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Data treatment—from the laboratory to industry
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Abstraczt - An useful engineering strategy is outlined connecting
phase equilibrium experiments and modelling with pilot plant
laboratory distillation and column calculations. The informat-
ion content of experimental. data on different properties are
available and the role of planned experiments 1s discussed,
together with an example of error propagation analysis. A novel
method for checking thermodynamic consistency of data banks is
proposed.

INTRODUCTION

As neither the available models nor the experimental data are complete, it
is important to include experimental verification steps into the strategy of
modelling a distillation technology. Figure 1 shows a scheme for a typical
approach to a low or moderate pressure distillation separation problem.

WHAT TO MEASURE

Assuming that the models applied are almost perfect, the question arises,
which measurable property is the most informative (has the largest senmltlv—
ity) on model parameters, considering also the precision and costs of the
measurements. In other words, what type of experiments are to be carried out
with a certain precision in order to obtain maximum information on (less
uncertain values of) model parameters.

To get an idea, the effect of a parameter of a simplified model (one-parameter
UNIQUAC) was investigated for measurable properties by computer simulation
on the example of a 2-methyl-propanol-1 - water system,

The original value of the parameter, calculated from the UNIQUAC parameters
taken from Gmehling's book (ref. 1), using the Antoine vapor pressure equation
to get the heat of vaporization of pure components, was -6802 J/mole.
Upon changing its value by 2% ( that is to -6666 J/mole) the following average
deviations were found for VLE, LLE and Xm calculations:

VLE LLE aYy AYy
AT Ay Ox! Ax!'!
CYPe0)  (Ypr3.3)
absolute 1.6 0.01 0.055 0.008 8.55 0.33
relative(%) 1.5 2.6 10.7 25.6 ~20 ~M0

If the relative precision of the measurements is assumed equal, the order of
informativity is:

x',¥0 > %', T, > yeT

This means that the composition of the water-rich phase in LLE and onf the
alcohol is the most informative, followed by the composition of the organic
phase of LLE together with the infinite dilution activity coefficient of
water. The less sensitive experiment i1s the VLE in this example. These
conclusions are far from being generally valid,but similar calculations may
be performed for any mixture.
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Fig. 1. Strategy of the design of a distillation column

NEED FOR THE DESIGN OF EXPERIMENTS

To the best of our knowledge, Sutton and MacGregor (ref. 2) proposed first
that methods of optimization of experiments should also be applied to VLE
measurements. In order to maximize the information stored in the parameters,
they proposed to select those concentration values for measurements which
would minimize the volume of the joint confidence region of model parameters.
This is equivalent to the maximization of the determinant of variance -
covariance matrix of parameters.

Howat and Swift (ref. 3) show a rather convincing illustrative example of VLE
measurements for 2-methyl-butene-1 - isoprene system, applying a two-parameter
model. The relative volatility in this system is about 1.1.

Plotting the determinant of the inverse covariance matrix of parameters as
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a function of the two concentration values where the measurements would
take place, it was found that the maximum information value is obtained at 0.3
and 0.75 mole fraction value for 2MB1. The optimum is shallow. Therefore,

simulated experiments proceeded in the ranges 0.2 - 0.4 and 0.6 - 0.8,
nine points altogether:
x: 0.2, 0.25, 0.3, 0.35; 0.60, 0.65, 0.70, 0.755, 0.80.

It is shown that this design contains the same piece of information as a
19-point equidistant experiment.

CONTROLLING AND IMPROVING PRECISION OF AN EXPERIMENT

VLE measurement in a dynamic still (ref. 4) is taken as an example. The main
sources of systematic errors are:

- improper construction of the equipment (ref. 5), causing partial condensat-
ion of vapors or overheating of the liquid;

- bias of the temperature measurement caused by heat conduction and
radiation; this may be avoided by calibrating the thermometer in the still itself
under the condition of real VLE measurements;

— errors of concentration determination (e.g. partial evaporation of certain
constituents of samples);

- impurity of materials

A1l these effects are to be excluded or diminished by careful construction and
operation of the equipment. The last itesm is discussed in the following
simulation study on the example of a water-contaminated acetone - methanol -
propanol system.

