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DISCLAIMER

ASHRAE has compiled this publication with care, but ASHRAE has not investigated, and
ASHRAE expressly disclaims any duty to investigate, any product, service, process,
procedure, design, or the like that may be described herein. The appearance of any technical
data or editorial material in this publication does not constitute endorsement, warranty, or
guaranty by ASHRAE of any product, service, process, procedure, design, or the like.
ASHRAE does not warrant that the information in the publication is free of errors, and
ASHRAE does not necessarily agree with any statement or opinion in this publication. The
entire risk of the use of any information in this publication is assumed by the user.

The program developer, ASHRAE, and the distributors of this product do not warrant that the
information in this software is free of errors. This information is provided “as is” without
warranty of any kind, either expressed or implied. The entire risk as to the quality and
performance of the program and data is with you. In no event will ASHRAE or the program
developer be liable to you for any damages, including without limitation any lost profits, lost
savings, or other incidental or consequential damages arising out of the use of or inability to
use this information. ASHRAE reserves the right to discontinue support for this product at any
time in the future, including without limitation discontinuing support of servers facilitating
access to this product. In the event of discontinuation of support, ASHRAE will make a
reasonable effort to notify purchasers before support is discontinued.

LICENSING AGREEMENT

Using this product indicates your acceptance of the terms and conditions of this agreement.
The title and all copyrights and ownership rights of the product are retained by ASHRAE. You
assume responsibility for the selection of the product to achieve your results and for the
installation, use, and results obtained from the product.

This product may not be used on a LAN or WAN. You may use the product on a single
machine. You may also copy the product into any machine-readable form for backup
purposes in support of your use of the product on a single machine. You may not copy or
transfer the product except as expressly provided for in this license. Specifically, you may not
copy or transfer the product onto a machine other than your own unless the person to whom
you are copying or transferring the product also has a license to use it. Doing so will result in
the termination of your license, and ASHRAE will consider options to recover damages from
unauthorized use of its intellectual property. Distribution to third parties in print or in electronic
form is expressly prohibited unless authorized in writing by ASHRAE.

The program and data contained in the product are for your personal use only. “Personal
use” includes showing the information at a meeting or group setting and allowing other
individuals to view the content. “Personal use” does not include making copies, in whole or in
part, of the content for the purposes of distribution, reusing the information contained in the
product in your own presentation, or posting any of the files on a server for access by others.
You shall not merge, adapt, translate, modify, rent, lease, sell, sublicense, assign, or
otherwise transfer any of the content. To obtain permission to copy and paste this
publication’s content for other than only personal use, go to www.ashrae.org/permissions.
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LibHuAirProp Product Information

Do you need property values for moist air in I-P or Sl units in your daily work?
» Use the property library LibHuAirProp <«

Do you need these properties in Excel®, MATLAB®, Mathcad®, Mathcad Prime®,
Engineering Equation Solver®, LabVIEW™, DYMOLA®, or SimulationX®?

» Use the add-ins FIuidEXL, FluidLAB, FIuidMAT, FluidPRIME, FIuidEES, FluidVIEW, or FluidDYM <«

What properties can be calculated using this software?
» thermodynamic properties psychrometric functions <«
P transport properties backward functions «

What range of state is covered by this property library?
» unsaturated and saturated moist air <«
» supersaturated moist air (liquid fog and ice fog) <«
» temperatures from -143.15°C (-225.67°F) to 350°C (662°F) «
» pressures from 0.01 kPa (0.00145 psi) to 10,000 kPa (1450.4 psi) «

What are the references of LibHuAirProp?

Tables for moist air properties in the 2009, 2013, 2017, 2021,
and 2025 ASHRAE Handbook of Fundamentals were calculated using LibHuAirProp

Psychrometrics 1.3

Table 2 Thermodynamic Properties of Moist Air at Standard Atmospheric Pressure, 101.325 kPa

Temp..°C  Humidity Ratio Specific Volume, m¥/kgy, Specific Enthalpy, k/kgz, Specific Entropy, kJ/(kgq,- K) h.ml) °C
4 W kg kg, Vita Vay Ve e fra [ Sa 8
60 0.0000067 0.6027 0.0000 0.6027 60.341 0.016 60.325 0.2494 0.2494 60
-59 0.0000076 0.6055 00000 06055 -59.335 0018 -59.317 -0.2447 -0.2446 -59
58 0.0000087 0.6084 0.0000 0.6084 0.021 58.308 0.2400 0.2399 58
57 0.0000100 0.6112 0.0000 0.6112 0.024 0.2354 0.2353 57
-56 0.0000114 0.6141 00000 0.6141 0.027 ~0.2307 —0.2306 ~56
55 0.0000129 06169 0.0000  0.6169 0.031 0.2261 0.2260 55
-54 0.0000147 0.6198 0.0000 0.6198 0.035 -0.2215 -0.2213 -54
-53 0.0000167 06226 00000 06226 0.040 -0.2169 -0.2167 -53
-52 0.0000190 0.6255 00000 06255 0.046 —0.2124 —0.2121 -52
-51 0.0000215 0.6283 0.0000 06283 0.052 -0.2078 ~0.2076 -51
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This paper is based on findings resulting from ASHRAE Research Project RP-1485.
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This research updates the modeling of moist air as a real gas mixiure using the vivial equation
es the Hyland and Wexler model (1983a, 1983b) and considers the Nel-
1l new Nafional Institute of Standards and Technolagy reference

N ber 17, 2008 (S itted to TC for review) s but ine
i i P i and. rempemzm o range ofmlxdxt} <7j e new model i pressure from 0.01 kP
March 12, 2009 (Final with corrections) MPa, in temperature from - 143.15°C up to 350°C, and in humidity ratio from 0 kgy/kg, up 10
January 18, 2017 (Last update) 10 kgy/hg, This model was used to produce moist air and H,O saturation property tables for
the psychrometric chapter in the 2009 ASHRAE Handbook—Fundamentals (ASHRAE 2009)
difications see the Appendix) The paper summarizes ASHRAE Research Project 1485 (RP-1485)
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Transport property algorithms of moist air from ASHRAE Research Project 1767
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December 31, 2018

Properties of dry air from the NIST Reference Equation of Lemmon et al. and properties of steam,
water, and ice from the Industrial Formulation IAPWS-IF97, the Scientific Formulation IAPWS-95,
and other current IAPWS formulations

Thermodynamic Properties of Air and Mixtures of Nitrogen, Argon, The International Association for the Properties of Water and Steam

and Oxygen From 60 to 2000 K at Pressures to 2000 MPa
Lucerne, Switzerland
August 2007

Eric W. Lemmon®
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Cenrer for Applied Ther ic Studies, €

of Engineering, Universiry of ; 5 5 2
©2007 laternational Association for the Properties of Water and Steam
Publication in whole or in part is allowed in all cowntries provided that attribution is given to the
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A thermodynamic property formulation for standard dry air based upon available ex-
perimental p—p—T, heat capacity, speed of sound, and vapor-liquid equilibrium data is

The International Association for the Properties of Water and Steam

Doorwerth, The Netherlands
September 2009

presented. This formulation is valid for liquid. vapor. and supercritical air af temperatu

from the solidification point on the bubble-point curve (59.75 K) to 2000 K at pre:
up to 2000 MPa. In the absence of reliable experimental data for air above 8
MPa, air propertics were predicted from nitrogen data in this region. These
included in the determination of the formulation to extend the range of validity. Experi . N .

mental shock tube measurements on air give an indication of the extrapol behavior ©2009 International Association for the Properties of Water and Steam
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Revised Release on the IAPWS Formulation 1995 for the Thermodynamic
Properties of Ordinary Water Substance for General and Scientific Use

s were

International Association for the Properties of Water and Steam
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0 Package Contents

0.1 Add-In for 32-bit version of DYMOLA®
The following ZIP file is delivered for your computer running a 32-bit version of DYMOLA®.

ZIP file "CD_FluidDYM_ASHRAE_LibHuAirProp.zip" for DYMOLA®
The ZIP file contains the following files:
FluidDYM_ASHRAE_LibHuAirProp_Users_Guide.pdf User’s Guide

FluidDYM_ASHRAE_LibHuAirProp_Setup.exe Installation program for the FluidDYM
Add-On for use in DYMOLA®

0.2 Add-In for 64-bit version of DYMOLA®
The following ZIP file is delivered for your computer running a 64-bit version of DYMOLA®.

ZIP file "CD_FIluidDYM_ASHRAE_LibHuAirProp_64.zip" for DYMOLA®
The ZIP file contains the following files:

FluidDYM_ASHRAE_LibHuAirProp_Users_Guide.pdf User’s Guide

FluidDYM_ASHRAE_LibHuAirProp_64_Setup.msi - Self-extracting and self-installing
program
Setup.exe - Installation program for the FluidDYM

Add-On for use in DYMOLA®

ASHRAE LibHuAirProp Calculation Library
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1 Property Library ASHRAE-LibHuAirProp-IP

1.1 Function Overview

1.1.1 Function Overview for Real Moist Air

Functional Function Name Property or Function Unit of the Page
Dependence Result

a="f(p,t,W) a_ptW_HAP_IP Thermal diffusivity ft?/s 3/2
a, =f(p,t, W) alphap_ptW_HAP_IP Relative pressure coefficient 1/°R 3/3
By = f(p,t,W) betap_ptW_HAP_IP Isothermal stress coefficient Ib/ft3 3/4
c =f(p,t,W) c_ptW_HAP_IP Speed of sound ft/s 3/5
Cp = f(p,t,W) cp_ptW_HAP_IP Specific isobaric heat capacity Btu/(Ib-°R) 3/6
c, =f(p.t,W) cv_ptW_HAP_IP Specific isochoric heat capacity Btu/(Ib-°R) 3/7
f=1f(p,t) f pt HAP_IP Enhancement factor (decimal ratio) - 3/8
h=1(p,t,W) h_ptW_HAP_IP Air-specific enthalpy Btu/lba 3/9
n="f(p,t,W) Eta_ptW_HAP_IP Dynamic viscosity Ib-s/ft? 3/10
x =f(p,t,W) Kappa_ptW_HAP_IP Isentropic exponent - 3/11
A =f(p,t,W) Lambda_ptW_ HAP_IP Thermal conductivity Btu/(h-ft°R) 3/12
v="Ff(p,t,W) Ny ptW_HAP_IP Kinematic viscosity ft?/s 3/13
p=1(t,s,W) p_tsW_HAP_IP Pressure of humid air psi 3/14
p=f(Zge) p_zele HAP_IP Pressure of humid air from elevation psi 3/15
Pair = f(p.t, W) pAIR_ptW_HAP_IP Partial pressure of dry air in moist air psi 3/16
Proo = f(p,t,W) pH20 ptW_HAP_IP Partial pressure of water vapor in moist air psi 3/17
Proos = f(p.t) pH20s_pt HAP_IP Partial saturation pressure of water vapour in moist air psi 3/18

ASHRAE LibHuAirProp Calculation Library
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Functional Function Name Property or Function Unit of the Page

Dependence Result

o =f(p,t,W) phi_ptW_HAP_IP Relative humidity (decimal ratio) - 3/19

Pr =f(p,t,W) Pr_ptWw_HAP_IP PRANDTL number - 3/20

wair = (W) PsiAir_W_HAP_IP Mole fraction of dry air in moist air mola/mol 3/21

Yipo = (W) PsiH20_W_HAP_IP Mole fraction of water vapor in moist air molw/mol 3/22

p="f(p,t,W) Rho_ptW_HAP_IP Density Ib/ft3 3/23

s =f(p,t,W) s _ptW_HAP_IP Air-specific entropy Btu/(lba"°R) 3/24

t =1(p,h,p) t phphi_HAP_IP Backward function: temperature from total pressure, air-specific °F 3/25
enthalpy and relative humidity

t =f(p,h,W) t phW_HAP_IP Backward function: temperature from total pressure, enthalpy and °F 3/26
humidity ratio

t="1(p,s,W) t psW_HAP_IP Backward function: temperature from total pressure, entropy and °F 3/27
humidity ratio

t=f(p,typ.W) t ptwbW_HAP_IP Backward function: temperature from total pressure, wet-bulb °F 3/28
temperature and humidity ratio

ty =f(p,W) td pW_HAP_IP Dew-point/frost-point temperature °F 3/29

ts = (P, Proo) ts_ppH20_ HAP_IP Backward function: saturation temperature of water from total pressure | °F 3/30
and partial pressure of water vapor

twp = f(p.t.W) twb_ptW_HAP_IP Wet-bulb/ice-bulb temperature °F 3/31

u="~f(pt,W) u_ptW_HAP_IP Air-specific internal energy Btu/lba 3/32

v =f(p,t,W) v_ptW_HAP_IP Air-specific volume ft3/Iba 3/33

W =f(p,t,puzo) W_ptpH20 HAP_IP Humidity ratio from total pressure, temperature, and partial pressure of | lbw/Iba 3/34
water vapor

W =1(pt,p) W_ptphi_HAP_IP Humidity ratio from total pressure, temperature, and relative humidity Ibw/Iba 3/35

W =f(p,ty) W _ptd HAP_IP Humidity ratio from total pressure and dew-point temperature Ibw/Iba 3/36

ASHRAE LibHuAirProp Calculation Library



I-P — 1/4

Functional Function Name Property or Function Unit of the Page
Dependence Result

W =f(p,t,t,p) W_pttwb_HAP_IP Humidity ratio from total pressure, (dry bulb) temperature, and wet- lbw/Iba 3/37

bulb temperature

W, =f(p,t) Ws_pt HAP_IP Saturation humidity ratio [bw/Iba 3/38
Enir = f(W) XiAir_ W_HAP_IP Mass fraction of dry air in moist air Iba/lb 3/39
Epo = f(W) XiH20_W_HAP_IP Mass fraction of water vapor in moist air [bw/lb 3/40
Z =f(p,t,W) Z ptW_HAP_IP Compression factor (decimal ratio) - 3/41

ASHRAE LibHuAirProp Calculation Library
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Range of Validity of Thermodynamic Properties Units

|Property Range of Validity Symbol | Quantity Unit

Pressure: 0.00145 | < | P | < |1450.4 |[psi p Pressure psi

Temperature: -22567 | < | t | < | 662 °F t Temperature °F

Humidity ratio: 0| < <110 Ibw/Iba w Humidity ratio Ibw/Iba (Ib water / Ib dry air)
Relative humidity: O|l<|oe |<]|1 (decimal ratio) 4 Relative humidity (decimal ratio)

Dew-point temperature: | -22567 | < | t; | < | 662 °F la Dew point temperature °F

Wet-bulb temperature: | 225.67 | < | tus | < | 662 °F twb Wet bulb temperature °F

Range of Validity of Transport Properties

|Property Range of Validity

Pressure: 0.00145 < P < 14504 psi
Temperature: -9967 < t < 662 °F

Humidity ratio: 0 < w < 10 Ibw/Iba
Relative humidity: 0 < ¢ < 1 (decimal ratio)
Molar Masses

Component Molar Mass Reference

Dry Air 63.859 Ib/kmol [17]

Water 39.7168998 Ib/kmol [5], [6]

Reference States

Property Dry Air Steam, Water, and Ice
Pressure 14.6959 psi ps(32.018°F) = 0.088714 psi
Temperature 32°F 32.018°F
Enthalpy 0 Btu/lb 0.00026301926 Btu/lb
Entropy 0 Btu/(Ib'°R) 0 Btu/(Ib'°R)

ASHRAE LibHuAirProp Calculation Library
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1.1.2 Function Overview for Steam and Water for Temperatures t 2 32°F

Functional Function Name Property or Function Unit of the| Page
Dependence Result

hiq = f(p,t) hlig_pt_97_IP Specific enthalpy of liquid water Btu/lb 3/43
hiig,s = f(t) hligs_t_97_IP Specific enthalpy of saturated liquid water Btu/lb 3/44
hyap,s = f(t) hvaps_t_97_IP Specific enthalpy of saturated water vapor Btu/lb 3/45
ps =f(t) ps_t_97_IP Saturation pressure of water psi 3/46
Siiq = f(p,t) slig_pt_97_IP Specific entropy of liquid water Btu/(Ib-°R) 3/47
Siig,s = f(t) sligs_t_97_IP Specific entropy of saturated liquid water Btu/(Ib-°R) 3/48
Syap,s = () svaps_t_97_IP Specific entropy of saturated water vapor Btu/(Ib-°R) 3/49
ty =f(p) ts p 97 IP Saturation temperature of water °F 3/50
Vig = f(p,t) vlig_pt_97_IP Specific volume of liquid water ft¥/lb 3/51
Viig.s = f(t) vligs_t_97_IP Specific volume of saturated liquid water ft¥/lb 3/52
Vyap,s = f(t) vvaps_t_97_IP Specific volume of saturated water vapor ft¥/lb 3/53

ASHRAE LibHuAirProp Calculation Library




Range of Validity

|Property Range of Validity
Pressure: 0.00145/<|P| < [1450.4 |psi
Temperature: 321<|t]| £ 662 °F

Units
Symbol | Quantity Unit
p Pressure psi
t Temperature | °F

Reference State

Property Water Vapor and Liquid Water
Pressure ps(32.018°F) = 0.088714 psi
Temperature 32.018°F

Enthalpy 0.00026301926 Btu/lb
Entropy 0 Btu/(Ib°R)

I-P—-1/7
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1.1.3 Function Overview for Steam and Ice for Temperatures t < 32°F

Functional Function Name Property Unit of the Page
Dependence Result

hice sub = f(t) hicesub_t 06_IP Specific enthalpy of saturated ice Btu/lb 3/55
hyap sub = f(t) hvapsub_t_95_IP Specific enthalpy of saturated water vapor Btu/lb 3/56
Pmer = f(t) pmel_t 08 _IP Melting pressure of ice psi 3/57
Psub = f(t) psub_t 08 IP Sublimation pressure of ice psi 3/58
Sice.sub = f(t) sicesub_t 06_IP Specific entropy of saturated ice Btu/(Ib°R) 3/59
Syap,sub = f(t) svapsub_t 95 IP Specific entropy of saturated water vapor Btu/(Ib°R) 3/60
trel = f(P) tmel_p_08_IP Melting temperature of ice °F 3/61

teup = f(P) tsub_p_08_IP Sublimation temperature of ice °F 3/62

Vice,sub = f(t) vicesub_t 06_IP Specific volume of saturated ice ft3/Ib 3/63
Vyap,sub = f(t) vvapsub_t 95 IP Specific volume of saturated water vapor ft3/Ib 3/64

ASHRAE LibHuAirProp Calculation Library




Range of Validity Units

|Property Range of Validity Symbol | Quantity Unit
Pressure: psub(—225.67°F) =1.7407E-12 |<|P| £ [1450.4 |psi p Pressure psi
Temperature: -225.67 [<[t| £ 32 °F t Temperature | °F

Reference State

Property Water Vapor and Ice
Pressure ps(32.018°F) = 0.088714 psi
Temperature 32.018°F
Enthalpy 0.00026301926 Btu/lb
Entropy 0 Btu/(Ib°R)

I-P—-1/9
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1.2 Conversion of Sl and I-P Units

Property Conversion: Sl Units -2 I-P Units Conversion: I-P Units - Sl Units Units Sl Units I-P
ap _3s IL_ap
Thermal diffusivity @ it m? <10.76391042 m2 - ft? x0.0929304 m2/s ft?/s
s s s s
Relative pressure  a dpip _9psi 9 st _9pip S
o P 1 1 5 1 1 9 1/K 1°R
coefficient R K K R
Isothermal stress Boip _ Bpsi Bpsi _ Bop
e By | - o *0:062428 oy = x16.018463 kg/m® b/
coefficient 3 me me 3
Sp _Csi S _CGp
Speedofsound o | fo = m *3:2808399 m = 03048 " e
s s s s
L : c c c c
Specific isobaric ¢ piP__ ~pSl ZpSt _ "plP
g , Po| B T kg 02388459 ki~ B <1868 kJi(kg'K) | Btu/(Ib°R)
heat capacity b °R 7kg K 7kg K Ib°R
c c c c
Specific isochoric vIP__ Zv.Sl 02388459 vSI _ ZvIP . 4 1868
P . ¢, | Bu k7 kJ _ Bu <" kJi(kg'K) | Btu/(b~R)
heat capacity Ib°R 7kg K 7kg K Ib°R
e _ Nsi Ns1 _ e
Dynamic viscosity 7] bs Pa x0.02088543 Pa “Tos 47.880259 Pas Ib-s/ft?
ft? s s ft?
Enhancement
f | fp="Ts fs1 =fip . =
factor
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Property Conversion: Sl Units 2 I-P Units Conversion: I-P Units - Sl Units Units Sl Units I-P
Alr-speifi fip x 0.4299226 + 7.68565365666 h h
—— = +
enthalpy h | Bu kJ % = % —~7.68565365666 |x 2.326 kJ/kga Btu/lba
g Ib kg — | —
(moist air) a a kg, b,
Specific enthalpy h hg, h h
=P - 0.4299226 SL__IP 2326
(water, water hy | Btu kJ kK kJ  Btu - kJ/kg Btu/lb
vapor, ice) b kg kg b
Isentropic
K Kip = K| KsI = Kip - -
exponent
Thermal Ap  _ A8 ﬁ _ Ap
. P BtG - W x0.57778932 W Big x1.73073467 W/(m-K) Btu/(hft°R)
conductivity hft°R mK mK hft°R
Kinematic Yip _ ﬁ Vip
| ' y e ﬂ -51410.763910417 me E x0.092903040 m2/s f2/s
viscosity S s s s
Pressure P pI—P Psi ><0 14503774 p—S pIP x6.894757 kPa psi
psi kPa kPa i
Relative humidity @ Pp = Pg| Psi =Pp - -
Prandtl number  Pr | Prip =Prip Prg, = Prip ) )
Mole fraction 4 Vip =V¥s) Vsl =¥ip mol/mol mol/mol
L _Psi £sl_Pie
Density 0 b = kg x0.062428 kg b x16.018463 kg/m?® lb/f
ft ms m*  ftd
Air-specific Sip Sg)
——— =—=x0.2388459 + 0.01616365106 Sg Sp
entropy s Btu kJ o | TBu 0.01616365106 |x4.1868 | kJ/(kga'K) Btu/(Iba°R)
(moist air) Ib, °R kg, K kga K b, °R
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factor

Property Conversion: Sl Units 2 I-P Units Conversion: I-P Units> Sl Units Units Sl Units I-P
Specific entropy Sp Ss) Sg) Sp
= x0.23884589 = x4.1868
(water, water Sw Btu kJ kJ Btu kJ/(kga'K) | Btu/(Iba°R)
vapor, ice) Ib, °R kg, K kgga K b, °R
tp _ts1 9 tsi _(tp 5
t | B8, Z132 I e A ° °F
Temperature °F = °C X 5 + °C = 9 C
(u=h-pv) (u=h-pv)
Air-specific Yp _ D1 4299226 +7.68565365666 Ysi _ (e _7 68565365666 |x2.236
| Bu kS k| Bu
internal energy u Ib, kg, kg, Ib, kJ/kga Btu/lba
moist air
( ) - Psi ,0.145037738. LS. x16.018453 _P , 6.894757293. YSIP « 0.062428
kPa m psi ft
kda b,
Air-specific
P _ Sl ,16.018453 sl _MP . 0.062428
volume v | £ m m®  ft* m3/kga ft*/Iba
(moist air) b, kg, Kga  Ibg
Specific volume P _ Sl 16.018453 st _YP , 0.062428
P _7S1,16.01845 SE_JP o,
(water, water Yw ft m® g m g m3/kg ft*/lb
vapor, ice) b kg kg b
Humidity ratio w Wip = Wg Ws =Wp kgw/kga [bw/Iba
Mass fraction d éip = E&g s1=4p kgw/kg Ibw/lb
Compression
Z | Zp="Zs Zg =Zp - -
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1.3 Calculation Algorithms

1.3.1 Algorithms for Real Moist Air

The properties of moist air are calculated from the modified Hyland-Wexler model given in Herrmann,
Kretzschmar, and Gatley (HKG) [1], [2]. The modifications incorporate:

the value for the universal molar gas constant from the CODATA standard by Mohr and Taylor
[22]

the value for the molar mass of dry air from Gatley et al. [17] and that of water from IAPWS-95
[5], [6]

the calculation of the ideal-gas parts of the heat capacity, enthalpy, and entropy for dry air from
the fundamental equation of Lemmon et al. [14]

the calculation of the ideal-gas parts of the heat capacity, enthalpy, and entropy for water
vapor from IAPWS-IF97 [7], [8], [9] for t > 32°F and from IAPWS-95 [5], [6] for t < 32°F

the calculation of the vapor-pressure enhancement factor from the equation given by the
models of Hyland and Wexler [21]

the calculation of the second and third molar virial coefficients B,,; and C,,, for dry air from
the fundamental equation of Lemmon et al. [14] according to Feistel et al. [24]

the calculation of the second and third molar virial coefficients B,,,, and C,,,,, for water and
steam from IAPWS-95 [5], [6] according to Feistel et al. [24]

the calculation of the air-water second molar cross-virial coefficient B, from Harvey and
Huang [15]

the calculation of the air-water third molar cross-virial coefficients C,,,, and C,,,, from Nelson
and Sauer [12], [13]

the calculation of the saturation pressure of water from IAPWS-IF97 [7], [8], [9] for t > 32°F
and of the sublimation pressure of water from IAPWS-08 [11] for t < 32°F

the calculation of the isothermal compressibility of saturated liquid water from IAPWS-IF97 [7],
[8], [9] for t > 32°F and that of ice from IAPWS-06 [10] for t < 32°F in the determination of the
vapor-pressure enhancement factor

the calculation of Henry's constant from the IAPWS Guideline 2004 [16] in the determination of
the enhancement factor. The mole fractions for the three main components of dry air were
taken from Lemmon et al. [14]. Argon was not considered in the calculation of Henry’s constant
in the former research projects, but it is now the third component of dry air.

The transport properties of moist air are calculated from the model given in Herrmann et al. [3], [4].

ASHRAE LibHuAirProp Calculation Library
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1.3.2 Algorithms for Steam and Water for Temperatures t 2 32°F

The p-T diagram in Fig. 1 shows the formulations used for water and water vapor. The temperature
range above 32°F is covered by IAPWS-IF97 [7], [8], [9]:
e The saturation line is calculated from the IAPWS-IF97 saturation pressure equation p§7(t)
and saturation temperature equation t§’7(p).

e The properties in the liquid region including saturated-liquid line are calculated from the
fundamental equation of the IAPWS-IF97 region 1.

e The properties in the vapor region including saturated-vapor line are calculated from the
fundamental equation of the IAPWS-IF97 region 2.

1.3.3 Algorithms for Steam and Ice for Temperatures t < 32°F

e The sublimation curve is covered by the IAPWS-08 sublimation pressure equation pgfm(t)
[11] (see Fig. 1).

o The properties of ice including saturated ice are determined by the fundamental equation of
the IAPWS-06 [10].

e The properties of vapor including saturated vapor are calculated from the fundamental
equation of IAPWS-95 [5], [6].

1.3.4 Overview of the Applied Formulations for Steam, Water, and Ice

The following p-T diagram shows the used IAPWS Formulations and the ranges where they are
applied.

p/kPa

10* | ,
=3278.4

0 p = 1450.4 psi Pe s ©
10% Liquid
IAPWS-IF97
102 Region 1 97

t
10" Ice et ()

10 | IAPWS-06 p =0.08865 psi

705.103 °F

107"
1072
107
104 4
107
10°
107 Vapor
107 IAPWS-95
107
107
10"

107 T T T T T T T T T T T
-200 -150 -100 -50 0 50 100 150 200 250 300 350 t/°C

te

t

t= 22567 °F
t=32°F
662 °F

08 Vapor
Psubi (1) IAPWS-IF97
Region 2

p=741x10""2 psi

Figure 1: p-T diagram with used IAPWS formulations for steam, water, and ice.
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2 Add-On FluidDYM for DYMOLA® for ASHRAE-
LibHuAirProp-IP

2.1 Installing FluidDYM

The FluidDYM Add-On has been developed to calculate thermophysical properties in Dymola®
more conveniently. Within Dymola®, it enables the direct call of functions relating to real moist air,
steam, water, and ice from the ASHRAE-LibHuAirProp-IP property library.

The 32-bit version of FluidDYM LibHuAirProp runs on both the 32-bit and 64-bit version of
Dymola®.

2.1.1 Installing FluidDYM including LibHuUAirProp

In this section, the installation of FluidDYM and LibHuAirProp is described.
Before you begin, it is best to close any Windows® applications, since Windows® may need to be
rebooted during the installation process.
After you have downloaded and extracted the zip-file
"CD_FluidDYM_ASHRE_LibHuAirProp.zip," (32-bit version)
"CD_FluidDYM_ASHRE_LibHuAirProp_64.zip,"  (64-bit version)
you will see the folder
CD_FluidDYM_ASHRAE_LibHuAirProp (32-bit version)
CD_FluidDYM_ASHRAE_LibHuAirProp_64 (64-bit version)

in your Windows Explorer®, Norton Commander® etc.
Now, open this folder by double-clicking on it.

Within the folder for the 32-bit version you will see the following files

FluidDYM_ASHRAE_LibHuAirProp_Users_Guide.pdf
FluidDYM_ASHRAE_LibHuAirProp_32_Setup.msi
setup.exe.

Within the folder for the 64-bit version you will see the following files
FluidDYM_ASHRAE_LibHuAirProp_Users_Guide.pdf
FluidDYM_ASHRAE_LibHuAirProp_64_Setup.msi
Setup.exe.

In order to run the installation of 32-bit FluidDYM including the LibHuAirProp property library
double-click the file

setup.exe.

If the "Microsoft Visual C++ 2010 x86 Redistributable" is not running on your computer yet,
installation will start with a window noting that the "Visual C++ 2010 runtime library (x86)" will be
installed on your machine (see Figure 2.1.1).
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) FluidDYM LibHuAirProp 32 Setup X

The following components will be installed on your machine:

Visual C++ 2010-Laufzeitbibliotheken (x86)

Do you wish to install these components?

if you choose Cancel, setup will exit.

Install | Cancel I

Figure 2.1.1: Installing the "Visual C++ 2010 runtime library (x86)"
Click on "Install" to continue.

Note.

If there is a newer version of "Microsoft Visual C++ 2010 x86 Redistributable" package installed on
your computer than the one provided in this installation setup.exe will stop and is followed by an
error message. In this case please start the installation again by double-clicking the file
"FluidDYM_LibHuAirProp_32_Setup.msi" and skip the next three steps described in the User's
Guide.

In the following window you are required to accept the Microsoft® license terms to install the

"Microsoft Visual C++ 2010 x86 Redistributable" by ticking the box next to "l have read and accept
the license terms" (see Figure 2.1.2).

#. Microsoft Visual C++ 2010 x86 Redistributable - Setup = = 227
Willkommen _
Sie mussen die Lizenzbedingungen akzeptieren, um fortzufahren. w

MICROSOFT SOFTWARE: LIZENZBESTIMMUNGEN

MICROSOFT VISUAL C++ 2010 RUNTIME LIBRARIES SERVICE
PACK 1

Diese Lizenzbestimmungen sind ein Vertrag zwischen Ihnen und der
Microsoft Corporation (oder einer anderen Microsoft-
Konzerngesellschaft, wenn diese an dem Ort, an dem Sie die =

[¥]1ch habe die Lizenzbedingungen gelesen und stimme ihnen zu. @

[7] 3a, Informationen tiber meine Erfahrungen mit Setup an die Microsoft Corporation
senden

Wenn Sie weitere Informationen benédtigen, lesen Sie die Datensammlungsrichtiinie.

e

Figure 2.1.2: Accepting the license terms
Now click on "Install" to continue installation.

