STP-TS-012-1

THERMOPHYSICAL
PROPERTIES OF WORKING
GASES USED IN WORKING

GAS TURBINE APPLICATIONS




STP-TS-012-1

THERMOPHYSICAL PROPERTIES OF
WORKING GASES USED IN GAS
TURBINE APPLICATIONS

Prepared by:

ASME Standards Technology, LLC
Air Properties Committee

@gME STANDARDS
TECHNOLOGY, LLC



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, or
favoring by ASME ST-LLC or others involved in the preparation or review of this report, or any agency
thereof. The views and opinions of the authors, contributors, reviewers of the report expressed herein do not
necessarily reflect those of ASME ST-LLC or others involved in the preparation or review of this report, or any
agency thereof.

ASME ST-LLC does not take any position with respect to the validity of any patent rights asserted in
connection with any items mentioned in this document, and does not undertake to insure anyone utilizing a
publication against liability for infringement of any applicable Letters Patent, nor assumes any such liability.
Users of a publication are expressly advised that determination of the validity of any such patent 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 industry 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 of this document may be reproduced in any form,
in an electronic retrieval system or otherwise,
without the 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



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 WORKING GASES USED
IN GAS TURBINE APPLICATIONS

The following changes have been made to the first revision of STP-TS-012.

Rev. I Page Location Change

iv-viii Table of Contents Updated to reflect changes

14 Table 18, row 3 Corrected from “1.50” to “-1.50”
14 Table 18, row 4 Corrected from “1.25” to “-1.25”
14 Table 18, row 5 Corrected from “0.75 to “-0.75”
14 Table 18, row 6 Corrected from “0.50” to “-0.50”
14 Table 18, row 7 Corrected from “0.25” to “-0.25”

79 Annex F Inserted NASA Tables Referenced to 77F

il



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

TABLE OF CONTENTS

FOT@WOTA ...t b ettt ettt s b et b e e et et bt et e st e e st et e sae et e nbesaeenee 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 bttt h et et e a e et e bt et e bt ent e teeheennenaes 1
3 NOMENCLATURE ... oottt st ettt e ae et be et ete e st e tesbeeneeaens 1
T N 141010 ) SRR 1

I €1 (1S 4111 oo ST 2

3.3 SUPCTSCIIPES e uvtietrieeieeeeiteeeteeertteesttee ettt estbeessbeeetsaessseeassasesssaeassseessseesssasessseesssaeansasenssesanseeenssens 2

34 SUDSCIIPES .veeetreeitieeetieesiteeetteeriteestteeetteestbeeasbeeetreeasseeessaeesssaeassssassaesssesenssaesssaesnsasenssasanseeenssens 2

4 GUIDING PRINCIPLES ...ttt ettt ettt ettt et etesste e eseeseenseeseensesneensensas 2
o I (6 1< 1 R 12 TSRS SUUUPRUPRRRPRRRION 2
411 NASA APPIOACH...cciiiiiiiiicii ettt ettt e ste e st e saessteesbeesse e seessaesssesssessseensenns 3

4.1.2 VDI APPIOACKH......uiiiiiiieciecit ettt ettt te e st e srae st e e sbeesseesseessaesssessseenseensaens 3

4.1.3 Reference Temperature and Pressure.........occeveviieiieeiciiiiniieciee ettt 4

4.2 REAI GAS ..ttt ettt h et b e bttt b ettt e a et bt et e bt eaee e e 4
4.3 Fundamental Constants, Relative Atomic Weights and Enthalpies of Formation..................... 4

5 IDEAL GAS ettt h ettt h ettt et e bt e h et bt ea e e bt e st et e eteenee it 5
5.1 Thermodynamic Properties of Mixtures of Ideal Gases .........ccccevevervirciieriienienieree e 5
5.1.1  Definitions and Conversion RULES ............ccocuiiiiiiiiiiiiiie et 5

