1717.0 1.7394 1.8565
9 -117.26 BE0.00 12138 | 81965 | -17651.9 | -1723.0 1.7541 1.83583
10 -116.83 FE5.00 11.440 | 88872 | 17472 | 17287 1.7674 1.8214
11 -116.75 BEE.00 11174 | 91546 | -17455 | 17309 1.7724 1.8150
12 -116.6E BE7.00 10,484 | 9.8366 | -17408 | -1736.1 1.75649 1.7995
13| -116.ER BE7.05 10281 | 10030 | -17394 | -1737 6 1.7901 1.7953
14  -116.6G BE67.05 1 1 | -1739.0 | -1735.0 1.7911 1.7942
15[ -116.66 BE7.06 q 10.156 | 10155 }-1?38.5 -1738.5 1.7927 1.7927
16
17

Figure 48: REFPROP used to show that the density of the vapor and the density of the liquid are identical at the

crit

ical point.

Note, that the critical point is between 667.058 and 667.059 but in the above table the value is
rounded off to 667.06 psia. At this point all the intensive properties of the liquid and vapor
converge to be the same value.
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Figure 49: 1962 Published Ph diagram for methane showing the critical point as a single point at the top of the Ph
diagram and the constant pressure line of 1,000 psia.

2.17 Problem # 1.5 Revised — Heat Needed to Vaporize High Pressure LNG
How much heat must be added to a Ibm of liquid methane at 1,000 psia and -250 F to vaporize
it (or should we say heat it — see below) to 40-degree F?

2.18 Solution # 1.5 Revised

Even though there is no liquid phase or vapor phase above the critical point, it is common
jargon to say that the fluid at this pressure is vaporized when heated in a vaporizer. From a
purely technical point of view, the fluid is heated and not really vaporized as vaporizing implies
a phase change. However we can use the term vaporized since it is common industry jargon.
Use REFPROP to solve this (keep in mind that we are still using the reference properties as
shown in Figure 43) .

Methane at 1,000 psia and -250 F  h =-1905.9 Btu/lbm (See Figure 50)

Methane at 1,000 psiaand 40 F  h =-1580.1 Btu/lbm (See Figure 50)

Subtract hpefore from haser and get 325.8 Btu/lbm (Answer)

Copyright® Steven Vitale, 2024 45




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

17: methane: Specified state points

Temperature |Fressure| Density |Enthalpy| Entropy
("F) (psia) | (lbmfE | (Btudbm) | (Btudbm-"F)
1 -250.00 10000 | 26332 | -1905.4 1.2022
2 40.000 10000 [ 35108 | -15801 21640
3 60.000 14,730 [0.042457 | -1534.8 2.7581
4

Figure 50: Delta enthalpy for LNG heated from -250 F to 40 F at 1,000 psia. Also shown here is a standard cubic
foot data using 60 F and 14.73 psia as the standard conditions. Remember, the properties of a standard cubic foot
are dependent on what agency definition is used.

It needs to be noted that the reference state is still that of the 1962 chart. It does not matter what
reference state is used for solving problems. This is because the absolute value of the enthalpy
and entropy is not what matters, but the “change” in enthalpy and entropy is what matters.
Regardless of the reference points, the delta (change of) enthalpy and entropy will remain
unchanged when going from one state to another.

2.19 Problem # 1.6 — Methane Fuel Needed to Heat LNG Vaporizer Water
If we burn methane to provide the heat for vaporization, what percent of liquid methane must
be used as fuel for the vaporizer? Assume the inlet and outlet conditions of problem “1.5

Revised” and a water bath vaporizer with an efficiency of 90%. Assume a standard cubic foot
is defined at 60 F and 14.73 psia.

2.20 Solution # 1.6

The first thing we will need to do is to make few assumptions. Assume a standard cubic foot of
methane has a heating value of 1,011 Btu/scf (close enough for our calculations (for more
accurate calculations do a literature search look up)). Keep in mind that the heating value is
based on a specific number of molecules of methane reacting with oxygen in air in a complete
combustion. Thus, the heating value depends on the definition of a standard cubic foot (the
properties of a scf). A standard cubic foot at 14.73 psia and 60 F has more molecules than a
standard cubic foot at 14.7 psia and 60 F and a standard cubic foot at 14.7 psia and 60 F has
more molecules than a standard cubic foot at 14.696 psia and 60 F.
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Also assume the vaporizer is operating at its rated efficiency of 90%. At this efficiency we need
to provide (325.8 Btu/lbm)/0.9 = 362 Btu of energy in the form of fuel for every Iom of LNG
heated. The value of 325.8 Btu/lbm came from the solution of problem 1.5 Revised. Realize
that the actual vaporizer efficiency is dependent on many parameters including tuning, weather,
operating load, etc.

From Figure 50, it is seen that a standard cubic foot (scf) has a density of 0.042457 lbm/ft. A
mass of methane converts to 1/0.042457 lbm/scf = 23.55 scf/lbom which when burned produces
23,812 Btu of energy per Ibm (23.55 scf/lbom x 1011 Btu/scf).

Percent of Liquid Methane used for heating is (362/23,812) x 100 = 1.5% (ANSWER)

2.21 Problem # 1.7 — Does Methane Behave Like an Ideal Gas?
Does methane behave like an ideal gas?

2.22 Solution # 1.7

Answer..... It depends!

An ideal gas performs like PV = NRT.

For an Ideal Gas, enthalpy (h) is NOT a function of pressure (P).

Let’s look at the Ph diagram (See Figure 51). In Figure 51 hold temperature fixed and increase
pressure to see if enthalpy changes. We see that at low pressure and high temperature the
enthalpy does not change as we increase the pressure while holding the temperature fixed.
However, when we are near the top of the dome of the saturated vapor line, the enthalpy
changes as we increase pressure while holding temperature fixed. This makes sense because a
gas acts like an ideal gas when the molecule-to-molecule forces do not have a significant
contribution to the pressure. That happens only when the molecules are far apart from each
other, which corresponds to their being at low pressure and high temperature.
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Figure 51: Ph Diagram showing that methane at low pressure and high temperature (shown highlighted at the
lower right) acts like and ideal gas (its enthalpy is not a function of pressure, when the temperature is held
constant). As shown highlighted in the middle of the diagram, methane acts like a non-ideal gas when the pressure
is higher and the temperature is colder (its enthalpy is a function of pressure, when temperature is held constant)

Let’s show this analytically using REFPROP. Let’s analyze a vessel where we maintain the

temperature constant and double the absolute pressure. First, we will do this at low pressure

and high temperature and then we will do this at high pressure and low temperature.

Case 1: Methane maintained at 200 F is increased in pressure from 1 atm abs (0 gauge) to 2
atm abs.

Case 2: Methane maintained at -120 F is increased in pressure from 20 atm abs to 40 atm abs.

This is analyzed from data shown in Figure 52.
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202 methane: Specified state points

Temperature |Pressure| Density | Enthalpy|  Entropy
'F) atm) | (lbm/M% | (Btulbm) [ (Btuflbm-"F)

1 200.00 1.0000 | 0.033328 | -1457.6 2.6898
Z 200.00 2.0000 | 0.066706 | -1457.9 2.8036
3|  -120.00 20,000 § 15639 | -1648.0 21271
4
]

-120.00 40.000 | 48238 | -16859.6 1.9428

Figure 52: Case 1 and case 2 analyzed to determine if methane acts like an ideal gas.

For ideal gas behavior, if we double the pressure the density should also double.
If volume and temperature are fixed and R is a constant, then P = NC if the gas acts like an
ideal gas (where C=const = RT/V and N is the number of moles of the gas)

Using the data shown in Figure 52, with the volume and temperature constant, it is found that:
@ 200 F from 1 atm abs to 2 atm abs the error is 0.07% (the pressure is doubled and
the density is almost exactly doubled, thus the gas acts like and ideal gas). Also note,
the enthalpy changes only by about 0.02%.

@ -120 F from 20 atm abs to 40 atm abs, the error is 35% (54% if you divide by 2 x
initial density) (the pressure is doubled and the density is not doubled, thus the gas
does NOT act like and ideal gas). Also note, the enthalpy changes by about 2.5%.

Thus, methane acts like an ideal gas at “RELATIVELY” low pressures and
“RELATIVELY” high temperatures and NOT as an ideal gas at “RELATIVELY” high
pressure and “RELATIVELY” low temperatures (Answer).

IT IS CRITICALLY IMPORTANT TO REALIZE THAT THE WORD “RELATIVELY” IN
THE ABOVE IS IMPORTANT. RELATIVE TO WHAT? RELATIVE TO THE
PRESSURE ENTHALPY DOME FOR THAT PARTICULAR SUBSTANCE. THE
CLOSER YOU ARE TO THE SATURATION DOME THE MORE THE FLUID DOES
NOT ACT LIKE AN IDEAL GAS.
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As an example, we showed that methane acts like an ideal gas at 200 F between 1 and 2 atm.
Intuitively from that and our knowledge of the pressure enthalpy domes for various substances,
we can also conclude that at 200 F between 1 and 2 atm, nitrogen also acts like an ideal gas.
This is because at this temperature and pressure we are far away from the dome. How about
water at 200 F between 1 and 2 atm? Does water act like an ideal gas at 200 F between 1 atm
and 2 atm. Absolutely not! In fact water is a liquid at that temperature and pressure. However
water at 2000 F between 1 and 2 atmosphere acts like an ideal gas.

In this discussion we have used extreems to make the point about being relatively close to the
saturated dome. We said for nitrogen and methane we are very far away from the dome so at 1
to 2 atm nitrogen acts like an ideal gas. Then we talked about water and said, it is not even a
gas at these properties. The other fluids we typically deal with in the gas industry fall
somewhere in between. These gases such as ethane, propane, butane, pentane, hexane fall
somewhere in between the extremes of nitrogen and water we stated above.

As you become more familiar with the characteristics of each gas you will eventualy learn to
know intuitively if you can treat the gas as an ideal gas. Often the answer will be determined
by just how much error you are willing to accept. For example if you are doing an order of
magnitude calculation, you may be willing to accept a 5-10% error. However, for a plant
design, such an error would not be acceptable.

Before we leave the topic of a gas acting like an ideal gas, we need to discuss mixtures. We
already stated that nitrogen and methane act like and ideal gas at 200 F between 1 and 2 atm.
Intuitively we can also conclude that oxygen will also act like and ideal gas at these properties.
How about air which is mostly nitrogen and oxygen. Well, dry air will act like an ideal gas at
these properties also. However, air saturated with water vapor at these properties will not act as
an ideal gas since it is mostly water vapor and very little air (at 200 F the vapor pressure of
water is 11.5 psia).

Now let’s use an example closer to our every day life. It is 100 F outside and the humidity is
100%. We know that we can treat dry air as an idea gas at this pressure and temperature. Can
we treat 100% humidity air as an ideal gas if it is held at 100 F and increased in pressure from 1
atm to 2 atm? The answer is NO. As we compress the air, the water vapor in the air will start
to condense significantly changing the enthalpy of the fluid. About % of the water condenses
out of the air as it is compressed from 1 atm to 2 atm. This changes the total enthalpy of the
fluid by about 12% and the density differs from an ideal gas computation by about 3.5%.
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Remember for an ideal gas, the fluid enthalpy is not a function of pressure and should remain
constant at constant temperature. Also remember for an gas to act like an ideal gas it needs to
follow the PV=NRT relationship. Lastly, it is not acting like an ideal gas if it has phase change
occuring during the process.

For comparison for the same process (latm to 2 atm), for dry air, the enthalpy changes only
about 0.07% (compared to 12% with 100% humid air) and the density differs from and ideal
gas computation by only about 0.02% (compared to 3.5% with 100% humid air). Thus, dry air
acts very much like and ideal gas and high humidity air does not.

Thus, mixtures that result in a phase change during a process can not be accurately modeled
using the ideal gas formula.

2.23.Brain Teaser # 1.1 - Vessel Depressurized and Pressurized (Treat as an Ideal Gas)

A vessel containing 100 scf of methane maintained at 60 F is initally at 14.696 psig. The gas is
maintained at 60 F while being depressurized to 0 psig. Approximately how much gas left the
vessel?

After the vessel is depressurized, approximately how much gas must be added to bring the
vessel to 29.392 psig and 60 F.

2.24 Solution to Brain Teaser # 1.1

A vessel containing 100 scf of Methane maintained at 60 F and at 14.696 psig is depressurized
to 0 psig. Approximately how much gas left the vessel? Approximately 50 scf was removed
because at this pressure and temperature it acts nearly like an ideal gas and its absolute
pressure was halved, so half of the original mass was removed.

(ANSWER)

It is interesting to note here that a “scf” is treated as a mass measurement. That is because it is a
mass measurement as it is a measure of a cubic foot at a specific pressrue and temperature.
Therefore, a scf is a measure of the mass of that substance as it is a cubic foot at a fixed state.
After the vessel is depressurized, approximately how much gas must be added to bring the
vessel to 29.392 psig. Approximately 100 scf must be added, because at this pressure and
temperature it acts nearly like an ideal gas. Thus if its absloute pressure is trippled from 1 atm
abs to 3 atm abs, its mass is tripled from 50 scf to 150 scf. This is an addition of 100 scf.
(Answer)
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2.25 Use REFPROP to Better Understand Critical Pressure and Density/Temperature
Relationship

Using REFPROP select “Calculate” and then select “Saturation Points”. Put in a pressure of
100 psia. The rest of the table populates with values. At this saturation pressure we see a
significant difference between the density of the saturated vapor and the saturated liquid
(23.367 vs. 0.67982) Ibm/ft3. As you put in higher and higher pressures, you will notice that the
difference between the density of vapor and liquid becomes smaller. As the saturated liquid
follows the saturated liquid line it becomes warmer and it expands becoming less and less
dense. As the saturated vapor follows the saturated vapor line it experiences higher pressure
and becomes denser. At the critical pressure the saturated liquid and saturated vapor lines
converge to a single point which is the top of the Ph diagram dome. In Figure 53 this is seen as
being just under 667.06 psia for methane. The critical pressure is found to be between 667.058
psia and 667.059. Due to the number of significant digits selected, the input data shown on
Figure 53 has been rounded off by REFPROP.

Note that if you input a pressure that is higher than the critical pressure, such as 667.059 psia,
as in line 16 of Figure 53, REFPROP will return an error message. That is because, as stated
earlier in this work, you cannot define a saturated condition above the critical pressure.

22: methane: Saturation points (at equilibrium)

Liguid | “apor Liguid | “apor Liguid “apar
Temperature | Fressure | Density | Density | Enthalpy| Enthalpy|  Entropy Entropy
°F) (pmsia) (b | (b | (Btudbm) | (Btudbm] | (Btulbm="F) [ (Btulbm-"F)
2| 20612 100.00 23367 | 0B7982 | 18705 | -1680.9 1.3833 21284
3| 17799 200.00 21,492 | 1.3608 | -1844.3 | -1677.6 1.4780 2. 0695
4 -159.45 300.00 19943 | 21177 | -18245 | -1678.8 1.5430 2 0284
5| -145.02 400.00 15,453 | 30049 | -158071 | -1682.9 1.6964 1.9913
6| -13302 500.00 16842 | 41263 | -1790.2 | -1690.1 16457 19623
7 12275 600.00 14744 | 58116 | -1771.2 | 17031 1.6935 1.9017
8 -118.14 £50.00 12886 | 74811 | 17570 | -1717.0 1.7384 1.8665
9| -117.26 B60.00 12138 | 81965 | -1751.8 | -1723.0 1.7541 1.5383
1M -116.83 BE5.00 11,440 | §.8872 | -1747.2 | -1728.7 1.7674 1.5214
11 -116.75 B6E.00 11174 | 91546 | -17455 | -1730.9 1.7724 1.6150
12| -116.Ek B67.00 10,484 | 98356 | 17408 | -1736.1 1.7869 1.79495
13| -116ER B67.05 10281 | 10030 | -17394 | -1737.6 1.7907 1.7963
14| -116.Ek B67.05 10,229 | 10081 | 17390 | -1738.0 1.7911 1.7942
15|  -116.E5 B67.06 10155 | 10155 | 17385 | -17385 1.7927 1.7927
16 EG7.0549
17

Figure 53: Analysis of saturated vapor density and saturated liquid density showing how they converge to 10.155
Ibm/ft3 as the pressure Increases to the critical point
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2.26 Brain Teaser # 1.2 — A Solid Floating in Saturated Liquid Methane as it Heats Up

Part 1
A solid with a density of 12 lom/ft? is floating on the top of saturated liquid methane in a vessel

initially at 100 psia. Instrumentation is placed on the solid to determine its height from the
bottom of the vessel and from the liquid-vapor interface.

The vessel is a vertical cylinder 30 feet high. Initially the liquid level is 15 feet from the
bottom. The liquid and vapor in the vessel are slowly heated. Describe the location of the solid
from the bottom of the vessel as the saturated mixture of methane liquid and vapor is heated.
Also, describe how much of the floating solid is above the liquid-vapor interface. Assume the
density of the solid does not significantly change as it is heated. Neglect any phase change
between the liquid and vapor and use the density of the liquid to determine the location of the
liquid-vapor interface. Assume the total volume of the vessel remains constant during the
heating. Assume the density of the solid remains at 12 Ibm/ft® during the heating. Assume the
total volume of the solid is very small compared to the total volume of the methane (so that the
displacement of the solid into the liquid will not cause a significant increase in the height of the
liquid-vapor interface).

Part 2

Do the exact problem as above but this time the solid block has a density of 4 lom/ft.

Part 3
Would the results found in part 1 and part 2 be any different if the gravitational field of the

location were 10% less than the gravitational acceleration at sea level?

Part 4
Would the results in part 1 and part 2 be any different if there was no gravitational field such as

in outer space? What impact might this have on a fuel vessel on a on a space station?

2.27 Solution to Brain Teaser 1.2

Part 1 Solution
View Figure 53 to better understand what is happening in this problem. Initially the solid will

be floating at a distance of 15 feet from the bottom of the vessel and the solid will be
approximately %2 submerged below the liquid vapor interface. At this pressure the density of the
liquid is nearly twice that of the solid causing most of the buoyant force on the solid. Initially
the density of the vapor is significantly small compared to the density of the solid (vapor
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density is 6% that of the floating solid) so at the starting point, the vapor density causes only a
small buoyant force on the solid.

As the liquid is heated, the solid will raise higher and higher in the vessel as the liquid level
rises. The liquid level will rise as the liquid is heated because its density decreases causing the
liquid to occupy more and more of the vessel’s volume. When the vessel pressure reaches 660
psia, the height of the liquid-vapor interface will be approximately 28.9 feet above the bottom
of the vessel. At this saturation pressure, the density of the liquid methane is 12.138 Ibm/ft3.
Since the solid is slightly lower in density (12 lom/ft®) the solid will float with most of its
volume below the liquid vapor interface. However, at this pressure the density of the vapor is
significant, as it is approximately 68% that of the solid. Thus, the density of the vapor will
cause a buoyant effect on the small portion of the solid that is above the liquid vapor interface
causing the block to float slightly higher. Thus, the height of the solid is aligned with the
liquid-vapor interface (28.9 feet above the bottom) with most of the solid being under the
liquid-vapor interface and just a small portion being above the liquid-vapor interface.

As the saturated liquid-vapor methane is heated further, the density of the liquid drops below
12 lom/ft3. When the density of the liquid methane drops below 12 Ibm/ft3, the solid will drop
to the very bottom of the vessel. This will occur at approximately 661.3 psia and -117.15 F.

The above is graphically shown in Figure 54 using data mostly from Figure 53. (Answer)
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| '
29.2" 30
.4 »
205.12°F -117.26F -117.15F
100 psia 660 psia 661.3 psia
23.367 Ibm/ft3 12.138 bm/ft3  11.994 lbm/ft3

Figure 54: Liquid density relationship as a vessel of saturated methane is heated. Note, the density of the liquid
decreases as it is heated. Density of the solid is 12 Ibm/ft3. Most of the above data is from Figure 53.

Part 2 Solution
In part 2 the block is much lighter. Therefore, initially it will be floating on the top of the liquid

vapor interface. The block has a density that is approximately about 1/6"™ that of the liquid.
Thus, due to the liquid density alone about 1/6™ of the block will be below the liquid vapor
interface. However, because the density of the block is so much lighter, the density of the vapor
does have much more of a significant effect on how much of the block is above the liquid vapor
interface. At the initial conditions the vapor density is 17% that of the solid density. Thus, the
vapor will cause a significant buoyant force on the solid. The combination of the buoyant force
due to the liquid and the vapor will result in the block floating on the liquid vapor interface
with about only 1/7" of the solid below the liquid vapor interface.