After the "Microsoft Visual C++ 2010 x86 Redistributable” has been installed, you will see the
sentence "Microsoft Visual C++ 2010 x86 Redistributable has been installed.” Confirm this by
clicking "Finish."
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Installation may start with a window noting that all Windows® programs should be closed. When this
is the case, the installation can be continued. Click the "Continue" button.

In the following dialog box, "Choose Destination Location,” the default path offered automatically for
the installation of FluidDYM is

C:\Users\..\Documents\FluidDYM_32\LibHuAirProp.

By clicking the "Browse..." button, you can change the installation directory before installation (see
figure below).

ﬁ FluidDYM LibHuAirProp 32 - X

Select Installation Folder

The installer will install FluidDYM LibHudirProp 32 to the following folder.

Ta install in this folder, click "Next". To install to a different folder, enter it below or click "Browse".

Folder:
IC: 4Usersh. hDocumentgtFluidDYM_324LibHudiProph Brawse...

Disk Cost...

Install FluidDYM LibHuAirProp 32 for yourself, or for anyone who uses this computer:

(® Everyone
(O Just me

Cancel < Back

Figure 2.1.3: "Choose Destination Location"

Finally, click on "Next >" to continue installation; click "Next >" again in the "Start Installation”
window which follows in order to start the installation of FluidDYM.
After FluidDYM has been installed, you will see the sentence "FluidDYM LibHuAirProp has been
successfully installed.” Confirm this by clicking the "Finish" button.

The installation of FluidDYM 32-bit has been completed.

In order to run the installation of 64-bit FluidDYM including the LibHuAirProp property library
double-click the file

setup.exe.

If the "Microsoft Visual C++ 2010 x64 Redistributable Pack" is not running on your computer yet,
installation will start with a window noting that the "Visual C++ 2010 runtime library (x64)" will be
installed on your machine (see 2.1.4).
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) FluidDYM LibHuAirProp 64 Setup X

The following components will be installed on your machine:

Visual C++ 2010-Laufzeitbibliotheken (x64)

Do you wish to install these components?

if you choose Cancel, setup will exit.

Install | Cancel I

Figure 2.1.4: Installing the "Visual C++ 2010 runtime library (x64)"
Click on "Install" to continue.
Note.

If there is a newer version of "Microsoft Visual C++ 2010 x64 Redistributable" package installed on
your computer than the one provided in this installation setup.exe will stop and is followed by an
error message. In this case please start the installation again by double-clicking the file
"FluidDYM_LibHuAirProp_64 Setup.msi" and skip the next three steps described in the User's
Guide.

In the following window you are required to accept the Microsoft® license terms to install the

"Microsoft Visual C++ 2010 x64 Redistributable Pack" by ticking the box next to "I have read and
accept the license terms" (see Figure 2.1.5).

Welcome to Microsoft Visual C++ 2010 x64 Redistributable Setup
Please, accept the license terms to continue,

MICROSOFT SOFTWARE LICENSE TERMS

MICROSOFT VISUAL C++ 2010 RUNTIME LIBRARIES

[]i have read and accept the license terms. @

[ Yes, send information about my setup experiences to Microsoft Carporation.

For more information, read the Data Collection Policy.

[ Install ][ Cancel

Figure 2.1.5: Accepting the license terms

Now click on "Install" to continue installation.
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After the "Microsoft Visual C++ 2010 x64 Redistributable Pack" has been installed, you will see the
sentence "Microsoft Visual C++ 2010 x64 Redistributable has been installed." Confirm this by

clicking "Finish."

Installation may start with a window noting that all Windows® programs should be closed. When this
is the case, the installation can be continued. Click the "Continue" button.

In the following dialog box, "Choose Destination Location,” the default path offered automatically for

the installation of FluidDYM is
C:\Users\..\Documents\FluidDYM_64\LibHuAirProp.

By clicking the "Browse..." button, you can change the installation directory before installation (see
figure below). If you change the installation directory, please add "\FluidDYM_64\LibHuAirProp\"

after changing.

ﬁ FluidDYM LibHuAirProp 64 - X

Select Installation Folder

The installer will install FluidDYM LibHuairProp 64 to the following folder.

Tao install in this folder, click "Next". To install to a different folder, enter it below or click "Browse".

Folder:
|C: U sersh, ADocuments\FluidDYM_E4\LibHudiProp' Brawse...

Disk Cost...

Install FluidDYM LibHuAirProp 64 for yourself, or for anyone who uses this computer:

(® Everyone
(O Just me

Cancel < Back

Figure 2.1.6: "Choose Destination Location”

Finally, click on "Next >" to continue installation; click "Next >" again in the "Start Installation"

window which follows in order to start the installation of FluidDYM.

After FluidDYM has been installed, you will see the sentence "FluidDYM LibHuAirProp has been

successfully installed." Confirm this by clicking the "Finish" button.

The installation of FluidDYM 64-bit has been completed.
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The installation program has copied the following files for both the I-P and the Sl version into the
directory chosen during the installation process:

- Dynamic link libraries "LibHuAirProp_IP.dII" and "LibHuAirProp_SI.dll"

- Link up dynamic link libraries "LibHuAirProp_IP_Dymola.dll", "LibHuAirProp_SI_Dymola.dIl"
and other necessary system DLL files

- Library files "LibHuAirProp_IP_Dymola.lib” and "LibHuAirProp_SI_Dymola.lib"
- Header files "LibHuAirProp_IP_Dymola.h", "LibHuAirProp_SI_Dymola.h"

- Modelica file "FluidDYM_ LibHuAirProp_IP.mo" including the following property functions:

a_ptW_HAP_IP
alphap_ptW_HAP_IP
betap_ptwW_HAP_IP
c_ptW_HAP_IP
cp_ptW_HAP_IP
cv_ptW_HAP_IP

f pt HAP_IP
h_ptw_HAP_IP
Eta_ptW_HAP_IP
Kappa_ptW_HAP_IP

Lambda_ptW_HAP_IP

Ny_ptW_HAP_IP
p_tsW_HAP_IP
p_zele_HAP_IP
pAIR_ptW_HAP_IP
pH20 ptW_HAP_IP
pH20s_pt HAP_IP
phi_ptW_HAP_IP
Pr_ptW_HAP_IP
PsiAir W_HAP_IP
PsiH2O_W_HAP_IP
Rho_ptW_HAP_IP
s_ptW_HAP_IP

t phW_HAP_IP

t psW_HAP_IP
t_ptwbW_HAP_IP
td_pW_HAP_IP
ts_ppH20s_HAP_IP
twb_ptW_HAP_IP
u_ptWw_HAP_IP
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v_ptW_HAP_IP
W_ptpH20_HAP_IP
W_ptphi_HAP_IP
W_ptd_HAP_IP
W_pttwb_HAP_IP
Ws_pt_ HAP_IP
XiAir W_HAP_IP
XiH20_W_HAP_IP
Z_ptW_HAP_IP
hlig_pt_97_IP
hligs_t_97_IP
hvaps_t 97_IP
ps_t 97 IP
slig_pt_97_IP
sligs_t_97_IP
svaps_t 97 _IP
ts_p 97 _IP
vlig_pt_97_IP
vligs_t 97 _IP
vvaps_t 97 _IP
hicesub_t 06_IP
hvapsub_t 95 IP
pmel_t 08 _IP
psub_t 08 IP
sicesub_t 06_IP
svapsub_t 95 IP
tmel_p_08_IP
tsub_p 08 IP
vicesub_t 06_IP
vvapsub_t 95 IP



- Modelica file "FluidDYM_LibHuAirProp_Sl.mo" including the following property functions:

a_ptWw_HAP_SI
alphap_ptW_HAP_SI
betap_ptw_HAP_SI
c_ptW_HAP_SI
cp_ptW_HAP_SI
cv_ptW_HAP_SI
f_pt HAP_SI
h_ptw_HAP_SI
Eta_ptW_HAP_SI
Kappa_ptW_HAP_SI
Lambda_ptW_HAP_SI
Ny ptW_HAP_SI
p_tsW_HAP_SI
p_zele HAP_SI
pAIR_ptW_HAP_SI
pH20_ ptW_HAP_SI
pH20s_pt HAP_SI
phi_ptw_HAP_SI
PR_ptW_HAP_SI
PsiAir W_HAP_SI
PsiH20_W_HAP_SI
Rho_ptwW_HAP_SI
s_ptWw_HAP_SI

t phW_HAP_SI

t psW_HAP_SI
t_ptwbW_HAP_SI
td_pW_HAP_SI
ts_ppH20s_HAP_SI
twb_ptW_HAP_SI
u_ptw_HAP_SI

v_ptW_HAP_SI
W_ptpH20_HAP_SI
W_ptphi_HAP_SI
W_ptd HAP_SI
W_pttwb_HAP_SI
Ws_pt HAP_SI
XiAir W_HAP_SI
XiH20_W_HAP_SI
Z_ptW_HAP_SI
hliqg_pt_97_SI
hligs_t 97 _SI
hvaps t 97_SI
ps_t 97_SI
slig_pt_97_SI
sligs_t 97 Sl
svaps_t 97_SlI
ts_p 97 _SI
vlig_pt_9_SI
vligs_t 97 _SI
vvaps_t 97_SI
hicesub_t 06_SI
hvapsub_t 95 SI
pmel_t 08 SI
psub_t 08 SI
sicesub_t 06_SI
svapsub_t 95 Sl
tmel_p 08 Sl
tsub_p 08 Sl
vicesub_t 06_SI
vvapsub_t 95 Sl
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2.1.2 The FluidDYM Help System

Dymola® provides detailed help functions. You can choose to read the program documentation or

the help page of a specific property function, as desired.

Within the "Modeling-Mode" i odeling |y, help may be accessed via two different steps.

First we will show you how to access the program documentation of the property library.

Make sure Dymola® is set to the "Modeling-Mode".

Now click the button in the Dymola® menu bar to choose the "Documentation Mode".

"Users_Guide_IP" (see Figure 2.1.7).

=

d

FluidDYM_LibHuArProp P - FluidDYM_LibHuAnrProp IP - [Documentation]

File Edit Simulation Flob Animation Commands wWindow Help (=& X
HQS Wi/ mey ARL-&-HN Z- - ¢ 9w AR S0

ckage Browser .4 | Property Library LibHuAirProp_IP
Packages

Information

[+ €¥Modelica Reference
] Modelica Users Guide [P
hinarned Package Content

E‘|ﬁ]FIuidDYM_Linu&irF’rop_lP /‘P

[Tt Name Description
rFluidD 'k _LibHuAirProp_[P_lnput |nteface:
B T Test FluidD'rh_LibHubiPrap 1P Input
Examplz v|| [Test
[ EIE] €] % [K] Mame: FluidDh_LibHubiProp_IP
I Component Browser bl | Pathi FluidD'vM_LibHudiPrap IP
Components \I;ilen_ame‘:l C:#Program Files/FluidCM /LibHudiProp_P_E «ample/Fluidlh_LibHuwhiProp [P.mo
ersion:

[FluidD'rM_LibHu&iPop,IP Usoe Modsiica [version="3.0.1"]

Madeling W Simulation

Double-click on the "FluidDYM_HuAirProp_IP" block on the left and then click on

Figure 2.1.7: Selecting the "Users_Guide_IP"
- The program documentation will be displayed within your default web browser.
Now, we will show you how to access the help page of a specific property function.

- Make sure Dymola® is set to the "Modeling-Mode".

- Now click the button in the Dymola® menu bar to choose the "Documentation Mode".

- Double-click on the "FluidDYM_LibHuAirProp_IP_Input" block on the left (see Figure 2.1.8).
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=
FluidDY¥M_LibHuAirProp_|IP_Input - FluidDYM_LibHuAirProp |P.FluidD¥M_LibHuAirProp IP_Input - [Documentation]
File Edit Simulztion Flat Animation Commands Window  Help

HQAE Wi/ mevr ANRL &N Z-ih-¢»mQABE S0 |

Package Browser Parameters

FPackages
= | FhuidDM_LibHuAiProp_IP Type Mame Default Description

Real scanRange 0.0 Scan range
)perty Function

e sy = - . 1| Temn Function®umber FluidDy'd_LibHuaiProp_|P.Int...
(7 bphap_ptl_H h;IIﬂwdDYM_leHu&qup_lF'_InputL

(171 Betap_ptw_HAP_IP
(T e_ptw_HAP_IP

@ cp_ptf_HaP_IP Type Description
(T ev_ptw_HAF_IP

Connectors

output Beald utput H "Dutput™

@LDLH’*‘P—P iput Beallnput 41 "Parameter 21"
(T Th_pfw_HAP_IP

?Fra n'ﬁ; I-:P I]P * input Fieallnput w3 "Parameter 3"
[

input Fieallnput w2 "Parameter x2"

Mame: FluidDy'M_LibBHusirProp_IP_lnput
Path: FluidDyk_LibHudirProp_IP.FluidDyM_LibHudiProp_[P_lnput

Components : : Filename: C: /Pragram Files/FluidDyM/LibHuéiFrop_IP_E sample/FluidM_LibHuwiProp_IP.ma
I luidDM_LibHudiFrop_|P.FiuidDYM_LibH... ] | ersior: 1

[ Kl UsezModelica [version="3.0.1"]
=2
3
[ H

FluidDry't_LibHuwdirProp_ [P FluidDyb_LibHubicProp_ IP_Input ‘ todeling | @ Simulation

Figure 2.1.8: Selected "FluidDYM_LibHuAirProp_IP_Input" Block

- Below "FluidDYM_LibHuAirProp_IP_Input" you will see all functions of the LibHuAirProp_IP
property function.

- Now select a function, e.g. "h_ptW_HAP_IP", and then click on "Users_Guide_IP" (see
Figure 2.1.9).
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-
h_ptw_ HAP_IP - FluidDYM_LibHuAwProp IP.FluidDYM_LibHuAirRrop IP_Input.h_pt HAP IP - [Documentation]
File Edit Sirmulation Flob Animation Commands SWindow  Help

FEHQAEGE Wi/ mevy AN L -&-Hh Z- Hh-¢»u@BHE Tz |
x

1y Air-zpec. enthalpy in Btuflba = f[p.t, W]

Packages
= I FluidDy M _LibHudirProp_IP

[Jintetaces
BE rFluidDM_LibHusirProp IP_Input
(Ta_ptw_HaP_IP

(T Alphap_ptw_HAP_IP

In|

Usgerz Guide IP

Inputs

Type Hame Default Descnption

(T Betap_piw/_HAP_IP Real p Freszure pin psi
@ c_piw_HAP_IP Feal t Temperature tin F
@ cp_pbw'_HAP_IP Real W Hurnidity ratio W in lbw/lba
(T cv_ptw/_HAF_IP
Dutputs

)

h_ptw!_HAP_IP - Air-spec. enthalpy in Btudba = f[p,l,W]FliD"
Y T ] Real h Air-gpec. enthalpy in Btu/lba

C : Mame: h_ptw_HAP_IP
e s S : : Path: FluidD'rM_LibHuiProp_IP.FluidDvt_LibHuwtitProp_| P_Input h_ptw!_HAP_IP
[FIuidDyM_LibHuhirProp IP.FluidD'YM_LibH... | | Filename: C:/Pragram Files/FluidDM/LibH uiProp_IP_E xample/FluidD'M_LibHuaiFrop_IP.mo
“ergion: 1
UzexModelica [version=""3.0.1"]

| [} Modelng | Simulstion

Figure 2.1.9: Marking the "h_ptwW_HAP_IP" function and selecting the "Users_Guide_IP"

- You will now see the help page of the selected function, here "h_ptW_HAP_IP", in your default
web browser (see Figure 2.1.10).

= C:APiogiam Files\FluidDYMALibHuAiiProp_IP_ExampleAUsers_Guide\FluidDYM_LibHuAirProp_IP_h_ptw.pd - Windows Intemet Explorer
) [T CProgm FlestFludDYMSLibHuARFrop_IP_EsampletUssrs_Guids\FlusD'YM_LibHusiProp_IP_h_ptwipdl v| [ ¢ X [E7
i Favoiites | 5k &) ~ @] Free Hotmail & -
| @ C:\Program FilestFidDYMALIbHAPrap_IP_Example. v Bl L0 o ov Pager Saleys Toose @-
Bl seveacony (Pt @ Ena @ 0 0% ) Review s comment - A - 0¥ FO @ - Y [ ‘i| @ 121% - @
[ | T Select Text + (@)
- = 0
2 ‘ Air-specific Enthalpy h = f(p,t, W) | ~
5
g Name in FluidLAB:
.
é h_ptW_HuAirProp_IP
b Fortran Programs:
& REAL*8 FUNCTION H_PTW_HUAIRPROP(P,T, W), REAL*8 P,TW 1
2 Input Values:
%l P - Mixture pressure p in psi
t - Temperature tin °F
w - Humidity ratio Win Ib,/lb,
z Result:
1=
3 h_ptW_HuAirProp_IP, h - Air-specific enthalpy in Btu/lb,
- Range of Validity:
Temperature t: from —143.5 °F to 662 °F
Mivtira nracciira ne fram N AAR nei ta 1ABN A nei | &6
A 8.26 2 11.63in
1 0f1 [+] (]
Done 4 My Computer fa v ®mI00% -

Figure 2.1.10: Help page of the function "h_ptW_HAP_IP" in the web browser
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2.2 Licensing the LibHuAirProp Property Library

The licensing procedure must be carried out when the FluidDYM prompt message appears. In this
case, you will see the "License Information" window for LibHuAirProp (see figure below).

0

4 License Informatio

LibHudirProp

Pleaze type in your icense key!

Cancel

Figure 2.2.1: "License Information” window

Here you are asked to type in the license key, which you have obtained from Kretzschmar
Consulting Engineers. If you do not have this, or have any questions, you will find contact
information on the "Content" page of this User's Guide or by clicking the yellow question mark in
the "License Information” window.

If you do not enter a valid license, it is still possible to use Dymola® by clicking "Cancel”. In this
case, the LibHuUAirProp property library will display the result "-11111111" for every calculation.

The "License Information” window will appear every time you use FluidDYM LibHuAirProp until you
enter a license code to complete registration. If you decide not to use FluidDYM LibHuAirProp, you
can uninstall the program following the instructions given in Section 2.4 of this User’s Guide.

With this procedure, both the LibHuAirProp-IP and LibHuAirProp-SI property libraries have been
licensed.
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2.3 Example: Calculation of h = f(p,t,W)

Now we will calculate, step by step, the specific enthalpy h of moist air as a function of pressure p,
temperature t and humidity ratio W, using Dymola®.

Please carry out the following instructions:

- Start Windows Explorer®, Total Commander®, My Computer or another file manager program.
The description here refers to Windows Explorer

- Your Windows Explorer should be set to Details for a better view. Click the "View" button and
select "Details".

- Switch into the program directory of FluidDYM, which you specified during the installation, in
which you will find the folder "\LibHuAirProp;"

- Create the folder "\LibHuAirProp_IP_Example" by clicking on "File" in the Explorer menu, then
"New" in the menu which appears, and then selecting "Folder". Name the new folder
"\LibHuAirProp_IP_Example".

- Switch into the directory "\LibHuAirProp" within "\FluidDYM_32" or "FluidDYM_64".
In order to calculate the function h = f(p,t,W), the following files are necessary.

For the 32-bit version of FluidDYM copy these files into the example directory
"C:\...\FluidDYM_32\LibHuAirProp_IP_Example":

* "FluidDYM_HuAirProp_IP.mo"

«"LC.dII"

* "LibHuAirProp_IP.dII"

* "LibHuAirProp_IP_Dymola.dll"

* "LibHuAirProp_IP_Dymola.h"

* "LibHuUAirProp_IP_Dymola.lib"

* the folder "Users_Guide_IP"

- Mark up these files, then click "Edit" in the upper menu bar and select "Copy".

- Switch into the directory "C:\..\FluidDYM_32\LibHuAirProp_IP_Example", click "Edit" and then
"Paste".
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For the 64-bit version of FluidDYM copy these files into the folder "LibHuAirProp_IP_Example" in
the installation directory:

* "FluidDYM_HuAirProp_IP.mo"

« "LC.dII"

* "LibHuAirProp_IP.dIlI"

* "LibHuAirProp_IP_Dymola.dll"

* "LibHuAirProp_IP_Dymola.h"

* "LibHuAirProp_IP_Dymola.lib"

* the folder "Users_Guide_IP"

- Mark up these files, then click "Edit" in the upper menu bar and select "Copy".

- Switch into the directory "C:\..\FluidDYM_64\LibHuAirProp_IP_Example", click "Edit" and then
"Paste".
- Start Dymola®.

- Now click on "File" in the Dymola® menu bar and select "Open" (see Figure 2.3.1).

= Edit Simulation Flot Animation Commands  wWindow Help =I5 [X]
gt Loy ANL- &[N =% ¢ ®EHE S0 >
Ig"‘, open... - _
b Libraties 3
Demos 4
L -
lu Save ChrHs
Save As...
i i
[ Save All :l
Save Total...
Wersion 3
Clear Al
Q Search...
E Change Directary... 3
I & Frint... ChrP
| Cort » I3
Cc Save Log...
E Save Scripk,
Clear Log
Recent Files »
Exit

Open a Modelica file. Modeling # Simulation

Figure 2.3.1: Selecting the menu entry "Open"

- Search and click on the directory "C:\...\LibHuAirProp_IP_Example" in the menu that appears.

- Select the "FluidDYM_LibHuAirProp_IP.mo" file and click on the "Open" button (see Figure
2.3.2)
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Laok jn: | £ LibHubiProp_IP_Example | & @ e Er

2 () Users_Guide_|P
- |EI FluidDb_LibHuwAirProp_ IP.mo

Iy Recent
[ ocuments

Iy Computer
by M etwork File name: |FIuidDYM_Lin whirFrop_|P.mo j Open |

Places
Filez of type: |.QII Modelica files [*.mo *.moe) j Cancel

Figure 2.3.2: Selecting the FluidDYM_HuAirProp_IP.mo file

- The library will be loaded by Dymola® which may take a few seconds.

- After Dymola® has finished loading the LibHuAirProp_IP library, you will see the window shown
in Figure 2.3.3.

FluidDYM_LibHuAisProp._IP - FluidDYM_LibHuAirProp IP. - [Diagram] BEE
File Edit Simulation Flot Animation Commands  ‘Window Help
FHAE Wiy OO0 ARL &0 =-
‘B-¢)mESHE =0 v
E & ] b4

Packages

1 Modelica Reference

[Jtodelica
Unhamed

B|ﬁ FluidD'v'h_LibHudirProp_IP

[T]intertaces

E +FluidDy'M_LibHuéiProp_ |P_lnput

BﬁTest —
Example

(R EI <] »

Comporent Browser

Components
[FiuidD*vh_LibHusiProp_IP

| Modeling | “W* Simulation

Figure 2.3.3: Dymola® window after loading the LibHuAirProp_IP library

- Now, click on "File" in the Dymola® menu bar and select "Change Directory..." in order to open
the folder "\LibHuAirProp_IP_Example" (see Figure 2.3.4).
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Dymola - Dynamic Modeling Laboratory - [Diagram]

Edit Simulation Plok  Animation Commands  Wwindow  Help
2L P VO ARZL- 8- Z- W ¢ 9 BE
& Open... O ool 4

= Libraties »

P

=i
| [ zave Chr+5

u Save As...
Save all
Save Total...

Dermos ]

Version 3
Clear all

Change Direckary...

Export...
Save Log...
Sawe Scripk. ..

= o |
/.
,

Clear Log
Recent Files »

Exit

Figure 2.3.4: Selecting the menu entry "Change Directory..."

- Search and click on the directory "C:\...\LibHuAirProp_IP_Example" in the menu that appears
(see figure below).

=
Browsze For Folder

Change current direckory

[ install
[ Inkel
[ MDT
[ Microzoft Visual Studio
[T MS50Cache
=5) Program Files
=) FluidDe'i
[ LibHudirProp
' } | ibHusiProp PExample
[ Programme

T e . ——

[Make Mew Faolder ] [ Ik

Figure 2.3.5: Selecting the LibHuAirProp_IP_Example directory
- Confirm your selection by clicking the "OK" button.

As indicated in the table of property functions in Chapter 1, you have to call up the function
"h_ptW_HAP_IP" as follows for calculating h = f(p,t,W).

- Click on the Dymola® block "Test," which can be found in the FluidDYM_HuAirProp_IP package
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in the "Package Browser" on the left hand side of the Dymola® window. Here choose Example
by double-clicking on it.

- Now click on the button in the Dymola® menu bar in order to switch to the Diagram Mode.
You will see the following window:

Example - FluidDYM_LibHusirProp IP.Test.Ezample - [Diagram]

File Edit Simulation Flot &nimation Commands  window Help (=[5 ]
BHQAEG R NOOCTARZL- Dy Z- % ¢ »E g E 00z v
' 1)

ckage
Packages
[ €¥Modelica Reference
[Pttodslica
Unnamed
= [ FluidD¥#_LibHudirProp_IP k=14 6359
Pinterfaces
B2 FluidDy i _LibHudirProp_|P_lmpot

=] CJTest —

Example .

(R E) €] » (8] w

Companent Browsel I

Compaonents =
=[FluidD*_LiEHu&irProp_IP.T st Example _'

FuidDrhd_LibHuwairProp |P_Input
p

t

W

B

fluiclDyM_Lik...

|
m

| Madzling | “y* Simulation

Figure 2.3.6: Dymola® in Diagram Mode

- Now double-click on the "fluidDYM_LibHuAirProp_IP_Input" block on the right hand side of the
Dymola® window.

- Search and click the "h_ptW_HAP_IP" function next to "Function Number" in the
menu that appears (see figure below).
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.E. mnle AD h AirPron P B mnle [)

File Edit Simulation Flot Animation  Commands Window Help

‘sEHAQE& W /T OO0 A

Package Browser

Packages General | Add modifiers
# B odelica Reference
ﬁ WModelica Compaonent lzon
Unmamed Name  [fluidD'rM_LibHuiProp_IP_Input |
= (] FluidD'YM_LibHusiProp_IP Comment | | : .
[Jinterfaces Madel »
BEFhidDYM_LibHusiProp I | Path  FluidD'M_LibHubitProp_IP:FluidD'YM_LibHusiProp_IP_Input
= [P Test Comment
E=ample
— Parameters
I[i]@w * scanF ange | |> Scanrange
Component Browser
[T ——— Property Function
| E||FIuidDYM_LihHu&irProp_IF'.Testﬂ Function LibHudirProp_|P. Interfaces. FunctionSelection.h_ptw’ HAP P+
fluidDyM_LibHudiPrap_IP_Inp) A Py
P =M=
@t Kappa_ptw/_HAP_IP | Concel |
Ehy Lambda_ptw_HAP._IP 1
My_ptw_HAP_IP
p_tstw_HAP_IP
p_zele_HAP_IP
pir_ptd_HAP_IP
pH20_ptwd_H&P_IP
oH20s ot HaP 1P hs

Figure 2.3.7: Choosing the function h_ptW_HAP_IP

- You can set the scan range (how many times the property will be calculated per second) next to
"scanRange". The preset value 0.001 means that the property will be calculated 1000 times per
second. If you enter the value 1, for example, the property will be calculated once per second.
Do not change the preset value of 0.001 for our example calculation.

r —
fAuidDYM_LibHuAiProp, IP_Input in FluidDYM_LibHuAirProp, IF.Test.Example [2]%]

General | Add modifiers

Component lcon
Mame  [fuidD'*M_LibHubitProp_IP_Input |

Comment | |

Y¥yYYyY

I odel
Path FluidD*y'h_LibHudirProp_ IP FluidDvk_LibHubdiProp_ |P_Input

Comment

Param

rcanfange | |9 Scan range

Froperty Funchion /

Functionumber |LinuAierp_IP.Interfaces.FunctionSeIection.h_ptW_HAP_IF' v|>

[ ok |[ wmo ][ canca |

Figure 2.3.8: Setting the scan range

- Now we will configure the input parameters p, t, and W. When calculating a function with only
two input parameters, the third input parameter will not be defined.

- First, double click on the "p" block which represents the first input parameter, here the pressure
p in psi (see Figure 2.3.9).
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- —
Ezample - FluidDYM_LibHuAirProp_IR.Test.Example - [Diagram] BE®
File Edit Sirmulation Flob Animation Commands  Window  Help =& X
HQE Ri/OOCARL-S-Hh) 2-:%- ¢ =FHE E[10: v

I P & Browszer X
Packages -

EdModelica Reference
[ Modslica
Unnamed
& [ FluidDyh_LibHuirProp_IP

[[interfaces
FE oFluidDryM_LibH utiProp_IP_Input

S

fluiclDh_Lib.. p=

|
vy

E‘ﬁTest —

Example k=68
ELE (€] » (& ] w
I Component Browses I

Components

k=0.01
=[FluidDvh_LibHuditProp_[P.T est Example
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(]

t

[

| Modeling | ® Simulation

Figure 2.3.9: "Parameter p in psi" block in Dymola®

- Enter the value 14.6959 on the line next to "k" in the dialog window which appears and then click
the "OK" button (see Figure 2.3.10).

F
p in FluidD¥YM_LibHuAirProp, IP-Test. Example

Companent lzan
M ame ||:| | Constant
Comrment | | L
b odel
Path todeliza Blocks Sources. Constant k=

Comment Generate constant signal of type Real

Parameters
—
k. | 1 4.ESEEJD Cansgtant output value
—

| ok || e ][ Cance |

Figure 2.3.10: Entering the value for the pressure p

- Now, double click on the "t" block which represents the second input parameter, here the
temperature tin °F.

- Enter the value 68 on the line next to "k" in the dialog window which appears and then
click the "OK" button (see Figure 2.3.11).
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r

tin EluidDYM_LibHuArProp IP.Test. Example

| Add modiiers
Component |zon
M ame |t | Constarnt
Cormment | | !
b odel
Path Modelica Blocks. S ources. Constant k=

Comment Generate constant zsignal of twpe Real

Parameters

k. | B3| * Conztant output value
e

| ook [ e | [ Concel

Figure 2.3.11: Entering the value for the temperature t
- Now, double click on the "W" block which represents the third input parameter, here the humidity
ratio W in lbu/Iba.

- Enter the value 0.01 on the line next to "k" in the dialog window which appears and then
click the "OK" button (see Figure 2.3.12).

— .1
Ww_in_Ib_per_Ibin FluidDYM_HAP_IP.TestModelle.Exa... [Z][X]

: |Ad-:| modifiers
Component lzon
MHame |W_in_lb_|:uer_lb | Constant
Comrment | | N
todel
Path Modelica.Block s Sources. Constant k=

Comment Generate constant signal of type Real

Pararmeters

( om |> Canstant output value

| ok [ we || Cancel |

Figure 2.3.12: Entering the value for the humidity ratio W

All parameters have now been defined.

- Click on the L¥3™BtN | b tton in the lower right area of Dymola® in order to switch
into the "Simulation Mode".

In Figure 2.3.13 you can see what the Dymola® "Simulation Mode" looks like.
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=1 Example - FluidDYM_LibHuAirProp_IP-Test Example
File Edit Simulation Plot Animation Commands ‘window Help

wHQE W4T HeyOn @ SFER BOH £
PNl M4 Tmel | Spees| 1 ]
' x

I Plot EE®

WVariables | Walues Unit  Description

Advanced J

BunScript("c: fprogrammefdymola 7.2finsert/dymola.mos",
= true
= True
S RunScript ("D: /locuments and Settings/Stoecker/!

lication DatafD:

| B Modeling | ¥* Simulation I

Figure 2.3.13: "Simulation Mode" window
IMPORTANT NOTICE:

Per default the 64-bit version of Dymola® creates a 32-bit simulation process. If you want to create
a 64-bit simulation process you must have installed the 64-bit version of FluidDYM LibHuAirProp
and you now need to enter the following command into the command line of Dymola® and confirm
your entry by pressing the Enter key:

"Advanced.CompileWith64=2"

ZEHQA8 N ¢8 o - Be-vou @ S-BEE EDONED A »
Eb L4 44 4> W | Time: 0 [ speed: 1 -~

Variable Browser g X
Variables  Values Unit  Descrig
« 1 »
[ Advanced I
X | Text style: Custom v\ig‘ggg = 1= | W e=
B = true — = =
= true
= true
E = true
= true
=

IR wesugnts/FluidDYM 64/LibHuAirProp IP Example") ;

1\ ﬂ Advanced. Comp:.leWJ.\:hse-Zl
‘ Modeling | ¥ S:mulatlon

Figure 2.3.14: "Simulation Mode" window with 64-bit command
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Now, your 64-bit Dymola® creates 64-bit simulation processes with FluidDYM LibHuAirProp.

