STP-TS-012-1

THERMOPHYSICAL 5
PROPERTIES OF WORKING:®
GASES USED IN WOR

GAS TURBINE APPLIGATIONS



https://www.stdhive.com/standards/asme-stp-ts-012-1-pdf/

STP-TS-012-1

THERMOPHYSICAL PROPERTIES OF
WORKING GASES USED IN GAS
TURBINE APPLICATIONS

Preparer! by.

ASME Standards Technology, LLC
Air Propeties Committee

ASME STANDARDS
. TECHNOLOGY, LLC


https://www.stdhive.com/standards/asme-stp-ts-012-1-pdf/

Date of Issuance: March 5, 2012

This report was prepared as an account of work sponsored by the ASME Standards Technology, LLC
(ASME ST-LLC) Air Properties Committee.

Neither ASME, ASME ST-LLC, nor others involved in the preparation or review of this report, nor any of
their respective employees, members, or persons acting on their behalf, 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 upon 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, >t
favoring by ASME ST-LLC or others involved in the preparation or review of this report, or any agccy
thereof. The views and opinions of the authors, contributors, reviewers of the report expressed herein <o ncs
necessarily reflect those of ASME ST-LLC or others involved in the preparation or review of thisen0.* or any
agency thereof.

ASME ST-LLC does not take any position with respect to the validity of any patent rizhts asserted in
connection with any items mentioned in this document, and does not undertake to insvre «>vne utilizing a
publication against liability for infringement of any applicable Letters Patent, nor assume. any ‘uch liability.
Users of a publication are expressly advised that determination of the validity of anv suc.. p7tent rights, and the
risk of infringement of such rights, is entirely their own responsibility.

Participation by federal agency representative(s) or person(s) affiliated with indus.ry is not to be interpreted
as government or industry endorsement of this publication.

ASME is the registered trademark of the American Society of Mechanical Engineers.

No part ~f tnio« 'ocument may be reproduced in any form,
n ~n slectronic retrieval system or otherwise,
withowtine prior written permission of the publisher.

ASME Standards Technology, LLC
Three Park Avenue, New York, NY 10016-5990

ISBN No. 978-0-7918-3403-9

Copyright © 2012 by
ASME Standards Technology, LLC
All Rights Reserved


https://www.stdhive.com/standards/asme-stp-ts-012-1-pdf/

Thermophysical Properties of Working Gases Used in Gas Turbine Applications STP-TS-012-1

Summary of Changes
March 5, 2012

STP-TS-012-1

THERMOPHYSICAL PROPERTIES OF WORXin% GASES USED
IN GAS TURBINE APPLICATIONS

The following changes have been made to the first revisic» 0.’ ST2-TS-012.

Rev. I Page Location Change

iv-viii Table of Contents Unaoted o reflect changes

14 Table 18, row 3 Corected from “1.50” to “-1.50”
14 Table 18, row 4 “orrected from “1.25” to “-1.25”
14 Table 18, row 5 Corrected from “0.75 to “-0.75”
14 Table 18.ro’v 6 Corrected from “0.50” to “-0.50”
14 Table 8, row 7 Corrected from “0.25” to “-0.25”

79 4 nex F Inserted NASA Tables Referenced to 77F

iii


https://www.stdhive.com/standards/asme-stp-ts-012-1-pdf/

STP-TS-012-1 Thermophysical Properties of Working Gases Used in Gas Turbine Applications

TABLE OF CONTENTS

FOT@WOTA ...ttt ettt s b et b e s et et bt et e st e atebesaeeneenbesaeenes ix
AADSTIACT ..ttt ettt ettt et e bt b e bt e e h et e a bt et e e bt e bt e eh et eate e bt ea bt e be e bt e ehteeneeeateebeenbeen X
I OBJECTIVE ...ttt ettt et et et e e ae st e st e sseeseenseeneensessesneensesseansansens 1
2 SCOPE. ..ttt ettt b e bt bt ettt e b e et e e heen e e bt ent e te e bt etenaes 1
3 NOMENCLATURE ... oottt ettt st ettt et be et et e st et e sbeeneennens 1
T N 141010 ) OSSR 1

3.2 GIEek SYMDOIS......ccoiiiiieiieiecieee ettt ettt ettt e snb e esbeesaesseessaesssesnseenseenseent . N

3.3 SUPCTSCIIPES e utrieereeeiieeeiteeeteeertteeetteeeteeestbeeesbeeesseessseaasasessseeassssessseesssesesseesssesssesesssesnnses Davees 8