First,the water content of pure compounds (acetone and methanol) was
prescribed, then pseudo-binary mixtures were composed (acetone - methanol +
water etc.) at 9 points each. Taking UNIQUAC parameters from the literature
(ref. 1),the vapor-liquid equilibria for the ternary systems were predicted.
Then by treating the generated ternaries as pseudo-binaries, UNIQUAC para-
meters were estimated. Using these pseudo-binary UNIWUAC parameters, iso-
baric ternary (acetone — methanol - propancl) equilibrium data were predicted
at 20 points, the predicted T and y values were compared with those found
using the original UNIQUAC parameters. The results are summarized in Table 1.

TABLE 1. Errors of phase egquilibrium calculation caused by
impurities.

mole fraction of water in
acetone methanol SRQT SRQY SRQY2
0.0005  0.001 2.33x1073  1.04x1072 1.07x107¢
0.005 0.0 8.60x10 3.80x10" 4,04x10"

20
SRQX= = (x0 - x¥)2/20 x0 and x are obtained with and
§

without taking into account water content, respectively.

1t can be readily seen that at the really achievable minimum water content (ref. 6)
the bias is well within the usual measurement errors, but on increasing the
concentration of the contaminant the distortion becomes significant.

An investigation of random errors by error propagation analysis may help the
experimentalist to identify the main error sources and gives an idea on vari-
ances of the parameter estimation. The following example taken from an old
work (ref. 7) illustrates the method; the values of precision shown are out
of date, however.

The error variances are estimated from repeated experiments or from the
readability of instruments (readability limit = +3G°). The error of pressure
measurement is the sum of those of the barometer, the two levels of the
manostat and of the oscillation of the ocutside pressure. The readability
of the barometer scale is about 0.005 mmHg, that is 6%210.1 mmHg. During the

reading of the water level of mancstat 2 mm is distinguishable, therefore

6Jh = 0.66 mm, which corresponds to 0.05 mmHg, but as the difference of the two levels
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is read, it is multiplied byfgt Cﬁ%anﬁio.07 mmHg. Oscillation of the outside

pressure during the equilibriummeasurement is taken as Gout 20,2 mmHg. The
resulting variance is

2

> 2 2 -2 -3 2 -2 2
65 =6 + vaan"'ougut = 1072 + 541073 + 4x1072 = 5.5x1072 (mmHg)

G"P =~ (0,235 mmHg

The variance of the measured temperature is estimated from repeated
experiments as 6& =0.05 K.

For the experimental determination of the composition, refractivity index
vs mole fraction calibration curve was determined first. The variance of a
point in the n(x,T) space is expressed by the error propagation law:

2
2 2 2
6n(x) “%n,0 " (zT) 07 + (55006

where the first term stands for the refractometer reading, the second one is
the contribution of the temperature measurement, while thethird term comes from
the error committed when composing the mixture from pure materials by weight;
this last contribution was proved to be negligibly small in the specific
example. L

The readability of the refractometer scale is about 5x10 ', therefore

G 2i8x10_5, while on the thermometer scale 1K can be distinguished,

n,o
63150.133 K is taken.
The average slope of the n vs T curve is about 5.5x10—4. Thus,

Ti(x) = 6.4x1077 + 8.5x107% = 1.5x1078

As each calibration measurement was repeated three times, this variance is
s . 2 _ -9
divided by three: 6dn(x)_ 5x10

When this calibration curve is used to determine the composition from measured
refractivity index values, the variance is approximated by

2
6‘2 = ¢ ax)(gﬁ,

2 _ g2 -9 -7
x 0 +o~’n(x))— 6 x2x5x10 722 4x10

o] 3

where 5“§(x> is the variance of the calibration curve which is roughly taken

equal to Gvi,o’ thus 67 = 5§ =~ 6.3x10—4,

To check if all important error sources were considered, VLE experiments were
made at liquid compositions which were close to each other, see Fig. 2. To
describe these points (the two clouds separately), any smooth curve is
satisfactory, and the Wilson equation was chosen. The resulting variances
were estimated by Sh calculated from the residuals.