Please note that if you restart Dymola® and want to create 64-bit simulation processes again, you
will always have to enter this command anew.

For further information concerning this matter, please see the Dymola® user’s guide.

- Click on the "Simulate" Button in the Dymola® menu bar to start the calculation.
Now the model will be compiled and the simulation started.

- Afterwards you will see the following entries within the "Variable Browser" window in Dymola®
(see Figure 2.3.15):

Example - FluidDYM_LibHuAirProp_IP.Test. Example:

File Edit Simulation Plat Animation Commands ‘Window Help
wHdQAG NieF: [He»ON @ FER DD £
Sl AP Timeo b Speed| 1w
Variables Walues o
(=1 Example 1 falot [S[=1E)
#p 1.0
[+t
2
[ fluidDvM _LibHudirProp_IP_Input s
0.6
04
0.2+
< » 00 } ! ! . . T T T T
Advanced k] ns 1.0

simulateModel { "FluidD¥¥ LibHufirProp_ IP.Test Example"', method="dass1l", resultFile="Example"); ~
= true

simulateModel ( "FluidD¥¥ LibHufirProp_ TP Test Example", method="dassl", resultFile="Example"):
= true v

@
O

Modeling | W* Simulation

Figure 2.3.15: "Variable Browser" with new entries

- Click on "fluidDYM_LibHuAirProp_IP_Input" within the "Variable Browser"; then you will see the
input and output parameters "scanRange", "FunctionNumber”, "z", "x1", "x2", and "x3" (see
Figure 2.3.16).

- By clicking on the "NewPlotWindow" button , a new diagram window will be opened.
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Example - FluidDYM_LibHuAirProp_ IP.Test. Example

File Edit Simulation Plot &nimation Commands ‘Window Help
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1

g EiliuicDh_LibHudiFop 1P Input >
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@iEEX OO £

-[JFunctionMumber
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[
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=3

4| il ] >
[ Advanced J

gimulateModel { "FluidDYM LibHufirProp_ TP Test.Example", ", resultFile="Example");

| = true
(= simulateModel ("FluidDYM LibHufirProp IP Test. Example", method="dassl", resultFile="Example'");

= true
| B Modeling | ¥ Simulation l I

Figure 2.3.16: Parameters of fluidDYM_LibHuAirProp_IP_Input

- After clicking on the output parameter "z", the calculated property will be represented
graphically in the "PlotWindow".

- Move the mouse over the curve to see the result of the Simulation at a specific point
in time (see Figure 2.3.17).

File Edit Simulation Plot Animation Commands Window Help

ZEHQAS N €@ v - Be-vOU @ FEETETHRE A S
i Il [ AP [Time: 0 Dis‘.peed: 1.

Variable Browser g x .
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=41 Example 1 fluidDYM_LibHuAirProp_IP_input.z
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Rt
W
EfiuidDYM_LibHuAirProp_IP_Input
i“[IscanRange
CJFunctionMumber

fluidDYM_LibHuAirProp_IP_Input.z 27.2412
Slope
Time

[ Advanced

X | Textstyle: Custom - |. i u |.

-

true
true
true
simulateModel ("FluidD¥M LibHuAirProp IP.Test.Example", method="dassl", resultFile="Example");
= true

4 " ]

Modeling | %* Simulation |

Commands

Figure 2.3.17: "DiagramWindow" showing the result
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The result for h appears in the "DiagramWindow"

= The result in our sample calculation here is: "h = 27.2412". The corresponding unit is Btu/lba
(see table of the property functions in Chapter 1).

Madeling

- Now click on the Modeling button in the lower right area of Dymola® in order to
switch into the "Modeling Mode". Here you can arbitrarily change the values for p, t, or W in the
appropriate blocks.

2.4 Removing FluidDYM including LibHuAirProp

In order to remove the property library LibHuAirProp from your hard drive in Windows®, click "Start"
in the lower task bar, then "Settings" and "Control Panel".

Afterwards double-click on "Add or Remove Programs".

In the list box of the "Add or Remove Programs" menu which appears, select
"FluidDYM LibHuAirProp" by clicking on it and then clicking the "Change/Remove" button.

In the following dialogue box click "Automatic" and then "Next>".
Confirm the "Perform Uninstall" menu which appears by clicking the "Finish" button.

Finally, close the "Add or Remove Programs" and "Control Panel" windows.
"FluidDYM LibHuAirProp" has now been removed.

If LibHUAirProp is the only library installed, the directory "FluidDYM" will be removed as well.
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3 Property Functions of ASHRAE-LibHuAirProp-IP

3.1 Functions for Real Moist Air
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Thermal Diffusivity a = f(p,t,W)

Function Name:
a_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION A_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

a_ptW_HAP_IP - Thermal diffusivity of humid air in ft2 /s

Range of Validity:

Temperature . from -99.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Humidity ratio W: 0<W<Wg

Comments:

- Thermal diffusivity a =

P Cp
- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
a_ptW_HAP_IP = -1000
References:
Ap,t,W)  Herrmann et al. [3], [4]

p(p,t, W)  Herrmann et al. [1], [2]
Co(p,t,W)  Herrmann et al. [1], [2]
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Relative Pressure Coefficient o, =f(p,t,W)

Function Name:
alphap_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION ALPHAP_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,, /b,
Result:

alphap_ptW_HAP_IP - Relative pressure coefficient of humid air in 1/°R

Range of Validity:

Temperature . from -225.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Humidity ratio W- O<W<Wy

Comments:

- Relative pressure coefficient ap = l(g—f_j
p v

- Calculation for supersaturated humid air (W > Wj) is not possible

Result for Wrong Input Values:
alphap_ptW_HAP_IP =-1000

References:

ap(p,t, W)  Herrmann et al. [1], [2]
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Isothermal Stress Coefficient g, = f(p,t,W)

Function Name:
betap_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION BETAP_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

betap ptW_ HAP_IP - Isothermal stress coefficient of humid air in Ib/ft 3

Range of Validity:

Temperature t: from -225.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Humidity ratio W. O<W=<W

Comments:

- Isothermal stress coefficient By = —l(g—pj
p\ov 1

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
betap_ptW_HAP_IP =-1000

References:

Bo(p,t W)  Herrmann et al. [1], [2]
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Speed of Sound c = f(p,t,W)

Function Name:
c_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION C_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

c_ptW_HAP_IP - Speed of sound of humid air in ft/s

Range of Validity:

Temperature t: from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W- 0<W <10lb,,/Ib,
Comments:

- Speed of sound ¢ =v ’_(a_p)
ov Jg

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
c_ptW_HAP_IP = -1000

References:
c(p,t, W)  Herrmann et al. [1], [2]
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Isobaric Heat Capacity c,, = f(p,t,W)

Function Name:
cp_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION CP_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

cp_ptW_HAP_IP - Isobaric heat capacity of humid air in Btu/(Ib °R)

Range of Validity:

Temperature t: from -225.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Humidity ratio W. O<W=<W

Comments:

- Isobaric heat capacity ¢, = on
ot J,
- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
cp_ptW_HAP_IP =-1000

References:
Co(P, W) Herrmann et al. [1], [2]
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Isochoric Heat Capacity ¢, = f(p,t,W)

Function Name:
cv_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION CV_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

cv_ptW_HAP_IP - Isochoric heat capacity of humid air in Btu/(Ib °R)

Range of Validity:

Temperature t: from -225.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Humidity ratio W- O<W <Wg

Comments:

- Isochoric heat capacity ¢, = [2_;}
\

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
cv_ptW_HAP_IP =-1000

References:
c,(p,t,W) Herrmann et al. [3], [4]
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Enhancement Factor f = f(p,t)

Function Name:
f pt HAP_IP

Fortran Program:
REAL*8 FUNCTION F_PT_HUAIRPROP(P,T), REAL*8 P,T

Input Values:
p - Total pressure p in psi
t - Temperature tin °F
Result:

f pt HAP_IP - Enhancement factor of water (decimal ratio)

Range of Validity:

Temperature t: from -225.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Comments:
PH20,s

- Enhancement factor f =
ps(t)

with pg(t) for t >32°F - Steam pressure of water
for t <32°F - Sublimation pressure of water

- Describes the enhancement of the saturation pressure of water in the air
atmosphere under elevated pressure

- Derived iteratively from the isothermal compressibility of liquid water, from
Henry's constant [15], [16] and from the virial coefficients of air, water, and the
air-water mixture

Result for Wrong Input Values:
f pt HAP_IP = -1000

References:
f(p,t) Herrmann et al. [1], [2]
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Air-Specific Enthalpy h = f(p,t,W)

Function Name:
h_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION H_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,, /b,
Result:

h_ptW_HAP_IP - Air-specific enthalpy in Btu/lb,

Range of Validity:

Temperature t: from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W- 0<W <10lb,,/Ib,
Comments:

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
h_ptW_HAP_IP = -1000

References:
h(p,t W)  Herrmann et al. [1], [2]
hy (p,t) IAPWS-IF97 [7], [8] and IAPWS-06 [11]

hy(t) Lemmon et al. [14]
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Dynamic Viscosity n = f(p,t,W)

Function Name:
Eta_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION ETA_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

Eta_ptW_HAP_IP - Dynamic viscosity of humid air in (Ib s/ft?)

Range of Validity:

Temperature . from -99.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W- 0<W <10lIb,, /b,
Comments:

- A new very accurate algorithm is implemented between 32°F and 662°F

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
Eta_ptW_HAP_IP = -1000

References:

n(p.t, W)  Herrmann et al. [3], [4]
1w (B:t) IAPWS-IF97 [7], [8] and IAPWS-06 [19]

na(t) Lemmon et al. [18]
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Isentropic Exponent x = f(p,t,W)

Function Name:
Kappa_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION KAPPA_PTW_HUAIRPROP(P,T, W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,, /b,
Result:

Kappa_ptW_HAP_IP - Isentropic exponent

Range of Validity:

Temperature t: from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W- 0<W <10lb,,/Ib,
Comments:

- Isentropic exponent x = _K(G_pj
plov /g

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets homogeneously mixed) is applied for t = 32°F. For
temperatures below (ice fog) the value of the saturated state is applied.

Result for Wrong Input Values:
Kappa_ptW_HAP_IP =-1000

References:
v(p,t,W) Herrmann et al. [1], [2]
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Thermal Conductivity A = f(p,{,W)

Function Name:
Lambda_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION LAMBDA_PTW_HUAIRPROP(P,T, W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

Lambda_ptW_HAP_IP - Thermal conductivity in Btu/(h ft °R)

Range of Validity:

Temperature t: from -99.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W- 0<W <10lb,,/Ib,
Comments:

- A new very accurate algorithm is implemented between 32°F and 662°F

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
Lambda_ptW_HAP_IP =-1000

References:
A(p,t, W) Herrmann et al. [3], [4]
Aw(p,t)  IAPWS-IF97 [7], [8] and IAPWS-08 [20]

Aa(t) Lemmon et al. [18]
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Kinematic Viscosity v = f(p,t,W)

Function Name:
Ny ptW HAP_IP

Fortran Program:

REAL*8 FUNCTION NY_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,, /b,
Result:

Ny _ptW_HAP_IP - Kinematic viscosity in ft2 /s

Range of Validity:

Temperature . from -99.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Humidity ratio W- 0<W<Wg

Comments:

- Kinematic Viscosity v = n
P

Result for Wrong Input Values:
Ny ptW_HAP_IP =-1000

References:
n(p,t,W) Herrmann et al. [3], [4]
p(p,t,W) Herrmann et al. [1], [2]
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Backward Function: Pressure p = f(t,s,W)

Function Name:
p_tsW_HAP_IP

Fortran Program:
REAL*8 FUNCTION P_TSW_HUAIRPROP(T,S,W), REAL*8 T,S,W

Input Values:
t - Temperature tin °F
s - Air-specific entropy s in Btu/(lb; °R)
W - Humidity ratio W in Ib,,/Ib,

Result:

p_tsW_HAP_IP - Total pressure of humid air in psi

Range of Validity:
Temperature t: from -225.67°F to 662°F
Air-specific entropy s: from -6.32 Btu/(lb, °R) to 9.32877 Btu/(Ib, °R)

Humidity ratio W- 0<W <10Ib,/Ib,

Comments:

- lteration of total pressure p from s = f(p,t{,W)

Result for Wrong Input Values:
p_tsW_HAP_IP =-1000

References:
s(p,t,W) Herrmann et al. [1], [2]
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Pressure p = f(ze)

Function Name:
p_zele HAP_IP

Fortran Program:
REAL*8 FUNCTION P_ZELE HUAIRPROP(ZELE), REAL*8 ZELE

Input Values:

Zge - Elevation zgin ft
Result:

p_zele HAP_IP - Pressure of humid air in psi
Range of Validity:

Elevation z, from -16,404 ft to 36,089 ft

Comments:

- Pressure of humid air from elevation
. 5.256
- P(Zeje) = 14-696psi-(1 ~6.8754.107° ?_tlej

Result for Wrong Input Values:
p_zele HAP_IP =-1000

References:
P(Zele) ASHRAE [23]
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Partial Pressure of Air p,;, = f(p,t,W)

Function Name:
pAir_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION PAIR_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

pAir_ptW_HAP_IP - Partial pressure of (dry) air in humid air in psi

Range of Validity:

Temperature . from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W- 0<W <10lb,,/Ib,
Comments:

- Partial pressure of (dry) air in humid air pa;; =1- pHoo

- Partial pressure of water vapor at saturation is calculated in case of
supersaturated humid air (W > W;(p,t))

- The temperature value is used to calculate the saturation state

Result for Wrong Input Values:
pAir_ptW_HAP_IP =-1000

References:
Proo(p,W)  Herrmann et al. [1], [2]
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Partial Pressure of Water Vapor p,0 = f(p,t,W)

Function Name:
pH20 ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION PH20 PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,, /b,
Result:

pH20 ptW_HAP_IP - Partial pressure of water vapor in humid air in psi

Range of Validity:

Temperature . from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W- 0<W <10lb,,/Ib,

Comments:
. . Dy W-p
- Partial pressure of water vapor in humid air pyog =
o

—<+W
RW

- Partial pressure of water vapor at saturation is calculated in case of
supersaturated humid air (W > Wg(p,t))

- The temperature value is used to calculate the saturation state

Result for Wrong Input Values:
pH20_ptW_HAP_IP =-1000

References:
Proo(p, W)  Herrmann et al. [1], [2]
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Partial Sat. Pressure of Water Vapor in Humid Air py,0 ¢ = f(p, )

Function Name:
pH20s pt HAP_IP

Fortran Program:
REAL*8 FUNCTION PH20S_PT_HUAIRPROP(P,T), REAL*8 P,T

Input Values:
p - Total pressure p in psi
t - Temperature tin °F
Result:

pH20s pt HAP_IP - Partial saturation pressure of water vapor in humid air in psi

Range of Validity:

Temperature t: from -225.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Comments:

- Partial pressure of water vapor at saturation pyo0 ¢ =f - ps(t)
with ps(t) for t>32°F - Steam pressure of water

for t <32°F - Sublimation pressure of water

Result for Wrong Input Values:
pH20s pt HAP_IP =-1000

References:
f(p,t) Herrmann et al. [1], [2]
ps(t) fort>32°F IAPWS-IF97 [7], [8]

fort < 32°F IAPWS-08 [11]
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Relative Humidity ¢ = f(p,t,W)

Function Name:
phi_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION PHI_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,, /b,
Result:

phi_ptW_HAP_IP - Relative humidity (decimal ratio)

Range of Validity:

Temperature . from -225.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Humidity ratio W- 0<W<10Ib,/Ib,
Comments:
PH20

- Relative humidity ¢ =
PH20,s

- This equation is valid for pyp0 < pHpo s @and for 0 <o <1

Result for Wrong Input Values:
phi_ptW_HAP_IP = -1000

References:
o(p,t,W) Herrmann et al. [1], [2]
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Prandtl Number Pr = f(p,t, W)

Function Name:
Pr_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION PR_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

Pr_ptW_HAP_IP - Prandtl number

Range of Validity:

Temperature t: from -99.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W: 0<W <10Ib,,/Ib,
Comments:

-C
- Prandtl number Pr = UTP

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
Pr_ptW_HAP_IP =-1000

References:
n(p,t,W)  Herrmann et al. [3], [4]
Co(p,t,W) Herrmann et al. [3], [4]

Alp,t,W) Lemmon et al. [20]
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Mole Fraction of Air y,;, = f(W)

Function Name:
PsiAir W_HAP_IP

Fortran Program:
REAL*8 FUNCTION PSIAIR_W_HUAIRPROP(W), REAL*8 W

Input Values:
W - Humidity ratio W in Ib,,/Ib,

Result:
PsiAir W_HAP_IP - Mole fraction of (dry) air in humid air in mola/mol

Range of Validity:

Humidity ratio W- 0<W <10lb,,/Ib,
Comments:
, , w
- Mole fraction of air wp; =1-wpoo =1- B
a +w
Ri20

Result for Wrong Input Values:
PsiAir W_HAP_IP =-1000

References:
wair (W) Herrmann et al. [1], [2]
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Mole Fraction of Water y,o = f(W)

Function Name:
PsiH20_W_HAP_IP

Fortran Program:
REAL*8 FUNCTION PSIH20_W_HUAIRPROP(W), REAL*8 W

Input Values:
W - Humidity ratio W in Ib,,/Ib,
Result:

PsiH20_ W _HAP_IP - Mole fraction of water in humid air in molw/mol

Range of Validity:

Humidity ratio W: 0<W <10lb,,/Ib,
Comments:
, w
- Mole fraction of water y o0 = B
a_+w
Riz20

Result for Wrong Input Values:
PsiH20_ W _HAP_IP = -1000

References:
Yoo (W)  Herrmann et al. [1], [2]
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Density p = f(p,t,W)

Function Name:
Rho_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION RHO_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

Rho_ptW_HAP_IP - Density of humid air in Ib/ft 3

Range of Validity:

Temperature t: from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W- 0<W <10lb,,/Ib,
Comments:

- Density of humid air obtained from air-specific volume: p = 1w

Result for Wrong Input Values:
Rho_ptW_HAP_IP = -1000

References:
p(p,t,W) Herrmann et al. [1], [2]
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Air-Specific Entropy s = f(p,t,W)

Function Name:
s _ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION S_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

s_ptW_HAP_IP - Air-specific entropy in Btu/(lb, - °R)

Range of Validity:

Temperature t: from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W: 0<W <10lb,,/Ib,
Comments:

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
s_ptW_HAP_IP =-1000

References:
s(p,t,W) Herrmann et al. [1], [2]
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Backward Function: Temperature t = f(p,h, )

Function Name:
t_phphi_HAP_IP

Fortran Program:
REAL*8 FUNCTION T_PHPHI_HUAIRPROP(P,H,PHI), REAL*8 P,H,PHI

Input Values:

p - Total pressure p in psi

h - Air-specific enthalpy h in Btu/lb,

@ - Relative humidity ¢ (decimal ratio)
Result:

t phphi_HAP_IP - Temperature from pressure, enthalpy, and relative humidity in °F

Range of Validity:

Total pressure p: from 0.00145 psi to 1450.4 psi
Air-specific enthalpy h:  from -2469.22 Btu/lb, to 12772.088 Btu/lb,
Relative humidity ¢: 0<p<1

Comments:

- lteration of temperature t from h = f(p,t,W) using W = f(p,,¢)

Result for Wrong Input Values:
t_phphi_HAP_IP = -1000

References:
h(p,t,W) Herrmann et al. [1], [2]
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Backward Function: Temperature t = f(p,h,W)

Function Name:
t phW_HAP_IP

Fortran Program:
REAL*8 FUNCTION T_PHW_HUAIRPROP(P,H,W), REAL*8 P,H,W

Input Values:
p - Total pressure p in psi
h - Air-specific enthalpy h in Btu/lb,
W - Humidity ratio W in Ib,,/Ib,
Result:

t phW_HAP_IP - Temperature from pressure, enthalpy, and humidity ratio in °F

Range of Validity:

Total pressure p: from 0.00145 psi to 1450.4 psi
Air-specific enthalpy h:  from -2469.22 Btu/lb, to 12772.088 Btu/lb,
Humidity ratio W 0<W <10lb,,/Ib,

Comments:

- Iteration of temperature t from h = f(p,t, W)

Result for Wrong Input Values:
t_ phW_HAP_IP =-1000

References:
h(p,t,W) Herrmann et al. [1], [2]
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Backward Function: Temperature t = f(p,s,W)

Function Name:
t psW_HAP_IP

Fortran Program:
REAL*8 FUNCTION T_PSW_HUAIRPROP(P,S,W), REAL*8 P,S,W

Input Values:
p - Total pressure p in psi
S - Air-specific entropy in Btu/(Ib, - °R)
W - Humidity ratio W in Ib,,/Ib,
Result:

t psW_HAP_IP - Temperature from pressure, entropy, and humidity ratio in °F

Range of Validity:

Total pressure p: from 0.00145 psi to 1450.4 psi
Air-specific entropy s: from -6.32 Btu/(lb, °R) to 9.32877 Btu/(lb, °R)
Humidity ratio W 0<W <10lb,,/Ib,

Comments:

- Iteration of temperature t from s = f(p,t,W)

Result for Wrong Input Values:
t psW_HAP_IP =-1000

References:
s(p,t,W) Herrmann et al. [1], [2]
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Backward Function: Temperature t = f(p,t,,,,W)

Function Name:
t_ptwbW_HAP_IP

Fortran Program:
REAL*8 FUNCTION T_PTWBW_HUAIRPROP(P,TWB,W), REAL*8 P, TWB,W

Input Values:
p - Total pressure p in psi
two - Wet-bulb temperature in °F
W - Humidity ratio W in Ib,,/Ib,
Result:

t ptwbW_HAP_IP - Temperature from pressure, wet bulb temperature and
humidity ratio in °F

Range of Validity:

Total pressure p: from 0.00145 psi to 1450.4 psi

Wet bulb temperature t,,,: from -225.67°F to 662°F

Humidity ratio W. 0<W <10lIb,,/Ib,
Comments:

- Iterationof temperature t from t,,, = f(p,{,W)

Result for Wrong Input Values:
t_ptwbW_HAP_IP = -1000

References:
two(p.t,W) Herrmann et al. [1], [2]
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Dew-Point/Frost-Point Temperature ty = f(p,W)

Function Name:
td_pW_HAP_IP

Fortran Program:
REAL*8 FUNCTION TD_PW_HUAIRPROP(P,W), REAL*8 P,W

Input Values:

p - Total pressure p in psi

W - Humidity ratio W in Ib,,/Ib,
Result:

td_pW_HAP_IP - Dew-point/frost-point temperature in °F

Range of Validity:

Total pressure p: from 0.00145 psi to 1450.4 psi
Humidity ratio W- 0<W <10lb,,/Ib,
Comments:

Dew-point temperature ty =t;(pyoo ) for t > 32°F (saturation temperature of
water in humid air)

tq =tsub(PH20o ) for t < 32°F (sublimation temperature
of water in humid air)

Result for Wrong Input Values:
td_pW_HAP_IP =-1000

References:
t(Ppo)  for ty=32°F  IAPWS-IF97 [7], [8]
tSUb(pHZO) for td < 32°F IAPWS-08 [1 1]

PH20 Herrmann et. al. [1], [2]
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Saturation Temperature t; = f(p,py20)

Function Name:
ts_ppH20 HAP_IP

Fortran Program:
REAL*8 FUNCTION TS _PPH20_HUAIRPROP(P,PH20), REAL*8 P,PH20

Input Values:

p - Total pressure p in psi

PH2o - Partial saturation pressure of water pyoq in psi
Result:

ts_ppH20_HAP_IP - Saturation temperature of water in humid air in °F

Range of Validity:
Total pressure p: from 0.00145 psi to 1450.4 psi
Partial pressure pyoo:  from 0.00145 psi to 1450.4 psi

Comments:

- Iteration of saturation temperature g from pp0 s =f(p,t)

Result for Wrong Input Values:
ts_ppH20_ HAP_IP =-1000

References:
PrH2os Herrmann et. al. [1], [2]
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Wet-Bulb/Ice-Bulb Temperature t,,, = f(p,t,W)

Function Name:
twb_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION TwWB_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

twb_ptW_HAP_IP - Wet-bulb/ice-bulb temperature in °F

Range of Validity:

Temperature t: from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W- 0<W <10lb,,/Ib,
Comments:

- Iteration of wet-bulb temperature t,,, from pUNSaWrated (s 7y — plo9(p ¢ - W)

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
twb_ptW_HAP_IP = -1000

References:
twp (P, t, W) Herrmann et al. [1], [2]
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Air-Specific Internal Energy u = f(p,t,W)

Function Name:
u_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION U_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

u_ptW_HAP_IP  _ Ajr-specific internal energy in Btu/lb,

Range of Validity:

Temperature t: from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W: 0<W <10lb,,/Ib,
Comments:

- Internal energy u =h — pv

Result for Wrong Input Values:
u_ptW_HAP_IP =-1000

References:
u(p,t,W) Herrmann et al. [1], [2]
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Air-Specific Volume v = f(p,t,W)

Function Name:
v_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION V_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

V_ptW_HAP_IP . Air-specific volume in t3/lb,

Range of Validity:

Temperature . from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi

Humidity ratio W: 0<W <101Ib,, /by
Comments:

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
v_ptW_HAP_IP =-1000

References:
v(p,t,W) Herrmann et al. [1], [2]
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Humidity Ratio from Partial Pressure of Water Vapor W = f(p,t,p20)

Function Name:
W_ptpH20 HAP_IP

Fortran Program:
REAL*8 FUNCTION W_PTPH20_HUAIRPROP(P,T,PH20), REAL*8 P,T,PH20

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

PH2o - Partial pressure of water pyoq in psi
Result:

W_ptpH20_HAP_IP - Humidity ratio from pressure, temperature and partial
pressure of water vapor in Ib,,/Ib,

Range of Validity:

Total pressure p: from 0.00145 psi to 1450.4 psi

Temperature t : from -225.67°F to 662°F

Partial pressure pyoq : from 0.00145 psi to 1450.4 psi
Comments:

- Iteration of humidity ratio W from pyoo =f(p,t,W)

- Result for supersaturated humid air is W

Result for Wrong Input Values:
W_ptpH20_HAP_IP =-1000

References:
PHoo(p.t,W) Herrmann et al. [1], [2]
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Humidity Ratio from Relative Humidity W = f(p,t,p)

Function Name:
W_ptphi_HAP_IP

Fortran Program:
REAL*8 FUNCTION W_PTPHI_HUAIRPROP(P,T,PHI), REAL*8 P, T,PHI

Input Values:
p - Total pressure p in psi
t - Temperature tin °F
[0} - Relative humidity (decimal ratio)
Result:
W_ptphi_ HAP_IP - Humidity ratio from pressure, temperature and relative

humidity in Ib,, /b,

Range of Validity:

Temperature . from -225.67°F to 662°F
Total pressure p: from 0.00145 psi to 1450.4 psi
Relative humidity ¢: 0<p<1

Comments:

- lteration of humidity ratio W from ¢ =f(p,t,W)

Result for Wrong Input Values:
W_ptphi_HAP_IP = -1000

References:
o(p,t,W) Herrmann et al. [1], [2]
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Humidity Ratio from Dew-Point Temperature W = f(p,t4)

Function Name:
W_ptd_HAP_IP

Fortran Program:
REAL*8 FUNCTION W_PTD_HUAIRPROP(P,TD), REAL*8 P,TD

Input Values:
p - Total pressure p in psi
ty - Dew-point temperature ty in°F
Result:
W_ptd_HAP_IP - Humidity ratio from pressure and dew-point temperature

in Ib,, /Ib,

Range of Validity:
Dew point temperature ty:  from -225.67°F to 662°F

Total pressure p: from 0.00145 psi to 1450.4 psi
Comments:

- Iteration of humidity ratio W from ty = f(p,W)

Result for Wrong Input Values:

W_ptd_HAP_IP =-1000
References:

ty(p,W) Herrmann et al. [1], [2]
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Humidity Ratio from Wet-Bulb Temperature W = f(p,t,t,,,)

Function Name:
W_pttwb_HAP_IP

Fortran Program:
REAL*8 FUNCTION W_PTTWB_HUAIRPROP(P,T,TWB), REAL*8 P, T, TWB

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

two - Wet-bulb temperature in °F
Result:

W_pttwb_HAP_IP - Humidity ratio from pressure, temperature and wet-bulb
temperature in Ib,, /b,

Range of Validity:
Total pressure p: from 0.00145 psi to 1450.4 psi
Temperature . from -225.67°F to 662°F
Wet-bulb temperature t,,,,;:  from -225.67°F to 662°F

Comments:

- Iteration of humidity ratio W from t,,, = f(o,t,W)

- Calculation for supersaturated humid air (W > W;) is not possible

Result for Wrong Input Values:
W_pttwb_HAP_IP = -1000

References:
twp (Pt W) Herrmann et al. [1], [2]
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Saturation Humidity Ratio W, = f(p,t)

Function Name:
Ws_pt HAP_IP

Fortran Program:
REAL*8 FUNCTION WS_PT_HUAIRPROP(P,T), REAL*8 P, T

Input Values:
p - Total pressure p in psi
t - Temperature tin °F
Result:

Ws_pt HAP_IP - Saturation humidity ratio in b, /Ib,

Range of Validity:

Total pressure p: from 0.00145 psi to 1450.4 psi
Temperature . from -225.67°F to 662°F
Comments:

Muoo  PH20s

- Calculation of saturation humidity ratio W from Wy = v ( )
a \P~PH20,s

Result for Wrong Input Values:
Ws_pt HAP_IP = -1000

References:
PH20.s Herrmann et al. [1], [2]
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Mass Fraction of Air &, = f(W)

Function Name:
XiAir W_HAP_IP

Fortran Program:
REAL*8 FUNCTION XIAIR_W_HUAIRPROP(W), REAL*8 W

Input Values:
W - Humidity ratio W in Ib,,/Ib,

Result:
XiAir W_HAP_IP - Mass fraction of (dry) air in humid air in Ib,/Ib

Range of Validity:

Humidity ratio W- 0<W <10lb,,/Ib,
Comments:
- Mass fraction of (dry) air &xi, =1-§ =1 W
Air H20 1+ W

Result for Wrong Input Values:

XiAir W_HAP_IP =-1000
References:

Enir (W) Herrmann et al. [1], [2]
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Mass Fraction of Water Vapor in Humid Air &,0 = f(W)

Function Name:
XiH20_W_HAP_IP

Fortran Program:
REAL*8 FUNCTION XIH20_W_HUAIRPROP(W), REAL*8 W

Input Values:

W - Humidity ratio W in Ib,,/Ib,

Result:
XiH20_W_HAP_IP - Mass fraction of water vapor in humid air in Ib,, /Ib

Range of Validity:
Humidity ratio W 0<W <10lb,/Ib,

Comments:

- Mass fraction of water &0 = %
+

Result for Wrong Input Values:
XiH20_W_HAP_IP =-1000

References:
Epo(W)  Herrmann et al. [1], [2]
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Compression Factor Z = f(p,t,W)

Function Name:
Z_ptW_HAP_IP

Fortran Program:
REAL*8 FUNCTION Z PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in psi

t - Temperature tin °F

W - Humidity ratio W in Ib,,/Ib,
Result:

