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Abstract

Optimum design of heat and mass transfer equipfoemt an integral part of cost-effective plant
design. For this purpose, reasonably accurate aatthermal conductivity is required for all
phases. During the determination of thermal conditof fluid phases, convective heat
transport has to be strictly avoided. Modern rééadquipment is now available for the routine
measurement of liquid thermal conductivity but dadhe large amount of data needed and the
costs of experiments, alternative sources such radigive methods are often employed.
Substantial effort has been invested into the dg@reént of models for prediction or correlation
of liquid thermal conductivity. Prediction of ligdiithermal conductivity based only on a
theoretical basis does not provide reliable resadtshe theories used to describe the liquid state
are seldom satisfactory (Rodenbush al 1999). Therefore, prediction of thermo-physical
properties is most often based upon empirical appres like group contribution methods,
whereby the property is calculated using contringi of the different structural groups within
the compound. Group contribution methods still hétve potential to produce more reliable
results than other approaches.

Methods for the estimation of the normal boilingnigRarey and Cordes 2002 and Nannoetal

al. 2004), critical property data (Nannooktl al 2007), vapour pressures (Nanno@thl 2008

and Moller et al 2008) and liquid viscosity (Nannoolat al 2009) have previously been
developed in our group using the group contribuapproach. Based on these methods a more
accurate and precise method with a better temperatependency is under development for
liquid thermal conductivity prediction. The dataedsto formulate the method will be obtained
from the extensive Dortmund Data Bank (DDB) (Gmetliet al 2007), which contains
approximately 110000 thermal conductivity data pofior almost 900 different compounds. The
model should therefore have a wider range of aabiiity than previous correlations and models,
which were based on a smaller set of experimeatial. d
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Introduction

It is well known that temperature gradients aredheing force for heat transfer either within or
between phases. Energy in the form of heat is @awagnsferred from a region of high
temperature to one of low temperature. Conductieat iransfer occurs within a single phase
(e.g. heat transfer through a pipe wall) irrespectif the phase (gas, solid or liquid). Conductive
heat transfer is given mathematically by Fouriéxs as follows:

J,=-AOT 1)

In the above equation,is the thermal conductivityl, is the heat flux andT is the temperature



gradient. Thermal conductivity is therefore thelighbof a material to conduct heat or the degree
to which the material can conduct heat. Assumirag bieat transfer occurs in one direction only
and that the material is homogeneohsg@nstant with respect to x), Equation 1 may then b
integrated producing the following analogous egurator one-dimension heat conduction:

gAx=AAT (2)

, WhereAx is the shortest distance between two parall@r&inside the homogeneous phase and
AT is the temperature difference between these dayethe temperature difference is constant
with respect to time then the heat flux is constaitit respect to time and the following holds:

1= AQAX 3)
AtAAT
, whereAQ is the amount of heat transferred in the timeriral At through an area with cross

section A. In this equatiord is a material constant, that depends on temperand pressure
(density) and the kind of material (pure comporamixture) itself.

Liquid Thermal Conductivity as a Function of Temperature and Pressure

According to Assaedt al. (1998), any transport property, for example, riirdrconductivity, may
be written in terms of the state variables tempeeadnd density, or molar volume, (as pressure
is considered to be of “no direct importance” by #uthors) as a function of three contributions:

A2, T) = A (T) + M(p,, T) +AA (0, T) (4)

The three contributions of equation (4) represdrg tlilute-gas contribution, the excess
contribution and the critical enhancement contrdoutowards the thermal conductivity (Assael
et al 1998). The sum of the first two contributionscalled the background contribution and
represents the contribution of the liquid. It is tlerm often predicted for transport properties.

When approaching the critical point, the mean fsath of the molecules is in the order of the
mean distance between the particles and the dirﬂete(g—\'j] approaches zero. This way the
T

stabilizing effect of the pressure that usuallyyies homogeneity in density (or molar volume
V) is lost and strong fluctuations lead to stromgrease of all transport phenomena. This
phenomenon is known as “critical enhancement” anobserved in pure components but not on
mixtures.

Therefore, although thermal conductivity may be lioiy or explicitly dependent upon many
different transport properties, according to Equati(3) and (4), the implicit temperature
dependence requires that when deriving a predictivdel, a correct temperature dependence be
of high importance. A review of experimental datdicates that pressure dependent data are very
common and that thermal conductivity has a wealeddency upon pressure at low to medium
pressures and diverges closer to the critical phietto the aforementioned critical enhancement.