As the liquid is heated, the solid will raise higher and higher in the vessel as the liquid level
rises. The liquid level will rise as the liquid is heated because its density decreases causing the
liquid to occupy more and more of the vessel’s volume. When the vessel pressure reaches 490
psia, the height of the liquid-vapor interface will be approximately 20.598 feet above the
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bottom of the vessel. At this saturation pressure, the density of the liquid methane is 17.016
lom/ft® and the density of the vapor methane is 3.998 lbm/ft>. Since the density of the solid (4
lom/ft®) is much lighter than that of the liquid methane and only slightly higher than that of the
vapor methane, the solid will float on top of the liquid-vapor interface. At this saturation
pressure because the vapor methane is almost the same density of the solid, the solid will be
floating almost fully above the liquid-vapor interface.

As the saturated liquid-vapor methane is heated further, the density of the vapor increases
above 4 lom/ft3. When the density of the vapor methane raises to above 4 lbm/ft3, the solid will
rise to the very top of the vessel. This will occur at approximately 491.2 psia and -134.11 F
with a liquid-vapor interface of approximately 20.603 feet above the bottom of the vessel.

Take note, that it makes little sense to give the height in 3 significant figures while using the
word approximately. The significant digits are used only to show that we are right at the point
where the buoyancy force just balances the weight of the solid.

The above is graphically shown in Figure 55 using data from Figure 53. and Figure 56.
(ANSWER)

-205.12 F -134.14 F -134.11F

100 psia 490 psia 490.2 psia
0.67982 Ibm/ft3 3.998 Ibm/ft3 4.0006 Ibm/ft3

Figure 55: Vapor density relationship as a vessel of saturated methane is heated. Note, the density of the vapor
increases as it is heated. Density of the solid is 4 Ibm/ft3. Most of the above data is from Figure 53 and Figure 56

Copyright® Steven Vitale, 2024 56




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

2: methane: Saturation points (at equilibrium)

Liguid | “apor | Liguid | Vapor Liguid “apor
Temperature | Pressure| Density | Density | Enthalpy | Enthalpy|  Entropy Entropy
("F) (psia) | (bt | (bt | (Btudibm) | (Btudbm) | (Btudlbm-"R) | (Btuflbm-"R)

1 -138.77 45000 | 17677 | 35265 | 118564 | 231.26 0.44091 0.79215

2 -136.42 47000 | 17352 | 37544 | 12192 | 22975 0.45072 078431

3| -13627 43000 | 17185 | 38742 | 12361 | 228494 0.455R3 078030

4 -134.14 43000 | 17.016 | 39980 | 12532 | 228.08 0.4605k 0.77621

Bl -134.02 491.00 | 16999 | 40107 | 12549 | 227.99 0.46105 077580
b
7

8| -134.07 490,60 | 17.005 | 4.0056 | 12542 | 228.02 0.46085 0.77596

8 -134.08 43050 | 17.007 | 40043 | 12541 | 228.03 046080 077600

100 -134.10 48030 | 17.011 | 40018 | 12537 | 22505 0.46070 0.77604
11 -134.11 43020 | 17.012 | 40006 | 12536 | 228.06 0.46065 0.77613
12 13412 48010 | 17.014 | 38993 | 12534 | 22807 0.46060 0.77617
13

Figure 56: Additional REFPROP data needed for computation of buoyancy shown in Figure 55

Part 3 Solution
The results shown in parts 1 and 2 would not be any different if the gravitational field was 10%

less as long as there is a gravitational field. This is because the field is applied to all masses
uniformly. Thus, in a lower gravitational field the weight of the solid may be less, but the
buoyant force is also proportionally less.

Part 4 Solution
The results shown in parts 1 and 2 would be drastically different if there was no gravitational

field. A gravitational field is the reason there is a liquid-vapor interface. If there was no
gravitational field, the fluid and vapor and solid would be floating randomly within the vessel
regardless of the saturation pressure and temperature.

On a space station unless there is a crated acceleration field, it would be difficult to measure the
amount of fuel in the container (you can have a level gauge in a tank where vapor and liquid
are randomly floating and you cannot put a float device in place). Also, unless there is a created
acceleration field, it would be difficult to draw liquid fuel from the container since the liquid
does not lay on the bottom of the tank but instead is dispersed with the vapor. As for the solid,
it could be anywhere in the tank and may be blocking the fuel outlet port.
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2.28 Switching Back to the REFPROP Reference State

Let’s switch the “Reference State” back to the default REFPROP reference state by selecting
“Options” and then selecting “Reference States” and then selecting the “Use Default Reference
State”

" Use the default reference state (the default state for this fluid is NBP)

then selecting “ok.”

2.29 Using REFPROP to Better Understand Fill Induced Rollover

Fill induced rollover occurs after stratification occurs due to filling a different density LNG into
an existing LNG inventory without mixing. If a high-density LNG is placed under a light layer
of LNG or if a light layer of LNG is placed over a denser layer of LNG, stratification may
occur. Once stratification occurs, the lower layer has no significant way to release heat gained
from outside the tank and the lower layer becomes warmer. As the lower layer warms, it
becomes less dense. This is shown in the following pictures.

Under normal circumstances, circulation currents casued by heat influx carry warmer liquid to
the surface, where evaporation takes place. A full tank circulatioon pattern provides natural
formation of boiloff at the surfact as shown in Figure 57 below.

':.l:"E"‘BOG
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e ?
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\ H?HH@'

Influx

Inﬂu\

Figure 57: Non-stratified LNG tank. Natural convection keeps the entire tank at approximately the same
temperature as evaporation cooled LNG at the surface is circulated throughout the entire tank.
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If a lower density LNG is loaded over a denser LNG or if a denser LNG is loaded under a
lower density LNG stratification can occur. Stratification can also automatically occur if the
LNG contains a high concentration of nitrogen. A stratified tank is shown in Figure 58.

In a stratified tank, the upper layer remains cold as it has evaporative cooling occurring at the
LNG surface and that cold LNG is circulated within the upper stratum of LNG. However, the
lower layer gains heat and has no place to release that heat and thus, the lower layer warms up.
As the lower layer warms up, it expands and its density drops. Once the lower layer density
becomes close to that of the top layer, the two layers mix and a very large amount of boil off is
generated. This is shown in Figure 59:

'_'.l:—‘E*BOG

(Evaporation Cooling — h‘\Ew;\poration Cooling)

Orlgmal Orlgmal
Inv entor\ Im ento
. —

Heavy LNG Placed P Heavy LNG Placed
— Under Light LNG Under Light LNG =

E;éx\fHH‘FH HHH‘V%&

Figure 58: One of several types of stratification whereby a denser LNG is placed under a less dense LNG
inventory.
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Figure 59: LNG tank rollover. It is not known whether the inventories actually flip as depicted above or the layers
just mix. In either case, the end result of high boil off rates occurs. Source: Self-made.

To explore how rollover occurs, let’s create a stratification by placing a 95/5 methane ethane
mix under pure liquid methane at a saturation pressure of 15.5 psia. Figure 60 shows the
density of saturated liquid methane at 15.5 psia as being 26.307 lbm/ft3,

5: methane: Saturation points (at equilibrium)

Ligquid | “apor | Liguid | “apor Liguid “apor
Temperature |Fressure| Density | Density | Enthalpy| Enthalpy|  Entropy Entrapy
('F) (psia) | (bmyfE | (b | (Btudbm) | Btubm) | Budlbm-R) | (Btu/brm-"F)

—

-257 50 1654500 | 26.307 | 011908 | 0.97869 | 22023 | 0.0045264 1.0893

Figure 60: REFPROP showing the saturated density of liquid methane at 15.5 psia as 26.307 lbm/ft3.

With the liquid methane in the tank inject a 95/5 methane ethane “MASS” mix of LNG beneath
the layer of liquid methane. Then use REFPROP to determine the density of the lower layer of
the 95/5 LNG as it warms up. The saturated liquid density is used for this analysis because the
density of the LNG is a strong function of temperature and only a very weak function of
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pressure. Thus, the temperature dominates the change in density. The density of the 95/5 mix as
it warms is shown in Figure 61.

Take note, in this problem we chose a 95/5 mixture based on mass, not moles. The
molecular weight of methane is ~ 16 and the molecular weight of ethane is ~30.

Using the mass mixture means that 95% of the mass of the mixture is methane and 5% of the
mass of the mixture is ethane. We could have used either a mole mixture or a mass mixture for
this problem. In this problem a mass mixture was used, just to exercise the use of both molar
and mass mixtures. A 95/5 methane ethane mass mixture approximately a 97.33/2.67 molar
methane ethane mixture. A 97/3 methane molar mixture is analyzed later in this work (see
Figure 99).

Take note, that when using a mass mixture, the screen display will show the mixture
proportions as a whole number fraction (5/95 or 95/5 depending on the order of components).
When using a molar mixture, the screen display will show the mixture in decimal values (i.e.
0.5/0.95 or 0.95/0.5 depending on the order of components). The 5/95 display showing that this
is a “MASS” mixture of the display is highlighted in Figure 61.

6: ethane/methane: Saturation points (at equilibﬁum}@

Liguid Fhase [%apor Fhase | Liguid Fhase | Yapor Phase | Liquid Fhase | Vapor Fhase
Temperature | Temperature | Fressure Fressure Density Density
('F) ('F) (psis] (psis] (lbm/ft) (lbm/fE)
1 -256.87 -266.87 15,500 15500 2k 778 0.11867
2| -25413 -2584.13 17500 17.500 26 640 0.13265
il -251.k2 -261.62 18,500 19.500 2hh13 0.14651
4 -249.29 -245.29 21,500 21.500 26,394 016027
Bl -24713 -247.13 23500 23.500 2h.283 0.17394
B

Figure 61: REFOROP display of density as the temperature of the lower layer warms up. Note, this is a mass
mixture and not a molar mixture. The telltale that this is a mass mixture is that the composition is shown in whole
numbers 5/95 (circled above).

IT IS CRITICALLY IMPORTANT THAT THE USER OF REFPROP BE CAREFUL TO
ASSURE THE CORRECT MIXTURE PARAMETER (MOLAR OR MASS) IS USED. A
VERY COMMON MISTAKE IS TO USE A MASS MIXTURE WHEN A MOLAR
MIXTURE WAS NEEDED FOR THE PROBLEM (OR VICE VERSA).
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As can be seen in Figures 61and 62, as the lower layer of LNG warms, it becomes less and less
dense. Eventually the bottom layer becomes light enough to mix with the upper layer. Once the
lower layer LNG mixes with the upper layer and is exposed to the lower pressure at the top of
the tank, a large amount of boil off is generated.

26.307 o IC 26.307 ) s 26307 ) e e

C 26.513 ) ( 26283 7) &iﬂ)’j

Figure 62: Depiction of a fill induced rollover using data from Figures 60 and 61. Note the unstable condition that
exists in the 3rd tank from the left.

In Figures 60 and 61 saturated conditions were used for the analysis. An alternate to this would
have been to use “Specific State Points” to find the density. If “Specific State Points” were
used, one could select 23.5 psia as the pressure of the lower liquid and then increase the
temperature using the temperatures given in Figure 61. The results would be nearly identical
because as stated earlier, the LNG density is largely a function of temperature and not of
pressure. The use of “Specific State Points” is very slightly more accurate, but the conclusion
by using the saturated temperature and pressure is the same. This will be discussed in more
detail later in this book.

2.30 Learner Exercise # 1.1 — Hail Formation on a Summer Day
Use REFPROP to explain how hail may be formed on a summer day.

2.31 Learner Exercise Solution # 1.1
Air at 1 atm and 20 C is driven up to a high elevation (18,000 ft.) where the air pressure is
approximately %2 atm.

As the air rises it expands with a nearly adiabatic isentropic expansion (nearly constant
entropy). This is shown in Figure 63 where a constant entropy expansion of dry air changed in
temperature from 20 C to -32.762 C. Take note the entropy is kept at 6.8433 kJ/kg K while the
pressure is reduced in pressure to 0.5 atm.
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2: Air: Specified state points (75.57/1.2691/23.16)

Temperature |Fressure| Density | Enthalpy | Entropy
(C) (atro) | (ki) o (edfko) | (kdflg-K)

—

20.000 1.0000 | 1.2043 | 29341 | B.8433
-32.762 0.50000 [ 0.73445 | 24052 | B.8433

(R ]

Figure 63: Constant entropy expansion of air from 1 atmosphere to % atmosphere. Note: this is on a mass basis.

Can you see how this condition might cause hail if moisture had been in the air? Moisture in
the air would condense, coalesce, and then freeze into balls of ice. The weight of the balls of
ice, overcomes the upward force due to the upward velocity of the air and the hail formed falls
to the ground. Wow — hail in the middle of the summer!

Something settle needs to be pointed out here! In the above hail production analysis, we used
a predefined mixture of dry air for a substance! Of course, the air would need to have water
vapor in it in order to make ice, but aside from that, take note of the air composition. It shows
as the air mixture as being 75.57% nitrogen, 1.2691% argon and 23.16% oxygen. How can that
be as we have always been taught that air is ~ 79% nitrogen and 21% oxygen. The reason that
the reading is shown as 75.57% nitrogen, 1.2691% argon and 23.16% oxygen is because we
left the parameters as a mass measurement. If we change it to a molar (volume type
measurement) the very same air composition would read as shown in Figure 64 below. As
shown, now the composition on a volume or molar basis is shown as being ~ 79% nitrogen and
~ 21% oxygen.

2: Air (dry): Specified state points (0.7812/0.0092/0.2096)

Temperature | Pressure| Density | Enthalpy | Entropy
('C) (atrn) | (kofr®) | (ki) | (koK)

20.000 1.0000 | 1.2043 | 29341 | B.B433
-32.7he 0.50000 | 0.73445 | 24052 | B.B433

—_

]

Figure 64: Constant entropy expansion of air from 1 atmosphere to ¥z atmosphere. Note: this is on a molar basis.
Note also that the values in the table are the same as the values of Figure 63.

Copyright® Steven Vitale, 2024 63




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

Applying REFPROP to LNG Plant Operations

In this section we will evaluate plant equipment and use REFPROP to better understand
thermodynamically, how this equipment operates.

1. Typical types of plant analysis

The thermodynamic analyses that can be performed in an LNG plant are almost limitless. It is
suggested that the learner closely follow the plant’s mass energy balance and use REFPROP to
analyze each piece of equipment. In doing this the engineer will gain a keen sense of how
closely the plant performs to the design basis and how closely the analysis can predict physical

plant performance. Further, by doing this type of analysis the operator :>
can become familiar with the limitations of the field measurements and
the effects of heat transfer and pressure drops. \

l:.L

The ideal solutions can be modeled by constant property steady state,
steady flow analysis and then adjusted for real life deviations from
these modeled processes.

Some of the equipment that the learner may want to analyze includes
pumps, compressors, turbines, heat exchangers, vaporizers,
desuperheaters, recondensers and JT valves.

1.1 Problem # 2.1 - In-Tank Pump Analysis
An LNG plant is designed to operate with 1 in-tank pump operating at 1 Bscf/day. Use
REFPROP to confirm the pump manufacturer’s data scaled up to 1 Bscf/day. The pump
manufacturer’s data is as shown below.

e 555hp

e 78% efficiency

e 8,045 gallon per minute (gpm)

e 452 feet of head

e The pump manufactures use the worst case of very dense LNG for these ratings.

Thus, all the above is at SG. = 0.47 or LNG with a density of 29.328 Ibm/ft®.

1.2 Solution #2.1
To scale the manufacturer’s data up to 1 Bscf/d at the LNG density used by the manufacturer,
the following is calculated. See REFPROP data in Figure 65 and 66.
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e 1 Bscf/d = 41,666,666 scf/hr.

e On REFPROP use “Substance” then “Define New Mixture” to put in a mixture of
84% methane, 13% ethane and 3% propane to match the worst case data used by the
pump manufacturer.

e LNG at a molar composition of 84% methane, 13% ethane and 3% propane gives
us a saturated liquid density at 15.5 psia of 29.321 Ibm/ft3 (or 3.92 Ibm/gallon). This
mixture was selected by trial and error in order to arrive at a mixture that closely
matched the pump manufacturer’s density of 29.328 1bm/ft®. This mix is considered
close enough to the target density.

e This same composition at 60 F and 14.696 psia makes a scf have a mass of
0.049438 Ibm/scf (Figure 65). Note, different agencies use different values for
standard temperature and pressure (STP). It is unknown what the pump
manufacturer used as STP, so for this analysis STP was selected as being 60 F and
14.696 psia.

e Our mass flow rate is 41,666,666 scf/hr. x 0.049438 Ibm/scf = 2,059,917 Ibm/hr. =
8,758 gallons/min

e Find the saturated liquid enthalpy (the liquid in the tank) and make that the pump
inlet enthalpy. Assume the tank vapor pressure is 15.5 psia. (See Figure 65)

e Then pump the liquid in an isentropic pump from the inlet conditions to the outlet
pressure. The outlet pressure can be computed by the feet of head the pump
produces (manufacturer’s data).

e From the isentropic pumping the ideal power required (delta h) is found (See Figure
66). This is then adjusted to find the actual power required by using the
manufacturer’s data on efficiency.

e The flow rate and power values from the manufacturer’s data need to be scalled up
to 1 Bscf/day. Assume a linear scaling for this analysis.
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1B 6: methanelethane/propane: Saturation points (st equilibrium) (0.84/0.13/0.03)

Liquid Phase | Vapor Phase
Temperature | Temperature
(F) (F)

Liquid Phase
Fressung

(psia)

Vapor Phase
Fressure

(psie)

Liquid Phase| Vapor Phase
Dengity Density
(/) (I

Liquid Phase
Enthalpy
(Btuflom)

Yepor Fhase
Enthalpy
(Btuibm)

Liguid Fhase
Enbropmy
{Btuflbm-"F)

Wapor Phase
Entropry
(Etafiorr-H)

-254.06 -254.06 15.500 15500 29331 011688 -15.076 22202 -0.0058081 1.0582

2

7: methane/ethane/propane: Specified state points (0.84/0.13/0.03)

hMole Frac,
(propane)

Maole Frac.
(ethane)

Mole Frac.
{methane)

Pressure

Temperature
\ (psia)

('F)

Density
(lbmyr)

Enthalpy
(Btuflbrm)

Entropy
(Btuflom-"R)

—

0.84000 | 013000 | 0.030000 60.000 14696 | 0.049438] 35282 1.4059

Figure 65. Properties of the 84/13/3 LNG mixture at saturated and standard conditions. Note the close match of

the saturated density to that used by the pump manufacturer.

ﬂ 7: methane/ethane/propane: Specified state points (0.84/0.13/0.03)

Mole Frac.|Mole Frac.| Mole Frac.| Temperature | Pressure| Density | Enthalpy| Entropy

{methane) | (ethane) | (propane) ('F) (psia) | (Ibm/f) | (Btu/lbm)|(Btulbm-"R)
1| 0.64000 | 013000 | 0.030000 60.000 14696 | 0.049438| 352.62 1.4059
2| 054000 | 013000 | 0030000 254 06 15500 | 29.321 | -15.076 | -0.0053081
3| 0.54000 | 013000 | 0.030000 | -253.80 10753 | 29340 | -14.495 | -0.0058081
4

Figure 66 Properties of the 84/13/3 LNG mixture at standard conditions and across an “adiabatic isentropic”

pump (entropy is kept constant, lines 2 and 3).

