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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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THERMAL CONDUCTIVITY, VISCOSITY, ISOBARIC SPECIFIC HEAT CAPACITY
AND PRANDTL NUMBER OF GASES AT LOW PRESSURE: HALOGENATED
HYDROCARBONS-HALOPROPANES, BUTANES, ETHYLENES, BENZENES

1 INTRODUCTION

This Item presentsin tabular form values of thermal conductivity, viscosity, isobaric specific heat capacity
and Prandtl number of the vapours of various halogenated hydrocarbons at or below atmospheric pressure.
The range covered is from below the normal boiling point to about 620 K. Previous Data Items in this
group were restricted to thermal conductivity but the importance of the Prandtl number for chemical
engineering design makes the inclusion of the isobaric specific heat capacity and viscosity desirable.

The data on which these values are based are believed to be the most reliable available and have been
reviewed and suitably extended. Sections 4, 5 and 6 describe, respectively, the procedures used to obtain
the values of thermal conductivity, viscosity and isobaric specific heat capacity and indicate the effects of
pressure. Section 7 gives an explanation of the Tables, the Prandtl number equation and indicates the
uncertainties in the values presented.

References to sources of supplementary information are given in Section 8. Appendix A provides a full
bibliography of relevant data sources for viscosity, specific heat capacity and thermal conductivity. The
data sources for each particular compound are listed with the appropriate table.

2. NOTATION AND UNITS

The units of each property are based on Sl units. The Sl units of thermal conductivity, viscosity and specific
heat capacity are the watt per metre kelvin (W/m K), the newton second per square metre (N ¥m?) and the
joule per kilogram kelvin (Jkg K) respectively. Convenient unitsfor the propertiesin thisltem are: thermal
conductivity, the milliwatt per metre kelvin (mW/m K); viscosity, the micronewton second per square metre
(uN s/mz); isobaric specific heat capacity, the kilojoule per kilogram kelvin (kJ/kg K). Conversion factors
are given in Section 3. The correlation parameters are not dimensionless but take the units listed in
Tables9.1, 9.2 and 9.3.

ESDU Copyright material. For current status contact ESDU.

b,,by,bs,b, constants for each fluid in Equation (4.1), (5.1), (6.1)
c specific heat capacity kJkg K
M molecular weight (relative molecular mass) -
p pressure kPa
Pr Prandtl number -
kelvin temperature K
t Celsius temperature, T-273.15 °C
n dynamic viscosity uN §/m?
A thermal conductivity mwW/m K

* Seefootnote at end of this section.
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Super scripts

id denotesideal gas

(0) denotes dilute gas

Subscripts

c denotes value at critical point

p denotes constant pressure

r denotes reduced quantity, for example T, = T/T_.

* The units of these constants for thermal conductivity, viscosity and ideal gas heat capacity can be found in Tables 9.1, 9.2

and 9.3 respectively.

o>
@ 3, CONVERSION FACTORS
§ Thermal conductivity 3
§ 1 mwW/m K = 0.8598 x 10 keal/mh°C
@ = 2.3885 x 10:3 calcms°C
= = 05778 x 10__ Chufith°C
= = 05778 x 10‘3 Btu/ft h °F
‘ch = 6.9335 x 10 "~ Btuin/ft?h °F
? Viscosity 3
S 1pNgm? = 10~ cP
= = 14504 x 102 |pf g/in?
= = 101.972 x 10> kgf ¥m?
= -6
g = 10 " kg/ms
£z
20 Specific heat capacity
2 1 kIkg K = 0.239 ca/gK
S = 0.239 Btu/lb °F
D
(]
) Pressure

10° Pa 1 bar

14.5038 |bf/in?
1.0197 kgf/cm?
0.9869 atm

750.062 mmHg.

