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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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ABSTRACT

In the effort to reduce the release of CO, greenhouse gases to the atmosphere,
sequestration of CO, from Integrated Gasification Combined Cycle (IGCC) and Oxy-Fuel power
plants is being pursued. This approach, however, requires significant compression power to
boost the pressure to typical pipeline levels. The penalty can be as high as 8% to 12% on a
typical IGCC plant. The goal of this research is to reduce this penalty through novel
compression concepts and integration with existing IGCC processes. The primary objective of
the study of novel CO, compression concepts is to boost the pressure of CO, to pipeline
pressures with the minimal amount of energy required. Fundamental thermodynamics were
studied to explore pressure rise in both liquid and gaseous states. For gaseous compression, the
project investigated novel methods to compress CO, while removing the heat of compression
internal to the compressor. The high-pressure ratio due to the delivery pressure of the CO, for
enhanced oil recovery results in significant heat of compression. Since less energy is required to
boost the pressure of a cooler gas stream, both upstream and interstage cooling is desirable.
While isothermal compression has been utilized in some services, it has not been optimized for
the IGCC environment. This project determined the optimum compressor configuration and
developed technology concepts for internal heat removal. Other compression options using
liquefied CO, and cryogenic pumping were explored as well. Preliminary analysis indicates up
to a 35% reduction in power is possible with the new concepts being considered.

SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 iii
Final Technical Progress Report September 28, 2007
Reporting Period 10/01/05 — 09/28/07



TABLE OF CONTENTS

Section Page

1. EXECUTIVE SUMMARY ...ttt ettt et e e e e e s st e e e e e e e s st e e e e e e e s s sannstseeeeeeaeeeaanns 1

2. APPROACH ...ttt et e e e e e s reeeean 3

2.1 Relevance and JUSHIfICALION ........uueruuiiicceee s 3

2.2 PrOJECE APPIOBCK. ... .uuiiiiii e ——————— 3

3. RESULTS AND DISCUSSION. ... ..uuiiiiiiiiieeiiiiiiieieete e e e e e ssitieeeeaeeeesssssnsaeeeeeeeeaaaansnneeeeeeeees 5

K 70 R (€1 O O = 7= Tex (o [ 11 [ Lo 5

3.2 CO,; Compression BaCKQrOUNG .........cooooiioiiiieeeeee e 6

3.2.1 Task 1.1 — Summary of Literature REVIEW ............ccoevviiiiiiiiiiiiieeeiiiiiiieeeeeennn 7

3.2.2 Description of IGCC APPlICALION .......vvviviiiiiiiiiiiiiiiieiiieiiiieiree s 7

3.2.3 Current Need for CO, Technology Improvements in IGCC Plants................ 11

3.2.4 Compressor TECNNOIOQY ....oieieiiiieiiiicee e e e e e 12

3.2.5 Task 1.2 — Conceptual Design ANalYSIS ............uuuuuiiiiiimmiiiiiiiiiiiiiiiiieinnnenns 15

3.2.6 Available Commercial Product DeSCIPLioN ..........ccoovriiiiiiiiiieeeeeiiiiiiieeeeenn 19

3.2.7 Task 1.4 — Evaluate Intercooling CONCEPLS .......uuvurrrmruimiiiiireie e e 20

3.2.8 Task 2.1 — Develop Interstage Cooling CoNCePtS ........ccuvveieiieeerreeiiiiiinneeenn, 21

3.2.9 Task 2.2 — Geometry GeNeration ..........ccovevuiiiiiiiieeeec s e e e e e e eeees 31

3.2.10 Task 2.3 — 1-D and 3-D CFD ANAIYSIS ........cuuuuuuummmmiiiiiiniiiiniiieiiiniinneinneennnnnnns 34

3.2.11 Task 2.5 — Experimental Measurement of Gas Mixing Streams ................... 43

A, CONCLUSIONS . ...ccitiiieiiiitet ettt e e e e e e s ettt e e e e e e e s s st aaeeeeaaeeeaassnstaeeaeaaeeesannsnnneees 46

5. COST AND SCHEDULE STATUS ..ottt e e e e e e e e e e nnneeeeees 47

6. REFERENGCES ..ottt et e e e e e e et e e e e e e e e s a e e e e e e e e e a e raees 49

7. LIST OF ACRONYMS AND ABBREVIATIONS ....coiiiiiiiiiitiiieee et 51
APPENDIX A: Dresser-Rand Selection of Conventional Centrifugal Compression

TECNNOIOQY ..o A-1

APPENDIX B: Option A — Conventional Centrifugal Compression...........cccoevvvviiieeeeeeennnennee. B-1

SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 iv

Final Technical Progress Report September 28, 2007

Reporting Period 10/01/05 — 09/28/07



LIST OF FIGURES

Figure Page
Figure 3-1 Schematic of IGCC Process with CO, Sequestration (Modified from [1]) ............. 5
Figure 3-2 Pressure-Enthalpy Diagram for Carbon DioXide [5] ......ceeveeereemiemmiemeiiniriierieeienennnns 8
Figure 3-3 Basic Capture Systems for Carbon Dioxide Used in Power Plant

yaY o] o] Ter=YiTo] 4 1SN 1] 9
Figure 3-4 lllustration of Pre-Combustion Capture Technology Premise [6]........ccccccceveeeeeen. 10
Figure 3-5 Economically Recoverable Oil versus Technology Risk, Cost of Carbon

D] T0)qo [=3= TaTo I @ T I = ol = 11 I PP 11
Figure 3-6 Five Step Compression Process for Carbon Dioxide with Intercooling ............... 13
Figure 3-7 Hybrid Compression System with Vapor Compression and Cryogenic

[0 U0 I = T o] o T 13
Figure 3-8 Existing Carbon Dioxide Pipeline Infrastructure [13] .......cccccooiiiiiiiniiieeeinniiiiene 14
Figure 3-9 Inlet Volumetric Flow Rate at Various Pressures ............cevvevveeevveeeeeeiieeeeeeeeeeeneee. 15
Figure 3-10  Axial Compressor Application Map (Courtesy of Dresser-Rand) ............cccceueee. 16
Figure 3-11  Centrifugal Compressor Application Map (Courtesy of Dresser-Rand)............... 17
Figure 3-12 Dresser-Rand Multi-Stage Centrifugal Compressor (Courtesy of Dresser-

= 1T ) 19
Figure 3-13 Dresser-Rand ISOPAC Compressor (Courtesy of Dresser-Rand).................... 20
Figure 3-14  Rocket Engine Turbopump (Courtesy of Barber NichoIS) .............cccovviviiiinnnnns 20
Figure 3-15 Compression Technology Options — on Pressure vs. Enthalpy Diagram for

Carbon DIOXIAE ..o 25
Figure 3-16  Comparison of Thermodynamic Paths for Options Aand B.............cccccceeeeeennns 25
Figure 3-17  Comparison of Isothermal and Semi-Isothermal Compression Paths................. 27
Figure 3-18 Comparison of Isothermal and Semi-Isothermal Total Horsepower vs.

Number of COMPreSSION STEPS ....vvvvviririririieiiiieiiirriererrrerrrrrrrrrr ... 28
Figure 3-19 Thermodynamic Paths for Option A compared to High Ratio Compression

L 0] 10 1P 29
Figure 3-20  Pressure — Enthalpy (P-h) Diagram for Carbon Dioxide [17]..............cccoeeeieeennn. 29
Figure 3-21  Comparison of Option E for Liquid Cryo-Pump to Option A .........cccvviiiieeeeennnnns 30
Figure 3-22  Photograph of SwRI Test Rig Compressor Used to Generate CFD Solid

YT o [ B ] g =T 0] o] o P 31
Figure 3-23  Solid Model of Compressor Impeller ... 32
Figure 3-24  Solid Model Assembly of COMpPressor Stage ........oooveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 33
Figure 3-25  “Pie” Model for Use with CFD ANAIYSIS .......ueiiiiiiiiiiiiis e 33
Figure 3-26  Return Channel Vanes for Use with CFD Analysis ..........c.ccccceeeeeeiiiieeeee 34
SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 v

Final Technical Progress Report

September 28, 2007

Reporting Period 10/01/05 — 09/28/07



LIST OF FIGURES (Cont'd)

Figure Page
Figure 3-27  CFD MeSh Of AQIBDALIC .........ccuvviiiiiiiiee e 35
Figure 3-28 CFD Mesh of Model with Heat Transfer .............ccoooo 35
Figure 3-29  Predicted Streamlines in the Entire Stage.........ccoovvviiiiiiiii e 37
Figure 3-30  Predicted Pressure Contours in Adiabatic Model.................ccccoee 37
Figure 3-31  Predicted Mach Number Contours in Adiabatic Model.......................cc . 38
Figure 3-32  Predicted Temperature Contours in Adiabatic Model............ccccccvceiiiieieiieeiiinnnnnn. 38
Figure 3-33  Predicted Total Temperature Contours with Heat Transfer in Diffuser................ 39
Figure 3-34  Predicted Temperature Contours AdiabatiC .............ccccvviiiiiiiiiiiiiiiiiees 40
Figure 3-35 Predicted Temperature Contours with Heat Transfer in Diffuser (Aluminum
[DIE=Tolal=To] o g A S @0 To] [T To TN = [0 1) PP 40
Figure 3-36  Predicted Total Temperature Contours in Return Channel Adiabatic ................. 41
Figure 3-37 Predicted Total Temperature Contours with Heat Transfer in Return
Channel (Aluminum Diaphragm, 70°F Cooling FIOW) ...........ccccoviiiiiiiiiiiiiiee e, 41
Figure 3-38  Comparison of Static Temperature Rise Across the Stage............cceeeeeeeeeeeee. 42
Figure 3-39 lllustration of Heat Transfer Coefficients in Cooling Process for CO, in
Compressor DIaPRragm ........ci e e e e e e eeae 43
Figure 3-40  Gas Mixing Streams SEetUP........coviiiiiiiii i 44
Figure 3-41  Gas Stream Temperature Of MIXIUIE ........cc.uuuiiiiiieeeiiiiiiie e 44
Figure 3-42  Precipitation of H0 on Aluminum Plate............cccc 45
Figure 5-1 Project SChedUIE ........ueei e 47
SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 vi

Final Technical Progress Report

September 28, 2007

Reporting Period 10/01/05 — 09/28/07



LIST OF TABLES

Table Page
Table 3-1 Sample Centrifugal Compressor Selection: 300to 1,500 PSI...............coeeee. 17
Table 3-2 Sample Centrifugal Compressor Selection: 15t0 300 PSl...........occciiiiieieinnnns 18
Table 3-3 Summary of Power Required for the Boosting Pressure from 15 to 1,500

S PP PP PPPPPPPRPPR 19
Table 3-4 Typical Waste IGCC Carbon Dioxide Streams...........cceeerriiiiriiiieieeeiiiiieeeeeee 21
Table 3-5 SwRI and Dresser-Rand Analysis of Conventional Centrifugal...........cccccceee... 22
Table 3-6 Summary of Compression Technology Options — Power and Cooling

REQUINEIMENTS ...t e et e e e e e e e 24
Table 3-7 Boundary Conditions Used in CFD MOdeIS........cccoovviiiiiiiiiiiiiiiiiiieieeeeeee e 36
Table 3-8 Summary of Cases Considered in CFD AnalysiS.........cccccceviiiieee, 39
Table 5-1 PrOJECT COSE STALUS......eiiiiiiiiiiiitiie ittt e e e e e e e e e e aae 48
SwRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 vii
Final Technical Progress Report September 28, 2007

Reporting Period 10/01/05 — 09/28/07



1. EXECUTIVE SUMMARY

In the effort to reduce the release of CO, greenhouse gases to the atmosphere,
sequestration of CO, from Integrated Gasification Combined Cycle (IGCC) and Oxy-Fuel power
plants was investigated. Capture and sequestration of CO,, however, requires significant
compression power to boost the pressure to typical pipeline levels. The penalty can be as high as
8-12% on a typical IGCC plant. The goal of the current research was to reduce this penalty
through novel compression concepts and integration with existing IGCC processes.

The primary objective was to examine methods of boosting the pressure of CO; to
pipeline pressures with the minimal amount of energy required.  First, fundamental
thermodynamics were studied to explore if pressure rise in liquid or gaseous states is preferred.
Since the first phase of the project involved conceptual brainstorming, flexibility was built into
the project to permit investigation of several concepts. Southwest Research Institute® (SWRI®)
and Dresser-Rand Company partnered in this project to advance the state-of-the-art in
pressurization of CO,.

For gaseous compression, the project investigated novel methods to compress CO, while
removing the heat of compression internal to the compressor. The high-pressure ratio
compression of CO; results in significant heat of compression. Since less energy is required to
boost the pressure of a cool gas, both upstream and interstage cooling is desirable. While
isothermal compression has been utilized in some services, it has not been optimized for the
IGCC environment. Furthermore, external intercooling results in higher losses and more
complicated piping systems. This project determined the optimum compressor configuration and
developed technology for internal heat removal. Other process streams within the IGCC
environment, such as N,, steam, and syngas, were considered to provide a total system solution
by fully integrating with the air separation units, combined cycle, and the gas cleanup system.
Other concepts that liquefy the CO, and boost pressure through cryogenic pumping were
explored in the research as well.

This report describes the activities of Phase I, which resulted in conceptual design
options. A thorough literature review was completed to study IGCC, separation methods,
compression technologies, and thermodynamic processes. Kick-off meetings were held with
both the co-sponsor (Dresser-Rand) and DOE NETL personnel. Initial brainstorming of various
compression concepts helped to identify several promising new concepts. These concepts
included the integration of CO, compression with excess nitrogen off the air separation unit
(ASU), evaluating different intercooling concepts, and identifying preferred liquid CO, pumping
configurations. The power savings of each of these concepts has been quantified and compared
in an evaluation matrix to identify the most promising technology options.

Two of the concepts have the potential of reducing the required compression power by
35% compared to a conventional compressor selection. A semi-isothermal compression process
has been studied as an alternative to the standard method where the gas is continually cooled in
the path through the compressor (after each stage). A simple cooling jacket insert used in the
diaphragm of each stage could provide this type of continuous cooling. The savings in
horsepower in the semi-isothermal process are significant (at least a 30% reduction in total
power). In addition, another concept offering similar savings in required horsepower over a
standard compression process is the concept of pumping liquefied CO,. In this concept, the
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primary power requirements are the initial compression required to boost the CO;, to
approximately 250 PSIA and the refrigeration power required to liquefy the gas. Once the CO,
is liquefied, the pumping power to boost the pressure to pipeline supply pressure is minimal.

A detailed Computational Fluid Dynamics (CFD) model was developed to investigate the
intercooling concepts. The results showed promising performance for the internally cooled
diaphragm concept. The R&D implementation plan for Phases Il and Ill has been completed.
Phase Il will include a detailed design and prototype test of these two new compression concepts.
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2. APPROACH

2.1 RELEVANCE AND JUSTIFICATION

Stricter environmental performance regulations and high natural gas prices—combined
with new technology developments—have made Integrated Gasification Combined Cycle
(IGCC) a viable and cost-effective alternative to steam turbine boiler cycles and natural gas
combined cycle plants for new electric power generation plants. Coal IGCC offers proven and
superior environmental performance when compared to conventional coal boiler—steam turbine
power plants. IGCC plants can reach efficiencies approximately 7-10% higher than those of
conventional coal power plants. However, environmental concerns and possible regulation on
atmospheric CO, have severely slowed the movement toward IGCC as the CO, emissions from a
coal IGCC are about four times higher than those for a natural gas combined cycle power plant.

