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PREFACE

These Tables in SI (metric) units have been modelled on the author’s earlier Tables in
British units, but further individual tables have been introduced. The steam tables have
been extended to higher pressures and have been computed from more recent formulae,
The table giving the properties of semi-perfect gases provides data for the calculation of
enthalpies in the First Law analysis of combustion processes, while the tables of equilibrium
constants and standard enthalpies of reaction cater for the effects of dissociation at higher
temperatures. The tables giving the properties of air at low temperatures enable problems
involving liquefaction and refrigeration at cryogenic temperatures to be handled, while the
tables of transport properties of various fluids provide data for the solution of problems in
heat transfer.

"The most difficult decision in the construction of these new Tables arose in relation to
the unit of pressure to be used. The basic SI unit of pressure, the N/m? is too small a unit
for practical convenience in most engineering applications. As a result, the general ten-
dency has been to favour the bar (10 N/m?), which is about one atmosphere. However, 1o
is not one of the recognised multiples of the Systéme International, which prefers steps of
10% and the use of multiples and submultiples of the bar would be even more objectionable.
A still more serious objection to the use of the bar is that this perpetuates the need for a unit
conversion factor in energy conversion calculations. Even though this factor is a multiple
of 10, its presence disturbs the simple coherence of the Systéme International, which results
from the fact that IN = s kgm/s®and 1] = 1 Nm. In a set of Tables designed primarily
tor use in Universities and Technical Colleges, it was consequently considered to be educa-
tionally desirable that tabulation should be primarily in terms of the N/m?2 and its recog-
nised multiples; at the same time the corresponding number of bars has been indicated
alongside each table at conveniently frequent intervals. In the saturation table for steam, it
has been found convenient to change from the use of kN/m? to the use of MN/m? at about
atmospheric pressure. In all other tables the pressure is quoted in MN/m?2 All pressures
listed are absolute pressures.

To users of the Tables unfamiliar with SI units, attention is drawn to the fact that
the kilogram, not the gram, is the basic S1 unit of mass, and 1t 18 in terms of this
urut that the SI is a coherent system of units, since 1 N = 1 kg m/s® It is not
practicable to express 107° kilogram as a ‘milhikilogram’, so that it is still described
as a "‘gram’. A similarly unsatisfactory situation exists in relation to the kmol and the
mol. To counter this anomaly, a new name for the kilogram mass is clearly needed:
the author has suggested berg (unit symbol b), but international agreement on any
change of name is not likely to be achieved in 2 short time.

The terminology of that branch of seience concerned with temperature has long been in
4 most unsatisfactory state, and two Appendices are devoted to this topic in order to make
clear the usage adopted in the Tables, in which all temperatures listed are thermodynamic in
definition. In these Appendices, no mention is made of scale temperatures on the International
Practical Scales of Temperature defined in 1948 and 1960, since a redefinition of these
scales in terms of the kelvin unit of thermodynamic temperature ts likely to be made in
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1068.* It seems that there may then be good hope of achieving a rational simplification of
nomenclature and symbology which will greaily requce the current confusions arising from
the present multiplicity of symbols. The usage adopted 1n the Tables is believed to be close
to that which will eventually result from such simplification,

The stimulus for the production of these Tables was provided by the decision of the
United Kingdom to commence the transition from British units to metric units of the
Systéme International. Initially, many users of the Tables will be familiar with British
units and with some commonly used non-5I metric units, but will be unfamiliar with SI
units: with the passage of time, this situation will be reversed, but for many years engineers
nd scientists will need to consult earlier publications guoting data in British units and in
non-SI metric units. The Appendices giving definitions and conversion factors have been
prepared with this situation i mind. The inclusion of exact conversion factors is instructive
in revealing the definitive relationships between the different systems of units. Rounded
values for slide-rule calculation have also been quoted, but digital computersare increasingly
being used and, for exact calculations, it is illogical to feed into such computers a conversion
factor that has been rounded to the number of significant figures adequate only for slide-
rule caleulation. It would, of course, aiso be illogical to use exact conversion factors when
such accuracy was not warranted. Throughout these Tables, exact numerical values are
printed in bold type.

The author is especiaily grateful to all those on whose work he has drawn in compiling
¢he Tables. He is also indebted to his colieagues for helpful advice in planning the inttial
lay-out of the Tables, to Dr J. H. Matthewman for orogramming the equations from which
the property values for water substance and for Refrigerant-12 were computed and to
M;r P. K. Clarkson for computational assistance in the preparation of various tables. Dr
Matthewman and the author have prepared an enthalpy-entropy diagram for steam and a
pressure—enthalpy diagram for Refrigerant-12; these were drawn by digital plotter from the
same equations as those used in calculating the values for the respective tables and are
available for use with the Tables. R. W, HAYWOOD

Cambridge

s The Rational Treatment of Temperature and Temperature Scales, Haywood, R.W., Proc. L
Mech. E.. 1g69-68, Volume 182, Part 1; contribution to the discussion by J. Terrien and J. de Boer,
{(This change was made in 1968. Sce The International Practical Temperature Scale of 1968, HMS0,
London, 1g6g and Amended Edition of 1975, HMSO, London, 1976.)