5.1.2  Calculation Of DENSILY ....c.eeeciieiiiieiieeeiie et etee et e eeteeesereeeteeesereessreeeebeesaseaens 6

5.1.3  Calculation of Isobaric Heat Capacity .........ccceccveriierierierieriieiieieeiee e seesenesneese e 7

5.1.4  Calculation of Enthalpy ........cccceeviiriiiiiiiiiiiceceestere et 7

5.1.5  Calculation Of ENtrOPY ....c.cciiiieiiiiieiie ettt ettt ite et estaeesebeesreeesebeesnneeens 7

5.1.6  Calculation of Speed of SOUN .......ccevviiiiiiiiieieeee e 8

5.2 Ideal Gas Equations According to the NASA Scheme..........cccceveeviiiiiiviicniceeceeceece e 8

5.3 Ideal Gas Equations According to the VDI Scheme...........ccceevvieviiiiiienienieciecieceeeecieeeiea 13

LI A 2N € 7N T SRRSO 17
6.1 Thermodynamic Properties of Ideal Mixtures of Real Gases...........ccccceeeeveervienciieecveecneenee, 18

6.2 Water Content at SAtUTAION...........eiiuiiiieiienie ettt ettt ettt et et e st e st sabeebeesbeenbeesaeas 23

7 IDEAL AND REAL GAS PROPERTY DATA TABLES .....ooioiieeeeeeeee e 25
7.1 DI1atomic OXYZEN (2) -.eeueeiuieiuiieiitieeteesit ettt et ettt et e st sttt e bt e sbeesbtesatesabeebeenbeenseenaeas 25

7.2 Diatomic NItTOZEN (INg)..eouverererririeesieesieeseestesteereesseesseesseesssessseesseessasssassssesssessessseessessssessees 28

7.3 Diatomic Hydrogen (Hy).....cccoocvieiieiiieiiesie ettt ee et staesraessaesnne e ensaessnennnas 32

7.4 Water/Steam (HoO) ...oocuieiieieiiicieeit ettt ettt ettt e etaestaestaessaessseenseesseesseennnas 34

7.5 Carbon MonoXide (CO) ....cccuiiiiiieiiieeiieeeieeciee ettt et e e ste e s tee e aaeesebeeestaeessseesnseeensseessseeensns 38

7.6 Carbon DioXide (COn) ...uuiiiiiiiiieiciie ettt ettt e et esbe e stae e taeessseeestaeessbeessseeenssesssseensnns 40

7.7 AMMONIA (NH3)...ooeiieiieiieieciece ettt ettt st st ase et e e taestaessaessseenseenseessnennnas 43

7.8 Methanol (CH30H) .......cooiiiiiiiiiiieiieeesee ettt st se e s taestaessaesnseensaesseessnennnas 45

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

v



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) .ueeeeeeiieeieieee ettt ettt ettt ettt e e st et e saeeneesseentensesseeneenseeneensenns 62
RETETEIICES ...ttt ettt b ettt s e et st eat e bt s bt et e e bt eateneeebeeneenees 65
ACKNOWIEAGMENTS ....c.eviiiiiieciie ettt e e st e e tv e e e beeesabeessbeeessaeesssaeessaeessesansseenssaens 68
In Memory of Bonnie J. MCBIIAE ....ccc.eiiiiiiieiieieee ettt sttt 69
AbDbreviations and ACIONYIMIS .........cccvircuerrieerieereereestesteaseesseesseesssesssesseesseessesssessssessssassessseesseessesssses 70