IGCC plants do have the potential to operate completely free of CO, emissions if the CO
in the synthesis fuel gas stream is shifted to CO, and the CO, is separated and sequestered. Pure
hydrogen is then used as the combined cycle plant’s gas turbine fuel. The resultant separated
CO, stream must be compressed, pipeline transported, and injected into geological underground
formations, such as underground salt domes, aquifers, or oil depleted reservoirs. This
compression process can consume a significant amount of energy depending on the type of
IGCC process, the CO, take-off point, the distance between power plant and injection point, the
formation’s internal pressure and depth, and the compression technology chosen. Clearly, to
maintain hydrogen IGCC (a competitive power plant alternative), it is critical to minimize the
energy consumption required for the CO, compression process.

Sequestering the CO,, however, requires significant compression power to boost the
pressure to typical pipeline levels. This penalty can be as high as 8-12% on a typical IGCC
plant. The goal of this research was to reduce this penalty through novel compression concepts
and integration with other IGCC processes.

2.2 PROJECT APPROACH

The conceptual design and R&D implementation plan for Phase | of the project consisted
of the following milestones:

o  Perform thermodynamic and economic analysis to determine the preferred CO,
state (liquid or gas) for pressure boosting.

o Integrate CO, compression with air separation plant streams.

o  Develop prototype compression (or pumping) concepts.

o  Perform advanced analytical analysis of proposed concepts.

o Identify the best compression concept.

o  Develop R&D implementation plans for Phases Il and III.
SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 3
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The deliverables of this phase will provide the best concept that meets the efficiency
goals and integrates into the IGCC environment. Phase Il will detail design the optimum
solution and perform prototype development testing. Phase Il will provide a full-scale
compression solution to an existing IGCC plant. This project was co-funded by Dresser-Rand
Company.

SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 4
Final Technical Progress Report September 28, 2007
Reporting Period 10/01/05 — 09/28/07



3. RESULTS AND DISCUSSION

3.1 IGCC BACKGROUND

Integrated Gasification Combined Cycle (IGCC) is a process that converts low value
fuels, such as coal, petroleum coke, orimulsion, biomass, and municipal wastes into a low
heating value/high hydrogen gas. Figure 3-1 shows a typical IGCC process [1]. This gas is then
employed as a primary fuel for a gas turbine. Another view of IGCC is to consider it a two-stage
combustion of an opportunity feedstock; the feedstock is first partially combusted in a reactor or
gasifier, and then the combustion is completed in the gas turbine. In simple terms, the IGCC
gasification process “cleans” heavy and/or solid fuels and converts them into a high value fuel
(syngas) for gas turbines.

There are several unique techniques to gasify a feedstock, but the most common involves
a reactor in which the feedstock undergoes partial oxidation with pure oxygen (i.e., the carbon
and hydrogen from the feedstock is released primarily as a mixture of hydrogen and carbon
monoxide). This gas is commonly called synthesis gas or syngas. Syngas has a heating value of
100-400 Btu/scf, which is about 10-33% that of natural gas or oil distillates.

! — Compressor/Pump
I CO2 to Pipeline
1

|
Heat Exchangerl Shift Reactor

I New Equipment

CO+H,0 > CO,+H

Air Separation

Cooling/Stm Gen
Clean, Dry
Syngas
Coal Water Slurry Prep AShEL“iZ‘ﬁI
Gas Clean-up
Vitrified —l;*
Slag
Figure 3-1. Schematic of IGCC Process with CO, Sequestration
(Modified from [1])
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IGCC generally consists of four separate processes:
o  Gasification

o  Cryogenic Air Separation

o  Gas Cleanup

o  Gas Turbine Combined Cycle

For the standard oxygen-blown gasification process, oxygen must be supplied to the
reactor; a cryogenic air separation unit (ASU) is employed for this purpose. Post-compression
air bleed from the gas turbine can provide/supplement the required air for the cryogenic ASU.

The syngas from the reactor must be cleaned before it can be employed as a gas turbine
fuel. This cleanup process typically involves the efficient removal of residual fly ash, sulfur
compounds, ammonia, mercury, other metals, alkalytes, and any particulate matter to reduce air
pollution and to meet the gas turbine fuel gas specifications. Consequently, in the IGCC process,
harmful pollutants are removed from the syngas stream (pre-combustion) rather than from the
flue gas (post-combustion). Since these pollutants are much more concentrated in the
pressurized syngas stream than in the exhaust flue gas, the IGCC cleanup process is more
efficient and has a lower cost than the post-combustion cleanup as employed in any steam-boiler
plants. Within this cleanup process, it is also feasible to convert the CO to CO; in an exothermic
shift reactor and separate the CO, from the synthesis gas stream using membrane filters. The
pure hydrogen is used as the fuel stream for the gas turbine combined cycle within the IGCC,
and the separated CO, stream is sequestered and stored in a geological underground formation or
other storage concept. Thus, IGCC provides the potential for a zero CO, emission coal power
plant [2].

3.2 CO;,; COMPRESSION BACKGROUND

The compression of CO, is currently required in a variety of processes, including natural
gas processing, fertilizer plants, and liquefaction facilities. CO, is used in a variety of products
and processes, including fire extinguishers, carbonation of soft drinks, enhanced oil recovery,
and the production of various chemicals. When combined with water in air, it forms carbonic
acid. CO; is also well known to be a greenhouse gas that contributes to global warming.
Increasing the concentration of CO, in greenhouses to 1,000 ppm (from standard atmosphere of
360 ppm) can increase crop yield by 20%.

Sequestering CO, from the combustion of fossil fuels like natural gas and coal prevents
the CO, from reaching the atmosphere and has received much attention in recent years. Once
sequestered, CO, may be moved via transmission pipelines and stored in depleted oil and gas
fields, deep salt reservoirs, unminable coal seams, or by dispersion in ocean environments [3].
CO, may also be used for enhanced oil recovery (EOR) and even enhanced natural gas recovery,
though gas recovery has not been proven viable yet. Studies are underway on pilot fields to
determine if CO; injection for EOR is a permanent form of gas storage [4].

In IGCC plants, sequestration can occur with the fuel gas stream utilizing a water gas
shift reaction process as described above. This separation process occurs at typical pressures
ranging from 300-1,200 PSIG (for pressurized gasifiers). The CO, may then be compressed and
transported via pipelines at typical pressures around 1,500 PSIG. The pressure ratio in this
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application is relatively low, and the volume flow through the compressor is relatively small
resulting in a smaller compressor frame size requirement. In applications where atmospheric
gasification is used, such as biomass gasification, the initial CO, pressure would be substantially
lower.

For an oxy-fuel process, oxygen from an air separation unit (ASU) combusts with
pulverized coal or oil in specially designed boilers. The CO, rich flue gas stream permits
economic separation and compression of CO,. However, compression to typical pipeline
pressures requires large pressure ratios (100:1) and high volume flow requirements. These gas
conditions increase the compression power required. CO, scrubbing of conventional pulverized
coal (PC) flue gas has the additional complication of lower CO, concentrations.

3.2.1 Task 1.1 — Summary of Literature Review

Integrated Gasification Combined Cycle (IGCC) plants use available coal or other fuel
stock to produce synthetic gas streams. One of the waste products of the present day IGCC plant
is carbon dioxide, produced in the creation of the synthetic gas stream. Emissions of carbon
dioxide from an IGCC plant may be reduced if the carbon dioxide stream can be efficiently
captured from the process gas and compressed for transport and delivery. At present, the cost of
separating and compressing the CO, for delivery at sequestration sites accounts for an efficiency
penalty of 8-15% in the overall IGCC plant efficiency. More efficient separation and
compression methods would reduce the cost of compression and the efficiency penalty
associated with sequestering the waste CO..

A literature review was conducted to better understand the physical processes involved in
extracting and compressing carbon dioxide. The selection and design of the most efficient
compression technology is dependent upon the separation method used. The separation
technology determines the thermodynamic state of the carbon dioxide entering the process.
Various separation technologies are available, which deliver carbon dioxide at different pressures
and in different streams. The literature review summarized below will be used to study the
options available for compression technologies.

3.2.2 Description of IGCC Application

The IGCC plant delivers the waste CO, stream at varied pressures, depending on where
the CO, is separated from the fuel gas stream. In a pre-combustion process using physical
adsorption with Selexol, the separation pressure varies from 1 bar (1 atm) to as high as 20 bar.
The higher-pressure separation methods inherently reduce the volume of carbon dioxide that
must be separated. The gas must be compressed to a pressure between 1,500 and 2,200 PSI in
order to be transported and delivered for use in enhanced oil recovery applications. The capacity
required through the compressor is significant. The mass flow rate of CO, from a typical
400 MW IGCC plant is 600,000 to 700,000 Ib/hr. At atmospheric pressure, the equivalent
volumetric flow rate is 85,500-100,000 ACFM (123-144 MMSCFD).

At its initial suction condition (15 to 120 PSI, 70°F to 90°F), the carbon dioxide is in
vapor form. At the final delivery point conditions (2,200 PSI, 70°F to 90°F), the carbon dioxide
is a supercritical fluid. Depending upon the compression process, the carbon dioxide may
remain in vapor form until it reaches the supercritical state or the carbon dioxide may be
converted to liquid at cryogenic conditions until it reaches the final state as a supercritical fluid.
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Figure 3-2 shows the pressure-enthalpy diagram for carbon dioxide with the indicated final
suction and discharge points. In reality, the compression cycle must take place on either the
vapor side (right side of Figure 3-2) or liquid side (left side of Figure 3-2) of the dome. Various
compression options are available with differing levels of efficiency, depending upon the number
of thermodynamic points, cooling steps and pumping/compression losses.

The separation process in an IGCC plant dictates the delivery suction pressure and the
number of streams of CO, produced for compression. Carbon dioxide is typically separated
from the process stream using either pre-combustion, post-combustion, or oxy-fuel combustion
systems. Post-combustion systems separate the CO, from the flue gas produced in a combustion
process using primary fuel. Pre-combustion systems process a primary fuel source prior to
combustion and typically produce two separate streams of carbon dioxide and hydrogen, which
is used as the primary fuel source. Oxy-fuel combustion systems use oxygen instead of air for
combustion and produce a waste gas stream composed of H,O and carbon dioxide. The carbon
dioxide is then readily captured from the water vapor stream. The three methods of CO, capture
are compared to a traditional industrial separation process for CO, in Figure 3-3. In an IGCC
plant, the preferred method is pre-combustion separation.

Figure 3-2. Pressure-Enthalpy Diagram for Carbon Dioxide [5]
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Figure 3-3. Basic Capture Systems for Carbon Dioxide Used in Power Plant Applications [6]

Currently, large-scale power plants producing more than 100 megawatts of electricity do
not employ CO, capture systems, although these larger plants are the major producers of CO,
emissions and will be in the future. Pre-combustion technologies for separation of CO, in an
IGCC plant are commercially ready (Intergovernmental Panel on Climate Control (IPCC) 2005
Report on Carbon Dioxide Capture and Storage). Pre-combustion technologies are preferred
(over post-combustion systems) in an IGCC plant because the available extraction pressure is
higher, reducing the required volume of CO; to be separated. In a pre-combustion separation
process, the fuel source (a hydrocarbon mixture) reacts with either steam or oxygen to produce
carbon monoxide and hydrogen. Then, a shift reaction occurs to produce carbon dioxide and
hydrogen by adding steam to carbon monoxide gas. Carbon dioxide is finally separated from the
hydrogen fuel in the final stage.

Various carbon dioxide separation methods exist, namely chemical absorption, physical
adsorption or absorption, liquid distillation, or membrane technology. The methods are
illustrated in Figure 3-4. In separation technology using sorbents, the process gas is put in
intimate contact with liquid or solid sorbent to absorb or adsorb onto the carrier sorbent. A
pressure or temperature changes occurs to cause the sorbent to release the CO,. Examples of
sorbents are monoethanolamine (MEA), hot potassium carbonate (K,CO3), and commercially
produced mixtures such as Selexol. Selexol is currently used to separate CO; in many industrial
applications. The use of chemical absorption or physical adsorption/absorption appears to be the
most promising existing technology for CO, separation.

Improvements to sorbtion technologies will reduce the energy penalty associated with
capturing carbon dioxide in the future. The cost of CO, recovery using MEA and K,CO;
absorption in an IGCC system was recently improved by energy integration schemes in a 2004
study [7]. Adsorption technology using molecular sieves, activated carbon and natural zeolite
were also shown to capture high amounts of CO, [8].
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Figure 3-4. lllustration of Pre-Combustion Capture Technology Premise [6]

Membranes allow the CO; to selectively permeate through the membrane. High-pressure
gas works best in membrane applications because the flow is often pressure driven. Membrane
technologies have not been applied to the CO, capture conditions required in an IGCC plant.
The technology may need improvements in the area of reliability and size in order to meet the
current application.

The gas stream may also be liquefied and distilled to separate the heavier CO, gas from
the lighter process mixture. This process of cryogenic distillation is a less available technology,
which may need further development. The technology has not been employed in industrial CO,
separation systems to date.

An example of a new capture technology is the SIMTECHE process which uses hydrate
formation to separate CO, from syngas at relatively high pressures. The benefits of separating
carbon dioxide at higher pressures are considerable because the cost of compression (and
cooling) the CO, stream is reduced. In the SIMTECHE, the process forms gas hydrates, which
are rich in carbon dioxide using a proprietary technology (neither adsorption or absorption) [9].
The SIMTECHE process can capture 70-90% of the carbon dioxide in the gas stream, depending
upon the use of organic promoters. An obvious advantage of this new technology is the ability to
deliver captured CO; at a suction pressure of 5 to 10 times the pressure of current separation
technology [10]. However, the ability to capture the majority of the CO, stream is critical to
reduce the costs and emissions of an IGCC plant.
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3.2.3 Current Need for CO, Technology Improvements in IGCC Plants

The process associated with carbon dioxide capture increases the cost of produced
electricity by a factor of 1.2 to 2.0, due to the energy required to remove and compress carbon
dioxide with current technology. The increase in cost for an IGCC plant is less than the increase
in cost in a natural gas combined cycle (NGCC) plant or a pulverized coal (PC) combustion
process using CO, capture. The cost of electricity production increases by 40-85% in a PC plant
and 35-70% in a natural gas combined cycle plant, compared to an increase of 20-55% in an
IGCC plant [6].

Other sources actually find the increase in electricity cost gaps to be larger between
IGCC plants and NGCC or PC. Pashos found the increased cost of CO, capture to be 25% in the
case of an IGCC plant compared to 60% for a NGCC plant or 72% for a PC plant [11]. Shine
made the same calculation using an IGCC plant with a shift reactor and the Selexol absorption
technology [12]. He found a 25-35% increase for the IGCC plant, compared to estimations of
CO, capture at 50-75% in flue gas applications, such as a gas turbine or coal fired boiler [12,
13]. Regardless, the comparable costs of implementing a CO, capture system in an IGCC plant
will be less than other power plant capture systems. The present study aims to reduce this cost
by designing a more efficient compression system for large volumes of CO,.

The combination of high oil prices, low coal prices, and more efficient capture and
compression technology will drive the competitiveness of the future zero-emission IGCC plant.
Figure 3-5 illustrates the trade-offs between the cost of recovered CO,, the price of oil, and the
risk of new separation technology. Improved technology will increase the amount of
economically recoverable oil, using CO; as the injection gas [14].