Using error propagation results, the variance of a vapor composition point
with x and T independent variables subject to error is given below and

compared with si:

2 2
3y 2 3y 2 2 2
*benzene 65 * ( ax) Ty * ( aT> Cp = y(x,T) Sr
0.13  4x1077  4.55x1077  5.6x10" 0 8.5x107" 2.5x107°

-10

0.8  4x1077  4.19x10"7  4.2x10 4. 4x1077 8.5x10" 7

It is seen that si and 6“§<x Ty are of the same order of magnitude in both
)

regions investigated, that is,the results of error propagation calculations
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Fig., 2. Cloud-repetition Fig. 3. Gibbs-Helmholtz analysis

are justified, the variances obtained are appropriate for using them in a
parameter estimation procedure. It is also seen that the dominant error is
that of the composition measurement, which is to be refined. Similar results were

obtained for odlg(x 7Yy
3

CONSISTENCY

It means accordance with the rules of thermodynamics and/or meeting
obvious requirements.
Internal consistency is checked within a data set. Typical examples are

— checking of outliers;

- Gibbs-Duhem analysis of binary VLE data (x,y,T,P) (ref. 8, 9);

- pure component vapor pressure as the limiting value for VLE (ref. 10).
External consistency is investigated between different data sets. Subcases:

- results of different authors regarding the same property. If the conditions
are identical, the data are simply plotted together, or deviation plots are
prepared. If the conditions are different, the measured data are usually
projected on a common base. Typical examples: second virial coefficient B vs T
plots from pure fluid PVT data or B1 vs T from mixture PVTx data (ref. 11);

— series-consistency for properties of homologous compounds: plots in carbon
number or normal boiling points etc. (ref. 12);

- with data on other properties. This item is discussed below.

In the era of huge data banks it became important,at least for the users
(correlators), to check data coming from different sources for different
properties but to be used together. A well known method for this task is the
multiproperty analysis (ref. 13). The essence of the method is a study of
residuals of different properties obtained as deviations from a function
fitted at the same time to all properties. As an example we give the simul-
taneous treatment of density and enthalpy data:

e 2 [#:- 0, (8)]% + w, JZ [25 - hj(—é-—)] © - min

Here € (8 ) and h(@ ) are related through thermodynamics, @ is the vector of
parameters, the w weights (which may also be different for each i and }
measurement point) ,are taken from,statistical or heuristic considerations. The

residuals @, - @i(é ) and hj—hj(gL) are plotted and examined. Algorithmized

statistical tests for trend and shift are useful (ref. 14).

The crucial point of this kind of investigation is the inevitable use of an
appropriate model (an equation of state in the example), which may seriously
distort the residuals falsifying also the conclusions. The assignation of
weights is also ambiguous.

A NOVEL APPROACH: DATA BANK CONSISTENCY

The method to be outlined is a generalization of the Gibbs-Helmholtz analysis,

where GF values calculated from experimental VLE data (x,T,P) are plotted
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against the temperature, and the slope of the GE ve T curve is compared with

that calculated from calorimetric HE data (ref. 8, 9) for a mixture of the
same composition, as is illustrated in Fig. 3.

As HE is usually not available at the same composition where GE is measured,
interpolation may be required. For different compositions (and also different
temperatures) a whole set of curves and slopes is to be examined. The aim of
the generalized method is to characterize the measure of inconsistency,
preferably separately for different regions of independent variables T, P, x.
The method is model-free,making use of strict thermodynamic relations only.
Equations of the thermodynamics are mainly differential (or partial different-
ial) equations, containing derivatives with respect toc T, P and x, and in most
cases these derivatives are not measured directly but calculated from
experimental data.

The three ways for treating the problem will be illustrated by the example of
a first order ordinary differential equation (ref. 15):

dy -0 -
ax T Gy = 0
a.) the exact solution of the differential equation is:
v = yexp(- 04%)
where v, may be known or taken as a second @2 parameter;

b.) taking numerical derivatives:

(g_x) e Oy _ YivtT Vi
dx /gy Bx R R R B I

the solution is proceeded by iteration;

c.) formal integration of the differential equation and numerical integration
of the data:

X,
i
ViT¥ioq* 9y }.{f y(x) dx = 0

i-1
Method a.) usually cannot be applied because the differential equations of the
thermodynamics are much too complicated for solving them analytically. Using
method b.),the random errors are exaggerated during differentiation, while in the
integration applied in method c¢.) these random errors are tiltered out. This
is advantageous as systematic deviations are looked for, thussthe third method
was chosen.
The idea was taken from chemical engineering, where properties as component
mass flows are related through balance equations.
Some of the properties are measured. If the number of measured properties
exceeds the system's number of degrees of freedom (the number of variables
reduced by the number of relations between them), the redundancy allows the
tracing of gross (that is substantial systematic) errors (ref. 16). The system
of balance equations is as follows:

WX-b=0,

=

where W is the matrix of coefficients of balance equations,

X contains the true values of properties (e.g. component mass flows),
b stands for the right hand side of equations.