4. THERMAL CONDUCTIVITY OF GASES
41 Thermal Conductivity at L ow Pressure (Dilute Gas)

A comprehensive survey of the literature on the thermal conductivity of gases was prepared with the
assistance of the National Engineering Laboratory (NEL), East Kilbride, UK. An attempt has been made
to correlate the data between compounds in the same way as for the alkanes (Reference 29). The results
given for the halopropanes and halobutanes in Data Item 91005 (Reference 18) and the hal oethylenes and
halobenzenes in Data Item 92010 (Reference 20) were confirmed by the use of a prediction routine
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developed by NEL (Reference 16), and they are reproduced here unless more recent data were available to
update them.

Agreement of the dataamong the various authors and differing methods was reasonable and it was possible
to extend therange of resultsto betweenat least 120and 347 °Cin al cases, using thetheoretical predictions.

The correlated data are represented by the equation
19 = by +by(1-T) +by(1-T)  +b,(1-T)°. (4.1)

The derived values of the constants given in Table 9.1 give the best fits to the data.

Using these values with the values of T, given in Table 9.1 (References 15, 19, 21), values of x(o) in
mW/m K have been calculated at 20 K and at 20 degree Celsius intervals for each compound.

4.2 Effect of Pressure

The thermal conductivity of all gases increases with pressure but the effect is small at low pressures from
0.1 to 1000 kPa (approximately 1% per 100 kPa). At higher pressures it is difficult to generalise. The
correlations of Stiel and Thodos (Reference 3) remain the best method of evaluating the pressure effect in
terms of the density and critical properties. Data sources for the thermal conductivity of refrigerant C318
at various pressures are marked with an asterisk in Appendix A2, and atable for thermal conductivities at
pressures of 1 and 10 bar is presented in Data Source A2.: 891.

Near the critical point, the thermal conductivity increases asymptotically and at the critical point tends to
infinity. Thisphenomenon, the so-called critical enhancement impliesthat, in thecritical region the thermal
conductivity is very sensitive to temperature and pressure and cannot be predicted reliably. As a rough
guide, for thesubcritical vapour for 0.9< T, <1, thecritical enhancement takeseffect at pressuresexceeding
~0.5p, and isgreatest at saturation. For valuesof T, intherange 1< T <1.1, thethermal conductivity at
any specified temperature passes through amaximum at values of p, > 1; the maximum declines and shifts
to higher pressureswith increasing temperature. A useful discussion of the anomal ous behaviour of thermal
conductivity near the critical point is given in References 22, 24 and Data Source A2.; 7512.
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5. VISCOSITY OF GASES

5.1 Viscosity at Low Pressure (Dilute Gas)

Well-documented and correlated data are available for afew of the compounds listed and these data were
extended to lower and/or higher temperatures by using the predictions based on theoretical considerations.

The prediction procedure based on the Chapman-Enskog theory as used by NEL (Reference 16), requires
the density of theliquid at the normal boiling point and the acentric factor. Less experimental viscosity data
were available than for thermal conductivity, but the results using the method were adequate and successful

in supporting the predictions for thermal conductivity. In general the densities were taken from
References 21 and 27 and the acentric factors from References 15, 19 and 26. However for severa

fluorinated hydrocarbons the required densities and acentric factors were not available from ESDU Data
Items and these were obtained from Reference 30 and Data Source A1.: 13.
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The experimental and estimated dilute gas viscosities are adequately represented by the following equation
of the same form as that used for thermal conductivity and it is valid over the same temperature range.

n® = by +by(1—=T,) +by(1- Tr)2 +by(1 - Tr)3 : (5.1)

The derived values of the constants given in Table 9.2 give the best fit to the data. Using these values with
thevaueof T, giveninTable9.2, valuesof n(o) in uN s/m? have been calculated at 20 K and at 20 degree
Cdsiusintervals for each compound.

52 Effect of Pressure

The viscosity of gases increases with pressure, but the effect is small at low pressures (0.1 to 1000 kPa).
The correlations of Stiel and Thodos (References 2, 4) may be used to eval uate the pressure effect in terms
of the density and critical properties. Near the critical point, however, the pressure effect is greater and
cannot be predicted reliably but is less significant than in the case of therma conductivity. The only
compound for which data are available at specified pressuresis C318, Data Source Al.: 2.

