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1. Introduction

« State of the art: only two imprecise figures of transport properties of moist air,
based on outdated equations, available in the current ASHRAE Handbook Ch. 1

« No ASHRAE Research Project was carried out on Transport Properties
Research before RP-1767

» ASHRAE funded RP-1485 ,Thermodynamic Properties of Moist Air, Dry Air,
Steam, Water, and Ice, finished in 2009 -> ,Gold Standard® in Thermodynamics
of Moist Air -> needed for the calculation of transport properties of moist air

» Extensive research on transport properties of dry air at NIST (2004)

* |APWS sponsored significant research on transport properties of water and
steam in the period from 1984 to 2014

%

* An unsolicited research proposal was written and submitted in 2015 by
S. Herrmann, H.-J. Kretzschmar, V.C. Aute, and D.P. Gatley

* Proposal was reviewed, accepted and PMC was installed

» ASHRAE RP-1767 started on 15t of July, 2016, and will last up to 31st of

December, 2017; Update: an extension to the 30t of June, 2018 was requested
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2. Recent Transport Properties Research

* New correlations for the viscosity and the thermal conductivity of dry air were
published by Lemmon and Jacobsen (2004)

* A new correlation for viscosity of H,O were released as International Standard
by IAPWS (2008) based on research by Huber et al. at NIST

* A new correlation for thermal conductivity of H,O were released as International
Standard by IAPWS (2011) based on research by Huber et al. at NIST

* Revised correlations for thermodynamic properties of moist air were developed
within the ASHRAE Research Project RP-1485 (Herrmann et al., 2009)

* Vesovic-Wakeham procedure to model viscosity and thermal conductivity for
mixtures (1989, 1991)

+ Significant advancement in measuring moist air transport properties at higher
pressures and temperatures resulting from research typical of the Compressed
Air Energy Storage (CAES) process (final model can be used from 243 K to
1000 K and pressures to 40 MPa), European Union Project AA-CAES
(2002-2006)
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3. Algorithms for Moist Air Transport Properties

Calculation of Viscosity of Moist Air
» Viscosity of gas mixures (Vesovic and Wakeham, 1989)
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» Contact value of the pseudo-radial distribution function for a pure
component
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Calculation of Thermal Conductivity of Moist Air
» Thermal Conductivity of gas mixures (Vesovic and Wakeham, 1991)

Amix (T, pm, X) = Amix (MON)(T', pm, X) + Amix (INY)(7', pm, X)

; ;

Internal (int) contribution

4

Amix (iN)(T', pm, X) = 3.
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Monatomic (mon) contribution

Iy - LN K :
: : : i1 Ly
Amix (Mon)(T', pm,X) =—| ' ] : © | E
Lyy -+ LNy Yn Int o L
i o Yy 0 . oy

{/10 ﬂo(mon)} +Zx]/10(m0n))(ij14;

S6




N 2mim;
Yi=x|1+ L X7 Zijm
jzl(m,'+mj)
2 N —
ii=§’i+ * 0 A 2(15 12+25 ; 3mszlj+4mlmJAUj
A7 (mon) =1 2A,~]-/1l.j(mon)(m,-+mj) 2 4
i
Lj=—— DXy MM (55—381,—4/11]) (i+))
ZAU-A.Q(mon)(ml.erj)Z 4
16 10 _
Kmix =g P %Z Z 5 xzxj}(ijﬂfijz'ﬂg(mon)

i=1 j=1 m,+m])

and

cym(Mon) | ¢ 5| ¢2(mon)
22(mon Yt 2 0 =2 ImTFV |0
(mon) = 2{ M } 1, A (mon) 2{ M; ;j

S7

» Contact value of the pseudo-radial distribution function for a pure
component

12
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Implementation of Vesovic-Wakeham Mixing Models for Moist Air
» Treatment of critical enhancement for pure components

77i(T1,0m)=77i,total(T1,0m)—77iC(T,,0m)
Ai(T, pm) = i total (T1Pm)—/1iC(T,Pm)