Z ptW_HAP_IP - Compression factor (decimal ratio)

Range of Validity:

Total pressure p: from 0.00145 psi to 1450.4 psi
Temperature t: from -225.67°F to 662°F
Humidity ratio W- 0<W<Wg
Comments:
- Compression factor Z =1+ BTm + C—r;
v v
with v =M __Mv
p 1+W

and M is the molar mass of humid air

- Calculation for supersaturated humid air (W > W;) is not possible

Result for Wrong Input Values:
Z_ptW_HAP_IP =-1000

References:
B, (t,W),C,(t W)  Herrmann et al. [1], [2]
p(p,t, W), v(p,t, W) Herrmann et al. [1], [2]
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3.2 Functions for Steam and Water for Temperatures t 2 32°F
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Specific Enthalpy of Liquid Water h;, =f(p,t)

Function Name:
hliq_pt_97_IP

Fortran Program:
REAL*8 FUNCTION HLIQ_PT_97(P,T), REAL*8 P, T

Input Values:

p - Pressure p in psi

t - Temperature tin °F
Result:

hlig_pt_97_IP - Specific enthalpy of liquid water in Btu/lb

Range of Validity:

Pressure p: from pg(32°F) =0.08865 psito 1450.4 psi
Temperature t: from 32°F to 662°F
Comments:

- Specific enthalpy of liquid water hjq = h97(p,t) (Region 1)

Result for Wrong Input Values:
hlig_pt_97_IP = -1000

References:

¥ (p,t)  IAPWS-IF97 [7], [8]
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Specific Enthalpy of SaturatedLiquid Water h;, o =f(t)

Function Name:
hligs_t_97_IP

Fortran Program:
REAL*8 FUNCTION HLIQS_T_97(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:
hligs_t 97 _IP - Specific enthalpy of saturated liquid water in Btu/lb

Range of Validity:
Temperature t: from 32°F to 662°F

Comments:

- Specific enthalpy of liquid water hjq ¢ = h97(ps,t) (Region 1)
with pg = pd’(t)

Result for Wrong Input Values:
hligs_t 97 _IP =-1000

References:

h¥ (p,t), Y7 (t)  IAPWS-IFO7 [7], [8]
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Specific Enthalpy of Saturated Water Vapor h,,, o =f(f)

Function Name:
hvaps_t 97_IP

Fortran Program:
REAL*8 FUNCTION HVAPS_T 97(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:
hvaps_t 97 _IP - Specific enthalpy of saturated water vapor in Btu/lb

Range of Validity:
Temperature t: from 32°F to 662°F

Comments:
- Specific enthalpy of saturated water vapor h,, s = h97(ps,t) (Region 2)

with pg = pd’(t)

Result for Wrong Input Values:
hvaps_t_97_IP =-1000

References:

h¥ (p,t), X7 (t)  IAPWS-IF97 [7], [8]

ASHRAE LibHuAirProp Calculation Library



I-P — 3/46

Saturation Pressure of Water p, = f(t)

Function Name:
ps t 97 IP

Fortran Program:
REAL*8 FUNCTION PS_T 97(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:

ps_t 97 IP - Saturation pressure of water in psi

Range of Validity:
Temperature t: from 32°F to 662°F

Comments:

- Saturation pressure of water pg = p§7(t) (Region 4)

Result for Wrong Input Values:
ps_t 97 IP-1000

References:

pd7(t) IAPWS-IF97 [7], [8]
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Specific Entropy of Liquid Water s, =f(p,)

Function Name:
slig_pt 97 IP

Fortran Program:
REAL*8 FUNCTION SLIQ_PT_97(P,T), REAL*8 P,T

Input Values:

p - Pressure p in psi

t - Temperature tin °F
Result:

slig_pt 97 IP - Specific entropy of liquid water in Btu/(Ib °R)

Range of Validity:

Pressure p: from pg(32°F) =0.08865 psito 1450.4 psi
Temperature t: from 32°F to 662°F
Comments:

- Specific entropy of liquid water s;q = s%(p,t) (Region 1)

Result for Wrong Input Values:
slig_pt_97_IP =-1000

References:
s (pt)  IAPWS-IF97 [7], [8]
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Specific Entropy of Saturated Liquid Water s;;, o =f(t)

Function Name:
sligs_t 97 _IP

Fortran Program:
REAL*8 FUNCTION SLIQS_T_97(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:
sligs_t 97_IP - Specific entropy of saturated liquid water in Btu/(Ib °R)

Range of Validity:
Temperature t: from 32°F to 662°F

Comments:

- Specific entropy of liquid water s;q 5 = 397(ps,t) (Region 1)

with pg =pd’(t)

Result for Wrong Input Values:
sligs_t 97 IP =-1000

References:

s (), pd7(t)  IAPWS-IF97 [7], [8]
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Specific Entropy of Saturated Water Vapor Syap,s = f(t)

Function Name:
svaps_t 97 IP

Fortran Program:
REAL*8 FUNCTION SVAPS T _97(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:
svaps_t_97 IP - Specific entropy of saturated water vapor in Btu/(Ib °R)

Range of Validity:
Temperature t: from 32°F to 662°F

Comments:
- Specific entropy of saturated water vapor s, s = 397(ps, t) (Region 2)

with pg = pd’ (t)

Result for Wrong Input Values:
svaps_t 97 IP =-1000

References:

s (.t), pd7(t)  IAPWS-IF97 [7], [8]
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Saturation Temperature of Water t; =f(p)

Function Name:
ts p 97 IP

Fortran Program:
REAL*8 FUNCTION TS_P_97(P), REAL*8 P

Input Values:

p - Pressure p in psi

Result:

ts_p_97_IP - Saturation temperature of water in °F

Range of Validity:
Pressure p: from 0.08865 psi to 1450.4 psi

Comments:
- Saturation temperature of water tg = t§7(p) (Region 4)

Result for Wrong Input Values:
ts p 97 IP=-1000

References:

tY () IAPWS-IF97 [7], [8]
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Specific Volume of Liquid Water v;;, =f(p,)

Function Name:
vlig_pt 97 _IP

Fortran Program:
REAL*8 FUNCTION VLIQ_PT_97(P,T), REAL*8 P,T

Input Values:

p - Pressure p in psi

t - Temperature tin °F
Result:

vlig_pt_97_IP - Specific volume of liquid water in ft3 /o

Range of Validity:

Pressure p: from ps(32°F)=0.08865 psito 1450.4 psi
Temperature . from 32°F to 662°F
Comments:

- Specific volume of liquid water Viig = v97(p,t) (Region 1)

Result for Wrong Input Values:
vlig_pt_97_IP =-1000

References:
v (p,t)  IAPWS-IF97 [7], [8]
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Specific Volume of Saturated Liquid Water v, o =f(t)

Function Name:
vligs_t 97 IP

Fortran Program:
REAL*8 FUNCTION VLIQS T _97(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:

vligs_t 97_IP - Specific volume of saturated liquid water in ft3 /b
Range of Validity:

Temperature t: from 32°F to 662°F

Comments:

- Specific volume of liquid water vy, ¢ = v97(ps,t) (Region 1)

with pg = pg’ (1)

Result for Wrong Input Values:
vligs_t 97 IP =-1000

References:

v (p,t), p7(t)  IAPWS-IF97 [7], [8]
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Specific Volume of Saturated Water Vapor v, , o =f(t)

Function Name:
vvaps t 97 IP

Fortran Program:
REAL*8 FUNCTION VVAPS_T 97(T), REAL*8 T

Input Values:

t - Temperature tin °F
Result:

vvaps_t 97 IP - Specific volume of saturated water vapor in ft3 /b
Range of Validity:

Temperature . from 32°F to 662°F
Comments:

- Specific volume of saturated water vapor v,5, s =v™" (ps,t) (Region 2)

with pg = pg’ (t)

Result for Wrong Input Values:
vvaps_t 97 IP =-1000

References:

v (p,t), p27(t)  IAPWS-IF97 [7], [8]
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3.3 Functions for Steam and Ice for Temperatures t < 32°F
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Specific Enthalpy of Saturatedice h; ¢, =f(f)

Function Name:
hicesub_t 06 _IP

Fortran Program:
REAL*8 FUNCTION HICESUB_T_06(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:
hicesub_t 06 _IP - Specific enthalpy of saturated ice in Btu/lb

Range of Validity:
Temperature t: from -225.67°F to 32°F

Comments:

- Specific enthalpy of saturated ice he gup = h06(psub,t)

with pgup = Pais (t)

Result for Wrong Input Values:
hicesub_t_06_IP =-1000

References:
h%p,t)  IAPWS-06[10]
pd8 (t) IAPWS-08 [11]
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Specific Enthalpy of Saturated Water Vapor h,,, o, =f(t)

Function Name:
hvapsub_t 95 IP

Fortran Program:
REAL*8 FUNCTION HVAPSUB T _95(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:
hvapsub_t 95 IP - Specific enthalpy of saturated water vapor in Btu/lb

Range of Validity:
Temperature t: from -225.67°F to 32°F

Comments:

- Specific enthalpy of saturated water vapor hy,; s = h95(p3ub, t)

with pgup = Pays (t)
Result for Wrong Input Values:
hvapsub_t 95 IP =-1000

References:
B (p,t)  IAPWS-95 [5], [6]
p28 (1) IAPWS-08 [11]

ASHRAE LibHuAirProp Calculation Library




I-P —3/57

Melting Pressure of Ice p. =f(t)

Function Name:
pmel_t 08 IP

Fortran Program:
REAL*8 FUNCTION PMEL_T 08 (T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:

pmel_t 08 IP - Melting pressure of ice in psi
Range of Validity:

Temperature . from -7.573°F to 32°F
Result for Wrong Input Values:

pmel_t 08 IP =-1000
References:

p%,(t) IAPWS-08 [11]
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Sublimation Pressure of Ice pg,, =f(t)

Function Name:
psub t 08 IP

Fortran Program:
REAL*8 FUNCTION PSUB_T 08 (T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:

psub_t 08 IP - Sublimation pressure of ice in psi
Range of Validity:

Temperature t: from -225.67°F to 32°F
Result for Wrong Input Values:

psub_t 08 IP =-1000
References:

p28 (1) IAPWS-08 [11]
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Specific Entropy of Saturated Ice s;¢, ¢, = f(f)

Function Name:
sicesub_t 06 _IP

Fortran Program:
REAL*8 FUNCTION SICESUB_T_06(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:
sicesub_t 06 _IP - Specific entropy of saturated ice in Btu/(lb °R)

Range of Validity:
Temperature t: from -225.67°F to 32°F

Comments:

- Specific entropy of saturated ice Sicg gyp = 306(psub,t)

with Pgup = Paip (t)
Result for Wrong Input Values:
sicesub_t 06 _IP =-1000

References:
s%(p,t)  IAPWS-06 [10]
pd8 (t) IAPWS-08 [11]
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Specific Entropy of Saturated Water Vapor s, ,, ., = f(?)

Function Name:
svapsub_t 95 |IP

Fortran Program:
REAL*8 FUNCTION SVAPSUB_T 95(T), REAL*8 T

Input Values:

t - Temperature tin °F

Result:

svapsub_t 95 |P - Specific entropy of saturated water vapor in Btu/(lb °R)
Range of Validity:
Temperature t: from -225.67°F to 32°F

Comments:

- Specific entropy of saturated water vapor s,5, gp = 395(psub,t)

With pgup, = Pays (t)
Result for Wrong Input Values:
svapsub_t 95 |P =-1000

References:
s®¥pt)  IAPWS-95(7], [8]
p28 (1) IAPWS-08 [11]

ASHRAE LibHuAirProp Calculation Library
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Melting Temperature of Ice ¢t =f(p)

Function Name:
tmel_p 08 IP

Fortran Program:
REAL*8 FUNCTION TMEL_P_08(P), REAL*8 P

Input Values:

p - Pressure p in psi

Result:

tmel_p_08_IP - Melting temperature of ice in °F

Range of Validity:

Pressure p: from pg (32°F) = 0.08865 psi to 1450.4 psi

Result for Wrong Input Values:
tmel_p 08 IP =-1000

References:

{8 (o)  IAPWS-08 [11]

ASHRAE LibHuAirProp Calculation Library
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Sublimation Temperature of Ice t;,, =f(p)

Function Name:
tsub_p 08 IP

Fortran Program:
REAL*8 FUNCTION TSUB_P_08(P), REAL*8 P

Input Values:

p - Pressure p in psi

Result:

tsub_p 08 IP - Sublimation temperature of ice in °F

Range of Validity:
Pressure p: from pg,,,(-225.67°F) = 1.7407 x 1072 psi to pgp(32°F) = 0.08865 psi

Result for Wrong Input Values:
tsub_p_08_IP = -1000

References:

%8 (p)  IAPWS-08 [11]

ASHRAE LibHuAirProp Calculation Library
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Specific Volume of SaturatedIce v;, o, =f(f)

Function Name:
vicesub_t 06 _IP

Fortran Program:
REAL*8 FUNCTION VICESUB T _06(T), REAL*8 T

Input Values:

t - Temperature tin °F
Result:

vicesub_t_06_IP - Specific volume of saturated ice in ft3 /b
Range of Validity:

Temperature . from -225.67°F to 32°F

Comments:

- Specific volume of saturated ice Vicg gy = v06(psub,t)

with pgyp = pO% (t)

Result for Wrong Input Values:
vicesub_t 06 _IP =-1000

References:
v®(p,t)  IAPWS-06[10]
p28 (t) IAPWS-08 [11]

ASHRAE LibHuAirProp Calculation Library
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Specific Volume of Saturated Water Vapor v, ,, ¢, = f(t)

Function Name:
vvapsub_t 95 IP

Fortran Program:
REAL*8 FUNCTION VVAPSUB_T 95(T), REAL*8 T

Input Values:

t - Temperature tin °F
Result:

vvapsub_t 95 IP - Specific volume of saturated water vapor in ft /b
Range of Validity:

Temperature t: from -225.67°F to 32°F

Comments:

- Specific volume of saturated water vapor v, 5, ¢p = v95(psub, t)

with pgup = PO5 (t)

Result for Wrong Input Values:
vvapsub_t 95 IP =-1000

References:
vB(p,t)  IAPWS-95 [7], [8]
p28 (t) IAPWS-08 [11]

ASHRAE LibHuAirProp Calculation Library
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KCE-ThermoFluidProperties
www.thermofluidprop.com

ThermoFluidProperties

4. Property Libraries for Calculating Heat Cycles, Boilers, Turbines and Refrigerators

Water and Steam Humid Combustion Gas Mixtures Humid Air Extremely Fast
Property Calculations
Library LibIF97 Library LibHuGas Library LibHuAir Spline-Based Table
: 'ndustgial Formulation Model: Ideal mixture of the real fluids: Model: Ideal mixture of Look-up Method (SBTL)
IAPWS-IF97 (Revision 2007 Yiee q o
. Supplementa(ry Standards ) CO, - Span, Wagner  H,O - IAPWS-95 the rea! fluids: Library LibSBTL_IF97
IAPWS-IF97-S01. -S03rev 0, - Schmidt, Wagner N, - Span et al. * Dry air from Lemmon et al. Library LibSBTL_95
' z + Steam, water and ice from A . .
-S04, and -S05 Ar - Tegeler et al. IAPWS-IF97 and Library LibSBTL_HuAir
* IAPWS Revised Advisory and of the ideal gases: IAPWS-06 For steam, water, humid air,
Note N.O- 3 on Thermo- S0,, CO, Ne Consideration of: carbon dioxide and other fluids
dynamic Derivatives (2008) (Scientific Formulation of Biicker et al.) + Condensation and freezing and mixturgs a.ccording
Library LibIF97_META Consideration of: of steam ;gpg)igig?g::l i?:lg
. :Ri’t@téizﬂ:zc;r?%ula'tign - . Bisscif:iatiofr; fni')m VDI 4670 Bfirz?riztigf?;g?o\r{nm 4670 Dynamics (CFD), real-time and
- SRl * Foynting efrec non-stationary simulations
for metastable steam ASHRAE RP-1485 i
Carbon Dioxide Ideal Gas Mixtures Humid Air
Including Dry Ice
. } Library LibldGasMix Library ASHRAE LibHuAirProp
Library LibCO2 b

Model: Virial equation from ASHRAE

Model: Ideal mixture of the ideal gases: g
Report RP-1485 for real mixture of

Formulation of Span and Wagner (1996)

Al ) e I the real fluids:
Ne H,O F, Propane - Dry air
N, SO, NH, Iso-Butane - Steam
Seawater 0, H, Methane n-Butane Consideration of:
CcO H,S Ethane Benzene » Enhancement of the partial
Library LibSeaWa Co, OH Ethylene Methanol saturation pressure of water vapor
IAPWS Industrial Formulation 2013 Air RS atad lotal pressures
Consideration of: www.ashrae.org/bookstore

« Dissociation from the VDI Guideline 4670

Ice Library LibIDGAS Dry Alr g
. ] _ Including Liquid Air
Library LibICE Model: Ideal gas mixture
. from VDI Guideline 4670 . ) -
Ice from IAPWS-06, Melting and Library LibRealAir
sublimation pressures from IAPWS-08, Consideration of: Fommulation of Lemmon et al. (2000}
Water from IAPWS-IF97, Steam from + Dissociation from the VDI Guideline 4670 '

IAPWS-95 and -IF97

Refrigerants Mixtures for Absorption Processes Liquid Coolants
] ] . Liquid Secondary Refrigerants
Ammonia Ammonia/Water Mixtures Lib LibSecRef
. . . . ibra ibSecRe
Library LibNH3 Library LibAmWa B ¥
Formulation of Tillner-Roth et al. (1993) IAPWS Guideline 2001 L
) : C,H¢O, Ethylene glycol
of Tillner-Roth and Friend (1998)
R134a A o for i L C;HsO,  Propylene glycol
Library LibR134a elmholtz energy equation for the mixing term C,H.OH  Ethanol
Formulation of (also useable for calculating the Kalina Cycle) CH,OH Methanol
Tillner-Roth and Baehr (1994) CsHsO;  Glycerol
Water/Lithium Bromide Mixtures Rogc) | Potasslim calborely
Iso-Butane _ _ _ CaCl,  Calcium chloride
Library LibButane_Iso Library LibWalLi MgCl, Magnesium chloride
Formulation of Formulation of Kim and Infante Ferreira (2004) NaCl Sodium chloride
Biicker and Wagner (2006) Gibbs energy equation for the mixing term C,H;KO, Potassium acetate
e CHKO,  Potassium formate
. . LiCl Lithium chloride
Library LibButane_n NH, nnonia
Formulation of Formulation of the International Institute

Blicker and Wagner (2006) of Refrigeration (IIR 2010)
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Ethanol Siloxanes as ORC Working Fluids Nitrogen and Oxygen

] . Libraries
Library LibC2H50H Octamethylcyclotetrasiloxane  CgH,,0,Si, Library LibD4 LibN2 and LibO2
Formulation of .
Schroeder et al. (2014) Decamethylcyclopentasiloxane C4oH3005Si5 Library LibD5 Somilations of Span et al. (2009)
and Schmidt and Wagner (1985)

Tetradecamethylhexasiloxane C44H,,05Si¢ Library LibMD4M

Methanol Hexamethyldisiloxane CgH;0Si, Library LibMM Hydrogen

Formulation of Colonna et al. (2006)

Library LibCH3OH Library LibH2

Formulation of . F : . Formulation of
D hylcycloh I H ic Libr LibD
de Reuck and Craven (1993) odecamethylcyclohexasiloxane  C1oHy404Slg Library LibD6 Leachman et al. (2009)

Decamethyltetrasiloxane C,oH3004Si, Library LibMD2M

Dodecamethylpentasiloxane C4,H350,Si5 Library LibMD3M

Propane Helium

Octamethyltrisiloxane  CgH,,0,Si; Library LibMDM . .
Library LibPropane Library LibHe

Formulation of Colonna et al. (2008)

Formulation of Formulation of

Lemmon et al. (2009) Arp et al. (1998)
Hydrocarbons ), Kc E
Decane C,oH,, Library LibC10H22 0 ]
Isopentane CsH,, Library LibC5H12_lso ThermoFluidProperties
Neopentane CzH,, Library LibC5H12_Neo
Isohexane CgH,, Library LibC6H14 For more information please contact:
Toluene C;Hg Library LibC7H8 KCE-ThermoFluidProperties UG
Formulation of Lemmon and Span (2006) Prof. Dr. Hans-Joachim Kretzschmar
Further Fluids Haager Weg 6
Carbon monoxide CO Library LibCO 92224 Amberg, Germany
Carbonyl sulfide COS Library LibCOS
Hydrogen sulfide H,S Library LibH2S Internet: www.thermofluidprop.com

Nitrous oxide N,O Library LibN20
Sulfur dioxide SO, Library LibSO2
Acetone C3;HO Library LibC3H60

Formulation of Lemmon and Span (2006)

Email: info@thermofluidprop.com
Phone: +49-9621-1762047
Mobile: +49-172-7914607

Fax: +49-3222-1095810

The following thermodynamic and transport properties can be calculated?:

Thermodynamic Properties Transport Properties Backward Functions Thermodynamic Derivatives
» Vapor pressure pg » Dynamic viscosity 7 * T,v, s (p,h) « Partial derivatives used in

- Saturation temperature T « Kinematic viscosity v * T,v, h(p,s) process modeling can be

« Density p « Thermal conductivity 4 «p, T, v(h,s) calculated.

 Specific volume v ¢ Prandtl number Pr * p, T(v,h)

» Enthalpy h » Thermal diffusivity a *p, T(v,u)

* Internal energy u

» Entropy s

* Exergy e

« Isobaric heat capacity ¢,
* |sochoric heat capacity ¢,
* |sentropic exponent x

» Speed of sound w

 Surface tension o a Not all of these property functions are available in all property libraries.

www.thermofluidprop.com
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ThermoFluidProperties

Property Software for Calculating Heat Cycles, Boilers, Turbines and Refrigerators

Add-In FluidEXLCarhics for Excel®

T-5 Diagram for Water | fon APWS-F97 *‘ |

. —— pressure p in MPa —— speciic volume v in mékg
SUM ~(© %X « fe =h_ptx_97(AS5;B5;C5) C_hOOSIng a prope':ty —— enthalpy h in klikg —— wapor fraction x

= A | =® c o E F library and a function

1 Calculating an isentropic expansion . | q . J J % 7%4{[_ / / / /

, e — 2. mesw | Displaying the calculated

i p N X s ‘ h ‘ T | P—— values in diagrams WW /

4 bar c kg/kg kJ/kgK kJ/kg M3/KG || 1ype a bief descriton of what you want to do and then cick % / f

5 20 400 -1 i {A5;B5;C5) Go 77/‘7/71%1/ /
—) Or select a category: Water IAPWS-IF97 &

Nl = i - ;

7 5 Select a function:

8 1 h_ptx_97 e _pbx_tu 97 -] ﬁ)‘ . // /

s 05 e (a5 ) - » haror *Xﬂ = /

© 01 tinC g ] = w0 L i —— 4 7

.S L. = o T T .

= xinkghg [l ) = -1 / m:&g, = ! Y 7 L l

2 - 3248,2270% Nue_ptx_97 | = 3 To S M o / I
‘Specific enthalpy h in klkg. h_ptx_97( p in bar; tin °C; x in kg/kg) A= 4 —= X ®, s S

i xinkgfkg Vapor fraction Spediic enthabpy hin lofkg. P ; %W

" i iy s

15 Formua result = 3248,23 gﬁj_\;f ) 2 & l

16 Helo on this function E Cancel | I > o 0 e Do o

17 — I Help on this function E Cancel | > 4T ) - ; .

Menu for the input of given property values L Specific entropy s in kika

Add-On FluidMAT for Mathcad® Add-On FluidLAB for MATLAB® and SIMULINK®
Add-On FluidPRIME for Mathcad Prime®

Using the Add-In FluidLAB the
The property libraries can be used in Mathcad® and Mathcad Prime®.

property functions can be called in MATLAB® and SIMULINK®.

Wl File Edit View Insert Format Tools Symbolics Window Help
Dzl @Yy B oo | P =% []|m% <) MATLAB 7.3.0 {(R2006b) _|O|x
It i i A 1! 1! "/
Nt Fle Edt Debug Desktop Window Help
&+ [E- 12 b= | — p— S 0| s B oo o | 8o Bl 2| [coprogrammelrudaBiLbHuAr Exsmele =
2] 3 U U
Hyperbok <] [e_pomu_o7 3 Sharkeuts (2] Howto Add (2] What's New
- 110° Image Processng Nevaoadd Current Directory,- C:\Programme\FluldLAB\LIbHuAIr_Example__ & _x || f5] Editor - C:\Programme\FluidLAB\LIbHuAIr_Example:\Example_hl.. 7. X
bar = 1-10"-Pa Interpolation and Prediction h_ps 97
LbHuGas ;ulem_m;um” Ect 8| B DEH|imBo | Al ] "0 x
p = 10-bar Log and Exponental lmbda_ptx_97 2 2 g - é % o5
Logiup e o H\Fdes L |F|\e Type  |Description =2 ‘ =lA=R=] ‘ o+ ‘ o x ‘ ofh oft ‘ Q.
Number Theory/Combinatorics .| |p_hs 97 3 [l hi_ptiew_HuAir mexw32 ME-file i Bl prev Hukir.m Il
Dincauien Cantiunue e — %] LibHuAir. dil DLL File 2 PP -
El h_ptx_97(p, t, x) (] libifeararndd. dl DLL File _
: 5] librmd. di DLL File Ml r-l’ * pressure in bar
Specific enthalpy h in k)fkg from pressure p in bar, temperature t in C and vapor - = 3 - ;% temperature in °C
fraction x in kg/kg o (] liammcld. dil DLL File 3
) 8 msver71d di DLL File 5 - ; % absolute humidity in g/kg air
Insert Cancel Exarnple_hl_ptsw_HuAir m -file hi_ptsew_HuAir rm @
L (9112 _Jil_[aitidst | Ptk
] 7 = hl=hl_ptxuy Hulir(p,t,xw)
- T = ] %
B A [E])x= [2 <€ 31 ap ®| |[Myste ] Peo , o
bar =1 105 Pa C=1 &J = 1000-J Workspace | Current Directory Function call
kg Command History 2 x of FluidLAB
P 100 t=300°C  x= _l'k_! o= 20.06.07 10150 —-%
p ot 1w Command Window
h=hptx 91—, —,—|— hl =
bar '°C (kg | kg
| R_J \ . 45.5084
E Function call .
of FluidMAT

4 Start | Cick and drag to move Command History. .,

OiF. &

Add-On FluidVIEW for LabVIEW™
The property functions can be calculated in LabVIEW™.

Add-On FluidDYM for DYMOLA® (Modelica) and SimulationX®
The property functions can be called in DYMOLA® and SimulationX®.

File Edit Simulation Plob Animation Commands  Window Help
FHQE Ri/OO¢ : HE =[w
Kontexthifie | Package Braser xm o}
Path LibRealAir.dll

) fluidDYM_LibSeaWa_Input in FluidDYM_SeaWa. TestMo... [2)[X]

General | Add modiiers

Packages

D:\Eigene Datelen) | =) € Modelica Fiference

Model
Pressure p in bar CHoseica

Path LibRealAir.dll [4] Unnamed
:Im Pressure p in bar [0] —f=7 (5] | = (FlidbYM_Seawa
in o C -
TR Temperature tin °C [11- | Cp luu[g] >

Spedific isobaric heat capaci
[C:\..ib\ Fluid VIEW \LibRealAir. Ib\ cp_ptx_air.vi] (4€

Companent
Mame  [fuidDYM_LibSeawla_Input
Model

Path FluidD'rM_Seaw'a FluidD'YM_LibS eaw/a_Input
Comment

leon

r Vapor fraction x in kg/kg [2] [Jinterfaces

4|20 Error in (no error) [3] st = B2 FIidDYM_LibSeswa_lnput | | e
Vapor fraction x in kg/kg SRR |

oL
Specific isobaric heat capacity in kJ/(kg"K) [
1.02146 =i

»
> -
»

InSesVa_input

b Parameters.
S Example1 scafiange U007 b Scaniange

Fle Edt Simulation Plot Animation Commands Window Help

NG interpretation
—‘I—,' m 2 wHQES N ¢ B[00 Bevo: @ 85K @ | ™) W»
a
- \ ’ h_pi_Seawia |
Path LibRealAir.dll mq —— Vasiables A 'ﬁi‘;”;lﬁl?liss?:ﬁa @
7-_ = =Examplel 1 ——— fluidDYM_LibSeaWa_nput.z kappa_piXi Seawa b |
I E‘md +Parameter_x2 70 kappal_pixi_Seawa
Pressure p in bar LibRealAir - kappasl_pstsisl_Seaw'a
HParameter_x3 Kappas_petsiel_Seawa
# Parameter_x1 kappaTl_pixi_ Seaw'a
=IfuidDYM_LibS eswa_lnput 69 4 kappaT s|_psiskisl_Seawa v
Temperature t in °C Specific iso | scanRange [ 0.001
(] FunctionNumber
-w!z N 66 k‘ | Eyvadelng | e smuistion
] =
Vapor fraction x in kg/kg e ® FluidDYM_LibSeawa_Input.z = 67.9239
Clx2 67
= O slope =0
o time =
Ll | [ ee | time = 1




Add-On FluidEES for
Engineering Equation Solver®

21|
" Math functions (" EES library routines
" Fluid properties s
" Solid/liquid properties " |Boiling and Condensation ~
?" Function Info

EIGEN_EOS.DLL
C©IPENG_ROBINSON.DLL
(SLIBHUAIRPROP_SLDLL]
EIMONTECARLO.DLL
CILIBCO2DLL
ELIBR.DLL

{8 CURVEFIT1D
ELlANA

File Edit Search Options Calcul Tables

Plots Windows Help Examples
& Equations Window
"Calculating the Enthalpy - h_ptWwHuAirProp”

P! ain |

R EES Commercial: D:\Dokumen tationenFuer_EES\HufirProp_ST\Beispielrechnung|

=20
Unit Settings: [kJ)/[C)/[kPal/[kg)/[degrees]

W= = 454866 [kikg) p=101.3 [kPa] t =20 [C] W=0.01 [kokg]
CAL

No unit problems were detected

Calculation time = .1 sec.