Use a linear relationship to scale up the manufacturer’s data to 1 BCF/day (factor 8,758 gpm /
8045 gpm = 1.08863).

e 555hpx1.08863 = 604 hp

o 78% eff

e 8,045gpm x 1.08863 = 8,758 gpm for a Bscf/d

e 452 feet of head = 92 psi pressure increase (452 ft x (29.328

Ibf/ft3)/144in%/ft?) @sea level where g= 32.174 ft/sec?
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e All the above at SG.= 0.47 or LNG with a density of 29.328 Ib/ft3
Our REFPROP computation should come close to 604 hp for this LNG composition. Let’s do
the computation.
Take note that the isentropic pump increase in enthalpy is (15.076 — 14.495)Btu/lbm = 0.581
Btu/lbm (See Figure 66).
Thus, at 78% efficiency the pump requires 0.7449 Btu/lbm pumped ((0.581/0.78)Btu/lbm).
The horsepower required to drive the pump is computed as follows:

e Flow rate x enthalpy increase x hp conversion = horsepower

e 2,059,917 Ibm/hr x 0.7449 Btu/lbm x 0.000393 hp-hr/Btu = 603 hp (See page 779 of the

pocket reference to find the conversion of Btu/hr to hp.

e Manufacturer’s data = 604 hp

e Our Computed data = 603 hp

e Computation Confirmed. (ANSWER)

1.3 Problem # 2.2 — Properties and BOG Composition from an LNG Mixture (Tx and Ph
diagrams)
LNG in a tank has a molar composition of 95% methane 4% ethane and 1% nitrogen.

» What is its boiling temperature? (tank vapor pressure 15.5 psia)

» What is the composition of the boil off vapor in volume (molar)?

» What is the LNG density?
What would the density and temperature of the LNG be if the mixture were 96% methane and
4% ethane and what would the boil off composition be?

> Plot the Tx diagram @ 15.5 psia and Ph diagram for the 96/4 molar LNG

mixture.

1.4 Solution # 2.2

See Figure 67.
e Boiling temp for 95/4/1 methane, ethane, nitrogen mixture is -262.3 F (ANSWER)
e Boil off is 22.98% N2, 77.01% CHy4, .005% C2Hs (ANSWER)
e LNG density is 27.453 lbm/ft3 (ANSWER)
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5: methane/ethane/nitrogen: Saturation points (at equilibrium) (0.95/0.04/0.01)

('F) ('F (psia) (psia) (Il (o) | (methane) | (ethang) | (nitvogen) | (methang) | (ethane)

Liquicl Phase | Yapor Phase | Liguid Phase | Vapor Phase | Liquid Phase | Yapor Phase | Liquid Phase| Liguid Phase | Liquid Phase| Yapar Phase | Yapor Phase | Yapar Phase
Temperature| Temperature | Fressure | Pressure Density Density | MoleFrac | MaoleFrac. | MoleFrac | MoleFrac | MaoleFrac. | MaleFrac.

(nitrogen)

-262.30 -262.30 15500 15500 21453 014268 0.95000 0.040000 | 0.010000 0.77014 | 0.00005431%5

022381

Figure 67: Properties of the 95/4/1 LNG mixture at saturated conditions at 15.5 psia.

Now switch to an LNG molar mixture of 96% methane and 4% ethane. See Figure 68 which
shows the following data:
e Boiling temp is —256.59 F (ANSWER)
e Boil off is 0% Nz, 99.99% CHys, 0.0089% C2Hs (Answer)
e LNG density is 26.993 lbm/ft3 (Answer)

Why such a change as compared to the 95/4/1 LNG mixture?

The reason there was such a change is because 1 % nitrogen significantly reduces the saturation
temperature of the LNG. It also significantly changes the boil off concentration and the density
as shown in Figure 68.

6: methane/ethane/nitrogen: Saturation points (at equilibrium) (0.96/0.04/0)

Liquict Phase | Vapor Phase | Liguid Phase | Yapor Phase | Liquid Phase | Vapor Phase | Liquid Phase | Liguid Phase | Liquid Phase | Yapor Phase | Yapar Fhase | Vapor Phase
Temperature | Temperature | Pressure | Pressure Density Density | MoleFrac. | MoleFrac. | MoleFrac | MoleFrac | MoleFrac | Mole Frac
(' ('F) (psig) [psia) (Ibmyf) (o) | (methane) | (ethane) | (nitogen) | (methane) | (ethane) | (nitrogen)

-256.5% -206.59 15500 15500 26.993 011549 0.36000 0.040000 | 0.00000 0.93991 | 0.000085415 | 0.00000

Figure 68: Properties of the 96/4 LNG mixture at saturated conditions at 15.5 psia.

Next on the REFPROP menu select “Plot” then select “Tx diagram”. The Tx diagram is a plot
of the dew point and bubble point that spans the full range of mixture compositions. This is
shown in Figure 69. In Figure 69 the upper line is the dew point line and the lower line is the
bubble point line. These lines span all composition mixtures of methane and ethane.

For the Tx diagram shown in Figure 69 the molar concentration selected was 96% methane
and 4% ethane. If you had selected any other concentration of methane ethane (say 50%/50%)
you would have gotten the exact same diagram as shown in Figure 69. That is because a Tx

Copyright® Steven Vitale, 2024 68




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

diagram is a plot of the equilibrium relationships for all mixtures of two pure substances. A Tx
diagram can be made only for binary mixtures. For mixtures of more than 2 components the
composition relationship cannot be shown on an xy plot. For a single pure substance, the dew
point and bubble point would overlay each other as a horizontal line. For a Tx plot, you must
select a particular pressure. In this example we selected 15.5 psia. Note, this pressure is shown
on the right side of the plot’s dew point line.

Since the Tx diagram is valid for all mixtures of the two components, let’s exercise how to use
this diagram for a 95/5 mixture of methane and ethane.

If you have a liguid of 95% methane and 5% ethane (molar), you draw a vertical line
starting at the bottom of the chart until it hits the bubble point line. Then draw a horizontal line
until it hits the dew point line. Where the horizontal line meets the dew point line depicts the
concentration of the vapor produced. This is shown in Figure 70. In Figure 70 a vertical line
down to the X axis shows that the vapor is 99.99% methane. You can read the vapor
composition on either the top or bottom X axis but it is shown as being read on the bottom line
only for ease of reading the value. However, it is the reading of the methane concentration of

the vapor.

If you have a vapor of 95% methane and 5% ethane, you draw a vertical line starting at the
top of the chart until it hits the dew point line. Then draw a horizontal line until it hits the
bubble point line. Where the horizontal line meets the bubble point line depicts the
concentration of the condensed liquid produced. This is shown in Figure 71. In Figure 71 a
vertical line down to the X axis shows that the liquid is 10.4% methane. You can read the liquid
composition on either the top or bottom X axis but it is shown as being read on the bottom line
only for ease of reading the value. Note, it is the reading of the methane concentration of the
liquid (10.4%0).
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Figure 69: Tx diagram for all methane ethane LNG mixtures. (ANSWER)
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Figure 70: Tx diagram for all methane ethane LNG mixtures. This shows that a 95/5 LNG mixture would produce
boil off in excess of 99.99% methane concentration.
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Figure 71: Tx diagram for all methane ethane LNG mixtures. This shows that a 95/5 mix of vapor would condense
to produce LNG with a methane content of approximately 10.4%.
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For those who want to duplicate the plot shown in Figure 69 the range data for this plot is

shown in Figure 72. Take note that we selected 15.5 psia as the saturation pressure.

dditional walues

dditional values

Additional values

Setup Temperature vs. Composition Plot @
v Pressure [psia) r I o
Frarn ,F Fram |17 Fram Ir From lgi
Ta ,F Ta Ir Ta W Ta ,17
Ster [ Ster 1 Step a0 Step 25

-
Additional walues
|
|
|
|
|
|

— e O
— e O

Flag T

Auiz scaling

a-fwiz Range | o |4 Compogition =

wiuis Range [q20  to [zen F W Cancel
Puoint spacing Options
(" Coarse [w Ciraw zaturation ines Less
f* Medium [~ Draw melting line
" Fing [v Connect saturation states
" Ve fine [ Swap denzity for specific valume
Labels [v Addzand v linez at saturated temp.
[v Include labels [ Skip critical region calculations
W with units

llj_ Unlabeled Lines

Figure 72: Input data for producing the Tx diagram shown in Figure 69

If your screen does not look as large as this, you may not have selected more on the earlier
screen.

The diagram as shown in Figure 69 was made using a molar mixture of methane and ethane
defined in that order. If you had chosen the very same mixture but had input ethane first, the
resulting plot would be as shown in Figure 73. It is the reverse of the chart shown in Figure 69.
Look closely at what is different. Look at the X axis. In figure 69, the X axis is the mole
fraction of methane and in figure 73 the X axis is the mole fraction of ethane. This explains

why the graphs look reversed. However, either graph will render the very same results.
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Although the graphs are nice for a quick visual representation of the relationship between dew
and bubble points and concentrations, it is much more accurate to have REFPROP calculate the
actual values. This is done by selecting “Calculate” and then “Saturation Points at Equilibrium”
for analytical work.

-125.

-150

-175.

-225.

-250

=
2

L L L L L
0.000 0.250 0.500 0.750
Mole Fraction (ethane)

Figure 73: Tx diagram for all ethane methane LNG mixtures.

Take note, this is a reverse image of the graph shown in Figure 69. However, the X axis here is
mole fraction of ethane while the X axis of Figure 69 is mole fraction of methane.

Next on the REFPROP menu select “Plot” and then Ph Diagram. Adjust the parameters until
you get the plot shown in Figure 74.

[l 8: Pressure us. Enthalpy plot: ethane/methane (0.04/0.96) (===

1000

T I T T . =l T
L. 207" g F53136 DM o047 el 071 732 SO R
e ) ossEip B R, QSMEELDTIR

100.

Pressure (psia)

0.000 100. 200, 300 400
Enthalpy (Btu/lbm)

Figure 74: Ph Diagram for 96/4 methane ethane LNG mixture.
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Note, the change of phase does not occur at a constant temperature and constant composition.
Instead, the temperature and composition changes as the LNG converts to vapor. In this figure
the constant temperature line of -180 F has been highlighted. Note, the lines under the dome are
shown by the software as straight lines “only” because the computer has been instructed to
connect the saturated and liquid temperature lines. If the software was instreucted to compute
these lines, they would have been curved lines. (ANSWER)

For those who want to duplicate the plot shown in Figure 74 the data ranges for this plot are
shown in Figure 75.

Setup Pressure vs. Enthalpy Plot @

[v Temperature [F1 [ Density (b [ Entrapy [Btudbr-F) T Suality

Erom 300 Erom |4 From [.pz Erom o
To |7 Te |40 Te |z Te |4
Step |20 Step |1 Step [0z Step [025

[ Show 2-phaze
Additional ¥alues

[ Show 2-phase
Additional walues

[ Show 2-phase
Additional values

Additional ¥alues

Axiz soaling

gz Fange [.4p to {400 Btuiflbm Enthalpy -
yhuis Hange (10 to [1pon peia Pressure - LCancel
Point spacing Options
T Cogr.se [v Draw saturation lines _L—‘ess
o Mechum [~ Draw melting line
" Fing i [v Connect saturation states
" Very fine [ Swap density for zpecific wolume
Labels [v Add s and v lines at saturated temp.

v Inchude labels
v with units
'D_ Unlabeled Lines

[ Skip critical region calculations

Figure 75: Data ranges used to plot the Ph diagram in Figure 74.

If your screen does not look as large as this, you may not have selected more on the earlier
screen. For the production of the diagram of Figure 74, either the “more” or the “less” of the
above display can be used.
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As stated in Figure 74 the lines within the dome are shown as straight lines only because the
software has been instructed to connect the temperature points between the saturated liquid and
saturated vapor lines and does so with straight lines. They are not in fact, straight lines! If you
want to view the actual contour of these lines you will need to check the box that reads “show 2
phases” as checked and highlighted by a circle in Figure 76. In Figure 76, to avoid graph clutter
only the temperature lines were plotted as shown in Figure 77.

e e v et P &)

[v Temperature [°F)

v Show 2-phase
iz zoaling
e

I Density [lbrfE)

[ Show 2-phase

I Entropy [Btudbm-"R) [ Quality

[ Show 2-phaze

ange 40 to [400

iz Ranae (10 to [{oon psia

Btuslbm

Erom |.200 Erom 4 Erom |2 Erom |q
To |7 To |40 To |2 To 4
=2 Step |1 Step 0.2 Step o.25

Erthalpy -
Pressure - LCancel

Paint spacing Options

" Coarse [v Draw saturation lines M
f+ Medium [~ Draw melting line

" Fing [~ Connect zaturation states

" Ve fine [ Swap density for specific volume

Labels | Add s and v lines at zaturated ternp.

v Include labels [ Skip critical region calculations

[v with units

,El_ Unlabeled Lines

Figure 76: Data ranges used to plot the Ph diagram in Figure 77. Note, that the “Show 2 phase” box has been
selected.
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& &: Pressure vs. Enthalpy plot: methane/ethane (91.021/8.979) (===
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Figure 77: Ph diagram resulting from data input of Figure 76.

Note, temperature lines within the dome for a mixture are curved. This is the actual computed
values of temperature/pressure vs. enthalpy.

1.5 Problem # 2.3 — Recondenser Operation Analyzed via Ph Diagram

e You have -254 F and 100 psia LNG entering a condenser operating at 65 psia (JT valve
at the inlet).

e You have -130 F vapor entering the same vessel

e How much vapor can you condense if your LNG flow rate into the condenser is 100,000
Ibm/hr. and the LNG leaving the condenser is -227 F.

e Use the 1962 Published Ph Diagram to solve this problem. Later we will duplicate this
work using the REFPROP software.

e Take note, the term “condenser” and “recondenser” are used interchangeably.

e Use methane for this analysis. Assume SSSF conditions for this analysis.

1.6 Solution # 2.3

What do the pictures in Figure 78 have in common? Some people think they are both magic!
(ANSWER). We can not explain the image on the left, but the operation of the recondenser on
the right can be clearly explained by thermodynamic analysis.
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Figure 78: Some people do not understand how a recondenser works.

It is not magic. Superheated vapor goes in and subcooled liquid goes in. Then slightly
subcooled LNG leaves the recondenser.

As shown in Figure 79 the in-tank pump produces subcooled LNG. This subcooled LNG is
sprayed in intimate contact with superheated vapor which is condensed. The subcooled LNG
becomes less subcooled as it cools down and then condenses the originally superheated vapor.
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Figure 79: Some people do not understand how a recondenser works.

It is not magic. Superheated vapor goes in and subcooled liquid goes in. Then slightly
subcooled LNG leaves the recondenser.

A good way to understand the operation of a recondenser is to picture a room filled with
superheated or saturated steam at or above 212 F. If 50 F water (subcooled) were to be sprayed
into that steam, the steam would condense and collect on the floor of the room. The water
would heat somewhat (perhaps raise in temperature to 70 F) and become less subcooled. The
total mass leaving the room would be the sum of the water sprayed and the water condensed.
This is shown in Figure 80.

In order for a recondenser to work, the LNG injected into the recondenser needs to be
subcooled. If in Figure 81 the water sprayed is at the saturation temperature, then NO
condensing would be taking place.
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Figure 80: Cold water sprayed on steam condenses the steam.

Figure 81: If the water sprayed is not subcooled, then NO condensation would take place.

Figure 82 is a review of the parameters of the pressure enthalpy diagram. Figure 83 shows how
the outlet of the in-tank pump provides subcooled LNG which is used to condense boil off
vapor in the recondenser.
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Figure 83: Pressure enthalpy diagram showing the output of the in-tank pump is subcooled LNG which is used to

condense boil off vapor in the recondenser.
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This drawing shows the maximum amount of recondensing. In actual condensers, the LNG
leaving is subcooled.

Figure 84 is a close up view of the pressure enthalpy diagram showing the inlet to the in-tank
pump (point 23), the outlet of the 1% stage pump (point 25), the inlet of the LNG to the
Recondenser (point 26 — having the same enthalpy as point 25), the outlet of the recondenser
(point 27), and the inlet of the 2" stage pump (point 28 which is a mixture of the outlet of the
recondenser and the recondenser by-pass).
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Figure 84: Ph diagram showmg I|qU|d flows into and out of the recondenser.

Per the mass-energy balance the LNG flow into the recondenser is 100,000 Ib/hr (assume
recondenser inlet LNG to be -254 F and 100 psia and outlet to be -227 F and 65 psia). How
much heat was absorbed in an hour going from point 26 to 27? Point 26 is read on the chart to
be at an enthalpy of -1912 Btu/lbm (identical enthalpy as point 25) and point 27 is read on the
chart to be at an enthalpy of -1889.5. 100,000 Ibm/hr x (1912-1889.5) Btu/lbm = 2,250,000
Btu/hr which can be used to condense vapor. How much vapor (@-130 F) can that heat
removal condense?
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Let’s again look at the Ph diagram. Look at point 22 which shows vapor into the recondenser
(See Figure 85).
T=-130 F and P= 65 psia. The enthalpy is = -1636 Btu/lbm.
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Figure 85: Ph Diagram showing vapor flow into the recondenser.

Per the Ph diagram, each lIbm of vapor is condensed to point 27 conditions (65 psia and -227 F)
would require (1889.5 Btu/lbm -1636 Btu/lbm) = 253.5 Btu/lbm.

e We have available 2,250,000 Btu/hr for condensing vapor.

e Thus, we can condense 8,876 Ibm/hr of vapor per hour ((2,250,000 Btu/hr)/253.5

Btu/lbm) (ANSWER)
e This means 108,876 Ibm/hr of LNG (slightly subcooled) leaves the condenser.
(ANSWER)

1.7 Problem # 2.3.1 — Recondenser Operation Analyzed via REFPROP (Same problem as
2.3 but now we will use REFPROP to solve)

e You have -254 F and 100 psia LNG entering a condenser operating at 65 psia

e You have -130 F vapor entering the same vessel
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e How much Vapor can you condense if your LNG flow rate into the condenser is
100,000 Ibm/hr. and the LNG leaving the condenser is -227 F.

e For this exercise we will continue to use the default REFPROP reference state. If you
have not already reset back to the default reference state do so by selecting “Options”
and then selecting “Reference State” and then selecting “Use Default Reference State”
and then selecting “Ok”.

e Use REFPROP to solve this problem. Earlier we used a Ph diagram to solve this
problem.

e Use methane for the analysis and assume SSSF conditions.

1.8 Solution # 2.3.1

This is the exact same problem as problem # 2.3, however, this time you are asked to use
REFPROP instead of the published Ph diagram to solve the problem. You will note that using
the default reference state will result in very different enthalpy values, but with the same delta
enthalpy values.

Figure 86 shows the recondenser process on the Ph diagram and Figure 87 shows the liquid and
vapor data for flows in and out of the recondenser.
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Figure 86: Ph dlagram showmg liquid flows into and out of the recondenser.
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1: methane: Specified state points

Temperature |Fressure| Density | Enthalpy|  Entropy
("F) (psia) | (lbm/f% [(Biuflom) | (Bluflbm-"F)
1 -254.00 10000 | 26164 | 42550 | 0.017963
2| -2h382 B5.000 | 26140 | 42580 | 0.019174
3| -227.00 B5.000 | 24683 | 27113 0.12351
4 -130.00 k5.000 | 030624 | Z81.52 1.1547
3

Figure 87: REFPROP data showing liquid and vapor flows into and out of the recondenser.

e Delta enthalpy liquid, delta h = 22.858 Btu/lbm (27.113 — 4.2550)

e Heat removed from the injected LNG = 100,000 Ibm/hr x (22.858 Btu/lbm) = 2,285,800
Btu/hr.

e Delta enthalpy vapor to liquid = 254.707 Btu/lbm (281.82 — 27.113)

e Condensed vapor = (2,285,800 Btu/hr)/(254.707Btu/lbm) = 8,974 Ibm/hr. (Answer)

o Note, this answer is approx. 1% different than our graphical result. This is due
to the inaccuracy of chart reading and round off.

e This means 108,974 lbm/hr of LNG (slightly subcooled) leaves the condenser.
(Answer)

e Check the answer by doing a 1% law of thermodynamics energy balance around the
entire recondenser (energy in = energy out for SSSF process). Check: 100,000 Ibm/hr x
4.255 Btu/lbm + 8974 Ibm/hr x 281.82 Btu/lbm = 108,974 Ibm/hr x 27.113 Btu/lbm

e Check: 425,500 Btu/hr + 2,529,053 Btu/hr =2,954,612 Btu/hr.

e 2,954,553 Btu/hr = 2,954,612 Btu/hr. Check! (an error of 0.002% is due to round off)

1.9 Problem # 2.4 — Explaining 2" Stage Pump Fluid Enthalpy Change
e You are examining your 2" stage pump. The pump curve shows that you are putting
in shaft work of 2800 hp for the present flow rate.

e You check the temperature and pressure of the flow and you find the delta enthalpy
to be 7,920,000 Btu/hr. (delta h x flowrate).

e Using your pocket reference book page 779 this comes to 7,920,000 Btu/hr x
0.000393 hp-hr/Btu which is 3113 hp.

e Explain to the director of operations why there is a discrepancy.
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110 Solution # 2.4

What happened to the motor heat?

