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ABSTRACT
Improving Understanding of Liquid Viscosity Through Experiments and Prediction

Jeremy W. Passey
Department of Chemical Engineering, BYU
Master of Science
Liquid viscosity is an important thermophysical property in process design. While liquid
viscosity has been studied for over a century, much has been left unexplored. The behavior of
liquid viscosity between the melting point and normal boiling point are well established, but yet
there is a lack of experimental data – with only 52% of the compounds in the 801 DIPPR
database having experimental liquid viscosity data – and inadequate prediction methods. This
project was able to measure liquid viscosity for 30 organic compounds to help fill in the gap in
the 801 DIPPR database. The measured results also helped reiterate the need to examine family
trends when looking at thermophysical properties. Prediction method shortcomings are briefly
discussed when evaluating measured liquid viscosity data. A QSPR model developed by
Gharagheizi is tested using liquid viscosity data from the 801 DIPPR database and found to be
nonreplicable. A new QSPR model for predicting liquid viscosity at 298.15 K based on chemical
family is developed and proven to be a promising starting point for future work.
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1

INTRODUCTION

The Handbook of Chemical Property Estimation Methods [1], states that liquid viscosity “has an
important bearing on several problems relating to the transfer or movement of bulk quantities of
the liquid.” Thus, design and operation of processes involving fluid flow will depend on
viscosity. Knowledge of viscosity can come from experimental work, proposed theory, and/or
prediction methods.

Prediction methods for liquid viscosity haven’t been sufficiently accurate. Typically, methods do
well in predicting liquid viscosity for the types of compounds that were used in developing each
method, but fall short when applied to a wider range of chemicals. The DIPPR 801 database
project uses six different methods to predict and correlate liquid viscosity. Of these methods, the
“best” have been assigned an uncertainty of <25%. In contrast, the ab initio method - used for
calculating ideal gas heat capacity - and the Riedel method, used for vapor pressure, have
assigned uncertainties of <10%. This emphasizes the challenge of accurately predicting liquid
viscosity.

Liquid viscosity depends, in complex ways, on molecular size, shape, and flexibility, and on
molecular interactions in a shear environment. It has therefore proven to be difficult to model
and predict. The goal of this research has been to gain increased understanding of liquid
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viscosity, to obtain accurate measurements for a variety of compounds, and then, based on these
data and on reliable data from the literature, to develop an improved method of predicting liquid
viscosity.

The Literature Review (chapter 2 below) considers methods of predicting liquid viscosity,
including quantitative structure-property relationships (QSPR), of which group contribution
methods (GCM) are the most common, and simulations/modeling. This project pursued QSPR
methods as the most promising means of accurate predictions because of the merits seen in the
review of the literature and measured liquid viscosity data using two different types of
viscometers.

Viscosity is based on a stress tensor with directional and time components. The authors of
Transport Phenomena [2] reduce the viscosity coefficients for a Newtonian fluid down to two:
shearing (dynamic) viscosity and dilatational (bulk) viscosity. Bird et al. assumed for liquids that
the fluid is incompressible, meaning that the divergence of the velocity vector is zero, which
leads to the bulk viscosity term being discarded [2]. Therefore, in measuring liquid viscosity for
thermophysical properties of chemical compounds, only the shearing viscosity is important.

There are several factors to take into account when measuring liquid viscosity. Liquid viscosity
is a function of temperature and has a weak pressure dependence. There are two types of
measured viscosity values: kinematic and dynamic. Kinematic viscometers measure the
resistance of the fluid to flow under the force of gravity. Dynamic viscosity is a measure of the
resistance to flow when an external force is used. These are related by the equation:
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(1-1)

η = ρν

where 𝜂 is the dynamic viscosity (N·s/m2), 𝜌 is the density (kg/m3), and 𝜈 is the kinematic
viscosity (m2/s). Experiments have also been done to evaluate fluidity, which is the reciprocal of
viscosity. Apparatuses for measuring viscosity vary and a description can be found in the
Literature Review chapter below.

Experiments on liquid viscosity have been conducted since the late 19th century. Since that same
time, theories to explain the liquid state have been proposed. Liquid state theories vary greatly,
but are founded from either quasi-gaseous or quasi-solid points of view. An in-depth analysis of
the theories can be found in the Literature Review chapter.

Chapter 3 outlines the methods used during this project, including the type of equipment
employed for liquid viscosity and liquid density measurements. The Dragon 7 software used to
develop a new prediction method is also described in this chapter.

The results of the experimental work and prediction development of this project are discussed in
detail in Chapter 4. An evaluation was conducted of the experimental liquid viscosity data in the
DIPPR database to establish trends and to find possible compounds for measurement during this
project. Many of the compounds chosen for measurement didn’t have experimental data and or
an assigned DIPPR correlation (discussed below). The results of the measured compounds added
significantly to the DIPPR database, but also left questions about applicable prediction methods.

3

A new prediction method is discussed in chapter 4. It was inspired by the work being done using
QSPR (see below). The new QSPR method yielded promising results and showed that QSPR
may not be adequate to predict liquid viscosity on a wide scale.

The last chapter summarizes the findings of this project and discusses what still needs to be done
to better understand liquid viscosity prediction. Specifically, looking at the need to develop a
correlation and or prediction method that better captures the temperature dependence of liquid
viscosity above the normal boiling point. Measuring liquid viscosity above the normal boiling
point would advance the understanding of the temperature dependence the most and is the next
logic step in solving the mystery of liquid viscosity.
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2

LITERATURE REVIEW

Liquid viscosity has been studied since the 1840s. It started with Poiseuille [3], [4], who looked
at the flow of blood through capillaries. His work extended to other compounds and different
sized capillaries. He proposed what is known as Poiseuille’s Law:
Q=

πΔPr4

(2-1)

8ηl

where 𝑄 is the flow rate, 𝛥𝑃 is the pressure difference, 𝜂 is the viscosity, and 𝑟 and 𝑙 are the
radius and length of the capillary, respectively. This work was the gateway for study of liquid
viscosity, both experimentally and theoretically.

Years later, in about 1860, Hagenbach formally defined viscosity as the force that is necessary to
push a layer of liquid past an adjacent one at a certain speed [5]. He also gave a theoretical
derivation of the correlation that Poiseuille had worked out empirically. This theoretical
derivation led to many other theories about the liquid state and flow [4].

2.1

Theory

Reviews by Sridhar [6] and Viswanath and Natarajan [7] identify the prominent theories of
liquid viscosity. These theories are discussed below.
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2.1.1 Hard-Sphere Model
The hard-sphere model states that the close spacing of molecules causes energy and momentum
transfer upon collision. The frequency of the collisions depends on the thermodynamic state and
molecular diameter of the compound. However, the model doesn’t accurately represent liquid
viscosity, which led to others trying to improve the model.

Enskog [8] added to this theory by accounting for finite-size effects. Alder et al. [9] evaluated the
viscosity of a hard-sphere fluid using molecular dynamics for Argon and Krypton; the results
were within a few percent of Enskog’s prediction with the exception of a few points that were
close to 20% higher. Enskog’s work was improved upon by Dymond. He used molecular
dynamics to incorporate the hard-sphere model. His model has the following form:
μV2/3

μ∗ = C MRT1/2

(2-2)

where 𝜇 ∗ is the dimensionless viscosity from the hard-sphere model, 𝐶 is a correlating constant
obtained from comparing data and simulation and is equal to 6.035 x 105 mol-1/3, 𝜇 is the
experimental viscosity (mPa·s), 𝑉 is the molar volume (m3/mol), 𝑀 is the molecular weight, 𝑅 is
the ideal gas constant, and 𝑇 is the temperature. Dymond was able to show that 𝜇 ∗ is a function
of molar volume and close-packed volume [10].

Longuet-Higgins and Pople [11] worked on a model with non-attractive hard spheres on a
random walk. They found this to be unsatisfactory and added an attractive force using a squarewell potential function [12]. This led to better agreement with data from Ertl et al. [13] and
Naghizadeh and Rice [14] for self-diffusion coefficient, but the hard-sphere model didn’t seem to
explain accurately what happens for liquid viscosity.
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2.1.2 Rate Theory
Henry Eyring looked at rate theory and liquid viscosity extensively. The basic idea of rate theory
is that there are holes between molecules that other molecules can fit in, but they need an
“activation step” to orient themselves in a way that would allow them to pass through the holes
[6]. This theory led to the formation of the prediction method using activation energies to find
viscosity [15]:
η=

E
)
kT
hυi
V(1−exp(− ))
kT

Nhexp(

(2-3)

where 𝜂 is the liquid viscosity, 𝑁 is Avogadro’s number, ℎ is planck’s constant, 𝐸 is the
activation energy of the molecule to go through the holes between molecules, 𝑘 is Boltzmann’s
constant, 𝑉 is molal volume, and 𝜐𝑖 is a vibration of the molecule, which Eyring mentioned can
be estimated from the specific heat of a liquid. Eyring points out that this equation is for nonassociating liquids and doesn’t work for anything that associates. It also doesn’t work for
molecules that have a small activation energy; Eyring says that if this is the case, the viscosity
mechanism can be explained by Andrade’s proposal (see below). Andrade’s formula has been
used by many experimentalists to calculate viscosity and free energy of activation of compounds,
but can’t be applied to all classes of compounds, which is why Srdihar [6] says that rate theory is
only a good rough estimate for liquid viscosity.

2.1.3 Lattice Theory
Lattice theory differs from other theories presented here because it treats the liquid state as a
quasi-solid. As a quasi-solid, the molecules in the liquid are confined to lattice points and by
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neighbors. Some spots in the lattice are empty, depending on the density of the compounds, and
molecules can “jump” to these empty spots due to an applied force.

Frenkel [16] and Andrade [17], [18] both proposed equations for viscosity in an effort to validate
lattice theory. Frenkel looked at a molecule’s mobility as it moved through the liquid. The
mobility took into account the molecule’s average velocity and the resistance to the molecule’s
movement (using Stoke’s law). The values of viscosity using Frenkel’s equation were 2 or 3
orders of magnitude too high.

Andrade, in the introduction of his first paper from 1934, mentioned that the majority of theories
of liquid viscosity stemmed from vapor viscosity theory, but those theories proved to be
inaccurate. Therefore, Andrade felt that a theory from a quasi-solid approach was more
appropriate. Andrade’s equation came from the idea that molecules vibrate at a certain point in
the lattice with the frequency equal to that of the melting point. Andrade’s results are the basis
for many empirical equations for liquid viscosity.

Viswanath and Natarajan point out that the problem with lattice theories is that even when the
results are compared with experimental data, the hypothesis and assumptions made in the theory
have to be evaluated and questioned [6]. Theories proposed from lattice theory don’t seem to
allow for validation of the mechanism, even if data validate the prediction form. However, the
most valuable observation from this section came from Andrade [17], [18]. He said that for any
theory to be of use, it needs to have an empirical portion because then the theory would have
some physical basis for the explanation of the mechanism.
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2.1.4 Statistical Mechanical Theory
Statistical mechanical theories view molecular motion as small random walk steps and the
friction coefficient in Brownian motion is related to the autocorrelation function of the force
acting on the molecules [6]. This theory serves as the basis for other theories that have been put
into practice, like the rate theory developed by Eyring.

Table 2-1 summarizes the aforementioned theories’ attempts to predict liquid viscosity for
various compounds. The results show that while certain points are predicted accurately, these
theories are, generally, insufficient over a range of temperatures.