App International Steam Tables
for iPhone, iPad, iPod touch,
Android Smartphones and Tablets

International Steam Tables
IAPWS-IF97

ph [

0082812883 mikg
304756534 kg/m'
3046.92981 kibg
3975.05844 kikg
650032283 kg K)

RN

AN
E '
2 g

256333874 kUG K)

Property Software for Pocket Calculators

FluidCasio

.\"'. ‘o

fx 9750 G Il CFX 9850 CFX 9860 G
x-GG20 Graph 85

FluidHP

ALGEBRA
FX2.0 TI

HP 48 HP 49 TI

For more information please contact:

YIKCE

ThermoFluidProperties

KCE-ThermoFluidProperties UG
Prof. Dr. Hans-Joachim Kretzschmar

Haager Weg 6

92224 Amberg, Germany

FluidTI
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Online Property Calculator at
www.thermofluidprop.com

Zittau’s Fluid Property Calculator

Fluid [Water and Steam IAPWSIFS7-LibIF97 =]

Function. [Specific enthalpy hip.x) =l

Unit System:  [SI =

Enter given values: Range of validity

Pressure p [100 [bar

L

Temperature t [400 [

L

Vapor fraction x [ [kakg =]
Details on the vapor fraction x

Calculate / Recalculate |
Result:
Specific enthalpy h =:3097.38

kdkg -

For further information on property libraries available for EXCEL®, MATLAB®, Mathcad®.
Engineering Equation Solver®, DYMOLA® (Modelica), SimulationX®, and LabView® click
here
An App far cal€ulating steam properties on iPhone, iPad, and iPod touch can be found here
PDF with the description
® ZinadiGoerifz Universty of Applied Sciences
Faculty of Mechanical Engineering
Department of Technical Th
Prof. Hans-Joachim Kretzschmar
Dr Ines Stoacker
Programmer. Joachim Posseit

Tel.: +49-3583-61-1346 or -1881

Nspire CX CAS TI 83
Nspire CAS Tl 84
TI 89

Internet: www.thermofluidprop.com
Email: info@thermofluidprop.com
Phone: +49-9621-1762047

Mobile: +49-172-7914607

Fax: +49-3222-1095810

The following thermodynamic and transport properties? can be calculated in Excel®, MATLAB®,
Mathcad®, Engineering Equation Solver® (EES), DYMOLA® (Modelica), SimulationX® and LabVIEW™:

Thermodynamic Properties

» Vapor pressure pg

» Saturation temperature T
* Density p

* Specific volume v

» Enthalpy h

* Internal energy u

» Entropy s

» Exergy e

* Isobaric heat capacity c,
* |sochoric heat capacity ¢,
* |sentropic exponent x

» Speed of sound w

« Surface tension o

Transport Properties

» Dynamic viscosity 7

» Kinematic viscosity v
* Thermal conductivity A
* Prandtl number Pr

» Thermal diffusivity a

* T,v, s (p,h)
* T,v, h(p,s)
*p, T,v(h,s)
*p, T(v,h)
*p, T(vu)

Backward Functions

Thermodynamic Derivatives

« Partial derivatives used in
process modeling can be
calculated.

a Not all of these property functions are available in all property libraries.

www.thermofluidprop.com
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6 Satisfied Customers
Period from 2018 to 2022

The following companies and institutions use the property libraries:
- FluidEXLGraphics for Excel® incl. VBA
- FluidLAB for MATLAB® and Simulink
- FIuidMAT for Mathcad®
- FluidPRIME for Mathcad Prime®
- FIUIEES for Engineering Equation Solver® EES
- FluidDYM for Dymola® (Modelica) and SimulationX®
- FIuidVIEW for LabVIEW ™
- FluidPYT for Python
- FluidJAVA for Java
- DLLs for Windows Applications
- Shared Objects for Linux
- Shared Objects for macOS.

2022
ASTG, Graz, Austria 12/2022
Wandschneider + Gutjahr, Hamburg
RWE Supply & Trading, Essen 11/2022
Stadtwerke Rosenheim
CEA, Saclay, France 10/2022

RWE Supply & Trading, Essen

SEEC Saudi Energy Efficiency Center, Riyadh, Saudi Arabia

MAN, Copenhagen, Denmark

Hermeler & Partner Consulting Engineers, Sassenberg 09/2022
Envi Con, Nirnberg

Drill Cool Systems, Bakersfield CA, USA

RWE Supply & Trading, Essen

Maerz Ofenbau, Zirich, Switzerland

Saale Energie, Schkopau

ERGO, Dresden

Mainova, Frankfurt/Main

Bundeswehr, Koblenz 08/2022
RWE Supply & Trading, Essen

Grenzebach Corporation, Newnan GE, USA

AGRANA, Gmuend, Austria 07/2022
MIBRAG, Zeitz

Hochschule Niederrhein, Krefeld

ULT, Lébau 06/2022

LEAG, Cottbus
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VPC Group, Vetschau

Warme, Hamburg

ILK, Dresden

Stricker 1B, Kissnacht a. Rigi, Switzerland

LEAG, Cottbus 05/2022
RWE Supply & Trading, Essen

IGT Tomalla, Kreuztal

B+T Engineering, Dibendorf, Switzerland

Stricker 1B, Kiissnacht a. Rigi, Switzerland

Vogelsang & Benning, Bochum 04/2022
Frischli, Rehburg-Loccum
BPS Consulting, Sprenge 03/2022

HS Hannover, Maschinenbau & BioVT

M+M Turbinentechnik, Bad Salzuflen

Uni. Strathclyde, Glasgow, UK 02/2022
Delta Energy Group, Jiaozhou City, Qingdao, China

Wetzel 1B, Guben

Wijbenga, PC Geldermalsen, The Netherlands

Voith Paper, Heidenheim

HS Zittau/Gorlitz, Maschinenwesen 01/2022
Thermische Abfallbehandlung, Lauta

Webb Institute, Glen Cove NY, USA

TU Berlin, Umweltverfahrenstechnik

SachsenEnergie, Dresden

Doosan, Chang-won-si, Gyeongsangnam-do, South Korea

KW3, LH Veenendaal, The Netherlands

Université du Luxembourg, Esch-sur-Alzette

Enseleit IB, Mansfeld

Caliqua/Equans, Zirich, Switzerland

Rudnick & Enners, Alpenrod

2021

Wenisch IB, Vetschau 12/2021
PPCHEM, Hinwil, Switzerland

KW3, The Netherlands

BASF Ludwigshafen

Air-Consult, Jena

Sjerp & Jongeneel, RB Zoetermeer, The Netherlands 11/2021
Maerz Ofenbau, Zirich, Switzerland

RWE Supply & Trading, Essen

Hahn IB, Dresden 10/2021
Therm, South Africa

RWE Supply & Trading, Essen

TH Nirnberg, Verfahrenstechnik 09/2021
RWE Supply & Trading, Essen

Enseleit IB, Mansfeld
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SachsenEnergie, Dresden

BSH Hausgerate, Berlin

Norsk Energi, Oslo, Norway 08/2021
AKM Industrieanlagen, Haltern

Drill Cool Systems, Bakersfield CA, USA

Siemens Energy Global, Erlangen 07/2021
Wulff & Umag, Husum

Planungsbiro Waidhas, Chemnitz

Burkhardt Energie Technik, Mihlhausen

Licke 1B, Paderborn 06/2021
TU Dresden, Energieverfahrenstechnik

Warme, Hamburg

AL-KO Therm, Kotz

PCK Raffinerie, Schwedt

Vogelsang & Benning, Bochum 05/2021
MTU, Miinchen

VPC Group, Vetschau

AVG, KdIn 04/2021
TH Ulm, Institut fir Fahrzeugtechnik

Marty IB, Oberwil, Switzerland

HypTec, Lebring, Austria

Lopez IB, Getxo, Bizkaia, Spain 03/2021
GM Remediation Systems, Leoben, Austria

Jager Kaltetechnik, Osnabriick

T&M Automation, GR Leidschendam, The Netherlands

RWE Supply & Trading, Essen

Stadtwerke Leipzig

Beuth Hochschule fur Technik, Berlin

Beleth IB, Woeth 02/2021
ZTL, Thal, Austria

ETABO Bochum

RWE Supply & Trading, Essen

Onyx Germany, Berlin

TU Dresden, Kaltetechnik

GOHL-KTK, Durmersheim

Therm Development, South Africa

thermofin, Heinsdorfergrund

RWE Supply & Trading, Essen 01/2021
STEAG, Essen

ETA Energieberatung, Pfaffenhofen

Enex Power, Kirchseeon

2020

Drill Cool, Bakersfield CA, USA 12/2020
Manders, The Netherlands
RWE Supply & Tranding, Essen
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NEOWAT Lodz, Poland

University of Duisburg-Essen, Duisburg 11/2020
Stellenbosch University, South Africa

University De France-COMTe, France

RWE, Essen

STEAG, Herne

Isenmann Ingenierbiro

University of Stuttgart, ITLR, Stuttgart

Norsk Energi, Oslo, Norway

TGM Kanis, Nirnberg

Stadtwerke Neuburg 10/2020
Smurfit Kappa, Roermond, The Netherlands

RWE, Essen

Hochschule Zittau/Gérlitz, Wirtschaftsingenieurwesen

Stadtwerke, Neuburg

ILK, Dresden

ATESTEO, Alsdorf

Hochschule Zittau/Gérlitz, Maschinenwesen

TH Nirnberg, Verfahrenstechnik

Drill Cool, Bakersfield CA,USA 09/2020
RWE, Essen

2Meyers Ingenieurblro, Nirnberg

FELUWA, Mirlenbach

Stadtwerke Neuburg

Caverion, Wien, Austria

GMVA Niederrhein, Oberhausen

INWAT Lodz, Poland

Troche Ingenieurblro, Hayingen 08/2020
CEA Saclay, France
VPC, Vetschau 07/2020

FSK System-Kalte-Klima, Dortmund

Exergie Etudes, Sarl, Switzerland

AWG Wuppertal

STEAG Energy Services, Zwingenberg

Hochschule Braunschweig 06/2020
DBI, Leipzig

GOHL-KTK, Dumersheim

TU Dresden, Energieverfahrenstechnik

BASF SE, ESI/EE, Ludwigshafen

Warme Hamburg

Ruchti Ingenieurbiro, Uster, Switzerland

IWB, Basel, Switzerland

Midiplan, Bietingen-Bissingen 05/2020
Knieschke, Ingenieurblro

RWE, Essen

Leser, Hamburg
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AGRANA, Gmiind, Austria
EWT Wassertechnik, Celle

Hochschule Darmstadt 04/2020
MTU Miinchen CCP
HAW Hamburg 03/2020

Hanon, Novi Jicin, Czech Republic

TU Dresden, Kaltetechnik

MAN, Copenhagen, Denmark

EnerTech, Radebeul 02/2020
LEAG, Cottbus

B+B Enginering Magdeburg

Hochschule Offenburg

WIB, Dennheritz 01/2020
Universitat Duisburg-Essen, Strdmungsmaschinen

Kaltetechnik Dresen-Bremen

TH Ingolstadt

Vattenfall AB, Jokkmokk, Sweden

Fraunhofer UMSICHT

2019
PEU Leipzig, Rétha 12/2019
MB-Holding, Vestenbergsgreuth
RWE, Essen
Georg-Blichner-Hochschule, Darmstadt 11/2019

EEB ENERKO, Aldenhoven

Robert Benoufa Energietechnik, Wiesloch

Kehrein & Kubanek Klimatechnik, Moers 10/2019
Hanon Systems Autopal Services, Hluk, Czech Republic

CEA Saclay, Gif Sur Yvette cedex, France

Saudi Energy Efficiency Center SEEC, Riyadh, Saudi Arabia

VPC, Vetschau 09/2019
jGanser PM + Engineering, Forchheim

Endress+Hauser Flowtec AG, Reinach, Switzerland

Ruchti IB, Uster, Switzerland

ZWILAG Zwischenlager Wirenlingen, Switzerland 08/2019
Hochschule Zittau/Gorlitz, Faculty Maschinenwesen

Stadtwerke Neubrandenburg

Physikalisch Technische Bundesanstalt PTB, Braunschweig

GMVA Oberhausen 07/2019
Endress+Hauser Flowtec AG, Reinach, Switzerland

WARNICA, Waterloo, Canada

MIBRAG, Zeitz 06/2019
Poyry, Zirich, Switzerland

RWTH Aachen, Institut fir Strahlantriebe und Turbomaschinen

Midiplan, Bietigheim-Bissingen

GKS Schweinfurt
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HS Zittau/Gorlitz, Wirtschaftswissenschaften und Wirtschaftsingenieurwesen

ILK Dresden

HZDR Helmholtz Zentrum Dresden-Rossendorf

TH KoéIn, Technische Gebaudeausristung 05/2019
IB Knittel, Braunschweig

Norsk Energi, Oslo, Norway

STEAG, Essen

Stora Enso, Eilenburg

IB Lucke, Paderborn

Haarslev, Sonderso, Denmark

MAN Augsburg

Wieland Werke, Ulm 04/2019
Fels-Werke, Elbingerode

Univ. Luxembourg, Luxembourg

BTU Cottbus, Power Engineering 03/2009
Eins-Energie Sachsen, Schwarzenberg

TU Dresden, Kalte- und Kryotechnik

ITER, St. Paul Lez Durance Cedex, France

Fraunhofer UMSICHT, Oberhausen

Comparex Leipzig for Spedition Thiele HEMMERSBACH

Ruckert NaturGas, Lauf/Pegnitz

BASF, Basel, Switzerland 02/2019
Stadtwerke Leipzig

Maerz Ofenbau Zirich, Switzerland

Hanon Systems Germany, Kerpen

Thermofin, Heinsdorfergrund 01/2019
BSH Berlin

2018
Jaguar Energy, Guatemala 12/2018

WEBASTO, Gilching

Smurfit Kappa, Oosterhout, Netherlands

Univ. BW Minchen

RAIV, Liberec for VALEO, Prague, Czech Republic 11/2018
VPC Group Vetschau

SEITZ, Wetzikon, Switzerland

MVV, Mannheim 10/2018
IB Troche

KANIS Turbinen, Nirnberg

TH Ingolstadt, Institut fiir neue Energiesysteme

IB Kristl & Seibt, Graz, Austria 09/2018
INEOS, Kdln

IB Lucke, Paderborn

Slidzucker, Ochsenfurt 08/2018
K&K Turbinenservice, Bielefeld 07/2018

OTH Regensburg, Elektrotechnik
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Comparex Leipzig for LEAG, Berlin
Minstermann, Telgte

TH Nirnberg, Verfahrenstechnik
Universitat Madrid, Madrid, Spanien
HS Zittau/Gorlitz, Wirtschaftsingenieurwesen
HS Niederrhein, Krefeld
Wilhelm-Bichner HS, Pfungstadt
GRS, Kdln

WIB, Dennheritz

RONAL AG, Harklingen, Schweiz
Ingenieurbiiro Leipert, Riegelsberg
AIXPROCESS, Aachen

KRONES, Neutraubling

Doosan Lentjes, Ratingen
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1 Property Library ASHRAE-LibHuAirProp-SI

1.1 Function Overview

1.1.1 Function Overview for Real Moist Air

Functional Function Name Property or Function Unit of the Page
Dependence Result

a="f(p,t,W) a_ptW_HAP_SI Thermal diffusivity m?/s 3/2

a, =f(p,t,W) alphap_ptW_HAP_SI Relative pressure coefficient 1/K 3/3

By = f(p,t,W) betap_ptW_HAP_SI Isothermal stress coefficient kg/m? 3/4

c =f(p,t,W) c_ptW_HAP_SI Speed of sound m/s 3/5

Cp = f(p,t,W) cp_ptW_HAP_SI Specific isobaric heat capacity kJ/(kg'K) 3/6

¢, =f(p,t,W) cv_ptW_HAP_SI Specific isochoric heat capacity kJ/(kg'K) 3/7

f=1f(p,t) f pt HAP_SI Enhancement factor (decimal ratio) - 3/8

h=1(p,t,W) h_ptw_HAP_SI Air-specific enthalpy kJ/kga 3/9

n="f(p,t,W) Eta_ptW_HAP_SI Dynamic viscosity Pa's 3/10
x =f(p,t,W) Kappa_ptW_HAP_SI Isentropic exponent - 3/11

A =f(p,t,W) Lambda_ptW_HAP_SI Thermal conductivity W/(m-K) 3/12
v="1f(p,t,W) Ny ptW_HAP_SI Kinematic viscosity m?3/s 3/13
p =f(t,s,W) p_tsW_HAP_SI Pressure of humid air kPa 3/14
p=f(Zge) p_zele HAP_SI Pressure of humid air from elevation kPa 3/15
Pair = f(p.t, W) pAIR_ptW_HAP_SI Partial pressure of dry air in moist air kPa 3/16
Proo = f(p,t,W) pH20 ptW_HAP_SI Partial pressure of water vapor in moist air kPa 3/17
Proos = f(p.t) pH20s_pt_HAP_SI Partial saturation pressure of water vapor kPa 3/18
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Functional Function Name Property or Function Unit of the Page

Dependence Result

o =f(p,t,W) phi_ptW_HAP_SI Relative humidity (decimal ratio) - 3/19

Pr =f(p,t,W) Pr_ptW_HAP_SI PRANDTL number - 3/20

wair =f(W) PsiAir_W_HAP_SI Mole fraction of dry air in moist air mola/mol 3/21

Yipo = (W) PsiH20_W_HAP_SI Mole fraction of water vapor in moist air molw/mol 3/22

p =f(p,t,W) Rho_ptW_HAP_SI Density kg/m? 3/23

s =f(p,t,W) s _ptW_HAP_SI Air-specific entropy kJ/(kga'K) 3/24

t =1(p,h,p) t phphi_HAP_SI Backward function: temperature from total pressure, air-specific °C 3/25
enthalpy and relative humidity

t =f(p,h,W) t phW_HAP_SI Backward function: temperature from total pressure, air-specific °C 3/26
enthalpy and humidity ratio

t="1(p,s,W) t psW_HAP_SI Backward function: temperature from total pressure, air-specific °C 3/27
entropy and humidity ratio

t=f(p,typ.W) t ptwbW_HAP_SI Backward function: temperature from total pressure, wet-bulb °C 3/28
temperature and humidity ratio

ty =f(p,W) td pW_HAP_SI Dew-point/frost-point temperature °C 3/29

ts = (P, Proo) ts_ppH20_ HAP_SI Backward function: saturation temperature of water from total °C 3/30
pressure and partial pressure of water vapor

twp =f(p,t,W) twb_ptW_HAP_SI Wet-bulb/ice-bulb temperature °C 3/31

u="~f(pt,W) u_ptW_HAP_SI Air-specific internal energy kJ/kga 3/32

v =f(p,t,W) v_ptW_HAP_SI Air-specific volume m3/kga 3/33

W =1(p.,t,Pr20) W_ptpH20_HAP_SI Humidity ratio from total pressure, temperature, and partial pressure | kgw/kga 3/34
of water vapor

W =1(p,t,p) W_ptphi_HAP_SI Humidity ratio from total pressure, temperature, and relative humidity | kgw/kga 3/35

W =f(p,ty) W_ptd HAP_SI Humidity ratio from total pressure and dew-point temperature kgw/kga 3/36
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Functional Function Name Property or Function Unit of the Page
Dependence Result

W =f(p,t,tp) W_pttwb_HAP_SI Humidity ratio from total pressure, (dry bulb) temperature, and wet- | kgw/kga 3/37

bulb temperature

W, =f(p,t) Ws_pt HAP_SI Saturation humidity ratio kgw/kga 3/38
Enir = f(W) XiAir W_HAP_SI Mass fraction of dry air in moist air kgarkg 3/39
Epo = f(W) XiH20_W_HAP_SI Mass fraction of water vapor in moist air kgw/kg 3/40
Z =f(p,t,W) Z ptW_HAP_SI Compression factor (decimal ratio) - 3/41
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Range of Validity of Thermodynamic Properties
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|Property Range of Validity

Pressure: 001 < P < 10000 kPa
Temperature: -14315 < t < 350 °C

Humidity ratio: 0 < w < 10 kgw/kga
Relative humidity: 0 < ¢ < 1 (decimal ratio)
Dew-point temperature: | _14315 < t3 < 350 °C

\Wet-bulb temperature: -143.15 < typ < 350 °C

Units
Symbol | Quantity Unit
p Pressure kPa
t Temperature °C
w Humidity ratio kgw/kga (kg water / kg dry air)
® Relative humidity (decimal ratio)
ta Dew point temperature °C
twb Wet bulb temperature °C

Range of Validity of

Transport Properties

|Property Range of Validity

Pressure: 001 < P < 10000 kPa
Temperature: -7315 < t < 350 °C

Humidity ratio: 0 < w < 10 kgw/kga
Relative humidity: 0 < ¢ < 1 (decimal ratio)
Molar Masses

Component Molar Mass Reference

Dry Air 28.966 kg/kmol [17]

Water 18.015268 kg/kmol [5], [6]

Reference States

Property Dry Air Steam, Water, and Ice
Pressure 101.325 kPa ps(0.01°C) = 0.611657 kPa
Temperature 0°C 0.01°C

Enthalpy 0 kJ/kg 0.000611782 kJ/kg
Entropy 0 kJ/(kg K) 0 kJ/(kg K)
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1.1.2 Function Overview for Steam and Water for Temperatures t2 0°C

Functional Function Name Property Unit of the Page
Dependence Result

hiq = f(p,t) hlig_pt_97_SI Specific enthalpy of liquid water kJ/kg 3/43
hiig,s = f(t) hligs_t_97_SI Specific enthalpy of saturated liquid water kJ/kg 3/44
hyap,s = f(t) hvaps t 97_SI Specific enthalpy of saturated water vapor kd/kg 3/45
ps =f(t) ps_t 97 SI Saturation pressure of water kPa 3/46
Siiq = f(p,t) slig_pt_97_SI Specific entropy of liquid water kJ/(kg'K) 3/47
Siig,s = f(t) sligs_t_97_SI Specific entropy of saturated liquid water kJ/(kg'K) 3/48
Syap,s = f(t) svaps_t_97_SI Specific entropy of saturated water vapor kJ/(kg'K) 3/49
ty =f(p) ts p 97 SlI Saturation temperature of water °C 3/50
Vig = f(p,t) vlig_pt_97_SI Specific volume of liquid water m3/kg 3/51

Viigs = f(t) vligs_t 97_SI Specific volume of saturated liquid water m3/kg 3/52
Vyap,s = f(t) vvaps_t_97_SI Specific volume of saturated water vapor m3/kg 3/53
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Range of Validity

|Property Range of Validity
Pressure: 0.01< P < 10000 kPa
Temperature: 0<t < 350 °C

Units
Symbol | Quantity Unit
p Pressure kPa
t Temperature | °C

Reference State

Water Vapor and Liquid

Property Water

Pressure ps(0.01°C) = 0.611657 kPa
Temperature 0.01°C

Enthalpy 0.000611782 kJ/kg
Entropy 0 kd/(kg K)

SI-1/7

ASHRAE LibHuAirProp Calculation Library



SI-1/8

1.1.3 Function Overview for Steam and Ice for Temperatures t< 0°C

Functional Function Name Property Unit of the Page
Dependence Result

hice sub = f(t) hicesub_t 06_SI Specific enthalpy of saturated ice kd/kg 3/55
hyap sub = f(t) hvapsub_t_95_SI Specific enthalpy of saturated water vapor kJ/kg 3/56
Pmer = f(t) pmel_t 08_SI Melting pressure of ice kPa 3/57
Psub = f(t) psub_t 08_SI Sublimation pressure of ice kPa 3/58
Sice.sub = f(t) sicesub_t 06_SI Specific entropy of saturated ice kJ/(kg'K) 3/59
Svap.sub = f(t) svapsub_t 95 Sl Specific entropy of saturated water vapor kJ/(kg'K) 3/60
trel = f(P) tmel_p_08_SI Melting temperature of ice °C 3/61
teup = f(P) tsub_p_08_SI Sublimation temperature of ice °C 3/62
Vice,sub = f(t) vicesub_t 06_SI Specific volume of saturated ice m3/kg 3/63
Vyap,sub = f(t) vvapsub_t 95 SI Specific volume of saturated water vapor m3/kg 3/64
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Range of Validity Units

|Property Range of Validity Symbol | Quantity Unit
Pressure: psub(—143.15°C) = 1.2002 x 10" < p < 10000 kPa p Pressure kPa
Temperature: -14315 <t <0 °C t Temperature | °C

Reference State

Property Water Vapor and Ice
Pressure ps(0.01°C) = 0.611657 kPa
Temperature 0.01°C

Enthalpy 0.000611782 kJ/kg
Entropy 0 kJ/(kg K)

SI-1/9
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1.2 Conversion of Sl and I-P Units

Property Conversion: Sl Units -2 I-P Units Conversion: I-P Units - Sl Units Units Sl Units I-P
ap _3s IL_ap
Thermal diffusivity @ it m? <10.76391042 m2 - ft? x0.0929304 m2/s ft?/s
s s s s
Relative pressure  a dpip _9psi 9 st _9pip S
o P 1 1 5 1 1 9 1/K 1°R
coefficient R K K R
Isothermal stress Boip _ Bpsi Bpsi _ Bop
e By | - o *0:062428 oy = x16.018463 kg/m® b/
coefficient 3 me me 3
Sp _Csi S _CGp
Speedofsound o | fo = m *3:2808399 m = 03048 " e
s s s s
L : c c c c
Specific isobaric ¢ piP__ ~pSl ZpSt _ "plP
g , Po| B T kg 02388459 ki~ B <1868 kJi(kg'K) | Btu/(Ib°R)
heat capacity b °R 7kg K 7kg K Ib°R
c c c c
Specific isochoric vIP__ Zv.Sl 02388459 vSI _ ZvIP . 4 1868
P . ¢, | Bu k7 kJ _ Bu <" kJi(kg'K) | Btu/(b~R)
heat capacity Ib°R 7kg K 7kg K Ib°R
e _ Nsi Ns1 _ e
Dynamic viscosity 7] bs Pa x0.02088543 Pa “Tos 47.880259 Pas Ib-s/ft?
ft? s s ft?
Enhancement
f | fp="Ts fs1 =fip . =
factor
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Property Conversion: Sl Units 2 I-P Units Conversion: I-P Units - Sl Units Units Sl Units I-P
Alr-speifi fip x 0.4299226 + 7.68565365666 h h
—— = +
enthalpy h | Bu kJ % = % —~7.68565365666 |x 2.326 kJ/kga Btu/lba
g Ib kg — | —
(moist air) a a kg, b,
Specific enthalpy h hg, h h
=P - 0.4299226 SL__IP 2326
(water, water hy | Btu kJ kK kJ  Btu - kJ/kg Btu/lb
vapor, ice) b kg kg b
Isentropic
K Kip = K| KsI = Kip - -
exponent
Thermal Ap  _ A8 ﬁ _ Ap
. P BtG - W x0.57778932 W Big x1.73073467 W/(m-K) Btu/(hft°R)
conductivity hft°R mK mK hft°R
Kinematic Yip _ ﬁ Vip
| ' y e ﬂ -51410.763910417 me E x0.092903040 m2/s f2/s
viscosity S s s s
Pressure P pI—P Psi ><0 14503774 p—S pIP x6.894757 kPa psi
psi kPa kPa i
Relative humidity @ Pp = Pg| Psi =Pp - -
Prandtl number  Pr | Prip =Prip Prg, = Prip ) )
Mole fraction 4 Vip =V¥s) Vsl =¥ip mol/mol mol/mol
L _Psi £sl_Pie
Density 0 b = kg x0.062428 kg b x16.018463 kg/m?® lb/f
ft ms m*  ftd
Air-specific Sip Sg)
——— =—=x0.2388459 + 0.01616365106 Sg Sp
entropy s Btu kJ o | TBu 0.01616365106 |x4.1868 | kJ/(kga'K) Btu/(Iba°R)
(moist air) Ib, °R kg, K kga K b, °R
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factor

Property Conversion: Sl Units 2 I-P Units Conversion: I-P Units - Sl Units Units Sl Units I-P
Specific entropy Sp Ss) Sg) Sp
= x0.23884589 = x4.1868
(water, water Sw Btu kJ kJ Btu kJ/(kga'K) | Btu/(Iba°R)
vapor, ice) Ib, °R kg, K kgga K b, °R
tp _ts1 9 tsi _(tp 5
t | B8, Z132 I e A ° °F
Temperature °F = °C X 5 + °C = 9 C
(u=h-pv) (u=h-pv)
Air-specific Yp _ D1 4299226 +7.68565365666 Ysi _ (e _7 68565365666 |x2.236
| Bu kS k| Bu
internal energy u Ib, kg, kg, Ib, kJ/kga Btu/lba
moist air
( ) - Psi ,0.145037738. LS. x16.018453 _P , 6.894757293. YSIP « 0.062428
kPa m psi ft
kda b,
Air-specific
P _ Sl ,16.018453 sl _MP . 0.062428
volume v | £ m m®  ft* m3/kga ft*/Iba
(moist air) b, kg, Kga  Ibg
Specific volume P _ Sl 16.018453 st _YP , 0.062428
P _7S1,16.01845 SE_JP o,
(water, water Yw ft m® g m g m3/kg ft*/lb
vapor, ice) b kg kg b
Humidity ratio w Wip = Wg Ws =Wp kgw/kga [bw/Iba
Mass fraction d éip = E&g s1=4p kgw/kg Ibw/lb
Compression
Z | Zp="Zs Zg =Zp - -
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1.3 Calculation Algorithms

1.3.1 Algorithms for Real Moist Air

The properties of moist air are calculated from the modified Hyland-Wexler model given in Herrmann,
Kretzschmar, and Gatley (HKG) [1], [2]. The modifications incorporate:

the value for the universal molar gas constant from the CODATA standard by Mohr and Taylor
[22]

the value for the molar mass of dry air from Gatley et al. [17] and that of water from IAPWS-95
[5], [6]

the calculation of the ideal-gas parts of the heat capacity, enthalpy, and entropy for dry air from
the fundamental equation of Lemmon et al. [14]

the calculation of the ideal-gas parts of the heat capacity, enthalpy, and entropy for water
vapor from IAPWS-IF97 [7], [8], [9] for t > 0°C and from IAPWS-95 [5], [6] for t <0°C

the calculation of the vapor-pressure enhancement factor from the equation given by the
models of Hyland and Wexler [21]

the calculation of the second and third molar virial coefficients B,; and C,,, for dry air from
the fundamental equation of Lemmon et al. [14] according to Feistel et al. [24]

the calculation of the second and third molar virial coefficients B,,,, and C,,,,, for water and
steam from IAPWS-95 [5], [6] according to Feistel et al. [24]

the calculation of the air-water second molar cross-virial coefficient B,,, from Harvey and
Huang [15]

the calculation of the air-water third molar cross-virial coefficients C,,,, and C,,,, from Nelson
and Sauer [12], [13]

the calculation of the saturation pressure of water from IAPWS-IF97 [7], [8], [9] for t > 0°C and
of the sublimation pressure of water from IAPWS-08 [11] for ¢t <0°C

the calculation of the isothermal compressibility of saturated liquid water from IAPWS-IF97 [7],
[8], [9] for t > 0°C and that of ice from IAPWS-06 [10] for t <0°C in the determination of the
vapor-pressure enhancement factor

the calculation of Henry's constant from the IAPWS Guideline 2004 [16] in the determination of
the enhancement factor. The mole fractions for the three main components of dry air were
taken from Lemmon et al. [14]. Argon was not considered in the calculation of Henry’s constant
in the former research projects, but it is now the third component of dry air.

The transport properties of moist air are calculated from the model given in Herrmann et al. [3], [4].
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1.3.2 Algorithms for Steam and Water for Temperatures t2 0°C

The p-T diagram in Fig. 1 shows the formulations used for water and water vapor. The temperature
range above 0°C is covered by IAPWS-IF97 [7], [8], [9]:

The saturation line is calculated from the IAPWS-IF97 saturation pressure equation p§7(t)
and saturation temperature equation t§’7(p).

The properties in the liquid region including saturated-liquid line are calculated from the
fundamental equation of the IAPWS-IF97 region 1.

The properties in the vapor region including saturated-vapor line are calculated from the
fundamental equation of the IAPWS-IF97 region 2.

1.3.3 Algorithms for Steam and Ice for Temperatures ¢t < 0°C

The sublimation curve is covered by the IAPWS-08 sublimation pressure equation pgfm(t)
[11] (see Fig. 1).

The properties of ice including saturated ice are determined by the fundamental equation of
the IAPWS-06 [10].

The properties of vapor including saturated vapor are calculated from the fundamental
equation of IAPWS-95 [5], [6].

1.3.4 Overview of the Applied Formulations for Steam, Water, and Ice

The following p-T diagram shows the used IAPWS Formulations and the ranges where they are

applied.
p/kPa
107 .
104 p=10000 kPa pe = 22604 kPa ©
10+ 4 Liguid
IAPWS-IF97 o
107 Region 1 o (1) .
10* 4 Ice ' %
1071 IAPWS-06 p=06112kPa g2
n
10 "
107 4 ¢
: )
04 I;L'E- E &
10 o ; o
104 ul I ]
) 1 I
107 iy o8 fpy Vapor =~
I el IAPWS-IF97
1971 Region 2
b Vapar
10% IAPWS-95
10
1071 1
10 p=1200x10"kPa
0
10" . . : : . . . . . . -
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Figure 1: p-T diagram with used IAPWS formulations for steam, water, and ice.
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2 Add-On FluidDYM for DYMOLA® for ASHRAE-
LibHUAirProp-SI

2.1 Installing FluidDYM

The FluidDYM Add-On has been developed to calculate thermodynamic properties in Dymola®
more conveniently. Within Dymola® it enables the direct call of functions relating to moist air from
the ASHRAE-LibHuAirProp-SI property library. The 32-bit version of FluidDYM LibHuAirProp runs
on both the 32-bit and 64-bit version of Dymola®.