The motor is 90% efficient. This means only 90% of the electrical input gets converted
shaft work. The remainder of the energy (inefficiency) goes into heating the LNG just
as if you had a heater in the LNG. Thus, the measured temperature increase came from
both shaft work and motor heat.

3,113 hp x 0.90 = 2,801 hp (This matches the pump curve work so this is viable reason
why the numbers do not match). (Answer)

Could another possible reason that the values don’t match? Could it be because the
temperature sensors could be wrong?

Look at REFPROP (75% eff pump) and investigatge how much error is caused by just 1
F error in the temperature reading? (See data shown in Figure 88)

6.6 % error is caused by a temperature reading error of only 1 deg F! That is 13.2285
Btu/lbm vs. 12.4105 Btu/lbm of energy added to the fluid. 6.6% of 3,144 hp is an error
of 208 hp!

Thus another possible reason for the values don’t match is because the temperature
sensors could be slightly wrong. However, the inefficiency is clearly a reason and the
temperature sensor issue was explored just to show the learner how sensitive the
findings are to field data. (Answer)

2: methane: Specified state points

Temperature |Fressure| Density | Enthalpy|  Entropy
["F) (psia) | (lbmfME [ (Btufbm) | (Btudbm-"F)

-255.00 000 | Eh204 | 33145 | 0014247

-250.k7 14000 | Eb51R | 12622 | 00714247

-24b.G7 14000 | Eh.a33g | 15725 | 0028963

-245.87 14000 | 2291 | 1hb543 | 00327498

M| |22 —

Figure 88: REFPROP data showing how an error of 1 F in sensor data (line 3 vs. 4) can change the pump power

calculation by 6.6% (delta h due to 1 F difference in temperature).
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1.11 Problem # 2.5 — Analyzing Heat Gain During LNG Circulation to Offshore then to
the 2"d Stage Pump
A 2" stage pumps can seize if we do not provide LNG with sufficient subcooling.

e Assuming that the feed to the 2" stage pumps comes from the return line from offshore,
at what rate do we need to circulate LNG offshore and back in order to provide various
subcooling temperatures at the inlet to the 2" stage pump?

e Use liquid methane for order of magnitude answers. Assume SSSF conditions.

e Assume booster pump outlet (in-tank pump) is at 90 psia and -255F and the pressure
drop across circulation piping to 2" stage pumps is 15 psig

1.12 Solution # 2.5
e Assume your piping from booster pump to the 2" stage pump is a total of 4 miles of

“on average” 32” diameter pipe with 6” of insulation. That is approx. 21,000 feet of
44” dia, A/lin ft. =Pi (44/12)) of 11.5

pipe with a exterior surface area (32”+12”

sg.ft. per linear foot of pipe.
e Assume a heat leak of 8.5 Btu/sq.ft.-hr (based on exterior pipe area)
e That means that 21,000 feet of 32” pipe adds (21,000 lin ft x 11.5 sq ft/lin ft x 8.5
Btu/hr-ft?) = 2,052,750 Btu/hr.
e The volume of a 32” pipe is 5.585 cu. ft./ lin ft. ((Pi x (16/12))/lin ft)

e From the above data, the table in Figure 89 can be populated.

Flow rate Flow rate Volumetric Flow Fluid Velocity Round Trip Time
GPM Ibm/hr. ft3/hr. ft./hr. hours
500 105,117 4010 718 29.2
1,000 210,234 8021 1436 14.6
1,500 315,351 12031 2154 9.7
2,000 420,468 16042 2872 7.3
2,500 525,585 20052 3590 5.8
3,000 630,702 24062 4308 4.9

Figure 89: Calculation data for various circulation flows, velocities, and hours to make one circulation.

Using the data shown in Figures 89, REFPROP is used as shown in Figure 90 to determine the
temperature of the LNG entering the 2" stage pumps. This data is further shown in Figure 91.
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1: methane: Specified state points

Temperature | Fressure| Density | Enthalpy |  Entropey
("F) (psia)l | (b [ (Btudbm) | (Btudbm-"F)
1 -255.00 90.000 | 26211 | 33731 0.074040
2 -231.89 75000 | 24967 | 22906 0.10491
3 -243.3 75000 | 255893 | 13142 | 0.060340
4 -247.16 Fe.000 | 25797 | 9.8875 | 0.045767
R -249.09 75000 | 25899 | 8.26M 0.038063
Bl -260.26 75000 | 25859 | 7.2837 | 0033418
Zl -261.03 75000 | 26.000 | B.B328 | 0.030304
8

Figure 90: REFPROP data using energy input into the LNG and data from Figure 89 and the final pressure of 75
psia. Example line 3 computes from ((2,052,750 Btu/hr)/210,234 lbm/hr) = 9.76 Btu/lbm. Inlet enthalpy + 9.76
Btu/lbm = (3.3781 + 9.764) Btu/lbm = 13.142 Btu/lbm.

Circulation
Loop Inlet Return
Flow rate Flow rate Heat Added/lbm Temperature Temperature

GPM Ibm/hr Bitu/lbm Deg F Deg F
500 105,117 19.5 -255 -232
1.000 210,234 0.8 -255 -243
1,500 315,351 6.5 -255 =247
2,000 420,468 4.9 -255 -249
2,500 525,585 30 =255 =250
3,000 630,702 3.3 -255 -251

Figure 91: Data showing increase in enthalpy per Ibm, start and return temperature. Based on data from Figure
90. (ANSWER)
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1.13 Problem # 2.6 — Horsepower of 2" Stage Pumps
How much horsepower does a XYZ second stage pump require at design conditions?

1.14 Solution 2.6

Look at the Mass/Energy Balance and read the inlet and outlet state conditions (pressure and

temperature). Use liquid methane for the analysis.
e Then use REFPROP to determine the change in enthalpy.
e Then multiply the delta h by the mass flow rate and get an answer in Btu/hr

e Use the black book pocket reference conversion factor (page 779), or any other

conversion factor reference, to convert this to hp.
e Then adjust for heat gained via motor losses (use motor efficiency).

1: methane: Specified state points

Temperature |Fressure| Density | Enthalpy|  Entropy
('F) (psia) | (lbm/f% [ (Biudbm) | (Budbm-"R)
1 -241.20 B4630 [ 25474 | 14.893 | 0.065340
2| -23050 14154 [ 26589 | 28257 | 0083725
3

Figure 92: REFPROP enthalpy data using pressure and temperature data from a mass energy balance (Line 1 =

pump inlet, Line 2 = pump outlet).

The pump puts 14.364 Btu of energy into each Ibm (See Figure 92 and subtract
pump inlet enthalpy from pump outlet enthalpy) ((29.257 — 14.893) Btu/lbm).

The pumps are moving 1,658,680 Ibm/hr (from mass energy balance), therefore the
pumps are adding 23,825,280 Btu/hr to the flow (1,658,680 Ibm/hr x 14.364
Btu/lbm)

Using the little black book pocket reference (page 779), or an other conversion
factor reference, we multiply 23,825,280 Btu/hr x 0.000393 hp-hr/Btu = 9,363 hp.
The mass energy balance states that 3 pumps are being used to pump this flow.
These 3 pumps require 9,363 hp or 3,121 hp each.

This seems high and compared to the pump curve which shows about 2,800 hp.
Think about why?
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e The fluid appears to have picked up approx. 3,121 hp of energy yet we think the

shaft hp is about 2,800 hp.
e Where did the extra energy come from?

e |If the motor is only 90% efficient, then only 90% of the 3,121 hp gets to the shaft

for pumping and the rest just heats the fluid

e 3,121 x 0.9 = 2,809 shaft horsepower (this matches well the pump curve for this

pump (2800 hp)).

(ANSWER)

1.15 Problem # 2.7 — Compressor Power and Temperature Changes with Gas

Composition Change

How much horsepower is required and what is the temperature outlet if an 80% efficient gas
compressor compresses 5 MMscf/d of pure methane or a mix of 80% methane and 20%
nitrogen from 60 F and 25 psia to 80 psia (like in the first stage of a BOG to pipeline

compressor). Assume STP is 60 F and 14.696 psia. Assume SSSF conditions.

1.16 Solution # 2.7
Mass Flow Rate Analysis

3: methane: Specified state points

Temperature | Pressure| Density | Enthalpy| Entropy
('F) (psia) | (Ibm/ft%) [(Btuflbm)|(Btu/lbm-"R)
60.000 14696 |0.042359| 382.45 1.5781
1: methane/nitrogen: Specified state points (0.8/0.2)

Temperature | Pressure| Density | Enthalpy| Entropy
('F) (psia) | (Ibm/ft) |(Btu/lbm)|(Btu/lbm-"R)

1 60.000 14696 |0.048659| 305.38 1.6465

2

Figure 93: REFPROP data showing standard conditions of pure methane and an 80/20 mix of methane nitrogen.
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For pure methane, the mass flow is [(5,000,000 scf/d)/(24 hr/d) ] x (0.042359
Ibm/cu.ft.) = 8,825 lbm/hr.
For 80% methane with 20% nitrogen, (see Figure 93) the mass flow is (5,000,000
SDF/d)/(24hr/day)] x (0.048659 lbm/cu.ft.) = 10,137 Ibm/hr This is 14.9% more mass
compressed as compared to the pure methane case (interesting).

Analysis of Compression Using 100% Methane

Use REFPROP and use the inlet conditions of 60 F and 25 psia and an outlet pressure of
80 psia to determine the power required per lom.
First we will analyse an isentropic compression. Take note that the entropy was held
constant and thus, for the outlet conditions we defined the same entropy as the inlet

along with the outlet pressure of 80 psia (See the REFPROP results in Figure 94)

This isentropic compression would have required 85.49 Btu/lbm (delta enthalpy) and
the outlet temperature would be 216 F

3: methane: Specified state points

Temperature |Fressure| Density | Enthalpy| Entropy
(°F) (psia) | (bmMS [(Btufllbm) | (Biufbm-"F)
1 60.000 14696 | 0.042359| 382.45 1.6781
Z
3 E0.000 25000 |0072158| 38213 15115
4 215.71 g0.000 | 017771 | 4b7.6E 1.5115

Figure 94: REFPROP data showing constant entropy compression of pure methane from 25 psia to 80 psia
(enthalpy increase is 467.62-382.13 = 85.49 Btu/lbm).

Assuming an 80% efficiency of the compressor tells us that the real enthalpy increase
should be ((85.49 Btu/lbm)/0.8) which is 106.86 Btu/lbm.
Thus, the outlet properties should be a pressure of 80 psia and an enthalpy of 488.99
(382.13 + 106.86)Btu/lbm.
Plug this into REFPROP (See Figure 95) and it shows that the real work in is 106.86
Btu/lbm and the real temperature is 252 F.
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3: methane: Specified state points

Temperature Fressure| Density | Enthalpy|  Entropy
(°F) (psia) | (lbm/f% [(Btuflbm) | (Btufbm-"F)
1 B0.000 14696 | 0.042359 | 382.45 1.5781
2
3 B0.000 2h.000 | 0072158 | 38213 1.5114
4 215.71 80000 | 07771 | 46762 15119
5
B 251,52 80000 | 016862 | 488.99 1.5427
7

Figure 95: REFPROP data showing real world compression of pure methane from 25 psia to 80 psia (enthalpy
increase is = 106.86 Btu/lbm).

e The outlet temperature has already been found to be 252 F. (ANSWER)
e Work required is mass flow rate x energy added to each Ibm.

o Work in = 8,825 Ibm/hr x 106.86 Btu/lom = 943,040 Btu/hr

o Look up the conversion on page 779 of black book pocket reference.

o Horsepower required is 370 hp. (ANSWER)

Analysis of Compression _Using an 80/20 mix of methane and nitrogen

Now let’s do the same exercise using a mixture of 80% methane and 20% nitrogen. In
REFPROP select “Substance” and then “Define New Mixture”. Then select an 80/20 molar
mixture of methane and nitrogen.

Caution, if you do not select a molar mixture, your answers will be different than that shown in
the following:
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1: methane/nitrogen: Specified state points (0.8/0.2)

Temperature [Fressure| Density | Enthalpy|  Entropy
("F) (psia) | (lbm/f% | (Btufbm)|(Biulbm-"F)
1 B0.000 14696 | 0.048659( 305.38 1.6465
2
3 G0.000 25.000 | 0.082867 | 30515 1.5389
4 223.08 80.000 | 0.20175 | 380.00 1.5389
5
B 260495 80.000 | 019101 | 349871 1.615R
7

Figure 96: REFPROP data showing constant entropy compression of an 80/20 mix of methane and nitrogen from
25 psia to 80 psia (enthalpy increase is 380 - 305.15 = 74.85 Btu/lbm). Then in line 6 the real-world compression

is shown by increasing the enthalpy by 93.56 Btu/lbm ((74.85 Btu/Ibm)/0.8).

See Figure 96. If you did not get the same numbers make sure you are specifying a
“molar” mixture.
From Figure 96 it can be seen that the isentropic compression requires 74.85 Btu/lbm
(380 - 305.15)Btu/lbm.
Assuming an 80% efficiency tells us that the real enthalpy increase should be
(74.85/0.8)Btu/lbm which is 93.56 Btu/lbm.
Thus our outlet properties should be a pressure of 80 psia and an enthalpy of 398.71
(305.15 + 93.56) Btu/lbm.
Plug this into REFPROP (See Figure 96) and it shows the real work in is 93.56 Btu/lbm
and the real temperature out is 261 F.

(ANSWER)

Comparing the compression of pure methane to a 80/20 mixture methane nitrogen shows:

Energy per Ibm is less for the mixture (93.56 vs. 106.86)Btu/lbm. This is a 12.4%
decrease in in power required for each Ibm of the 80/20 mix as compared to pure
methane.

However to move the same volume the compressor needs to move more Ibms because
the 80/20 mixture of gas is denser at the inlet than the 100% methane case! Thus, to
move the same volume of the 80/20 mixture (in scf/hr) it is necessary to move 14.9%

Copyright® Steven Vitale, 2024

91




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

more mass (look at the density difference between the inlet of pure methane and that of
the 80/20 mixture).
e Outlet temperature of the 80/20 mixture has already been found to be 261 F.
e Work required for the 80/20 mixture is mass flow rate x energy added to each lbm.
o 10,137 Ibm/hr x 93.56 Btu/lbm = 948,418 Btu/hr.
o Look up the conversion on page 779 of black book pocket reference.

o Horsepower required is 373 hp (this is reasonable). (ANSWER)
Summary
e Thus, the power to compress the same volume of boil off would be almost the same:
o Methane  hprequired is 370 (ANSWER)
o 80/20 mix hp required is 373 (ANSWER)

e The temperature of the of the compressed gas would be higher for the 80/20
mixture as compared to the pure methane mixture.
o Methane 252 F (ANSWER)
o 80/20 Mixture 261 F (ANSWER)
e Note both fluids are compressed at the same volume flow rate of 5 MMscf/d but the
mass flow rates are significantly different.
o Methane 8,825 Ibm/hr
o 80/20 Mixture 10,137 Ibm/hr

1.17 Problem # 2.8 — Heat Delivered to Water Bath Vaporizers (Similar to Problem # 1.5)
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Figure 97: Submerged combustion vaporizer
Source: Self made

How much heat must be delivered to the 90% efficient vaporizers. This is similar to problem
1.5 but with actual plant parameters. Use liquid methane for the analysis.

1.18 Solution # 2.8

Via mass energy balance, the vaporizer is designed to take 1,618,240 Ibm/hr. at -230.4
F and 1417.08 psia and heat it to 39.7 F at an outlet pressure of 1268.39 psia.
REFPROP is used to determine the increase in enthalpy of the LNG (technically it is

not a liquid but methane fluid — see earlier discussion on fluids over the critical
pressure). (See Figure 98)
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4: methane: Specified state points

Temperature | Pressure| Density | Enthalpy| Entropy
("F) (psia) | (Ibmfft) | (Btuflbm) | (Btuflbm-"F)
1 -230.40 14171 | 25565h | 29347 | 0.090063
2 39.700 12684 | 46418 | 326.499 0.93574
3

Figure 98: REFPROP data showing heating of pure methane LNG from vaporizer inlet conditions to vaporizer
outlet conditions.

e Heat delivered per Ibm is 297.6 Btu/lbm (326.99 — 29.347) Btu/lbm

e Why is this lower than the amount we normally calculate when comparing saturated
liquid methane at 1 atm to ambient temperature? It is because we normally calculate it
from a colder starting temperature (-260 F) and a lower pressure (1 atmosphere).

e The total heat into the LNG for these vaporizers (above case shown in Figure 98) is
1,618,240 Ibm/hr. x 297.6 Btu/lbm = 481,657,808 Btu/hr. into the LNG.

e If these vaporizers are 90% efficient, then the burners need to deliver ((481,657,808
Btu/lbm) /0.9) = 535,175,342 Btu/hr. into the vaporizer (ANSWER).

2. Detailed Use of REFPROP to Better Understand Rollover (Fill and Nitrogen
Induced)
2.1 Fill Induced Rollover
e A mixture of dense LNG (97% methane and 3% ethane molar mixture (see Figure
100)) is placed under a layer of light LNG (100% methane (see Figure 99)).
o Both fluids are at saturation temperature of methane at 15.5 psia (-257.5 F)
o Stratification occurs
o The bottom layer, unable to cool, gets less and less dense as it heats up.
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2: methane: Saturation points (at equilibrium)

Ligquid | %
Temperature [Fressure| Density | De

(') (psia) | (lbm/fe) | (b
1| -257.60 | 16500 | 26.307 |01

Figure 99: REFPROP data showing pure methane LNG saturated density as 26.307 lbm/ft3.

6: methane/ethane: Specified state points (0.97/0.03)

Temperature | Fressure| Density | Enthalpy|  Entropy
("F) (psia) | (b | (Btuflbm) | (Buflbm-"R)

-257 50 24,630 ¢h.abg | 044395 | 0.00185496
-256.00 24,630 2h.736 24833 0.011885
-252.00 24,530 2h.hg4 4.9381 0.023792
-250.00 24,630 2h.481 b.6795 0.031658
-247.00 24,630 2h. 326 9.0490 0.043353
-246.60 24,630 2h.306 8.3790 0.0444903
Figure 100: REFPROP data showing density of a 97/3 molar mix of methane ethane at various temperatures as it

heats up under a head pressure of liquid. The pressure of 26.306 psia was selected as being due to 50° of the
upper top layer of pure methane LNG + tank vapor pressure of 15.5 psia.

O | L | D | —

This had been shown earlier in this book using saturated temperatures of the LNG (see Figure
61). Take note that in this example (Figure 100) we are using “Specified State Points” using a
97/3 molar mixture and in the earlier analysis a 95/5 mass mixture was used for analysis. As
can been seen the 97/3 molar and the 95/5 mass mixtures gives nearly the same result since
these are close to the same composition. Also, the use of saturated temperatures or specified
state points will result in the same findings. This is because the density is a strong function of
temperature and a weak function of pressure. The end result of Figure 62 is the same as shown
in Figure 101. Rollover results after stratification.
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Figure 101: REFPROP data used to depict rollover.

Let’s discuss the phenomenon of rollover in a little more detail and use REFPROP to better
understand it. In a well-mixed tank of LNG, the temperature and density across the entire tank
is nearly uniform. That is because the tank is continuously mixing as shown in Figure 102.
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Flgure 102. A weII—mixed LNG tank.

If a heavy layer (denser layer) of LNG is placed under the light LNG, stratification may occur.
This is shown in Figure 103.
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Figure 103: A stratified LNG tank caused by injecting denser LNG under light LNG. The very same type of
stratification may occur if light LNG is placed over a denser layer of LNG. This is shown in Figure 104.
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Figure 104: A stratified LNG tank caused by injecting less dense LNG on top of dense LNG.
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Regardless of how the stratification was caused, via the mechanism of Figure 103 or Figure
104, the lower layer of the stratified LNG will warm up and become less dense as shown in
Figure 105.

In addition, in real world conditions, the upper layer would typically be a mixture of
hydrocarbons which becomes heavier over time. This is called “weathering”, whereby light
hydrocarbons preferentially outgas from the LNG causing the LNG to become denser.