“Traditional )
Practices” “State of the Art” Technology
— 50 46.8
59 39.8
g5 40 ] F—.
§ g Current Financial Conditions Improved Financial Conditions
58 30 —
w X 24.1
o=
S8 20
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High Risk/ Low Risk/ Low Risk/ Low Risk/
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Figure 3-5. Economically Recoverable Oil versus Technology Risk,
Cost of Carbon Dioxide and Oil Price [14]
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3.2.4 Compressor Technology

To compress carbon dioxide with traditional technology from an initial pressure ranging
from 15 to 100 PSI to a final pressure of 2,200 PSI, multiple stages of compression will be
required. The optimum ratio for CO, compression is 3.5 to 4.0, according to compressor
manufacturers. Diaphragm or the traditional reciprocating compressors are the traditional
technology used to deliver high discharge pressures or for high-pressure ratio applications.
Below 40 bar (550 PSI), positive displacement compressors (rotary or screw) may also be used,
but more stages may be required because these machines are pressure ratio limited. Centrifugal
compressors will also be considered because of their ability to process large volumes of gas at
both low and high pressures.

Screw compressors were first used with CO; in the food industry in 1981. They have
since become a standard in the industry. CO, compression from atmospheric conditions to
300 PSI can be accomplished in two stages. The lubricant separation systems in the modern day
screw compressor lower the lubricant levels in the delivered CO,. Dehydration through cooling
IS required prior to compression to remove contained water in the CO, stream.

Shock compression is an alternative “new” compression technology. Shock compression
is accomplished by dramatically slowing down a high velocity inlet line of process gas by
diverting the gas around a fixed body and into a small channel. By forcing the flow into small
channels, the process gas stream is slowed from a supersonic speed to subsonic speed, which
creates a shockwave and a corresponding rise in pressure. Ramgen Power Systems has
developed a shock compressor for the air compressor market. A similar multi-stage compressor
for process-gas applications is currently in development. Additional analysis is required to
determine if the shock compression process reduces horsepower, once cooling considerations are
taken into account [15].

At the initial separation point, the large volume of CO, produced by a large IGCC plant
may require a centrifugal compressor to accommodate the larger volumes. The number of
compression stages and intercooling between stages will affect the overall horsepower required
for the compression process. Isothermal centrifugal compressors are a consideration for this
application because the process gas may be cooled in between each stage of compression, which
reduces the total horsepower requirement (Dresser-Rand). In addition, the specific properties of
CO, must be taken into account. As Figure 3-2 shows, the vapor-liquid dome for carbon dioxide
is different from a predominant hydrocarbon gas composition. The liquid region for CO, may be
reached by lowering the temperature of CO, at a pressure of approximately 100 PSI. The
cryogenic liquid region offers additional flexibility because cryogenic pumps consume
considerably less power than gas compressors. Preliminary analysis of various compression
options suggests that cryogenic pumping applications show potential for horsepower savings.
Two preliminary analyses are shown in Figure 3-6 and Figure 3-7. Instead of using a path of
compression through the vapor region, the liquid region uses less horsepower and requires less
cooling.
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Figure 3-6. Five Step Compression Process for Carbon Dioxide with Intercooling
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Figure 3-7. Hybrid Compression System with Vapor Compression and Cryogenic Liquid Pump
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However, liquid CO; transport may not be as effective as gas pipeline transport. The
carbon dioxide pipeline infrastructure is already in place in parts of the United States, with future
CO; pipelines already in the preliminary planning stages. Figure 3-8 depicts the country’s
carbon dioxide pipeline network, as it existed in 2005 [13]. Past studies also suggests that high
pressure gaseous CO; is the most efficient method of CO; transport. Transportation options for
CO, were examined in constructing the SACROC CO; pipeline, which was the first CO, pipeline
constructed in the United States to move anthropogenic carbon dioxide from Shell Oil Company
gas processing plants to the Texas Val Verde basin for enhanced oil recovery. At the time, the
use of trucks or rail options was considerably more costly than high-pressure (at 9.6 MPa) gas
pipeline transport. High-pressure transport was analyzed to be 20% less costly than low-pressure
(4.8 MPa) transport due to the large volume of pipeline required for the low-pressure option [6].
Transportation of CO, by pipeline is still preferred by operating companies for many reasons.
Though the initial capital costs for a pipeline are considerably high, the other options (by truck,
rail, or cargo) present higher operational costs, increased carbon monoxide emissions in the
transportation process, and have a significantly higher risk to public safety.
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Figure 3-8. Existing Carbon Dioxide Pipeline Infrastructure [13]

Liquid transport may need to be reconsidered with the current technology improvements
compared to the analysis previously done in the SACROC pipeline construction. The use of
liquefaction technology and experience with LNG transport in the last three to five years may be
transferred to liquid carbon dioxide transport applications [6].

Carbon dioxide has a low critical temperature of 31.1°C and critical pressure of 73.8 bar
(1,070 PSI). At supercritical pressure, heat is rejected during compression. CO, has seen an
increased presence in the refrigerant industry (especially in Europe over the last ten years)
because its supercritical properties allow it to be compressed very efficiently. Many times, CO,
liquid compressors operate in a transcritical region. CO; is useful in compression cycles
requiring heating and cooling at the same time. The coefficient of performance may be
improved by 15-20% for a twin screw compressor by designing for a transcritical compression
and expansion process in the same unit [16].
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In transporting CO,, the two-phase region must be considered, which exists below
1,100 PSI. This equates to maintaining a certain minimum temperature in the pipeline as the
CO; is transported and compressed up to 1,100 PSI. Once the pressure is above the supercritical
point, the CO; is in a supercritical state where it acts as neither gas nor liquid. In addition, the
corrosion rates of CO, must be considered. The corrosion rate suggested by field data amounts
to 0.00025 to 0.0025 mm per year, without the presence of water vapor. If the CO; is not
dehydrated, hydrates may increase the corrosion rate considerably due to the formation of
carbonic acid.

3.25 Task 1.2 — Conceptual Design Analysis

For an example 400 MW IGCC plant, a typical CO, mass flow rate of 600,000 to
700,000 Ibm/hr exists from the shift reactors. Figure 3-9 plots the required inlet volume flow for
a given inlet pressure. The plot shows the strong sensitivity to inlet pressure on the inlet volume
flow rate. For a 600-PSI CO, stream pressure, a volume flow of only 2,465 ACFM is required.
If, for example, this CO, stream comes from combustion flue gas at atmospheric pressure, then a
volume flow rate of over 100,000 ACFM is required. This is over 40 times the greater flow rate.
Since volume flow increases with the square of the scale factor, a compressor over six times
larger is required. The requirement of large frame compressors increases both the capital and
operating expenses of the plant.

Pressure VElquwaIFeInt Required Volume Flow
(PSIA) oume TIow for 700,000 Ibm/hr
(ACFM) * :
14.7 100,595 1000000 0
150 9,858
100000 0
300 4,929 -
450 3,286 G 100000
600 2,465 < \‘\‘_\_
1000 1,479 1000 *
1000 . . .
1500 986 0 500 1000 1500 2000
P1 (psia)

* All volumetric flows are at equal temperature of 60 F.

Figure 3-9. Inlet Volumetric Flow Rate at Various Pressures

In order to better understand the compression requirement, preliminary compressor
selections were made using the above case study. For high volume applications, axial
compressors offer many advantages. Figure 3-10 shows an axial compressor application map for
a family of Dresser-Rand axial air compressors. The requirement of 100,000 ACFM for an
ambient inlet pressure falls near the middle of the application map. The pressure ratio would be
about 1.5 times greater than for air due to the higher molecular weight. This compressor would
boost the pressure to just over 100 PSI. Therefore, multiple compressor bodies with intercoolers
would be required.
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Figure 3-10. Axial Compressor Application Map (Courtesy of Dresser-Rand)

A centrifugal compressor solution is investigated next. Figure 3-11 shows an application
map for the range of multi-stage centrifugal compressors, named the DATUM, produced by
Dresser-Rand. The frame sizes range from 2 to 28 in steps of two. The volume flow for a 15-
PSI inlet and a 300-PSI inlet are superimposed on the chart. The higher inlet pressure
(300 PSIA) requires a frame 2 or 4. The low inlet pressure (14.7 PSIA) requires a frame 24
compressor. To give an indication of the size difference, the frame 24 can use as large as a 48-
inch inlet nozzle flange, while the frame 4 is less than 12 inches.

Table 3-1 shows an actual compressor configuration for the higher inlet pressure using
the Dresser-Rand compressor selection tool. As indicated above, a frame 4 was selected
requiring only three impellers and consuming 14,500 HP. To demonstrate a point, the same
application is used, but assuming perfect isothermal compression where each impeller sees the
same 80°F inlet temperature. The power required reduces to 10,500 HP, which is 37% less
power. Reducing the inlet temperature to the saturation temperature of 0°F reduces the power
required to 10,830 HP. For comparison, a low-speed reciprocating selection was also made and
shows a horsepower requirement of 13,900 HP. While this is less than the standard centrifugal,
it is significantly higher than an isothermal offering.

The low inlet pressure selection is shown in Table 3-2. This selection calls for a two-
casing solution using a frame 26 compressor with the first containing two stages and the second
containing four stages in a back-to-back arrangement, indicating a power requirement of
29,570 HP. The power requirement reduces to 24,000 HP, if the inlet temperature is reduced to
-100°F.
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Figure 3-11. Centrifugal Compressor Application Map (Courtesy of Dresser-Rand)

Table 3-1. Sample Centrifugal Compressor Selection: 300 to 1,500 PSI

SECTION INLET P PSIA 300
SECTION INLET T F 80
SECTION INLET Q ACFM 4,564
SECTION DISCHARGE P PSIA 1,500
SECTION DISCHARGE T F 362
RATIO 5.00
HEAD FT-LB/LB 33,461
EFFICIENCY % 81
COMP DESIGNATION D4R
STAGES 3.00
SHAFT SPEED RPM 17,710
POWER BHP 14,510
ISOTHERMAL COMPRESSION POWER BHP 10,530
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Table 3-2. Sample Centrifugal Compressor Selection: 15 to 300 PSI

CASING NUMBER 1.00 2.00 3.00
SECTION INLET P PSIA 15 40 109
SECTION INLET T F 80 105 105
SECTION INLET Q ACFM 101,717 39,333 14,188
SECTION DISCHARGE P PSIA 41 111 300
SECTION DISCHARGE T F 232 277 297
RATIO 271 2.74 2.74
HEAD FT-LB/LB 21,363 22,620 22,455
EFFICIENCY % 85 81 73
COMP DESIGNATION D26R D26R D26R
STAGES 2.00 2.00 2.00
SHAFT SPEED RPM 3,350 3,350 3,350
POWER BHP 8,820 9,910 10,840
TOTAL POWER (if train) BHP 29,570

The total power required in compressing CO, from 15 to 1,500 PSI is 44,080 HP
(33 MW). This represents 8.2% of the 400 MW plant output. If compression starts from an
elevated fuel gas stream (IGCC process), then only 14,500 HP is required, representing about 3%
of the plant output. This power requirement may be reduced by about 37% using isothermal
compression. These values do not account for the power required for gas transmission along
required pipelines.

The cryogenic pumping option discussed above would utilize a centrifugal pump to boost
the liquid CO, from 15 to 1,500 PSI, similar to a rocket engine turbopump used for liquid
oxygen and hydrogen. The assumed mass flow rate used above (700,000 Ibm/hr) would result in
1,200 gallons per minute flow rate. This flow rate is in the range of rocket engine pumps but is
higher than commercially available pumps and would likely require development for this
application. Like rocket engine pumps, the low net positive suction head (NPSH) for ambient
inlet pressure presents some cavitation issues that must be overcome. For higher inlet pressures
(IGCC process), significantly less head is required and no NPSH issues would exist. The
calculated power to boost the pressure from 15 to 1,500 PSI in liquid form is only 1,283 HP.

Table 3-3 summarizes the required power for the various options. The reciprocating
compressor option does not reduce the power significantly over a conventional centrifugal.
Isothermal compression and reduced inlet temperature approaches both significantly reduce the
required power of compression. Combining these two approaches would result in further
savings. The liquid turbopump option possesses the greatest potential savings, reducing required
power by over an order of magnitude. Obviously, the approach is dependent on the ability to
liquefy the CO, without additional horsepower requirements.

The liquid turbopump option possesses significant potential for reducing cost of
pressurization, but this concept needs further investigation to prove its viability. Significant
improvements can be realized even with gaseous compression as shown above.
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Table 3-3. Summary of Power Required for the Boosting Pressure from 15 to 1,500 PSI

Configuration Horsepower Required
Conventional Centrifugal LP/Recip HP 43,499
Conventional Centrifugal LP/HP 44,080
Isothermal Compression — Centrifugal LP/HP 27,770
Reduced Inlet Temperature — Centrifugal LP/HP 34,830
Liquid Turbopump Option 1,283*
*Does not include the power required to liquefy the CO,

3.2.6 Available Commercial Product Description

The following is a brief review of existing compression technology. Figure 3-12 shows a
high-pressure (up to 3,800 PSI) centrifugal compressor produced by Dresser-Rand named the
DATUM and is used for natural gas re-injection. This demanding service pushes the state-of-
the-art in the amount of pressure ratio in a single casing (over 9:1).

Figure 3-13 shows a Dresser-Rand integrally geared compressor called the ISOPAC. It
permits isothermal compression using intercoolers between the stages. The required piping and
cooler arrangement can be complex and possess greater losses than a standard multi-stage
compressor with internal cooling as is being proposed in this project.

Figure 3-14 shows a picture of a turbopump developed by Barbour Nichols for the
Fastrac rocket engine designed, built, and tested by NASA Marshall Space Flight Center [17].
These turbopumps provide pressure boost for kerosene and liquid oxygen that feed the engine
producing 60,000 Ibs. of thrust. This technology could be applied to the pumping of liquid CO..
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Gas Flow Gas Balance Seal
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Figure 3-12. Dresser-Rand Multi-Stage Centrifugal Compressor (Courtesy of Dresser-Rand)
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Figure 3-13. Dresser-Rand ISOPAC Figure 3-14. Rocket Engine Turbopump
Compressor (Courtesy of Dresser-Rand) (Courtesy of Barber Nichols)

3.2.7 Task 1.4 — Evaluate Intercooling Concepts

Several intercooling schemes were considered in the investigation of technology concepts
needed to provide intercooling throughout the compression process. Intercooled compressors
offer a significant energy savings over traditional compression. A description of the various
technology options that were explored is provided below.

a

The traditional approach to intercooled compression is to use air-to-gas heat
exchangers between compressor sections. This offers a fairly significant drop in
required horsepower because the gas temperature is reduced 3-4 times throughout
the compression process (from 15 to 2,200 PSI).

A newer approach to intercooled compression is to use isothermal compression,
which requires cooling the gas between each stage of compression. The
compressor arrangement for this approach would either be an integrally geared or
multi-stage centrifugal compressor with internal cooling. The primary heat
exchange mechanism would be ambient air. This process allows for more cooling
(and therefore higher efficiency) than the traditional process. The option is still
limited by the temperature of the ambient air, thus, use of isothermal compression
in climates with cooler ambient temperatures allows for higher efficiency.

A third option investigated in the project uses a sub-ambient cooling scheme. Sub-
ambient cooling is provided by excess nitrogen gas from the air separation unit
(ASU). Intercooling to a lower temperature offers more energy savings due to the
variation in the enthalpy at higher temperatures and pressures. (Compression at
lower temperatures requires less enthalpy departure.) The nitrogen gas may be used
as a cooling source upstream of the inlet CO, gas or in the internal diaphragms at
the exit of each compression stage in the multi-stage compression option.
Additional transpirational cooling, using liquid or gaseous nitrogen from the ASU,
should be considered. Finally, intercooling can also be provided using gas mixing
schemes with the sub-ambient temperature nitrogen gas and the CO; gas.
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3.2.8 Task 2.1 — Develop Interstage Cooling Concepts

Various options for the compression of carbon dioxide as a waste stream from an IGCC
plant have been examined. The compression technology options have been compared in terms of
efficiency and required horsepower in order to determine the least costly compression
technology for the IGCC plant application. To further study the advantages of the various
technologies, it was assumed that the carbon dioxide was removed through a reformer process in
the production of hydrogen rich syngas from natural gas. The waste carbon dioxide at near
atmospheric pressure is transferred to a compression unit onsite at the power generation plant.