2.1.1 Installing FluidDYM including LibHuAirProp

The installation of FluidDYM and ASHRAE-LibHuAirProp_SI is described in Section 2.1.1 in "Part I-
P Units" of this User's Guide.

2.1.2 The FluidDYM Help System

Dymola® provides detailed help functions which are described in in Section 2.1.2 in "Part I-P Units"
of this User's Guide.

2.2 Example: Calculation of h = f(p,t,W)

Now we will calculate, step by step, the specific enthalpy h of moist air as a function of pressure p,
temperature t and humidity ratio W, using Dymola®.
Please carry out the following instructions:

- Start Windows Explorer®, Total Commander®, My Computer or another file manager program.
The description here refers to Windows Explorer

- Your Windows Explorer should be set to Details for a better view. Click the "View" (Ansicht)
button and select "Details".

- Switch into the program directory of FluidDYM in which you will find the folder "\LibHuUAirProp";
the standard location is:
"C:\Users\..\Documents\FluidDYM_32"

- Create the folder "\LibHuAirProp_SI_Example" by clicking on "File" in the Explorer menu, then
"New" in the menu which appears, and then selecting "Folder". Name the new folder
“\LibHuUAirProp_SI_Example".

- Switch into the directory "\LibHuAirProp" within "\FluidDYM_32" or "FluidDYM_64".
In order to calculate the function h = f(p,t,W), the following files are necessary.

For the 32-bit version of FluidDYM copy these files into the example directory
"C:\Users\..\Documents\FluidDYM_32\LibHuAirProp_SI_Example™:

* "FluidDYM_HuAirProp_SI.mo"

«"LC.dII"

* "LibHuUAirProp_SlI.dll

* "LibHuAirProp_SI_Dymola.dll"

* "LibHuAirProp_SI_Dymola.h"

* "LibHuAirProp_SI_Dymola.lib"
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* the folder "Users_Guide"
- Mark up these files, then click "Edit" in the upper menu bar and select "Copy".

- Switch into the directory "C:\Users\..\Documents\FluidDYM_32\LibHuAirProp_SI_Example", click
"Edit" and then "Paste".

For the 64-bit version of FluidDYM copy these files into the example directory
"C:\Users\..\Documents\FluidDYM_64\LibHuAirProp_SI_Example":

* "FluidDYM_HuAirProp_SI.mo"

« "LC.dII"

* "LibHuAirProp_Sl.dll"

* "LibHuAirProp_SI_Dymola.dll"

* "LibHuAirProp_SI_Dymola.h"

* "LibHuAirProp_SI_Dymola.lib"

* the folder "Users_Guide"

- Mark up these files, then click "Edit" in the upper menu bar and select "Copy".

- Switch into the directory "C:\Users\..\Documents\FluidDYM_64\LibHuAirProp_SI_Example", click
"Edit" and then "Paste".

- Start Dymola®.

- Now click on "File" in the Dymola® menu bar and select "Open" (see Figure 2.2.1).

Edit Simnulation Flot Animation Commands  Window  Help (== X}
cten. oV AWML 8- [fin Z-i% ¢ 9 wEHE L0 v
oo CtrHO
I
WVersion 3
Clear al
@ search
Change Directory.
E & print... Ctr4p a3
| Cof e x|
Cc Sawe Log...
[ Save Script...
Clear Log
Recent Files 3
Exit
Open a Modelica flle. B Modeling | y® Simulation

Figure 2.2.1: Selecting the menu entry "Open"

- Search and click on the directory "C:\Users\..\LibHuAirProp_SI_Example" in the menu that
appears.

- Select the "FluidDYM_LibHuAirProp_Sl.mo" file and click on the "Open" button (see Figure
2.2.2)
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Laok irc | [ LibHusiProp_S|_Example ~| @ @k EE-

e () Users_Guide_51
;5 |§] FluidD'v'M_LibHuwsirProp_Sl.mo

ty Recent
Documents

My Computer
rdn Metworlk Filz narne: |FIuidD"r’M_Linu&irF’rop_SI.mo ﬂ Open |
Places
Files of type: |.~’-‘-.II todelica files [F.mo *.moe) j Cancel

Figure 2.2.2: Selecting the FluidDYM_LibHuAirProp_SI.mo file

- The library will be loaded by Dymola® which may take a few seconds.

- After Dymola® has finished loading the LibHuAirProp_SlI library, you will see the window shown
in Figure 2.2.3.

Dymola - Dynamic Modeling Laboratory - [Diagram]

File Edit Simulation Flot Animation Commands Window  Help

s HQAE R/ Hey AN L &[4,

- ¢ > mQHEB S[0: v
x

Package Browser

iKY
4

Packages
##¥Modelica Reference
[JModelica

[Unnammed
[CJ| FluidDvh_LibHuAiProp_SI

EJ(E]) « » &
Compaonent Browser

Components

[Unnarned

| 1B Modeling | 2 Simulation

Figure 2.2.3: Dymola® window after loading the LibHuAirProp_SlI library

- Now, click on "File" in the Dymola® menu bar and select "Change Directory..." in order to open
the folder "\LibHuAirProp_SI_Example" (see Figure 2.2.4).
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Dymola - Dynamic Modeling Laboratory - [Diagram]

Edit  Simulation FPlot Animation Commands Window  Help
o e POV ARL-S-
& Cpen... Chrl+0

- | Libraries 3

Hhy Z-i%- ¢ 5 =@

P

=i
| H zave Chrl+5

u Save As...
Save Al
Save Total..,

Dernos ]

Wersion 3
Clear all

hange Directory. ..

Export...
Sawve Log...
Sawe Scripk. ..

=1
I

Clear Log
Recent Files »

Exit

Figure 2.2.4: Selecting the menu entry "Change Directory..."

- Search and click on the directory "C:\Users\..\LibHuAirProp_SI_Example" in the menu that
appears (see Figure 2.2.5).

r

_
Browse For Folder E]

Change current direckory

[ HF Univerzal Print Driver
i
53 install
50 Intel
[ MDT
=) MS0Cache -
=2 Program Files
=) FluidDyk
(3 LibHuaiProp
)| ibHudiPiop_51_E xample

>

| &

—

[ Make Mew Folder ] [ I l [ Cancel ]

Figure 2.2.5: Selecting the LibHuAirProp_SI_Example directory

- Confirm your selection by clicking the "OK" button.

As indicated in the table of property functions in Chapter 1, you have to call up the function
"h_ptW_HAP_SI" as follows for calculating h = f(p,t,W).

- Click on the Dymola® block "Test," which can be found in the FluidDYM_HuAirProp_SI package

ASHRAE LibHuAirProp Calculation Library



SI-2/5

in the "Package Browser" on the left hand side of the Dymola® window. Here choose Example
by double-clicking on it.

- Now click on the button in the Dymola® menu bar in order to switch to the Diagram Mode.
You will see the following window:

Example - FluidDYM_LibHuAirRrop. S1.Test.Example - [Diagram] =53]
File Edit Sirmulation Plot Animation Commands Window  Help
EHQE R YOOV ARL- 20 %- B-e¢r@gagllE v

Package Browser

Packages
##WModelica Reference

B
[ Modelica
Jnnamed
a [CJI FluidDt_LibHuditProp_SI k=T0T 325

[ Interfacss ;

E e FluidDyr_LibHudirProp_ SI_Input AuidDYM Lib
— Li _Lib... p=
ST

[Example k=20
(R E |« ] » [ & ] w
Component Browser
Components -
= [FlidDPM_LEHwiFrop 51T oot Erample k=0.01

#p
[#t
W

flidCrrhd_LibH wsirProp_S1_lnput

‘ todeling | ® Simulation

Figure 2.2.6: Dymola® in Diagram Mode

- Now double-click on the "FluidDYM_LibHuAirProp_SI_Input" block on the right hand side of the
Dymola® window.

- Search and click the "h_ptW_HAP_SI" function next to "Function Number" in the
menu that appears (see Figure 2.2.7).
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of Animation Commands ‘Window Help

| | General | Add modifiers

Component lcon
Mame [fiuidD'YM_LibHugirProp_S1_Input |

Comment | |

YyYYy
v

Model
Fath FluidD'_LibHusirProp_51. FluidDy'M_LibHusitProp_S1_lnput
Camrment

| Parameters

scanfange |3 Scan range

Praperty Function

Eta ptw HAP 5I ] )
Kappa_ptw'_HAP_SI Cancel a
. Lambda_ptw/_HAP_5| —

= My_ptw_FEF—=t

ptshw_HAP_SI

p_zele HAP_5I

pésir_ptwd_HAP_S|

pH20_ptaf_HAP_SI

pH20=_pt_HAP_SI w

[=]

Figure 2.2.7: Choosing the function h_ptW_HAP_SI

- You can set the scan range (how many times the property will be calculated per second) next to
"scanRange". The preset value 0.001 means that the property will be calculated 1000 times per
second. If you enter the value 1, for example, the property will be calculated once per second.
Do not change the preset value of 0.001 for our example calculation.

r " | '-‘
AuidDYM_LibHuAirProp 51_Input in FluidDYM_ LibHuAirProp. 51.Test.Example [Z] E_l

| Add madifiers

Component lzon
Name  [fuidDvM_LisHusiProp_51_lnput |

Comment | |

Y¥yYY

odel
Path FluidCvt_LibHudirProp_ 51 FluidDvM_LibHudiProp_S1_Input

Comnent

Farameters

Property Function

FunctionMumber |Linuﬁ.irF'mp_SI.Interfaces.FunctionSeIection.h_ptW_H.-’-‘«F'_SI V|i

[ ok |[ o |[ Ccancel

Figure 2.2.8: Setting the scan range

- Now we will configure the input parameters p, t, and W. When calculating a function with only
two input parameters, the third input parameter will not be defined.

- First, double click on the "p" block which represents the first input parameter, here the pressure
p in kPa (see Figure 2.2.9).
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Example - FluidDYM_LibHuAirProp, 51 Test. Example - [Diagram] J
File Edt Simulation Flot Animation Commands Window Help (=& (X}
SHQAS W VOOCARL 8- 2 B¢ SEAES W v

b

Packages

[+ €¥Modelica Reference

[Jtodelica
Unnamed

=] ﬁ FluidD*'k_LibHuirProp_S!
Jinterfaces
E +FluidD'y'h_LibHudirProp_S1_Input

TicdD i _Lik... b=

|
Yy

2 et
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(E [ZE) €] » [&] i
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=[FluidDYM_LibHubiProp_S1.T est Example
P
t
(W
fluidCyh_LibHuiProp_S1_Input

| Modeling | @ Simulation

Figure 2.2.9: "Parameter p" block in Dymola®

- Enter the value 101.325 on the line next to "k" in the dialog window which appears and then click
the "OK" button (see Figure 2.2.10).

=
p in FluidDYM_LibHuAirProp 51T est. Example

| 4dd modifiers
Component |zon
Mame ||:| | Zonstant
Cornment | |
_
bd el
Path Modelica Block s Sources. Congtant k=
Cormment Generate constant signal of type Real
FParameters
—
k | 'IEI'I.SEED Constant output value
—
[ (] ] [ Info ] [ Cancel

Figure 2.2.10: Entering the value for the pressure p

- Now, double click on the "t" block which represents the second input parameter, here the
temperature t in °C.

- Enter the value 20 on the line next to "k" in the dialog window which appears and then
click the "OK" button (see Figure 2.2.11).
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Component |zon
H ame |t | Constant
Comment | | .
b odel
Path Modelica.Blocks. S ources. Congtant k=

Comment Generate conztant signal of type Real

Parameters
—
k. | Z!D Conztant output value
Dot
[ (] ] [ Info ] [ Cancel

Figure 2.2.11: Entering the value for the temperature t

- Now, double click on the "W" block which represents the third input parameter, here the humidity

ratio W in kguw/kga.

- Enter the value 0.01 on the line next to "k" in the dialog window which appears and then click the

"OK" button (see Figure 2.2.12).

=
won FludDYM_LibHuArProp. S1.T ezt Example

Compaonent lzon
H ame: |'W' | Constant
Comrment | | [
b odel
Path Modelica.Blocks.Sources. Congtant k=

Comment Generate constant zsignal of type Real

FParameters
—
k. | D.Dﬂ} Constant output value
—
[ (] ] l Info ] [ Cancel

Figure 2.2.12: Entering the value for the humidity ratio W

All parameters have now been defined.

- Click on the L223m50 | t0n in the lower right area of Dymola® in order to switch into the

"Simulation Mode".

In Figure 2.2.13 you can see what the Dymola® "Simulation Mode" looks like.
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Example - FluidDYM_LibHuAirBrop_51.Test. Example

File Edit Simulation Plot Animation Command:  ‘Window Help

wHQE Nie@: iHS YO ﬁflml O &-
irll HHAr» TIMD - Speed

‘Wariable Browser

Warables | Yalues Unit | Description

Advanced

BunScript ("c: fprogramme fdymola 7.2finsertfdymola.mos", true);
= true

= true

| | 3

| B Modeling | V* Simulation l .

Figure 2.2.13: "Simulation Mode" window

IMPORTANT NOTICE:

Per default the 64-bit version of Dymola® creates a 32-bit simulation process. If you want to create
a 64-bit simulation process you must have installed the 64-bit version of FluidDYM LibHuAirProp
and you now need to enter the following command into the command line of Dymola® and confirm
your entry by pressing the Enter key:

"Advanced.CompileWith64=2"
= Example - FluidDYM_LibHuAi Test. =

File Edit Simulation Plot Animation Commands Window Help Linear analysis

zHQA8 N B wx -EHe-vOU @ E-ER DORE E Al »

i Il |4 444D |Time: 0 [ speed: 1 -
Variable Browser a8 X |
Variables  Values Unit  Descrif || == FiOT L=l
1.0
0.8
0.6+
0.4+
0.24
< 1 » 0.0 T T T T T T T T T
0.0 05 1.0
[ Advanced ] :
X | Text style: Custom v\gi u E (=i =l e
E = true o
= true
= true
= true
g = true U

nts/FluidDYM 64/LibHuAirProp IP Example"); i

O | Advanced.CompileWith64=2|

Modeling V Simulation

Figure 2.2.14: "Simulation Mode" window with 64-bit command
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Now, your 64-bit Dymola® creates 64-bit simulation processes with FluidDYM LibHuAirProp.

Please note that if you restart Dymola® and want to create 64-bit simulation processes again, you
will always have to enter this command anew.

For further information concerning this matter, please see the Dymola® user’s guide.

- Click on the "Simulate" Button in the Dymola® menu bar to start the calculation. Now the
model will be compiled and the simulation starts.

- Afterwards you will see the following entries within the "Variable Browser" window in Dymola®
(see Figure 2.2.15):

Example - FluidDYM_LibHuAirProp, 51.Test. Example

File Edit Simulation Plot Animation Commands ‘window Help

i EHQE Rt sy O @ FEXR OOH £-
P MMAD W Tined [} speet 1 v

W, e x

Vanables  + Values
= Example 1

#p

[t

B

[ uidD v _LibHusiProp_51_lnput

! ]

Advanced

vl = true

W cd("C: /Program Files/FluidlYH/LibHuRirProp SI_Example');

E zimulateModel { "FluidD¥M LibHuRirProp S5I.Test Example", method="dassl", resultFile="Example') ;1
< 1ii | 3

5

[

| B Modeling | * Simulation l I

Figure 2.2.15: "Variable Browser" with new entries

- Click on "FluidDYM_LibHuAirProp_SI_Input" within the "Variable Browser"; then you will see the
input and output parameters "scanRange", "FunctionNumber"”, "z", "x1", "x2", and "x3" (see
Figure 2.2.16).

- By clicking on the "NewPlotWindow" button , @ new diagram window will be opened.
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File Edit Simulation Plaot Animation Commands window Help
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P MM AW Tl [ speed 1

Wariable Browszer x

Y ariables Walues

L IscanFange
[ FunctionNumber
O

D wl

D w?

|:| e}

I[]1} ]

Adwanced

-

= true
M| cd("C: fProgram Files/FluidD¥YM/LibHuRirProp_S5I_Example");

simulateModel ( "FluidDYM LibHufirProp 51 Test Example", method="dassl", resultFile="1%

iJ 1l ] lJ

Modeling | * Simulation |

Figure 2.2.16: Parameters of fluidDYM_LibHuAirProp_SI_Input
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- After clicking on the output parameter "z", the calculated property will be represented

graphically in the "PlotWindow".

- Move the mouse over the curve to see the result of the simulation at a specific point

in time (see Figure 2.2.17).
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B Example - FluidDYM

File Edit Sirmulation Plet Animation Commands Window Help

EEHQAS N €@ 0w - E &vI@ﬁI@J§§E|@D|A|§v
) 1|14 44 41 D> PP |rime: 0 |
Variable Browser g x

—

Variables Values

=1 Example 1 fluidDYM_LibHuAirProp_SI_input z
Hp
[t
W
EfiuidDYM_LibHuAirProp_SI_Input
¢ lscanRange
&L IFunctionNumber
¢ Ix1
W0k

fluidDYM_LibHuAirProp_SI Input.z 45.4862
Slope

Time

Advanced
Text style: Custom - |. i u |. = - | = N ==

true
true
true
aimulatelodel ("FluidD¥M LibHulirProp S5I.Test.Example", method="dassl", resultFile="Example")
= true

B

4 L

Commands

Modeling | * Simulation |

Figure 2.2.17: "DiagramWindow" showing the result

The result for h appears in the "DiagramWindow"

= The result in our sample calculation here is: "h = 45.4862". The corresponding unit is kJ/kg (see

table of the property functions in Chapter 1).

- Now click on the Modeling button in the lower right area of Dymola® in order to
switch into the "Modeling Mode". Here you can arbitrarily change the values for p, t, or W in the

appropriate blocks.

2.3 Removing FluidDYM including LibHuAirProp

The de-installation of FluidDYM and ASHRAE-LibHuAirProp_SlI is described in Section 2.4 in "Part

I-P Units" of this User's Guide.
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3 Property Functions of ASHRAE-LibHuAirProp-SlI

3.1 Functions for Real Moist Air
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Thermal Diffusivity a = f(p,t,W)

Function Name:
a_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION A_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

a_ptW_HAP_SI - Thermal diffusivity of humid air in m 2 /s

Range of Validity:

Temperature t: from -73.15°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Humidity ratio W: 0<W<Wg

Comments:

- Thermal diffusivity a =

P Cp
- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
a_ptW_HAP_SI =-1000
References:
Ap,t,W)  Herrmann et al. [3], [4]

p(p,t, W)  Herrmann et al. [1], [2]
Co(p,t,W)  Herrmann et al. [1], [2]
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Relative Pressure Coefficient o, =f(p,t,W)

Function Name:
alphap_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION ALPHAP_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

alphap_ptW_HAP_SI - Relative pressure coefficient of humid air in 1/K

Range of Validity:

Temperature t: from -143.15°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Humidity ratio W- O<W<Wy

Comments:

- Relative pressure coefficient ap = l(g—f_j
p v

- Calculation for supersaturated humid air (W > Wj) is not possible

Result for Wrong Input Values:
alphap_ptW_HAP_SI =-1000

References:

p(p,t, W)  Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library




SI-3/4

Isothermal Stress Coefficient g, = f(p,t,W)

Function Name:
betap ptW_ HAP_SI

Fortran Program:
REAL*8 FUNCTION BETAP_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

betap ptW_ HAP_SI - Isothermal stress coefficient of humid air in kg/m3

Range of Validity:

Temperature t: from -143.15°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Humidity ratio W. O<W=<W

Comments:

- Isothermal stress coefficient By = —l(g—pj
p\ov 1

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
betap ptW_ HAP_SI =-1000

References:

v(p,t, W)  Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library




SI-3/5

Speed of Sound c = f(p,t,W)

Function Name:
c_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION C_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

c_ptW_HAP_SI - Speed of sound of humid air in m/s

Range of Validity:

Temperature t: from -143.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W: 0<W <10kg,,’kg,
Comments:

- Speed of sound ¢ =v ’_(a_p)
ov Jg

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
c_ptW_HAP_SI =-1000
References:

v(p,t, W)  Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI-3/6

Specific Isobaric Heat Capacity c, = f(p,t,W)

Function Name:
cp_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION CP_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,, /kg,
Result:

cp_ptW_HAP_SI - Specific isobaric heat capacity of humid air in kJ/(kg K)

Range of Validity:

Temperature t: from -143.15°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Humidity ratio W. O<W=<W

Comments:

- Specific isobaric heat capacity Cp = [2—;'_]
p

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
cp_ptW_HAP_SI =-1000

References:
h(p,t, W)  Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library




SI-3/7

Specific Isochoric Heat Capacity c, = f(p,t,W)

Function Name:
cv_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION CV_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

cv_ptW_ HAP_SI - Specific isochoric heat capacity of humid air in kd/(kg K)

Range of Validity:

Temperature t: from -143.15°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Humidity ratio W- O<W <Wg

Comments:

- Specific isochoric heat capacity ¢, = (2—;)
\"

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
cv_ptW_HAP_SI =-1000

References:
c,(p,t, W) Herrmann et al. [3], [4]

ASHRAE LibHuAirProp Calculation Library



SI-3/8

Enhancement Factor f = f(p,t)

Function Name:
f pt HAP_SI

Fortran Program:
REAL*8 FUNCTION F_PT_HUAIRPROP(P,T), REAL*8 P,T

Input Values:
p - Total pressure p in kPa
t - Temperature tin °C
Result:

f pt HAP_SI - Enhancement factor of water (decimal ratio)

Range of Validity:

Temperature t: from -143.15°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Comments:
PH20,s

- Enhancement factor f =
ps(t)

with ps(t) for t>0.01°C - Steam pressure of water
for t <0.01°C - Sublimation pressure of water

- Describes the enhancement of the saturation pressure of water in the air
atmosphere under elevated pressure

- Derived iteratively from the isothermal compressibility of liquid water, from
Henry's constant [15], [16] and from the virial coefficients of air, water, and the
air-water mixture

Result for Wrong Input Values:
f pt HAP_SI =-1000

References:
f(p,t) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI1-3/9

Air-Specific Enthalpy h = f(p,t,W)

Function Name:
h_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION H_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

h_ptW_HAP_SI - Air-specific enthalpy in kJ/kg,

Range of Validity:

Temperature t: from -143.5°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W. 0<W <10kg,,/kg,
Comments:

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
h_ptW_HAP_SI = -1000

References:
h(p,t W)  Herrmann et al. [1], [2]
hy (p,t) IAPWS-IF97 [7], [8] and IAPWS-06 [11]

hy(t) Lemmon et al. [14]

ASHRAE LibHuAirProp Calculation Library



SI-3/10

Dynamic Viscosity n = f(p,t,W)

Function Name:
Eta_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION ETA_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

Eta_ptW_HAP_SI - Dynamic viscosity of humid air in Pa s

Range of Validity:

Temperature t: from -73.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W- 0<W <10kg,,’kg,
Comments:

- A new very accurate algorithm is implemented between 0°C and 350°C

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
Eta_ptW_HAP_SI = -1000

References:
n(p,t, W)  Herrmann et al. [3], [4]
na(t) Lemmon et al. [18]

M (0,1 IAPWS-IF97 [7], [8] and IAPWS-08 [19]

ASHRAE LibHuAirProp Calculation Library




SI - 3/11

Isentropic Exponent x = f(p,t,W)

Function Name:
Kappa_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION KAPPA_PTW_HUAIRPROP(P,T, W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

Kappa_ptW_HAP_SI - Isentropic exponent

Range of Validity:

Temperature t: from -143.5°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W. 0<W <10kg,,/kg,
Comments:

- Isentropic exponent x = _K(G_pj
plov /g

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets homogeneously mixed) is applied for t = 0.01°C. For
temperatures below (ice fog) the value of the saturated state is applied.

Result for Wrong Input Values:
Kappa_ptW_HAP_SI =-1000

References:

v(p,t, W)  Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI-3/12

Thermal Conductivity A = f(p,{,W)

Function Name:
Lambda_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION LAMBDA_PTW_HUAIRPROP(P,T, W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

Lambda_ptW_HAP_SI - Thermal conductivity in W/(m K)

Range of Validity:

Temperature t: from -73.5°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W: 0<W <10kg,,/kg,
Comments:

- A new very accurate algorithm is implemented between 0°C and 350°C

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
Lambda_ptW_HAP_SI =-1000

References:
A(p,t, W) Herrmann et al. [3], [4]
A5(t) Lemmon et al. [18]

Aw(pst)  IAPWS-IF97 [7], [8] and IAPWS-08 [20]

ASHRAE LibHuAirProp Calculation Library



SI-3/13

Kinematic Viscosity v = f(p,t,W)

Function Name:
Ny ptW HAP_SI

Fortran Program:
REAL*8 FUNCTION NY_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

Ny_ptW_HAP_SI - Kinematic viscosity in m 2/s

Range of Validity:

Temperature t: from -73.5°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Humidity ratio W- 0<W<Wg

Comments:

- Kinematic Viscosity v = n
P

Result for Wrong Input Values:
Ny ptW_HAP_SI = -1000

References:
n(p,t,W)  Herrmann et al. [3], [4]

p(p,t, W)  Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI-3/14

Backward Function: Total Pressure p = f(t,s,W)

Function Name:
p_tsW_HAP_SI

Fortran Program:
REAL*8 FUNCTION P_TSW_HUAIRPROP(T,S,W), REAL*8 T,S,W

Input Values:
t - Temperature tin °C
s - Air-specific entropy s in kJ/(kg,; K)
W - Humidity ratio W in kg,,/kg,
Result:

p_tsW_HAP_SI - Total pressure in kPa

Range of Validity:
Temperature t: from -143.5°C to 350°C
Air-specific entropy s: from -26.53 kJ/(kg, K) to 38.990 kJ/(kg, K)

Humidity ratio W. 0<W <10kg,,/kg,

Comments:

- lteration of total pressure p from s = f(p,t{,W)

Result for Wrong Input Values:
p_tsW_HAP_SI =-1000

References:
s(p,t,W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI-3/15

Pressure p = f(ze)

Function Name:
p_zele HAP_SI

Fortran Program:

REAL*8 FUNCTION P_ZELE_HUAIRPROP(ZELE), REAL*8 ZELE

Input Values:

Zge - Elevation zgginm
Result:

p_zele HAP_SI - Pressure of humid air in kPa
Range of Validity:

Elevation z, from -5,000 m to 11,000 m

Comments:

- Pressure of humid air from elevation

7 5.256
- P(Zej) =101 .325kPa-(1 ~2.25577-107° e—'ej
m

Result for Wrong Input Values:
p_zele HAP_SI =-1000

References:
P(Zele) ASHRAE [23]

ASHRAE LibHuAirProp Calculation Library



SI-3/16

Partial Pressure of Dry Air p,;, = f(p,t,W)

Function Name:
pAir_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION PAIR_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,, /kg,
Result:

pAir_ptW_HAP_SI - Partial pressure of (dry) air in humid air in kPa

Range of Validity:

Temperature t: from -143.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W. 0<W <10kg,,/kg,
Comments:

- Partial pressure of (dry) air in humid air pa;; =1- pHoo

- Partial pressure of water vapor at saturation is calculated in case of
supersaturated humid air (W > W;(p,t))

- The temperature value is used to calculate the saturation state

Result for Wrong Input Values:
pAir_ptW_HAP_SI =-1000

References:
Proo(p,W)  Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library




SI-3/17

Partial Pressure of Water Vapor p,0 = f(p,t,W)

Function Name:
pH20 ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION PH20 PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

pH20 ptW_HAP_SI - Partial pressure of water vapor in humid air in kPa

Range of Validity:

Temperature t: from -143.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W: 0<W <10kg,,/kg,

Comments:
. . Dy W-p
- Partial pressure of water vapor in humid air pyog =
o

—+W
RW

- Partial pressure of water vapor at saturation is calculated in case of
supersaturated humid air (W > Wg(p,t))

- The temperature value is used to calculate the saturation state

Result for Wrong Input Values:
pH20 ptW_HAP_SI = -1000

References:
Proo(p, W)  Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI1-3/18

Partial Saturation Pressure of Water Vapor py,o s = f(p, )

Function Name:
pH20s_pt HAP_SI

Fortran Program:
REAL*8 FUNCTION PH20S_PT_HUAIRPROP(P,T), REAL*8 P,T

Input Values:
p - Total pressure p in kPa
t - Temperature tin °C
Result:

pH20s pt HAP_SI - Partial saturation pressure of water vapor in humid air in kPa

Range of Validity:

Temperature t: from -143.15°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Comments:

- Partial pressure of steam at saturation pp0 s = - ps(f)
with ps(t) for t>0.01°C - Steam pressure of water

for t <0.01°C - Sublimation pressure of water

Result for Wrong Input Values:
pH20s pt HAP_SI =-1000

References:
f(p,t) Herrmann et al. [1], [2]
ps(t) fort>0.01°C IAPWS-IF97 [7], [8]

fort <0.01°C IAPWS-08 [11]

ASHRAE LibHuAirProp Calculation Library




SI-3/19

Relative Humidity ¢ = f(p,t,W)

Function Name:
phi_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION PHI_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

phi_ptW_HAP_SI - Relative humidity (decimal ratio)

Range of Validity:

Temperature t: from -143.15°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Humidity ratio W: 0<W <10kg,,/kg,
Comments:
PH20

- Relative humidity ¢ =
PH20,s

- This equation is valid for pyp0 < pHpo s @and for 0 <o <1

Result for Wrong Input Values:
phi_ptW_HAP_SI = -1000

References:
o(p,t,W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library




SI—-3/20

Prandtl Number Pr = f(p,t, W)

Function Name:
Pr_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION PR_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

Pr_ptW_HAP_SI - Prandtl number

Range of Validity:

Temperature t: from -73.5°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W: 0<W <10kg,,/kg,
Comments:

-C
- Prandtl number Pr = UTP

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
Pr_ptW_HAP_SI = -1000

References:
n(p,t,W)  Herrmann et al. [3], [4]
Co(p,t,W) Herrmann et al. [3], [4]

Alp,t,W) Lemmon et al. [20]

ASHRAE LibHuAirProp Calculation Library




Sl - 3/21

Mole Fraction of Dry Air y,;, = f(W)

Function Name:
PsiAir W_HAP_SI

Fortran Program:
REAL*8 FUNCTION PSIAIR_W_HUAIRPROP(W), REAL*8 W

Input Values:
W - Humidity ratio W in kg,,/kg,

Result:
PsiAir W_HAP_SI - Mole fraction of (dry) air in humid air in mola/mol

Range of Validity:

Humidity ratio W- 0<W <10kg,,/kg,
Comments:
. . w
- Mole fraction of air wp; =1-wpoo =1- B
a_ +w
Ru20

Result for Wrong Input Values:
PsiAir W_HAP_SI =-1000

References:
wair (W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



S| —-3/22

Mole Fraction of Water y,o = f(W)

Function Name:
PsiH20_W_HAP_SI

Fortran Program:
REAL*8 FUNCTION PSIH20_W_HUAIRPROP(W), REAL*8 W

Input Values:
W - Humidity ratio W in kg,,/kg,

Result:

PsiH20_ W _HAP_SI - Mole fraction of water in humid air in molw/mol

Range of Validity:

Humidity ratio W: 0<W <10kg,,/kg,
Comments:
, w
- Mole fraction of water y o0 = B
a_+w
Rh20