3.4 SUDSCIIPES ...eeevrieieiieeiieeiteeeteeesiteesteeeteeestbeesbeeessseessseessasesssesansssessseesssessnsseesseesssnns Daenstlens aas 2

4 GUIDING PRINCIPLES ...ttt ettt te sttt sttt essessesstesessees fneeneensesbeenneneas 2
4.1 TA@AL GAS ..ottt ettt ettt shee st st ebe e SO et et eteenaeen 2
4.1.1  NASA APPIOACH...cciiiiiiiieiiieiteiteteste ettt esreesieeseesaesreesseeses Dreessnes essseesseesseens 3

4.1.2 VDI APProach.......cccceeeieiiieiieiieieeiereeste et ) ) A 3

4.1.3 Reference Temperature and Pressure..........cccevvvverieeiciest et e 4

4.2 REAI GAS ...ttt ettt sttt bt a et e eatenteeat et bt et e bt et e e 4
4.3 Fundamental Constants, Relative Atomic Weights and Enthc'n ‘e of Formation..................... 4

5 IDEAL GAS ..ottt sees Denees eteee ettt ettt ettt st et 5
5.1 Thermodynamic Properties of Mixtures of [deal Gam€S .. .covevvierieriiiieeieeeeeeee e 5
5.1.1  Definitions and Conversion Rules ..........ci.cii oo 5

5.1.2  Calculation Of DENSILY ....c.ceeevieiiiieeiiiees eeee eiieeeiee et eteeerire e e eteeesereesbeeeabeeeaseaens 6

5.1.3  Calculation of Isobaric Heat Capacity .........ccecvveriereerverieriiniieieeieesiee e sene e ese e 7

5.1.4  Calculation of Enthalpy............... e eee@urterert e et ee e e be e bt et eabeeeree s easaasebare bt e rteeraearras 7

5.1.5  Calculation Of ENtrO Y ....c.ceeeeii cii s ettt ettt et e etaeesebe e reeesebeesaneeens 7

5.1.6  Calculation of Speed of SEUnQ v iiiiiiececeee e 8

5.2 Ideal Gas Equations Accordiiig to “0e NASA SCheme........c.cccveveeiiiiiieieceeeeeecre e 8

5.3 Ideal Gas Equations Accordii g tc.the VDI Scheme........cccocveviieviiiiieniecieciecieeveeeeieeiea 13

6 REAL GAS .o e e ettt ettt ettt et e st e et e b e e st et e e st et e sseeneenseeseentenseeneensenns 17
6.1 Thermodynamic Prcpei ‘es of Ideal Mixtures of Real Gases.........ccccccvveeevievveeiceeenieecneenee, 18

6.2 Water Content 22 SatiratiON .. ..eiiiiiiieieeitieeie ettt sttt et e st st st be e b e b 23

7 IDEAL AND REAL /S PROPERTY DATA TABLES .....ooiiii et 25
7.1 DIatomie U mYZEIN (1)2) veeuteetienuieeiieeieeiteesttesttesiteete e bt e bt esbeesaeesaeeeateebeesbeesbtesatesabeebeenbeenseenaeas 25

7.2 DiatemiC NITOZEM (INg).eeueerererrieieeieesreeseesresreaseeseesseesseesssesssessseessasssessssessseassesssessseesseessses 28

7.3 Diatomic Hydrogen (Hy)....ooovvvevieiieiiieieesie ettt saesraessae e e e enseessnennnas 32

R Y VAN 7o Y 11 I (5 1 ) TSRS 34

7.5 Cart on MONOXIde (CO) ...eiiviiiiiieiie ettt ettt et e s te e e seaeesbeeestaeessbeesaseeensseessseeenens 38

7.5 Carbon DIioXide (COn) ...uviiiiiiiiieeeiie ettt eeiee et ete e et e e sbe e sbaeestaeesbeeestaeessseessseeensseessseeennns 40

7.7 AMMONIA (NH3) ...oeiiiiiieiieiececeeeee ettt e et e e taestaessaessseenseenseessnennnas 43

7.8 Methanol (CH30H) .......cooiiiiiiiiiieeieeeeste ettt e et taestaessaesebeenbaessaessnesnnas 45

AN o) o W N o TSR 48
8 U N & TSRS 51

v


https://www.stdhive.com/standards/asme-stp-ts-012-1-pdf/

Thermophysical Properties of Working Gases Used in Gas Turbine Applications STP-TS-012-1