SECOND EDITION 1472

Tables 7, 9, 10, 11 and 12 have been extended. The treatment of the mole has been
brought inte line with current international usage and a number of minor corrections and
additions have been made.

~NOTE ON THE 1978 REPRINT

A table of ST prefixes has been added. A more camplete statement relating to the standard
enthalpy of reaction has been given at the head of 'T'able 5. The quoted value of the molar
qumber and the conversion factor for the UK gallon have been brought into line with a more
cecent evaluation and specification respectively. A typographical error in the previously
quoted conversion factor for the US gallon has also been corrected.

These Tables and Diagrams are also now ‘available in Spanish translation [Haywoob,
R. V., Tablas Termodindmica en Unidades SJ (métricas). Trans. by A. E. Tstrada, Compania
Editorial Continental, $.A., Mexico (1977).]
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PREFACE TO THE THIRD EDITION 1990

In this third edition, the only major change is in the presentation of Equilibrium
Constants in Table 4, in order to brihg this into line with more generally accepted
current practice. 'I'he change which most greatly affects the tabulated values 1s that
they are presented in terms of the natural logarithms of the equilibrium constants,
instead of logarithms to the base 10. A much smaller change in the tabulated
values arises from the fact that partial pressures have been expressed in terms of
the bar (1 bar = 0.1 MN/m?), instead of the standard atmosphere (1 atm =
o.ror325 MN/m?®). A third change, which does not affect the numerical values,
is that, in the formula for In K, these partial pressures are expressed non-
dimensionally in terms of a quantity given the symbol p* = p;/p,, where p; 1s the
partial pressure of species ¢ in bars, and p, 1Is the standard pressure of 1 bar:
thus p* is numerically equal to p;. This change in the standard pressure, from the
previous value of 1 atm, is in line with the 1982 recommendation of the International
Union of Pure and Applied Chemistry (IUPAC). The expression of partial
pressures non-dimensionally ensures dimensional consistency in the formula for
InK_, since logarithms are dimensionless numbers.

The values of In (K },,, listed in Table 4 are everywhere numerically consistent
with the values of log,, (K,),m given in Table 4 of the second edition, and a simple
formula is given by which values of the latter can readily be calculated from the
tabulated values of the former.

On page z, the quated value of the molat (universal) gas constant R has been
increased by 2 in the last figure, in line with the latest internationally accepted
value. That change is of no practical engineering significance.

In Appendix A, the previous formal definitions of the candela and the metre have
been replaced by the new definitions promulgated respectively by the 16th CGPM,
1979, and the 17th CGPM, 1983,

I have to thank my former colleague in the University Engineering Department
at Cambridge, Dr ], D. Lewins, for his suggestions on the updating of these Tables,
and for kindly providing me with copy of some material to which I no longer had
ACCess.

R. W. HAYWOOD

With respect to the asterisked note on page vin, the International Temperature Scale of 1090,
[TS-g0, has superseded the International Practical Temperature Scale of 1968/75. Information

on the definition of I'I'S-go is available from the Division of Quantum Metrology, INational
Physical Laboratory, Teddington, Middlesex,
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GENERAL DATA

Precise data relating to temperature, definitions of units and unit conversion factors are given in the
Appendices.

Temperature: At a temperature (thermodynamic) of T kelvins (namely T K), the cor-
responding truncated thermodynamic temperature called the Celsius temperature is t Celsius,
wnitten symbolically as ¢ °C, where:

t = T'—273.15.

The difference in temperature between t, Celsius (¥, °C) and ¢, Celsius (t; °C) is thus
(t; —2y) kelvins, namely (¢, —1,) K.

Note: Thermodynamic temperatures expressed in kelvins are commonly described as absolute
temperatures,

Pressure:
¥ bar = r0® N/m2

¥ atm = 1.0132§ bar = 0,101325§ MN/m?
= 760 torr & 760 mmHg to 1 part in 7 million.

(For the definition of the mmHg, see Appendix D.)

Standard temperature and pressure (s.t.p.): 0 °C and 1 bar (formerly 1 atm).
Unified atomic mass unit (; of an atom of the nuclide *C): 1.660 54 X 10727 ka.

Atomic weights: Hydrogen 1*, Helium 4, Carbon 12, Nitrogen 14, Oxygen 16, Sulphur 32,
Argon 40.