Result for Wrong Input Values:
PsiH20_W_HAP_SI =-1000

References:
Yoo (W)  Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI1-3/23

Density p = f(p,t,W)

Function Name:
Rho_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION RHO_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

Rho_ptW_HAP_SI - Density of humid air in kg/m 3

Range of Validity:

Temperature t: from -143.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W: 0<W <10kg,,/kg,
Comments:

- Density of humid air obtained from air-specific volume: p = 1w

Result for Wrong Input Values:
Rho_ptW_HAP_SI = -1000

References:
p(p,t,W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



Sl —-3/24

Air-Specific Entropy s = f(p,t,W)

Function Name:
s ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION S_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

s_ptW_HAP_SI - Air-specific entropy in kJ/(kg, K)

Range of Validity:

Temperature t: from -143.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W 0<W <10kg,,/kg,
Comments:

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
s ptW_HAP_SI =-1000

References:
s(p,t,W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI—-3/25

Backward Function: Temperature t = f(p,h, )

Function Name:
t_phphi_ HAP_SI

Fortran Program:
REAL*8 FUNCTION T_PHPHI_HUAIRPROP(P,H,PHI), REAL*8 P,H,PHI

Input Values:

p - Total pressure p in kPa

h - Air-specific enthalpy h in kdJ/kga

@ - Relative humidity ¢ (decimal ratio)
Result:

t phphi_HAP_SI - Temperature from pressure, enthalpy, and relative humidity in °C

Range of Validity:
Total pressure p: from 0.01 kPa to 10 000 kPa
Air-specific enthalpy h:  from -5745 kJ/kg, to 29690 kJ/kg,

Relative humidity ¢: 0<p<1

Comments:
- lteration of temperature t from h = f(p,t,W) using W = f(p,{,¢)

Result for Wrong Input Values:
t_phphi_HAP_SI = -1000

References:
h(p,t,W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



S| —-3/26

Backward Function: Temperature t = f(p,h,W)

Function Name:
t_ phW_HAP_SI

Fortran Program:
REAL*8 FUNCTION T_PHW_HUAIRPROP(P,H,W), REAL*8 P,H,W

Input Values:
p - Total pressure p in kPa
h - Air-specific enthalpy h in kdJ/kga
W - Humidity ratio W in kg,,/kg,
Result:

t phW_HAP_SI - Temperature from pressure, enthalpy, and humidity ratio in °C

Range of Validity:
Total pressure p: from 0.01 kPa to 10 000 kPa
Air-specific enthalpy h:  from -5745 kJ/kg, to 29690 kJ/kg,

Humidity ratio W 0<W <10kg,,/kg,

Comments:

- lteration of temperature t from h = f(p,t, W)

Result for Wrong Input Values:
t_ phW_HAP_SI = -1000

References:
h(p,t,W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library




S| -3/27

Backward Function: Temperature t = f(p,s,W)

Function Name:
t psW_HAP_SI

Fortran Program:
REAL*8 FUNCTION T_PSW_HUAIRPROP(P,S,W), REAL*8 P,S,W

Input Values:
p - Total pressure p in kPa
S - Air-specific entropy s in kJ/(kga K)
W - Humidity ratio W in kg,,/kg,
Result:

t psW_HAP_SI - Temperature from pressure, entropy, and humidity ratio in °C

Range of Validity:
Total pressure p: from 0.01 kPa to 10 000 kPa
Air-specific entropy s: from -26.53 kJ/(kg, K) to 38.990 kJ/(kg, K)

Humidity ratio W- 0<W <10kg,,/kg,

Comments:

- Iteration of temperature t from s = f(p,t,W)

Result for Wrong Input Values:
t psW_HAP_SI =-1000

References:
s(p,t,W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI—-3/28

Backward Function: Temperature t = f(p,t,,,,W)

Function Name:
t_ptwbW_HAP_SI

Fortran Program:
REAL*8 FUNCTION T_PTWBW_HUAIRPROP(P,TWB,W), REAL*8 P, TWB,W

Input Values:
p - Total pressure p in kPa
two - Wet-bulb temperature in °C
W - Humidity ratio W in kg,,/kg,
Result:

t ptwbW_HAP_SI - Temperature from pressure, wet bulb temperature and
humidity ratio in °C

Range of Validity:
Total pressure p: from 0.01 kPa to 10 000 kPa
Wet bulb temperature t,,,: from -143.15°C to 350°C

Humidity ratio W 0<W <10kg,,/kg,

Comments:

- Iterationof temperature t from t,,, = f(p,{,W)

Result for Wrong Input Values:
t_ptwbW_HAP_SI = -1000

References:
two(p.t,W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library




SI-3/29

Dew-Point/Frost-Point Temperature ty = f(p,W)

Function Name:
td_pW_HAP_SI

Fortran Program:
REAL*8 FUNCTION TD_PW_HUAIRPROP(P,W), REAL*8 P,W

Input Values:

p - Total pressure p in kPa

W - Humidity ratio W in kg,,/kg,
Result:

td_pW_HAP_SI - Dew-point/frost-point temperature in °C

Range of Validity:

Total pressure p: from 0.01 kPa to 10 000 kPa
Humidity ratio W: 0<W <10kg,,/kg,
Comments:

Dew-point temperature ¢y =ts(pyoo ) for t >0.01°C (saturation temperature of
water in humid air)

tq =tsub(PH20o ) for t<0.01°C (sublimation temperature
of water in humid air)

Result for Wrong Input Values:
td_pW_HAP_SI =-1000

References:
t(Ppo)  for ty>0.01°C  IAPWS-IF97 [7], [8]
tSUb(pHZO) for td <0.01°C IAPWS-08 [1 1]

PH20 Herrmann et. al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



SI1-3/30

Saturation Temperature t; =f(p, pyo0)

Function Name:
ts_ppH20_HAP_SI

Fortran Program:
REAL*8 FUNCTION TS _PPH20_HUAIRPROP(P,PH20), REAL*8 P,PH20

Input Values:

p - Total pressure p in kPa

PH2o - Partial pressure of water vapor pyoq in kPa
Result:

ts_ppH20_HAP_SI - Saturation temperature in °C

Range of Validity:
Total pressure p: from 0.01 kPa to 10 000 kPa

Partial Pressure pyy0: from 0.01 kPa to 10 000 kPa
Comments:

- Iteration of saturation temperature t; from pyp0 ¢ =f(p,t)

Result for Wrong Input Values:
ts_ppH20_ HAP_SI =-1000

References:
Pr2os Herrmann et. al. [1], [2]
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Wet-Bulb/Ice-Bulb Temperature t,,, = f(p,t,W)

Function Name:
twb_ptW_HAP_SI

Fortran Program:

REAL*8 FUNCTION TWB_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

twb_ptW_HAP_SI - Wet-bulb/ice-bulb temperature in °C

Range of Validity:

Temperature t: from -143.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W: 0<W <10kg,,’kg,
Comments:

- Iteration of wet-bulb/ice-bulb temperature t,,;,
from hunsaturated (o, t,W) = hfog(p’ tub W)

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
twb_ptW_HAP_SI =-1000

References:
two (P, £, W) Herrmann et al. [1], [2]
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Air-Specific Internal Energy u = f(p,t,W)

Function Name:
u_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION U_PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

u_ptW_HAP_SI  _ Air-specific internal energy in kJ/kg,

Range of Validity:

Temperature t: from -143.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W 0<W <10kg,,/kg,
Comments:

- Internal energy u =h — pv

Result for Wrong Input Values:
u_ptW_HAP_SI =-1000

References:
u(p,t,W) Herrmann et al. [1], [2]
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Air-Specific Volume v = f(p,t,W)

Function Name:
v_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION V_PTW_HUAIRPROP(P,T,W), REAL*8 P, T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

v_ptW_HAP_SI . Air-specific volume in m3/kg,

Range of Validity:

Temperature t: from -143.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa

Humidity ratio W- 0<W <10kg,,/kg,
Comments:

- When calculating supersaturated air an ideal mixing model (saturated humid air
and water droplets (or ice crystals) homogeneously mixed) is applied

Result for Wrong Input Values:
v_ptW_HAP_SI = -1000

References:
v(p,t,W) Herrmann et al. [1], [2]

ASHRAE LibHuAirProp Calculation Library



S| —-3/34

Humidity Ratio from Partial Pressure of Steam W = f(p,t,py20)

Function Name:
W_ptpH20_HAP_SI

Fortran Program:
REAL*8 FUNCTION W_PTPH20_HUAIRPROP(P,T,PH20), REAL*8 P,T,PH20

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

PH2o - Partial pressure of water pyoq in kPa
Result:

W_ptpH20_HAP_SI - Humidity ratio from temperature and partial pressure of
water vapor in kg, /kg,

Range of Validity:

Total pressure p: from 0.01 kPa to 10 000 kPa

Temperature t : from -143.15°C to 350°C

Partial pressure pyoq : from 0.01 kPa to 10 000 kPa
Comments:

- Iteration of humidity ratio W from pyoo =f(p,t,W)

- Result for supersaturated humid air is W

Result for Wrong Input Values:
W_ptpH20 HAP_SI =-1000

References:
PHoo(p.t,W) Herrmann et al. [1], [2]
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Humidity Ratio from Relative Humidity W = f(p,t,p)

Function Name:
W_ptphi_HAP_SI

Fortran Program:
REAL*8 FUNCTION W_PTPHI_HUAIRPROP(P,T,PHI), REAL*8 P, T,PHI

Input Values:
p - Total pressure p in kPa
t - Temperature tin °C
@ - Relative humidity (decimal ratio)
Result:
W_ptphi_HAP_SI - Humidity ratio from temperature and relative humidity
in kg /kg,
Range of Validity:
Temperature t: from -143.15°C to 350°C
Total pressure p: from 0.01 kPa to 10 000 kPa
Relative humidity ¢: 0<p<1

Comments:
- lteration of humidity ratio W from ¢ =f(p,t,W)

Result for Wrong Input Values:
W_ptphi_HAP_SI = -1000

References:
o(p,t,W) Herrmann et al. [1], [2]
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Humidity Ratio from Dew-Point Temperature W = f(p,ty)

Function Name:
W_ptd_HAP_SI

Fortran Program:
REAL*8 FUNCTION W_PTD_HUAIRPROP(P,TD), REAL*8 P,TD

Input Values:
p - Total pressure p in kPa
ty - Dew-pointtemperaturety in°C
Result:
W_ptd_HAP_SI - Humidity ratio from temperature and dew-point temperature

in kg, /kg,
Range of Validity:
Dew point temperature ty:  from -143.15°C to 350°C

Total pressure p: from 0.01 kPa to 10 000 kPa
Comments:

- lteration of humidity ratio W from ty4 = f(p,W)

Result for Wrong Input Values:

W_ptd_HAP_SI = -1000
References:

ty(p,W) Herrmann et al. [1], [2]
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Humidity Ratio from Wet-Bulb Temperature W = f(p,t,t,,,)

Function Name:
W_pttwb_HAP_SI

Fortran Program:
REAL*8 FUNCTION W_PTTWB_HUAIRPROP(P,T,TWB), REAL*8 P,T,TWB

Input Values:
p - Total pressure p in kPa
t -  Temperature tin °C
two - Wet-bulb temperature in °C
Result:
W_pttwb_HAP_SI - Humidity ratio from temperature and wet-bulb temperature
in kg /kg,
Range of Validity:
Total pressure p: from 0.01 kPa to 10 000 kPa
Temperature t: from -143.15°C to 350°C

Wet-bulb temperature t,,,,: from -143.15°C to 350°C

Comments:

- Iteration of humidity ratio W from t,,, = f(o,t,W)

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
W_pttwb_HAP_SI = -1000

References:
two (Pt W)  Herrmann et al. [1], [2]
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Saturation Humidity Ratio W, = f(p,t)

Function Name:
Ws_pt HAP_SI

Fortran Program:
REAL*8 FUNCTION WS_PT_HUAIRPROP(P,T), REAL*8 P,T

Input Values:
p - Total pressure p in kPa
t -  Temperature tin °C
Result:

Ws_pt HAP_SI - Saturation humidity ratio (mass fraction) in kg, /kg,

Range of Validity:

Total pressure p: from 0.01 kPa to 10 000 kPa
Temperature t: from -143.15°C to 350°C
Comments:

Muoo  PH20,s
M, (p_pHZO,S)

- Calculation of saturation humidity ratio W from W =

Result for Wrong Input Values:
Ws_pt_ HAP_SI =-1000

References:
PH20 s Herrmann et al. [1], [2]
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Mass Fraction of Dry Air &,;, = f(W)

Function Name:
XiAir W_HAP_SI

Fortran Program:
REAL*8 FUNCTION XIAIR_W_HUAIRPROP(W), REAL*8 W

Input Values:
W - Humidity ratio W in kg,,/kg,

Result:
XiAir W_HAP_SI - Mass fraction of (dry) air in humid air in kg,/kg

Range of Validity:

Humidity ratio W. 0<W <10kg,,/kg,
Comments:
- Mass fraction of (dry) air {a =1- 4 —1—£
ry Air = H20 = 1737

Result for Wrong Input Values:

XiAir W_HAP_SI = -1000
References:

Enir (W) Herrmann et al. [1], [2]
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Mass Fraction of Water Vapor &, = f(W)

Function Name:
XiH20_W_HAP_SI

Fortran Program:
REAL*8 FUNCTION XIH20_W_HUAIRPROP(W), REAL*8 W

Input Values:
W - Humidity ratio W in kg,,/kg,

Result:

XiH20_W_HAP_SI - Mass fraction of water vapor in humid air in kg, /kg

Range of Validity:
Humidity ratio W. 0<W <10kg,,/kg,

Comments:

w

- Mass fraction of water vapor &,0 = Y
+

Result for Wrong Input Values:
XiH20_W_HAP_SI = -1000

References:
Eoo(W)  Herrmann et al. [1], [2]
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Compression Factor Z = f(p,t,W)

Function Name:
Z_ptW_HAP_SI

Fortran Program:
REAL*8 FUNCTION Z PTW_HUAIRPROP(P,T,W), REAL*8 P,T,W

Input Values:

p - Total pressure p in kPa

t - Temperature tin °C

W - Humidity ratio W in kg,,/kg,
Result:

Z ptW_HAP_SI - Compression factor (decimal ratio)

Range of Validity:

Total pressure p: from 0.01 kPa to 10 000 kPa
Temperature t: from -143.15°C to 350°C
Humidity ratio W- 0<W<Wg
Comments:
- Compression factor Z =1+ BTm + C—’;
v v
with v=M __Mv
p 1+W

and M is the molar mass of humid air

- Calculation for supersaturated humid air (W > W) is not possible

Result for Wrong Input Values:
Z_ptW_HAP_SI =-1000

References:
B, (t,W),C,(t,W) Herrmann et al. [1], [2]
p(p,t, W), v(p,t,W) Herrmann et al. [1], [2]
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3.2 Functions for Steam and Water for Temperatures t2 0°C
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Specific Enthalpy of Liquid Water h;, =f(p,)

Function Name:
hlig_pt 97 SI

Fortran Program:
REAL*8 FUNCTION HLIQ_PT 97(P,T), REAL*8 P,T

Input Values:

p - Pressure p in kPa

t - Temperature tin °C
Result:

hlig_pt_ 97 SI - Specific enthalpy of liquid water in kJ/kg

Range of Validity:

Pressure p: from pg(0°C)=0.6112 kPa to 10000 kPa
Temperature t: from 0°C to 350°C
Comments:

- Specific enthalpy of liquid water h;, = h% (p,t) (Region 1)

Result for Wrong Input Values:
hlig_pt_97_SI =-1000

References:

¥ (p,t)  IAPWS-IF97 [7], [8]
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Specific Enthalpy of SaturatedLiquid Water h;, o =f(t)

Function Name:
hligs_t 97 Sl

Fortran Program:
REAL*8 FUNCTION HLIQS_T 97(T), REAL*8 T

Input Values:

t - Temperature tin °C

Result:
hligs_t 97 Sl - Specific enthalpy of saturated liquid water in kd/kg

Range of Validity:
Temperature t: from 0°C to 350°C

Comments:

- Specific enthalpy of liquid water hq ¢ = h97(ps,t) (Region 1)
with pg = pg’ (t)

Result for Wrong Input Values:
hligs_t 97 SI = -1000

References:

h¥ (p,t), pd7(t)  IAPWS-IF97 [7], [8]
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Specific Enthalpy of Saturated Water Vapor h,,, ¢ =f(t)

Function Name:
hvaps_t 97 Sl

Fortran Program:
REAL*8 FUNCTION HVAPS T 97(T), REAL*8 T

Input Values:
t - Temperature tin °C

Result:
hvaps_t 97 S| - Specific enthalpy of saturated water vapor in kJ/kg

Range of Validity:
Temperature t: from 0°C to 350°C

Comments:
- Specific enthalpy of saturated water vapor h; ¢ = h97(ps,t) (Region 2)

with pg = pg’ (t)

Result for Wrong Input Values:
hvaps t 97 Sl =-1000

References:

h¥ (p,t), pd7 (t)  IAPWS-IF97 [7], [8]
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Saturation Pressure of Water p, = f(t)

Function Name:
ps_t 97 Sl

Fortran Program:
REAL*8 FUNCTION PS_T 97(T), REAL*8 T

Input Values:

t - Temperature tin °C

Result:

ps_t 97 Sl - Saturation pressure of water in kPa

Range of Validity:
Temperature t: from 0°C to 350°C

Comments:

- Saturation pressure of water pg = p§7(t) (Region 4)

Result for Wrong Input Values:
ps_t 97 _SI-1000

References:

pd7(t) IAPWS-IF97 [7], [8]
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Specific Entropy of Liquid Water s;;, =f(p,t)

Function Name:
slig_pt 97 _SI

Fortran Program:
REAL*8 FUNCTION SLIQ_PT_97(P,T), REAL*8 P,T

Input Values:

p - Pressure p in kPa

t - Temperature tin °C
Result:

slig_pt 97 _SI - Specific entropy of liquid water in kJ/(kg K)

Range of Validity:

Pressure p: from pg(0°C)=0.6112 kPa to 10000 kPa
Temperature t: from 0°C to 350°C
Comments:

- Specific entropy of liquid water s;;, =s™" (p,t) (Region 1)

Result for Wrong Input Values:
slig_pt 97 SI =-1000

References:

s (pt)  IAPWS-IF97 [7], [8]
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Specific Entropy of Saturated Liquid Water s;;, o =f(t)

Function Name:
sligs_t 97 _SI

Fortran Program:
REAL*8 FUNCTION SLIQS T _97(T), REAL*8 T

Input Values:

t - Temperature tin °C

Result:
sligs_t 97_SI - Specific entropy of saturated liquid water in kJ/(kg K)

Range of Validity:

Temperature t: from 0°C to 350°C
Comments:
- Specific entropy of liquid water sj ¢ = 397(ps,t) (Region 1)

with pg = pg’ (t)

Result for Wrong Input Values:
sligs_t 97 _SI=-1000

References:

s (), pd7(t)  IAPWS-IF97 [7], [8]
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Specific Entropy of Saturated Water Vapor s, ,, o = f(t)

Function Name:
svaps_t 97 SI

Fortran Program:
REAL*8 FUNCTION SVAPS_T 97(T), REAL*8 T

Input Values:
t - Temperature tin °C

Result:
svaps_t 97 Sl - Specific entropy of saturated water vapor in kJ/(kg K)

Range of Validity:
Temperature t: from 0°C to 350°C

Comments:
- Specific entropy of saturated water vapor s,5, ¢ = 397(ps,t) (Region 2)

with pg = pg’ (t)

Result for Wrong Input Values:
svaps_t 97 SI=-1000

References:
s (p.t), pd"(t)  IAPWS-IF97 [7], [8]
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Saturation Temperature of Water t; =f(p)

Function Name:
ts p 97 SlI

Fortran Program:
REAL*8 FUNCTION TS_P_97(P), REAL*8 P

Input Values:

p - Pressure p in kPa

Result:

ts_p_97_SI - Saturation temperature of water in °C

Range of Validity:
Pressure p: from 0.6112 kPa to 10000 kPa

Comments:
- Saturation temperature of water g = t§7(p) (Region 4)

Result for Wrong Input Values:
ts_p_97 Sl =-1000

References:

t7 (p) IAPWS-IF97 [7], [8]
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Specific Volume of Liquid Water v;;, =f(p,)

Function Name:
vlig_pt 97 _SI

Fortran Program:
REAL*8 FUNCTION VLIQ_PT_97(P,T), REAL*8 P,T

Input Values:

p - Pressure p in kPa

t - Temperature tin °C
Result:

vlig_pt_97_SI - Specific volume of liquid water in m 3 /kg

Range of Validity:

Pressure p: from ps(0°C)=0.6112 kPa to 10000 kPa
Temperature t: from 0°C to 350°C
Comments:

- Specific volume of liquid water Viig = v97(p,t) (Region 1)

Result for Wrong Input Values:
vlig_pt_97_SI =-1000

References:
v (p,t)  IAPWS-IF97 [7], [8]
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Specific Volume of Saturated Liquid Water v, o =f(t)

Function Name:
vligs_t 97 Sl

Fortran Program:
REAL*8 FUNCTION VLIQS T _97(T), REAL*8 T

Input Values:

t - Temperature tin °C
Result:

vligs_t 97_SI - Specific volume of saturated liquid water in m?3 /kg
Range of Validity:

Temperature t: from 0°C to 350°C

Comments:

- Specific volume of liquid water vy, ¢ = v97(ps,t) (Region 1)

with pg = pg’ (1)

Result for Wrong Input Values:
vligs_t_97_SI =-1000

References:

v (p,t), p7(t)  IAPWS-IF97 [7], [8]
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Specific Volume of Saturated Water Vapor v,,, o =f(f)

Function Name:
vvaps_t 97 SI

Fortran Program:
REAL*8 FUNCTION VVAPS_T 97(T), REAL*8 T

Input Values:

t -  Temperature tin °C

Result:

vvaps_t_97 Sl - Specific volume of saturated water vapor in m? /kg
Range of Validity:

Temperature t: from 0°C to 350°C

Comments:

- Specific volume of saturated water vapor v, 5, ¢ = v97(ps,t) (Region 2)

with pg = pg’ (t)

Result for Wrong Input Values:
vvaps_t 97 SI=-1000

References:

v (p,t), p27(t)  IAPWS-IF97 [7], [8]
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3.3 Functions for Steam and Ice for Temperatures t < 0°C
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Specific Enthalpy of Saturatedice h; ¢, =f(f)

Function Name:
hicesub_t 06_SI

Fortran Program:
REAL*8 FUNCTION HICESUB_T_06(T), REAL*8 T

Input Values:

t - Temperature tin °C

Result:
hicesub_t 06_SI - Specific enthalpy of saturated ice in kd/kg

Range of Validity:
Temperature t: from -143.15°C to 0°C

Comments:

- Specific enthalpy of saturated ice he gup = h06(psub,t)

with pgup = Pais (t)

Result for Wrong Input Values:
hicesub_t 06_SI =-1000

References:
h%p,t)  IAPWS-06[10]
pd8 (t) IAPWS-08 [11]
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Specific Enthalpy of Saturated Water Vapor h,,, ¢, = f(t)

Function Name:
hvapsub_t 95 Sl

Fortran Program:
REAL*8 FUNCTION HVAPSUB T _95(T), REAL*8 T

Input Values:

t - Temperature tin °C

Result:
hvapsub_t 95 S| - Specific enthalpy of saturated water vapor in kd/kg

Range of Validity:
Temperature t: from -143.15°C to 0°C

Comments:

- Specific enthalpy of saturated water vapor hy,; s = h95(p3ub, t)
with pgup = Pays (t)
Result for Wrong Input Values:
hvapsub_t 95 SI=-1000
References:
B (p,t)  IAPWS-95 [5], [6]
p28 (1) IAPWS-08 [11]
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Melting Pressure p,, = f(t)

Function Name:
pmel_t 08 Sl

Fortran Program:
REAL*8 FUNCTION PMEL_T 08 (T), REAL*8 T

Input Values:

t - Temperature tin °C

Result:

pmel_t 08 Sl - Melting pressure of ice in kPa
Range of Validity:

Temperature t: from -21.985°C to 0°C
Result for Wrong Input Values:

pmel_t 08 SI=-1000
References:

p%,(t) IAPWS-08 [11]
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Sublimation Pressure pg,, = f(t)

Function Name:
psub_t 08 SI

Fortran Program:
REAL*8 FUNCTION PSUB_T 08 (T), REAL*8 T

Input Values:

t - Temperature tin °C

Result:

psub_t 08 S| - Sublimation pressure of ice in kPa
Range of Validity:

Temperature t: from -143.15°C to 0°C
Result for Wrong Input Values:

psub_t 08 Sl =-1000
References:

p28 (1) IAPWS-08 [11]
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Specific Entropy of Saturated Ice s;¢, ¢, = f(f)

Function Name:
sicesub_t 06_SI

Fortran Program:
REAL*8 FUNCTION SICESUB_T_06(T), REAL*8 T

Input Values:

t - Temperature tin °C

Result:
sicesub_t 06_SI - Specific entropy of saturated ice in kJ/(kg K)

Range of Validity:
Temperature t: from -143.15°C to 0°C

Comments:

- Specific entropy of saturated ice Sicg gyp = 306(psub,t)

with Pgup = Paip (t)

Result for Wrong Input Values:
sicesub_t 06 _SI =-1000

References:
s%(p,t)  IAPWS-06 [10]
pd8 (t) IAPWS-08 [11]
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Specific Entropy of Saturated Water Vapor s, ., ¢, =f(f)

Function Name:
svapsub_t 95 Sl

Fortran Program:
REAL*8 FUNCTION SVAPSUB_T 95(T), REAL*8 T

Input Values:

t - Temperature tin °C

Result:
svapsub_t 95 Sl - Specific entropy of saturated water vapor in kJ/(kg K)

Range of Validity:
Temperature t: from -143.15°C to 0°C

Comments:

- Specific entropy of saturated water vapor s,5, gp = 395(psub,t)
With pgup, = Pays (t)
Result for Wrong Input Values:
svapsub_t 95 SI=-1000
References:
s®¥pt)  IAPWS-95(7], [8]
p28 (1) IAPWS-08 [11]
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Melting Temperature t., = f(p)

Function Name:
tmel_p 08 Sl

Fortran Program:
REAL*8 FUNCTION TMEL_P_08(P), REAL*8 P

Input Values:

p - Pressure p in kPa

Result:

tmel_p_08_SI - Melting temperature of ice in °C

Range of Validity:

Pressure p: from pg(0°C)=0.6112 kPa to 10000 kPa

Result for Wrong Input Values:
tmel_p 08 SI=-1000

References:

{8 (o)  IAPWS-08 [11]
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Sublimation Temperature t,,, = f(p)

Function Name:
tsub_p 08 SI

Fortran Program:
REAL*8 FUNCTION TSUB_P_08(P), REAL*8 P

Input Values:

p - Pressure p in kPa

Result:

tsub_p_08_SI - Sublimation temperature of ice in °C

Range of Validity:
Pressure p: from pg,,,(-143.15°C) =1.2002 x 107! kPa to pg,(0°C) = 0.6112 kPa

Result for Wrong Input Values:
tsub_p_08_SI =-1000

References:

{98 ()  IAPWS-08 [11]
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Specific Volume of SaturatedIce v;, o, =f(f)

Function Name:
vicesub_t 06_SI

Fortran Program:
REAL*8 FUNCTION VICESUB T _06(T), REAL*8 T

Input Values:

t - Temperature tin °C
Result:

vicesub_t_06_SI - Specific volume of saturated ice in m* /kg
Range of Validity:

Temperature t: from -143.15°C to 0°C

Comments:

- Specific volume of saturated ice Vicg gy = v06(psub,t)

with pgyp = pO% (t)

Result for Wrong Input Values:
vicesub_t 06_SI =-1000

References:
v®(p,t)  IAPWS-06[10]
p28 (t) IAPWS-08 [11]
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Specific Volume of Saturated Water Vapor v, ,, ¢, = f(t)

Function Name:
vvapsub_t 95 Si

Fortran Program:
REAL*8 FUNCTION VVAPSUB_T 95(T), REAL*8 T

Input Values:
t - Temperature tin °C
Result:

vvapsub_t 95 S| - Specific volume of saturated water vapor in m 3 /kg
Range of Validity:
Temperature t: from -143.15°C to 0°C

Comments:

- Specific volume of saturated water vapor v, 5, ¢p = v95(psub, t)

with pgup = PO5 (t)

Result for Wrong Input Values:
vvapsub_t 95 Sl =-1000

References:
v (p,t) IAPWS-95 [7], [8]
p28 (t) IAPWS-08 [11]
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Water and Steam Humid Combustion Gas Mixtures Humid Air Extremely Fast
Property Calculations
Library LibIF97 Library LibHuGas Library LibHuAir Spline-Based Table
: 'ndustgial Formulation Model: Ideal mixture of the real fluids: Model: Ideal mixture of Look-up Method (SBTL)
IAPWS-IF97 (Revision 2007 Yiee q o
. Supplementa(ry Standards ) CO, - Span, Wagner  H,O - IAPWS-95 the rea! fluids: Library LibSBTL_IF97
IAPWS-IF97-S01. -S03rev 0, - Schmidt, Wagner N, - Span et al. * Dry air from Lemmon et al. Library LibSBTL_95
' z + Steam, water and ice from A . .
-S04, and -S05 Ar - Tegeler et al. IAPWS-IF97 and Library LibSBTL_HuAir
* IAPWS Revised Advisory and of the ideal gases: IAPWS-06 For steam, water, humid air,
Note N.O- 3 on Thermo- S0,, CO, Ne Consideration of: carbon dioxide and other fluids
dynamic Derivatives (2008) (Scientific Formulation of Biicker et al.) + Condensation and freezing and mixturgs a.ccording
Library LibIF97_META Consideration of: of steam ;gpg)igig?g::l i?:lg
. :Ri’t@téizﬂ:zc;r?%ula'tign - . Bisscif:iatiofr; fni')m VDI 4670 Bfirz?riztigf?;g?o\r{nm 4670 Dynamics (CFD), real-time and
- SRl * Foynting efrec non-stationary simulations
for metastable steam ASHRAE RP-1485 i
Carbon Dioxide Ideal Gas Mixtures Humid Air
Including Dry Ice
. } Library LibldGasMix Library ASHRAE LibHuAirProp
Library LibCO2 b

Model: Virial equation from ASHRAE

Model: Ideal mixture of the ideal gases: g
Report RP-1485 for real mixture of

Formulation of Span and Wagner (1996)

Al ) e I the real fluids:
Ne H,O F, Propane - Dry air
N, SO, NH, Iso-Butane - Steam
Seawater 0, H, Methane n-Butane Consideration of:
CcO H,S Ethane Benzene » Enhancement of the partial
Library LibSeaWa Co, OH Ethylene Methanol saturation pressure of water vapor
IAPWS Industrial Formulation 2013 Air RS atad lotal pressures
Consideration of: www.ashrae.org/bookstore

« Dissociation from the VDI Guideline 4670

Ice Library LibIDGAS Dry Alr g
. ] _ Including Liquid Air
Library LibICE Model: Ideal gas mixture
. from VDI Guideline 4670 . ) -
Ice from IAPWS-06, Melting and Library LibRealAir
sublimation pressures from IAPWS-08, Consideration of: Fommulation of Lemmon et al. (2000}
Water from IAPWS-IF97, Steam from + Dissociation from the VDI Guideline 4670 '

IAPWS-95 and -IF97

Refrigerants Mixtures for Absorption Processes Liquid Coolants
] ] . Liquid Secondary Refrigerants
Ammonia Ammonia/Water Mixtures Lib LibSecRef
. . . . ibra ibSecRe
Library LibNH3 Library LibAmWa B ¥
Formulation of Tillner-Roth et al. (1993) IAPWS Guideline 2001 L
) : C,H¢O, Ethylene glycol
of Tillner-Roth and Friend (1998)
R134a A o for i L C;HsO,  Propylene glycol
Library LibR134a elmholtz energy equation for the mixing term C,H.OH  Ethanol
Formulation of (also useable for calculating the Kalina Cycle) CH,OH Methanol
Tillner-Roth and Baehr (1994) CsHsO;  Glycerol
Water/Lithium Bromide Mixtures Rogc) | Potasslim calborely
Iso-Butane _ _ _ CaCl,  Calcium chloride
Library LibButane_Iso Library LibWalLi MgCl, Magnesium chloride
Formulation of Formulation of Kim and Infante Ferreira (2004) NaCl Sodium chloride
Biicker and Wagner (2006) Gibbs energy equation for the mixing term C,H;KO, Potassium acetate
e CHKO,  Potassium formate
. . LiCl Lithium chloride
Library LibButane_n NH, nnonia
Formulation of Formulation of the International Institute

Blicker and Wagner (2006) of Refrigeration (IIR 2010)
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Ethanol Siloxanes as ORC Working Fluids Nitrogen and Oxygen

] . Libraries
Library LibC2H50H Octamethylcyclotetrasiloxane  CgH,,0,Si, Library LibD4 LibN2 and LibO2
Formulation of .
Schroeder et al. (2014) Decamethylcyclopentasiloxane C4oH3005Si5 Library LibD5 Somilations of Span et al. (2009)
and Schmidt and Wagner (1985)

Tetradecamethylhexasiloxane C44H,,05Si¢ Library LibMD4M

Methanol Hexamethyldisiloxane CgH;0Si, Library LibMM Hydrogen

Formulation of Colonna et al. (2006)

Library LibCH3OH Library LibH2

Formulation of . F : . Formulation of
D hylcycloh I H ic Libr LibD
de Reuck and Craven (1993) odecamethylcyclohexasiloxane  C1oHy404Slg Library LibD6 Leachman et al. (2009)

Decamethyltetrasiloxane C,oH3004Si, Library LibMD2M

Dodecamethylpentasiloxane C4,H350,Si5 Library LibMD3M

Propane Helium

Octamethyltrisiloxane  CgH,,0,Si; Library LibMDM . .
Library LibPropane Library LibHe

Formulation of Colonna et al. (2008)

Formulation of Formulation of

Lemmon et al. (2009) Arp et al. (1998)
Hydrocarbons ), Kc E
Decane C,oH,, Library LibC10H22 0 ]
Isopentane CsH,, Library LibC5H12_lso ThermoFluidProperties
Neopentane CzH,, Library LibC5H12_Neo
Isohexane CgH,, Library LibC6H14 For more information please contact:
Toluene C;Hg Library LibC7H8 KCE-ThermoFluidProperties UG
Formulation of Lemmon and Span (2006) Prof. Dr. Hans-Joachim Kretzschmar
Further Fluids Haager Weg 6
Carbon monoxide CO Library LibCO 92224 Amberg, Germany
Carbonyl sulfide COS Library LibCOS
Hydrogen sulfide H,S Library LibH2S Internet: www.thermofluidprop.com

Nitrous oxide N,O Library LibN20
Sulfur dioxide SO, Library LibSO2
Acetone C3;HO Library LibC3H60

Formulation of Lemmon and Span (2006)

Email: info@thermofluidprop.com
Phone: +49-9621-1762047
Mobile: +49-172-7914607

Fax: +49-3222-1095810

The following thermodynamic and transport properties can be calculated?:

Thermodynamic Properties Transport Properties Backward Functions Thermodynamic Derivatives
» Vapor pressure pg * Dynamic viscosity 7 * T,v, s (p,h) « Partial derivatives used in

- Saturation temperature T « Kinematic viscosity v * T,v, h(p,s) process modeling can be

« Density p « Thermal conductivity 4 «p, T, v(h,s) calculated.