The increase in density of the top layer, and the decrease in density of the bottom layer,
eventually causes an unstable condition in the tank resulting in rapid mixing of the 2 LNG
layers.

The density changing of both layers is shown in Figure 105.
It should also be noted, that stratification layering is not limited to only 2 layers. Stratification
can occur with many layers in an LNG tank.
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Figure 105: A stratified LNG tank is shown with the top layer becoming denser as the bottom layer becomes less
dense.

Once the density of the bottom layer is near that of the top layer, mixing occurs. It is uncertain
if the mixing occurs as a layer flip flop mixing as shown in Figure 106 or as a sudden random
mixing or as a return to symmetrical mixing as shown in Figure 101 and then Figure 102.
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Figure 106: A rollover occurring depicted as a flip flop of the bottom and top layers. It is uncertain if the rollover
occurs as a flip flop, or as a random mixing or as a return to the symmetrical mixing shown in Figure 102.

Another phenomenon that may occur is that of the rising LNG beginning to boil before it
reaches the surface. This might occur in the event of a flip flop rollover. In this case it is likely
at the rollover will be accelerated as the bulk density of the rising fluid causes a rapid
convective current upward through the upper layer. This is shown in Figure 107.
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Figure 107: A stratified bubbling rising lower layer may accelerate the rollover as the bulk density of the rising
fluid would be greatly reduced with its conversion to vapor.

Copyright® Steven Vitale, 2024 99




Liquefied Natural Gas (LNG) - Thermodynamics and Liquefication Systems Part 2- P09-003

Another phenomenon that can occur is that the lower layer starts to boil even before the density
of the lower liquid becomes lighter than the upper layer. This can happen as the lower layer
reaches it bubble point. This phenomenon can cause the “bulk fluid” of the lower layer to
penetrate the upper layer even before the liquid portion of the lower layer becomes lighter than
the upper layer. This is shown in Figure 108.
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Figure 108: A boiling lower layer can cause the breakdown of stratification even before the lower layer can fully
warm to achieve a density less than the upper layer.

Let’s use REFPROP to depict the motion of fluid in a well-mixed tank. Assume for modeling
purposes that the LNG rising up the side of the tank increases in temperature by 1 F. Using
REFPROP we can show how the density changes create convection currents of a well-mixed
tank. This is shown in Figure 109. Take note that, as modeled, after the LNG preferentially
boils off methane, the density of the remaining LNG (27.178 Ibm/ft®) is greater than the bulk
density of (27.161 to 27.165 Ibm/ft%). As you will see in the next section, this is the opposite of
what happens when there is a significant concentration of nitrogen in the LNG.
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95/5 Evaporation| iy
-255.36 Cooling -
27.112 7
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-255.36
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-255.36
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Figure 109: A well-mixed tank modeled by using data from REFPROP to show the temperature and density of the
moving fluids. In each of the data boxes the top number is the composition of the mixture, the center number is the
temperature of the mixture and the bottom number is the density of the mixture. All density data is from
REFPROP.

2.2 Nitrogen Induced Rollover

Another phenomenon that can occur is that of a nitrogen induced rollover. Well mixed LNG
containing 1 % or more of nitrogen has been known to self-stratify. This self-stratification is
due to the preferential boil off of nitrogen from the LNG. In the case of nitrogen preferential
boil off, the LNG becomes lighter instead of heavier when the boil off occurs at the surface of
the LNG. This happens for 2 reasons. The first reason is that nitrogen is typically heavier in
density than the LNG mixture. Thus, the outgassing of nitrogen would typically lower the
density of LNG just because of the density of N2 (MW =28). The 2" reason is that as nitrogen
boils off of the LNG the saturation temperature increases. The higher temperature causes the
LNG to expand thereby becoming less dense.

A crude attempt was made at modeling this using REFPRPOP as shown in Figure 110. This
modeling is by no means an accurate model of the real-world case, but it does show the
concept. As can be seen the density of the LNG after evaporating results in a density (27.581
lom/ft®) which is lighter than the bulk density (27.626 to 27.630 Ibm/ft3). Thus, the LNG
remaining after the preferential boil off of nitrogen is lighter instead of heavier than the bulk
tank density. This is the opposite result that occurred in Figure 109.
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Figure 110: A modeling of the initiation of nitrogen induced stratification.

Once the self-stratification starts, as can be seen in the modeling shown in Figure 111, the
upper stratified layer becomes more well defined and stronger layered once the flow
recirculates within its own layer. As modeled in Figure 111, this is because the upper layer

becomes even more devoid of nitrogen as it recirculates within its own cell. This reinforces the
stratification.
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Figure 111: A modeling of the nitrogen induced stratification as the upper layer recirculates within itself.

Once the upper layer is fully formed, the lower layer can no longer be cooled by the surface
evaporation and the lower layer begins to circulate within itself and heats up. This heating up
can result in one of two rollover initiators. These are 1) the lower layer can become less dense
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and cause the layers to mix due to density changes (this is shown in Figure 112 after the lower
layer has warmed up) or 2) the lower layer can reach its saturation temperature (its bubble
point) and begin to boil causing the layers to mix. In either case, this nitrogen induced rollover
can occur. If after the rollover occurs there is still sufficient nitrogen in the LNG to cause self-
stratification again, a second and third or more stratifications and subsequent rollovers may
occur.

Evaporation| |94.5/5/0.5
Cooling -259.35

7 l{ 27.39730

15.5 psia

20.5 psia

25.5 psia

Figure 112: A stratified tank after a prolonged period of stratification has a warmed up lower layer. As shown
exaggerated in this figure, the lower layer can become less dense than the upper layer resulting in a rollover.

A review of a nitrogen induced rollover is as follows:

e A well-mixed tank of LNG with a relatively high nitrogen content.

e Nitrogen is preferentially off-gassed at the surface of the liquid.

e The loss of nitrogen at the liquid surface increases the LNG saturation temperature. This
and the fact that nitrogen is typically heavier than LNG results in a reduction of density
of the top most layer of the LNG.

e The reduction of density at the surface of the LNG causes the tank’s natural continuous
mixing of LNG to stop and stratification occurs.

e This nitrogen induced stratification then causes a subsequent rollover.

e This typically becomes a more significant concern when the N2 concentration is 1% or
higher

In Figure 113 a conceptual plot of the density of a tank of 89/10/1 methane ethane nitrogen
LNG mix is compared to a density plot of a tank of 90/10 methane ethane LNG mix. This
modeling was created using REFPROP and is based on some assumptions thought to be
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reasonable. In this conceptual analysis both tanks are considered to be fully mixed by forced
convection. Although this is conceptual in nature, it mimics the difference in density behavior
reported in published rollover literature. The LNG with the nitrogen in it initially becomes less
dense over time as the nitrogen is depleted. Then after much of the nitrogen is depleted, the
LNG becomes denser over time. The LNG without the nitrogen content becomes denser over
time and continues to become denser over time.

In making Figure 113 because in the 90/10 mix there is not a significant change in the
composition of the LNG and its boil off, iteration was not considered necessary. Thus, for this
analysis the total mass of the initial LNG was considered as if it was a fixed mass with a
growing control volume as the liquid was converted to gas. The entire mix was analyzed as a
fixed mass system with the total enthalpy being increased by 2 Btu/lom per time increment.
This is shown in Figure 116.

In making Figure 113 because for the 89/10/1 mix there is a significant change in the
composition of the LNG and its boil off. Thus, iteration was considered necessary. For this
analysis the boil off gas was removed after each increase in enthalpy and the new composition
and properties of the remaining liquid were used for the next analysis in an iterative fashion.
This is shown in Figures 114 and 115.

Aging of 89/10/1 LNG vs. 90/10 LNG

28.6
m
£ 284 | —_ . .
= / ——Aging no nitrogen
o 282 / constant mass
£ 28 = model
= A .
g 27.8 Aging using BOG
a 27.6 removal iterations

1 3 5 7 9 11131517 1921 23
Time Increments

Figure 113: A density plot over time of a continuously mixed tank of 89/10/1 methane, ethane, nitrogen mix as
compared to a density plot over time of a tank of 90/10 methane ethane LNG mix.

For those who may want to duplicate this analysis, a small number of the REFPROP iterations
are shown in Figures 114 and 115 for the LNG containing nitrogen. In each iteration the LNG
in the in the tank was changed to correspond to the change in composition in the fluid from the
earlier iteration. In each step, the enthalpy of the remaining liquid was put in place of the total
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enthalpy. Then the enthalpy was increased by 2 Btu/lbm. This in effect mimics the real world
as it accounted for the continuous removal of boil off from the tank.

2

Liguid Phase | Yapor Phase | Liguid Phase | Yapar Phase | Liguid Phase | Vapor Phase| Liquid Phase| Yapor Phase | Liquid Phase | Liquid Phase | Liquid Phase| Vapor Phase | Yapar|
Temperature | Temperature | Pressure | Pressure Density Density Enthalpy | Erthalpy | MoleFrac | MoleFrac. | MoleFrac | MoleFrac | Mole
('F) ('F) (psig) {psia) (Ibarnfit) (lbm/) {Btubarn) {Btufbrm) | (methane) | (gthane) (nitrogen) | (methane) (ethe
1 2R -261.74 15500 15500 284rn2 .74438 -14.386 154.15 39000 0.10000 0.010000 0.74504 | 0.0001
2
Liquid Phase | Yapor Fhase Liguid Phase | Vapor Phase Liquid Phase | Liguid Phase | Liquid Fhase |
Temperature |Pressure| Density | - Density Density | Enthalpy| Enthalpy | Enthalpy  |Mole Frac [Mole Frac | Mole Frac| Mole Frac. | Mole Frac. | Maole Frac.
{'F (psia) | (bm/ff | (bt byt [(Btufbrn)| Btulbm) | (Btwlbm) |(methane)| (sthane) | (hitrogen) | (methane) | (sthans) | (hitrogen)
1| -261.74 | 15500 | 26472 | 28472 | Subcooled | 14386 | 14386 | Subcooled | 083000 | 030000 | 0.010000 | 0.89000 0.10000 0.010000
2| -260.78 | 15400 | 11240 | 284N 074075 | 12386 | 13720 16168 0.33000 | 030000 | 0.010000 | 0.59080 010072 | 0.0084778
3
Liquid Phase | vapaor Phase Liquid Phase | Vapar Phase Liquid Phase | Liquid Phase | Liquid Phase|’
Temperature |Prassure| Density | - Density Density  |Enthalpy| Enthalpy | Enthalpy |Male Frac.|Mole Frac|Mole Frac.| MoleFrac. | MoleFrac | Mole Frac.
{'F) (psia) | (bmfE) | (bmyf) {lbmf)  ((Btuflom)| (Btufbm) | (Btufbm) | (methang) | (ethane) | (hirogen) | (methane) | (ethans) (nitrogen)
1| -260.76 | 15500 | 28405 | 2041 014075 | 13720 | 13720 161.68 (.89060 | 010072 | 0.0084778] 0.69060 010072 | 0.008477%
2| 25892 | 15500 | 10870 | 2635 013740 | -n7e0 | 13128 163.00 0.89060 | 010072 |0.0084778] 069141 010147 | 0007227
Liquict Phase | Yapar Phase Liguid Phase | Yapar Phase Liguid Phase | Liguid Phase | Liquid Phase|"
Temperature |Prassure| Density | Density Density  |Enthalpy| Enthalpy | Erthalpy  |Male Frac | Mole Frac | Mole Frac | Mole Frac. | MoleFrac | Mole Frac.
{'F) (psia) | (be/) [ (lbmyf) {ibr/t® (Bt | (Btufbrm) | (Btulbrm) | (methane) | (sthang) | (itogen) | (methans) | (sthans) | (hitrogen)
1| -25892 | 15500 | 28345 | 2635 013740 | 113125 | 13126 169.00 089141 | 020147 | 00071227 069141 010147 | 00071223
2| -25815 | 15500 | 10709 | 28313 013436 | -11125 | 12603 17599 089141 | 010147 | 00071227  0.69182 010225 | 0.0059299
3

Figure 114: A modeling of the density changes of an 89/10/1 methane ethane nitrogen LNG mix. In each iteration
the liquid enthalpy from the earlier iteration becomes the total enthalpy of the next iteration which is then
increased by 2 Btu/Ibm. Figure 115 shows how the data is transferred to the next iteration table and how the
enthalpy is increased.
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Liquid Phase | Yapor Phase | Liquid Phase | Vapor Phase| Liquid Phase |Vapor Phase | Liguid Phase | Yapor Phase | Liquid Phase | Liquid Phase | Liguid Phase | Yapor Phase | Yapar
Ternperature | Temperature | Pressure | Pressure | Density Density | Enthalpy | Enthalpy | MoleFrac. | MoleFrac. | MoleFrac | MoleFrac. | Mole
F ('F (psia) (psia] (Ibmﬁf]/ww\ (Buftbrn) | (methang) | (ethane) | (hitogen) | (methang] | (ethe
[,
1| -261.74 -261.74 15.500 15500 2@,4?2 / D.Mj}&"'mwﬂ 0.63000 010000 | 0010000 | 074504 | 0.0000
=
Z [ [ /A S
{ / / A7 " \\\
Liguid Phase | Yapor Phake Wapor Phate \\WUW Phaze | Liquic Phase|
Temperature | Pressure| Density | Density Densityd /4 Enthaly Enthafiy | Mole Frac.| Mole Fraciale Fratl, Male Fracs] Mole Frac. | Mole Frac.
(7 (psig) | (bmft | (bmfi) (lorm, (Bhufmi Wihm) | (methane)| (ethane] | (fikagen) Wne) We) (nitragen)
4
1 05174 | 18500 | 8472 | 28472 | Subofoled\] 143887 Aﬁaﬁf Subcooled | 0.89000 | 010000 [ 01000 083007 010000 | 0010000
2| -260.76 | 15500 | 11240 | 28410 MﬂlD?EI 123067 -13,720 16768 | 083000 | 010000 | 0.010000 | 083080 010072 [M0.0084778
3 # ¢Z \ /
/[ 7
Liquid Phase | Vapor Phase fuid Phase | ‘yapor Phase Liguid Fhase| Liquid Fhase | Liguid Phase|
Temperature |Pressure| Density | Density Density | Enthalpyf Enthalpy 4 Enthalpy  (Male Frac.|Mole Frac | Male Frac.| Mole Frac. | MoleFrac | Mole Frac.
('F (psia) | (o) | (lam/f) (bmf) | (Bt ry (BtuW (Btuflorn) | (methane) | (ethang) | (nitrogen) | (methane) | (ethang) | (nitrogen)
1| 26078 | 15500 | 28405 | 28411 014075 | 43770 720 16168 | 089080 | 010072 (00084778 | 083080 010072 | 00084776
2| 25992 | 15300 | 10870 | 28358 013740 | 11720 13128 6300 | D.68080 | 0.0072 UDUB4 = 089141 e 110147 00071227
+2
W Liquid Phase Iuicd Pha m;m// Liguict Phase| Liquid Phase | Liguid Phase|
Temperatha)Pressure| Density nity Blpy || Enthal e Frac.|Mole Frac | Mole Frac. | Male Frac. | Mole Frac | Male Frac.
('R ja) | (bmfe | (lbm {Btuflbrn M (methane) | (ethane) | (nitogen) | (methang) | (ethane] | (hitrogen)
P,
1| 25992 | 15500 28%% - 1318 ] 16900 | DA% | 010147 (00071227 089141 01m47 | 00722
el 25975 | 15500 | 10709 | 28313 Al -12.603/ 17599 | 0A9141 | 010147 (00071227 089182 010225 | 0.0059299
3 | ‘ e
F

igure 115: A modeling of the density changes of an 89/10/1 methane ethane nitrogen LNG mix. In each iteration

the liquid enthalpy from the earlier iteration becomes the total enthalpy of the next iteration which is then
2 Btu/lbm.

increased by
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Liquid Phase | Liguid Fhase| ‘Yapor Phase | Yapor Phase Liguid Phase | Yapor Phase Liquid Phase
Moale Frac. \Male Frac.| Male Frac. | MaleFrac | Molefrac | MaleFrac. | Temperature |Pressure| Density | Density Density | Enthalpy| Enthalpy
(methane) | (ethang) | (methang) | (ethane) | (methang) | (sthane) ('F) (psia) | (brf) | (bt (e | Btuflora) | (Btuflbom)

0.0000 | 010000 | 040000 0.10000 099577 | 0.00022658 | -255.24 | 15500 | 27986 | 27801 1703 | 0.94064 | 083872

0.30000 | 010000 | 0.69300 0.100%3 099577 | 000023096 | -255.21 | 15500 | 64614 | 27897 1761 | 28407 | 083713

0.90000 | 010000 | 0.697%9 0.10201 099977 | 000023339 | 25579 | 15500 | 5271 | 28013 1760 | 45407 | 073270

0.90000 | 010000 | 0.595% 0.10304 099976 | 000023567 | 25517 | 15500 | 37554 | 28030 1750 | 65412 | 062634

0.90000 | 010000 | 0.59590 0.10410 099976 | 000023341 | 25514 | 15500 | 244 | 28047 1757 | 85407 | 051801

0.90000 | 010000 | 045482 0.10818 098576 | 0.00024100 | 26512 | 1BA00 | 23817 | 28.0h4 1785 | 10841 | 040761

0.90000 | 010000 | 088372 0.10628 099576 | 0.00024365 | 28510 | 18500 | 20027 | 28082 1784 | 125840 | 025510

o | |l || s s | —

0.30000 | 010000 | 0.65260 0.10740 033875 | 000024636 | -255.07 | 15500 | 17429 | 28100 1752 | 14541 | 018040

9] 090000 | 010000 | 049145 010855 099975 | 0.00024M3 | -25504 | 15500 | 15369 | 26118 1750 | 16541 | (.063470

10] 0.30000 | 0.10000 | 063028 010972 099975 | 000026196 | 25502 | 15500 | 1304 | 28177 1749 | 18941 | 0055758

11| 0.30000 | 0.10000 | 088309 0.11081 099975 | 000025486 | 25483 | 15500 | 12430 | 2815k 1747 | 0841 | D177

12) 030000 | 0:0000 | 066786 011214 098574 | 000026783 | -2h486 | 15400 | 11346 | 2817% 17 | 2891 | -0andt

13) 090000 | 0.10000 | 058661 011339 099574 | 0.00026067 | -25454 | 15500 | 1.0434 | 28195 1744 | 245841 | 042796

14) 00000 | 0.10000 | 068534 0.11466 033874 | 000026338 | -25451 | 15500 | 096583 | 28215 1742 | 26541 | -055708

15) 0.30000 | 010000 | 065403 011557 099973 | 00006717 | -25483 | 15500 | (.69895 | 26236 1740 | 285941 | -.60689

16) 0.30000 | 0.10000 | 066268 01173 099973 | 000027043 | -25485 | 15500 | 0.064078 | 208257 1738 | 0841 | D534

17) 0.30000 | 010000 | 088133 011867 099973 | 000027378 | -25482 | 15500 | (78965 | 28279 1736 | 32940 | 96082

18] 030000 | 0:0000 | 067993 012007 098572 | 000027721 | -2h479 | 15500 | 07443 | 28301 173 | M| 12

19) 090000 | 0.10000 | 067649 0.12151 099572 | 0.00028074 | -25475 | 15500 | 07039 | 28324 1732 | 36841 | 12448

20) 030000 | 0.10000 | 067703 012297 033872 | 000026435 | -25472 | 15500 | 066774 | 28347 1730 | 38841 | -1.3910

21| 0.30000 | 010000 | 067552 012448 099971 | 000026806 | -254B9 | 15500 | 063505 | 268370 1728 | 40941 | 15406

22| 0.30000 | 010000 | 087398 012602 099971 | 000029186 | 25485 | 15500 | 060540 | 28395 1726 | 42991 | 1693

23| 030000 | 010000 | 087241 012759 099970 | 000029578 | -254B2 | 15500 | 057839 28419 1724 | 4991 | -18500

24) 00000 | 00000 | 067079 012521 098570 | 0.00029979 | -2h45G | 15500 | 0bh36G | 20445 17| 4841 | 200

i

Figure 116: A modeling of the density changes of a 90/10 methane ethane LNG mix. Because there is not a
significant change in the composition of the LNG and its boil off, iteration was deemed not necessary. Instead, the
total enthalpy in each step is just increased by 2 Btu/lbm.