Annex A - Verification of Programs Using Ideal Gas Equations...........c.ccccvevvevierciesciencieerieeseeneeenn, 71
Annex B - Uncertainty of the Ideal Gas EQUations ............cocoeiieiiininiiiiiei e 72
Annex C - Sulfuric Acid DEW-POINES ........cooiriiiieiiieiieieiee ettt st s 75
Annex D - Impact 0f DiSSOCIALION........c.eccvieriierierieiieeteeteeieesteesreseresreeseesseesseesssesssesssessseesseesseessns 76
Annex E - Sample Calculations of Gas MIXEUIES.......cccevuiriieiieeriienieiie ettt e e 78
Annex F - NASA Tables Referenced t0 77F ......ccooiiiiiiiiiiieeeeeseeee ettt 79
List of Tables
Table 1 - Enthalpies of FOrMAtION..........ccciiiiiiiiiiiiiicreecrieciee sttt ete e teeseaeeeveeveeveesreesraeeaneerveenns 5
Table 2 - NASA Coefficients for Diatomic OXYZen (02) c..eeevvierieeeiiieeeiieeiieerieeeiee e e sreeeseveesevee e 9
Table 3 - NASA Coefficients for Diatomic Nitrogen (Np)......cevvereveeevieriierienienieeieeieeieesieeseesenesene e 9
Table 4 - NASA Coefficients for Diatomic Hydrogen (Ho) ....c.ooocveveeiiiiiiiieiiieiieceeeecee e 9
Table 5 - NASA Coefficients for Gaseous Water / Steam (HyO)...oooovvveviiieiiiiiiiiiiieeieeciee e 10
Table 6 - NASA Cocfficients for Carbon Monoxide (CO) .......ooovviieiuiiiiiiieiieeeieecee et 10
Table 7 - NASA Coefficients for Carbon Dioxide (CO5).....cccveiieiiieciiiiiiieeiie et 10
Table 8 - NASA Coefficients for Ammonia (NH3) .....cceeeeiiiiiiieiiieeiiecieeciee et eeve e 11
Table 9 - NASA Coefficients for Methanol (CH30H) ..........coiiiiiiiiiiiiiiiiieeceeee e 11
Table 10 - NASA Coefficients fOr ATZON (AT).....ccccveriireieeiieereerieeseeseeeteereeseesseesseesssesssessessseesseens 11
Table 11 - NASA Coefficients for Standard Dry Air™ ...........cooimooeriieeeeeeeeeeeeeeeee e, 11
Table 12 - Composition of NASA Standard DIy (AQr) ...ccceeeeeeeecieeeeieeeieeeiee et eree e esveeevveesvee e 12
Table 13 - NASA Coefficients for Atomic OXYgen (O) .....ccveveeriiereerienieeieeieeseeseesreereeseesseesseens 12
Table 14 - NASA Coefficients for Atomic Hydrogen (H) .........coccoiiiiiiiiiiiiiieeeeeeeee 12
Table 15 - NASA Coefficients for Atomic Nitrogen (IN) .......ceceereerierieiiieeieeieeseesite st 12
Table 16 - NASA Coefficients for Hydroxide (OH) ........coocvveviiriieiieiie et 13
Table 17 - NASA Coefficients for Nitric OxXide (NO) .......cccveviieriierieiie e e sreereeree e 13
Table 18 - Temperature Exponents of the Polynomial Equations (24, 25, 27) ....cccceverininieiieenenne 14