6. ISOBARIC SPECIFIC HEAT CAPACITY
6.1 I sobaric Specific Heat Capacity at L ow Pressure (Ideal Gas)

The isobaric specific heat capacity approaches the ideal gas value as the pressure tends to zero and these
are the values tabulated in this Data Item.

Data for the isobaric specific heat capacity of the ideal gas were taken, with two exceptions, from Data
Source Al.: 13. Over the temperature ranges covered by this Data ltem, they can be adequately represented
by the following simple polynomial in reduced temperature:
id _ 2 3
Cp = b, + b, T, +DbsT,~+b,T . (6.1)
The values of the constants given in Table 9.3 were derived from the best fit to the selected data over the

giventemperaturerange. Using thesevalueswiththevalueof T givenin Table9.3, valuesof c:Od inkJkg K
have been calculated at 20 K and at 20 degree Celsius intervals for each compound.

ESDU Copyright material. For current status contact ESDU.

6.2 Effect of Pressure

For non-reacting non-associating vapours, far from the critical point, the effect of pressureis small. At the
critical point ¢, tendstoinfinity and large effectsin the critical regionwill occur. Estimates may be obtained
from general equations of state such as the Soave-Redlich-Kwong, Lee-Kesler and Peng-Robinson
(References9, 10, 13). Fortran programsfor the Soave-Redlich-Kwong and Peng-Robinson equations may
be found in Reference 22. For more accurate cal culations, fluid specific equations of state should be used.
A useful discussion on these may be found in a review article by de Reuck, Craven and Elhassan
(Reference 23).

Tables of specific enthalpy at saturation pressure are presented in Reference 17 for refrigerant C318.
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7. EXPLANATION OF TABLESAND THE PRANDTL NUMBER EQUATION

For each compound the constants in Equations (4.1), (5.1) and (6.1) are given in Tables 9.1, 9.2 and 9.3
respectively, together with the critical temperature and the range of applicability. Because of possible
decomposition of these compounds the experimental data, where they exist, and the tables are limited to a
maximum of 350 °C.

Within the compound tables, values of thermal conductivity and viscosity that are supported by
experimental data are presented in bold type. Isobaric specific heat capacity values from Data Source
Al.: 13 arealso given in bold type.

Experimental datafor thermal conductivity from the most reliable individual sources have a repeatability
of about +2%. However, differences in methods and technique increase the uncertainty of the absolute
valuesto £3% or more. Such reliable dataare not availablefor most of the compounds considered, however,
nor over the whole temperature range covered.

Althoughit is considered that the procedure adopted for thermal conductivity keepsthe errorsin the values
presented to a minimum, the user should alow for an uncertainty of +5% in al values, except those
unsupported by experimental data (presented in plain type) where the uncertainty increases to +10%.

Experimental data for the viscosity of the principal refrigerants have been reviewed, and the reliable data
have an uncertainty of about +3%. For values unsupported by experiment the uncertainty is greater.
Although it is considered that the procedure adopted here keeps the errors in the values presented to a
minimum, the user should allow for an uncertainty of +3% in all values supported by experimental data.
For values unsupported by experiment (presented in plain type), the uncertainty increases to +5%.

Except for C318 and iodobenzene the isobaric specific heat capacity values are based on tables published
by the Thermodynamics Research Center (TRC). Comparisons with reliable experimental data indicate
that the TRC values have uncertainties of + 2%. For the other compounds C318 and iodobenzene,
uncertainties of + 5% should be allowed for.

At any specific temperature, the Prandtl number entry was calculated from Equations (4.1), (5.1), (6.1) and
the relation

Cidn(o)
Pr(o)= p . (7.2
A (0)
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No attempt has been made to smooth the values thus obtained. Rounding errors, which may affect the last
significant figure may produce differences between the tabul ated values and those cal culated directly from
the tabulated entries for thermal conductivity, viscocity and isobaric specific heat capacity.
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