As mentioned earlier, the lower layer of a stratified tank may reach its boiling point before the
density of the lower layer becomes lighter than the upper layer. This is shown in Figure 117.
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Figure 117: A conceptual drawing of how the lower layer may begin to boil even before its density becomes
lighter than the upper layer. This would cause a penetration of the upper layer by lower layer fluid as the bulk
density of the lower layer drops due to vapor bubbles. Take note that as the lower layer rises, it vaporizes even

more because as it rises it experiences a lower pressure.

Figure 118 shows the effect nitrogen has on the saturation temperature. In this figure, a mix of
methane ethane and nitrogen is analyzed using REFPROP and showing how nitrogen in the
mixture impacts the bubble point of the mixture. It is interesting to note how a mixture with
1.5% nitrogen at 22.5 psia has approximately the same bubble point temperature a mixture
without nitrogen at 15.5 psia. This shows how a lower layer can start to boil even though it is
under a pressure caused by a higher layer of LNG.
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Bubble Point at 15.5 psia and 22.5 psia with LNG of 7%
ethane and nitrogen of 0-1.5% with remainder methane

-235
. . 7 . .
240 0 0.25 0.5 0.75 1 1.25 15
Percent Nitrogen
-245

_ \ _155 PSia
-255 \ —22.5Psia
-265

-270

Bubble Point Temperature

Figure 118: Graph showing the effect of nitrogen on bubble point on LNG mixtures at a pressure or 15.5 psia and
22.5 psia.

Figure 119 shows pictorially how a mixture of 93/7 methane ethane at 15.5 psia has
approximately the same bubble point as the lower layer of a 91.5/7/1.5 methane ethane nitrogen
mixture at 22.5 psia. Take note that as the lower layer warms up, even slightly, it can start to
boil even under a head pressure of 7 psig.
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CEvaporation Cooling — Kﬂ-aporation Cooung)
59959559

B ’ Nitrogen Free LNG ‘ Nitrogen Free LNG \ =
93/7-25591F 93/7-283.91F
Q 27.493 Ibm/ft3 ] 27.493 Ibm/ft3 A

Nitrogen Rich LNG
. 91.5/7/1.5 -255.23
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Figure 119: Conceptual picture showing the effect of nitrogen on bubble point on LNG mixtures at a pressure or
15.5 psia and 22.5 psia. In this picture, the lower layer is at its bubble point and if it is slightly heated, it starts to
boil.

Nitrogen Rich LNG
91.5/7/1.5 -255.23 =
27.613 1bm/ft3 ;
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Figure 120 shows conceptually how a boiling lower layer can impact the bulk density of the
lower layer causing it to boil up through the upper layer.
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Figure 120: Conceptual picture showing the effect of nitrogen on bubble point on LNG mixtures at a pressure or

15.5 psia and 22.5 psia.

Take note that once the LNG begins to boil, the bulk density of the fluid with a small humber
of bubbles becomes significantly lower.

Figures 118, 119, and 120 raise a concept that has not been discussed in the literature searched.
That concept is a postulation that as bubbles rise through a column of liquid, they can cause the
liquid above the lower layer to have a lessened bulk density. Conceptually, one could postulate
how this might cause a violent mixing rollover event as shown in Figure 121.
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Figure 121: Conceptual picture showing the effect of nitrogen on bubble point of the lower layer causing bubbling
of lower layer.

Take note that once the LNG begins to boil, the bulk density of the fluid with a small nhumber
of bubbles becomes significantly lower. One could postulate that this could cause a very violent
bubble through the upper layer which is accelerated due to the significantly lowered bulk
density of the LNG column.

Two prominent rollover events found in the literature are:
e LA Spezia 1971 — Vapor generation over-pressurized the tank — VVapor generation was
estimated at 184 to 245 normal boil off (this was a fill induced rollover).
e Parrington 1993 — As best as can be determined from the literature, the vapor generation
was approximated similar in quantity as in LA Spezia (no data on over-pressurization)
(This was a nitrogen induced rollover)

As a result of these events:
e NFPA-59A requires a tank venting capability of 3% of tank inventory in a 24-hour
period (approximately 60 times normal Boil Off)
e New Tanks are typically designed to relieve 100-300 times the normal boil off rate.

It should be noted that in addition to stratification and rollover concerns, nitrogen rich LNG
also poses the following concerns (partial list):
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N2 lowers the saturation temperature of the LNG (what temperature is your LNG tank
rated to legally accept?)
o 93/7 mixture at 15.5 psia sat temp is -255.91 F
o 92/7/1 mixture at 15.5 psia sat temp is -262 F
= The tank may be rated for only -260 F

N2 hinders or even reverses normal LNG aging densification

N2 lessens NPSHA for the same temperature LNG

N2 lowers the bubble point of LNG

N2 increases the density of LNG

N2 decreases the heating value of LNG

N2 may cause end use interchangeability issues

N2 LNG can cause very significant N2 concentrations in boil off. This can be very hard
to manage as the plant switches from use of boil off to vaporized LNG for fuel gas. For
instance, the boil off may contain 20% nitrogen and the vaporized LNG may contain
only 1% nitrogen. If a plant boiler is operating on boil off and then switches to
vaporized fuel gas, the switch may not be well tolerated by the end use equipment. This
is also true if the boil off is sent to a line that feeds local customers.
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Reinforcement Exercises

The following exercises are intended to sharpen your skills in the use of REFPROP for solving
thermodynamic analysis.

1. Problem # 3.1- Analysis of a Positive Displacement Air Compressor
A single stage positive displacement adiabatic air compressor rated at STP compresses 200
scfm air with 75% efficiency. The electric motor is 90% efficient. The air inlet is at sea level
and ranges from 0 F to 60 F. The outlet pressure is 100 psig.

e Motors are available in 20 hp increments. Estimate the minimum size (hp) motor

needed to drive this compressor
e |s the motor load more or less at cold temperature inlet vs. high temperature inlet?
e Assume efficiencies to remain constant across varying conditions.

2. Solution # 3.1
2.1 Analysis at 60 F inlet temperature
e Air density at STP = 0.076341 lbm/ft® (See Figure 122)
e Mass Flow rate at 60 F inlet air temperature = 200 ft¥/min x 0.076341 Ibm/ft® = 15.2682
Ibm/min
e Isentropic compression to 100 psig (delta enthalpy = (223.94 — 124.31) = 99.63 Btu/lbm
(See Figure 122).

1: Air: Specified state points (75.57/1.2691/23.16)

Temperature |Fressure| Density | Enthalpy| Entropy
("F) (psia) | (IbmE) | (Btuflbm) | (Btuflbm-"F)
1 BO.000 14696 [0.076341 | 124.31 1.6314
Z 47062 11470 [ 033175 | 22394 1.6314
3

Figure 122: Properties of air at STP and isentropic compression to 100 psig. Note, that the pressure of 114.696
psia was rounded off by the software to 114.70 due to the number of digits displayed. The number of digits
displayed can be changed by selecting “Options”, then “Preferences” and then changing the numbers in the

lower left-hand corner of the display.
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Ideal work/min = 99.63 Btu/Ibm x 15.2682 Ibm/min = 1521.171 Btu/min

Actual work/min = (1521.171 Btu/min)/0.75 = 2028.22769 Btu/min

Black book pocket reference page 779 1 Btu/min =0.02358 hp

Actual work =2028.22769 Btu/min x 0.02358 hp-min = 47.826 hp

Motor efficiency = 90% (so what... still need 47.826 shaft hp). This data was given in the
problem but not needed for the answer. Do not be fooled by excess data.

Motor size needed = 60 hp. (ANSWER)
At 60 F the compressor draws in 200 scfm.
At 60 F the compressor draws in 200 acfm.
At 60 F the compressor draws in 15.2682 Ibm/min
2.2 Analysis at 0 F inlet temperature
At 0 F the density is 0.086344 lom/ft® (The density increased!) (See Figure 123).
1: Air: Specified state points (75.57/1.2691/23.16)
Temperature | Pressure| Density | Enthalpy|  Entropy
("F) (p=ia) | (lbmf | (Btufdbm) | i(Btulbm-"R)
1 0.00000 146496 | 0086344 10985 16024
2 3hkb.bE 11470 | 0.37406 | 158.07 1.6024
3

Figure 123: Properties of air at 1 atm and 0 F and isentropic compression to 100 psig.

e Mass Flow rate at 0 F inlet temperature = 200 ft¥/min x 0.086344 lom/ft® = 17.2688
Ibm/min (13% increase)

e Isentropic compression to 100 psig (delta enthalpy = (198.07 — 109.88) = 88.19
Btu/lbm (11.5% less!)

e Ideal work/min = 88.19 Btu/lbm x 17.2688 lbm/min = 1522.9355 Btu/min

e Actual work/min = (1522.9355 Btu/min)/0.75 = 2030.581 Btu/min

e Black book pocket reference page 779 1 Btu/min =0.02358 hp

e Actual work =2030.581 Btu/min x 0.02358 hp-min = 47.881 hp

e Motor efficiency = 90% (so what... still need 47.881 shaft hp)

e Motor size needed = 60 hp (ANSWER)
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e With O F inlet air the compressor compresses 13 % more air with almost no
additional power needed. With a 60 F inlet the shaft work was 47.826 hp and
with a 0 F inlet the shaft work needed was 47.881 hp.

(ANSWER)

3. Problem # 3.2 — Analysis of a BOG Compressor with Varied Inlet Pressures

e A single stage positive displacement boils off gas compressor is operating with an
inlet pressure of 7 psig at 60 F and an outlet pressure of 100 psig. The inlet pressure
IS increased to 12 psig.
o What impact might you expect in the motor load in % change in load?
o Assume the BOG is pure methane
o Assume the compressor uses reed valves and the outlet pressure is
maintained at 100 psig. Make a statement regarding if the machine was set
up to deliver pressure based on a compression ratio instead of having a fixed
outlet pressure and a reed valve configuration.

4. Solution # 3.2

e Per Figure 124 the density at 7 psig = 0.062594 Ibm/ft?
e Density at 12 psig = 0.07707 lbm/ft3
e Isentropic work from 7 psig to 100 psig = (511.90 - 382.23) = 129.67 Btu/lbm

2: methane: Specified state points

Temperature | Pressure| Density | Enthalpy| Entropy
°F) (psia) | (bm#® | (Btudbm) | (Builbm-"F)

1 k0000 21,696 | 0062594 | 382.23 1525k
g k0000 26.696 | 0.077070| 38Z2.048 15037
3 284.74 11470 | 0.22943 | 51140 1524k
4 2h8. 42 11470 | 0.23945 | 4492.89 15037
5

Figure 124: Specific state points at 60 F at 7 psig and 12 psig with isentropic compression from each state to 100
psig.

e Isentropic work from 12 psig to 100 psig = (492.89 - 382.08) = 110.81 Btu/lbm (14.5%
decrease)
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5.

Mass flow rate (7 to 100 psig) = density x (volumetric displacement/min) = ((0.062594
lom/ft®) (volumetric displacement/min)) in Ibm/min

Mass flow rate (12 to 100 psig) = density x (volumetric displacement/min) = ((0.07707
lom/ft®) (volumetric displacement/min)) in Ibm/min

Work (7 to 100 psig) = flow rate x work per lbm

Work (7 to 100 psig) = (0.062594 Ibm/ft®) (volumetric displacement/min) in lom/min x
129.67 Btu/lbm = 8.11656 Btu/min x (coefficient of volumetric displacement/min)
Work (12 to 100 psig) = flow rate x work per lbm

Work (12 to 100 psig) = (0.07707 lom/ft®) (volumetric displacement/min) in lom/min x
110.81 Btu/lbom = 8.540 Btu/min (coefficient of volumetric displacement/min)
(increase of 5.2% hp required when the inlet pressure is increased from 7 psig to
12 psig) (Answer)

Look at the temperature change. The higher inlet pressure resulted in a lower outlet
temperature. This is because the compression ratio is less. Then where did the
additional power requirement come from. It was caused because by increasing the inlet
pressure, you are increasing the mass throughput of the compressor.

In the above the term (volumetric displacement/min) was used. In much of the
literature, you will see the term ACFM used. ACFM stands for actual cubic feet per
minute. If this occurred at standard conditions it would be SCFM or standard cubic feet
per minute.

Ponder this. What if this was the first stage of a 4-stage compressor compressing up to
1,400 psig. Each stage would be pumping the increased mass caused by increasing the
inlet pressure. However, the follow-on stages would not get the benefit of the lower
compression ratio and thus would see a greater power requirement and a greater pin
loading.

Note: this compressor used a reed valve and the outlet pressure was maintained at
100 psig. However, if this compressor used a fixed compression ratio to determine
outlet pressure, the outlet pressure and temperature and the power required
would have been significantly higher. It is important to realize that the inlet
density at 60 F is a linear function of the absolute pressure. l.e., if the absolute
pressure is doubled the density is doubled.

Problem # 3.3 — Boiler Feed Water Pump Analysis and Boiler Heat Input Analysis

A 300 hp (shaft power delivered) adiabatic boiler feed water pump that is 80% efficient pumps
water from 20 psia and 150 F to 600 psia.
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How many GPM are pumped?

What is the temperature of the outlet water?

How much heat per hour must be added to the outlet water to bring it to a temperature
600 F and 550 psia?

Solution # 3.3

Isentropic pump of water from 20 psia (150 F) to 600 psia

Calculate the isentropic work required (119.86 — 118.11) Btu/lbm = 1.75 Btu/lbm
Calculate the actual work required 1.75/0.8 = 2.1875 Btu/lbm

Figure 125 shows the properties for an isentropic and real-world pump

3: water: S5pecified state points

Temperature |Fressure| Density | Enthalpy|  Entropy
"F) (psia) | (b | (Btufllm) | (Biudbm-"F)
1 150.00 20000 | w1189 [ 11811 02152
Z 150.33 BOO.OD | B1.299 | 11986 021522
3 15077 BO0.OD | B1.291 | 12030 0.21593
4

Figure 125: Specific state points from 20 psia to 600 psia isentropic and real-world pump.

Find new properties at actual outlet conditions (Line 3)

Hp (shaft) = energy input per Ibm x flow rate (Ibm/hr.) x conversion factor

300 hp =2.1875 Btu/lbm x flow rate x 0.02358 hp-min/Btu (reference book page p779)
Flow rate = 300 hp / (2.1875 Btu/lbm x 0.02358 hp-min/Btu)

Flow rate = 5,816.07 Ibm/min

(5,816.07 Ibm/min) / (61.196 Ibm/ft3) = 95.04 ft3/min

1 ft® = 7.48052 gallon

95.04 ft3/min = 710.949 gpm (ANSWER)
Per Figure 125 the Temperature at the pump outlet is 150.77 F (ANSWER)
Delta enthalpy from the outlet of the feed water pump to the final state in the boiler will
determine how much heat is added.

Note, that the boiler pressure is lower than the pump outlet pressure (constant h valve at
the boiler inlet).

Assume piping is perfectly insulated
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e Hourly flow rate is 5,816.07 Ibm/min x 60 min/hr. = 348,964 Ibm/hr.
e Per Figure 3.5, delta h = (1295.2 — 120.3) Btu/lbm = 1174.9 Btu/lbm

e Total heat in = 348,964 Ibm/hr. x 11749 Btu/lbm = 409,997,803.6 Btu/hr.
(ANSWER)

3: water: Specified state points

Temperature |Fressure| Density | Enthalpy|  Entropy
"F) (psia) | (bm/f [(Btudbm) [ (Btulbm-"F)

150.00 20000 | B1196 | 11811 0.21522
150.33 BOOOD | B1.249 [ 119.46 0.271522
150.77 BOO.OD | B1.291 [ 12030 0.21543
kO0.00 BR0.00 | 0.95891 [ 12952 1.5464
5 ]

Figure 126: Specific state points showing the heat required to raise the temperature and phase of the boiler water
feed to 600 F and 550 psia.

Lo || P2 —

7. Problem # 3.4 — Recondenser Analysis at Varied Outlet Temperature

e An adiabatic recondenser is fed 10,000 scf of methane vapor at -140 F and 65 psig.

o How much liquid at -245 F and 65 psig must be fed into the recondenser to hold
the liquid level fixed and the outlet temperature at -230 F.

o If the recondenser outlet is allowed to raise in temperature to -225 F, how much
liquid at -245 F and 65 psig must be fed into the recondenser to maintain the
level fixed?

o Use methane for all your calculations. Use SSSF conditions.

8. Solution # 3.4

e Mass of vapor into recondenser = 10,000 scf x 0.042359 Ibm/ft> = 423.59 Ibm of vapor
e Heat removed from the vapor (-140 F to -230 F) = (275.44 — 24.558) Btu/lbm x 423.59
Ibm = 250.882 x 423.59 = 106,271.106 Btu. (See Figure 127)
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e Heat

4: methane: Specified state points

Temperature | Pressure| Density | Enthalpy|  Entropy
("F (psia) | (lbmME | (Btulbm) | (Btuflbm-"R)

k0.000 146496 | 0.042359 | 38245 1.5781
-140.00 /9.b46 | 039270 | 275.44 1.1109
-245.00 79696 | 266E5 | 11.731 0.054235
-230.00 /9646 | 24863 | 24558 0.111598
-225.00 /9646 | 24576 | 28904 0.13072

|| I || 0| —

Figure 127: Specific state points showing various recondenser parameters.

added to LNG (-245 F to -230 F) = (24.558 — 11.731) Btw/Ibm x “X” lbm =

106,271.106 Btu
e X =106,271.106 Btu/12.827 Btu/Ibm

e X =8,284.954 Ibm of LNG (equivalent to 195,589 scf) (Approx. 19.6 units of liquid
to 1 unit of vapor). (Answer)

e Now change the outlet temperature from -230 F to -225 F.

o

Heat removed from the vapor (-140 F to -225 F) = (275.44 — 28.909) Btu/lbm x
423.59 Ibm = 246.531 x 423.59 = 104,428.07 Btu

Heat added to LNG (-245 F to -225 F) = (28.909 — 11.731) Btw/Ibm x “X” lbm =
104,428.07 Btu

X =104,428.07 Btu/17.178 Btu/lbm

X =6,079.18 Ibm of LNG (equivalent to 143,516 scf) (Approx. 14.4 units of
liquid to 1 unit of vapor) (Answer) (Note, units can be either scf or Ibm)
2,205.774 Ibm less liquid (Approx. 27% less) is needed to condense the vapor at
an outlet temperature of -225 F as compared to -230 F.

Take note, in this problem units were not given as a rate. That is the flow input
was not stated in scf/m of lbm/hr. etc. There was no need to do this as we
worked with a fixed mass of vapor and then computed the fixed mass of liquid
needed to condense the vapor. The very same problem could have been set up as
a rate problem.
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9. Problem # 3.5 — Flash Outlet Compositions with Varied LNG Composition
e An LNG with a composition of 1% nitrogen, 90% methane and 9% ethane at a
temperature of -250 F and a pressure of 65 psig is pressure dropped (flashed) across a

valve to 15.5 psia.
o What is the composition of the LNG downstream of the valve.
o At saturated conditions at 15.5 psia, what is the density of LNG if the
composition is 1/90/9 nitrogen methane ethane and what is the liquid density at
saturated conditions at 15.5 psia of the outlet of the above flash valve?

10. Solution # 3.5

8: methane/ethane/nitrogen: Specified state points (0.8/0.09/0.01)

Liguid Phase | Yapor Phase Liquid Phase | Yapor Phase
Temperature | Pressure| Density Density Density [ Enthalpy| Enthalpy Enthalpy
('F) (psia) | (Ibm/ft%) (It (lbm/t¥  [(Btuflbm)| (Btuflbm) {(Btu/lbm)

-250.00 79.696 | 27.745 27.745 Subcoaoled | -3.9020 -3.9020 Subcooled

—_

2|  -258.70 15500 | 3.0918 28126 013190 -3.9020 -11.281 182.14
3
10.09/0.01) = |-@-§
_ Liguid Phase | Liquid Phase | Liguid Phase [ Vapor Phase | Vapor Phase | Vapor Phase
T s L&?;':[ﬂ:f: ﬁgll;:fdh:;g Mole Frac |Mole Frac. |Mole Frac.| Mole Frac. | Mole Frac. | MoleFrac. | MoleFrac. | MoleFrac. | Mole Frac
(methane) | (ethane) [ {nitrogen) | (methane) (ethane) (nirogen) | (methane) (ethane) {nitragen)
17.425 17.425 Subcooled | 090000 | 0.090000 | 0.010000 0.90000 0.030000 0010000 | Subcooled | Subcooled | Subcooled
17.425 17415 17688 0.90000 | 0.090000 | 0.010000 0.90146 0.083508 0.0050320 086262 0.000716190 013721

Figure 128: Specific state points for LNG through a JT valve from -250 F from 65 psig to 15.5 psia.