Mole: A mole (mol) is a unit of quaniity of particles of specified kind; it 1s not a unit of mass.
Its formal definition is given in Appendix A.

Molar mass: 'I'he molar mass is the mass in grams (kilograms) of a mole (kilomole)
of the specified substance.

Molar number (Avogadro constant): 6.022 x 10% particles/mol (= 6.022 x 10% particles/
kmol).

Electron charge: 1.60x 107 coulomb.

Stefan-Boltzmann constant: 5.67 x 10~* W/m? K4,

* A more exact value is 1.008.



TABLE 1. CALORIFIC VALUES

In this Table, the calorific value is the enthalpy decrease on combustion when the reactants and products are
at 28 °C. In the evaluation of the lower calorific value the stearn is taken as being dry saturated.

Melar mass B P at 1 atm Calorific value
Substance kg kmol C Phase k) kg
to CO 1 9 190
B {tu COy i s 32 760
CO 28 — IGI.5 gas 10 100
Higher {gross)  Lower {net)
(H,;O to water) (H,O to steam}
H, 2® —252.0 gas 142 &O0 I20 DDO
CH, (methane) 16 —161.5 gas 55 500 50 0IQ
C:H, (ethane) 30 —88.3 gas 51 870 47 470
C.H, (propylene) 42 ~ 4717 gas 48 940 45 Boo
C,H; (propane) 44 —42.1 gas 50 360 46 360
C,H,;, (butane) 58 —0.5 gas 49 520 45 ;::
a5 B 270
CH;, (n-octane) 114 125.7 lgiq_ :? gzu 3 440

* A more exact value is 2.016.

PERFECT GASES

At normal atmospheric conditions, and over a limited range of temperature and pressure,
the gases listed in Table 2 may be assumed to behave as perfect gases. That 1s, they may
be assumed to have the equation of state pe = RT and to have constant specific heat
capacities,

Molar (universal) gas constant : R = MR =8.3145 k] /kmol K.

Molar volume of a perfect gas : 1 kmol of any perfect gas occupies a volume of
approximately 22:4 m? at s.t.p. (0 °C and 1 bar).

TABLE 2
Molar mass  (Gas constant Specific heat capacity
Gas kg/kmol klfkg K kjfkg K ezl
¢y Cy
Aar 29.0 o.287 1.01 0.72 1.40
Atmospheric 28.15 0.295 .03 0.74 1.40
nitrogen T
N, 28 0.20% 1.04 .74 1.40
Oy 32 0,260 0.02 2.60 1.40
A 40 0.208 0.52 0.31 1.67
H, 28 4.12 14.20 10.08 1.41
He 4 2.08 5.19 3.11 1.67
CcO 28 0.207 1.04 0.74 1.40
CcO, 44 o.18g 0.82 a.63 1.3%
SO, 6g 0.130 o.b1 o.48 1.26
CH, 16 0.520 2.23 5,71 1.31
CyHe 30 0,277 i 1.47 1.19
CyH, 42 0.198 1.52 1.32 1.15

* A more exact value is z.016.
+ Air contains ©.93 % of argon (A) and traces of other gases; these and the nitrogen together are called
atmospheric nitrogen.
Real gases are not perfect gases, and the rounded values for R, ¢,, ¢, and ¢ /¢, listed above do not exactly
satisfy the relationships between these quantities that would obtain for perfect gases,

Air composition:

Volumetric (and molar): 21.0%, O,, 79.0%, étmmpheric nitrogen,

Gravimetric: 23.2%, O,, 76.8%, atmospheric nitrogen.
2



SEMI-PERFECT GASES

At low pressures, and over the temperature range quoted, the pases listed in this Table
behave as semi-perfect gases. That is, while having the molar equation of state 2% = RT,
their specific heat capacities are variable but are functions only of temperature,

TABLE 3. MOLAR ENTHALPIES AT LOW PRESSURES

Warning: This table lists absolute temperatures,

Gas ... Air N; D: H| CO C 0: Hgo
Molapenidg | 24 28 32 - L 28 44 R
kg/kmol
Temperat_uE Molar enthaipy Temperature