The application of molecular theories has yielded satisfactory results for specific cases, but,
generally, doesn’t allow for accurate prediction when compared to experimental data. This result
has led to most prediction methods being empirical. Measured viscosity data, therefore, are vital
in establishing accurate prediction methods.

2.2

Experimental Section

2.2.1 Experimental Data
Experimental data for liquid viscosities are abundant for certain families of compounds, but such
data do not exist for many industrially-relevant chemicals. The DIPPR 801 database has been
investigated to examine the available experimental liquid viscosity data. In the database, there
are currently 1,198 compounds that have at least one experimental point; that leaves 1,084
compounds without any experimental data. There are 29,681 experimental liquid viscosity data
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Table 2-1. Summary of LVS Theories' Prediction Capabilities

Theory

Compound

Temperature

Error

Hard Sphere Model
Rate
Rate

Argon
Argon
Argon

89 K
89 K
100 K

8%
-5%
-8%

Rate
Rate

Argon
Argon

110 K
125 K

-10%
-18%

Rate
Rate

Argon
Argon

140 K
148 K

-37%
-54%

Rate
Rate
Rate

Sodium
Sodium
Sodium

400 K
510 K
600 K

-3%
-2%
0%

Rate
Rate

Sodium
Sodium

700 K
800 K

3%
5%

Rate
Rate

Sodium
Sodium

900 K
1000 K

4%
6%

Rate
Lattice

Sodium
Mercury

1100 K
Around the MP

8%
0%

Lattice
Lattice
Lattice

Lead
Tin
Copper

Around the MP
Around the MP
Around the MP

11%
5%
0%

Lattice
Lattice

Antimony
Bismuth

Around the MP
Around the MP

38%
22%

Lattice
Lattice

Chlorine
Bromine

171 K
265.7 K

32%
36%

Lattice
Lattice

Iodine
Oxygen

386 K
54 K

43%
32%

Lattice

Hydrogen

14 K

162%

Hard sphere model data came from [11], Rate theory data came from [19], and Lattice theory data came from [17]

points that span across 47 chemical families. Of these 47 families, there are several that are wellrepresented and others that are in need of more experimental work. In general, families that have
sufficient data are those that include compounds with alkyl bonds, OH groups, and unsaturated
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rings. On the other hand, families that don’t have as much data include the following groups:
double bonds, triple bonds, nitrogen, sulfur, and saturated rings.

Reliable experimental data are not only needed for the design of chemical processes but also to
develop prediction methods that may be used when no experimental data exist. The accuracy of a
prediction method is limited by the accuracy of the experimental data used in its development.
Moreover, the temperature ranges over which the experimental data are available limits the
applicability of prediction methods. Most experimental liquid viscosity data were obtained near
ambient temperatures. Even more extensive studies only span a range of temperatures from the
melting point to the normal boiling point. It should be noted that this is the important range of
temperatures because the viscosity changes significantly in this range, and also because the
majority of industrial processes occur in this range. However, it can be very important to
understand the behavior at higher temperatures.

As mentioned in the introduction, developing new prediction techniques for liquid viscosity was
one of the purposes of this work. To achieve this, experimental data were collected to 1) expand
the number of families/functional groups for which experimental data are available and 2)
increase the temperature range over which the prediction method would be valid. A review of
the experimental methods commonly used to measure viscosity is now presented.

2.2.2 Experimental Apparatuses
There are several types of viscometers used to measure liquid viscosity. Three types of
viscometer apparatuses, which are typically used in laboratory settings, are discussed in this
11

section. Those viscometers include: capillary tube, damping, and falling sphere. Each viscometer
utilizes a different principle to measure viscosity and can yield accurate results. Figure 2-1 shows
different types of tube viscometers with the dotted lines indicating the region of tube that is used
to measure the time is takes for the sample to flow through.

Figure 2-1. Examples of capillary tube viscometers.

The purpose of a capillary tube viscometer is to determine kinematic viscosity by measuring the
time required for a liquid to move through the capillary tube using gravity as the driving force.
The general form of the equation for a capillary tube viscometer, which relates the time recorded
from the experiment to the viscosity, is:
η

(2-4)

ν = ρ = k(t − θ)

where 𝜈 is the kinematic viscosity, 𝜂 is the dynamic viscosity, 𝜌 is the density, 𝑘 is the capillary
constant, 𝑡 is the time, and 𝜃 is the Hagenbach correction, derived from Poiseuille’s law (Eq. 212

1) [20], which accounts for the kinetic energy contributions to viscosity and can be negligible
with a large enough capillary [21], [22]. The capillary constant is obtained by calibrating each
capillary apparatus with a fluid of known viscosity and is usually supplied to high accuracy by
the manufacturer.

Damping viscometers use oscillating parts that are submerged in the liquid that is being tested.
The vibrations displace the fluid causing the fluid to shear. The viscosity can be related to this
shearing phenomenon. Figure 2-2 is an illustration of this type of viscometer.

Figure 2-2. A damping viscometer schematic.
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Falling sphere viscometers use the Hӧpper principle to measure the liquid viscosity by measuring
the time for a sphere to drop through a tube due to gravity [23], [24]. Figure 2-3 is a sketch of a
falling tube viscometer.

Figure 2-3. A falling sphere viscometer diagram.

Each type of viscometer has advantages and disadvantages. Capillary tube viscometers can
provide precise measurements for a wide range of fluids and are small/portable. However, each
tube only covers a certain range of viscosities, which requires having several different tube sizes.
Also, the capillary tubes are difficult to clean. Any debris or obstruction that is left in or near the
capillary tube will cause the fluid to move through at a different rate than normal, causing
inaccurate and not repeatable measurements. Damping viscometers often have adjustable speeds
and can be used in a semi-automated mode. The downside is that damping viscometers tend to be
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more expensive and are usually fairly large. The falling sphere viscometers are small and easy to
use, but only work for Newtonian fluids and require the fluid to be translucent.

Different types of viscometers can have similar accuracies. As an illustration, Laesecke, Fortin,
and Splett [25] measured liquid viscosity of some biofuels using two different viscometers: an
open gravitational capillary viscometer and a rotating concentric cylinder viscometer. The results
of the two viscometers were within 0.8% of each other. The choice of viscometer would appear
to be less important than other factors impacting the accuracy of measurements.

2.3

Prediction Methods

Sridhar [6] in 1983 wrote, “…we are far from achieving the ability to predict transport
coefficients from a rigorous theoretical basis without introducing adjustable parameters of
dubious physical significance.” Thus, empirical methods have become the primary means to
predict viscosity. This section explains these methods and comments on their limitations.

2.3.1 Semi-empirical Basis for Prediction Methods
DeGuzman [26] was the first to propose an Arrhenius type equation for predicting the
dependence of temperature on viscosity, namely,
𝐵

(2-5)

𝜂 = 𝐴exp (𝑇 )
where 𝐴 and 𝐵 are determined from chemical groups and families and regressed from
experimental data. The maximum percent error reported by Guzmann was less than 2%.
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However, all the values were between the melting point and boiling point of the compounds, a
temperature range that typically exhibits a linear trend when liquid viscosity is plotted on a log
scale versus the reciprocal of temperature. The reported error is further diminished by the fact
that it was only for 8 compounds over 4 chemical families.

Andrade [17], [18] suggested a mechanism to explain the Arrhenius behavior. He said that the
momentum transfer comes from molecules making contact with each other. He explained the
temperature dependence by saying that the temperature would interfere with the transfer of
momentum, saying there is a mutual energy necessary between molecules to transfer the
momentum. He then tied this idea to Boltzmann’s distribution, saying the number of favorable
transfers decreases as the temperature increases. This gives the equation the exponential form.
This form is the basis for most empirical methods.

2.3.2 Group Contribution Methods
The most common prediction techniques for liquid viscosity are group contribution methods, and
close to 100 formulations have been proposed. These have been studied and reviewed by several
researchers over the last several decades, and the results can be found in the literature. Early
group contribution methods were introduced in 1939 by the Committee for the Study of
Viscosity of the Academy of Sciences at Amsterdam who proposed two equations depending on
the size of the molecule in question [27]. A few years later, Srinivasan and Prasad [28] reviewed
four prediction methods, and less than a decade after that Partington [23] briefly described 75
empirical formulas. More recently, Viswanath and Natarajan [7] reviewed 21 prediction
methods.
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Most of the published techniques yielded poor performance compared to those that followed.
Those that are still considered suitable are described below. These include the four methods
reviewed by Cheremisinoff [6], namely, Hildebrand, Thomas, Orrick and Erbar, and Morris.
Also discussed below are three reviewed by Reid, et al.: Guzmann, Sastri-Rao and Przezdziecki
and Sridhar. Lastly, included are the van Velzen and Hsu methods, which are currently used by
DIPPR.

Hildebrand [29] took a different approach. He felt that liquid viscosity is a stronger function of
volume than temperature and suggested a modified Batschinski’s equation (1913):
1

=B
η

(V−V0 )

(2-6).

V0

Hildebrand wanted the parameters in his method to have meaning, as he felt adjustable
parameters could give accurate answers but wouldn’t give insight into the observed behavior. His
parameters were free volume, 𝑉𝑂 , and a parameter, 𝐵, that represents the capacity of molecules
to absorb momentum based on size, flexibility, and inertia of rotation. The author didn’t report
an error associated with this method, but compared to the data in the DIPPR database, the
average error was less than 10%. The compounds used were n-alkanes, a couple of cyclic
alkanes, and a few branched alkanes.

Thomas [30] uses specific volume, critical temperature, and two regressed constants (c and k).
This regression indicates that c is a global constant equal to 0.0670 and that k comes from
functional groups. The functional groups are assigned based on the differences in experimental
data within a chemical series. If the chemical series doesn’t have experimental data beyond the
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fourth member, a k value of 0.036 is assigned; this is the most probable value based on the other
chemical series that have adequate experimental data. Thomas’ equation then becomes as
follows:
T
log(η√υ) = 0.0670 + k ( c⁄T − 1)

(2-7)

where 𝜂 is the dynamic viscosity, 𝜐 is the specific volume, 𝑘 is the functional group value, and 𝑇𝑐
is the critical temperature. This correlation leads to a mean error of 5% in Thomas’ work, which
other authors report as higher.

Orrick and Erbar [31] incorporated density into their method through the relationship
η

B

(2-8)

ln (ρM) = A + T

where 𝜂 is the viscosity, 𝜌 is the density, 𝑀 is the molecular mass, and 𝐴 and 𝐵 are fitting
parameters (from functional groups). This method was constructed using 18 different chemical
groups and tested on 188 compounds. The results had an average deviation of 15%.

Van Velzen [32] proposed a method using the number of carbon atoms as the only parameter.
One parameter leaves the van Velzen equation looking rather simple:
1

log(η) = B(N) (T − T

1

(2-9)

)

0 (N)

where 𝑁 is the number of carbon atoms in the molecule and 𝐵 and 𝑇0 are cubic equations for
𝑁 ≤ 20 and linear equations for 𝑁 > 20. The equations for 𝐵 and 𝑇0 depend on parameters
regressed from experimental data. Due to this regression, the van Velzen method is as accurate
as earlier methods; however, the method fails to depict the temperature dependence of liquid
viscosity because of the single parameter.