The pressure drop across a valve is a constant enthalpy process. This is shown in Figure 128 as
a process at a constant enthalpy of -3.902 Btu/lbm.

Per Figure 128, the composition of the LNG downstream of the valve is 90.146 %
methane, 9.3508 % ethane, 0.5032 % nitrogen (read from chart). (ANSWER)
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9: methane/ethane/nitrogen: Saturation peints (at equilibrium) (0.9/0.09/0.01)

Liguid Phase | Vapor Phase | Liquid Phase [Yapor Phase | Liquid Phase | Vapor Phase | Liguid Phase | Yapor Phase

Temperature | Temperature |  Pressure Prassure Density Density Enthalpy Enthalpy
I°F) ('F) (psia) (psiz) (larn/ft) (lbrn/ft) (Btuflbm) (Btuflbm)
1 -261.82 -261.82 15.500 15.500 28.305 0.14408 -13.362 155.02

Figure 129: Properties of LNG downstream of the JT valve.

The density of the saturated liquid at a composition of 90/9/1 methane ethane nitrogen =
28.305 Ibm/ft® (per Figure 129). The density of LNG at outlet of the valve = 28.126 Ibm/ft3
(per Figure 128). (ANSWER)

In reading the density of the LNG at the outlet of the JT valve, be careful to read the “liquid”
density and not the total density as the total density is a mixture of liquid and vapor.

Just as a piece of added information, it is interesting to note that the density at the inlet of the
JT valve = 27.745 lbm/ft® (per Figure 128)

11. Problem # 3.6 — Flow Velocity Downstream of a JT Valve
In the following (see Figure 130 for fluid properties), the velocity before the JT valve is 1.5
ft./sec.

e What is the specific volume ratio from the inlet to the outlet of the JT valve?

e What is the velocity downstream of the valve?

e What % of the outlet volume is vapor?

e What % of outlet mass is vapor?
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8: methane/ethane/nitrogen: Specified state points (0.9/0.09/0.01)

Liguid Phase | Yapor Phase Liguid Phase | Vapor Phase

Temperature | Pressure| Density Deansity Density  |Enthalpy| Enthalpy Enthalpy
('F) (psia) | (bm/ft9 (k) (lbrffty | (Btuflbm)|  (Btufbr) (Btu/lbm)

-250.00 79696 | 27.745 27.745 Subcooled | -3.9020 -3.9020 Subcooled
-258.70 15500 | 3.0918 28,126 0.13130 -3.9020 -11.281 162,14

—

(g

ng/001) =3 Eon

: Liguid Phese | Liquid Phase | Liquid Phase | Yepor Phase | Wepor Phase| Vapor Fhase
Wy ) o a Mole Frac | Mole Frac.|Mole Frac.| Mole Frac. | Mole Frac. | Mole Frac | Mole Frac | MoleFrac. | Male Frac

ot Ll e LA s (methane) | (ethane) | (nitrogen) [ (methane) (ethang) (nirogen) (methane) (ethane) (nitrogen)
17.425 17.425 Subcoaoled | 090000 | 0.090000 | 0.010000 | 0.90000 1090000 0010000 | Subcooled | Subcooled | Subcosoled
17.425 17415 17688 0.90000 | 0090000 | 0010000 | 0.90146 0.093508 00050320 0.86262 000016150 013721

Figure 130: Properties of an LNG mix before and after a JT valve. Line 1 shows properties before the JT valve.
Line 2 shows properties after the JT valve.

12. Solution # 3.6

Inlet specific volume is (1/27.745) = 0.0364253 cu.ft./lbm
Outlet specific volume is (1/3.0918) = 0.323436 cu.ft./lom

Specific volume ratio is 0.323436/ 0.0364253 = 8.9737 (ANSWER)

Velocity at the outlet = inlet velocity x specific volume ratio = 1.5 ft./sec x 8.973713.46
ft./sec (ANSWER)

e Masstotal = MasSvapor + MLiquid

e Densitytota = density of vapor x fraction volume of vapor + density of liquid x fraction

volume of liquid

e Density of liquid = 28.126 Ibm/ft3 (See Figure 130)

e Density of vapor = 0.13190 lom/ft (See Figure 130)

e Let “X” = volume fraction of vapor

e Densityrow = 3.0918 lom/ft3 = (X (0.13190 lbm/ft3) + (1-X) (28.126 Ibm/ft?)

e 3.0918 =0.13190X + 28.126 — 28.126X

e 3.0918 -28.126 = (0.1319 — 28.126) X

o 25.0342 =27.9941X

e X =0.89427 =89.427%
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e 89.427% of outlet volume is vapor. (ANSWER)
Find the percent of mass that is vapor.
e For each ft® 89.427% is vapor and the mass of that vapor is:
o 0.89.427 x 0.13190 Ibm/ft® = 0.117954 Ibm of vapor/ft3
o Mass of vapor/total mass x 100 = percent of outlet mass that is made up of vapor
e (0.117954 Ibm/ft3) / (3.0918 total mass/ft%) = 0.03815 = 3.815%
e 3.815% of outlet mass is vapor. (ANSWER)

Another method to find the percent of mass that is vapor is to do an enthalpy balance as
follows:

e Enthalpy = Mass of vapor x h of vapor + Mass of liquid x h of liquid

e Let X =mass fraction of vapor

e -3.902 Btu/lbm= X (182.14 Btu/lbm) + (1-X) (-11.281 Btu/lbm)

e -3902=182.14 X-11.281+11.281 X

e -3902+11.281=(182.14 +11.281) X

e 7.379=193.421X

e X =0.03815=3.815%

e 3.815% of outlet mass is vapor. (ANSWER)

13. Problem #3.7 — Compressor Power and Temperatures Changes with Composition
Change
A refrigeration compressor was designed to operate on a mixture of 50% ethane and 50%

nitrogen. It is being tested with nitrogen only. What can the operator expect regarding mass
flowrate, horsepower requiremens, and outlet temperature?

Compute the differeinces in flowrates and how much horsepower is required and what is the
outlet temperature if an 80% efficient gas compressor compresses pure nitrogen “OR” a mix of
50% ethane and 50% nitrogen from 75 F and 32 psia to 152 psia. Assume STP is 60 F and
14.696 psia. Assume a volumetric flowrate of 5 MMscf/d.
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14.  Solution # 3.7
14.1 Mass Flow Rate Analysis

Properties of fluids for mass flowrate computations are shown in Figure 131.

1: nitrogen: Specified state points

Temperature | Pressure| Density | Enthalpy| Entropy
(°F) (psia) | (Ibm/f) [(Btuflbm)|(Btu/lbm-"R)
1 60.000 14696 | 0.073841| 128.82 1.6257
2
2: ethane/nitrogen: Specified state points (0.5/0.5)
Temperature | Pressure| Density |Enthalpy| Entropy
(°'F) (psia) | (Ibm/ft%) |(Btuflbm) | (Btulbm-"R)
1 60.000 14696 [0.076776( 207.31 1.2452
2

Figure 131: REFPROP data showing standard conditions of pure nitrogen and a 50/50 ethane nitrogen mix.

e Pure nitrogen the mass flow is [(5,000,000 scf/d)/(24 hr/d) ] x (0.073841 Ibm/scf) =

15,384 Ibm/hr. (Answer)

e 50% ethane with 50% nitrogen mass flow is (5,000,000 scf/d)/(24hr/day)] x
(0.076776 Ibm/scf) = 15,995 Ibm/hr. (Answer)

o

pure nitrogen case (interesting).

14.2 Analysis of Compression Using Nitrogen

e Use REFPROP and use the inlet conditions of 75 F and 32 psia and an outlet pressure of
152 psia to determine the power required per lbm.

The 50/50 mix results in almost 4% more mass compressed as compared to the
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e First we will analyse an isentropic compression. Take note that the entropy was held
constant and thus, for the outlet conditions we defined the same entropy as the inlet
conditions along with the outlet pressure of 152 psia (See the REFPROP results in
Figure 132)

e This isentropic compression would have required 74.49 Btu/lbm (delta enthalpy) and

the outlet temperature would be 373.92 F

3: nitrogen: Specified state points

Temperature |Fressure| Density | Enthalpy| Entropy
(°F) (psia) | (lbmf | (Btudbm) [ (Btufbm-"K)
1 BO.000 14696 | 0.073841 | 12882 16287
2 75.000 32.000 | 015R30 | 132.44 16773
3 373492 152,00 | 0.47411 | 20643 16773
4

Figure 132: REFPROP data showing constant entropy compression of pure nitrogen from 32 psia to 152 psia
(enthalpy increase is 206.93 — 132.44 = 74.49 Btu/lbm).

e Assuming an 80% efficiency of the compressor tells us that the real enthalpy increase
should be (74.49 Btu/lbm/0.8) which is 93.11 Btu/lbm

e Thus the outlet properties should be a pressure of 152 psia and an enthalpy of 225.55
(132.44 + 93.11)Btu/Ibm
e Plug this into REFPROP (See Figure 133) and it shows that the real work in is 93.11
Btu/lbm and the real temperature is 447.47 F
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3! nitrogen: Specified state points

Temperature | Fressure| Density |Enthalpy| Entropy
("F) (psia) | (bmiE [(Btuflbm) | (Bluflbm-"F)
1 B0.000 14696 | 0.073841 | 128.82 1.6257
Z 75.000 32.000 | 015630 | 132.44 15773
3 373.892 152.00 | 047411 | 206.93 1.5773
4
R 447 47 152.00 | 043564 | 22566 1.6957
B

Figure 133: REFPROP data showing real world compression of pure nitrogen from 32 psia to 152 psia (enthalpy

increase is = 93.11 Btu/lbm).

e The outlet temperature for pure nitrogen is found to be 447 F. (Answer)

e Work required is mass flow rate x energy added to each Ibm
o Work in = 15,384 Ibm/hr x 93.11 Btu/lbm = 1,432,404 Btu/hr
o Look up the conversion on page 779 of black book pocket reference.
o Horsepower required for nitrogen compression is 562.9 hp. (Answer) based

on 5,000,000 scf/d

14.3 Analysis of Compression Using a 50/50 mix of ethane and nitrogen
Now let’s do the same exercise using a mixture of 50% ethane and 50% nitrogen. In REFPROP
select “Substance” and then “Define New Mixture”. Then select an 50/50 mixture of ethane

and nitrogen.
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4: ethane/nitrogen: Specified state points (0.5/0.5)

Temperature |Fressure| Density | Enthalpy|  Entropy
("F) (msia) | (lbmf | (Btudbm) | (Btulbm-"F)
1 k0,000 14696 | 0.076776 | 207.31 1.2452
g
3 75.000 32.000 | 016300 | 211.88 1.2009
4 2h1.43 152.00 | 057544 | 275.05 1.2003
5
b 302 58 152.00 | 054314 | 294.59 1.2232
7

Figure 134: REFPROP data showing constant entropy compression of a 50/50 mix of ethane and nitrogen from 32

psia to 152 psia (enthalpy increase is 278.05 — 211.88 = 66.17 Btu/lbm). Then in line 6 the real-world

compression is shown by increasing the enthalpy to 82.71 Btu/Ibm ((66.17 Btu/Ibm)/0.8).

See Figure 134. If you did not get the same numbers make sure you are specifying a
“molar” mixture.

From Figure 134 it can be seen that the isentropic compression requires 66.17 Btu/lbm
(278.05 — 211.88)Btu/lbm

Assuming an 80% efficiency tells us that the real enthalpy increase should be
(66.17/0.8)Btu/Ibm which is 82.71 Btu/lbm

Thus the outlet properties should be a pressure of 152 psia and an enthalpy of 294.59
(211.88 + 82.71) Btu/lbm

Plug this into REFPROP (See Figure 134) and it shows the real work in is 82.71
Btu/lbm and the real temperature is 302.58 F. (ANSWER)

Comparing the compression of pure methane and a 50/50 mixture ethane nitrogen shows:

Compression energy per Ibm is more for pure nitrogen than for the 50/50 (93.11 vs.
82.71)Btu/lbm. This is a 12.6% increase in power required for each lbm of the nitrogen
as compared to 50/50 mix of ethane/nitrogen.

However to move the same volume the compressor needs to move more Ibms for the
mixture because the 50/50 mixture of gas is denser at the inlet than the 100% nitrogen
case! Thus, to move the same volume (5MMscf/hr) it is necessary to move almost 4%
more mass (look at the density difference between the inlet of pure nitrogen and the
50/50 mixture)

The outlet temperature for the 50/50 mixture has already been found to be 302.58 F
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e The work required is mass flow rate x energy added to each Ibm
o 15,995 Ibm/hr x 82.71 Btu/lbom = 1,322,946 Btu/hr
o Look up the conversion on page 779 of black book pocket reference.
o Horsepower required for the 50/50 mixture is 519.9 hp (this is reasonable).
(ANSWER)

14.4 Summary
e Thus, the power to compress 5,000,000 scf/d of gas would be:
o Nitrogen Hp required is 563 (ANSWER) (8.3% more than the 50/50

mix)
o 50/50 ethane/nitrogen mix  Hp required is 520 (ANSWER)
e The temperature of the of the compressed gas would be higher for pure nitrogen.
o Nitrogen 447 F (ANSWER)
o 50/50 ethane/nitrogen mix 303 F (ANSWER)

e Note, both fluids are compressed at the same volume flow rate of 5 MMscf/d but the
mass flow rates are different (15,384 blm/hr for nitrogen vs. 15,995 Ibm/hr for a 50/50
mix of ethane and nitrogen).

15.  Problem #3.8 — Theoretically Estimate the Relationship between Height of Liquid
in an LNG Tank and Boil Off Production

15.1 Assumptions:

1) Only heat leak below the liquid line results in an energy increase into the LNG so only
heat transfer below the liquid line results in phase change from LNG to boil off. The
premise is that any heat leak into the vapor space heats the vapor which itself is rising to
the top of the tank where it is removed and thus this heat leak does not cause any phase
change of the LNG. Some radiation from the warmer tank roof to the LNG will exist
but for this analysis we will consider this negligible compared to the wall and floor heat
leak.

2) The heat leak per unit area into the bottom of the tank is the same as the heat leak per
unit area through the side of the tank. Probably not true but good for this theoretical
analysis.

3) The inner tank is 200’ in diameter and 120 feet high.
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16.  Solution # 3.8
Heat into the LNG = Q = Area x Heat Leak per unit area Since Heat Leak per unit area is

constant, call it C

Then Q = C (Area)

Area of bottom of the tank = Pi r? = 3.14 (10000) = 31,400 sq. ft.

Full tank area of side of tank. = Pi D x Height = 3.14 x 200 x 120 = 75,360 sq. ft.

Total wetted area of tank when tank is full = 106,760 sq.ft.

Volume of the full tank = 31,400 ft? x 120 ft. = 3,768,000 ft* of liquid approximately equals
2.261 Bscf. This size tank when full would create 1.13 MMscfd of boil off vapor per day based
on a boil off rate of 0.05% full tank boil off per day (normal design).

EquationofalineY =mx +b
Y = boil off, x = height of tank

Atx =120’ BOG = 1.13 MMscfd

Let’s postulate that at x = 0’ (bottom just barely covered) the BOG produced = 31,400/106,760
X (1.13MMSCFD) = 0.3325MMscfd.

Y=mx+Db
Atx=120ft. Y =1.13 MMscfd
Atx=0ft. Y =0.3325 MMscfd

Make 2 equations with 2 unknowns.

Y=mx+Db
Equation #1 1.13 MMscfd =m (120 ft.) +b
Equation #2 0.3325 MMscfd=0+b

b = 0.3325 MMscfd (from equation #2)

Substitute the value of b into equation #1.
1.13 MMscfd = m 120 ft. + 0.3325 MMscfd
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m = (1.13 — 0.3325) MMscfd/120 ft. = 0.00664583 MMscfd/ft.

Final equation is:
Boil off for this tank in MMscfd = (0.00664583 MMscfd/ft.) x + 0.3325 MMscfd (where X is
the number of feet of LNG in the tank)

Thus,

If the tank is full:

Boil off = 0.00664583 MMscfd/ft. (120 ft.) + 0.3325 MMscfd = (0.797499 + 0.3325) MMscfd
= 1.13 MMscfd

If the tank is nearly empty:
Boil off = 0.00664583 MMscfd/ft. (0 ft.) + 0.3325 MMscfd = 0 + 0.3325 MMscfd = 0.3325
MMscfd

If the tank is half full:
Boil off = 0.00664583 (60) + 0.3325 = 0.3987498 + 0.3325 =0.7312 MMscfd

Of course, the equation would be different for every different configuration of tank. In reality
some radiation from the warmer tank roof would occur when the tank is nearly empty and the
roof tends to be relatively warm. Also, it is unlikely that the heat resistance is the same on the
bottom of the tank as the side of the tank.

17. Problem #3.9 — Theoretically Estimate how much vapor is produced, due to the
saturated pressure drop, when a well-mixed tank is dropped in pressure by 0.5 psig.

0.5 psig is approximately 13.85” of WC or 1.02” of mercury. Assume the tank contents settle
out long enough for all of the LNG to reach the new saturation temperature.

18.  Solution # 3.9

For simplicity, use liquid methane for the analysis. Assume the initial tank pressure is 16 psia
and that the pressure is lowered to 15.5 psia. The tank is assumed to be perfectly insulated to
assure the change of phase is due to the pressure change only. Assume the initial quantity of
liquid methane in the tank is equivalent to 1 Bscf of methane. Assume the liquid methane in the
tank is fully mixed to assure it is all at the saturated temperature.
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Use REFPROP to determine initial mass of liquid methane. Then determine the enthalpy of the
liquid methane before pressure let down and after pressure let down.

6: methane: Specified state points

Temperature |Fressure| Density | Enthalpy|  Entropy
["F) (psia) | (Ibm/fM5 [(Btudbm) | (Btuflbm-"R)

] k0000 14696 [0.042358 382.45 1.6781

Figure 135: Standard temperature and pressure for pure methane.

Initial mass of liquid methane is 1 Bscf x 0.042359 Ibm/scf = 42,359,000 Ibm of liquid

methane.
As the saturated liquid methane is decreased in pressure and the bulk of the liquid cools. That

cooling is the result of a change of phase of liquid methane to vapor methane.

& methane: Saturation peints (at equilibriurm)

Ligquid | “apor | Liquid | “apor Ligquid “apor
Temperature |Fressure| Density | Density | Enthalpy | Enthalpy|  Entropy Entropy
°F) (psia) | (bt | (bmAE | (Btudbm) | (Btufbm) [ (Btudbm-"F) | (Btulbm-"R)

-2hB.74 16.000 | 26.272 | 012860 | 16685 | 22051 | 0.0077217 1.0864
-257 .50 15500 | 26307 | 0.11808 | 097869 | 22023 | 0.00452E4 1.0843

—_

ma

Figure 136: Standard temperature and pressure for pure methane.

The initial total enthalpy at 16 psia of the tank of liquid methane is the mass of liquid methane
times its specific enthalpy.

This is equal to 42,359,000 Ibm x 1.5685 Btu/lbm = 66,440,091.5 Btu (See Figure 135)

The cooling of the liquid during the pressure reduction is due to the change of phase of some of
the liquid to vapor. Designate the mass of vapor changed from liquid to vapor as “X”.
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Initial enthalpy of liquid = final enthalpy of liquid + heat removed by evaporation
66,440,091.5 Btu = (42,359,000 —X) 0.97869 + X (heat of vaporization)

For the heat of vaporization use the average between 16 psia and 15.5 psia. Heat of
vaporization is the difference between the saturated vapor enthalpy and the liquid enthalpy.

At 16 psia the heat of vaporization is (220.51 — 1.5685) Btu/lbm = 218.9415
At 15.5 psia the heat of vaporization is (220.23 — 0.97869) Btu/lbm = 219.25131

Average heat of vaporization = ((218.9415 + 219.25131)Btu/lbm)/2 = 219.0964 Btu/lbm
66,440,091.5 Btu = (42,359,000 —X)Ibm x 0.97869 Btu/Ibm + X Ibm (219.0964 Btu/Ibm)

Cancel out units from each side of the equations.
66,440,091.5 = (42,359,000 —X) x 0.97869 + X (219.0964)
66,440,091.5 =41,456,329.71 —0.97869 X + 219.0964 X
24,983,761.79 = 218.11771 X

X =114,542.564 Ibm of liquid methane vaporized.