K M]J/kmol K

£ A —
@00 5.70 5.81 5.70 .69 5.81 5.06 6.62 200

25 °C 298,18 8.64 8.6% 8.66 8.46 8.67 Q.37 5.90 20815 25 °C

3o 8.70 8.72 8.71 8.52 8,72 9.44 g.oh 3oo
400 I1.62 11.64 11.68 11.42 11.04 13.37 13.35 400
500 14.57 14.58 14.74 14.34 14.60 17.6% 16.82 500
600 17.30 17.56 17.00 17.27 17.61 22,27 20.30 600
00 20.66 20.61 21.16 20.21 20.00Q 27.12 24.00 700
800 23.81 23.72 24.50 23.16 23.85 32.18 27.00 800
QOO 27.03 26.80 27.G0 26.13 27.07 317.41 31.83 QOO
1000 jo.30 30.14 31.37 20.14 30.36 42.98 35.9% 1000
1100 11.64 23.44 34.88 32.18 33.71 48.27 40.00 I100
1200 37.02 36.79 38.43 35.20 197.11 53.89 44.41 T200
1300 40.44  40.19  42.01 IB38 4054 s59.55 48,84 1300
1400 43.90 43.62 45.63 41.54  44.02  65.31 53-39 1400
1500 4739 4709  40.27 44.75 47.53 71.13 58.05 1500
réoo 50.92 50,50 52.94 48.00 51.07 77.01 62.81 1boo
1700 54-47  54.12  56.63 51.206 54.63  82.94  67.65 1700
1800 58.04 57.677 60.35 54.62 58.21 88.02 72.58 1800
1600 61.63 61.25 b4.00 58.00 6r.8: 04.03 77.59 1900
2000 65.24 64.84 67.86 61.40 65.42 100,97 82.6% 2000
2100 68.87 68.44 71.h5 64.84 69.06 10%.05 8v.81 2I00
2200 72.52 7z.0b 75.46 68.31 72.70  113.13 93.01 2200
2300 76,18 75.70 70.20 71.82 76.36 r1g.28 98.2% 2300
2400 7986 79.35 8314 7535  S0.03 125.43 103.58 2400
2500 83.55 83.01 87.02 78.g0 B3.71  131.61 108.94 2X00
2600 87.25 86,68 00.Q2 Bz.48 8740 13780 114 34 2600
2700 90.96 0. 36 94.83 86.09 91.10 14402 119.98 2700
2800 ¢4.60 04.0% g8.77 89.7z 94.80  t50.25 125.26 2800
2900 98.42 9774 10232 9337  g8.51 156.50  r30.77 2900
3000 102.16 101,44 106.70 97.04 102.23 16276 116.31 3000

® A more exact value is z2.016,

Note: (1} The molar enthaipies listed are those in the ideal gas state at zero pressure, but the values given
are also valid at and around atmospheric presaure.

(2) In this table, the arbitrary datum state for zero enthalpy is that of the substance in the ideal gas
state at zero pressure and zere absolute temperature, (Warning: In Tables 6-12, the arbitrary datum state
for H,O is that of the saturated hquid at the triple point, at which state the internal energy and Entropy are
taken to be zero,)

{2) The values for atmospheric nitrogen, N,*, may be taken to be the sume as those for NG



THERMOCHEMICAL DATA FOR
EQUILIBRIUM REACTIONS

TABLES 4 AND § RELATE TO THE REACTIONS LISTED BELOW

STOICHIOMETRIC EQUATIONS
Z Y Ai\: 0,

where v, is the stotchiomelric coefficient of the substance whose chemical symbol is A,.

(x) —2H+H; =0 (5) —H;—30,+H,0 =0
(2) —2N+N, =0 (6) —3iH,—OH+H,0 =o
(3) —20+0; =0 (79 -CO0-40,+C0O, =0
(40 —2NO+N,+0,; =0 8) —-CO-H,0+CO,+H, =0

(99 —3N,—-3H,+NH,; =0

EQUILIBRIUM CONSTANTS
In (Kﬂ)mr = 2{.11!1- Inp¥

where pFf = pi/Pq
p; = partial pressure of species 4, in bars
p, = standard pressure = 1 bar.

Thus p¥ is numerically equal to p;, but is dimensionless. In the second
edition of these 'T'ables, p; was expressed in atmospheres, where 1atm =
1.013 25 bar and 1 bar = 0.1 MN/m?® The numerical relationship between the
value of K, as defined above, namely (K}, and the value of K as previously
defined, namely (K ) i, 15 thus:

In (Kp)bur =In {K;n):itm + E-l: Vi Inr1.01 325
The values of In{K),, in Table 4 are everywhere consistent with the
values of log,, (K, )y, given in ''able 4 of the second edition, the two

being related by the following expression:

lﬂgll}(Kp)atm = 0.4342951n (Kp)mr—O.DD_g 72 %1. Yy




TO00

200
L400
1600
1800
2000

2200
2400
2600
2800

3000

3200
3400
3600
3800
4000

4500
5000

53500
tooo

TABLE 4. EQUILIBRIUM CONSTANTS

Warning: This table lists absolute temperatures.