18

Przezdziecki and Sridhar [33] believed that the equations proposed by Thomas and van Velzen
were too difficult to use and had large errors. The equation they proposed uses several
parameters: critical volume, molecular weight, critical pressure, melting point, critical
temperature, and the acentric factor. These numerous parameters allowed for an accurate
prediction method. The prediction method, based on Hildebrand’s equation (2-6), was as
follows:
1
η

0.33Vc

=(

f1

V−f2 (T)Vc
)
f2 (T)Vc

(2-10)

− 1.12) (

where 𝑉 is molar volume; 𝑉𝑐 is the critical volume; 𝑓1 is a function of molecular weight, critcial
pressure, melting point and critical temperature; and f2 is a function of critical volume, critical
temperature, and acentric factor. The authors’ method had an average error of 8.7% over 146
data points for 27 chemicals. The equations proposed by Thomas (2-7), van Velzen (2-9), and
Morris (2-11) over the same data points produced average errors of 21.2%, 16.1%, and 14.2%,
respectively.

Morris [6] used group contribution and a constant for each liquid to predict liquid viscosity and
proposed the following governing equation
μ

1

log (η∗ ) = √0.0577 + ∑N
i bi ni (T − 1)
r

(2-11)

where 𝜇 is the experimental viscosity point, 𝜂∗ is a pseudocritical viscosity that is specific for
families of compounds, 𝑁 is the number of different functional groups, 𝑏 is a specific functional
group, 𝑛 is the number of a specific functional group, and 𝑇𝑟 is the reduced temperature. The
results give high error for the first few members of a homologous series, but overall has promise.
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Sastri and Rao [34] developed a group contribution method that uses the viscosity at the boiling
point as a basis and adds the temperature dependence using a vapor pressure correlation. The
equation is
μ = μB P −N

(2-12)

where 𝜇 is the liquid viscosity, 𝜇𝐵 is the liquid viscosity at the normal boiling point, determined
from group contribution, 𝑃 is a vapor pressure correlation, and 𝑁 is a value acquired from group
contribution. They proposed two equations for the vapor pressure correlation—one for
temperatures below the boiling point and one for above—and claim the method is accurate up to
a reduced temperature, Tr, of 0.95. This method appears to be reliable, but seems to have a
disconnect between the LVS values below the normal boiling point and above. The absolute
average error above the normal boiling point was 11.5%, while the error below the normal
boiling point was 8.1%.

Hsu [35] proposed a more recent method which relies on critical pressure and parameters that
come from group contribution according to
C

(2-13)

ln(η) = A + BT + T2 + Dln(Pc )

where 𝑃𝑐 is the critical pressure and 𝐴, 𝐵, 𝐶, and 𝐷 are fitting parameters determined from 91
different group contributions. At the moment, this method has shown to be the most accurate
overall group contribution method (the author stated that a test set of 482 organic liquids resulted
in an absolute average deviation of 4.14%) and is currently the primary prediction method used
in the DIPPR 801 Project.
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The group contribution methods discussed above could each be accurate when looking at certain
types of compounds. The accuracy of these methods is determined by several factors, including
the amount of different chemical families (functional groups) used, the number (and accuracy) of
data points incorporated, and size of the training sets, which is a combination of the two
aforementioned factors.

Group contribution methods only look at the constitution of the molecules to determine the effect
each group has on the overall property. However, liquid viscosity cannot be described solely by
structure. Bingham and Fornwalt [36] explored the effect of association on liquid viscosity by
looking at alcohols. The association of primary alcohols showed that liquid viscosity follows a
trend as the number of carbons increases, but that if the OH group or a methyl group is moved,
no trend is observed. Groups, association, or other descriptors cannot adequately describe liquid
viscosity. A combination of descriptors could hold the answers.

2.3.3 Quantitative Structure Property Relations (QSPR)
QSPR models are classification models that look at different attributes, called descriptors, of
compounds. One example that has been discussed above is that of functional groups; a QSPR
model might look at the number of carbons, nitrogens, hydrogens, sulfurs, hydroxyls, etc. in a
compound to help determine a property of interest. Some descriptors are based on chemical
structure and others are calculated by ab initio. The descriptors can be broken into different
categories, including constitutional, topological, geometrical, and electrical.
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QSPR is a fairly new technique that has shown promise in predicting liquid viscosity. However,
this work has been restricted to predictions at only one temperature, and more work is needed to
add temperature dependence to the QSPR models. This section will describe the current models
and their limitations.

Ivanciuc et al. [37] used CODESSA, a software package that uses 116 molecular descriptors and
multilinear regression, to establish a QSPR model for organic compounds at 20 °C. The model
contained five molecular descriptors: molecular weight, a connectivity index, an electrostatic
descriptor, an electrophilic reactivity index for carbons, and an atomic orbital electronic
population. The model was developed using 369 compounds from 20 different classes of
chemicals. The result yielded an R2 value of 0.846.

Katritzky et al. [38] also used the CODESSA software to develop a QSPR model at 20 °C,
specifically for organic compounds, with five molecular descriptors. They found that the most
important descriptors (in order from greatest to least) were: hydrogen-bonding donor charged
surface area, gravitational index, relative number of rings in the molecule, the fractional positive
partial charged surface area, and the minimum atomic state energy for a carbon atom. Katritzky
used 361 compounds to develop the method. The R2 value was slightly different from Ivanciuc’s:
0.854 vs. 0.846. This work was verified by breaking the data set into three subsets and then cross
validating among the subsets.

The two previous models employed multilinear regression to determine the important factors.
Rajappan, et al. [39], considering the limitations of multilinear regression, used a Random Forest
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regression for their QSPR model. Building off the aforementioned authors, this group used 423
organic compounds at 20 °C. After comparing these compounds to the molecular descriptors,
eight descriptors were chosen: three were electrotopological indices, three were topochemical,
and two were topostructural. The R2 value they obtained was 0.958 which was significantly
better than that of Ivancuic and Katritzky, as mentioned above.

While the method of Rajappan, et al. [39] was a vast improvement in predictive capabilities, the
method was limited by the number of descriptors available in CODESSA which is approximately
150. Gharagheizi, et al. [40] used Dragon software, which calculated more than 3000 molecular
descriptors, to develop their QSPR method. This resulted in a model with eight molecular
descriptors for compounds at 25 °C. The types of descriptors have to do with bonding, hydrogen
bonding, size/shape of the molecule, and internal forces. The number of compounds (2748) used
to develop this model also increased compared to previous attempts. The increase in compounds
involved and molecular descriptors analyzed resulted in a more accurate model. The model had
an R2 value of 0.987.

From this review, it would appear that QSPR models show promise to be reliable prediction
methods. However, at present, they are restricted to prediction at a single temperature. Despite
this, as more molecular descriptors and experimental data become available, such models are
expected to continue to increase in accuracy, and will serve as the first stepping stone in adding
temperature dependence to the prediction of liquid viscosity.
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2.3.4 Models and Simulations
As technology continues to advance, molecular simulation has become a popular technique to
predict thermodynamic properties. However, simulating liquid viscosity, or other transport
coefficients, presents a problem because of the need to perturb the system to experience the
desired property. This problem requires the coding to go beyond simple molecular dynamic
simulation as the use of either non-equilibrium molecular dynamics (NEMD) or calculation of
complex correlation functions from equilibrium molecular dynamics (EMD) is needed.

Naitoh [41] used NEMD to simulate the liquid viscosity of a hard-sphere fluid. His results were
in agreement with the work done by Alder et al. [9], but neither were compared to experimental
work to validate the results. NEMD is a powerful tool but isn’t always reliable because of the
noise in the simulation.

EMD has been the far more common route to simulating liquid viscosity, but using EMD doesn’t
provide the same route for simulating liquid viscosity. Authors have used different potential
functions to represent the interactions between molecules. Examples of potential functions are
the Lennard-Jones, which uses dispersion energy and the distance between two interacting
particles (raised to the 12th and 6th power inversely) to describe the intermolecular potential
energy, and the m-6-8 potential, which uses a coefficient to represent the repulsive term and the
distance between two interacting particles (raised to the 6th and 8th power inversely) to describe
the potential energy. The approach to obtaining transport coefficients have also been diversified.
Some authors have used some version of a Green-Kubo time correlation function while others
have used Einstein’s mean-square-displacement (MSD) equation. The differences don’t stop
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there. However, there is one common result: unsatisfactory prediction of liquid viscosity
compared to experimental data.

One positive note is that simulation results get better with time. Most of the early simulation
work was concerned with comparing liquid viscosities obtained from simulations to
experimental data for Argon. Kirkwood et al. [42] achieved results that were 49% different from
experiments. Evans and Hanley [43] were able to get agree within 22% at some temperatures and
within 10% at one temperature. Rowley and Painter [44] achieved an absolute average deviation
(AAD) of 5.3%, using EMD with a Lennard-Jones potential and a modified Einstein’s MSD
equation.

Current work that has shown promise is being conducted by Maginn et al. [45]. Using EMD and
Green-Kubo (with multiple trajectories that are averaged) Maginn et al. [45] simulated liquid
viscosity for ethanol and some ionic liquids. The ethanol results appear to be accurate and the
ionic liquids have promise. While EMD has improved to the point of accurately representing
liquid viscosity for a single compound, the model used lacks the ability to predict liquid viscosity
for a range of compounds without adjusting the simulation for each compound. Simulating each
compound individually is not a viable option at this time.

2.4

Correlating Equations

The temperature dependence of the liquid viscosity can be described by fitting data to an
appropriate equation that matches the underlying trends. Many correlating equations exist, and
they come in different forms, a lot of which use density to impact the temperature dependence of
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LVS. However, these equations are often times inaccurate and/or limited in scope. A few
examples are now given.

Kresps and Druin [46] developed a correlation for only four families: n-paraffins, 1-alkenes, nalkylcyclohexanes, and n-alkylbenzenes. The correlation incorporated liquid density data and
molecular weight according to
11

ρ 3 β3

(2-14)

μ = M8/3 N1/3 Z
where 𝜇 is the viscosity (in poise), 𝜌 is the density (g/cm3), 𝛽 is an empirical structure

contribution factor, 𝑀 is the molecular weight, 𝑁 is Avogadro’s number, and 𝑍 is a deviation of
viscosity from the reported viscosity. The errors for this correlation ranged from 1.78% to
3.46%, but, as stated above, the method is limited to 4 common families.

Fieggen [47] used Eyring’s rate theory to come up with a five parameter correlation of the form
ln(η) = B′′ + A′′ (T − C′′ )−1 − D′′ (T − T1 )2

(2-15)

where 𝜂 is the viscosity, 𝐵 ′′ , 𝐴′′ , 𝐶 ′′ , and 𝐷′′ are parameters related to the energy barrier and the
cubic expansion coefficient, and 𝑇1 is a reference temperature related to the energy barrier. The
correlation is based on data for eight compounds: water, ethanol, n-butyric acid, aluminum
isopropoxide, n-octane, n-eicosane, toluene, and n-decylbenzene. Errors were less than 0.8%, but
transferability to other compounds is lacking.

Abbott and Kaufmann [48] used a corresponding states correlation for hydrocarbons. The
correlation requires density and critical viscosity:
ν

ln (ν ) = A(ρr − 1) + B(ρr − 1)7/2 + ∑5j=1 Cj [exp(ρr − 1)(j+1)/2 − 1]
c
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(2-16)

where 𝜈 is the viscosity, 𝜈𝑐 is the critical viscosity – based on a correlation presented by Uyehara
and Watson [49], 𝜌𝑟 is a reduced density calculated by Riedel’s equation [50], and the
parameters 𝐴, 𝐵, and 𝐶 are fitting parameters based on 522 smoothed data points and an acentric
factor. The results gave an average absolute deviation of 2.7% with the correlation covering the
entire saturated region. However, the higher member hydrocarbons temperature range was just
beyond the normal boiling point, but would ideally predict up to the critical temperature.