» critical enhancement subtracted from total value for pure fluid
-> performed for water only, since dry air far away from critical point

Amix total (7 pm) = Amix (T, pm) + A4 (T, pmw)
» critical enhancement for thermal conductivity of water added after mixing
» Calculation of water as hypothetical fluid

» water could become a liquid under pressure and temperature of moist air
-> treated as hypothetical fluid for (T<T_) and (p,, >p.s) @s follows

1w (T, pm) = 1w (T, pms) +[ 11w (Tret » pm) — iw (Tref » Pms) |
A (T, pm) = Aw (T, pms) + [ Aw (Tref , om) — Aw (Tref , Pms) |

with T = 650 K and p,,, as saturated vapor molar density at given temperature
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* Quantities for interaction of unlike molecules

» based on extended corresponding states principle

» scaling factors resulting for pure components of dry air and water
with following mixing rules:

Ojj =;(O'ii +O'jj) & :;(&iéjj‘)ﬂz

m) o; =0.31562nm and &; / kg = 276.28 K

» interaction viscosity in the limit of zero density follows from

0.021357(

1/2
2M,‘Mj T
M,‘+Mj

n)(T) =

oSy (T57)

. * *x 4 * k * kB T
with Ins;(7) = > a|In(75)| and 7=
k=0 &ij

» A;; and Bj; are to be 1.1, each
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Improvement of Vesovic-Wakeham Model Using Experimental Data
» Adjustment of length scaling factor

» molecules of dry air and water do not correspond to spherically symmetric
interaction potentials -> theorem of corresponding states inappropriate for
interaction viscosity in the limit of zero densiy

» interaction viscosity now treated as function of mole fraction of water

» fitted to experimental data by Kestin and Whitelaw as well as by Hochrainer
and Munczak resulting in

dj 3 k
O—; ) (ow) = o {l+ x1x2 Y b (x1 —x2)
k=0

where coefficients b, adjusted with n = 2
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Result of Improvement of Vesovic-Wakeham Model Using Experimental Data
+ Kestin and Whitelaw (1964): viscosity of moist air at atmospheric pressure
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4. Deliverables of ASHRAE RP-1767
4.1 Deliverable 1: New Sl and I-P moist air property tables
New Sl and I-P moist air property tables for the ASHRAE Handbook of
Fundamentals, Psychrometrics Chapter

Transport Properties of Moist Air at Atmospheric Pressure (p = 101.325 kPa)