Reaction number

[ & Ty
I 2 3 4 5 6 7 8 9
?pf }:vi ?vr 2y ?ui EI:"’H' %ui X, ? 3
=— =—1 =—1 =0 =—1 =—3 =—1 =0 =—1
In (K ).,

- - bl
250.149 554.472 285.471 105.592 139.072 161.78¢0 159.692 1g.710 15.4173
163.986 367.470 186.975 60.865 y2.207 106.228 101.762 1I1.554 6.593
119.150 270.329 135.715 51.311 67.321  77.284 9v4.660  7.148 1.778
75.217 175.356  85.523  33.203 42.807 48.905 4b.245  3.348 —3.101
53.126 127.753 60.319 24.145 30.592 134.633 32.036 1.444 —5.822
39-803 g99.127 45.150 18706 23.162 26,033 23.528  0.306 —7.457
30.874 8o.o11 35.005 15.082 18.182 20281 17.871 —o.311 —8.570
24.463 66,329 27742 12.48¢ 14.608 1660 13.841 —o0.767 ~—0.371
19.632 56.055 22.285 10.546 11.921 13005 10.829 —r1.001 —5.972
15.865 48.051 18.03¢ g.035 0.825 10657 8.497 —1.329 —10.410
12.835 41.645 14.622 7.824 B.145 8.727 6634 —r.510 —10.810
10.353 36301 11.827 6834 6768 7148  s5.110 —1.640—11.109

8.276 32.011 0. 447 fh.o10 5.610 5.831 3.856 —1.759 —11.358
Hb.512 z28.304  7.321 5314 4.647 4718 2800 —r1.B47 —11.563
3.002  25.119 5.286 4.920 32.811 3.7607 1.8g3 —i1.918 —11,738
3.685 22,350  4.357  4.20% 3.086 2.016 1110 —1.76 —11 8835
2.533 19.936  3.072  3.735%F  2.450  2.211 0.4200 —2.022 —12.012
1.516 17800 1.935 L o 1.8g1 1.575 —oa.170 —2.061 —12.122
0.609 15898  o0.g26 3.007 1.301 1.007 —0.702 —2.003 —12.217
—o.207 14.198  o.019 2.694 0.044 ©O.500 —1.17H —2z.121 — 12.300
—0.939 12060 —o0.796 2.413  0.541 0.044 —1.606 —2.141—12.373
—2.486 9414 —2.514 1.828 —0.313 —0.921 —z2.491 —2.178 —12.51g
—3.725 6.807 —3.805% 1.363 —o0.097 —1.600 —3.198 —2201 —12.624
—4.743  4.666 —s5.024 0086 —1.361 —2.318 —3.771 —z.210 —12.701
—5.590  2.805 —5.663 0677 —z2033 —2.843 —4.246 —2.213 —12.760

STANDARD FREE ENTHALPY OF REACTION

Atagiven temperature, the standard free enthalpy of reaction AGY, (or standard Gibbs
function change} may be calculated from the listed value of In (K )ye by the
tollowing equation:

AGYL=~RThK,
= 8.3145 T In (K ),,,..

200
298
400

1000

1200
L1400
1boo
1800

2400
2600

3000

3200

3400
1600
3800

4500
S000

5500



STANDARD ENTHALPY OF REACTION
A= ¥ nhr = X el X )

1 ¢
where (118 = ((MHJags): + (TAI7 —[Flass);
and ([MMI]2); is the standard enthalpy of formation of specics 7 at temperature 77 (and .
pressure p, = 1 bar).

TABLE 5. STANDARD ENTHALPY OF REACTION

Warning: This table lists absolute temperatures.

Reaction number

A,

Tem : % 3 » S k g 8 ? Tem
p. AHZIM] -
K . . ; K
200 —434.7 9447 —406.g —180.4 —240.9 —280.2 —282.1 —41.21  —43.71 200
208 —436.0 —945.3 —49B.4 —1Bob —241.8 —281.3 —283.0 —41.17 —45.9¢ 208
400 —437.3 —946.6 —400.8 —180.7 —24238 —282.4 —28335 —gq0.60 —4B.04 400
600 —439.7 —ua8.0 —s02.1 —1Be7 —z244.8 —284.1 —283.6 —3BBHE —cgI1.39 oo
800 —442.01 —951.1 —3503.9 =—180.8 —246.5 —~28:5.5 —a283.3 —3682 —53.66 800
1000 —444.5 —953.0 —505.4 —18o.g —247.0 —2866 —2826 —134.74 —5507 1000
1200 —446.5 —90347 —soby —180g —2z49.0 —287.4 - 2%1.8 —aiz259 -—5583 1200
1400 —448.7 —956.1 —507.8 —18%1.c —240.0 =—2879 —28009 —3098 -—gboy 1400

1600 —43506 —os7.5 —s5o8.9 —181.0 —250.6 —288.4 —279.9 —20.29 —55.9¢ 1600
1800 —4523 —9587 —s500.8 —3Bro —z251.2 _ 2886 —298.¢ —z27.71 —s55.66 1800
2000 —451.8 —gs0.¢ —5106 —181.0 —2351.7 —2BB.8 —2yy.0¢ —20.22 —355.19 2000