Jagannathan, et al. [51] developed a linear correlation of the form
(2-17)

ln(η) = A + B/T

where 𝜂 is the liquid viscosity and 𝐴 and 𝐵 are fitting parameters determined from several
families: normal paraffin hydrocarbons, alcohols, acids, esters, ethers, and ketones. The
temperature range was limited because of the linear correlation and the percent errors were
unsatisfactory.

2.5

Summary

Several conclusions may be drawn from reviewing the literature. The first is that there is a need
for new and more accurate experimental liquid viscosity data. The current data are restricted to
only a few families of compounds and taken at temperatures below the normal boiling point—
both of which is limiting to the chemical process industry. Moreover, the literature indicates that
the decision of which apparatus to use seems to be of lesser importance than other factors such as
temperature range and compounds to be tested.
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Second, while theories have been developed from known science, the experimental data don’t
appear to validate any existing theory. Perhaps theories should be revisited after an accurate
prediction method can match experimental data.

Third, prediction methods need to increase their scope of applicability. Group contribution
methods can capture the behavior of liquid viscosity either for a small set of compounds or for a
small range of temperatures, and new methods are needed to expand this. Moreover, there are
other factors that could contribute to liquid viscosity, such as shape and size of the molecule or
flexibility. QSPR have produced promising results at one temperature, but the temperature
dependence needs to be added. A possible prediction method could also be to find some
combination of previous methods.

Fourth, simulation has the potential to predict liquid viscosity, but the models need to be
improved. Thus, at present, simulating liquid viscosity provides more questions than answers.
Does the model used represent a simplified system? Is the model transferrable to several
compounds? Is the potential function sufficiently accurate? Is the chosen radial distribution
function an appropriate representation? Should a time correlation function, like Green-Kubo, be
used or Einstein’s mean-square-displacement? Can either EMD or NEMD overcome the signal
to noise ratio to yield accurate results? And, most importantly, are accurate results going to yield
a satisfactory theory of what is really happening to the molecules?
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Lastly, correlations of liquid viscosity data are abundant, but they are limited to small numbers
of compounds. Specifically, they are based on families or a small group of families. Correlation
should be developed from an accurate prediction method.
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3

3.1

METHODS

Experimental Work

LVS measurements were made with a set of Ubbelohde capillary tube viscometers and a
stopwatch. Previously, optical sensors were used to allow for more consistent timing
measurements. However, replicate measurements showed the stopwatch to provide adequate
repeatability without adding a significant amount of error. The measuring range for the
viscometers was from 0.3-30 mm2/s. An SI Analytics CT 72/P thermostat was used in
conjunction with an SI Analytic Flow-through-cooler 310 K for temperature control over a range
of temperatures from 10℃ to 60℃. This range falls somewhere between the melting point and
normal boiling point for most organic compounds, thus allowing for impactful measurements for
compounds with little to no data. Figure 3-1 shows the experimental set up.

Measurements were taken at 10 ℃ increments, starting at 20℃, resulting in five LVS values for
most compounds. This temperature range was usually far enough away from compounds’ normal
boiling point that any evaporation of sample was insignificant. Typically, LVS measurements
consisted of five individual runs that would be averaged into a single point, and then that was
repeated four or five times for each temperature. All the replicates would be averaged to give a
single value with a given uncertainty at each temperature. All compounds measured for this
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project were obtained from Sigma Aldrich. Manufacturer purities were confirmed using an
Agilent GCMS.

Figure 3-1. Capillary tube viscometer setup with water bath and flow-through cooler.
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The DIPPR 801 database reports LVS as dynamic viscosity. The capillary tube viscometers’
results are kinematic viscosity. An Anton-Paar DMA 5000M was used to measure liquid density
on all the compounds to allow for a fully experimental dynamic viscosity. Since the DMA
5000M uses clean water as the reference fluid, the temperature range was from 10℃ to 90℃ (to
stay between freezing and boiling points of water). The time to take density measurements across
the given temperature range was short and allowed for many replicates to be taken within a day
or two. Thus density measurements were initiated and completed before the LVS measurements
were concluded. Also, it’s worth noting that samples were degassed by means of a vacuum pump
before liquid density measurements were taken.

3.2

Prediction Method

Dragon 7 software, which contains more than 5,000 molecular descriptors, was purchased, in
part, to aide in developing a new prediction method using a QSPR model. The software contains
tools to allow for a quick correlational comparison of experimental data and molecular
descriptors using multilinear regression.

The plan for developing a prediction method stemmed from the form proposed by Sastri & Rao
[34]. A reference liquid viscosity would be calculated using the QSPR model and then a
temperature dependence would be added. Sastri & Rao used the normal boiling point as the
reference viscosity and a vapor pressure correlation as the temperature dependence portion, it
was determined to examine multiple reference temperatures and to start with a correlation that
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mirrored the temperature dependence of liquid density since liquid viscosity is heavily dependent
on liquid density.
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4

RESULTS

Before experiments were conducted, an evaluation of DeGuzman’s proposal of an Arrhenius
equation to predict liquid viscosity was completed. Figure 4-1 shows experimental data from the
DIPPR database for the n-alkanes from methane to n-decane [52-114]. The compounds were
plotted on a ln(LVS) v. 1/T graph so that a linear correlation and an R2 value could be easily
displayed. The n-alkanes agreed with DeGuzman’s proposal. A majority of other chemical
families had similar R2 values.

At the start of the experimental portion of this project, an initial evaluation of LVS data and
correlations in the DIPPR 801 database was utilized to determine what gaps in the data existed
and which compounds needed LVS measurements to best fill those gaps. The investigation
showed that there are experimental LVS data for 53% of the compounds in the database. While
there are 29,681 experimental liquid viscosity points that span across forty-seven chemical
families, all chemical families would benefit from additional LVS measurements. A compilation
of the findings for all the experimental LVS data in the DIPPR database can be found in Table
4-1. A review of chemical families was conducted to see which families would profit the most.
During this review, inconsistencies were discovered that will be addressed below.
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Figure 4-1. Linear trend on a log scale of LVS, using experimental data, for n-alkanes.

The correlations listed as “DIPPR Correlation” in the figures in this chapter are shown by Eq. 41, where 𝜂 is the liquid viscosity in Pas, 𝑇 is the temperature in Kelvin, and 𝐴-𝐸 are fitting
parameters based on accepted experimental data for the given compound. The 𝐴 and 𝐵
coefficients are used to account for DeGuzman’s observation of the linear trend of liquid
viscosity from the melting point to the normal boiling point when plotted on a ln(LVS) vs 1/T
graph. The other fitting parameters are used to represent the behavior above the normal boiling
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Table 4-1. Experimental LVS findings from the DIPPR database

Family
Acetates
Acids
Alcohols
Aldehydes
Alkanes
Alkenes
Alkylbenzenes
Alkylcyclohexanes
Alkylcyclopentanes
Alkynes
Amines
Anhydrides
Bases, Inorganic
C, H, Other
Chlorides
Cycloalkanes
Cycloalkenes
Cyclobenzenes
Dialkenes
Dimethylalkanes
Diphenyl/Polyaromatics
Elements
Epoxides
Esters
Ethers/Diethers
Formates
Gases, Inorganic
Glycerides
Halides
Inorganics, Other
Isocyanates/Diisocyanates
Ketones
Mercaptans
Methylalkanes
Methylalkenes
Monoaromatics, Other
Naphthalenes
Nitriles

# of
Compounds
in Family
26
120
117
39
59
71
71
21
16
19
159
10
6
301
66
13
12
14
29
26
25
35
18
156
68
15
30
15
101
19
11
53
23
24
23
21
15
45

# of
Compounds
w/ Exp Data
18
45
75
20
41
24
37
15
8
1
91
8
3
193
46
9
6
5
6
20
11
26
12
98
40
9
17
11
22
8
5
33
15
22
2
4
10
18
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% of
Family w/
Exp Data
69.23%
37.50%
64.10%
51.28%
69.49%
33.80%
52.11%
71.43%
50.00%
5.26%
57.23%
80.00%
50.00%
64.12%
69.70%
69.23%
50.00%
35.71%
20.69%
76.92%
44.00%
74.29%
66.67%
62.82%
58.82%
60.00%
56.67%
73.33%
21.78%
42.11%
45.45%
62.26%
65.22%
91.67%
8.70%
19.05%
66.67%
40.00%

# of Exp
Data
Points
374
607
3193
211
3435
851
2075
410
215
1
1572
143
28
4070
1114
378
49
96
51
269
229
771
324
1720
675
93
284
285
441
731
36
705
333
283
14
34
182
456

% of
Data
Points
1.26%
2.05%
10.76%
0.71%
11.57%
2.87%
6.99%
1.38%
0.72%
0.00%
5.30%
0.48%
0.09%
13.71%
3.75%
1.27%
0.17%
0.32%
0.17%
0.91%
0.77%
2.60%
1.09%
5.79%
2.27%
0.31%
0.96%
0.96%
1.49%
2.46%
0.12%
2.38%
1.12%
0.95%
0.05%
0.11%
0.61%
1.54%

# of
Compounds
in Family
55
16
58
15
27
83
64
63
9
2282

Family
Organics
Peroxides
Polyols
Propionates/Butyrates
Rings
Salts
Silanes/Siloxanes
Sulfides/Thiophenes
Terpenes
Total

# of
Compounds
w/ Exp Data
10
1
30
13
8
31
44
23
4
1198

% of
Family w/
Exp Data
18.18%
6.25%
51.72%
86.67%
29.63%
37.35%
68.75%
36.51%
44.44%
52.50%

# of Exp
Data
Points
52
2
1144
195
100
574
494
349
33
29681

% of
Data
Points
0.18%
0.01%
3.85%
0.66%
0.34%
1.93%
1.66%
1.18%
0.11%
100.00%

point and to account for any deviations from DeGuzman’s observation.
B

η(T) = exp (A + T + Cln(T) + DT E )

(4-1)

Any correlations used in comparison to the “DIPPR Correlation” were the same correlation with
new fitting parameters based on the measured data from this project.

The n-acetates had plenty of experimental LVS data in the DIPPR database, but showed the need
for verification. Cohen et. al. [115] reported experimental LVS data for n-nonyl and n-decyl
acetate. These sets contained four points, each, between the melting point and the normal boiling
point. This source was the only available one for n-nonyl acetate, but n-decyl acetate had another
source. Shigley et. al. [116] provided this set with five points inside the temperature range of
Cohen et. al. data. Figure 4-2 illustrates the aforementioned data sets (circles for the Cohen data
and triangles for the Shigley data) along with the corresponding DIPPR database correlations
(solid lines) on a plot of LVS vs. Temperature. The two data sets for n-decyl acetate are in
agreement with each other. It stood to reason then that the data for n-nonyl acetate could be
trusted as accurate.
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Figure 4-2. Experimental LVS data and DIPPR LVS correlations for n-nonyl and n-decyl acetate.