Data Correlation Models

When developing a method for prediction of a thgshysical property the first step is to select
an equation, which can fit experimental data sigdfity well without employing an excessive
amount of variables or input parameters. Mikatal (2005) suggests that for a direct fit to



thermal conductivity data the following relationglis sufficient:
A=A+BT+CT (5)

, Wwhere A, B and C are model parameters. Sincan@leconductivity is a function of both
temperature and pressure this equation is onlyicglppé to isobaric data or data along the
vapour-liquid or solid-liquid saturation line. Ftre accurate representation of pure component
thermal conductivity, data equations, which conthoth temperature and pressure, are used
(Nemzeret al 1996).

It would be preferable to employ a functidfT,P) instead oA(T,V) as the latter would require
knowledge of the density as a function of tempeeatund pressure in most practical applications.
Up to moderately high pressures, a linear relabign®etween\ and P is often observed. A
simple equation to mod&(T,P) for liquids for example, could therefore be

A(T,P) = (A+ BT+ Cf)x([ D+ Efx[ P ﬁ]) (6)

While expressions like this are applicable overidevtemperature and pressure range, they lead
to large errors in the vicinity of the vapour-ligucritical point due to critical enhancement. In
this work, no modelling or prediction of criticahlgancement is currently under development and
data in the vicinity of the critical point will ndite included in the parameter regression.

Predictive Models

The previous section introduced ways for repreagnthe behaviour of thermal conductivity
data, which may not always be available. It is ¢fae desirable to have predictive methods,
which could be used for property prediction whepesknental data are unavailable. Some of the
popular prediction methods are outlined in thediwlhg sections. Predictive methods may be
split up into four main categories:

1. General correlation methods — these methods areatiyp based on one or more pure
component properties. Typical properties used lBseahmethods are molar mass, liquid
density, heat capacity at constant pressure, lie@porization or the normal boiling point. As
these methods shall not be considered in the deweot of the new model, they shall not be
given a full critical review. An excellent review a large number of correlation equations has
been compiled by Horvath (1992). The book covelsrathods for thermal conductivity
predictions from the initial study by Weber in 188p to those by Herrick & Lielmezs and
Kerr in 1985.

2. Family methods — in these methods, equations gressed to data according to the chemical
family into which they fall. The applicability ohe methods depends on the definition of the
chemical family. An example of this would be thethoel by Latiniet al. (Polinget al 2004).
Usage of these methods is limited to the chemieatilies for which the models were
developed.

3. Group contribution methods — these methods ardasirta the family methods but are much
more widely applicable if the groups are well defin Model parameters are fitted to the
groups, which make up the compounds.

4. Corresponding states methods — The theory of quureling states, as given by Van der Waal
(Smithet al 2005), states that “all fluids, when comparechatsame reduced temperature and
reduced pressure, have approximately the same essipility factor and all deviate from



ideal gas behaviour to about the same degree”.e§oonding states methods are especially
popular for hydrocarbons but are very often notliapple to the more complex compounds
with sufficient reliability.

The empirical model by Sato and Riedel (1977), Wwhiequired the temperature, critical
temperature, and molecular weight for prediction tbérmal conductivity of any organic
compound, was found by Horvath 1992 to be the deseral correlation. A simpler correlation
by Lakshmi and Prasad (1992), based on the refersubstance approach, only requires the
temperature and molecular weight as input. Mathiad. (2002) presented a model that may be
used for the correlation of experimental data otlie prediction of thermal conductivity for pure
fluids and mixtures using component specific patansebased upon an equation of state. The
model is also able to describe the critical enharesg contribution for pure fluids.

Group Contribution Methods Available In Literature
Nagvekar and Daubert (1987)

The method was one of the first group contributioethods created for predicting thermal
conductivity. It was based upon the second ordatridution scheme as set out by Benson and
Buss (1958), which was based upon "nearest neighbtaractions”. The temperature dependent
equation of Reidel (1951) (Horvath 1992) was used basis for their group contribution model.