Based on a typical solvent absorption process for the removal of carbon dioxide, the
carbon dioxide waste stream was assumed to be divided into a low pressure (~22 PSIA), medium
pressure (~170 PSIA), and high pressure (~250 PSIA) waste stream. The mass flow rates of
each stream were typical of a current IGCC plant/CO, separation process. The expected delivery
pressure for the carbon dioxide was assumed to be 2,215 PSIA at 70°F. A typical CO, flow rate
of approximately 51 MMSCFD is also assumed. The carbon dioxide at the final delivery
pressure is in a supercritical state. Table 3-4 shows the assumed pressures and temperatures for
the waste CO, streams resulting from the separation process.

Table 3-4. Typical Waste IGCC Carbon Dioxide Streams

LP CO, MP CO, HP CO, 1 HP CO, 2
Mole Fraction
Ar 0.0000 0.0005 0.0008 0.0029
CH, 0.0004 0.0047 0.0053 0.0174
CO 0.0000 0.0005 0.0007 0.0025
CO, 0.9952 0.9763 0.8742 0.8187
COS 1.9 ppmv 0.8 ppmv 0.6 ppmv 0.6 ppmv
H, 0.0005 0.0168 0.0405 0.1573
H,O 0.0039 0.0012 0.0010 0.0009
H,S 45.5 ppmv | 13.0 ppmv 7.5 ppmv 8.7 ppmv
N, 0.0000 0.0000 0.0775 0.0001
Total 1.0000 1.0000 1.0000 1.0000
Flowrate (Ibmei/hr) 8,052 3,905 9,265 3,649
Flowrate (Ib/hr) 353,298 168,445 378,775 134,431
Flowrate (Ib/min) 5,888 2,807 6,313 2,241
Flowrate (ACFM) 33,257 2,158 3,374 1,073
Temperature (°F) 51.0 68.0 90.0 75.0
Pressure (PSIA) 21.9 160.0 250.0 299.0
Density (Ib/ft°) 0.177 1.301 1.871 2.088
Molecular Weight 43.878 43.131 40.882 36.836

3.2.8.1 Option A — Conventional Approach

The initial analysis of horsepower was conducted for a conventional approach to
compressing the CO,, using multiple stages of centrifugal compression. The conventional
technology is presented as Option A. The low-pressure stream is compressed and blended with
the medium pressure stream (which enters the compressor as a side stream). The final high-
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pressure stream is blended with the two lower pressure streams to compress the carbon dioxide
to its final delivery pressure of 2,215 PSIA. In this conventional approach, the polytropic
efficiency is maintained between 80-85% on average.

Dresser-Rand calculated the horsepower and polytropic efficiency. The resulting
machinery selection is shown in Appendix A. The compressor train consists of two parallel
trains with a low pressure (LP) and a high-pressure (HP) compressor. The LP flow shown in
Table 3-5 enters into the LP compressor. The MP flow enters the LP compressor through a side-
stream after the first few stages of compressor. The discharge of the LP compressor is mixed
with the HP-1 and HP-2 flows at about 250 PSI and enters into the HP compressor. Since each
compressor is a back-to-back design, intercooling is used for each body as well as for the flow
exiting the LP compressor. The Dresser-Rand calculations were compared to a thermodynamic
analysis of the compression process performed by SwRI, in order to validate the SwRI analysis,
using the conventional Dresser-Rand selection technology. The results of the two analyses are
shown in Table 3-5.

Table 3-5. SwRI and Dresser-Rand Analysis of Conventional Centrifugal

Comparison of Conventional Approach "Option A"

Dresser Rand and SwRI Calculations

Compressor| D18R7B D18R7B D16R9B D16R9B
Gas Mix LP MP Blend Blend
Mixture % CO2 99.52 97.63 92.13 92.13

Mass Flow (Ibm/hr) 188119 260872 602750 517475
Inlet Pressure (psia) 21.9 96.58 248 1087
Inlet Temperature (degF) 51 90.21 100 100
Discharge Pressure (psia) 106.6 258 1097 2215
Dresser Rand Calculations D-R Total
Discharge Temperature (degF) 299.3 258.1 369.8 231.4
Polytropic Efficiency 85.07 78.93 81.33 63.11 75.4 Flow wtd % eff
BHP Required 3739 3711 12169 5199 24818 Total BHP
SwRI Calculations SwRI Total
Discharge Temperature (degF) 300 226.3 370 205
Polytropic Efficiency 84.20 74.30 79.00 64.50 75.7 Flow wtd % eff
BHP Required 3899 3130 12745 3477 23251 Total BHP

The suction pressure, suction temperature, and discharge pressure were selected by SwRI
to match the Dresser-Rand inlet pressure for each stage. The difference in polytropic efficiency
and resulting horsepower for each stream is due to the gas composition variations in the two
analyses. Dresser-Rand used the actual gas composition shown in Table 3-4 for each gas stream,
while SWRI used 100% carbon dioxide for the analysis. For the purposes of comparing to other
compression options in a relative sense, using 100% carbon dioxide simplifies the analysis and
assures that the gas mixture properties do not affect the results for the other compression options.

The analysis of the various compression options uses the polytropic efficiency calculation
for efficiency comparisons. Since the polytropic efficiency calculation uses an approximation of
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the compressor head, the polytropic head should be multiplied by a correction term to provide an
accurate calculation of efficiency more similar to isotropic efficiencies. The correction term is
based on the work of J. Schultz [18]. This factor is defined as the Schultz correction factor and
is calculated as follows:

hZS B hl

k_(Pz —Plj
k=1 \py P
Typically, the factor affects the polytropic efficiency on the order of less than 1.0%. Using the
Schultz correction factor, the formulation for the polytropic efficiency is:

f:

(1)

n,-1

o || P -1 .i.f
n,-1) | R P

(hz - hl)

As Table 3-5 shows, the Option A conventional compression technology requires a total
horsepower of 23,251 BHP (using SwRI calculations, which assume 100% carbon dioxide).
Option A provides a baseline to compare to alternative compression technologies. This
conventional approach was compared to alternative methods of compression to evaluate the
merits of intercooling between stages, increased pressure ratio, and refrigeration of the CO; in
order to pump it as a liquid stream. The alternative compression technologies are summarized in
Table 3-6. The thermodynamic calculations for each compression technology option are
provided in Appendices B.1-B.5 to document the horsepower results provided herein. Figure
3-15 provides a summary of the various thermodynamic paths taken by each of the compression
technology options. The compression paths are shown on the pressure versus enthalpy diagram
for carbon dioxide. As the results show, the amount of horsepower required by each
compression option varies significantly according to the thermodynamic path.

(2)

e =

3.2.8.2 Option B — Conventional Approach with Intercooled Stages

In Option B, the conventional technology is used to reach the same discharge pressures
for each train as in Option A. The difference in the two conventional approaches is that in
Option B, the inlet suction temperature for each train is reduced. This technology option
assumes that some type of heat exchanger could be used to reduce the inlet gas temperature. The
comparison of the two thermodynamic paths taken by Option A and Option B is shown in Figure
3-16.

If an air separation unit in the IGCC plant has available nitrogen gas available at a
reduced temperature, the ASU could provide cool gas for the heat exchanger. A typical ASU
releases a cold waste nitrogen stream at the rate of 150,000 lbm/hr for a 700 MW IGCC plant.
This flow rate was used to calculate the amount of the reduction in inlet CO, gas temperature
between trains. The carbon dioxide is reduced to 60°F at 97 PSIA and 258 PSIA prior to
entering the next compression stage. At 1,097 PSIA, the suction temperature is reduced slightly
from 100°F (Option A) to 90°F (Option B). It is expected that the cost of using the cooler
nitrogen from the ASU will have an associated power cost, but the amount of power has not been
determined at this time.

SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 23
Final Technical Progress Report September 28, 2007
Reporting Period 10/01/05 — 09/28/07



Table 3-6. Summary of Compression Technology Options — Power and Cooling Requirements

Summary of Calculations

Power % Diff from Cooling
Option Compression Technology Requirements Option A Cooling Technology Requirements
Conventional Dresser-Rand Air-cool streams between [Air Mass Flow =
0,
A Centrifugal 10-stage Compression 23,251 BHP 0.00% separate stages 2.03e6 Ibm/hr
Conventional Dresser-Rand Air-cool streams between Air Mass Flow = 1.7e6
B Centrifugal 10-stage Compression 21,522 BHP -7.44% |[separate stages using ASU lbm/hr '
with additional cooling cool N2 stream
Isothermal compression at 70 degF o, |TC =70 degF inlet temp .
Ci1l and 80% efficiency 14,840 BHP 36.17% throughout To be determined
Isothermal compression at 100 degF o |TC =100 degF inlet temp .
C.2 and 80% efficiency 18,266 BHP 21.44% throughout To be determined
Semi-isothermal compression at 70 15’374 BHP. Tc = 70degF in between .
C.3 ) (Required Cooling | -33.88% To be determined
degF, Pressure Ratio ~ 1.3 Power TBD) each stage.
Semi-isothermal compression at 70 17‘.025 BHP. Tc = 70degF in between .
C.4 ) (Required Cooling | -26.78% To be determined
degF, Pressure Ratio ~ 1.55 Power TBD) each stage.
Semi-isothermal compression at 70 18’.227 BHP. Tc = 70degF in between .
C5 ) (Required Cooling | -21.61% To be determined
degF, Pressure Ratio ~ 1.9 Power TBD) each stage.
"High Ratio" compression - two 0 . . Air Mass Flow =
D.1 stages, no inter-stage cooling 41,920 BHP 80.29% |Air cool at 2215 psia only 3.93¢6 Ibm/hr
"High Ratio" compression - two o Air cool at 220 and 2215  |Air Mass Flow =
D.2 stages with intercooling between 28,699 BHP 23.43% psia 3.18e6 Ibm/hr
16,198 BHP Refrigeration requires

Centrifugal compression to 250 psia,
E.1 Liquid cryo-pump from 250-2215

Air cool up to 250 psia,

(Includes 7,814 : -
-30.33% |Refrigeration to reduce

BHP for

7814 HP for 3428
tons, Air Mass Flow =

psia Refrigeration) * CO2 10 -25degF to liquify & 508 lymynr
Centrifugal compression to 250 psia 15,145 BHP Air cool up to 250 psia Refrigeration requires
E2 with semi-isothermal cooling at 100 (Includes 7,814 -34.86% between centrifugal stages,| 7814 HP for 3428
' degF, Liquid cryo-pump from 250- BHP for oo Refrigeration to reduce tons, Air Mass Flow =
2215 psia Refrigeration) * CO2 to -25degF to liquify |5.1e5 Ibm/hr

L Air separation unit is used in options B, D and E. Additional power may be required to extract N2 cooling capability.

Without including the cost of using the nitrogen stream from the air separation unit at the
IGCC plant, the resulting total horsepower required for Option B is 21,522 BHP. The reduction
in horsepower is about ~1,730 HP, equivalent to 7.4%. Though Option B does not offer a
significant savings in energy, the trend towards reducing horsepower by providing intermediate
cooling of the gas stream is notable.
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Figure 3-15. Compression Technology Options — on Pressure vs. Enthalpy
Diagram for Carbon Dioxide
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Figure 3-16. Comparison of Thermodynamic Paths for Options A and B
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3.2.8.3 Option C - Isothermal and Semi-Isothermal Compression

In Option C, the inlet-cooling concept is applied to each stage, using the same discharge
temperatures and pressures per train as Options A and B. An ideal isothermal compression
process was analyzed in Option C.1 for an isothermal compression temperature of 70°F. To
gauge the effect of the choice of isothermal temperature (and the required cooling power),
Option C.2 was analyzed as an isothermal compression with a constant temperature of 100°F.
Assuming an 80% nominal efficiency for both isothermal processes, Option C.2 requires a total
horsepower of 18,266 compared to 14,840 BHP for Option C.1. Thus, using a higher isothermal
temperature (100°F) will require about 15% more horsepower, but this approach permits air-
cooling of the gas stream.

In the ideal isothermal compression process, the temperature change (and resulting
enthalpy change) is zero. Due to the high pressures involved in the carbon dioxide compression
process, the non-ideal gas effects must be accounted for in the isothermal work calculation. An
approximation to the isothermal compression power equation using the average compressibility
may be used to account for real gas effects in the isothermal compression:

W (Btu/1bm) :i-zavg TP (3)
: MW P

Equation (3) assumes that an effective number of small steps are used in the isothermal process
calculations in order to make the average compressibility (Zag) representative of the
compressibility of the gas through each specific isothermal step. For the present calculations,
five isothermal steps were used to compress the carbon dioxide from 22 to 2,215 PSIA. Average
compressibility was recalculated for each step.

In reality, an isothermal compression process is difficult to achieve. A typical
compression process can be implemented using an increasing number of finer compression steps
with interstage cooling in between each compression stage to approach the ideal isothermal
compression.  This actualization of an isothermal process is termed semi-isothermal
compression. To analyze the semi-isothermal process, Option C.3 uses many small compression
steps with interstage cooling between each stage. An illustration of the thermodynamic path
taken by Options C.1 and C.3 is shown in Figure 3-17 to illustrate the semi-isothermal process.

The semi-isothermal calculations were expanded to examine three semi-isothermal
processes with an increasing number of inter-cooled stages (8, 11, and 17 compression steps with
pressure ratios of 1.9, 1.55 and 1.3, respectively). For this analysis, the polytropic efficiency was
set equal to 80%, and the discharge temperature of each stage was adjusted to maintain the same
approximate polytropic efficiency. This modification in the calculation assures that the
comparison between Option A and Option C.3-Option C.5 shows the reduction in horsepower
achievable through interstage cooling for a compression process at relatively the same polytropic
efficiency as the conventional process. For all three semi-isothermal processes, the carbon
dioxide was compressed from 22 to 2,215 PSIA, maintaining an interstage cooling temperature
of 70°F.

The resulting horsepower required for these options is shown as Options C.3 through C.5
in Table 3-6. At the highest compression ratio (the least number of intercooling
stages/compression steps), the reduction in horsepower is 21%. At the lowest compression ratio
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Figure 3-17. Comparison of Isothermal and Semi-Isothermal Compression Paths

(the highest number of intercooled stages), the horsepower reduction approaches that of the
isothermal process given in Option C.1. The reduction in horsepower is 33.8% for the semi-
isothermal process, Option C.3 with a pressure ratio of approximately 1.3 per stage.

As the number of stages in the semi-isothermal process increases, the total process
horsepower begins to asymptotically approach the horsepower required for an isothermal
compression process. The results of the semi-isothermal process indicate that as more interstage
cooling is applied through a greater number of compression steps, the process results in a lower
total horsepower. Experimental testing will determine the practical achievable limit for the
amount of cooling (semi-isothermal temperature set point) and the number of compression
stages. Figure 3-18 shows the trend towards lower horsepower with the increased number of
stages in the semi-isothermal process, compared to the other analyzed processes.

3.2.8.4 Option D — High Ratio Compression

The high ratio compression process calculations were considered in the analysis as
Options D.1 and D.2. For the analysis, it was assumed that the carbon dioxide from the low and
medium pressure streams would be blended together and compressed from 22 to 220 PSIA. In
the second stage, all streams are blended to compress the gas from 220 to 2,215 PSIA. Two
designs to a high ratio compression process were considered. The first design (Option D.1)
assumed cooling was not possible throughout the entire compression process. Cooling of the gas
at the final delivery pressure was accounted for in the analysis of the first option. The second
option (Option D.2) utilized ambient air cooling of the gas stream at a pressure of 220 PSIA to
reduce the gas stream temperature from 460°F to 100°F, as well as final cooling at the delivery
pressure of 2,215 PSIA.

SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 27
Final Technical Progress Report September 28, 2007
Reporting Period 10/01/05 — 09/28/07



Thermodynamic Comparison of Compression
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Figure 3-18. Comparison of Isothermal and Semi-lsothermal Total Horsepower vs.
Number of Compression Steps

Without the added cooling between the stages of compression, Option D.1 requires
significantly more horsepower than Option A. The increase in horsepower for high ratio
compression Option D.1 is approximately 80.3%, assuming an efficiency of approximately 80%.
The total horsepower required is 41,920 BHP. Alternatively, Option D.2 requires less
horsepower than the first design option for high ratio compression because of the added cooling.
The total horsepower for Option B.2 is 28,699 BHP, which is an increase over the conventional
approach of 23.4%.

Figure 3-19 provides a summary of the various thermodynamic paths taken by the two
high ratio compression options. This figure illustrates the process differences between high ratio
compression and the conventional approach based on the distinctly different compression paths
taken by the two processes. Interstage cooling is beneficial to the compression process because
of the divergence of the constant entropy lines at higher temperatures, which results in a higher
enthalpy difference between the suction and discharge pressure. Losses (or inefficiencies) in the
compression process at higher temperatures result in a greater increase in the associated enthalpy
change than inefficiencies at lower temperatures. This effect can clearly be seen in a typical
carbon dioxide pressure-enthalpy diagram as shown in Figure 3-20 from [17].
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3.2.8.5 Option E - Liquefaction and Cryogenic Pump

The final option (Option E) to consider in compressing the carbon dioxide is to pump the
carbon dioxide at cryogenic temperatures to save the horsepower consumed in compressing it as
a gas. In order to achieve cryogenic temperatures without forming solid carbon dioxide, it is
necessary to compress the low and medium pressure streams to 250 PSIA. The two streams can
be joined with the high-pressure stream to undergo a refrigeration process at this pressure.
Normal air cooling can be used to reduce the temperature of the carbon dioxide from 255°F to
100°F or lower. Refrigeration units (typically an ammonia absorption cycle) must be used to
reduce the temperature to -25°F because of the significant heat transfer required to overcome the
latent heat required for liquefaction. At -25°F and 250 PSIA, the carbon dioxide should be 100%
liquid and can be pumped at a relatively low horsepower cost to 2,215 PSIA. Option E.1 utilizes
a cryogenic pump to increase the liquefied CO, pressure to the final pipeline pressure of 2,215
PSIA. For the Option E calculation, the pump efficiency was assumed to be 80%. Figure 3-21
illustrates Option E and the reduction in temperature required to clear the gas-liquid dome.

Compression Technology Options for IGCC Waste Carbon
Dioxide Streams
Basic Options A, C, E
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Figure 3-21. Comparison of Option E for Liquid Cryo-Pump to Option A

Option E.1 requires significantly less horsepower at 8,384 BHP compared to 23,251 BHP
for Option A. However, the cost of refrigeration must be included. Approximately 3,428 tons of
refrigeration would be required to cool the total mass flow of carbon dioxide to -25°F.
Typically, for cold delivery temperatures (-30°F to 0°F), industrial refrigeration units using
ammonia absorption require 1.7 kW per ton [19]. Based on preliminary calculations, this
standard cooling rate equates to 7,814 HP for cooling the carbon dioxide. Combined with the
compression power, the total estimated horsepower required for Option E is 16,198 HP. The
savings compared to conventional centrifugal compression is approximately 30%.

SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650 30
Final Technical Progress Report September 28, 2007
Reporting Period 10/01/05 — 09/28/07



Finally, Option E.2 utilizes interstage cooling for the immediate compression stages
required to bring the low and medium pressure waste CO, streams up to the cryo-pump operating
pressure of 250 PSIA. The additional cooling in the initial compression stages is beneficial
because a significant amount of horsepower is expended on the relatively high flow rate of CO,
in the initial low pressure stream. Four interstage cooling steps are used. The reduction in
horsepower adds an additional 4.8% reduction to the original cryo-pump option (Option E.1).
Total horsepower for Option E.2 is estimated at 15,149 HP.

3.2.8.6 Summary of Thermodynamic Analysis

The thermodynamic calculations indicate that internal cooling throughout the
compression process (semi-isothermal compression) and cryogenic pumping shows the
maximum horsepower reduction. An optimum number of compression stages for the semi-
isothermal approach were determined in the present analysis. The relationship between the semi-
isothermal and pure isothermal was established. High ratio compression was considered in two
possible approaches, with and without interstage cooling. Both high ratio compression options
require significantly more power than baseline conventional case. Based on the thermodynamic
models, interstage cooling was further investigated through CFD analysis. This analysis
expanded upon the possibility of interstage cooling throughout the compression process by
internal cooling of a multistage in-line barrel compressor.

3.2.9 Task 2.2 — Geometry Generation
3.2.9.1 Description of Centrifugal Compressor Test Rig

In order to quantify the benefit of interstage cooling, a Computational Fluid Dynamics
(CFD) model of a centrifugal compressor was generated. A decision was made to utilize the
geometry of the first stage of the test compressor located at SWRI. This compressor has been
used for a variety of research tasks and will be utilized in Phase Il of this project to test these
concepts. Figure 3-22 shows the actual test rig compressor that was used to generate the inlet
geometry, gas path and diaphragm dimensions for the CFD modeling.

Figure 3-22. Photograph of SwRI Test Rig Compressor Used to Generate
CFD Solid Model Dimensions
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3.2.9.2 Solid Model Generation of Centrifugal Compressor Test Rig

Due to the age of the compressor, no manufacturing drawings were available. The flow
path, impeller, and diaphragm geometry were reverse-engineered by taking detailed
measurements and mold impressions.

Figure 3-23 shows the resulting impeller geometry. Note that the fluid region is treated
like a solid and the small gaps are the impeller blades. This impeller design utilizes a parallel
disk and cover with large amounts of back-sweep. Figure 3-24 shows a cross-section of the
compressor stage assembly including the inlet, bridge-over, impeller, diffuser, and return
channel. The compressor flow path is shown in red. The solid regions of the diaphragms are
also shown (in gray) along with the cooling passages (shown in blue). Figure 3-25 shows a
section of the compressor assembly referred to as a “pie” model. The section follows and is
centered about the blade of each section including the bridge-over, impeller, and the return
channel. Notice the pie angle is different for each of these sections due to the different number
of blades. The pie-slice through the diaphragm is kept constant to facilitate the modeling of both
flow path and solid region. The return channel portion consists of two vanes, a long and a short
one. Figure 3-26 shows the shape of these return channel vanes.

Figure 3-23. Solid Model of Compressor Impeller
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Figure 3-25. “Pie” Model for Use with CFD Analysis
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Figure 3-26. Return Channel Vanes for Use with CFD Analysis

3.2.10 Task 2.3-1-D and 3-D CFD Analysis
3.2.10.1 Computational Mesh Generation

The first step in generating the CFD model is to generate a mesh for the compressor flow
path, solid regions, and cooling passages. First, a simplified model of the inlet and compressor
impeller is generated as shown in Figure 3-27. The mesh is an unstructured tetrahedral type
using a prism layer near the walls to resolve the turbulent boundary layer. In order to keep the
model size to a minimum, a so called “pie” model is used, which models a slice of the 3-D model
equal to 360 degrees divided by the number of blades or vanes. There are 14 inlet vanes, 9
impeller blades, and 14 return channel vanes. Therefore, the pie angles for these three regions
are different as shown. The CFD code can accommodate the different pie angles using a sliding
interface, which transforms the flow field from the stationary to the rotating frame of reference
near the impeller entrance then back to stationary near the impeller exit. The planes on either
side of the “pie” are modeled using periodic boundary conditions, where the flow conditions at
one point on a face are to be equivalent to the corresponding point on the other periodic face.
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Figure 3-27. CFD Mesh of Adiabatic

Figure 3-28 shows the model used for the conjugate heat transfer calculations that include
the internal cooling flow passages. The CO; fluid passage, as well as the solid in the diffuser
stator, is meshed in a combined model. Therefore, at the interface wall, one-to-one connectivity
exists. The energy equation in both the gas and solid are solved simultaneously. Therefore, the
convection coefficient at this interface is inherently calculated. Within the cooling passage,
however, a convection coefficient is used based on fully developed pipe theory for a given
cooling flow rate. Therefore, the flow path within the cooling passage is not meshed in the CFD
model.

Convection
Coefficient Used
at Cooling

Passage Wall
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3.2.10.2 CFD Boundary Conditions

Table 3-7 describes the boundary conditions used in the CFD models. The flow was
chosen to allow the compressor impeller to operate near its design flow condition. The cooling
water flow is split between the two passages. The convection coefficients were calculated using
fully developed pipe flow using a wall roughness (e/D) of 0.005 - resulting in a friction factor of
0.03. Greater heat transfer could be obtained with turbulence generators and cooling fins, but
these features are not considered in this preliminary study. The corresponding conduction
coefficients for aluminum and steel are used. Aluminum is almost four times better for heat
conduction than steel.

Table 3-7. Boundary Conditions Used in CFD Models

Variable Value Units
CO; Inlet Temperature 80 Deg F
CO;, Inlet Pressure 30 PSIA Used on all
CO, Mass Flow 1.5204 Ib/s Models
Cooling Water Flow Rate 5 Gal/min
. 40 Deg F
Cooling Water Temperature
70 Deg F
Convection Coefficient @ 40 Deg | 579.04 | w/m*K Used to
- — > Differentiate
Convection Coefficient @ 70 Deg | 456.78 w/mK RUNS
Conduction Steel 60.5 w/m K
Coefficient Aluminum 237 w/m K

3.2.10.3 CFD Analysis of Flow Path Only (Adiabatic)

The first model consists of only the CO, flow path through the compressor. The walls
are treated as adiabatic (no heat transfer). The model establishes the baseline temperature rise
across the stage. Flow conditions were chosen for the CFD model using previously obtained test
data for the subject compressor using air as the test medium. Non-dimensional flow and head
coefficients were used to choose an operating point near the best efficiency point. CO, was used
as the flow medium in the model with an inlet pressure of 30 PSIA, which is a typical inlet test
pressure for the SwRI centrifugal compressor used to model the impeller and flow path
geometry.

Figure 3-29 shows the predicted streamlines through the stage including the return
channel. The flow field is colored by flow velocity. The streamlines show the effectiveness of
the return channel blades in straightening out the flow. The single pie slice was repeated to
reconstruct the 360-degree impeller for visualization purposes.
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Figure 3-29. Predicted Streamlines in the Entire Stage

Figure 3-30 shows the predicted pressure contours and plots the pressure rise that occurs
in the impeller region. The pressure drops locally near the impeller blade leading edge due to the
acceleration of the flow.

Figure 3-31 shows the flow velocity represented in Mach number. The velocity is fairly
uniform except for an acceleration of the flow near the blade leading edge. This undesirable
flow field is typical of parallel disk and cover flow fields using circular arc blades, but it will not
have any negative impact on the heat transfer that will ultimately be modeled.

Figure 3-30. Predicted Pressure Contours in Adiabatic Model
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Figure 3-31. Predicted Mach Number Contours in Adiabatic Model

Figure 3-32 gives the static temperature rise through the impeller. This temperature rise
is a natural consequence of the compression process. This heat of compression will be removed
when the diffuser and cooled diaphragm model is added in the next section.

Temperature
(Contour 1)
— 5.807e+02
5.752e+02
. 704e+02
.655e+02
.60be+02
.558e+02
.509e+02

.461e+02

A1Ze+02

. 36de+02

+315e+02

Figure 3-32. Predicted Temperature Contours in Adiabatic Model
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3.2.10.4 CFD Analysis with Heat Transfer and Internal Cooling Flow

The second model considered consists of both the CO, flow path through the compressor
as well as the metallic stator components and the cooling passages. This model predicts the
beneficial reduction in temperature rise across the stage due to the internal cooling flow being
proposed. A heat transfer coefficient based on fully developed pipe flow was calculated for each
cooling passage based on an assumed flow rate for the cooling water. Both steel and aluminum
diaphragm (stators) are studied as well as standard (70°F) and chilled (40°F) cooling water is
considered. Table 3-8 provides a summary of the cases considered.

Table 3-8. Summary of Cases Considered in CFD Analysis

Cooling Water

Case Diaphragm Material Temperature
(°F)
Baseline (Adiabatic) - -
w/ Heat Transfer (Coef 1) Steel 70
w/ Heat Transfer (Coef 2) Steel 40
w/ Heat Transfer (Coef 5) Aluminum 70
w/ Heat Transfer (Coef 6) Aluminum 40

Figure 3-33 plots the total temperature in the meridian plane showing the inlet, impeller,
diffuser, and return channel. As expected, the total temperature rise occurs inside the impeller
due to the work of the spinning blades acting on the fluid. The total temperature in the diffuser
and return channel reduces due to the heat transfer through the wall.

Total Temperature in Stn Frame
(Contour 1)

—6.02%1e+02
5.952e+02
5.884e+02
5.816e+02
5.748e+02
5.680e+02

5.611e+02

5.475e+02

— 5.407e+02

—5,33%e+02

[R]

Figure 3-33. Predicted Total Temperature Contours with Heat Transfer in Diffuser
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Figure 3-34 and Figure 3-35 compare the static temperature for both the adiabatic case
and the heat transfer case using steel diaphragms and 70°F cooling water (Case Coef 1). A
similar level of temperature rise occurs across the impeller, since no cooling occurs until the flow
exits the impeller and enters the diffuser. The temperature in the diffuser and return channel is
essentially constant for the adiabatic case while the temperature continues to reduce with heat
transfer. A thermal boundary layer forms on the wall of the diffuser, which begins to reduce the
temperature. However, most of the cooling occurs in the return channel due to the reduced
velocity and greater surface area on the blades.

Figure 3-34. Predicted Temperature Contours Adiabatic

Figure 3-35. Predicted Temperature Contours with Heat Transfer in Diffuser
(Aluminum Diaphragm, 70°F Cooling Flow)
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Figure 3-36 and Figure 3-37 show total temperature plots for a plane in the return channel
for the two cases. The adiabatic case (Figure 3-36) shows essentially constant temperature as
expected. Figure 3-37 shows the significant reduction in temperature in the return channel
region due to the additional surface area and lower velocity promoting heat transfer.

Figure 3-36. Predicted Total Temperature Contours in Return Channel Adiabatic

Total Temperature in Stn Frame
{Contour 1)

5.

Figure 3-37. Predicted Total Temperature Contours with Heat Transfer in Return Channel
(Aluminum Diaphragm, 70°F Cooling Flow)
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Figure 3-38 summarizes the temperature rise across the stage for the various cases
considered. The baseline (adiabatic) case has a 41°F temperature rise using the steel diaphragm.
Introducing cooling flow and permitting heat transfer reduces the temperature rise to about 27°F.
Utilizing chilled water further reduces this rise to 20°F. Using an aluminum diaphragm results in
a similar temperature rise even with the 70°F water, due to the larger conduction coefficient of
aluminum. Surprisingly, using chilled water (40°F) with the aluminum diaphragms did not result
in further reduction. This result impacts the design of the cooling diaphragm and will be
discussed further below.