2200 —455.2 —gbr.o —511.4 —180.8 —z252.1 ° —2889 —276.8 —24.79 -—54.61 2200
2400 —4506.4 —9gbz.1 —5120 — 180.7 —252.4 —28g.0 —275.8 —23.41 —353.02 2400
2600 —4576 —963.1 --512.5 —1Bog4 —252.7 —2850 —274.8 —2207 =5332 20600
2800 —4586 —9b4a1 —3513.0 —71801 =—253.0 — 28R —293.7 =—zo.77 —3z.22 2800
1000 —450.6 —gbs.o —s513.4 —179.7 —=253.3 —288.9 —2727 —1949 —51.20 3000

3200 —4604 —96bo —313.B —170.3 —253.5 — 2888 —291.7 =—1839 —sca0 3200
1400 —4b1.2 —0b7.0 —314.1 — 1787 —253.8 —28%7 =—2707 =—1bul —48.94 3400
1600 —4br.g —ogbB.1  —s5714.4 —178.2 —254.1 —2B88.6 —2008 —1562 —47.75 3600
3800 —462.5 —gbgz —s514.6 - 177.6 —2t4.5 —288.5 —2688 —14.33 —46.49 38co

4000 —4b3.0 —9704 —3§ 14.8 —176.g —254.8 —288.4 —267.8 —13.00 —45.19 4000
4500 —4b64.0 —0973.8 —s515.3 —175.2 —255.9 —288.1 —265.5 — 057 =—41.68 4500
gooo —464.6 —977.9 -—5159 —173.2 -—257.2 —2880c =—263.1 — 505 —37.79 5000
gxo0 —464.8 —oBzg —g165 —171.a —2586 —2879 —2b07 — 2.0 —33.56 5500
6000 —4647 —g8g0 —s17.2 —169.0 —2603 —287.9 —25 8.2 z.01 =—2898 booo



STEAM TABLES

In Tables 6-12, giving the thermodynamic properties of ordinary water substance, the
arbrtrary datum state for zero internal energy and entropy is that of the saturated liquid at
the triple point, which is the state point at which the solid, liquid and vapour are together

in equilibrium,

TABLE 6. TRIPLE POINT OF WATER

TEMPERATURE: 273.16 K

CELSIUS TEMPERATURE: o.01 °C
PRESSURE: 0.6112 kN/m?

Specific volume Specific enthalpy Sp:‘;:ciﬁc entropy
Phase m3 kg k) kg kIfke K
Ice 1.090% X 103 —333-§ -~ 1,221
Water I.0002 X 1677 o.000 61 Zero
Steam z0b.2 2501.6 g.157
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REFRIGERANT TABLES

In Tables 13-16, the arbitrary datum state for zero enthalpy and entropy is that of the
saturated liquid at a Celsius temperature of — 46 °C
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AIR AT LOW TEMPERATURES

In Tables 17-19, the arbitrary datum state for zero enthalpy and entropy is that of the
saturated liquid at a pressure of 0,1 MN/m? (x bar)
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TRANSPORT PROPERTIES OF VARIOUS FLUIDS

In addition to giving values of the transport properties A, » and Pr, Tables 20~-24 also list
values of the thermodynamic properties v and c,, since these are frequently required in
heat transfer calculations.

Warning note:
For convenience of tabulation in Tables zo0-24, the dynamic viscosity 4 is given in g/s m
instead of kg/s m (= N s/m?). It should be noted, therefore, that in the calculation of
viscous stress through the relation 7 = x 8V/8y, & must be in kgfs m if 7 is to be in N/m?,
since T N = 1 kg m/s3.

Similar care must be exercised when calculating the kinematic viscosity v (in m?%/s)
from the defining expression, v = g = uv.
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APPENDIX A

DEFINITIONS OF BASIC SI UNITS

The units quoted below are the basic units of the Systéme International d’Unités. The
abbreviation CGPM refers to the Conférence Générale des Poids et Mesures,

Length: The unit of length called the metre is the length of the path travelled by
light in vacuum during a time interval of 1/299 792 458 of a second (17th CGPM,

1983).

Mass: 'T'he unit of mass called the kilogram is the mass of the international

prototype which is in the custody of the Bureau International des Poids et Mesures
(BIPM) at Sévres, near Paris, France (3rd CGPM, 1g01).

Time: The unit of time called the second is the duration of 9 192 631 770 periods of
the radiation corresponding to the transition between the two hyperfine levels of the
ground state of the caesium 133 atom (13th CGPM, 1967).

Thermodynamic temperature: The unit of thermodynamic temperature called the
kelvin is the fraction 1/273.x6 of the thermodynamic temperature of the triple point of
water (13th CGPM, 1967).