A= A[1+2—30 (1-T )2’3} @)

In the above equation] is the liquid thermal conductivity, The reduced temperature, and A is
a regressed constant dependent upon the clasgudl.liThis equation was modified and used in
the following form:

A=A+B(L-T)* (8)

where A and B, are the group contribution paramsetér total of 84 groups and 8 group
corrections were used. The method is only applecalithin a temperature range of 0.3<0.9.

Sastri and Rao (1993)

Sastri and Rao proposed a method, which was apj#ita a wider range of organic liquids than
other group contribution methods available at theet It covers the saturated liquid region from
the triple point to a reduced temperature of 0@&ntrary to other methods, the normal boiling
point temperature was used as a reference insfahd oritical temperature.

The model used was based on experimental data7farganic liquids by Miller (1976). Two
separate relationships were noted, with the belbawwb the liquids being different above and
below the liquid boiling point. The model is asldoVs:

A=A (T/T), T< T, 9)
A=A (T/T), T2 T, (10)

Here, Ag is the thermal conductivity at the normal boilipgint and is calculated using group

contributions. The exponent values 0.5 and 1.15regeessed values constant for all liquids
below and above the boiling points respectivelye filethod consists of 29 groups and 6 group
corrections.



Rodenbush, Viswanath & Hsieh (1999)

The primary basis for the paper was the prediatiothermal conductivity for vegetable oils and
its resulting affect on the Prandtl number. Theugroontribution model derived was based upon
the semi-theoretical method derived by Viswanatth lslaas (1998),

/] B l -2/3
I‘(T] -

[o]

The problem with Equation (11) is that it was dedvor operation between the normal melting
point and boiling point. Thus, its range of apptitidy was quite small. However using it as a
starting point to build upon, Rodenbush and co-wmlcombined the constants in the equation,
coming up with a simplistic equation for the préio of thermal conductivity via the group
contribution method.

A=DT2" (12)

In the above equation, D is the lumped constamf®. It was proposed that this value be
predicted for the different components via the greontribution method. The method uses 84
groups and 10 group corrections. Modelling was thase 228 liquids with 1487 experimental

data points, which yielded an average absolute efrd.5%.

Sastri and Rao (1999)

Sastri and Rao proposed a new equation similar et of the Rackett equation for
densities. Based upon their density equation aadirdnd followed by many previous thermal
conductivity models, Sastri and Rao assumed a tidezomductivity form as follows:

A =MN&™ (13)
In the above equation, M and N were defined asghdapendent upon the compounds and n an
index that should be constant for all liquids. Thusing the form of the equation as used in the
density prediction, the following model equationswkerived:

T )]

A=A, (14)

In this equation)g is calculated using the group contribution method:
AB = ZAAB + ZA/‘corr (15)

In the above equatioM; is the group contribution value of the differenhstituent groups and
AA__ is a correction factor, which may be required $mme compounds. The correlated

constants ‘a’ and ‘n” were found to be constantdionost all compounds (a = 0.160 and n = 0.20)
with the exception of alcohols and phenols wheey tliere found to be higher (a = 0.856 and n =
1.23). The two correlated constants help accounthie hydrogen bonding in the alcohols and
phenols, which normally result in predicted thermahductivities being much higher than those
yielded by experimentation are. This method usegr8adps and 7 group corrections.

This new method combined with the group contritngiédrom the previously published method
for predicting thermal conductivity at the boilipgint, is able to predict thermal conductivity for
the entire saturated liquid region from the triptent to close to the critical point.



Discussion

Initial work done on the project included an exteediterature review to determine the extent of
previous work done. This included reviewing avd#abxperimental data and correlative and
predictive methods. Methods reviewed and chosen domsideration were benchmarked
according to average deviations for predictions applicability to different components. Group
contribution methods were found to have the loveestiations amongst all reviewed methods.
To test this, two group contribution methods ana tmpirical correlations were chosen for
implementation using the available thermal conditgtidataset. The group contribution methods
chosen were those by Nagvekar and Daubert (19&7pastri and Rao (1993), and the empirical
correlations chosen were those by Lakshtral. (1992) and Sato and Riedel (1977).