R N0 4720551 1 (O ) TSRS 55
712 Hydro@en (H) ....oooveoiiiiieiieeeeceece ettt sttt eve et te e ta e ab e s v e eaveeabeeteesaeesanesebeenveenns 56
A B I U5 073 1 () TSP 58
A s (o> e (S (0] = SRR 60
715 NItric OXIde (INO) ettt ettt ettt et e e st et e sseeneesseentenseeseeneaseeneensenns 62
RETETEIICES ...ttt ettt b ettt s e et st eat e bt s bt et e e bt eateneeebeeneenees 65
ACKNOWIEAGMENTS ....c.uviiiiiieiiic ettt ettt e e e e e tb e e e beeesabeessbeeessbeesssaeessseesseeassseenssaens 68
In Memory of Bonnie J. MCBIIAE .....c...ooiuiiiiiiieie ettt ..... 09
AbDbreviations and ACIONYIMIS .........ccuirverrieerreerieereesresreeseesseesseesssesssessseesseessesssessssessseassessseesseens 70
Annex A - Verification of Programs Using Ideal Gas Equations...........c.ccccvevvevieerienen Soeinnnes e, 71
Annex B - Uncertainty of the Ideal Gas EQUations ............cocoeiieiiininiiiiiiiiceeceieees e 72
Annex C - Sulfuric Acid DeW-POINES ........cccoevuieiiiiiieiieeeeeeeeeee e e e 75
Annex D - Impact of DiSSOCIAtION........c.cccurrcvierieerieerieesie e e e ereeeeeseee e T, U YO 76
Annex E - Sample Calculations of Gas Mixtures...........cccceeveereeneennid Wz, VO, AN 78
Annex F - NASA Tables Referenced to 77F ......ccooiiiiiiiiiiiieieeeseeee e ettt 79
List of Tables
Table 1 - Enthalpies of Formation.............c.cceeeveeveennenns . oSSR 5
Table 2 - NASA Coefficients for Diatomic OXYZEN /1) coviievuiieriieeiiiieeiieeieeerereeeieeesreesreeeseveessseeenens 9
Table 3 - NASA Coefficients for Diatomic NIitrOZEN (1N2).eeveerrerrveerreerreesieereerresreeseesseesseesnesnesssennns 9
Table 4 - NASA Coefficients for Diatomic Hy 1rogan (Ho) .ooovveeevieeciiieeiieeee e 9
Table 5 - NASA Coefficients for Gaseons *Vater / Steam (HyO)..ooeeevvveeiiiieiiieiiecieeeecee e 10
Table 6 - NASA Coefficients for Carb n Monoxide (CO) ....c.oieeiiieciiiiiiiieiie e 10
Table 7 - NASA Coefficients for \"artbon Dioxide (CO5)....eiceviiiiiiieiiiecieceiee ettt 10
Table 8 - NASA Coefficiers..or AmMmonia (NH3) .....cceeeiiiieiiiiiiie ettt 11
Table 9 - NASA Coefficients 1or Methanol (CH30H) .........ocoiiiiiiiiiiiiicee e 11
Table 10 - NASA 7 0eti Cients fOr ATZON (AT)...cceervirierieeiierieerieeseeseesteeteeseesseesseesssesssessesssessseens 11
Table 11 - NASA CoeFicients for Standard Dry Air™ .........ooooimioeoeieeeeeeeeeeeeeeeeeeeeee e, 11
Table 12 - Ccmposition of NASA Standard DIy (AQr) ..ecceeeeceeeeieeeeieeeieeeiee et evee e esveeeiveesveeens 12
Table 13 - NASA Coefficients for Atomic OXYgen (O) ....cccvveveeriiereeriieeieeieeieeseeseesreereeseesseeseeens 12
Tabic' 4 - NASA Coefficients for Atomic Hydrogen (H) ......cccooeeiiiiiiiiiiieeeeeee e 12
Tabie 15 - NASA Coefficients for Atomic Nitrogen (IN) .....c.eeoeereerieririiieeie et 12
Table 16 - NASA Coefficients for Hydroxide (OH) ........coooieriiniiiieiieeie et 13
Table 17 - NASA Coefficients for Nitric OXide (NO) .....c.cccvevieriieriieiieiieeie e eseeseesieens 13
Table 18 - Temperature Exponents of the Polynomial Equations (24, 25, 27) ...cccccevieniniinieiieenenne 14


https://www.stdhive.com/standards/asme-stp-ts-012-1-pdf/

STP-TS-012-1 Thermophysical Properties of Working Gases Used in Gas Turbine Applications

