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System of nomographic charts used for the control of industrial
process of non-isothermic catalytic triacylglycerol hydrogenation

VACLAV KOMAN-—EMA DANIELOVA—IVAN RAIS

Abstract. The mathematical model elaborated in the form of two differential equa-
tions enabling in the simulation SIKOS language and by the method of numerical integration
by Runge and Kutt of the 4th order optimization of the industrial non-isothermic process
of partial catalytic triacylglycerol hydrogenation has been transformed into the system of
alignment charts. Under the conditions of microprocessor non-controlled technologies
charts remain the simplest checking and control method even at present. Due to their
material modesty and availability they have a relatively highest expressive and predictive
value. Due to the simplicity of the use and convenient accuracy the charts can be part of every
technological equipment. The paper presents the system of 5 alignment charts, describes their
construction and examples of their application, which can be satisfactorily substituted under
the condition of industrial practice by the computer simulations of chosen or looked for
optimum conditions of ten technological parameters of the non-isothermic process of cat-
alytic hydrogenation.

In the process of industrial production of solid fats is the process of partial
catalytic hydrogenation (PCH) limit when considering both the capacity and
qualitative aspects. With regard to heterogeneity of the reaction of the PCH
system (solid catalyst — gaseous H, — liquid oil), and a relatively high number
of influencing conditions of technological variables the reproducibility and
checking of the PCH control remain exceptionally complex and demanding also
at present. Every component of the above specified system, as well as the whole
heterogeneous system have their optima at specified temperatures, pressures,
concentrations, purity, types of raw materials and the quality of preliminary
refining. These conditions determine whether the PCH reaction takes place in
diffuse of transition sphere, eventually which of the reaction types: additional,
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isomerization or pre-esterification will dominate. The final result will change all
resulting physical, chemical and biological properties of the solidified product.
Fundamental knowledge of catalytic hydrogenation of triacylglycerol fats and
oils, as well as their technologies are presented in the monograph by Bailey [1]
and Ullrich [2]. Therefore, more operative checking or control of the PCH
process required.

With regard to the needs of the systematic checking of the PCH processes and
its possibilities in the production practice which would be optimum from the
aspects of simplicity, speed and accuracy specific charts or tables seem to be
convenient. In fact, each non-cybernitized equipment can be ensured and
checked by them.

The chart characteristics, approach and their construction, as well as the
possibilities of their application are presented in the monograph by Danielova
and Daniel [3]. A survey of charts elaborated till now for the field of triacylg-
lycerols is shown elsewhere [4] including also a nomogram for the determination
of iodine number from the results of the fatty acid analysis.

The combined chart for determination of 8 most important physico-chemical
variables of fats and oils based on a single GLC analysis is described in [3].

The charts and tables as aids for the determination of selectivity of solidified
fats eventually tables for reading-off the content of trans-isomers in them, which
were constructed and summarized for this purpose, and based on elaborated
computation programs, are presented for the first time in [6].

The mathematical model describing the non-isothermic process of industrial
PCH, as well as resulting computation program for the possibility of simulation
of all PCH conditions to advance chosen iodine number (eventually melting
temperature), or reaction time, is presented in [7—9]. Otherwise, the possibilities
of mathematical modelling of the process (isotherm) of PCH are considered in
[10—12].

Transformation of the above-mentioned relations of the PCH checking into
the system of easily and readily applicable charts has been considered in this

paper.

Experimental

1. Representation of sum relation using the alignment chart

1.1. Dependence of three variables
Fu) + G(v) = H(2), (1
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where Fis the function of variable u, G is the function of variable v and H is the
function of variable z, can be represented by an alignment chart with three
mutually parallel scales on supporting straight lines.

Representing equations in the coordinate system of (0, x, y) are as follows:

x, =0, » = m Fu), (2a)
x, =d, Y2 = myG(v), (2b)
X3 = d,, ¥y = myH(z). (2¢)

Modules m,, m,, d, can be choiced and then modules m,, d, are given by
equations
dy=d—2— =" (3a, b)
m, + m, m; + my

1.2. Dependence of four variables

Fu) + G(v) = H(z) + J(w) 4

can be divided into two partial relation by introducing the auxiliary variable s
Fu) + G(v) = s, (52)

H(z) + J(w) = s. (5b)

Equations (5a) and (5b) represent simple alignment charts, as was shown
above. Both charts are then combined and so form the so-called combined
alignment chart. Combination of the 2 alignment charts is carried out in such
a way that the support of the auxiliary scale s in the first chart and in the second
chart are fused (the two pairs of corresponding points on them are made
identical), which means that the auxiliary scale s must have the same represent-
ing equations, including the modules, in both partial charts.

The s scale is not necessary, as the values of this auxiliary variable are not
required for the solution of the represented dependence — it would be sufficient
to draw only its support on which reading straight lines of both partial charts
intersect. However, in order to remember better the point of intersection the
support is usually provided by a regular scale with well-distinguished points
remarkered by numbers 0, 1, 2, etc.