Absolute Kinematic Viscosity,  Thermal Cond.,
Temp., °C Humidity Density, I»;g'm" Viscosity, pPa s 107 m%ss mW/(m K) Prandtl Number (-) Temp., °C
r w,, kﬂu kg«'s P da P 1 da s V da vy A A, Pr g, Pr, U
0 0.00379 1293 1290 1722 1718 332 1332 002436 002433 07108  0.7124 0
1 0.00408 1.288 1.285 17.27 17.23 13.40 13.40 0.02444 0.02441 0.7107 0.7124 1
2 0.00438 1.284 1.280 17.32 17.27 13.49 13.49 0.02451 0.02448 0.7105 0.7124 2
3 0.00471 1.279 1.275 17.37 17.32 13.58 13.58 0.02459 0.02455 0.7104 0.7124 3
4 0.00505 1.274 1.271 17.42 17.37 13.67 13.67 0.02467 0.02463 0.7102 0.7124 4
5 000542 1270 1266 1747 1741 1376 1376 002474 002470 07101  0.7124 5
6 0.00582 1.265 1.261 17.52 17.46 13.85 13.85 0.02482 0.02478  0.7099 0.7124 6
7 000624 1261 1256 1757 1751 1393 1394 0.02489 002485 07098 0.7124 7
8 0.00668 1.256 1.251 17.62 17.55 14.02 14.03 0.02497  0.02493  0.7096 0.7124 8
9 000716 1252 1246  17.67 1760 1411 1412 002505 002500 07095  0.7125 9
10 0.00766 1.247 1.242 17.72 17.65 14.20 14.21 0.02512 0.02507 0.7093 0.7126 10
11 0.00820 1.243 1.237 17.76 17.69 14.29 14.30 0.02520 0.02515 0.7092 0.7126 11
12 0.00877 1.239 1.232 17.81 17.74 14.38 14.40 0.02527 0.02522 0.7090 0.7127 12
13 0.00937 1.234 1.227 17.86 17.78 14.47 14.49 0.02535 0.02530 0.7089 0.7128 13
14 0.01001 1.230 1.223 17.91 17.83 14.56 14.58 0.02542 0.02537 0.7088 0.7130 14
15 0.01069 1.226 1.218 17.96 17.87 14.66 14.67 0.02550 0.02545 0.7086 0.7131 15
16 0.01142 1.221 1.213 18.01 17.92 14.75 14,77 0.02557 0.02552 0.7085 0.7132 16
17 0.01218 1.237 1.208 18.06 17.96 14.84 14.86 0.02565 0.02559 0.7083 0.7134 17
18 0.01299 1.213 1.204 18.11 18.00 14.93 14.96 0.02572  0.02567 0.7082 0.7136 18
19 0.01385 1.209 1.199 18.16 18.05 15.02 15.05 0.02580 0.02575 0.7081 0.7138 19
20 0.01476 1.205 1.194 18.21 18.09 15.11 15.15 0.02587 0.02582 0.7079 0.7140 20
21 0.01572 1.200 1.189 18.25 18.14 15.21 1325 0.02595 0.02590 0.7078 0.7143 21
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Old Figure 12 of the current ASHRAE Handbook of Fundamentals,
Psychrometrics Chapter, showing viscosity values for moist air
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Fig. 12 Viscosity of Moist Air