Electric current: The unit of electric current called the ampere 1s that constant current
which, if maintained in two straight parallel conductors of infinite length, of
negligible circular cross-section, and placed 1 metre apart in a vacuum, would

produce between these conductors a force equal to 2 X 1077 newton per metre of
length (gth CGPM, 1948).

Luminous intensity: The unit of luminous intensity called the candelz is the luminous
intensity, in a given direction, of a source that emits monochromatic radiation of

frequency 540 x 10" hertz and that has a radiant Intensity in that direction of
(x/683) watt per steradian (16th CGPM, 1979).

Amount of substance: The mole is the amount of substance of 2 system which contains

as many elementary entities as there are atoms in o.012 kilogram of carbon 12 (14th
CGPM, 1971},

Note: When the mole is used, the elementary entities must be specified and may be atoms, molecules,
tons, electrons, other particles, or specified groups of such particles.

35



APPENDIX B

DEFINITIONS OF SOME DERIVED 8I UNITS

Force: The unit of force called the newton is that force which, when applied to a body
having a mass of 1 kilogram, gives it an acceleration of I metre per second per

second. (Thus 1 N = 1 kg m/s?.)

Pressure: The unit of pressure called the pascal® is equal to I newton per square metre.
(Thus 1 Pa = 1 N/m?).

Energy: The unit of energy called the joule is the work done when the point of application
of a force of x newton is displaced through a distance of 1 metre in the direction of the
force. (Thusx] = x Nm.)

Power: The unit of power called the watt is equal to 1 joule per second.

Electric charge: The unit of electric charge called the coulomb is the quantity of electricity
transported in 1 second by a current of x ampere.

Electric potential: The unit of electric potential called the wolt is the difference of potential
between two points of a conducting wire carrying a constant current of 1 ampere, when the
power dissipated between these points is equal to 1 watt,

® This name for the N/m? ig not used in these tables.

APPENDIX C

SI PREFIXES

Factor Prefix Symbol Factor Prefix Symbal
o bl votta Y st deci d
1c” zetta 7 107° centi c
1018 £xa E el milli m
101% peta P 107¢ micro 7
1012 tera T 1079 nano n
1o? giga G 1072 pico P
10® mega M 1071 femto f
10 kilo k g atto a
10° hecto h (o zehta Z
10l deca da 1o ** VOCTO ¥



APPENDIX D

DEFINITIONS OF SOME NON-SI METRIC UNITS

Each equation serves to define exactly the unit appearing on the left-hand side of the

equation.

Length:

VYolume:

Pressure, stress:

I micron =30%m = x um
¥ dngstrém (A) = 10 m

1 litre (1) = 3000 cm® = 1 dm? = o3 m?

Note: This is the litre of the 1ath CGPM, 1964. It is not identical to that
previously defined by the 3rd CGPM, 1961, as the volume occupied by
a rmass of 1 kg of pure water at its temperature of maximum density and
under a pressure of 1 standard atmosphere,

I litre (1901) & 1.000028 X 1073 m? (Up to 1976, the 1go1 litre was used
in the definition of the UK gallon. To the number of significant figures
quoted 1 Appendix E, this redefinition involved no change in magnitude.)

I tonne, or metric ton (t) = rof kg

1 dyne (dyn) =1 gemfs? = 109N
I kilogram force (kgf) = 9.80665 N

Note: This is that force which, when applied to a body having a mass of
1 kg, gives it an acceleration equal to the international standard accelera-
tion of 9.806 65 m/s*. In Germany, the kilogram force is also given the name
Kilopond (kp).
1 bar (bar) = x0® N/m?
I std. atmosphere (atm) = 1.013 25 bar = o.xox 325 MN/m?
I tech. atmosphere (at) = 1 kgffcm?
0.980 665 bar = 0.098 0665 MN/m®

Note: This unit is also sometimes given the unit symbol ata.

I torr = 1/760 atm ~ 133.0 N/m?
2 1 mmHg to within 1 part in 7 million
r mmHg = 13.5951 % 9.806 65 N/m?

2 133.0 N/m?
Note: This is the pressure that would be exerted by 2 1 mm column of

mercury of density 13,5081 g/cm?® under a gravitational acceleration equal
to the international standard acceleration of 9.806 65 m/s?.

Energy: I erg =Idyncm = 107" Nm = 1077 |

1 calorie (cal) = 4.1868 ]

Note: This ts the International Table calorie, defined thus by the Fifth

International Conference on the Properties of Steam, 1956.

1 thermochemical calorie = 4.184 ]
Dynamic viscosity: 1 poise (P) =1 g/fems = 1 dyn sfcm?®

= 0.1 kg/ms = 0,1 N s/m?