For the really measured properties this equation is not fulfilled, the
difference is the balance error:

o

Hx-bh=12

where x are the measured values of properties,
f is the balance error.
The estimation criterion according to the maximum likelihood principle is
given as
T -1 .
Yt v (X - x) = min

X -z

with the condition
HX-b=0,

stands the estimated values of properties,

where X
V is the variance-covariance matrix of the measured properties.
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The measure of deviations is defined as

? = (izx-T@rEH' (Hz-p

Formulae for nonlinear "balance'" equations are also available (ref. 16). The
use of the method is illustrated on the example of an investigation of the consist-
ency of pure component vapor pressure and heat of vaporization data.

The Clausius-Clapeyron equation for the saturation, neglecting the volume of
the liquid and treating the vapor as an ideal gas, is written as

d 1n po AHVEP

ar  ®T°

Upon an integration fron1Ti toTi+1 and rearrangement, the following equation is
obtained:

T.

i+1
3 0 o _ vap
In p”(Ty,4) + 1n p (T,) [ AH2 aT = 0
T, RT
i
The balance variables (elements of the x vector) are: In po(Ti), i=1,...,n;
Ti+1 vap
H .
1[ QR ar, i=1, ..., 01
N RT

there are n-1 balance equations altogether.
The elements of b are zero. The W coefficient matrix assumes the following form:

-1+ 0 0...0 0-1 0...0
0O-1+ 0...0 0 0 -1...0

The n number of points should not exceed the number of experimental points but
it must be essentially greater than two, otherwise the integration between the
two edges may cancel the systematic deviations. The results of a sample
calculation are shown in Fig. 4, where an increasing systematic error was
superposed to the true vapor pressure curve. Themain features of the method,i.e.,
the sensitivity and the possibility of separate examination of regions,are
well illustrated.

L""]

1
|
|_-! o
J—
T T

Fig. 4. Analysis of consistency for vapor pressure and
heat of vaporization data.
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USE OF MODELS AND PARAMETER ESTIMATION

In principle,it would be possible to calculate the properties of a multi-
component mixture using molecular data only. For this purpose models are used,
parameters of which are not adjusted to the measured data. As the other limiting
case, it is also possible to measure the required data directly; thus, no model
would be required. E.g., if the boiling point of a multicomponent mixture of a
certain composition is required, it can be measured.

From engineering point of view, none of these limiting cases is practicable.
We do not have good enough models for ab initiocalculations, on the one hand,while the
phase equilibrium data in a whole concentration, temperature and pressure
range are required for engineering calculations on the other, In the
intermediate region models are used with parameters adjusted to experimental
data:

ab initio calculations <«— models with ~= measuring the required data

(no adjustable parameter) adjustable directly (no model)
parameters

If the required properties in a region of interest are mapped by experiments,
we are close to the right edge, and what we really need is an interpolation,
the representation of the map in a mathematical form. Going from the right to
the left, less (or no) multicomponent experimental information is available,and
models of greater predictive ability are required.

This predictive ability is connected (more or less closely) with the theor-
etical background of the models.

To understand the basis of the predictive ability of a model is not always
easy. E.g.,the simplifying assumptions of group contribution models (similar
groups coming from different molecules are not distinguished) are usually
emphasised without stressing the major gain of these models: the assumption of the
homogeneity of molecules is dropped, that is.,the smearing approximation is noc
applied, and the molecules are treated as heterogeneous.

Physically sound models have parameters of physical meaning, the maximum
information is to be extracted from the experimental data with respect to the
parameters. A general method for this purpose is the properly applied maximum
likelihood estimation procedure, which is proved to give the parameters with
the smallest achievable uncertainty (ref. 17, 18).
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