114,542.564 Ibm of liquid methane is 2,704,090 scf of methane vaporized. (Answer)

2.7% of the liquid methane vaporized due to the pressure drop.
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19.

Brain Teaser # 3.1. How cold would a drop of liquid methane get as it free falls in a

tank filled with nitrogen at atmospheric pressure?

20.

Solution Brain Teaser # 3.1

You might be tempted to say -260 F but ponder this:

A well-insulated pot of water at 1 atm and 212 F has saturated steam at 212 F passing
over it at a high velocity. What temperature is the water after a period of time? The
water remains at 212 F because the water vapor pressure of the saturated water and the
water vapor pressure of the saturated steam are equal. Remember evaporation is an
equilibrium process where the flow is in the direction to the lower concentration driven
by vapor pressure.

A well-insulated pot of water at 1 atm and 212 F has dry nitrogen at 212 F passing over
it at a high velocity. What temperature is the water after a period of time? The water
gets much colder than 212 F because the water vapor pressure of the saturated water is
high and the water vapor pressure of the dry nitrogen is zero. Remember evaporation is
an equilibrium process where the flow is in the direction to the lower concentration
driven by vapor pressure.

On a hot dry day, you perspire and your body is cooled by the evaporating sweat.
However, on a day of the same temperature when there is high humidity, you perspire
and your sweat does not sufficiently evaporate to cool you down.

If you leave a glass of water out in the shade all day long and if the ambient temperature
remains constant for the entire day and if the humidity is less than 100%, why is the
water cooler than the air temperature? Because the water is constantly evaporating as
the water vapor pressure in the water is greater than water vapor pressure in air.

In the above the term vapor pressure is used. A more correct term is partial pressure.
According to Dalton’s law, the evaporating liquid will behave as if the gas above it was
at a pressure equivalent to the number of molecules “of that substance”. This means
that if I have a molar mixture of 1/3 methane and 2/3 nitrogen at a pressure of 15 psia
over a well-insulated beaker of liquid methane, the methane would cool as if it was at a
saturation pressure of 5 psia. Keep in mind that the vapor needs to be blown over the
liquid at a significantly high velocity in order to wipe away the layer of pure methane
vapor directly over the liquid methane and the heat leak into the liquid needs to be less
than the heat removed by evaporation. If the velocity is not significantly high, then the
vapor directly over the beaker would become rich in methane and its partial pressure
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would approach 15 psia at the liquid surface. Without a velocity, diffusion would be the
only means of evaporating the liquid.

e Let’s do some mental experiments. In each of these experiments the extremes of taking
the concept to the limit is illustrated. In each of these mental experiments neglect the
heat transfer from the gas stream to the liquid.

o Have a well-insulated very tall, narrow vessel half filled with liquid methane
and have a high velocity mixture of 1/3 methane, and 2/3 nitrogen blow across
the mouth of the vessel. This is shown in Figure 137. Estimate the temperature
of the liquid methane after equilibrium is achieved. Based on a very tall tower
the vapor above the liquid that is 100% methane, the partial pressure of the
methane vapor above the liquid is estimated to be 15 psia and thus the liquid is
vaporizing at -258 F. Diffusion up the tube is the only means of evaporating the
liquid. The heat transfer into the liquid may be higher than the heat removal by
evaporation due to diffusion. In this case the difference between evaporation
heat removal and heat leak into the fluid would cause the liquid would slowly

boil at -258 F.
ﬂr mixture of 1/3
&d - methane and 2/3
= _:_ﬁ_‘“———m_ nitrogen at 15 psia

o | ——a\“ﬁ«x

/ 100 % Vapor methane at -258F

/Liquid methane at -258 F

Figure 137: A very narrow column of methane vapor above the liquid methane isolates it from the methane vapor
pressure of the fluid stream at the top of the vessel.
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Thus, the liquid methane sees a vapor pressrue of 15 psia of methane at the liquid vapor
interface. Thus, the saturated temperature of the liquid methane is -258 F which is associated
with a saturation pressure of 15 psia. In this case, diffusion up the long tube is the only means
of evaporation. The excess heat in causes the liquid in the tube to slowly boil, disabling the
diffusion mechanism by the constant flow of boil off gas up the tube. Thus, the boiling occurs
at a saturated temperature and pressure of 15 psia and -258 F.

o Next have a well-insulated very short, wide vessel filled with liquid methane
and have a high velocity mixture of 1/3 methane, and 2/3 nitrogen at 15 psia
blow across the mouth of the vessel. This is shown in Figure 138. Estimate the
temperature of the liquid methane after equilibrium is achieved. Based on the
vapor above the liquid being immediately replaced with a mixture of 1/3
methane, and 2/3 nitrogen, the partial pressure of the methane vapor above the
liquid is estimated to be 5 psia and thus, the liquid is vaporizing at -279 F. Here,
the heat removed by evaporation is much greater than the heat into the liquid
through the well-insulated vessel walls.

_/_/Mc;;r mixture of 1/3

- methane and 2/3
-l —_——*‘————-_‘_H nitrogen at 15 psia
o
| I . %\
[‘\Liquid methane at-279 F
as vapor is quickly

stripped off the top of
the liquid vapor interface

Figure 138: The liquid methane in the shalow pan cools to approach the temperature associated with the partial
pressure of methane in the high velocity vapor stream across the top of the liquid vapor interface.

Thus, the saturated temperature of the liquid methane is approximately -279 F which is
associated with a saturation pressure of 5 psia. The evaporation heat removal is much higher
than the heat leak into the liquid methane. Note: This presumes no heat transfer from the
nitrogen into the liquid methane.

o What other phenomenon would occur as the methane nitrogen vapor is blown
across the liquid methane. Some of the nitrogen would condense into the liquid
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methane. This is because initially the vapor pressure of the nitrogen in the pure
liquid methane is zero. Thus, eventually the liquid methane would contain a few
percent of nitrogen.

e In the above mental exercise, the extremes were taken to the limit. Presuming the vessel
was very well insulated, in reality the liquid in Figure 137 may be a little colder than -
258 F (if the evaporation due to diffusion is greater than the heat flux into the fluid via
conduction through the walls of the vessel) and the liquid in Figure 138 would be
somewhat warmer than -279 (as, even with high velocity stream, the laminar sub
boundary layer at the liquid interface is 100% methane). This is because there is always
a concentration gradient between the two fluids. In particular in the case of Figure 138,
the very top layer of molecules of vapor above the liquid would be the pure methane
within the laminar sub boundary layer of the gas that has just been evaporated.
However, the concentration gradient between that layer of pure methane and the
methane nitrogen mix is very high (but not infinitely high). Thus, as the vapor velocity
increases, the liquid temperature approaches but never fully reaches the -279 F
temperature.

e Also, for our mental exercise we postulated that the vessel was very well insulated and
we neglected the heat transfer from the gas blowing over the top of the vessel to the
liquid. If the heat transfer into the liquid is greater than the evaporative cooling, then
boiling will occur at a temperature associated with the total pressure in the room. This is
because the fluid on top of the liquid will always be 100% methane and the boiling that
is occurring below the liquid line is occurring at the room’s total pressure with only
100% pure methane in the liquid and vapor form.

Thus, in conclusion, if evaporative cooling is greater than the heat leak into the liquid, the
temperature of the liquid will approach that associated with the partial pressure of the
methane above it. This was shown in Figure 3.17. On the other hand, if the evaporative
cooling is less than the heat leak into the liquid, the temperature of the liquid will
approach that of the boiling point associated with the total pressure above the methane.
This was shown in Figure 3.16. Also, many cases of steady state heat balances can occur
somewhere between these two extremes.

A good analogy one could have would be a large pot of water at steady state at 160 F
simmering on a stove with a low flame. It may be 90 F outside. The evaporative cooling is
equal to that of the heat input. Thus, the temperature of the water is somewhere in
between the boiling point at 1 atm (212 F) and the vapor pressure saturation point
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(perhaps 70 F). If the flame is shut off, the eventual temperature of the water becomes 70
F. If the flame is raised, the eventual temperature of the water becomes 212 F. If the flame
remains the same and a fan is placed over the pot, the water temperature may drop to 130
F.

e Although it is not discussed in this learning, it should be noted that as the nitrogen is
blown across the liquid methane, some of the nitrogen will liquefy into the liquid
methane. This would result in the composition of the liquid methane becoming liquid
methane with a small amount of liquid nitrogen.

e S0 going back to our initial question, what is the potential temperature of a drop of
liquid methane as it falls in a tank of pure nitrogen gas as shown in Figure 139. In the
extreme limit from a theoretical perspective, one could expect the drop of liquid
methane to approach a temperature of -296 F. This is approximately the triple point
temperature of methane. Note: This presumes no heat transfer from the nitrogen
into the liquid droplet.

Figure 139: A droplet of pure liquid methane free falls in a tank filled with very cold pure nitrogen.

The droplet rapidly cools and approaches a temperature of -296 F. This very low temperature
is approached because the partial pressure of methane in the tank is zero and the high velocity
of the nitrogen around the falling droplet strips the methane vapor from the surface of the liquid
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methane leaving a very high concentration gradient between pure methane and pure nitrogen.
Also some of the nitrogen will start to liquefy into the droplet. Thus, if the droplet survives to
the bottom of the tank, it will have a liquid concentration of both liquid methane and liquid
nitrogen.

Theoretically, in the extreme case, the droplet of liquid methane can decrease in
temperature down to near its triple point temperature of approximately -296 F. In reality
the real terminal temperature of the liquid methane drop lies somewhere between that of
Figure 137 and Figure 139. Factors that enter into the actual temperature include:

o The temperature of the surrounding vapor

o The condensation of the nitrogen into the liquid methane droplet

o The droplet mass, surface area, terminal velocity, and the time the liquid is
falling before it either totally evaporates or hits the floor of the tank.

o The real initial composition of the droplet. In our study above we used pure
liquid methane for simplicity. An LNG droplet would change composition
(weathers) as it evaporates.

So, although we have not definitively stated the final temperature of the droplet of
liquid methane, we have postulated that it would be something colder than saturated
liquid methane temperature at 15 psia. For this reason, some LNG tank designers will
NOT allow LNG tanks to be cooled down with LNG if the tank is initially filled with
nitrogen. Typically, they require the tank to contain at least 80% methane before
allowing LNG to be sprayed into the tank. This is to assure that the partial pressure of
methane is sufficient to assure that the methane raining down on the tank floor is not
colder than approximately -260 F. This precaution is taken to avoid exposing the tank
material to temperatures colder than its design (typically -260 F). The data for the above
postulations is shown in Figure 140.

1: methane: Saturation peints (at equilibrium)

Liguid | “apor Liquid | “apaor Ligquid “apor
Temperature [ Fressure| Density | Density | Enthalpy | Enthalpy|  Entropy Entropy
'F) (p=ie) | (b | (bmfS | (Btudbm) | (Btuflbm) | Btudbm-"R) | (Buflbm-"F)

-2h8.22 15.000 | 26344 | 011565 | 037465 | 219.94 | 00018512 1.0918

-279.62 B.0000 | 27396 | 0042222 -17.284 | 21092 | -0.090441 11770

1
i
3| -296.39 1.7000 | 28183 | 0015684 -30.874 | 203.26 | -0.16953 1.2644
4

Figure 140: Various saturation temperatures for pure methane.
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Although the pressure above a vessel of liquid methane may be 15 psia, if the vapor above the
vessel is only 1/3 methane then the methane vapor partial pressure and associated temperature
is the same as if the vessel were at 5 psia of pure methane vapor over the liquid methane.

Figures 141 and 142 show a typical nozzle and nozzle configuration for spraying LNG into
LNG tanks. Typically, there are 8 such nozzles in a tank that are used to cool down the tank.
For the reasons stated above, these nozzles are not used unless the tank has at least 80%
methane in it.

Figure 141: Typical type of nozzle that is used to spray LNG into an LNG tank to cool it down during
commissioning.
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Figure 142: Multiple nozzles are (typically a minimum of 8 nozzles) used to cool down an LNG tank during
commissioning.

21.  Brain Teaser # 3.2. If you mix 1 Ibm of water at 40 F with 1 Ibm of water at 200 F,
at constant pressure what would you expect the new properties of T, h, s and density to
be? Would it be the average of the properties of the 2 initial substances?

22. Solution Brain Teaser # 3.2

We might be tempted to say “of course it would be the average of the properties of the 2 initial
substances”. However, as we investigate this, we will find that for enthalpy it is exactly the
average. For most of the other properties it is very close to the average. But for entropy
difference from the average is greater. Also, we learn from the 2" law of thermodynamics that
if there is a “NET” change in entropy it will always be a positive number (never negative).

View Figure 143. The input for line 3 of that table is the enthalpy which we know by the 1% law
of thermodynamics, for mixing water of 1 Iom with 1 Ibm, is exactly the average of the 2 initial
enthalpy values [ houtlet = (hao + h 200)/2] which his 88.16507943 and the pressure which is
14.696.

Note also that | increased the number of significant digits displayed to 10 in order to evaluate
small differences in the values. This is done by selecting “Options” then “Preferences” then, in
the lower left-hand corner of the screen you, increase the number of digits displayed. This may
be even more than the convergence accuracy of the software, but it was selected to allow us to
make a comparison with little influence from round off.

Also, note that I chose to display a new term that we have not used before. That term is Cp,
which is the specific heat at constant pressure. This term was added by selecting “Options” then
“Properties” and then selecting Cp. This term was selected to help explain some of the
following.
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5: waten Specified state points

Temperature | Fressure Density Enthalpy Entropy Cp
('F) (psia) (llbm/f) (Btu/llam) (Btu/lbom-"F) (Btullbm-"F)

40.00000000 | 14.69599999 | 62 42628423 | §.080839263 | 0.01621503754 | 1.005349945

200.0000000 | 1463600000 | BO120724272 | 168.2493196 | 029425301058 | 1.005845667

1
i
3| 1200687873 | 14.69600000 | 61.71105512 | 816507944 | 016485275858 ¢ 0.9992945659
4

Figure 143: REFPROP output showing the results of adding 1 Ibm of 40 F water to 1 Ibm of 200 F water.

The input data is the initial pressrues and temperatures and the final pressure and enthalpy. The
final enthalpy is the average of the two input enthalpy values via the 1% law of thermodynamics
allbmto 1 Ibm water mixture.

Here are our findings:

1)

2)

3)

4)

The final specific enthalpy of the mixture is exactly the average of the enthalpy of
each Ibm or water before the mixing. This is due to the 1%t law of thermodynamics.
Energy in = Energy out. (Answer)

Although the pressure shown in line 1 was input as 14.696, the software showed back
14.69599999. That round off in the last digits is nothing more than the software
algorithms converging on answers within some degree of defined accuracy. Thus, the
last digits in the pressure data are an accepted output error which considered trivial. The
same occurred with the last digit on the input of the final enthalpy (3 was typed in and 4
was displayed).

The final temperature is close to the average of 40 F and 200 F but it is not exact. It
differs from the average by a small amount. The reason for that is because the
specific heat of water changes as its temperature changes. Take note of that in the
Cp column. However, it is very close to the average and thus, for an estimate, one
could use the average of the 2 temperatures. (ANSWER). However, that is true for
this particular problem and may not be the case in many other mixing problems. For
instance, if we mixed steam and water, we certainly could not have used the average
temperature for an estimate.

The final density is close to the average of 40 F and 200 F specific volume but it is
not exact. It differs from the average by a small amount. The reason for that is
twofold. First, is because the density is a function of temperature and it may or
may not be a straight-line function within this range. Second, even if the function
were a straight-line relationship, as shown in 3 above, the temperature is not the
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5)

23.

exact average of the two initial temperatures. However, it is close to the average
and thus, for an estimate, one could use the average of the 2 densities. (ANSWER).
However, that is true for this particular problem and may not be the case in many other
mixing problems. For instance, if we mixed steam and water, we certainly could not
have used the average density for an estimate.

The final specific entropy is not close to the average of the entropy of the 40 F and
200 F specific entropy. The average of the 40 F and 200 F entropy is 0.155249024
and the actual entropy via Figure 143 is 0.1648827588. It is important to notice
that the actual final entropy is significantly greater than the average of the 40 F
and 200 F entropy. Since, it is not very close to the average, one could not use the
average of the 2 input entropy values as an estimate for the output entropy, for this
particular example. (Answer). The difference between the averaged value and the
actual value is approximately 5.8%. The positive increase in “NET” entropy is due
to the process being irreversible. You cannot make the water separate back into 1
Ibm of 40 F water and 1 Ibm of 200 F water without the use of even more energy
and an even additional “NET” increase of entropy.

Advanced Discussion

The 2" Jaw of thermodynamics requires that “NO” processes cannot result in a “NET”
reduction of entropy. In all real world processes the “NET” entropy change is always zero or
positive. In the above example the final difference is relatively small but it is positive.

However, consider an example where a Ibm of steam condenses from a vapor at 212 F to a
liquid at 212 F by transferring heat to the environment which is at 90 F.

1) The difference in entropy of the fluid is (see Figure 144) -1.445 Btu/lbm R. The
change of entropy of the environment is given by the equation: [delta Senvironment =
Heat Transferred / Environment absolute] = (970.728 Btu/lbm)/ 550 R = 1.76496 Btu/lbm
R

a. The sum of the change of the entropy of the system (the Ibm of water that
changed from saturated vapor to saturated water) and the change of entropy
of the environment is [(1.76496 Btu/lbom R) + (-1.445 Btu/lbom R)] = +
0.31996 Btu/Ibm R. This is a very significant “positive” increase in entropy.

b. This tells us that in the world as we know it, processes are resulting in a
continual “NET” increase in entropy. Day by day, minute by minute, in the
trillions of processes taking place each moment on earth, entropy is
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increasing. This raises an engineering and a philosophical question... how
did our world or universe ever start off with such a low entropy? The
discussion explaining this is beyond the scope of this course. However, it
is stated in order to leave the learner with a hunger to continue learning

in this field.

4: water: Saturation points (at equilibriurm)

Liquid “apor Liquid “apor Liguid “apor

Temperature Fressure Diensity Diensity Enthalpy Enthalpy Entropy Entropy
{('F) (psia) (I %) (lbrn/f) (Btuflbm) (Btuflbm) (Btuflbrm-"F) | (Btuflbm-"R)
1| 212.0000000 | 1470943680 | 58.82777681 | 0.03734252019 | 180.3296111 | 1161.0657790 | 0.3124309611 | 1.75767666D

Figure 144: REFPROP output showing the results of condensing 1 Ibm of steam at saturated conditions.
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Conclusion

In this publication, we have used the conservation of mass and the first law of thermodynamics
to understand the basics of liquid methane, methane gas, LNG mixtures and its BOG. It is
understood for the reasons stated earlier that the analyses were simplified with the intent of
teaching concepts. As you—the engineers of our LNG and propane plants—exercise the
concepts described herein, it is hoped that you will gain a hunger for a deeper understanding of
thermodynamic concepts.

From this point on, | encourage you to see everything in your day-to-day life with an
understanding of thermodynamics:

As you make a cup of coffee, you are transferring heat (increasing the enthalpy of the
water) and to some extent changing phase.

As that cup of coffee cools, it is transferring heat to the surroundings (its enthalpy is
dropping), and its temperature is dropping.

When you press on the accelerator of your car, there are so many processes that are
taking place, each of which has its own thermodynamic phenomenon associated with it.
When you turn on a methanol or an LNG pump, realize that you are increasing the
enthalpy of the fluid as you add work energy to that fluid. As that fluid then flows
through the plant piping, realize that, as it gains or loses heat, the fluid is changing in
enthalpy. As you vaporize LNG to send gas out to your customers, realize that you are
changing phase (if it is sub critical) and then warming the vapor to an acceptable
temperature or if you are above the critical point that you are heating a fluid that does
not have liquid and vapor phases.

o Our LNG and propane plants are essential to our industry’s future. Your skill
and ability in managing these assets is a critical part of the future. This
publication ends with appreciation of you for your technical ability and your
dedication to excellence. You are our industry’s greatest asset.
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