45

40

35 A
30
25

20 A

15
10 4
5
0
70 40 70 40

Adiabatic Steel Steel Aluminum Aluminum

Temperature Rise (F)

Flow Only 1 Coef_1 Coef 2 Coef 5 Coef_6

Figure 3-38. Comparison of Static Temperature Rise Across the Stage

To achieve isothermal compression, all of the heat added by the compressor would have
to be removed through heat transfer resulting in zero temperature rise. However, even using a
standard flow path and introducing a simple cooling jacket removed 55% of the energy added by
the impeller. This can be seen in the reduced temperature rise between the adiabatic model and
the aluminum diaphragm case with cooling water at 70°F.

Additional benefit may be gained in using an aluminum diaphragm with a higher heat
transfer coefficient. The heat transfer process between the cooling water and the CO; gas is
governed by the summation of the three thermal resistances (as shown in Figure 3-39). The
benefit in using an aluminum diaphragm, however, is somewhat overshadowed by the dominant
heat transfer coefficient of the cooling water. Because of the summation of resistance in series,
the lower of the three heat transfer coefficients governs the reduction in the overall heat transfer
rate, as provided in the thermal circuit equation given in Equation (5).

tl — tz
= 5
+ +
NA KA h,A
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Equation (5) and the thermal circuit diagram shown in Figure 3-39 shows that heat
transfer may be maximized for a given temperature difference by maximizing the heat transfer
coefficients of the cooling flow and the CO, flow path, as well as reducing the distance (L)
between these flows. Maximizing surface area (A) is also beneficial and explains why a majority
of the cooling occurs in the bladed return channel. Figure 3-39 supports the results in the CFD
analysis where the reduction in the cooling water temperature to 40°F did not offer much
improvement. The cooling water coefficient was already considerably lower than the coefficient
for the diaphragm materials or the CO, gas. Therefore, the cooling water interface created the
highest resistance to the heat transfer. Future efforts will create designs to improve the heat
transfer at this interface.

AL = 16141 W/(m*K?)
or
Steel = 3952 W/(m*K?)

Cooling Water
CO2

700 = 456 W/(m*K2) Fluid = 1200-1450
I W/(M*K2)

40° = 579 W/(m*K?)

R, = Uh,A Raan = LIkA R,=L/h,A
T, - temp of T, - temp of
water
T TL

Figure 3-39. lllustration of Heat Transfer Coefficients in Cooling Process for CO,
in Compressor Diaphragm

The reduction in CO, gas temperature through the heat exchange in the diaphragm would
provide significant power savings in a multi-stage compressor. Furthermore, heat transfer
enhancing features will be developed in Phase Il that will improve the heat transfer and should
approach the semi-isothermal compression.

3.2.11 Task 2.5 — Experimental Measurement of Gas Mixing Streams

Previous analysis of compression horsepower indicated a significant energy savings
associated with reducing the carbon dioxide inlet temperatures at various compression stages.
One available cooling source exists in the IGCC plant application through the available nitrogen
waste stream exiting the air separation unit. To further evaluate the possible cooling potential of
this waste stream, key experimental measurements were performed using nitrogen (as the
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cooling gas) and readily available ambient air (as a substitute for the CO, gas) in an open loop
setup as shown in Figure 3-40. The objective of the experimental measurements was to evaluate
the cooling capabilities of liquid nitrogen on a gas stream possessing similar temperatures to CO,
in the IGCC plant application. The mixing process and resulting heat transfer process was
evaluated to determine the convective cooling capability of nitrogen gas.

A blower was used to force air into a length of six-inch pipe. The inlet air was
maintained at a constant temperature of 80°F. Liquid nitrogen was injected through a nozzle into
the pipe, which forced the hot gas to cool. The liquid nitrogen was injected at an inlet
temperature of approximately -320°F. The resulting mixture of air and liquid nitrogen reached a
steady state temperature of -200°F. Figure 3-41 provides the temperature plot over time for the
inlet air stream at its resulting final cooled temperature.

Change in
Nitrogen
Injection Rate

Amplitude
o ok A L L A ' ' '
BB » o =2 m o b
S e e e e
| | T e e e

240

260 o
24704 25004
Tirne: L

Figure 3-41. Gas Stream Temperature of Mixture
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In the second stage of the experimental measurements, the precipitation of liquid water
vapor from air was investigated. Liquid nitrogen was again used as the cooling source of the
ambient air. The ambient inlet air stream was highly humid (to allow readily available water
vapor to condense out). An aluminum plate was inserted into the flow downstream of the liquid
nitrogen injection to evaluate the presence of condensed water vapor. When the liquid nitrogen
is introduced, the water vapor in the air stream precipitated out and formed ice crystals as shown
in Figure 3-42.

Figure 3-42. Precipitation of H,0 on Aluminum Plate

The experiments demonstrated the feasibility of mixing two gas streams to reduce the
temperature of the final mixture and consequently the temperature of the higher of the two
streams inlet gas temperature. However, contaminants (water vapor in this case) can lead to
undesirable precipitation, which can cause considerable damage to downstream turbomachinery
due to erosion of the material surface due to the solid particles.
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4. CONCLUSIONS

Improvements in power generation efficiency reduces the cost of generating electricity,
preserves the world’s natural resources, and reduces the amount of emissions released to the
environment. Through programs like the Department of Energy’s Advanced Turbine Systems
and other programs, step changes in generating efficiencies have been achieved. However, the
penalty for CO, sequestration, due to compression power requirements, is on the order of 10% of
a power plant’s output. This power and cost requirement is significant and is deterring many
power producers from implementing CO, sequestration projects. Reducing this power
requirement will improve overall plant efficiencies and encourage sequestration of CO, on both
existing and future power plants.

The first phase of this program has explored many different thermodynamic processes
and had identified two optimal CO, pressure boosting schemes. The first utilizes a semi-
isothermal compression process but implements the process using an in-line multistage barrel
compressor. This approach takes advantage of the high reliability and smaller footprint of the
barrel compressor while matching the near isothermal performance of the integrally geared
design. The second concept partially compresses the CO,, liquefies it using a refrigeration cycle
and pumps the flow to the final discharge pressure. Both of these concepts offer over a 30%
reduction in total required power over the traditional approach. Combining these concepts,
where the initial compression of CO, incorporates intercooled compression will result in an
expected net savings of 35 % in compression power.

The next phase (Phase Il) will perform prototype testing of both concepts. The
deliverables of Phase Il include testing of two novel compression technologies that will
significantly reduce the compression power required when sequestering CO,. An optimized
design for both the interstage cooling concept, as well as the liquid pumping solution, will be
generated. The quantitative measurements for the power improvement based on this testing will
be provided. The testing will also prove out the design of the liquid CO; pump. These results
will be summarized in a comprehensive report.
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5.

COST AND SCHEDULE STATUS

The proposed project can be completed within four (4) years from project initiation. The
project phases and subtasks are sequential in nature; namely:

YEAR 1 - Phase I: CO, Compression Conceptual Design (Current Phase)

YEARS 2 and 3 - Phase II:

Compressor Concept

YEAR 4 - Phase lllI:
Compression Train

Prototype Design and Testing for Optimum CO,

Commercialization and Field Installation of Full-Scale CO,

In accordance with the project plan shown in Figure 5-1, all tasks have been completed as
described above. Table 5-1 compares the planned and actual cost for all activities. The table
shows the project is on schedule and slightly under cost.

Taszk Mame

=| Phase 1: Hovel Concepts for the Compression of C0O2
=| Task 1.0: Conceptual Design Analysis
+ Task 1.1: Literature Review
Task 1.2 Conceptual Design Analysis
Tazk 1.3 Integration with Lir Separation Unit
Task 1.4 Indentify and Evaluate Inter-Cooling Concepts
Task 1.5 ldentify Preferred Liguid CO2 Pump Configuration
Task 1.6 Evaluation Matrix Analysis
Task 1.7 Travel and Meetings

=| Task 20: Dotail Design and Qptimal Compressor Evaluation I

Task 2.1: Develop Intercooling Technologies
Task 2.2 Geometry Genersation
Task 2.3 1-D and 3-D CFD Analysis

Task 2.5 Experimental measurement of liguefaction schemes

Task 2.4 Comparizon of Competing Designs

Task 2.5 Evalustion of Potertial Energy Savings in IGCC Plant

Task 2.6 Selection of Cptimal Design Concept
Task 2.7 Travel and Meetings

Task 3.0: Development of RED Implnerntation Plan for Phaze I and Il

Phase 2: Compressor Design And Testing

Task 1.0: Detaifed Compressor Design

Task 2.0 Design Verification and Optimization

Task 3.0: Prototype Fabrications

Task 4.0; Prototype Fonctional Tests

Phase 3: Commercialization of C02 Compressor Design
Task 1.0: System Design and Fabrication of Compressor
Task 2.0: System Fleid Testing and Operation
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Figure 5-1.

Project Schedule

[Tollgate 2

SWRI Project 18.11919; DOE Award No. DE-FC26-05NT42650
Final Technical Progress Report
Reporting Period 10/01/05 — 09/28/07

47
September 28, 2007



Table 5-1. Project Cost Status

Actual Planned
Work Breakdown % Complete Cost Cost
Task 1 - Conceptual Design Analysis
Literature Review 100%
Conceptual Design Analysis 100%
Integration with Air Separation Unit 100%
Identify and Evaluate Inter-Cooling Concepts 100%
Identify Preferred Liquid CO2 Pump Configuration 100%
Evaluation Matrix Analysis 100%
Travel and Meetings 100%
Task 2 - Detail Design and Evaluation of Optimal Pressure Boosting System
Develop InterCooling Technologies 100%
Geometry generation 100%
1-D compressor analysis 100%
3-D CFD Analysis 100%
Experimental measurement of gas mixing streams 100%
Comparison of Competing Designs 100%
Evaluation of Energy Savings in Typical IGCC Plant 100%
Travel and Meetings 100%
Select Optimum Concept 100%
Task 3 - Develop R&D Implementation Plans for Phase Il and I 100% $218,000 $218,792
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LIST OF ACRONYMS AND ABBREVIATIONS

ACFM Actual Cubic Feet per Minute

ASU Air Separation Unit

Atm Atmosphere

BHP Brake Horsepower

Btu/scf British Thermal Unit Per Standard Cubic Feet
CFD Computational Fluid Dynamics

CO, Carbon Dioxide

EOR Enhanced Oil Recovery

HP Horsepower

IGCC Integrated Gasification Combined Cycle
IPCC Intergovernmental Panel on Climate Control
K2CO3 Potassium Carbonate

Ib/hr Pound per hour

Ibs Pounds

Ibm/hr Pound Mass Per Hour

LNG Liquid Natural Gas

MEA Monoethanolamine

MMSCFD Millions of Standard Cubic Feet Per Day
MPa Mega Pascals

MW Megawatt

N> Nitrogen

NGCC Natural Gas Combined Cycle

NPSH Net Positive Suction Head

PC Pulverized Coal

PPM Parts Per Million

PSIA Pressure Per Square Inch Absolute

PSIG Pounds Per Square Inch Gauge

RPM Revolutions Per Minute
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APPENDIX A

Dresser-Rand Selection of Conventional Centrifugal Compression Technology
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Appendix A - Dresser-Rand Selection of Conventional Centrifugal Compression Technology

D R ESS ER RA N D JOB NO. IGCC CO2 System ITEM NO.
CENTRIFUGAL AND AXIAL COMPRESSOR REVISION NO. DATE  Monday, January 09, 2006
DATA SHEET (API 617-7TH Chapter 2) PAGE 1 OF 2 BY C. Collins
CUSTOMARY UNITS (1-1.6.5)
1|APPLICABLE TO: O PROPOSAL O PURCHASE O AsSBULT
2|FOR DOE UNIT
3|SITE SERIAL NO.
4|SERVICE Carbon Sequestration NO. REQUIRED 2
5|MANUFACTURER Dresser-Rand DRIVER TYPE (1-3.1.1) Electric Motor
6|MODEL D18R7B+D16R9B DRIVER ITEM NO.
7
8|INFORMATION TO BE COMPLETED: QO BY PURCHASER D BY MANUFACTURER A MUTUAL AGREEMENT (PRIOR TO PURCHASE)
9 OPERATING CONDITIONS
10
11 (ALL DATA ON PER UNIT BASIS) Base
12 D18R7B D16R9B
13 SEC#1 SSin SEC #2 SEC#1 SEC #2
14| @ GAS HANDLED (ALSO SEE PAGE ) LP MP Blend
15 A GAS PROPERTIES (1-2.1.1.4)
16| @ MMSCFD 14.696 & 60 (WET) 36.67 35.57 54.45 113.3 113.3
17| @ WEIGHT FLOW, (Lb/Hr) (WET) 176,649 168,445 260,872 517,475 517,475
18 INLET CONDITIONS
19| @ PRESSURE (PSIA) 21.90 170.0 96.58 248.0 1,087
20| @ TEMPERATURE (°F) 51.00 68.00 90.21 100.00 100.0
21| O RELATIVE HUMIDITY (%)
22| @ MOLECULAR WEIGHT 43.88 43.13 43.63 41.61 41.61
23|l cpicv (Kavg) 1.271 1.272 1.274 1.230
24 . COMPRESSIBILITY (Z1) 0.9907 0.9703 0.9351 0.6504
25 . INLET VOLUME, (ACFM)(WET) 16,634 5,908 4,694 745.0
26 DISCHARGE CONDITIONS
27| @ PRESSURE (PSIA) 106.6 258.0 1,097 2,215
28 . TEMPERATURE (°F) 299.3 258.1 369.8 2314
29|l cp/cv(Kavg) 1.271 1.272 1.274 1.230
30 . COMPRESSIBILITY (ZAvg) 0.9910 0.9685 0.9334 0.6919
31 FLANGE FLOWS
32 . INLET FLANGE WEIGHT FLOW, Lb/Hr (WET) 176,649 272,341 517,475 602,750
33 . INLET FLANGE VOLUME, (ACFM)(WET) 16,634 6167 4694 867.8
34 . DISCHARGE FLANGE WEIGHT FLOW, Lb/Hr (WET) 188,119 260,872 602,750 517,475
35 . DISCHARGE FLANGE VOLUME, (ACFM)(WET) 5,396 2,881 1,841 512.2
36
37|l GHP REQUIRED (HP) 3684 3656 12126 5180 (24,817 total hp)
38 . TRAIN BHP REQUIRED EXCL. EXT. LOSSES (HP) 3,739 3,711 12,169 5,199
39 D BHP REQ. AT DRIVER INCL. EXT. LOSSES (GEAR, ETC.) (HP)
40| Il sPEED (RPM) 5,166
41| ] TURNDOWN (%)
42 . POLYTROPIC HEAD (Ft Lbf/Lb) 34,608 21,234 35,343 11,400
43 . POLYTROPIC EFFICIENCY (%) 85.07 78.93 81.33 63.11
44| @ CERTIFIED POINT
45/ O EXPECTED OPERATION AT EACH CONDITION (%)
46 D PERFORMANCE CURVE NUMBER
47 PROCESS CONTROL (1-3.4.2.1)
48 METHOD QO SUCTION THROTTLING QO VARIABLE INLET @ SPEED VARIATION QO DISCHARGE QO COOLED BYPASS
49 FROM PSIA GUIDE VANES FROM % BLOWOFF FROM
50 TO PSIA (2-2.4.1) TO % TO TO
51 SIGNAL [ ) soum
52 TYPE @ ELECTRONIC QO PNEUMATIC QO OTHER
53 RANGE 4-20 MA PSIG
54
55| @ ANTI-SURGE SYSTEM (1-3.4.2.2)
57|REMARKS:  Overall compressor train power is predicted at first compressor coupling. Intermediate pressure is not a guarantee.
58 DISCHARGE FLANGE MASS FLOW RATE SHOWN ON DATA SHEETS MUST BE USED FOR SIZING PROCESS EQUIPMENT.