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.covuiiiiiiiiiiciieieetiecee ettt veeeree s 15
Table 21 - Substance Specific Coefficients Dy ;[Jmol K ™'] of Eq. (27) for the Ideal Gas Entropy

According to the VDI SChEmME .......c.cccuiiiiiiiiiiciieieeiecee ettt ve v eree s 16
Table 22 - O, Ideal Gas ProPertiCs.......ccvevieiieeiieiiieiieesieesieseesre et eseeseesteesseeseresssesnsessseeseesseesssensnes 25
Table 23 - Oy Real GAS PIOPETTIES ...c.veevieriieiieeiieiieieesieesitesiteseresseeseeseesteesteessnesssesssessseesseesseesssennnes 27
Table 24 - Nj Ideal Gas ProPerti€s.......ccviiieiieiiieieeieecieecteesresire et eveeteesteesteesanesabeesveesveebeesvsesssenenas 28
Table 25 - Ny Real GAS PIOPETTIES ...c.veervieriieiieeieeiieieesieesitesitesere st enseeseesseesseessnesssesnsessseesseesseesssensns 30
Table 26 - Hy Ideal Gas ProPerti€s.......ccvevieiieeiieeiiieieesieesie e sere st ereeseesseesieesenessnesssesssaesseesseesssennnes 32
Table 27 - HyO Ideal Gas PrOPEIties.......cccvieciieiiieiiieeiieeeieeeieeeeteeeveeesiveeereeeereessveeessaeesvesssneeesnens 34
Table 28 - HyO Real GAS PTOPEILIES ......cccuviieiiieiiieciie ettt eteeees et eetee et e e et eeaveessbeeeataeesvessssaeesneas 36
Table 29 - CO Ideal Gas PrOPEIties .......eecvvereeeriieirieieesieesieseesresteeseeseesseesseessnesssesssesssessseesseesssessns 38
Table 30 - CO, Ideal Gas PrOPEITIES......ccccviiecuiiieiieiiieeiieesteeeiteesreeeetteesiveeereeeeveessseeessaeesssesssseeesssens 40
Table 31 - CO, Real Gas PropPerties......cuciiiiiiiiiiiiieiiecieeciiesite et steesteesareeaveeveeveesveesvsesenenenas 42
Table 32 - NH; Ideal Gas Properties........cccueiveeieeiiieriiesiieriiesiesre et eieeteesteesteesenessnessnessseesseesseessnessnes 43
Table 33 - CH30H Ideal Gas PrOPEItis ........cueeeveeiiieriiesiieniieriesiesieeieeseesseesseessnessnesssessseesseesseesssensnes 45
Table 34 - Ar Ideal Gas PrOPEItiCs......cc.iecviiiciiiiiiieeieeeiieeeiee et teeeteeesiveeeereeeeveessbeeestaeessseessseeenssens 48
Table 35 - Ar Real GaS PrOPEITIES ......ecvvieriieiieeiieiieieeieeste st sre sttt et estaesteeseneseaesssesssaessaesseessnennnas 50
Table 36 - Air Ideal Gas PrOPEITIES .....cc.eeveerieeiieiieieesieesiteste ettt steeseeseeessnesssessseessaesseessnennnes 51
Table 37 - Air Real GaS PrOPEITIES ...cccuviiieiiieiiieiieciee ettt ettt e et e e eeeveesveeentaeesveeenseeensneas 53
Table 38 - O Ideal Gas PrOPEITIES.....cccuiieiiieciieeciieeiee et e eteeeite et eeteeestteeebeeeeveesebeeetaeesssesenseeesssens 55
Table 39 - H Ideal Gas ProPerti€s........cccveviverieeiieeiiieiiiesiiesieseesresseereeseesseesseessnessnesssessseesseesseesssessns 57
Table 40 - N Ideal Gas PrOPEITIES.....cccuiiiiieeciiieiiieeiee et e eteeeiteesteeeteeeseveessreeesereessseesssaeesssesssseeessens 58
Table 41 - OH Ideal Gas ProPeIti€s.......cccviieiiiiiiiieeiieeitieeieeeiteesteeeteeesereeereeeereesebeeessaeesssessnseeenssens 60
Table 42 - NO Ideal Gas PrOPEITIES .........ccvuerveeciieiiieiiieritesiesieste et eieesseesseesteesenesssesssesssaesssesssesssensss 62
Table 43 - Values for Computer Program Verification Calculated According to the VDI