Kinematic viscosity: 1 stokes (St) = 1 cm¥fs = 10 *mifs
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APPENDIX F

TEMPERATURE

Thermodynamic temperatutre

In constructing thermodynamically consistent tables of thermodynamic properties, use has
to be made of equations such as Tds = dhi—vdp, in which the symbol T refers te the
thermodynamic temperature defined by the equation

i

T, O
where O, and Q, are respectively the quantities of heat received by and rejected from a
cyclic heat power plant operating reversibly between two thermal-energy reservoirs at
temperatures 73 and 7T,

Zero thermodynamic temperature is that temperature to which, with 7, at a fixed positive
value, T, tends as Q, tends to zero. It is unattainable in practice, but this absolute zero of
temperature nevertheless constitutes a definite, fixed level of temperature. (The unattain-
ability of this absolute zero of temperature might appear to result from the fact that, if 0,
were zero, the cyclic heat power plant would constitute a perpetual motion machine of the
second kind, so that the Second Law would be contravened. The point is more subtle than
this, however, and is discussed by A. B. Pippard in Chapter 5 of Elements of Classical
Thermodynamics, Cambridge University Press, 1957.)

The kelvin unit of thermodynamic temperature

With zero thermodynamic temperature defined, it is only necessary to assign an arbitrary
number of units to some other temperature level in order exactly to define the umit of

thermodynamic temperature.
The kelvin unit of thermodynamic temperature, defined in 1954 and redefined m 1967,

when it was given the title kelvin and the unit symbol K, is that obtained by assigning to the
temperature level at the triple point of water a value of 273.16 kelvins, namely 273.16 K.
The precise definition of this unit is given in Appendix A,

Note: Unfortunately, thermodynamic temperatures are frequently written as T °K instead of, as
here, T K.
Celsius temperature

By virtue of long-established habit, it is convenient in practice to use a truncated thermo-
dynamic temperature called the Celsius temperature, defined by the relation
t = T—-273.15,

where ¢ Celstus (written symbolically as ¢ °C) is the Celsius temperature at a thermodynamic
temperature of T kelvins (namely T K).

The convenience of this practice arises from the fact that the Celsius temperature at the
ice point (the freezing point of air-saturated water at 1 atm) is then very nearly, though not
exactly, o °C.

Note: A thermodynamic temperature expressed in kelvins is commonly described as the adsolute
temperature, in order to distinguish it from the Ceistus temperature. That usage is followed in the
warning note given on those tables in which temperatures are listed in kelvins.
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APPENDIX G

CONVERSION FACTORS FOR TEMPERATURE

In the British system of units, the unit of thermodynamic temperature, here given the name
rankine and the unit symbol R, is defined in terms of the kelvin by the relation

IR = (1/1.8) K,

so that at a thermodynamic temperature of T, kelvins (namely 7}, K) the thermodynamic
temperature is 7, rankines (namely 7. R), where

T = 187,

In the same way as it is convenient in practice to use a truncated thermodynamic
temperature called the Celsius temperature, it is also convenient to use its counterpart in the
British system of units, the Fakrenhest temperature, defined by the relation

tp = T,—459.67,
where i Fakrenheit (written sym bolically as £, °F) is the Fahrenheit temperature ata thermo-
dynamic temperature of 7' rankines (namely 7, R). In this way, the Fahrenheit temperature
at the ice point is very nearly, though not exactly, 32 °F.
At a Celsius temperature of ¢, °C, the Fahrenheit temperature, ¢ °F, is given by the

relation
lp = 1.8 1+ 32,
or, more conveniently,
(27 +40) = 1.8 (154 40).

Note: The nomenclature and symbology used in this Appendix in relation to British units have
not been standardised. Thermodynamic (absolute) temperatures are frequently written as T °R
instead of, as here, TR.

Temperature differences are expressed in kelvins or rankines, for which the unit symbols are
respectively K and R, so that the use of such symbols for temperature difference as degK, degC,
degR, and degF is avoided.
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APPENDIX H

PRINCIPAL SOURCES OF DATA

Maxwell, T. B. Data Book on Hydrocarbons. Van Nostrand, New York, 1950.

Keenan, J. H. and Kaye, J. Gas Tables. Wiley, New York, 1948.

FJanaf Thermochemical Tables. The Dow Chemical Co., Midland, Michigan, 1965/ 1966,

The 1967 IFC Formulation for Industrial Use (A formulation of the thermodynamic properties
of ordinary water substance). International Formulation Committee of the 6th 1CPS,
IFC Secretariat, Verein Deutscher Ingemeure, Diisseldorf, 1967. (Reproduced in
1967 Steam Tables, E.R.A./Arnold, London, 1967.)

McHarness, R. C., Eiseman, B. }J. and Martin, J. J., The New Thermodynamic Properties
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