4.2 Deliverable 2: New Figures for Transport Properties of Moist Air

New Figure 12 for the ASHRAE Handbook of Fundamentals, Psychrometrics

Chapter, showing viscosity values for moist air
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Old Figure 13 of the current ASHRAE Handbook of Fundamentals,
Psychrometrics Chapter, showing thermal conductivity values for moist air
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New Figure 13 for the ASHRAE Handbook of Fundamentals, Psychrometrics
Chapter, showing thermal conductivity values for moist air
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4.3 Deliverable 3: Comparison of new algorithms
Comparison of new algorithms for viscosity of moist air to the former
equations by Mason and Monchick (1965)
Relative deviations of the data of Mason and Monchick from the values, calculated from ASHRAE RP-1767, in percent
Mole Fraction H20
Viscosity 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Temperature Absolute Humidity (converted from Mole Fraction H20)
(°C) 0 0.06910504 0.15548633 0.26654799 0.41463021 0.62194532 0.93291797 1.45120574 2.48778126 5.59750784 1000000000
-80
-70 -0.30
-60 -0.26
-50 -0.23
-40 -0.21
-30 -0.26
-20 -0.25 ~ &
o = supersaturated moist air
10| -0.31
20 -0.31
30| -037
40 -0.44
50 -0.49 -0.53
60 -0.49 -0.71
70 -0.52 -0.85 -0.49 1.97
80 -0.57 -1.00 -0.74 1.64 4.42
90 -0.63 -1.17 -0.95 1.34 4.05 6.37 8.85
100 -0.71 -1.31 -1.22 1.04 3.73 5.99 8.50 11.44 12.70 8.52 1.86
120 -0.80 -1.61 -1.69 0.42 2.98 5.14 7.57 10.48 11.78 7.78 1.32
140 -0.89 -1.90 -2.12 -0.11 2.32 4.37 6.72 9.64 10.88 7.00 0.76
160 -1.02 -2.17 -2.49 -0.66 1.64 3.68 5.93 8.78 10.08 6.28 0.20
180 -1.11 -2.40 -2.88 -1.15 1.07 2.99 5.20 8.03 9.35 5.66 -0.28
200 -1.25 -2.67 -3.27 -1.62 0.51 2.37 4.52 731 8.58 4.97 -0.82
220 -1.37 -2.90 -3.58 -2.05 0.00 1.79 3.88 6.63 7.95 4.34 -1.34
240 -1.45 -3.13 -3.89 -2.44 -0.51 1.25 3.29 6.03 7.28 376 -1.84
260 -1.57 -3.31 -4.17 -2.83 -0.93 0.75 2.77 5.46 6.72 3.22 -2.31
280 -1.59 -3.43 -4.39 -3.12 -1.29 0.29 2.28 491 6.18 2.74 -2.70
300 -1.58 -3.51 -4.56 -3.39 -1.63 -0.08 1.85 4.47 5.70 2.29 -3.07
S 18