The experimental thermal conductivity data usedewstained from the DDB (Gmehlireg al
2009). This consisted of a data set of 100515 datats for 867 components. This data was
filtered, retaining only data for the liquid phaSéhe data was then re-filtered, removing all
components for which less than three data pointe aeailable, as for meaningful regression at
least three data points were considered to be nesfjurhe resultant data set contains 50799 data
points for 524 components. This data contains 38686 points above 1.5atm (this is ~76% of
the available data) and 12103 data points beloath5

A comparison of the dataset at pressures of abodebalow 1.5atm indicated that thermal

conductivity is a weak function of pressure. Howewtbere does seem to be a need for high-
pressure data within industry. Moreover, this reguient is not satisfied with the temperature
only dependent empirical correlations available.
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Figure 1: Thermal Conductivity Vs Temperatura -data at 1 atme data above 1 atm

The next step undertaken was the filtering of theador any “bad” data. This may be data,
which does not seem to follow any specific trend any outliers or data that lies too far out
from the trend of the specific dataset. From tliterfng, it was noted that thermal conductivity
does decrease linearly for most components, wittaicecomponents having a linear trend while
others are slightly curved. This can be seen imréid Graph 2 above. Another problem noted
was with outliers, which seemed to fit to their otsend curve. These were compared to higher
pressure data and eliminated as required.

Pressure dependence was noted to have a positidesgt. However, it did not follow a linear
trend. Thermal conductivity increases with presgalewing an increasing parabolic trend, but
as higher pressures are reached, this rate ofaserdecreases, just as does density as a function
of pressure. Thus from this analysis of the dataydas proposed that a model for thermal
conductivity should take the form:



AT, P)= A(T,, )% f(T- T,)x o P-101.3kP3 (16)

As shown in Equation 15, the estimation method welhsist of three parts, low-pressure thermal
conductivity at a reference temperature, a low<res thermal conductivity dependence on
temperature, and a dependence of thermal condiyabivipressure as a function of temperature.

Results of the methods of Nagvekar and Daubert 198nd Sastri and Rao (1993) were
compared to the available data set, obtaining absalverage deviations (AAD) of 16.64% and
14.11% respectively. This comparison was easilyedosing the methods implemented in the
DDB Artist tool. The third method available in ti¥DB Artist (Lakshmi and Prasad 1992),
which is an empirical correlation, yielded an AAD 28.41%. The method by Sato and Riedel
(1977) was implemented producing an AAD of 19.81%.

Table 1: Relative mean deviation (RMD) of thermal onductivity data for various
homologous series’ (NC — Number of components)

Nagvekar & Sastri & Rao Lakshmi & Satc & Riedel
Daubert Prasad

Group Name NC RMD% NC RMD% NC RMD% NC RMD%
Hydrocarbon 92 17.23 127 11.73 132 2211 132 16.24
Aromatic Hydrocarbor 17 13.27 26 11.27 31 13.25 31 11.84
Halogen Compoun 39 17.91 80 26.27 80 47.45 80 16.42
Oxygen Compount 118 15.96 206 13.56 212 32.02 212 26.91
Carboxylic Acid: 8 7.81 9 15.47 9 18.88 9 15.71
Alcohols 40 13.88 49 13.36 51 26.48 51 22.20
Ether: 14 18.95 20 13.30 20 22.20 20 21.81
Ester: 27 19.56 81 13.03 81 35.40 81 29.73
Ketone: 16 14.14 19 13.14 19 25.93 19 22.86
Aldehydes 2 17.75 5 14.89 5 9.18 5 16.39
Nitrogen Compounc 29 21.01 25 12.68 45 31.85 45 32.38
Amines 15 38.83 20 14.14 20 13.95 20 21.76
Sulphur Compount 0 - 2 10.63 2 5.58 2 3.33
Overall RMD 322 16.64 469 14.11 500 2341 500 19.81

From the analysis of the four methods, it may bectaled that group contribution methods yield

far better results than simple empirical correlagioThe method by Nagvekar and Daubert (1987)
is not applicable to all compounds. This deficientgy be accounted for by a lack of structural

groups to account for some compounds. Similarky,miethod by Sastri and Rao (1993) has more
structural groups, which help account for a langgiety of compounds. The general correlation

models allow all compounds to be accounted fothere is no structural dependency.

Conclusions

Methods for the prediction of thermal conductivitgve been investigated. Available thermal
conductivity data was filtered and analysed, anssjie form for a model (Equation (16)) has
been suggested. The method shall follow the graupgribution scheme and account for the
temperature and pressure dependency of thermalctwitly.
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