N 0] 0] (0 o] s F O RUUUPOURPRRRPR 71
Table 44 - Estimated Uncertainties of Isobaric Heat Capacities, Enthalpy Differences and Entropy

DITTRIEIICES ...ttt ettt ettt et et et et be et et b nas 73
Table 45 - Oy EqQuation CoeffiCIENTS .......ccviiiiiieiiieciie ettt ettt e ere e sbeeeteeeeveessveeeeneas 79
Table 46 - O, Ideal Gas PrOPeIti€s.......ccviiieiieiiieie et eeieecteesit et ere e veesteesteesaaeerbeesveeveeba e tsesssenenas 79
Table 47 - Ny EQuation COTIICIENES .......eevieiieeiieiieieeieerieste ettt ettt seeseeeseaesssessbeessaesseessnennnas 83
Table 48 - N, Ideal Gas ProPerties.......ccvevieiieeieeiiieiiesieesiiesee e st ere e e steesteesenessnesssessseesseesseesssensnes 83
Table 49 - Hy Equation CoeffiCients N .........ccciiiiieiiiiiiiie ettt ettt e eree e sreestaeeseveessveeeeneas 87

vi



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.........ccecvieriiriiiiieiieieerieesee e sre e eseesieesseesnesssesnseesseesseens 91
Table 52 - HyO Ideal Gas ProPeTties .......c.cccierviereenieiiiiiieiieieesieesieeseeesenesressseesseesssesssesssesnsesssessseens 91
Table 53 - CO Equation CoeffiCients N .........cccouiiiiiiiiiiiiiieeiieesiee et eree e sveeetaeesereeeaneesssee 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 ....ccuueeiiiieiiiiiiiieeiieeeieeeieeesteeeveeeseveesteeeebeessbeeessaeessseeessseessseanns 99
Table 57 - NH; Equation CoeffICIENtS.........c.eieiiiiiiiieeiiieciee ettt eve e e s vaeeveesvaeeeneas 103
Table 58 - NH; Ideal Gas Properties .......c.cecviecieeriieriieriienieriesie et ereeieesieeseeessnessnesnseeseesseesseessnesnnes 103
Table 59 - CH30H Equation COSTTICIENLS .......c.eecvieeiieriierierieiieeieeieeeesieesieesneseaesreenseeseesseessnesnnes 107
Table 60 - CH30H Ideal Gas PrOPEIties........cccuiiviieviieiiieiieitieiteereereesreesreesteeesreseveeveeveessesseesssesenas 107
Table 61 - Ar EQUation COCTTICIENLS ......cceeviieiieiieiieiierie et eie e sieeseesaessaesnseesseesseesseessnennnes 111
Table 62 - Ar Ideal Gas PrOPEItIES ........cccveeieeciieiiieiiesieseeseeseeereereereeseestaessaessaesssessseesseesseessnessnes 111
Table 63 - Air Equation CoeffiCIENTS ........ccceieiiiiiiiiieiie ettt ree e e s veeeene s 115
Table 64 - Air Ideal Gas PrOPEIties......cccuviiuiieiiiiiciie ettt ettt etee v e eraeesveesraeetveesereeeeneas 115
Table 65 - O EQUation COCTTICIENTS.......cccueviiiiieiieiieiierier et see s ssaesreesbeesse e seessnesenas 119
Table 66 - O Ideal Gas PrOPErti€s .......cccccveveveeciieirieiieieseerteste e ereereeseesraestaessaessseesseesseesseesseessnes 119
Table 67 - H EQuation CoetfICIENTS . ......cueiiiiieiiiiiciieeiie ettt et e e e sree v e e eaveeeneneas 123
Table 68 - H Ideal Gas PrOPerti€s ........ccccuevcveriiecrieiiesiiesiereesteeeeereeteeseeesteesenessnessseesseesseessessseessnes 123
Table 69 - N EQUation COCTICIENTS. ......cccveiiiiiieiieiieiierterte sttt siee e e ssaeseaessbessbeesseesseessnensnas 127
Table 70 - N Ideal Gas PrOPEIties ........cccieiiiiiiiiiieiieieiteeerte ettt ettt st ettt e e 127
Table 71 - OH Equation COeffICIENES .......ccc.uiiiiiiieiieiieie ettt ettt 131
Table 72 - OH Ideal Gas PrOPEITIES ......cccuevveeiierieiieiiesieesiesreereereereesieestaessaessnessseesseesseesseesssessns 131
Table 73 - NO Equation CoetTiCIENtS ........cccuiieiiieiiieeiieecieeeiee et ereeeiteesreeetve e v e sraeesseeenreeesneas 135
Table 74 - NO Ideal Gas PrOPEITIES ......ccueeeuiieiiiiiiiie ettt sieeetee et e estteesteeeereeseveesntaeesseeenveeeseneas 135

List of Figures

Figure 1 - Percent Deviations Between Heat Capaciti€s........cceevcveieeiieriiieiiiieeiie e eieeesree e e e e 18
Figure 2 - Saturated 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
Figure 4 - Percent Deviations Between Heat Capaciti€s........cceevveeeviiieriieeiiieeiiie e eeeesreeeeveesvee e 21
Figure 5 - Percent Deviations Between Heat Capacities at Ideal Gas States ..........ccccceveevceiieiieenenn. 22
Figure 6 - Percentage Deviations (ACp° = C,” xasa — C,’ vor) Between Isobaric Heat Capacities of
Dry Air and a COmDBUSHION GAS ......ccvievviiiiiiiieiieiiee e e e eereeseesresereereereesteesaeessneesneenns 72
Figure 7 - Percentage Uncertainty of Ideal Gas Isobaric Heat Capacities ..........cccceeveeveenerienencennenne. 74

vil



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..........cccoceevevevcieecieenieneerieneneeen, 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 b e b e st e sat e et e ebeenbeesbeesaeesaeesaeeenee 77

viii



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 suggest
a modified set of recommended data. Any comments from the readers would help contribute to 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 professional not-
for-profit organization with more than 127,000 members promoting the art, science and practice of
mechanical and multidisciplinary engineering and allied sciences. ASME develops codes and
standards that enhance public safety, and provides lifelong learning and technical exchange
opportunities benefiting the engineering and technology community. Visit www.asme.org for more
information.

The ASME Standards Technology, LLC (ASME ST-LLC) is a not-for-profit Limited Liability
Company, with ASME as the sole member, formed in 2004 to carry out work related to newly
commercialized technology. The ASME ST-LLC mission includes meeting the needs of industry and
government by providing new standards-related products and services, which advance the application
of emerging and newly commercialized science and technology and providing the research and
technology development needed to establish and maintain the technical relevance of codes and
standards. Visit www.stllc.asme.org for more information.
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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
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