Tabulated values are calculated as follows: (Nyamoess-Nap1767) Nap17e7* 100




Comparison of new algorithms for thermal conductivity of moist air to the
former equations by Mason and Monchick (1965)

Relative deviations of the data of Mason and Monchick from the values, calculated from ASHRAE RP-1767, in percent

Thermal Mole Fraction H20
Conductivity 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Temperature At Humidity ( ted from Mole Fraction H20)
("C) 0 0.06910504 0.15548633 0.26654799 0.41463021 0.62194532 0.93291797 1.45120574 2.48778126 5.59750784 1000000000
-80
-70 -3.02
-60 -2.86
-50 -2.66
-40 -2.42
-30 -2.16
-20 -2.06 . .
B supersaturated moist air
10 -1.40
20 -1.36
30 -1.13
40 -0.88
50 -0.77 -0.18
60 -0.64 -0.06
70 -0.50 0.07 -1.82 -2.74
80 -0.33 0.22 -1.79 -2.80 -1.63
90 -0.29 0.25 -1.75 -2.87 -1.79 -0.54 -0.08
100 -0.10 -1.31 -1.76 0.07 2.01 3.24 441 5.78 5.20 -0.08 -7.13
120 0.07 -1.37 -2.00 -0.20 1.78 2.96 4.15 5.78 5.40 0.43 -6.23
140 0.16 -1.37 -2.08 -0.45 1.39 2,62 391 5.55 5.43 0.66 -5.58
160 0.32 -1.45 -2.25 -0.80 1.00 2.23 3.44 5.17 5.09 0.57 -5.49
180 0.51 -1.49 -2.49 -1.12 0.51 1.71 293 4.70 4.72 0.39 -5.56
200 0.64 -1.59 -2.69 -1.51 0.15 1.19 239 4.16 4.24 -0.10 -5.86
220 0.70 -1.65 -2.96 -1.87 -0.29 0.69 1.85 3.59 3.55 -0.57 -6.21
240 0.79 -1.77 -3.19 -2.19 -0.80 0.10 1.20 2.88 2.95 -1.25 -6.79
260 0.82 -1.86 -3.47 -2.57 -1.28 -0.45 0.56 217 2.20 -1.87 -7.36
280 0.89 -2.00 -3.72 -2.91 -1.71 -0.98 -0.05 1.47 1.55 -2.53 -7.99
300 0.88 -2.11 -4.01 -3.40 -2.30 -1.57 -0.73 0.79 0.70 -3.31 -8.66
S 19
Tabulated values are calculated as follows: (Myances-Aari767) Aapi7er* 100
4.4 Deliverable 4: Tables of Transport Properties of Water at Saturation
ASHRAE Handbook Fundamentals, Ch. 1. Table Transport Properties of
Water at Saturation (Sl Edition)
Transport Properties of Water at Saturation
Abzolute Kinematic Viscosity, Thermal Cond.,
Temp., °C  Pressure Density, kg w’ Viscosity, uPa = 107 m¥s mW/(m K) Prandtl Number (-) Temp., °C
t Pwss KPa Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor t
0 06112127 99979 000485 17920 8945 1.792 1844 555.6 16.76 13.61 1.0078 0
1 0.65709 99985 0.00520 17312 8974 1.731 1727 558.1 16.82 13.08 1.0075 1
2 0.70599 99989 000556 1673.7 9.003 1.674 1618 560.6 16.89 12.58 1.0073 2
3 0.75808 99992 000595 16192 9.032 1.619 1517 563.0 16.95 12.11 1.0070 3
4 0.81355 99993 000636 15674 9.061 1.568 1424 565.4 17.02 11.67 1.0068 4
3 0.87257 99992 0.00680 15183 9.090 1.518 1336 567.7 17.08 11.25 1.0066 5
6 0.93535 99989 0.00727 14716 9.120 1.472 1255 570.0 17.15 10.85 1.0064 6
7 1.0021 999086 000776 14272 9.149 1.427 1180 5722 17.21 10.48 1.0062 7
8 1.0730 99980 000828 13848 9.179 1.385 1109 5744 172 10.12 1.0061 8
9 1.1483 99973 0.00883 13445 9.209 1.345 1043 576.6 17.35 9.787 1.0059 °
10 1.2282 99965 0.00941 1306.0 9238 1.306 082.1 578.7 17.41 9.469 1.0058 10
11 1.3129 90056 001002 12692 9268 1.270 02490 580.8 17.48 9.166 1.0057 11
12 1.4028 99945 0.01067 12341 9299 1.235 8715 5828 17.55 8878 1.0056 12
13 1.4981 99933 001135 12005 9329 1.201 8216 5848 17.61 8.605 1.0056 13
14 1.5989 99920 001208 11684 9359 1.169 7749 586.8 17.68 8344 1.0055 14
15 1.7057 99905 001284 11376 9.390 1.139 7313 588.7 17.75 8.095 1.0055 15
16 1.8188 99890 001364 11081 9420 1.109 690.4 590.6 17.81 7.858 1.0055 16
17 1.9383 90873 001449 10799 9451 1.081 6522 5925 17.88 7.632 1.0055 17
18 2.0647 99855 001538 10527 9482 1.054 6164 5944 17.95 7.415 1.0055 18
19 2.1982 99836 0.01632 1026.7 9513 1.028 5828 596.2 18.02 7.208 1.0056 19
20 23392 99816 001731 10016 9544 1.003 5513 598.0 18.09 7.010 1.0056 20
21 24881 99795 0.01835 977.6 9575 09796 521.7 59907 18.16 6.821 1.0057 21
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4.5 Deliverable 5: Update of Table for Refrigerant 718 (water/steam)