Further investigation into the family revealed that the Cohen et. al. data for n-nonyl acetate
didn’t match the family trend. Figure 4-3 shows the experimental data [115-122] (solid circles)
in the DIPPR database for n-hexyl, n-heptyl, n-octyl, n-nonyl, and n-decyl acetate along with the
DIPPR correlation for each compound (the solid lines). The LVS values for n-nonyl acetate are
below the data for n-octyl acetate at room temperature and are even below the n-heptyl data at
higher temperatures.
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Figure 4-3. Experimental LVS data and DIPPR LVS correlations for n-alkyl acetates from n-hexyl to ndecyl.

Purities for n-hexyl, n-heptyl, and n-nonyl were 99.0%, 99.8%, and 99.48%, respectively.
Measurements were conducted on these acetates to verify and validate the experimental data for
the n-acetate family. Figure 4-4 includes these newly measured values and correlations.
Measurements for n-hexyl and n-heptyl acetates matched the DIPPR correlations within 2% and
3%, respectively. The measured LVS data and correlation for n-nonyl acetate are consistent with
the family trend.
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Figure 4-4. Experimental LVS data sets, measured LVS data, DIPPR LVS correlations, and updated LVS
correlation for n-nonyl acetate.

The DIPPR database LVS evaluation also revealed that there were sixty-nine compounds that
had “accepted” values labeled “experimental,” but which were predicted using the van Velzen
method. A list of these compounds can be found in the Appendix. These findings led to a review
of the sixty-nine compounds’ LVS data and LVS measurements for seven of them.

The only accepted data for 4-ethyltoluene in the DIPPR database were the van Velzen points.
There is another set [53] (TRC reference) that isn’t accepted, most likely because the van Velzen
points had the same values plus more points at lower temperatures. Before measuring LVS for 4ethyltoluene, a comparison of related compounds revealed a similar problem for 2- and 3ethyltoluene. 2-ethyltoluene, like 4-ethyltoluene, had two sets of data: the accepted set was van
Velzen predicted points and the other was a smoothed set [123] that wasn’t accepted due to the
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high uncertainty assigned to the values. 3-ethyltoluene had only predicted van Velzen points
available. Figure 4-5 shows the current DIPPR correlation on a linear scale based on the accepted
van Velzen points. The overall trend displayed what would be expected for these compounds: the
closer the methyl- and ethyl-branches are to each other, the higher the viscosity because of the
difficulty with which the molecules slide past each other and the lack of ability to pack tightly.
However, the concern with these correlations was the fact that the correlations cross each other at
about 375 K. There isn’t any known phenomenon that would cause this behavior. LVS
measurements were therefore conducted on all three compounds.
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Figure 4-5. DIPPR LVS correlations for 2-, 3-, and 4-ethyltoluene based on van Velzen points listed as
experimental.

41

The samples of 2-, 3-, and 4-ethyltoluene were pure (99.5%, 99.5%, and 99.9%, respectively).
With such high purity, confidence was given to the LVS measurements. Figure 4-6 presents the
results of the LVS measurements and new fits for each of the ethyltoluenes. The family trend is
more consistent with current understanding of LVS between the melting point and normal
boiling point. However, the new correlations (from the measured data) appear to converge and
possibly cross at higher temperatures; this is a result of correlational form and the measured data
appear to have a consistent family trend. Table 4-2 summarizes the absolute average deviation
for the measured data to the new fit and the highest standard error for each of the ethyltoluenes.
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Figure 4-6. Measured LVS data and updated correlations for 2-, 3-, and 4-ethyltoluene.
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Table 4-2. AAD and stand error for the LVS measurements of the ethyltoluenes.

Compound

Absolute Average Deviation

2-ethyltoluene
3-ethyltoluene
4-ethyltoluene

0.36%
0.25%
0.16%

Highest Standard Error
(Temperature)
0.0043 (333.15 K)
0.0008 (303.15 K)
0.0025 (333.15 K)

Similar to the ethyltoluenes, the n-benzoates had van Velzen points that were affecting the
family trend. Ethyl benzoate was the only n-benzoate that had van Velzen points listed as
experimental values. However, n-propyl and n-butyl benzoates had van Velzen prediction points
as the only accepted values for their liquid viscosity correlations. Therefore, liquid viscosity
measurements were completed for methyl, ethyl, n-propyl, and n-butyl benzoates.

Methyl benzoate served as a validation compound since there were plenty of liquid viscosity data
available [117, 124-126]. The sample was 99.9% pure. Initially, the measurements for methyl
benzoate deviated from the DIPPR correlation an average of 2.9%. Upon further inspection,
there were data sets that had not been evaluated. Once these sets and the measured data were
taken into account and a new correlation was regressed. The measured data then had an absolute
average deviation of 0.4%.

Ethyl benzoate (99.9% pure) also had several data sets [118, 123, 127, 128], other than the van
Velzen points, to use to re-evaluate the correlation. The new liquid viscosity correlation wasn’t
significantly affected by the removal of the van Velzen points, but it became more reliable. The
measured liquid viscosity data agreed with the new correlation well. The absolute average
deviation was 0.2%.
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LVS measurements for n-propyl and n-butyl benzoates (99.9% pure) were significantly lower the
van Velzen prediction. Figure 4-7 shows the current DIPPR correlations for the n-benzoates and
the measured LVS points. n-Propyl and n-butyl benzoates data, on an average, were 16% and
31% lower than the correlations, respectively. New correlations were regressed for n-propyl and
n-butyl benzoates, using the measured data and an unused data set [129] (for n-butyl benzoate).
The absolute average deviations from the correlations were greatly reduced to 0.2% for n-propyl
benzoate and 1.6% for butyl benzoate. Figure 4-8 illustrates the new correlations and the
measured data for the four n-benzoates.
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Figure 4-7. Measured LVS data and previous DIPPR correlations for n-benzoates.

The best case scenario with the sixty-nine compounds that had van Velzen values erroneously
labeled as experimental, would be that the van Velzen points don’t influence the correlation
because they are consistent with other data sets. 2-methylpentane was one of those cases. Figure
4-9 portrays the data for 2-methylpentane (data measured at BYU were the outlined squares, the
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Figure 4-8. Measured LVS data and updated DIPPR correlations for n-benzoates.

van Velzen points were the circles, and the other experimental DIPPR data sets [54, 130] were
triangles) and the DIPPR correlation (solid line) and updated correlation from measured and the
other DIPPR data sets (dotted line). Excluding the van Velzen points from the regression doesn’t
change the correlation significantly, but the correlation is more consistent with the experimental
data sets.

A sample of 2-methylpentane was procured with a purity of 99.2%. LVS data were measured for
2-methylpentane at four temperatures near the normal boiling point of 2-methylpentane. The four
measured points had four replicates each, with each replicate consisting of five runs. The highest
standard error for the measured points was 0.0004 at 303.15 K. In comparison with the DIPPR
correlation, the absolute average error was 0.23%. However, if a new correlation was established
with the other DIPPR data sets and the measured points, excluding the van Velzen points, the
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Figure 4-9. Measured LVS data, DIPPR experimental data sets, van Velzen points listed as experimental,
and previous and updated DIPPR correlations for 2-methylpentane.

AAD was reduced to 0.15%, thus confirming the accuracy of the other data sets and the proof
needed to disregard the van Velzen points.

n-Nonylbenzene and di-n-propyl ether (had a purity of 99.6% and 99.7%, respectively) are the
last two “van Velzen” compounds measured during this project. Figure 4-10 and Figure 4-11
show the LVS data (measured, van Velzen points, and other data sets in the DIPPR database
[117, 124, 131-133]) and the current DIPPR correlations for n-nonylbenzene and di-n-propyl
ether, respectively. Both sets of measured LVS data deviated by an average of approximately 3%
from the DIPPR correlation. While the proposed DIPPR correlations don’t change much from
the original correlation, the removal of the van Velzen points and addition of another measured
data set give more confidence in the slight change of slope.
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Figure 4-10. Measured LVS data, DIPPR experimental data sets, van Velzen points, and the previous and
the updated DIPPR correlations for n-nonylbenzene.
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Figure 4-11. Measured LVS data, DIPPR experimental data sets, van Velzen points, and the previous and
the updated DIPPR correlations for di-n-propyl ether.
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4.1

Compounds in the DIPPR database without LVS data and correlation

The DIPPR database contains compounds that have no LVS data nor any assigned correlation.
Three of these compounds were chosen for experimentation. The LVS measurements of these
compounds provided great insight to the current shortcomings of prediction methods, gave
validation to similar compounds, and potentially had the most impact of any of the measured
compounds on the DIPPR database.

LVS measurements for 1-bromonaphthalene (98.3% pure) conducted for this project were the
first LVS data in the DIPPR database. The best effort was made to validate the LVS
measurements by comparing the differences in the correlations for monochloro- and
monobromobenzene, and then looking at the data for 1-bromonaphthalene and the correlation for
1-chloronaphthalene. After this comparison was completed, an additional data set from
Timmerman, et al. [134], for 1-bromonaphthalene was found in the literature. This set had an
absolute average deviation of 3.1% from the correlation regressed from the measured data.
Figure 4-12 depicts the correlation and experimental data for 1-bromonaphthalene along with the
comparison correlations.

The other two measured compounds without data and correlation were di-n-butyl sulfate and
isoxazole, both with a purity of 99.7%. Both compounds had multiple functional groups, but they
also contained unique groups: in the case of di-n-butyl sulfate it was multiple sulfurs and for
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Figure 4-12. DIPPR LVS correlations, experimental LVS data, and proposed DIPPR LVS correlation for
some halogenated benzenes and naphthalenes.

isoxazole it was a nitrogen inside a five-member ring. Figure 4-13 and Figure 4-14 show the
measured data of di-n-butyl sulfate and isoxazole, respectively, and the five prediction methods
commonly used by the DIPPR database. The conclusion drawn from these figures was that the

Hsu method (the primary prediction method used by DIPPR for LVS) vastly over-estimated the
LVS for both compounds (see Eq. 2-13). It would appear that while the Hsu method is accurate
for a great many chemical families, it does not handle multiple functional groups as well. Also, it
was interesting that the Sastri-Rao method provided fairly accurate values for these compounds.
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Figure 4-13. LVS prediction methods, measured LVS data, and proposed DIPPR LVS correlation for din-butyl sulfate.
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Figure 4-14. LVS prediction methods, measured LVS data, and proposed DIPPR LVS correlation for
isoxazole.
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4.2

Compounds in the DIPPR database with no data

Without experimental data, prediction must be used to determine LVS. Historically, the van
Velzen method has proven to be fairly reliable. Nine of the compounds, measured during this
project, had no data and employed the van Velzen method for a LVS correlation, for which
DIPPR staff assigned a < 10% uncertainty.

Three of the nine compounds showed that the van Velzen method had a similar slope to that of
the measured data, but that the values were shifted to make it inaccurate. The DIPPR
correlations, based on the van Velzen method, the measured data, and the proposed DIPPR
correlation, based on the measured data, for 1-methylvinyl acetate, 2,5-dimethylthiophene, and
5-hexen-2-one are presented in Figure 4-15, Figure 4-16, and Figure 4-17, respectively, below.
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Figure 4-15. Measured LVS data, previous DIPPR correlation, and proposed LVS correlation for 1methylvinyl acetate.

51

While the slopes of the correlation are close to that of the fit of the measured data, they are
shifted by an average of 14.3% for 1-methylvinyl acetate and 2,5-dimethylthiophene and by
13.1% for 5-hexen-2-one. The other six of the nine compounds, with the exception of 3nonanone, had greater deviation from the van Velzen correlation.
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Figure 4-16. Measured LVS data, previous DIPPR correlation, and proposed LVS correlation for 2,5dimethylthiophene.