Table 19 - Substance Specific Coefficients 4, [Jmol "K™'] of Eq. (24) for the Ideal Gas Heat

Capacity According to the VDI SCheme..........cccooieiiiirieieieee e 14
Table 20 - Substance Specific Coefficients C;;[Jmol™' ] of Eq. (25) for the Ideal Gas Enthalpy

According to the VDI SChEME .......c.ccoviiiiiiiiiciieieeieceecee ettt ve v v eree 15
Table 21 - Substance Specific Coefficients Dy ;[Jmol K ™'] of Eq. (27) for the Ideal Gas Entropy

According to the VDI SChEME .......c.ccouiiiiiiiiiiiiieieeeeceeeee ettt v e eree s 16
Table 22 - O, Ideal Gas ProPertiCs.......ccvevieiieeiiieiieiiesieesiieseesre et eseereesteesteesenesssesssessseeseesseesssesnnes 25
Table 23 - Oy Real GAS PIOPETTIES ...c.veevierieeiieeieeiieieesieesitesteseresseeseeseesseesseessnesssesnsessseesseesseesssennns 27
Table 24 - Nj Ideal Gas PrOPerties.......cccviiiiiiiiiiiieciiecieciecre ettt steesteestreeareeareeveesveeseseseseesseesseensees 2¢
Table 25 - Ny Real GaS PIOPEITIES ......eevuveeiieiieiieiieriesie ettt et esieeseeeseeesstessseeseesseesssesssesnieensiensens 3u
Table 26 - H, Ideal Gas Properties.......c.uevveiveecieeiiieiieesieesieseesreereeieesseesseesseesenessnesssessseessees Dessnesnns 32
Table 27 - HyO Ideal Gas PrOPertiCs........ccuieciiiiiieiciieeiieeeiteecieeeereeeeveeesiveeesreeeeveesreesnes eevesssseeesnens 34
Table 28 - HyO Real Gas PrOPETties .......cccviiriieeiiieciieeiieeeiee et eree e evee e T YR 36
Table 29 - CO Ideal Gas Properties .........cccveeverververienieeieenieeseeseresnesnaiones . N 38
Table 30 - CO, Ideal Gas PrOPeIti€S.......cccuiieeiiiiiieeiieeiieeecrieeieeesreeeerreesreeses e aeesreeetaeeseseesnseeesssens 40
Table 31 - CO, Real Gas Properties.....cc.uciiiiiiiiieiiieiiecieeciiesiresreeines e reteesteesineesreesveeveesveesssesesenenas 42
Table 32 - NH; Ideal Gas Properties........ccceevveeireiiieriiesieniesseess creeei et eniee e seesnesnesseeseesseessnesnnas 43
Table 33 - CH;0H Ideal Gas Properties ..........ccccceeverevenennnns . U 45
Table 34 - Ar Ideal Gas Properties.......c.ccccvirecieeriiieriieesl et eetee ettt eree e e sreesteeessveessveeeneneas 48
Table 35 - Ar Real GaS PrOPEITIES ......ecvvieriieiieeiieieeieeieestesite sttt ereeteesteeseeseeessaesssesnsaessaesseessnennnes 50
Table 36 - Air Ideal Gas Properties ................... R, N, N O TR 51
Table 37 - Air Real Gas Properties............ Mo . R 53
Table 38 - O Ideal Gas Properties.............. I RN 55
Table 39 - H Ideal Gas Properties...... Cteeteeeteeeteeteeteeteeteetteanteanteente et e e teeataeareeaatearteanseenseenseenseennns 57
Table 40 - N Ideal Gas PrOPert €8 .. viccuiiiiieeciieeeiieeiee ettt e et e etteesteeseteeesebeesreeeeveessseesssaeessesssseeenssens 58
Table 41 - OH Ideal Gas PruneItI€S . .....uiiuiiiiiiieciiieciee ettt et e evte et eeteeeeveesereeestaeessseesnraeessens 60
Table 42 - NO Ideal Ge 3 PIUPCITIES ....eevieriieeieeieeie ettt ettt reesteeseaesenesssesssesssaeseessnessnennnas 62
Table 43 - Values “or Com, uter Program Verification Calculated According to the VDI