NOTE 1:

IF GAS ANALYSIS IS GIVEN, MANUFACTURER SHALL SUPPLY DATA, OTHERWISE DATA SHALL BE SUPPLIED BY USER




Appendix A - Dresser-Rand Selection of Centrifugal Compression Technology

DRESSER-RAND

JOB NO. IGCC CO2 System  ITEM NO.
CENTRIFUGAL AND AXIAL COMPRESSOR REVISION NO. DATE Monday, January 09, 2006
DATA SHEET (API 617-7TH Chapter 2) PAGE 2 OF 2 BY C. Collins
CUSTOMARY UNITS (1-1.6.5)
1 OPERATING CONDITIONS (Continued) (1-2.1.1.1) (1-3.1.2) (1-3.1.3)
2|GAS ANALYSIS:
3| @ MOL % LP MP HP1 HP2 Blend REMARKS:
4 MwW
5/Argon 39.944 0.0000 0.0500 0.0800 0.2900 0.0800
6|Methane (C1) 16.043 0.0400 0.4700 0.5300 1.740 0.5390
7|carbon Monoxide 28.010 0.0000 0.0500 0.0700 0.2500 0.0710
8|Carbon Dioxide 44.010 99.52 97.63 87.42 81.87 92.13
9|carbonyl sulfide 60.070 0.0002 0.0001 0.0001 0.0001 0.0001
10|Hydrogen 2.016 0.0500 1.680 4.050 15.73 4.097 (1-2.2.1.9)
11|Water Vapor 18.015 0.3900 0.1200 0.1000 0.0900 0.1960
12|Hydrogen sulfide 34.080 0.0046 0.0013 0.0008 0.0009 0.0021 (1-2.2.1.6)
13|Nitrogen 28.013 0.0000 0.0000 7.750 0.0100 2.888
14
15
16
17
18
19
20
21
22
23
24
25(TOTAL 100.00 100.00 100.00 99.98 100.00
26|AVG. MOL. WT. 43.88 43.13 40.88 36.83 41,61
27|LOCATION: (1-2.1.8) NOISE SPECIFICATIONS: (1-2.1.9)
28[ O INDOOR O OUTDOOR O GRADE O APPLICABLE TO MACHINE:
29 O HEATED O UNDER ROOF O MEZZANINE SEE SPECIFICATION
30 O UNHEATED O PARTIAL SIDES (@) O APPLICABLE TO NEIGHBORHOOD:
31/ O ELEC. AREA CLASSIFICATION (1-2.1.14) cL GR DIV SEE SPECIFICATION
32|SITE DATA (1-2.1.8) T T T |ACOUSTIC HOUSING: O VES O nNO
33| @ ELEVATION FT BAROMETER 14.70 PSIA APPLICABLE SPECIFICATIONS:
34| O RANGE OF AMBIENT TEMPS: API 617, 7TH CHAPTER 1&2
35 DRY BULB WET BULB O VENDOR HAVING UNIT RESPONSIBILITY (1-1.5.52) (1-1.8) (1-2.1.3)
36 NORMAL °F
37 MAXIMUM °F O GOVERNING SPECIFICATION (IF DIFFERENT)
38 MINIMUM °F
39 °F
40[UNUSUAL CONDITIONS: O bpusTt O FUMES PAINTING:
41 °F O MANUFACTURER'S STD.
42| O OTHER (1-2.1.8) QO OTHER
43
44[ O COPPER AND COPPER ALLOYS PROHIBITED (1-2.2.1.14) SHIPMENT: (1-4.4)
45(COATING: (1-2.2.1.16) O DOMESTIC O EXPORT O EXPORT BOXING REQD.
46[ O ROTATING COMPONENTS O OUTDOOR STORAGE MORE THAN 6 MONTHS (1-4.4.1) MO
47[O STATIONARY COMPONENTS SPARE ROTOR ASSEMBLY PACKAGE (1-4.4.3.10)
48[REMARKS: O HORIZONTAL STORAGE O VERTICAL STORAGE
49
50 Equation of state: DR Standard
51
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Appendix B.1 - Option A

Conventional Centrifugal Compression

|* Assume CO2 may be cooled by ambient cooling down to 100 degF at no horsepower cost.

Stream 1 - Low Pressure Mdot (Ib/hr)= 188119
rhol rho2 Polytropic W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) (Ibm/ft3) np Efficiency | (Btu/lbm) BHP
22 107 50| 300.00f 211.95| 264.73 0.17862| 0.58401| 1.3352 0.842 52.780 3898.6
Stream 1+2 - Medium Pressure Mdot (Ib/hr)= 188119
rhol rho2 Polytropic W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) (Ibm/ft3) np Efficiency [ (Btu/lbm) BHP
97 258 90| 265.00f 218.07| 254.37 0.74708 1.5076] 1.3933 0.747 36.300 2681.3
Mdot (Ib/hr)=]  84222.5
170 258 70| 140.00f 211.55| 225.14 1.4056 1.8834| 1.4256 0.732 13.590 449.4
Avg. =| 226.343 Avg. = 0.743| SubTotal = 3130.7
Stream 1+2+3 - High Pressure Mdot (Ib/hr)= 602750
rhol rho2 Polytropic W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) (Ibm/ft3) np Efficiency | (Btu/lbm) BHP
248 1097 100 370| 216.08| 269.93 1.9704 5.8568| 1.3649 0.790 53.850 12744.7
Mdot (Ib/hr)= 517475
1087 2215 100 205| 177.00| 194.11 15.318 22.176| 1.924 0.645 17.110 3476.5
Total BHP = 23250.6
I I I
Low Pressure Stream S1 mdot (lbm/hr) = 188119
Heat
W/mdot | Removal Cooling
P1 Tl T2 hl h2 (Btu/lbom)| (Btu/min) | Method Cost (BHP)
— 97| 300.00 90| 264.73| 217.79 46.94 147172]AIR COOL
— 170 70.00 90| 211.55( 216.02 -4.47 -14015[|AIR COOL
Medium Pressure Stream S1 mdot (lbm/hr) = 272341
Heat
W/mdot | Removal Cooling
P1 T1 T2 hl h2 (Btu/lbom)| (Btu/min) | Method Cost (BHP)
—» 258 258 100| 252.72| 215.79 36.93 167626 |AIR COOL
High Pressure Streams S1 mdot (lbm/hr) = 517475
Heat
W/mdot | Removal Cooling
P1 T1 T2 hl h2 (Btu/lbom)| (Btu/min) | Method Cost (BHP)
—> 1097 370 100 269.93| 175.96 93.97 810452|AIR COOL
—» 2215 230 100f 206.41] 120.04 86.37 744905|AIR COOL
Total = 0
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Appendix B.2 - Option B
Conventional Centrifugal Compression With Added Cooling

Low Pressure Mdot (Ib/hr)= 188119
rhol rho2 Polytropic W/mdot
P1 P2 Tl T2 hl h2 (Ibm/ft3) (Ibm/ft3) np Efficiency [ (Btu/lbm) BHP
22 107 50{ 300.00| 211.95[ 264.73 0.17862 0.58401| 1.3352 0.842 52.780 3898.6
Side Stream + Medium Pressure Mdot (Ib/hr)=] 188119
rhol rho2 Polytropic W/mdot
P1 P2 Tl T2 hl h2 (Ibm/ft3) (Ibm/ft3) np Efficiency [ (Btu/lbm) BHP
97 170 60[ 150.00| 211.67[ 229.45 0.79566 1.1896( 1.395 0.772 17.780 1313.3
Mdot (Ib/hr)=| 84222.5
170 258 90 160.00| 216.02 229.8 1.3433 1.809| 1.4015 0.754 13.780 1473.6
Avg. = 0.762 Total = 2786.9
High Pressure Mdot (Ib/hr)= 602750
rhol rho2 Polytropic W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) (Ibm/ft3) np Efficiency [ (Btu/lbm) BHP
248 1097 60 320| 206.62| 256.28 2.1792 6.3959| 1.381 0.780 49.660| 11753.1
Mdot (Ib/hr)=| 517475
1087 2215 90 170| 159.05| 172.08 21.424 28.874| 2.3853 0.627 13.030 3083.8
Total BHP = 21522.4
Low Pressure Stream Mdot (Ibm/hr) = 188119
Side Stream Mdot (Ibm/hr) = 84222.5
Heat Cooling
W/mdot | Removal Cost
P1 Tl T2 hl h2 (Btu/lbm) | (Btu/min) Method (BHP)
107 300 100| 264.73| 219.95 44.78 140399|AIR COOL*
170 150 100| 229.45| 218.26 11.19 35084 |AIR COOL*
— 107 100 60[ 219.95| 211.35 8.60 26964 |N2 Cool ** <
— 170 100 90 218.26| 216.02 2.24 3144[N2 Cool ** <
Medium Pressure Stream Mdot (Ibm/hr) = 272341
Heat Cooling
W/mdot | Removal Cost
P1 Tl T2 hl h2 (Btu/lbm) | (Btu/min) Method (BHP)
258 160|  100| 229.8| 215.79|  14.01 63592 [AIR COOL* sz e
Str2 > 258 100 60| 215.79] 206.26 9.53 43257[N2 Cool S typical
High Pressure Streams Mdot (Ibm/hr) = 517475 ASU
Heat Cooling
W/mdot | Removal Cost
P1 T1 T2 hl h2 (Btu/lbm) | (Btu/min) Method (BHP)
1097 340 100| 261.77( 175.96 85.81 740075]|AIR COOL*
Str.3 1* 1097 100 90 175.96| 151.26 24.70 213027|N2 Cool 3 <
2215 200 100| 191.37( 120.04 71.33 615192 [AIR COOL*
Str.4—» 2215 100 60| 120.04| 97.581 22.46 193700|N2 Cool * <

*%

* Assume CO2 may be cooled by ambient cooling down to 100 degF at no horsepower cost.
** Cooling cost for ASU nitrogen stream to be determined.




Appendix B.3 - Option C.1
Isothermal Compression at 70 degF

|Option Cl. Isothermal Compressor Calculations at 70 degF |

Ideal Actual
In W/mdot | Assumed W/mdot
P1 p2 To P2/P1 | (P2/P1) Z1 Z2 Zavg | (Btu/lbm)| Efficiency | (Btu/lbm) BHP
22 107 70 4.86 1.58| 0.9924| 0.9635| 0.9780 36.97 0.800 46.218 2731.1

Ideal Actual
In W/mdot | Assumed W/mdot
P1 P2 To P2/P1 | (P2/P1) Z1 Z2 Zavg | (Btu/lbm)| Efficiency | (Btu/lbm) BHP
97 258 70 2.66 0.98| 0.9639| 0.9010| 0.9325 21.80 0.800 27.253 1610.5
170 258 70 1.52 0.42| 0.9359| 0.9010| 0.9185 9.16 0.800 11.447 302.9

Ideal Actual
In W/mdot | Assumed W/mdot
P1 p2 To P2/P1 | (P2/P1) Z1 Z2 Zavg | (Btu/lbm)| Efficiency | (Btu/lbm) BHP
258 1097 70 4.25 1.45( 0.9010 0.5422 0.7216 24.96 0.800 31.205 7385.2
1087 2215 70 2.04 0.71| 0.5422| 0.5746| 0.5584 9.50 0.800 11.876 2810.7
Total BHP = 14840.3




Appendix B.3 - Option C.2
Isothermal Compression at 100 degF

|Option C.2 - Isothermal Compressor Calculations at 100 degF |

Ideal Actual

In W/mdot | Assumed W/mdot
P1 P2 To P2/P1 | (P2/P1) Z1 Z2 Zavg | (Btu/lbm)| Efficiency (Btu/lbm) BHP
22 107 100 4.86 1.58| 0.9933| 0.9672| 0.9803 39.16 0.800 48.950| 3615.7

Ideal Actual
In W/mdot | Assumed W/mdot
P1 P2 To P2/P1 | (P2/P1) Z1 Z2 Zavg | (Btu/lbm)| Efficiency (Btu/lbm) BHP
97 258 100 2.66 0.98| 0.9703| 0.9194| 0.9449 23.34 0.800 29.180| 2155.4
170 258 100 1.52 0.42| 0.9475| 0.9194| 0.9335 9.83 0.800 12.293 406.5

Ideal Actual
In W/mdot | Assumed W/mdot
P1 P2 To P2/P1 | (P2/P1) Z1 Z2 Zavg | (Btu/lbm)| Efficiency (Btu/lbm) BHP
248| 1097 100 4.42 1.49( 0.9194| 0.6486| 0.7840 29.44 0.800 36.802| 8709.9
1087 2215 100 2.04 0.71| 0.6486| 0.6219| 0.6353 11.42 0.800 14.276( 3378.6
Total BHP = 18266.1




Appendix B.3 - Option C.3-C.5
Semi-Isothermal Compression

Stream 1 - Low Pressure Mdot (Ib/hr)= 188119
Actual
rhol | Setrho2| Actual Actual | Set Poly Poly W/mdot
P1 p2 T1 T2 hl h2 (Ibm/ft3) [ (Ibm/ft3) | rho2 | Setnp np Efficiency | Efficiency | (Btu/lbm) BHP
22 28.6 50.0] 89.05| 211.95| 219.714| 0.17862| 0.21573]| 0.21573| 1.390| 1.3900 0.800 0.800 7.764 573.5
28.6 37.2 70.0| 110.08] 215.8| 223.867| 0.22374| 0.27070| 0.27060| 1.380| 1.3825 0.800 0.800 8.067 595.9
37.2 48.3 70.0] 109.84| 215.55| 223.546| 0.29194| 0.35275| 0.35262| 1.380| 1.3827 0.800 0.800 7.996 590.6
48.3 62.8 70.0| 110.05| 215.23| 223.231| 0.38061| 0.46036| 0.46024| 1.380| 1.3818 0.800 0.800 8.001 591.0
62.8 81.7 70.0] 110.14] 214.81| 222.78] 0.49757| 0.60208| 0.60200| 1.380| 1.3809 0.800 0.800 7.970 588.7
81.7 106.2 70.0| 110.05| 214.25| 222.14 0.652| 0.78847| 0.78840| 1.380| 1.3807 0.800 0.800 7.890 582.8
106.2 138 70.0] 110.02] 213.52| 221.325| 0.85563| 1.03447| 1.03446| 1.380| 1.3801 0.800 0.800 7.805 576.5
138 179.5 70.0| 110.68| 212.55| 220.384| 1.1261| 1.36245| 1.36526| 1.380| 1.3652 0.800 0.799 7.834 578.7
SubTotal =| 4677.8
Stream 2 + Stream 1 - Medium Pressure Mdot (Ib/hr)= 272341
Actual
rhol | Setrho2| Actual Actual | Set Poly Poly W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) | (Ibm/ft3) [ rho2 | Set np np Efficiency | Efficiency | (Btu/lbm) BHP
179.5 248 70( 119.35| 211.23| 220.589| 1.4946| 2.23877| 1.88613 0.8| 1.3893 0.800 0.799 9.359| 1000.8
SubTotal =[ 1000.8
Stream 123 - High Pressure Mdot (Ib/hr)= 602750
Actual
rhol | Setrho2| Actual Actual | Polytropic Poly W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) | (Ibm/ft3) [ rho2 | Set np np Efficiency | Efficiency | (Btu/lbm) BHP
248 322.4 70( 110.18| 209.01| 216.384| 2.1217 3.177| 2.567 0.65| 1.3766 0.800 0.798 7.374] 1745.2
322.4 412.4 70( 107.83| 206.42| 213.14| 2.8581 4.472| 3.415 0.55| 1.3823 0.800 0.792 6.720] 1590.5
412.4 505.3 70( 101.24| 203.02| 208.359| 3.8355 6.221| 4.439 0.42| 1.3901 0.800 0.781 5.339] 1263.5
505.3 656.9 70( 109.89| 199.13| 205.616| 4.9747 9.749| 6.007 0.39| 1.3917 0.800 0.790 6.486] 1535.0
656.9| 853.97 70( 108.69| 191.44(197.191| 7.2812| 18.584| 8.763 0.28| 1.4162 0.800 0.792 5.751| 1361.0
853.97 1250 90( 146.67| 188.63| 196.664| 9.9571| 34.033| 12.895 0.31] 1.4735 0.800 0.799 8.034] 1901.4
1250 1876 110| 159.17| 170.42] 176.926] 19.497| 148.451| 24.051 0.2 1.9341 0.800 0.815 6.506] 1539.8
1876 2215 150| 168.67| 168.33| 171.121| 27.325| 173.032| 29.207 0.09] 2.494 0.800 0.797 2.791 660.6
Total =| 9695.7
Total BHP =| 15374.2