Figure 4-18 shows that the van Velzen prediction method for 3-nonanone (98.7% pure) was
close to the measured data with an average deviation of 3.9%. These measured data helped
improve the DIPPR database, but a further study of the family would be beneficial since 2nonanone was predicted using the Hsu method and 4- and 5-nonanone were predicted using van
Velzen, which means that the DIPPR correlations for 3-, 4-, and 5-nonanone are the same since
the van Velzen method doesn’t account for branch locations on a straight chain.
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Figure 4-17. Measured LVS data, previous DIPPR correlation, and proposed LVS correlation for 5hexen-2-one.
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Figure 4-18. Measured LVS data, previous DIPPR correlation, and proposed LVS correlation for 3nonanone.
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There are three compounds that had a close correlation to the fit from measured data at higher
temperatures (from about 310 K to the normal boiling points), but grossly underestimated LVS at
temperatures close to the melting point. Figure 4-19 shows methyl glycolate (98.2% pure) with
the measured data, fit of the data, and the previous DIPPR correlation. The absolute average
deviation of methyl glycolate was 18.9%.
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Figure 4-19. Measured LVS data, previous DIPPR correlation, and proposed LVS correlation for methyl
glycolate.

The other two compounds in this category are 2-phenyl-1-propanol and 1-phenyl-2-propanol
(with a purity of 98.8% and 98.6%, respectively). The trend of these compounds matched that of
methyl glycolate. This is illustrated in Figure 4-20. The differences in LVS between the two
phenyl-propanols is not as large as predicted. And the average deviations are 14.3% for 2phenyl-1-propanol and 19.7% for 1-phenyl-2-propanol.
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Figure 4-20. Measured LVS data, previous DIPPR correlations, and proposed LVS correlations for 2phenyl-1-propanol and 1-phenyl-2-propanol.

Figure 4-21 depicts allyl sulfide’s current DIPPR correlation (based on the van Velzen method),
the measured LVS data (which had a 98.8% purity), and the fit from these measurements. The
absolute average deviation is high at 62.3%. However, the measured data are consistent with the
highest standard error being 0.0013 after four replicates. All the replicates were within 1% of
each other.

The largest deviation from the DIPPR correlation was that of 1,2,4-trimethyl
benzenetricarboxylate. Figure 4-22 shows that deviation. The van Velzen correlation and fit from
the measured data were close at high temperatures, but averaged over 300% deviation when
compared at the measured data points.
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Figure 4-21. Measured LVS data, previous DIPPR correlation, and proposed LVS correlation for allyl
sulfide.

1,2,4-trimethyl benzenetricarboxylate’s absolute average deviation between the measured data
and the fit from the measured data was also larger than any other measured compound of this
project at 6.1%. This deviation was due to the inconsistencies in the measurements. The expected
LVS, based on the DIPPR predicted correlation, was around 30 mm2/s at room temperature. A
capillary tube with a kinematic viscosity range of 3-30 mm2/s was used. The resulting measured
LVS for 1,2,4-trimethyl benzenetricarboxylate was much higher than expected. Which meant the
time to measure the viscosity exceeded the recommend time for the specific tube, causing a
wider deviation than the other measured compounds.

The biggest take away from this group of compounds was that while prediction methods can get
close to the actual LVS values, the need for experimental data will always be present.
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Figure 4-22. Measured LVS data, previous DIPPR correlation, and proposed LVS correlation for 1,2,4trimethylbenzenetricarboxylate.

4.3

Liquid Density

Liquid density measurements weren’t the focus of this project, but the results provided valuable
insight. While liquid density measurements were conducted for all the compounds of this project,
only a few examples are presented to illustrate the different types of cases observed. The three
types of cases observed are 1) compounds with abundant liquid density data, 2) compounds with
liquid density data at low temperatures but not at high temperature, and 3) compounds that have
little to no liquid density data.

The DIPPR database contained twelve sources of liquid density data for 2-methylpentane.
Eleven of them [52, 53, 130, 135-142], had a significant amount of data points between the
melting point and the normal boiling point, and the last source’s [63] data spanned from the
melting point to the critical point. Figure 4-23 illustrates the DIPPR liquid density correlation,
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the DIPPR assigned uncertainty of <3%, the DIPPR data, and the three measured liquid density
points used for validation. The absolute average deviation of the three measured points was
0.07%.
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Figure 4-23. DIPPR liquid density correlation with assigned uncertainty, DIPPR data, and measured
liquid density data for 2-methylpentane.

n-Heptyl acetate provided an example of the compounds that had liquid density data at room
temperature and below, but no data at higher temperatures. Figure 4-24 shows the current DIPPR
liquid density correlation with its assigned uncertainty of <5%, the liquid density data for nheptyl acetate in the DIPPR database [52, 119, 143-148], and the measured points from this
project. Even at higher temperatures, the measured data matched the correlation with an absolute
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average deviation of 0.03%. These results not only validated the measured liquid density points,
but also showed the ability of the Rackett equation to extrapolate liquid density values.
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Figure 4-24. DIPPR liquid density correlation with assigned uncertainty, DIPPR data, and measured
liquid density data for n-heptyl acetate.

The last case for liquid density measurements were the compounds with little or no data. 1,2,4trimethylbenzenetricarboxylate had two references [149, 150] that provided the same single
liquid density point, at 293.15 K. Figure 4-25 displays the current DIPPR correlation with its
<25% uncertainty, DIPPR’s single liquid density point, and the eight measured points. The
absolute average deviation was the highest of the three cases at 0.30%. And the highest percent
difference between the current DIPPR correlation and the fit based on the measured data was
6.1%. DIPPR has assigned an uncertainty of < 10% for a predictive use of the Rackett equation.
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This case showed that to be true and, thus, again illustrated the reliability of the Rackett
equation, if no data are available.
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Figure 4-25. DIPPR liquid density correlation with assigned uncertainty, DIPPR data, and measured
liquid density data for 1,2,4-trimethylbenzenetricarboxylate.

4.4

Empirical findings

Much like DeGuzman’s empirical work with his proposal of LVS being an exponential function,
empirical work has been done by others for LVS. In 2003, Jeff Smith et. al. [151] presented
some empirical findings about LVS at the normal boiling point. The results of this study yielded
a new quality check for the DIPPR database: the LVS at the normal boiling point, for organic
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compounds, should be between 0.15 and 0.55 cP. This project sought to gain further insight into
this empirical rule.

Figure 4-26 portrays the LVS at the normal boiling point for 32 chemical families. All the
compounds pictured met the empirical rule. Further investigation into the DIPPR database
revealed that of the 1014 organic compounds that had experimental correlations at the normal
boiling point, only 25 compounds didn’t meet the quality check. That showed a 97.5%
compliance to the empirical rule for organic compounds. It was also noted that the inorganic
compounds met the rule over half the time at 54.9%. Therefore, if no experimental data are
available, use of the empirical rule for LVS at the normal boiling point and DeGuzman’s
proposal of the exponential function is a great starting point to determine LVS.

4.5

QSPR findings

Several groups have developed QSPR models to predict LVS values at one temperature with
seemingly good results. This approach was investigated as a way to develop a new prediction
method by predicting a reference viscosity at one temperature and then adding temperature
dependence through a correlation based on liquid density.

The work of Gharagheizi et al. [42] provided a useful starting point. The authors claimed that
data from 2748 compounds were used to develop a correlation employing eight molecular
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Figure 4-26. Liquid viscosity at the normal boiling point for different chemical families with empirical
rule limits. Lines between points are a guide to the eye.

descriptors to predict liquid viscosity at 298.15K, which has the form:
ln(ηL ) = −4.08337 + 0.62496nTB + 0.30546nR06 + 1.81395ATS1m −
0.06576BEHm1 + 0.06385RDF040v + 1.87398nROH + 0.40289Hy + 0.19265B02[C − O],
where
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𝑛𝑇𝐵 is the number of triple bonds



𝑛𝑅06 is the number of 6-membered rings



𝐴𝑇𝑆1𝑚 is the Broto-Moreau autocorrelation of a topological structure – lag 1/weighted
by atomic masses



𝐵𝐸𝐻𝑚1 is the highest eigenvalue n. 1 of Burden matrix/weighted by atomic masses



𝑅𝐷𝐹040𝑣 is the Radial Distribution Function – 4.0/weighted by atomic van der Waals
volumes



𝑛𝑅𝑂𝐻 is the number of hydroxyl groups in a molecule



𝐻𝑦 is the hydrophilicity descriptor



𝐵02[𝐶 − 𝑂] is the presence/absence of C-O pair at topological distance 2.

The paper claimed the model produced an R2 value of 0.987 and an average percent error just
below 7% on a log scale. Figure 4-27 illustrates the strong agreement between experimental LVS
values and their predicted values.

Using the DIPPR database to reproduce these results proved to be a problem. Utilizing the model
of Gharagheizi et al. with DIPPR “EXP” data did not result in as good a fit as they reported.
Figure 4-28 shows the disparity between Gharagheizi’s model and DIPPR’s “EXP” data.
The R2 value was only 0.631. A careful examination of the data used by Gharagheizi et al.
revealed that they regressed their model using many data points that were themselves predicted.
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Figure 4-27. Comparison of LVS data to LVS from Gharagheizi's model on a log scale [41].
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Figure 4-28. DIPPR experimental LVS data compared to LVS values from Gharagheizi's model.
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Despite this initial setback, the approach of Gharagheizi et al. looked promising, so a similar
approach was used for individual chemical families. Table 4-3 summarizes the findings for
several families in the database. The family name, number of compounds in the family,
and R2 values of the approach were listed. Remember that this approach was a simple multiple
linear regression with eight molecular descriptors.

Table 4-3. Correlational coefficients of Gharagheizi's QSPR model for chemical families using
experimental LVS data in DIPPR database.

Chemical Family
n-acetates
n-acids
n-alcohols
n-alkanals
n-alkanes
1-alkenes
di-aliphatic amines
tri-aliphatic amines
n-alkylbenzenes
bromoalkanes
alkyliodides
nitroalkanes
alkylcyclopentanes
dialkyl ethers
alkyl formates
3-alkanones
n-alkyl mercaptans
1-alkylnaphthalenes
alkyl propionates
alkyl butyrates
methyl alkyl sulfides
di-alkyl sulfides
di-alkyl disulfides

# of compounds
9
7
11
9
16
15
5
5
14
6
5
4
4
4
8
4
9
4
4
5
3
4
4

R2 value
0.986
0.979
0.996
0.997
0.992
0.990
0.991
0.990
0.991
0.998
0.994
0.988
0.952
0.998
0.985
0.992
0.967
0.999
0.988
0.991
0.994
0.996
0.995

The family approach worked well with all the R2 values being above 0.95 and the average being
0.99. However, eight descriptors seem excessive, so the number of descriptors was
reduced. Using the fourteen families from Table 4-3 that had more than four compounds with
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“EXP” data, the single best molecular descriptor for each family was determined. That resulted
in a list of eleven molecular descriptors. The highest correlated descriptors of each category (e.g.
topological and geometrical) across all the families were chosen and a QSPR model was
developed with five molecular descriptors. Table 4-4 compares R2 values
between Gharagheizi’s model and the model from this project, which uses only 5 molecular
descriptors, for the aforementioned families.

Table 4-4. Comparison of correlational coefficients and MAE of this project's model.