N 0] ) BT o] s F U RUUUPROURURRRPRR 71
Table 44 - Estin.ated Uncertainties of Isobaric Heat Capacities, Enthalpy Differences and Entropy

DIETETEIICES ...ttt ettt ettt ettt ea et s bt et e bt et et e e meestesbeeneenne 73
Tabkle 15 - C) EQUation CoCTTICIENTS ... ..icciiiiiiiiciieciie ettt ettt et e e e sveeetaeeeveeenraeeeneas 79
Table %6 - O5 Ideal GAS PrOPEITIES. ....viivviieiieiieiieitiectie ettt et e st e st e v e ebeeteesteestbeeabeesbeesbeesbeesssensnas 79
Table 47 - Ny Equation CoeffICIENES .......cccvieriierieiieiieeie ettt steesteeseaesnaesssesnseeseesseesnnes 83
Table 48 - N, Ideal Gas ProPerties.......ccvevieiieeieeiiieiiesieesiiesee e st ere e e steesteesenessnesssessseesseesseesssensnes 83
Table 49 - Hy Equation CoeffiCients N .........cccuiiiiieiiiiieiee ettt et eree e e sreeetaeessveeenveeeeneas 87

vi


https://www.stdhive.com/standards/asme-stp-ts-012-1-pdf/

Thermophysical Properties of Working Gases Used in Gas Turbine Applications STP-TS-012-1

Table 50 - Hy Ideal Gas ProOPerties ......c.cccuiiviiiiiieiiieiiiiiiiicere et eteesteesteeeteeetveesveeveesteesssesesessseesseessessseens 87
Table 51 - H,O Equation CoeffiCients N.........cceovieriiriiiiieiiieieerieesee e sre e ereesieesseesaesssesnseessaesseens 91
Table 52 - HyO Ideal Gas ProPeTties .......c.cccierviereenieiiiiiieiieieesieesieeseeesenesressseesseesssesssesssesnsesssessseens 91
Table 53 - CO Equation CoeffiCients N .........cccvuiiiiiiiiiiiiiiieeisesieeeite e ree e sveeetaeesereesaaeesssee e 95
Table 54 - CO Ideal Gas PrOPerties........c.ceicviieiiiiiiieeiiieeieeeieeesveeeteeesveesveeeereessbeeesaeessseessseessseenns 95
Table 55 - CO, EqUation COCTTICIENES .......cccvveeiierieriieiiieie et eieesieesiee e ste e ebeeseessaessaessseenseensaessaens 99
Table 56 - CO, [deal GaS PrOPEITIES ....ccuviiiiiieiiiieiiieeiieeeieeeiteesteeeteeeseveeereeeebeessbeeessaeessseeessseessseaans v
Table 57 - NH; Equation CoeffiCIENtS.........c.uieviiiiiiieiiiciie ettt eevaeesevee s s 103
Table 58 - NH; Ideal Gas Properties .......ccoecververiiiciieiieriieniieseeseeeseeveesseeseessnessseeseesseesseesnseeens 103
Table 59 - CH;0H Equation COSffiCIENES .......c.cecvveriierierierieiieeieeieeieesieesieesnessne e e eeses e 107
Table 60 - CH30H Ideal Gas PrOPErties......c.ccouieviieiuieriieiieiieiieereereesreesteesteeesnesnees eveesveesseesssenenas 107
Table 61 - Ar Equation COeffiCIeNtS ..........cccveveeriiriieiieiierieenee e ere e eeeeensd LN et 111
Table 62 - Ar Ideal Gas PrOPErties ........cccuevvveecieecieerieerienieseesiesresseeeesseaes e aeveenseesseesseesssensns 111
Table 63 - Air Equation CoeffiCIENtS .........cceieiiiiiiiiieiiieiie et te sveeeriveeereeeeveeeveeeeneas 115
Table 64 - Air Ideal Gas PrOPeIties.......ccviiuiiiiiieiiiieeiie et ecie s e e eiveesreeeteeesreesreeesreesveeeeneas 115
Table 65 - O EqQuation CoCTiCIENTS.......cccueviieeiieiieiieiieriess et ee et eieestee e seaesreesbeesse e e essnenenas 119
Table 66 - O Ideal Gas ProPerties .......cccccueecveecieeiieiies s ies st see et ere e e seesaessaesnreesseesseeseesseessnes 119
Table 67 - H EQuation CoetfiCIONTS . ......cueiiiiiiiieecce e ettt ettt esree v e e eveeeene s 123
Table 68 - H Ideal Gas PrOPerties .......ccccueveveriiecrieiies i eeste e ereereereesiaesteessaessaessneesseesseesseesssensnas 123
Table 69 - N EQUation CoeiCIENTS. ......cccvercveeseeerifieeiieierieste et iee e e saessaeseveesseesseesseessnesenas 127
Table 70 - N Ideal Gas PrOPerties .........cc.iiii ittt ettt ettt et e 127
Table 71 - OH Equation CoeffiCionts. (... i ittt et et 131
Table 72 - OH Ideal Gas PrOPEITINS ...iiveiieiieerieiieieeieeseereeseeereereeseesteestaessaessaessseesseesseesseesssessns 131
Table 73 - NO EqQUation CreTriCICNIS ..ecuuuierrieeiieeetieeetieesteeeiteeeseveesseeessseessseeessseessseesssssesssessssesessees 135
Table 74 - NO Ideal Ga: PrOPCITIES ...eiicuvieeiiieiieeeiie ettt et e et e estteesib e etaeesaveestaeeaseesnveeensneas 135