Appendix B.3 - Option C.3-C.5
Semi-Isothermal Compression

Stream 1 - Low Pressure Mdot (Ib/hr)= 188119
Actual
rhol | Setrho2| Actual Actual | Set Poly Poly W/mdot
P1 p2 T1 T2 hl h2 (Ibm/ft3) [ (Ibm/ft3) | rho2 | Setnp np Efficiency | Efficiency | (Btu/lbm) BHP
22 334 50.0| 114.14] 211.95| 224.81] 0.17862| 0.2407| 0.2409| 1.400| 1.3953 0.800 0.787 12.860 949.9
33.4 50.8 70.0| 136.11| 215.66| 229.057| 0.26175] 0.3547| 0.3541| 1.380| 1.3882 0.800 0.785 13.397 989.5
50.8 77.3 70.0] 135.16] 215.16| 228.265| 0.40068| 0.5685| 0.5432| 1.200| 1.3791 0.800 0.797 13.105 968.0
77.3 117.4 70.0| 134.58| 214.38| 227.217| 0.61584| 0.9004| 0.8345| 1.100| 1.3756 0.800 0.802 12.837 948.2
117.4 179.5 70.0] 136.09] 213.18| 226.106] 0.95007| 1.4235| 1.2932| 1.050| 1.3772 0.800 0.798 12.926 954.8
SubTotal = 4810.4
Stream 2 + Stream 1 - Medium Pressure Mdot (Ib/hr)= 272341
Actual
rhol | Setrho2| Actual Actual | Set Poly Poly W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) | (Ibm/ft3) [ rho2 | Set np np Efficiency | Efficiency | (Btu/lbm) BHP
179.5 248 70( 119.91| 211.25( 220.719 1.4901| 2.17960| 1.88386 0.85| 1.3786 0.800 0.796 9.469| 1012.6
SubTotal =[ 1012.6
Stream 123 - High Pressure Mdot (Ib/hr)= 602750
Set Actual
rhol |Calc rho2| Actual Actual | Polytropic Poly W/mdot
P1 p2 T1 T2 hl h2 (Ibm/ft3) [ (Ibm/ft3) | rho2 | Setnp np Efficiency | Efficiency | (Btu/lbm) BHP
248 360 70[ 128.11f 209.01 219.734 2.12 3.38 2.78 0.8 1.3798 0.800 0.792 10.724 2538.1
360 571 70( 142.07| 205.04( 217.654 3.25 6.29 4.55 0.7| 1.3758 0.800 0.798 12.614| 2985.4
571 900 70[ 140.02| 196.05| 207.067 5.89 14.63 8.14 0.5 1.4066 0.800 0.792 11.017f 2607.4
900 1500 75| 140.09| 173.04| 181.69 13.73 85.11| 18.70 0.28| 1.6532 0.800 0.790 8.650| 2047.2
1500 2215 110| 136.11| 140.69| 145.018 36.46] 824.19] 39.63 0.13]| 4.6624 0.800 0.802 4328 1024.3
Total =| 11202.4
Total BHP =| 17025.4




Appendix B.3 - Option C.3-C.5
Semi-Isothermal Compression

Stream 1 - Low Pressure Mdot (Ib/hr)= 188119
Actual
rhol | Setrho2| Actual Actual | Set Poly Poly W/mdot
P1 p2 T1 T2 hl h2 (Ibm/ft3) [ (Ibm/ft3) | rho2 | Setnp np Efficiency | Efficiency | (Btu/lbm) BHP
22 42 50.0| 150.15] 211.95| 232.252| 0.17862| 0.29153| 0.28513| 1.320| 1.3826 0.800 0.796 20.302f 1499.6
42 81.7 70.0| 176.15| 215.42| 237.095| 0.33019| 0.55087| 0.53550| 1.300| 1.3761 0.800 0.793 21.675| 1601.0
81.7 180 70.0| 197.69] 214.25| 240.039 0.652| 1.22656| 1.15938| 1.250| 1.3723 0.800 0.793 25.789] 1904.9
SubTotal =[ 5005.5
Stream 2 + Stream 1 - Medium Pressure Mdot (Ib/hr)= 272341
Actual
rhol | Setrho2| Actual Actual | Set Poly Poly W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) | (Ibm/ft3) [ rho2 | Set np np Efficiency | Efficiency | (Btu/lbm) BHP
180 248 70( 119.48| 211.23| 220.62 1.4946| 2.17904| 1.88559 0.85| 1.3791 0.800 0.796 9.390] 1004.1
SubTotal =[ 1004.1
Stream 123 - High Pressure Mdot (Ib/hr)= 602750
Actual
rhol | Setrho2| Actual Actual | Polytropic Poly W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) | (Ibm/ft3) [ rho2 | Set np np Efficiency | Efficiency | (Btu/lbm) BHP
248 471.2 70[ 169.40| 209.01| 227.299| 2.1217| 4.5147( 3.407 0.85 1.2 0.800 0.802 18.289| 4328.4
471.2 854 70[ 164.22| 200.61| 216.337| 4.5384| 10.7444| 6.954 0.69]| 1.3935 0.800 0.792 15.727| 3722.1
854 1300 90( 152.58| 188.63| 197.615| 9.9571| 34.2653| 13.191 0.34]| 1.4941 0.800 0.795 8.985| 2126.4
1300 2215 110| 156.39] 163.93| 172.55| 22.594)|190.4209| 26.393 0.25| 3.4292 0.800 0.795 8.620] 2040.2
Total =| 12217.1
Total BHP =| 18226.7




Appendix B.4 - Option D.1
Shock Compression

Option D.1 - High Ratio Compression Thermodynamic Calculations

rhol rho2 Polytropic W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) (Ibm/ft3) np Efficiency (Btu/lbm) BHP
22 220 50 460| 211.95| 302.04 0.17862| 0.99084| 1.344 0.80 90.090 9633.8
220 2215 460 1070| 302.04| 460.94 0.99084 5.7869| 1.3086 0.79 158.900 32286.4
e e e e e e Toe BRP = | 419703

Cooler Calculations

Carbon Dioxide (Hot Stream)

Mdot (Ibm/hr) = 517475
Heat
W/mdot | Removal Cooling
P1 T1 T2 hl h2 (Btu/lbom)| (Btu/min) | Method Cost (BHP)
2215 1070 100| 460.94| 120.04| 340.90 2940120]AIR COOL
Total = 0

|* Assume CO2 may be cooled by ambient cooling from 1060 degF to 100 degF at no horsepower cost.

Air Tower Cooling Requirements

Mass

Required Flow

W/mdot |Heat Added| Required

P1 T1 T2 hl h2 (Btu/lbm)| (Btu/min) | (Ibm/hr)
15 70 250] 131.31| 176.15 -44.84 -2940120| 3934149




Appendix B.4 - Option D.2
Shock Compression with Intercooling

Option D.2 - High Ration Compression Thermodynamic Calculations

rhol rho2 Polytropic W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) (Ibm/ft3) np Efficiency (Btu/lbm) BHP
22 220 50 460| 211.95| 302.04 0.17862| 0.99084| 1.344 0.80 90.090 9633.8
220 2215 100 550 216.87 310.7 1.7307 9.3907| 1.3655 0.80 93.830 19065.1
e e e e e e Tota BRP = | 786980

Cooler Calculations

Carbon Dioxide (Hot Stream)

Mdot (Ibm/hr) = 517475
Heat
W/mdot | Removal Cooling
P1 T1 T2 hl h2 (Btu/lbom)| (Btu/min) | Method Cost (BHP)
220 460 100| 302.04| 216.87 85.17 734556 |AIR COOL
2215 550 100| 310.7f 120.04| 190.66 1644363|AIR COOL
[Total = 0

|* Assume CO2 may be cooled by ambient cooling from 1060 degF to 100 degF at no horsepower cost.

Air Tower Cooling Requirements

Mass

Required Flow

W/mdot |Heat Added| Required

P1 T1 T2 hl h2 (Btu/lbm)| (Btu/min) | (Ibm/hr)
15 70 250] 131.31| 176.15 -44.84 -2378919| 3183210




Appendix B.5 - Option E.1
Liquid Cryo Pump

Stream 1 - Low Pressure S1 mdot (Ibm/hr) = 188119
rhol Polytropic W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) | rho2 (Ibm/ft3) np Efficiency | (Btu/lbm) BHP
22 107 50| 300.00f 211.95| 264.73 0.17862 0.58401| 1.3352 0.842 52.780 3898.6
Stream 2 + Stream 1 - Medium Pressure S1+S2 mdot (Ibm/hr) = 188119
rhol Polytropic W/mdot
P1 P2 T1 T2 hl h2 (Ibm/ft3) | rho2 (Ibm/ft3) np Efficiency | (Btu/lbm) BHP
97 258 90| 265.00( 218.07 254.37 0.74708 1.5076( 1.3933 0.747 36.300 2681.3
Mdot (Ib/hr)= 84222.5
170 258 70| 140.00| 211.55| 225.14 1.4056 1.8834( 1.4256 0.732 13.590 449.4
Avg. =[ 226.343 Avg. = 0.743| SubTotal = 3130.7
Stream 123 - High Pressure S1+S2 mdot (Ibm/hr) = 517475
Pump Work
P1 P2 T1 T2 S1=S2 hl h2 h2s Isent-W |Isentropic n| (Btu/lbm) BHP
248 2215 -25| -12.24( 0.17557 55.886 62.554 61.220| 5.334 0.800 6.668 1354.8
Total BHP = 8384.1
Stream 1 - Low Pressure Mdot (Ibm/hr) = 176649
Heat
W/mdot | Removal Cooling
P1 T1 T2 hl h2 (Btu/lbm)| (Btu/min) Method Cost (HP)
107] 300.00 90| 264.73| 218.07 46.66 137374 AIR COOL
All Streams Combined Mdot (Ibm/hr) = 517475
Heat
W/mdot | Removal Cooling
P1 T1 T2 hl h2 (Btu/lbm)| (Btu/min) Method Cost (HP)
248 265 100| 254.37| 216.08 38.29 330235( AIR COOL
248 100 10( 216.08] 194.13 21.95 189310 N2 COOL * *
248 10 -25] 194.13| 55.886 138.24 1192297 REFRIG** 7814
All Streams Combined Mdot (Ibm/hr) = 517475
Heat
W/mdot | Removal Cooling
P1 T1 T2 hl h2 (Btu/lbm)| (Btu/min) Method Cost (BHP)
2215 -15 100| 61.282( 120.04 -58.76 -506763 OFFSET
Total Refrig. Cooling (Btu/hr) = 41132018 Rtons = 3427.7
Delivered | Mass Flow N2 cooling may be
W/mdot | Cooling | Available possible to reach CO2
P1 T1 T2 hl h2 | (Btulom)| (Btu/min) (Ibm/hr) temperature of 10
15 -300 100f 38.57|] 138.77| -100.20 250510 150000 deg.

* ASU Horsepower costs will be obtained based on typical air separation unit.
** Assume ammonia refrigeration delivers -25 degF CO2 at efficiency of 1.7 kW/ton, typical for 120 ton
unit at low process delivery temperatures.




Appendix B.5 - Option E.2
Proposed Solution with Cryo-Pump

Stream 1 - Low Pressure Mdot (Ib/hr)= 188119
Actual
rhol Setrho2 | Actual Set Poly Poly W/mdot
P1 P2 Tl T2 hl h2 (Ibm/ft3) [ (Ibm/ft3) rho2 Set np Actual np | Efficiency | Efficiency | (Btu/lbm) BHP
22 33.4 50.0 109.37| 211.95| 223.807 0.17862| 0.24280] 0.24301 1.360 1.3563 0.850 0.850 11.857 875.8
33.4 49.5| 100.0f 159.15| 221.86| 234.035/ 0.24721| 0.33157| 0.33154 1.340 1.3404 0.850 0.850 12.175 899.3
49.5 74.3[ 100.0| 161.25| 221.45| 233.983| 0.36819| 0.49854| 0.49851 1.340 1.3403 0.850 0.850 12.533 925.8
74.3 97 100.0| 139.80| 220.81| 228.827| 0.55693| 0.67953| 0.67936 1.340 1.3417 0.850 0.850 8.017 592.2
SubTotal =| 3293.1
Stream 1 Mdot (Ib/hr)= 188119
Actual
rhol Setrho2 | Actual Set Poly Poly W/mdot
P1 P2 Tl T2 hl h2 (Ilbm/ft3) [ (Ibm/ft3) rho2 Set np Actual np | Efficiency | Efficiency | (Btu/lbm) BHP
97 167.1| 100.0( 189.57| 220.21| 238.442 0.7323 1.0892| 1.0887 1.370 1.3716 0.789 0.789 18.232| 1346.7
Stream 1 and 2 Mdot (Ib/hr)= 272341
167.1 248 91| 154.85| 216.33| 228.825| 1.31614 1.9691| 1.7523 0.98 1.3794 0.789 0.784 12.493| 1336.0
SubTotal =| 2682.7
All Streams S1+S2 mdot (Ibm/hr) = 517475
Pump Work
P1 P2 Tl T2 S1=S2 hl h2 h2s Isent-W | Isentropic n | (Btu/lbm) BHP
248 2215 -25| -12.24| 0.1756] 55.886 62.554 61.220| 5.334 0.800 6.668 1354.8
Total BHP 7330.6
Stream 1 - Low Pressure Mdot (Ibm/hr) = 188119
Heat
W/mdot | Removal Cooling
P1 Tl T2 hl h2 [(Btu/lbm)| (Btu/min)| Method Cost (HP)
33 166.9 100| 236.03| 221.86 14.17 44427|AIR COOL
49.5 162.9 100| 234.84| 221.45 13.39 41982|AIR COOL
74.3 165.1 100| 234.81| 220.81 14.00 43899|AIR COOL
97 142.2 100| 229.35| 220.21 9.14 28647[AIR COOL
Total =] 158956
Streams 1 and 2 Mdot (lbm/hr) = 272341
Heat
W/mdot | Removal Cooling
P1 Tl T2 hl h2  [(Btu/lom)| (Btu/min)[ Method Cost (BHP)
167 188.5 100( 238.2| 218.34 19.86 90145[AIR COOL
All Streams Combined Mdot (Ibm/hr) = 517475
248 164.2 100[ 230.99| 216.08 14.91| 128558|AIR COOL
248 100.0 10| 216.08| 194.13 21.95| 189310|N2 COOL * *
248 10.0 -25| 194.13| 55.886] 138.24 1192297 REFRIG** 13590.62
All Streams Combined Mdot (Ibm/hr) = 517475
Heat
W/mdot | Removal Cooling
P1 Tl T2 hl h2 [(Btu/lbm)| (Btu/min)| Method Cost (BHP)
REFRIG
2215 -15 100[ 61.282| 120.04| -58.76] -506763| OFFSET -5776.44
Total Refrig. Cooling (HP) = 7814 Rtons = 3427.7
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