Chemical Family

R2 of Gharagheizi’s model R2 of BYU’s
model
1-alkenes
0.990
1.000
1-bromoalkanes
0.998
0.999
2-methylalkanes
0.994
1.000
3-methylalkanes
0.988
1.000
n-acetates
0.986
0.999
n-acids
0.979
0.996
n-alcohols
0.996
0.998
n-aldehydes
0.997
0.999
n-alkanes
0.992
0.999
n-alkyl butyrates
0.991
0.999
n-alkyl formates
0.985
0.998
n-alkyl iodides
0.994
0.997
n-alkyl mercaptans 0.967
0.999
n-alkylbenzenes
0.991
0.999

Mean Absolute Error (%)
of BYU model
1.84
1.04
0.72
0.50
1.63
11.17
15.75
1.17
3.82
0.57
1.14
1.33
1.60
4.77

This project’s model,
η298.15K = A + B ∙ QYYs + C ∙ QWL + D ∙ SMTI + E ∙ ALOGP2 + F ∙ Qtot (4-2)
where


𝑄𝑌𝑌𝑠 is the quadrupole y-component value/weighted by I-state



𝑄𝑊𝐿 is the quasi-Wiener index (Kirchoff number) from Laplace matrix



𝑆𝑀𝑇𝐼 is the Schultz Molecular Topological Index
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𝐴𝐿𝑂𝐺𝑃2 is the squared Ghose-Crippen octanol-water partition coefficient



𝑄𝑡𝑜𝑡 is the total absolute charge (electronic charge index – ECI)

had a much tighter fit for these families, and with the exceptions of the hydrogen-bonding
families of n-acids and n-alcohols, the mean absolute error was below 5%. Table 4-5 shows the
coefficients for the model along with the correlational coefficients and the mean average errors
for each of the chemical families involved. Moreover, the errors from this project’s model were
based on straight scale LVS values and are not errors based on the ln(LVS). This latter point was
a significant improvement and indicates that this approach could provide a solid foundation on
which to obtain the entire temperature curve from melting point to critical point.

Table 4-5. Coefficients, correlational coefficients, and mean average errors for this project's QSPR model
for the 14 chemical families.

5 Molecular Descriptors + Intercept

Family (# of
compounds)

A

B

C

D

E

F

R2

M.A.E.

1-alkenes (16)
1-bromoalkanes (5)
2-methylalkanes (8)
3-methylalkanes (8)
n-acetates (9)
n-acids (9)
n-alcohols (12)
n-aldehydes (9)
n-alkanes (19)
n-alkyl butyrates (5)
n-alkyl formates (8)
n-alkyl iodides (5)
n-alkyl mercaptans (9)
n-alkylbenzenes (16)

0.0175
0.2560
0.0225
0.0208
0.0432
6.5613
0.4899
0.1226
0.0755
0.0574
0.0774
0.3135
0.0957
0.0066

0.0033
-0.0018
-0.0003
0.0000
-0.0066
0.0236
0.0333
0.0026
0.0022
0.0066
0.0019
0.0059
0.0169
0.0011

-0.0290
-0.0054
-0.0404
-0.0421
0.0648
-0.0053
-0.0031
0.0324
0.0210
0.0620
-0.0330
0.0787
-0.1010
-0.0246

0.0060
0.0029
0.0118
0.0119
-0.0099
-0.0196
-0.0206
-0.0098
-0.0061
-0.0201
0.0089
-0.0253
0.0166
0.0069

0.0054
0.0700
0.0242
0.0244
-0.0451
0.6374
0.0015
0.0071
-0.0106
-0.0736
-0.0398
0.0423
-0.1003
-0.0299

0.0098
0.0121
0.0098
0.0092
0.0649
-3.6414
0.0013
0.0639
-0.0018
0.0878
0.1027
0.0394
0.0379
0.0030

1.000
0.999
1.000
1.000
0.999
0.996
0.998
0.999
0.999
0.999
0.998
0.997
0.999
0.999

1.84%
1.04%
0.72%
0.50%
1.63%
11.17%
15.75%
1.17%
3.82%
0.57%
1.14%
1.33%
1.60%
4.77%
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To demonstrate this project’s model, the LVS for n-pentadecane will be calculated and compared
to the experimental value. The coefficients for n-alkanes from Table 4-5 are: A = 0.0755, B =
0.0022, C = 0.0210, D = -0.0061, E = -0.0106, and F = -0.0018. The molecular descriptors are
taken from Dragon 7 as follows: QYYs = 1815.272, QWL = 560, SMTI = 2082, ALOGP2 = 52.05,
and Qtot = 1.653. Putting these values into Equation 4-1, the predicted LVS (in cP), at 298.15 K,
can be determined as follows:
η = 0.0755 + 0.0022 ∙ 1815.272 + 0.0210 ∙ 560 − 0.0061 ∙ 2082 − 0.0106 ∙ 52.05
− 0.0018 ∙ 1.653 = 2.527
The experimental LVS value reported in the DIPPR 801 database for n-pentadecane at 298.15 K
is 2.543 cP. This example yields a percent difference of 0.6%.
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5

DISCUSSION

The experimental LVS measurements of this project contributed greatly to the understanding on
LVS behavior despite only constituting of a little more than 1% of the compounds in the DIPPR
database (and less than 0.5% of the available data points). These contributions were family trend
improvements, addition of missing data, insight into group contribution methods, and the impact
of a better type of prediction method.

Looking at thermophysical properties for individual compounds can be problematic. By
evaluating several compounds in a chemical family and measured data, trends can be established
to better correlate other family members that don’t have measured data. Family trends can also
indicate when previously measured data may need to be reevaluated. This was the case with the
LVS data for n-nonyl acetate. The only reason that the previously measured data was questioned
was because the data for n-nonyl acetate was compared to n-hexyl-, n-heptyl-, and n-octyl
acetate data. More data was measured and a family trend was established.

Twelve compounds measured during this project contributed missing data or corrected a
predictive correlation. This addition not only fills holes in the DIPPR database, but also adds
accurate data for several functional groups that can be used in prediction methods. Compounds
that contain rings, sulfur groups, halogens, and, most importantly, multi-functional groups are of
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utmost importance for current prediction methods. All chemical structures of the compounds
measured over the course of this project are included in the Appendix section to illustrate the
expanse of functional groups measured. The results presented on the measured data were more
of a qualitative approach to demonstrate how different experimental data can be from prediction
methods. However, the quantitative results can be found in the Appendix.

Comparing the measured LVS data to current prediction methods (mostly the van Velzen
method), yielded a distinctive prospective. Prediction methods can be useful as a starting point,
but are essentially rendered useless when measured data exist. The van Velzen method was
generally too low for the compounds that didn’t have any measured LVS data. Sometimes the
slope of the van Velzen method was similar to that of the measured data. In the case of isoxazole
and di-n-butyl sulfate, the Sastri-Rao method closely matched the measured LVS data. These
observations could indicate that the methods have a good correlational form, but are missing
something.

The best prediction method should not only accurately depict the property being predicted, but
also be able to describe the phenomenon behind the property. QSPR models can offer this better
than group contribution methods have thus far. Most QSPR models have looked at the molecular
descriptors across all compounds used in the model. These have produced results only slightly
better than group contribution methods. By using the molecular descriptors for a single family,
better accuracy has resulted, an average error across all the families of less than 4%. The one
drawback to a QSPR model is that it isn’t temperature dependent. A QSPR model, therefore,

70

should serve as a reference and be tied to a correlation that accurately depicts the temperature
dependence.

Further work is needed on measuring liquid viscosity above the normal boiling point. Much
work has been done to establish the temperature dependence for LVS between the melting point
and normal boiling point. The region above the normal boiling point is critical to understanding
the temperature dependence of LVS because it differs greatly from the lower temperature region.
When LVS data can be readily measured above the normal boiling point, an accurate correlation
can be developed. The results from the QSPR model provide a great reference viscosity. A
temperature dependence across the entire range is the missing piece. The temperature
dependence of liquid density could be instrumental in filling this missing piece. Liquid viscosity
is greatly dependent on liquid density. This has been show by researchers, such as Hildebrand.
Therefore, as a starting point, the temperature dependence of liquid density could be used in
conjunction with the QSPR model to develop a reasonable estimate for liquid viscosity across the
entire temperature range.

LVS continues to be a complex thermophysical property, and much work still needs to be done
to better understand it. However, the contributions of this project have improved the DIPPR
database and industry as a whole.
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APPENDIX

69 Compounds in the DIPPR database that labeled van Velzen points as experimental:
2-METHYLPENTANE
2,2-DIMETHYLBUTANE
2-METHYLHEXANE
n-HEXACOSANE
1-DECENE
1-PENTADECENE
1-NONADECENE
ISOPRENE
2,3-DIMETHYL-1,3-BUTADIENE
p-ETHYLTOLUENE
n-DECYLBENZENE
p-TERPHENYL
m-TERPHENYL
o-TERPHENYL
n-HEXYLBENZENE
n-NONYLBENZENE
2-PENTANONE
2-HEPTANONE
ACETOPHENONE
2-METHYL-1-BUTANOL
3-METHYL-1-BUTANOL
1-OCTANOL
m-CRESOL
FORMIC ACID
n-DECANOIC ACID
n-PENTANOIC ACID
n-NONANOIC ACID
n-HEXANOIC ACID
n-OCTANOIC ACID
n-DODECANOIC ACID
n-TETRADECANOIC ACID
n-HEXADECANOIC ACID
ISOBUTYL FORMATE
BENZYL BENZOATE
ETHYL BENZOATE
DIISOPROPYL ETHER
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ETHYL PROPYL ETHER
DI-n-PROPYL ETHER
PHENETOLE
METHYL CHLORIDE
1,5-DICHLOROPENTANE
1,1-DICHLOROETHANE
1,2-DICHLOROETHANE
1,1,2,2-TETRACHLOROETHANE
ISOBUTYL CHLORIDE
3-CHLOROPROPENE
BROMOETHANE
1-BROMOPROPANE
1-BROMOBUTANE
BROMOBENZENE
ETHYL IODIDE
n-PROPYL IODIDE
ISOPROPYL IODIDE
IODOBENZENE
TRIBROMOMETHANE
DIETHYLAMINE
ISOBUTYLAMINE
o-NITROTOLUENE
N,N-DIMETHYLANILINE
o-CHLOROANILINE
FLUOROBENZENE
NITROBENZENE
n-HEPTANOIC ACID
DIBROMOMETHANE
m-CHLOROANILINE
METHYLCYCLOPENTANE_2017Review
ETHYLCYCLOPENTANE_2017Review
n-BUTYLCYCLOHEXANE_2014Review
p-TOLUIDINE_2012Review
Compounds measured in BYU lab.