ASHRAE Handbook Fundamentals, Ch. 30: Table Refrigerant 718
(Water/Steam) Properties of Saturated Liquid and Saturated Vapor (S| Edition)

Refrigerant 718 (Water/Steam) Properties of Saturated Liquid and Saturated Vapor

Density, Volume, Enthalpy, Entropy, Specific Heat ¢, Velocity of Viscosity,  Thermal Cond, Surface

Temp.,*  Pres  kgm' m'kg ke Wiz K) WikeK)  c,/e, Sound ms wPa-s mWimK)  Tension, Temp.’
°C__ sure, MPa Liquid Vapor Liqud Vapor Liquid Vapor Liqud Vapor Vapor Liqud Vapor Liquid Vapor Liqud Vapor mNm  °C
001" 00006117 99979 205097 000 25009 00000 01555 42199 18832 13277 14023 40880 17014 8046 5556 1676 75646 001
5 000087  ©0002 147017 2102 25101 0076 90240 42054 18917 13276 14260 41253 15183 0090 5677 1708 74042 5
10 0.00123 00065 106300 4202 25192 O0.1511 88998 41058 18957 13275 14474 41613 13060 9238 5787 1741 74221 10
15 000171 99905 778807 6208 25284 02245 87804 41804 10004 13274 14664 41068 11376 0300 5887 1775 73486 15
20 000234 99816 577615 8392 25375 02965 86661 41851 19057 13273 14833 42318 10016 9544 5080 1809 T2T6 20
25 000317 99700 433414 10484 25465 03673 85568 4182 10116 13272 14980 42663 8900 0701 6065 1843 71972 25
30 000425 99561 328816 12575 25556 04368 84521 41803 190180 13272 15108 43004 7972 9860 6143 1879 7LIM4 30
35 000563 99400 252078 14664 25646 05052 83518 41792 19240 13272 15218 43340 7191 1002 €217 1914 70402 35
%0 000738 99218 195170 16754 25735 05724 82557 41788 190322 13272 15311 43672 6527 10185 6284 1951 69596 40
45 000050 00018 152534 18844 25825 06385 81634 41790 10400 13274 15389 43008 5958 10350 6347 1988 68777 45
50 001235 98301 120279 20934 25913 07038 80740 41798 10482 13276 15452 44320 5465 10516 6406 2026 6794 SO
55 001576 98567 95640 23024 26001 07680 79899 41811 10570 13280 15501 44637 5036 10684 6460 2065 67098 55
6 001995 98318 76677 25115 26088 08312 79082 41820 19664 13284 15537 44950 4660 10854 6510 2104 66238 60
65 002504 98053 61938 27208 26175 08935 78206 41853 10764 13200 15562 45256 43290 110 6556 2145 65366 65
70 003120 97775 50397 20302 26261 09550 77540 41882 19873 13207 15575 45557 4035 11195 6597 2186 64481 70
003860 97483 41201 31397 26346 10156 76812 41917 19990 13306 15577 45852 3774 11367 6635 2228 63583 75
80 004741 97178 34053 33495 26430 10754 76110 41956 20119 13316 15570 46141 3540 11539 6670 2272 62673 80
85 005787 96860 28250 35595 20513 11344 75434 42001 20260 13327 15553 46423 3331 11712 6701 2316 61750 85
% 007018 96530 23591 37697 26595 11927 74781 42051 20415 13340 15527 46698 3142 11885 6728 2362 60816 90
95 008461 96180 10806 30802 26676 12502 74150 42106 20586 13355 15493 46066 2071 1206 6752 2409 5980 95
909743° 0101325 95837 16733 41899 26755 13067 7354 42166 20774 13371 15451 47224 2817 1223 6772 2457 58917 99.0743
100 010142 905835 16719 41910 26756 13070 73541 42166 20775 13371 15451 47226 2816 1223 6772 2457 58912 100
105 012000 95471 14185 44021 26834 13632 72051 42232 20983 13300 15401 47477 2675 1241 6789 2507 57943 105
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4.6 Timetable for Deliverables of ASHRAE RP-1767

Deliverables

Schedule

1.

New S| and I-P moist air property tables for the ASHRAE
Handbook of Fundamentals, Psychrometrics Chapter

New figures 12 and 13 in the Psychrometrics Chapter of
the ASHRAE Handbook of Fundamentals calculated from
results of this research

Comparison of new algorithms for transport properties of
moist air to former equations

63072017
12/3/2017

B/30/2017
12/3/2017

B30/2044
12/3/2017

Sl and I-P transport properties of water at saturation for
the liquid and the gas phase

Update of table for refrigerant 718 (water/steam) in the
ASHRAE Handbook of Fundamentals, Chapter 30

Final report documenting all used equations and
coefficients

12/31/2016

12/31/2016

121342047
6/30/2018
(decision of
TC1.1in
Long Beach)
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5. Conclusions and Outlook

« Saturated water and steam properties done (finished by end of 2016)
» Fortran code for calculating moist air transport properties prepared
- using latest NIST equations for transport properties of dry air
- incorporating current IAPWS formulations for water and steam
- including an improvement of the current mixing model for transport properties
of moist air
* New Sl tables for the ASHRAE Handbook of Fundamentals, Psychrometrics
Chapter were prepared, |-P tables in preparation

* New Sl figures 12 and 13 for the ASHRAE Handbook of Fundamentals,
Psychrometrics Chapter, I-P figures in preparation

» Preparing the Final Report including all equations and coefficients by the end of
June 2018

* Reporting the results of RP-1767 in a track (seminar, ...) as an oral presentation
at the 2018 ASHRAE Annual Conference in Houston, TX

» Preparing of a research paper for the Journal Science and Technology for the
Built Environment (former HVAC&R Research) by end of September 2018
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