List of Figures

Figure 1. - Parcert Deviations Between Heat Capaciti€s........ccuveveveeeciiieriieeiiieeiee e eieeeeree e e svee e 18
Figure 2 - S~turated Vapor Density of Water and the Corresponding Ideal Gas Pressure................... 20
Figure 3 - Saturated Vapor Density of Carbon Dioxide and the Corresponding Ideal Gas Pressure.. 20
Figare 4 - Percent Deviations Between Heat Capaciti€s........ccueevcveieviiieriieeiiieeiie e eieeesreeeeveesenee e 21
Figure 5 - Percent Deviations Between Heat Capacities at Ideal Gas States ..........cccceveevieiieiieencnn. 22
Figure 6 - Percentage Deviations (ACp° = C,” xasa — C,’ vor) Between Isobaric Heat Capacities of
Dry Air and a COmMDBUSHION GAS ......ccvievviiiiiiiieiiieiieeereere e esieeseeseresereesreeseesteesaeessneesneenns 72
Figure 7 - Percentage Uncertainty of Ideal Gas Isobaric Heat Capacities ..........cccceeeevererceenenceeenne. 74

vil


https://www.stdhive.com/standards/asme-stp-ts-012-1-pdf/

STP-TS-012-1 Thermophysical Properties of Working Gases Used in Gas Turbine Applications

Figure 8 - Dew-Point Temperature as a Function of Sulfuric Acid Mole Fraction and Water
Partial PIESSUIE. .....cc.oiuiiieiietiee ettt sttt 75

Figure 9 - Relative Increase of the Effective Isobaric Heat Capacity..........ccoecvevevevcieecieesiereereenereeen, 76

Figure 10 - Time Dependence of NO Formation in Dry Air and in a Typical Gas-Turbine
COMBUSTION GAS ...ttt ettt ettt ettt ettt e bt e bt e s e sae e e teebeesbeesbeesaeesaeesaeeenne 77

viii


https://www.stdhive.com/standards/asme-stp-ts-012-1-pdf/

Thermophysical Properties of Working Gases Used in Gas Turbine Applications STP-TS-012-1

FOREWORD

This document describes a collection of ideal gas and real gas data for 14 chemical species and air, in
temperature and pressures ranges typically of interest to the gas turbine performance community. The
ideal gas data (heat capacity, enthalpy, entropy and enthalpy of formation) for these species is readily
available in the literature. For each species, the relevant data has been documented, evaluated and
recommended values presented in at least three published sources. The committee has adopted
equation representations, as published by NASA and VDI, which are based on one of these
recommended sets, although any of the three sets could have been used to derive an equation
representation. The committee is certainly aware that new experimental measurements could s.agest
a modified set of recommended data. Any comments from the readers would help contribite > a
decision as to whether the data presented in this report is out of date and should be updated.