Chemical structures of compounds measured for this project:
Compound name
n-hexyl acetate

Chemical structure
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n-heptyl acetate

n-nonyl acetate

1-methyl vinyl acetate

triacetin

2-ethyltoluene

3-ethyltoluene

4-ethyltoluene

n-octanoic acid

n-decanoic acid

n-undecanoic acid

n-dodecanoic acid
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methyl benzoate

ethyl benzoate

n-propyl benzoate

n-butyl benzoate

2-methylpentane

n-nonylbenzene

di-n-propyl ether

1-bromonaphthalene
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di-n-butyl sulfate

isoxazole

3-nonanone

5-hexen-2-one

Methyl glycolate

2-phenyl-1-propanol

1-phenyl-2-propanol

2,5-dimethylthiophene

Allyl sulfide

1,2,4-trimethylbenzenetricarboxylate
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Experimental liquid viscosity data:
20 ℃

30 ℃
40 ℃
n-hexyl acetate

50 ℃

60 ℃

ν (mm2/s)
Standard Error

1.347
0.09%

1.155
1.007
0.06%
0.08%
n-heptyl acetate

0.890
0.11%

0.794
0.06%

ν (mm2/s)
Standard Error

1.692
0.07%

1.430
1.231
0.09%
0.14%
n-nonyl acetate

1.075
0.14%

0.949
0.06%

ν (mm2/s)
Standard Error

2.627
2.154
1.805
0.10%
0.21%
0.14%
1-methylvinyl acetate

1.544
0.17%

1.337
0.29%

ν (mm2/s)
Standard Error

0.6329
0.5614
0.5063
0.12%
0.03%
0.05%
2,5-dimethylthiophene

0.4598
0.05%

0.4228
0.11%

ν (mm2/s)
Standard Error

0.8258
0.07%

0.7364
0.6566
0.51%
0.18%
allyl sulfide

0.5917
0.08%

0.5397
0.06%

ν (mm2/s)
Standard Error

0.8638
0.7610
0.6796
0.03%
0.04%
0.13%
1-bromonaphthalene

0.6116
0.11%

0.5547
0.08%

ν (mm2/s)
Standard Error

3.428
0.25%

2.155
0.27%

1.787
0.40%

1.510
0.33%

ν (mm2/s)
Standard Error

19.14
3.7%

11.21
7.217
2.1%
7.0%
methyl glycolate

5.048
4.1%

3.732
2.4%

ν (mm2/s)
Standard Error

3.334
1.01%

2.494
1.941
0.32%
0.41%
isoxazole

1.563
0.44%

1.294
0.28%

ν (mm2/s)
Standard Error

0.6273
0.21%

0.5659
0.5140
0.32%
0.23%
2-ethyltoluene

0.4697
0.20%

0.4331
0.03%

ν (mm2/s)
Standard Error

1.0727
0.40%

0.9385
0.8344
0.24%
0.26%
3-ethyltoluene

0.7505
0.25%

0.6822
0.43%

2.669
0.26%
triacetin
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ν (mm2/s)
Standard Error

0.9570
0.16%

0.8481
0.7629
0.08%
0.04%
4-ethyltoluene

0.6910
0.06%

0.6330
0.05%

ν (mm2/s)
Standard Error

0.8588
0.7695
0.6934
0.6357
0.10%
0.10%
0.07%
0.12%
1,2,4-trimethylbenzenetricarboxylate

0.5810
0.25%

ν (mm2/s)
Standard Error

275.5
107.2
2701%
628%
5-hexen-2-one

49.43
132%

25.64
96%

ν (mm2/s)
Standard Error

0.7626
0.10%

0.6803
0.6121
0.08%
0.03%
3-nonanone

0.5559
0.02%

0.5088
0.02%

ν (mm2/s)
Standard Error

1.427
0.06%

1.231
1.076
0.15%
0.04%
di-n-butyl sulfate

0.9547
0.07%

0.8534
0.07%

ν (mm2/s)
Standard Error

3.399
1.4%

2.692
2.191
1.1%
0.69%
2-methylpentane

1.821
0.47%

1.556
0.37%

ν (mm2/s)
Standard Error

0.4432
0.4095
0.3804
0.01%
0.04%
0.02%
1-phenyl-2-propanol

0.3540
0.01%

ν (mm2/s)
Standard Error

20.10
11.28
7.004
2.3%
0.81%
0.41%
2-phenyl-1-propanol

4.711
0.41%

3.369
0.10%

ν (mm2/s)
Standard Error

22.69
8.6%

12.94
8.135
2.6%
0.65%
methyl benzoate

5.488
0.44%

3.916
0.35%

ν (mm2/s)
Standard Error

1.897
0.04%

1.565
1.323
0.18%
0.14%
ethyl benzoate

1.137
0.26%

0.9954
0.17%

ν (mm2/s)
Standard Error

2.098
0.10%

1.728
1.455
0.09%
0.06%
propyl benzoate

1.249
0.07%

1.087
0.03%

ν (mm2/s)
Standard Error

2.625
0.24%

2.121
1.755
0.30%
0.18%
n-butyl benzoate

1.489
0.14%

1.284
0.14%

1.722

1.472

ν (mm2/s)

3.132

2.500

2.049
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Standard Error

0.08%

0.21%
0.15%
dipropyl ether

0.17%

0.11%

ν (mm2/s)
Standard Error

0.5758
0.03%

0.5215
0.4760
0.04%
0.08%
n-nonylbenzene

0.4379
0.07%

0.4041
0.09%

ν (mm2/s)
Standard Error

3.569
1.4%

2.000
0.37%

1.722
0.29%

2.871
0.57%

2.367
0.37%

Experimental liquid density data:
20 ℃

30 ℃

40 ℃

ρ (g/cm3)
Std Error

0.8732
0.003%

0.8640
0.003%

ρ (g/cm3)
Std Error

0.8706
0.001%

ρ (g/cm3)
Std Error

50 ℃
60 ℃
n-hexyl acetate

70 ℃

80 ℃

90 ℃

0.8548
0.8453
0.8361
0.003% 0.016% 0.002%
n-heptyl acetate

0.8266
0.002%

0.8171
0.002%

0.8074
0.002%

0.8618
0.002%

0.8530
0.8440
0.8351
0.001% 0.001% 0.001%
n-nonyl acetate

0.8260
0.001%

0.8169
0.001%

0.8078
0.001%

0.8673
0.001%

0.8632
0.001%

0.8526
0.8424
0.8340
0.001% 0.001% 0.001%
1-methylvinyl acetate

0.8256
0.001%

0.8172
0.001%

0.8087
0.001%

ρ (g/cm3)
Std Error

0.9230
0.008%

0.9114
0.008%

0.8997
0.8880
0.8760
0.008% 0.008% 0.008%
2,5-dimethylthiophene

0.8639
0.008%

ρ (g/cm3)
Std Error

0.9858
0.005%

0.9756
0.005%

0.9654
0.005%

0.9448
0.005%

0.9344
0.005%

0.9239
0.006%

0.9134
0.006%

0.8914
ρ (g/cm3)
Std Error 0.0004%

0.8820
0.001%

0.8725
0.8630
0.8534
0.001% 0.001% 0.001%
1-bromonaphthalene

0.8438
0.002%

0.8340
0.003%

0.8241
0.003%

ρ (g/cm3)
Std Error

1.483
0.001%

1.473
0.001%

1.463
0.001%

1.443
0.001%

1.433
0.001%

1.424
0.001%

1.414
0.001%

ρ (g/cm3)
Std Error

1.158
0.016%

1.147
0.015%

1.136
1.125
1.114
0.015% 0.015% 0.015%
methyl glycolate

1.104
0.015%

1.093
0.015%

1.082
0.015%

ρ (g/cm3)
Std Error

1.186
0.053%

1.175
0.053%

1.164
0.054%

1.131
0.054%

1.119
0.054%

1.093
0.953%

0.9551
0.005%
allyl sulfide

1.453
0.001%
triacetin

1.153
0.054%
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1.142
0.054%

isoxazole
ρ (g/cm3)
Std Error

1.076
0.016%

ρ (g/cm3)
Std Error

0.8810
0.8728
0.001% 0.0005%

0.8645
0.8562
0.8478
0.8394
0.8309
0.8223
0.001% 0.0003% 0.0003% 0.0003% 0.0003% 0.0003%
3-ethyltoluene

ρ (g/cm3)
Std Error

0.8645
0.002%

0.8562
0.002%

0.8480
0.8397
0.8313
0.002% 0.003% 0.003%
4-ethyltoluene

0.8228
0.001%

0.8143
0.004%

0.8057
0.004%

ρ (g/cm3)
Std Error

0.8614
0.001%

0.8531
0.8448
0.8364
0.8280
0.8195
0.001% 0.001% 0.001% 0.001% 0.001%
1,2,4-trimethylbenzenetricarboxylate

0.8109
0.001%

0.8023
0.001%

ρ (g/cm3)
Std Error

1.264
0.13%

1.254
0.13%

ρ (g/cm3)
Std Error

0.8421
0.010%

0.8328
0.010%

0.8234
0.010%

ρ (g/cm3)
Std Error

0.8244
0.004%

ρ (g/cm3)
Std Error

1.064
0.016%

1.052
1.040
1.028
0.016% 0.016% 0.016%
2-ethyltoluene

1.225
0.15%

1.215
0.17%

1.205
0.19%

1.193
0.44%

0.8044
0.008%

0.7947
0.008%

0.7849
0.008%

0.7751
0.008%

0.8163
0.004%

0.8082
0.8000
0.7918
0.004% 0.004% 0.004%
di-n-butyl sulfate

0.7836
0.004%

0.7752
0.7668
0.004% 0.0004%

1.061
0.001%

1.052
0.001%

1.043
1.033
1.024
1.015
0.001% 0.001% 0.002% 0.0005%
2-methylpentane

ρ (g/cm3)
Std Error

0.6533
0.002%

0.6440
0.002%

0.6346
0.002%
1-phenyl-2-propanol

ρ (g/cm3)
Std Error

0.9911
0.001%

0.9830
0.002%

0.9748
0.9665
0.9581
0.002% 0.002% 0.002%
2-phenyl-1-propanol

1.003
0.9955
ρ (g/cm3)
0.0003%
0.0004%
Std Error
ρ (g/cm3)
Std Error

1.088
0.004%

1.079
0.004%

1.244
1.234
0.14%
0.14%
5-hexen-2-one

1.015
0.016%

0.8139
0.009%
3-nonanone

1.005
0.001%

0.9957
0.001%

0.9495
0.002%

0.9409
0.001%

0.9321
0.001%

0.9879
0.9799
0.9719
0.017% 0.0004% 0.0005%
methyl benzoate

0.9639
0.001%

0.9557
0.001%

0.9474
0.001%

1.069
1.059
1.050
0.004% 0.005% 0.005%
ethyl benzoate

1.040
0.005%

1.030
0.006%

1.020
0.007%
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ρ (g/cm3)
Std Error

1.046
0.001%

1.037
0.002%

1.028
1.018
1.009
0.002% 0.002% 0.003%
propyl benzoate

1.000
0.003%

0.9901
0.003%

0.9806
0.004%

1.023
1.014
ρ (g/cm3)
Std Error 0.0004% 0.0004%

1.005
0.9958
0.9868
0.001% 0.001% 0.001%
n-butyl benzoate

0.9778
0.001%

0.9688
0.001%

0.9597
0.001%

ρ (g/cm3)
Std Error

1.006
0.001%

0.9970
0.001%

0.9884
0.9798
0.9712
0.001% 0.001% 0.001%
dipropyl ether

0.9626
0.001%

0.9539
0.001%

0.9452
0.001%

ρ (g/cm3)
Std Error

0.7487
0.110%

0.7388
0.110%

0.7289
0.7188
0.7085
0.109% 0.109% 0.109%
n-nonylbenzene

0.6980
0.109%

0.6874
0.109%

0.8565
0.8494
0.8423
0.8351
0.8279
ρ (g/cm3)
Std Error 0.0004% 0.0004% 0.0005% 0.0004% 0.0005%
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0.8208
0.8135
0.001% 0.0005%

0.8063
0.001%