 Specific volume v ¢ Prandtl number Pr * p, T(v,h)

» Enthalpy h » Thermal diffusivity a *p, T(v,u)

* Internal energy u

» Entropy s

* Exergy e

« Isobaric heat capacity ¢,
* |sochoric heat capacity ¢,
* |sentropic exponent x

» Speed of sound w

 Surface tension o a Not all of these property functions are available in all property libraries.

www.thermofluidprop.com
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ThermoFluidProperties

Property Software for Calculating Heat Cycles, Boilers, Turbines and Refrigerators

Add-In FluidEXLCarhics for Excel®

T-5 Diagram for Water | fon APWS-F97 *‘ |

. —— pressure p in MPa —— speciic volume v in mékg
SUM ~(© %X « fe =h_ptx_97(AS5;B5;C5) C_hOOSIng a prope':ty —— enthalpy h in klikg —— wapor fraction x

= A | =® c o E F library and a function

1 Calculating an isentropic expansion . | q . J J % 7%4{[_ / / / /

, e — 2. mesw | Displaying the calculated

i p N X s ‘ h ‘ T | P—— values in diagrams WW /

4 bar c kg/kg kJ/kgK kJ/kg M3/KG || 1ype a bief descriton of what you want to do and then cick % / f

5 20 400 -1 i {A5;B5;C5) Go 77/‘7/71%1/ /
—) Or select a category: Water IAPWS-IF97 &

Nl = i - ;

7 5 Select a function:

8 1 h_ptx_97 e _pbx_tu 97 -] ﬁ)‘ . // /

s 05 e (a5 ) - » haror *Xﬂ = /

© 01 tinC g ] = w0 L i —— 4 7

.S L. = o T T .

= xinkghg [l ) = -1 / m:&g, = ! Y 7 L l

2 - 3248,2270% Nue_ptx_97 | = 3 To S M o / I
‘Specific enthalpy h in klkg. h_ptx_97( p in bar; tin °C; x in kg/kg) A= 4 —= X ®, s S

i xinkgfkg Vapor fraction Spediic enthabpy hin lofkg. P ; %W

" i iy s

15 Formua result = 3248,23 gﬁj_\;f ) 2 & l

16 Helo on this function E Cancel | I > o 0 e Do o

17 — I Help on this function E Cancel | > 4T ) - ; .

Menu for the input of given property values L Specific entropy s in kika

Add-On FluidMAT for Mathcad® Add-On FluidLAB for MATLAB® and SIMULINK®
Add-On FluidPRIME for Mathcad Prime®

Using the Add-In FluidLAB the
The property libraries can be used in Mathcad® and Mathcad Prime®.

property functions can be called in MATLAB® and SIMULINK®.

Wl File Edit View Insert Format Tools Symbolics Window Help
Dzl @Yy B oo | P =% []|m% <) MATLAB 7.3.0 {(R2006b) _|O|x
It i i A 1! 1! "/
Nt Fle Edt Debug Desktop Window Help
&+ [E- 12 b= | — p— S 0| s B oo o | 8o Bl 2| [coprogrammelrudaBiLbHuAr Exsmele =
2] 3 U U
Hyperbok <] [e_pomu_o7 3 Sharkeuts (2] Howto Add (2] What's New
- 110° Image Processng Nevaoadd Current Directory,- C:\Programme\FluldLAB\LIbHuAIr_Example__ & _x || f5] Editor - C:\Programme\FluidLAB\LIbHuAIr_Example:\Example_hl.. 7. X
bar = 1-10"-Pa Interpolation and Prediction h_ps 97
LbHuGas ;ulem_m;um” Ect 8| B DEH|imBo | Al ] "0 x
p = 10-bar Log and Exponental lmbda_ptx_97 2 2 g - é % o5
Logiup e o H\Fdes L |F|\e Type  |Description =2 ‘ =lA=R=] ‘ o+ ‘ o x ‘ ofh oft ‘ Q.
Number Theory/Combinatorics .| |p_hs 97 3 [l hi_ptiew_HuAir mexw32 ME-file i Bl prev Hukir.m Il
Dincauien Cantiunue e — %] LibHuAir. dil DLL File 2 PP -
El h_ptx_97(p, t, x) (] libifeararndd. dl DLL File _
: 5] librmd. di DLL File Ml r-l’ * pressure in bar
Specific enthalpy h in k)fkg from pressure p in bar, temperature t in C and vapor - = 3 - ;% temperature in °C
fraction x in kg/kg o (] liammcld. dil DLL File 3
) 8 msver71d di DLL File 5 - ; % absolute humidity in g/kg air
Insert Cancel Exarnple_hl_ptsw_HuAir m -file hi_ptsew_HuAir rm @
L (9112 _Jil_[aitidst | Ptk
] 7 = hl=hl_ptxuy Hulir(p,t,xw)
- T = ] %
B A [E])x= [2 <€ 31 ap ®| |[Myste ] Peo , o
bar =1 105 Pa C=1 &J = 1000-J Workspace | Current Directory Function call
kg Command History 2 x of FluidLAB
P 100 t=300°C  x= _l'k_! o= 20.06.07 10150 —-%
p ot 1w Command Window
h=hptx 91—, —,—|— hl =
bar '°C (kg | kg
| R_J \ . 45.5084
E Function call .
of FluidMAT

4 Start | Cick and drag to move Command History. .,

OiF. &

Add-On FluidVIEW for LabVIEW™
The property functions can be calculated in LabVIEW™.

Add-On FluidDYM for DYMOLA® (Modelica) and SimulationX®
The property functions can be called in DYMOLA® and SimulationX®.

File Edit Simulation Plob Animation Commands  Window Help
FHQE Ri/OO¢ : HE =[w
Kontexthifie | Package Braser xm o}
Path LibRealAir.dll

) fluidDYM_LibSeaWa_Input in FluidDYM_SeaWa. TestMo... [2)[X]

General | Add modiiers

Packages

D:\Eigene Datelen) | =) € Modelica Fiference

Model
Pressure p in bar CHoseica

Path LibRealAir.dll [4] Unnamed
:Im Pressure p in bar [0] —f=7 (5] | = (FlidbYM_Seawa
in o C -
TR Temperature tin °C [11- | Cp luu[g] >

Spedific isobaric heat capaci
[C:\..ib\ Fluid VIEW \LibRealAir. Ib\ cp_ptx_air.vi] (4€

Companent
Mame  [fuidDYM_LibSeawla_Input
Model

Path FluidD'rM_Seaw'a FluidD'YM_LibS eaw/a_Input
Comment

leon

r Vapor fraction x in kg/kg [2] [Jinterfaces

4|20 Error in (no error) [3] st = B2 FIidDYM_LibSeswa_lnput | | e
Vapor fraction x in kg/kg SRR |

oL
Specific isobaric heat capacity in kJ/(kg"K) [
1.02146 =i

»
> -
»

InSesVa_input

b Parameters.
S Example1 scafiange U007 b Scaniange

Fle Edt Simulation Plot Animation Commands Window Help

NG interpretation
—‘I—,' m 2 wHQES N ¢ B[00 Bevo: @ 85K @ | ™) W»
a
- \ ’ h_pi_Seawia |
Path LibRealAir.dll mq —— Vasiables A 'ﬁi‘;”;lﬁl?liss?:ﬁa @
7-_ = =Examplel 1 ——— fluidDYM_LibSeaWa_nput.z kappa_piXi Seawa b |
I E‘md +Parameter_x2 70 kappal_pixi_Seawa
Pressure p in bar LibRealAir - kappasl_pstsisl_Seaw'a
HParameter_x3 Kappas_petsiel_Seawa
# Parameter_x1 kappaTl_pixi_ Seaw'a
=IfuidDYM_LibS eswa_lnput 69 4 kappaT s|_psiskisl_Seawa v
Temperature t in °C Specific iso | scanRange [ 0.001
(] FunctionNumber
-w!z N 66 k‘ | Eyvadelng | e smuistion
] =
Vapor fraction x in kg/kg e ® FluidDYM_LibSeawa_Input.z = 67.9239
Clx2 67
= O slope =0
o time =
Ll | [ ee | time = 1




Add-On FluidEES for
Engineering Equation Solver®

21|
" Math functions (" EES library routines
" Fluid properties s
" Solid/liquid properties " |Boiling and Condensation ~
?" Function Info

EIGEN_EOS.DLL
C©IPENG_ROBINSON.DLL
(SLIBHUAIRPROP_SLDLL]
EIMONTECARLO.DLL
CILIBCO2DLL
ELIBR.DLL

{8 CURVEFIT1D
ELlANA

File Edit Search Options Calcul Tables

Plots Windows Help Examples
& Equations Window
"Calculating the Enthalpy - h_ptWwHuAirProp”

P! ain |

R EES Commercial: D:\Dokumen tationenFuer_EES\HufirProp_ST\Beispielrechnung|

=20
Unit Settings: [kJ)/[C)/[kPal/[kg)/[degrees]

W= = 454866 [kikg) p=101.3 [kPa] t =20 [C] W=0.01 [kokg]
CAL

No unit problems were detected

Calculation time = .1 sec.

App International Steam Tables
for iPhone, iPad, iPod touch,
Android Smartphones and Tablets

International Steam Tables
IAPWS-IF97

ph [

0082812883 mikg
304756534 kg/m'
3046.92981 kibg
3975.05844 kikg
650032283 kg K)

RN

AN
E '
2 g

256333874 kUG K)

Property Software for Pocket Calculators

FluidCasio

.\"'. ‘o

fx 9750 G Il CFX 9850 CFX 9860 G
x-GG20 Graph 85

FluidHP

ALGEBRA
FX2.0 TI

HP 48 HP 49 TI

For more information please contact:

YIKCE

ThermoFluidProperties

KCE-ThermoFluidProperties UG
Prof. Dr. Hans-Joachim Kretzschmar

Haager Weg 6

92224 Amberg, Germany

FluidTI
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Online Property Calculator at
www.thermofluidprop.com

Zittau’s Fluid Property Calculator

Fluid [Water and Steam IAPWSIFS7-LibIF97 =]

Function. [Specific enthalpy hip.x) =l

Unit System:  [SI =

Enter given values: Range of validity

Pressure p [100 [bar

L

Temperature t [400 [

L

Vapor fraction x [ [kakg =]
Details on the vapor fraction x

Calculate / Recalculate |
Result:
Specific enthalpy h =:3097.38

kdkg -

For further information on property libraries available for EXCEL®, MATLAB®, Mathcad®.
Engineering Equation Solver®, DYMOLA® (Modelica), SimulationX®, and LabView® click
here
An App far cal€ulating steam properties on iPhone, iPad, and iPod touch can be found here
PDF with the description
® ZinadiGoerifz Universty of Applied Sciences
Faculty of Mechanical Engineering
Department of Technical Th
Prof. Hans-Joachim Kretzschmar
Dr Ines Stoacker
Programmer. Joachim Posseit

Tel.: +49-3583-61-1346 or -1881

Nspire CX CAS TI 83
Nspire CAS Tl 84
TI 89

Internet: www.thermofluidprop.com
Email: info@thermofluidprop.com
Phone: +49-9621-1762047

Mobile: +49-172-7914607

Fax: +49-3222-1095810

The following thermodynamic and transport properties? can be calculated in Excel®, MATLAB®,
Mathcad®, Engineering Equation Solver® (EES), DYMOLA® (Modelica), SimulationX® and LabVIEW™:

Thermodynamic Properties

» Vapor pressure pg

» Saturation temperature T
* Density p

 Specific volume v

» Enthalpy h

* Internal energy u

» Entropy s

» Exergy e

* Isobaric heat capacity c,
* |sochoric heat capacity ¢,
* |sentropic exponent x

» Speed of sound w

« Surface tension o

Transport Properties

» Dynamic viscosity 7

» Kinematic viscosity v
* Thermal conductivity A
* Prandtl number Pr

» Thermal diffusivity a

* T,v, s (p,h)
* T,v, h(p,s)
*p, T,v(h,s)
*p, T(v,h)
*p, T(vu)

Backward Functions

Thermodynamic Derivatives

« Partial derivatives used in
process modeling can be
calculated.

a Not all of these property functions are available in all property libraries.

www.thermofluidprop.com
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6 Satisfied Customers
Period from 2018 to 2022

The following companies and institutions use the property libraries:
- FluidEXLGraphics for Excel® incl. VBA
- FluidLAB for MATLAB® and Simulink
- FIuidMAT for Mathcad®
- FluidPRIME for Mathcad Prime®
- FIUIEES for Engineering Equation Solver® EES
- FluidDYM for Dymola® (Modelica) and SimulationX®
- FIuidVIEW for LabVIEW ™
- FluidPYT for Python
- FluidJAVA for Java
- DLLs for Windows Applications
- Shared Objects for Linux
- Shared Objects for macOS.

2022
ASTG, Graz, Austria 12/2022
Wandschneider + Gutjahr, Hamburg
RWE Supply & Trading, Essen 11/2022
Stadtwerke Rosenheim
CEA, Saclay, France 10/2022

RWE Supply & Trading, Essen

SEEC Saudi Energy Efficiency Center, Riyadh, Saudi Arabia

MAN, Copenhagen, Denmark

Hermeler & Partner Consulting Engineers, Sassenberg 09/2022
Envi Con, Nurnberg

Drill Cool Systems, Bakersfield CA, USA

RWE Supply & Trading, Essen

Maerz Ofenbau, Zirich, Switzerland

Saale Energie, Schkopau

ERGO, Dresden

Mainova, Frankfurt/Main

Bundeswehr, Koblenz 08/2022
RWE Supply & Trading, Essen

Grenzebach Corporation, Newnan GE, USA

AGRANA, Gmuend, Austria 07/2022
MIBRAG, Zeitz

Hochschule Niederrhein, Krefeld

ULT, Lébau 06/2022

LEAG, Cottbus

ASHRAE LibHuAirProp Calculation Library
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VPC Group, Vetschau

Warme, Hamburg

ILK, Dresden

Stricker 1B, Kissnacht a. Rigi, Switzerland

LEAG, Cottbus 05/2022
RWE Supply & Trading, Essen

IGT Tomalla, Kreuztal

B+T Engineering, Dibendorf, Switzerland

Stricker 1B, Kiissnacht a. Rigi, Switzerland

Vogelsang & Benning, Bochum 04/2022
Frischli, Rehburg-Loccum
BPS Consulting, Sprenge 03/2022

HS Hannover, Maschinenbau & BioVT

M+M Turbinentechnik, Bad Salzuflen

Uni. Strathclyde, Glasgow, UK 02/2022
Delta Energy Group, Jiaozhou City, Qingdao, China

Wetzel 1B, Guben

Wijbenga, PC Geldermalsen, The Netherlands

Voith Paper, Heidenheim

HS Zittau/Gorlitz, Maschinenwesen 01/2022
Thermische Abfallbehandlung, Lauta

Webb Institute, Glen Cove NY, USA

TU Berlin, Umweltverfahrenstechnik

SachsenEnergie, Dresden

Doosan, Chang-won-si, Gyeongsangnam-do, South Korea

KW3, LH Veenendaal, The Netherlands

Université du Luxembourg, Esch-sur-Alzette

Enseleit IB, Mansfeld

Caliqua/Equans, Zirich, Switzerland

Rudnick & Enners, Alpenrod

2021

Wenisch IB, Vetschau 12/2021
PPCHEM, Hinwil, Switzerland

KW3, The Netherlands

BASF Ludwigshafen

Air-Consult, Jena

Sjerp & Jongeneel, RB Zoetermeer, The Netherlands 11/2021
Maerz Ofenbau, Zirich, Switzerland

RWE Supply & Trading, Essen

Hahn IB, Dresden 10/2021
Therm, South Africa

RWE Supply & Trading, Essen

TH Nirnberg, Verfahrenstechnik 09/2021
RWE Supply & Trading, Essen

Enseleit IB, Mansfeld
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SachsenEnergie, Dresden

BSH Hausgerate, Berlin

Norsk Energi, Oslo, Norway 08/2021
AKM Industrieanlagen, Haltern

Drill Cool Systems, Bakersfield CA, USA

Siemens Energy Global, Erlangen 07/2021
Wulff & Umag, Husum

Planungsbiro Waidhas, Chemnitz

Burkhardt Energie Technik, Mihlhausen

Licke 1B, Paderborn 06/2021
TU Dresden, Energieverfahrenstechnik

Warme, Hamburg

AL-KO Therm, Kotz

PCK Raffinerie, Schwedt

Vogelsang & Benning, Bochum 05/2021
MTU, Miinchen

VPC Group, Vetschau

AVG, KdIn 04/2021
TH Ulm, Institut fir Fahrzeugtechnik

Marty IB, Oberwil, Switzerland

HypTec, Lebring, Austria

Lopez IB, Getxo, Bizkaia, Spain 03/2021
GM Remediation Systems, Leoben, Austria

Jager Kaltetechnik, Osnabriick

T&M Automation, GR Leidschendam, The Netherlands

RWE Supply & Trading, Essen

Stadtwerke Leipzig

Beuth Hochschule fur Technik, Berlin

Beleth IB, Woeth 02/2021
ZTL, Thal, Austria

ETABO Bochum

RWE Supply & Trading, Essen

Onyx Germany, Berlin

TU Dresden, Kaltetechnik

GOHL-KTK, Durmersheim

Therm Development, South Africa

thermofin, Heinsdorfergrund

RWE Supply & Trading, Essen 01/2021
STEAG, Essen

ETA Energieberatung, Pfaffenhofen

Enex Power, Kirchseeon

2020

Drill Cool, Bakersfield CA, USA 12/2020
Manders, The Netherlands
RWE Supply & Tranding, Essen
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NEOWAT Lodz, Poland

University of Duisburg-Essen, Duisburg 11/2020
Stellenbosch University, South Africa

University De France-COMTe, France

RWE, Essen

STEAG, Herne

Isenmann Ingenierbiro

University of Stuttgart, ITLR, Stuttgart

Norsk Energi, Oslo, Norway

TGM Kanis, Nirnberg

Stadtwerke Neuburg 10/2020
Smurfit Kappa, Roermond, The Netherlands

RWE, Essen

Hochschule Zittau/Gérlitz, Wirtschaftsingenieurwesen

Stadtwerke, Neuburg

ILK, Dresden

ATESTEO, Alsdorf

Hochschule Zittau/Gérlitz, Maschinenwesen

TH Nirnberg, Verfahrenstechnik

Drill Cool, Bakersfield CA,USA 09/2020
RWE, Essen

2Meyers Ingenieurbiro, Nirnberg

FELUWA, Mirlenbach

Stadtwerke Neuburg

Caverion, Wien, Austria

GMVA Niederrhein, Oberhausen

INWAT Lodz, Poland

Troche Ingenieurblro, Hayingen 08/2020
CEA Saclay, France
VPC, Vetschau 07/2020

FSK System-Kalte-Klima, Dortmund

Exergie Etudes, Sarl, Switzerland

AWG Wuppertal

STEAG Energy Services, Zwingenberg

Hochschule Braunschweig 06/2020
DBI, Leipzig

GOHL-KTK, Dumersheim

TU Dresden, Energieverfahrenstechnik

BASF SE, ESI/EE, Ludwigshafen

Warme Hamburg

Ruchti Ingenieurbuiro, Uster, Switzerland

IWB, Basel, Switzerland

Midiplan, Bietingen-Bissingen 05/2020
Knieschke, Ingenieurblro

RWE, Essen

Leser, Hamburg
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AGRANA, Gmiind, Austria
EWT Wassertechnik, Celle

Hochschule Darmstadt 04/2020
MTU Miinchen CCP
HAW Hamburg 03/2020

Hanon, Novi Jicin, Czech Republic

TU Dresden, Kaltetechnik

MAN, Copenhagen, Denmark

EnerTech, Radebeul 02/2020
LEAG, Cottbus

B+B Enginering Magdeburg

Hochschule Offenburg

WIB, Dennheritz 01/2020
Universitat Duisburg-Essen, Strdmungsmaschinen

Kaltetechnik Dresen-Bremen

TH Ingolstadt

Vattenfall AB, Jokkmokk, Sweden

Fraunhofer UMSICHT

2019
PEU Leipzig, Rétha 12/2019
MB-Holding, Vestenbergsgreuth
RWE, Essen
Georg-Blichner-Hochschule, Darmstadt 11/2019

EEB ENERKO, Aldenhoven

Robert Benoufa Energietechnik, Wiesloch

Kehrein & Kubanek Klimatechnik, Moers 10/2019
Hanon Systems Autopal Services, Hluk, Czech Republic

CEA Saclay, Gif Sur Yvette cedex, France

Saudi Energy Efficiency Center SEEC, Riyadh, Saudi Arabia

VPC, Vetschau 09/2019
jGanser PM + Engineering, Forchheim

Endress+Hauser Flowtec AG, Reinach, Switzerland

Ruchti IB, Uster, Switzerland

ZWILAG Zwischenlager Wirenlingen, Switzerland 08/2019
Hochschule Zittau/Gorlitz, Faculty Maschinenwesen

Stadtwerke Neubrandenburg

Physikalisch Technische Bundesanstalt PTB, Braunschweig

GMVA Oberhausen 07/2019
Endress+Hauser Flowtec AG, Reinach, Switzerland

WARNICA, Waterloo, Canada

MIBRAG, Zeitz 06/2019
Poyry, Zirich, Switzerland

RWTH Aachen, Institut fir Strahlantriebe und Turbomaschinen

Midiplan, Bietigheim-Bissingen

GKS Schweinfurt
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HS Zittau/Gorlitz, Wirtschaftswissenschaften und Wirtschaftsingenieurwesen

ILK Dresden

HZDR Helmholtz Zentrum Dresden-Rossendorf

TH KoéIn, Technische Gebaudeausristung 05/2019
IB Knittel, Braunschweig

Norsk Energi, Oslo, Norway

STEAG, Essen

Stora Enso, Eilenburg

IB Lucke, Paderborn

Haarslev, Sonderso, Denmark

MAN Augsburg

Wieland Werke, Ulm 04/2019
Fels-Werke, Elbingerode

Univ. Luxembourg, Luxembourg

BTU Cottbus, Power Engineering 03/2009
Eins-Energie Sachsen, Schwarzenberg

TU Dresden, Kalte- und Kryotechnik

ITER, St. Paul Lez Durance Cedex, France

Fraunhofer UMSICHT, Oberhausen

Comparex Leipzig for Spedition Thiele HEMMERSBACH

Ruckert NaturGas, Lauf/Pegnitz

BASF, Basel, Switzerland 02/2019
Stadtwerke Leipzig

Maerz Ofenbau Zirich, Switzerland

Hanon Systems Germany, Kerpen

Thermofin, Heinsdorfergrund 01/2019
BSH Berlin

2018
Jaguar Energy, Guatemala 12/2018

WEBASTO, Gilching

Smurfit Kappa, Oosterhout, Netherlands

Univ. BW Minchen

RAIV, Liberec for VALEO, Prague, Czech Republic 11/2018
VPC Group Vetschau

SEITZ, Wetzikon, Switzerland

MVV, Mannheim 10/2018
IB Troche

KANIS Turbinen, Nirnberg

TH Ingolstadt, Institut fiir neue Energiesysteme

IB Kristl & Seibt, Graz, Austria 09/2018
INEOS, Kdln

IB Lucke, Paderborn

Siidzucker, Ochsenfurt 08/2018
K&K Turbinenservice, Bielefeld 07/2018

OTH Regensburg, Elektrotechnik
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Comparex Leipzig for LEAG, Berlin
Minstermann, Telgte

TH Nirnberg, Verfahrenstechnik
Universitat Madrid, Madrid, Spanien
HS Zittau/Gorlitz, Wirtschaftsingenieurwesen
HS Niederrhein, Krefeld
Wilhelm-Bichner HS, Pfungstadt
GRS, Kdln

WIB, Dennheritz

RONAL AG, Harklingen, Schweiz
Ingenieurbiiro Leipert, Riegelsberg
AIXPROCESS, Aachen

KRONES, Neutraubling

Doosan Lentjes, Ratingen
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02/2018
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ASHRAE LibHuAirProp Calculation Library



	ASHRAE_LibHuAirProp_Cover_1_DYM
	ASHRAE_LibHuAirProp_Cover_2_ff
	ASHRAE_LibHuAirProp_Cover_3_Cont_DYM
	ASHRAE_LibHuAirProp_IP_0_SI_0_DYM
	0 Package Contents

	ASHRAE_LibHuAirProp_IP_0_SI_0_DYM_leer_li
	ASHRAE_LibHuAirProp_IP_1
	Part I-P Units
	1  Property Library ASHRAE-LibHuAirProp-IP
	1.1 Function Overview

	1.1.1 Function Overview for Real Moist Air
	Component
	Reference States
	1.1.2  Function Overview for Steam and Water for Temperatures t ≥ 32 F
	Reference State
	1.1.3  Function Overview for Steam and Ice for Temperatures t ≤ 32 F
	1.2 Conversion of SI and I-P Units
	1.3 Calculation Algorithms

	Reference State
	1.3.1 Algorithms for Real Moist Air
	1.3.2 Algorithms for Steam and Water for Temperatures t ≥ 32 F
	1.3.3 Algorithms for Steam and Ice for Temperatures t ≤ 32 F
	1.3.4 Overview of the Applied Formulations for Steam, Water, and Ice

	ASHRAE_LibHuAirProp_IP_2_DYM_x32_x64
	ASHRAE_LibHuAirProp_IP_2_DYM_x32_x64_leer_li
	ASHRAE_LibHuAirProp_IP_3_Tit
	3  Property Functions of ASHRAE-LibHuAirProp-IP

	ASHRAE_LibHuAirProp_IP_3a
	ASHRAE_LibHuAirProp_IP_3b
	ASHRAE_LibHuAirProp_IP_3c
	3.2  Functions for Steam and Water for Temperatures t ≥ 32 F

	ASHRAE_LibHuAirProp_IP_3d
	3.3  Functions for Steam and Ice for Temperatures t ≤ 32 F

	ASHRAE_LibHuAirProp_IP_4
	Flyer_Property_Libraries_KCE_230310
	Foliennummer 1
	Foliennummer 2

	Flyer_Property_Software_KCE_230310
	Foliennummer 1
	Foliennummer 2


	ASHRAE_LibHuAirProp_IP_5
	5  References

	ASHRAE_LibHuAirProp_IP_6
	ASHRAE_LibHuAirProp_IP_6_leer_li
	ASHRAE_LibHuAirProp_SI_1
	Part SI Units
	1  Property Library ASHRAE-LibHuAirProp-SI
	1.1 Function Overview

	1.1.1 Function Overview for Real Moist Air
	Component
	Reference States
	Dry Air
	Steam, Water, and Ice

	1.1.2  Function Overview for Steam and Water for Temperatures t ≥ 0 C
	Reference State
	Water Vapor and Liquid Water

	1.1.3  Function Overview for Steam and Ice for Temperatures t ≤ 0 C
	1.2 Conversion of SI and I-P Units
	1.3 Calculation Algorithms

	Reference State
	Water Vapor and Ice

	1.3.1 Algorithms for Real Moist Air
	1.3.2 Algorithms for Steam and Water for Temperatures t ≥ 0 C
	1.3.3 Algorithms for Steam and Ice for Temperatures t ≤ 0 C
	1.3.4 Overview of the Applied Formulations for Steam, Water, and Ice

	ASHRAE_LibHuAirProp_SI_2_DYM
	ASHRAE_LibHuAirProp_SI_3_Tit
	ASHRAE_LibHuAirProp_SI_3a
	ASHRAE_LibHuAirProp_SI_3b
	ASHRAE_LibHuAirProp_SI_3c
	3.2  Functions for Steam and Water for Temperatures t ≥ 0 C

	ASHRAE_LibHuAirProp_SI_3d
	3.3  Functions for Steam and Ice for Temperatures t ≤ 0 C

	ASHRAE_LibHuAirProp_SI_4
	Flyer_Property_Libraries_KCE_230310
	Foliennummer 1
	Foliennummer 2

	Flyer_Property_Software_KCE_230310
	Foliennummer 1
	Foliennummer 2


	ASHRAE_LibHuAirProp_SI_5
	5  References

	ASHRAE_LibHuAirProp_SI_6