Established in 1880, the American Society of Mechanical Engineers (ASME) is a p«fess.onal not-
for-profit organization with more than 127,000 members promoting the art, science ana practice of
mechanical and multidisciplinary engineering and allied sciences. ASME. de relops codes and
standards that enhance public safety, and provides lifelong learning ai.d tecnical exchange
opportunities benefiting the engineering and technology community. Visi. ww.v.asme.org for more
information.

The ASME Standards Technology, LLC (ASME ST-LLC) is a not-.or-profit Limited Liability
Company, with ASME as the sole member, formed in 2004 tc¢ carry out work related to newly
commercialized technology. The ASME ST-LLC mission in<iade. meeting the needs of industry and
government by providing new standards-related products and ser sices, which advance the application
of emerging and newly commercialized science ana teconology and providing the research and
technology development needed to establish and «<uainvrin the technical relevance of codes and
standards. Visit www.stllc.asme.org for more inforr. atic .

X
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ABSTRACT

This document presents a consensus of the Air Properties Committee of the latest formulations for
ideal gas thermodynamic and viscosity (pure fluids only) for working fluids most typically used by
the gas turbine performance community. Real gas properties are considered where necessary.

The investigation on ideal gas properties has shown that there are two sets of formulations available
(NASA and VDI), which represent the current knowledge on properties of the relevant gases equally
well. The results of both formulations agree with each other to far within the uncertainty of the best
available data. Since both formulations have advantages and disadvantages regarding simplicity and
range of validity, the Air Properties Committee decided to include both sets as alternative means for
property calculations. The correlation equations given are based on the NASA/TP-2002-211556
“NASA Glenn Coefficients for Calculating Thermodynamic of Individual Species” and the NASA
“Thermobuild” website and on the VDI guideline 4670.

Where necessary, real gas properties for the most relevant components of humid air and combustion
gases are calculated using internationally accepted reference equations of state, as they are used, e.g.,
in the NIST Reference data base for Fluid Thermodynamic and Transport Properties “REFPROP,”
Version 8.1 [3] software. In the absence of an appropriate mixture model covering all working gases
relevant for gas turbine applications, a model based on a quasi-ideal mixture of real gases (herein
after abbreviated as “ideal mixture of real gases”) is presented. An advanced model is given to
accurately calculate the gas-phase partial-pressure of water at saturation for humid air at high
pressures, as it is required, e.g., in humidified gas-turbine or compressed air energy storage
applications.

This document explicitly presents the relatively simple equations required for calculating the ideal gas
property data. The much more comprehensive reference equations for the real fluid behavior are
available from cited publications.

The following table summarizes the properties addressed in this document:

Species Ideal Gas Coefficients and Ideal Gas Coefficients VDI Real Gas Properties
Tables NASA

0o, X X

N, X X

H,

H,O

(e()

X
X
CO, X

NH,

CH,OH

Ar

X| X

Air

®)

H

N

OH

X|X| X[ X| X XXX XX X| X X[ X[ X

NO

Ne X

SO, X
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1 OBJECTIVE

The objective of this document is to provide working gas properties for the entire gas turbine
establishment.

2 SCOPE

This document presents recommended thermodynamic and transport property data, as derived from a
critical evaluation of experimental and theoretical data. Citations as to the origin of this evaluation
are given. Ideal and real gas property tables are presented. In addition, two (quantitatively very
similar) alternative sets of polynomial equations for ideal gas properties are included. References are
given for the more complex reference equations describing the real gas behavior. Real gas property
tables are presented to enable an assessment of the impact of real gas effects without programming
the corresponding equations or without purchasing corresponding software.

This document covers ideal gas properties up to 6000 K (in some cases even up to 20000 K) and real
gas properties up to the highest temperatures and pressures for which validation is feasible, typically
50 MPa. Fourteen species, plus air, have been included in this document since they represent the
most commonly encountered species in gas turbine analysis. Real gas properties are not included for
minor, unstable or radical gaseous species (H, N, O and OH).

3 NOMENCLATURE

3.1 Symbols

A, relative atomic mass

coefficients for ideal gas equations

2

Sy

integration constants for ideal gas equations
isobaric heat capacity

isochoric heat capacity

enthalpy

molar mass

T X T AN

mass
amount of substance

relative molecular mass

iy

molar gas constant
entropy

speed of sound

N 2 v ox 2 o=

thermodynamic temperature

AH®  enthalpy of formation