1.3. Similarly dependence of more than 4 variables (more than 4 functions
of which each is a function of one variable only) can be represented; by
introducing the auxiliary variables s,, s, ..., 5, the given relation is divided into
several partial relation every containing only three variables — thus these partial
relations will be represent by simple alignment charts which can be then com-
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bined into one so-called combined alignment chart by means of the scales of
auxiliary variables s, s,, ..., s, as described above.

2. Construction of charts for relation among parameters appearing in the
PCH process

2.1. Construction of the chart for the following relation:
Jx = Jjo- (6)
We logarithm the relation (6) and transcribe it into the form
logj, — logj, = logJ. (7)

By comparing Eq. (7) with Eq. (1) we get: F = log j,, G = —logj,, H = logJ.
Thus, the representing equations according to (2a—) will be for chosen mod-
ules m; = 50 cm, m, = 150 cm and d, = 18 cm: x, =0, y, = 50 cm . logj,, x, =
=18 cm, y, = — 150 cm.logj,, x; = 4.5cm, y, = 37.5cm.log J.

2.2. Construction of the chart for the relations

t = 11, 8)
B,=b,t. )

We logarithm the relation (8) and transcribe it into the following form:
log® —logt = —logr. (10)

By comparing Eq . (10) with Eq. (1) we get: F = log?#", G = —logt,H = —logt.
Substituting this into the representation equations (2a—c) — if chosen modules
are m, = 15cm, m, = 30 cm, d, = 18 cm — we get: x, =0, y, = 15 cm.log £,
x,=18cm, y, = —30cm.logt, x;=6cm, y; = —10cm.log.

We work with Eq. (9) in a similar way: we logarithm (9) and transcribe it into
the following form:

logt’ + logh, = log B,. (11)

If comparing Eq . (11) with Eq. (1) we get: F = log’, G = logb,, H=log B,;
after their substitution into Egs. (2a—c) — if modules are m, = 15cm,
m, = 30cm, d, = 18 cm — we get the following represesntation equations:
x, =0, yy=15cm.log?, x,=18cm, y,=30cm.logh,, x;=6cm, y,=
= 10 cm.log B,.

Both charts can be re-drawn so that we make identical the support of the
scale of the variable /° appearing in both charts and in both cases was the same
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representing equation; the scales for r and B, have then the common support,
as well as the scales for r and b,.

2.3. Construction of the chart for the following equation:

B = Gof_obk, (12)
tv - IE
where t. = 103° C.
We logarithm Eq.(12) and transcribe it into the form:
log By + log(ty — t¢) = log G, + logj, = log by. (13)

By introduction of the auxiliary variables s, and s, Eq . (13) is divided into three
partial relations

log G, + s, = —logjj, (14)
s, + 5, = log by, (15)
s, — log Bg = log (ty — t). (16)

Then, Egs. (14)—(16) are represented by three simple alignment charts which
can be combined by means of the s, and s, scales. If the representing equations
for all three partial charts are expressed relatively to the initial point of the first
chart, then after chosing proper modules all representing equations for the total
combined alignment chart can be written in the following form: x, =0, y, =
=400 cm .log Gy, x, = 10cm, y, =90 cm.s,, x; =8.16 cm, y; = —73.47 cm.
Jdogjy, x,=20cm, y,=30cm.s,, xs=17.5cm, y;=22.5cm.logbg, x;,=
=35cm, y, = —15cm.log Bg, x; =30 cm, y, = 10 cm. log (ty — tg).

2.4, Construction of the chart for relation

t() _ l

e (17)
pkw(ty — tg)
where 7 = 103° C is performed similarly as in the previous case.
We logarithm Eq.(17) and transcribe it into the following form:
log* = —logp — logk — logw — log(ty — tg). (18)

By introducing the auxiliary variables s, and s, we divide Eq. (18) into three
partial relations:

logp + s, = —logk, ' (19)
s, + 5, = logw, (20)
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s, + log® = —log(ty — tg). (21)

Relations (19—21) can be represented by three simple alignment charts
combined by the use of the s, and s, scales.

After chosing the proper modules all representing equations for the total
combined chart can be written in the following form: x, = 0, y, = 30 cm . logp,

x,=10cm, y,=30cm.s,, x3=5cm, y;= —15cm.logk, x,=20cm, y, =
=30cm.s,, xs=15cm, y;=15cm.logw, x,=35cm, y,= 15cm.log?,
x;=30cm, y;, = —10 cm.log(ty — t§).

Results and discussion

Heterogeneity, quantity of influenced variables conditioning the complexity
of reproducibility and PCH process production are demonstrated in Scheme 1.
The charts for checking, simulation, eventually optimization works under the
conditions of the industrial process of partial catalytic hydrogenation being

Partial catalytic hydrogenation heterogeneous

s : B. Gaseous C. Solid D. Technological
bbbt Hydrogen Catalyst condition%
1. Type of oil 1. Purity % 1. Metal 1. Temperature
(i) easily hydrog. 2. Soluble quantity 2. Carrier 2. Pressure
(i1) medium hydrog. 3. Activity 3. Mixing efficiency
4. Selectivity
(iii) difficult to hydrog. 3. Way of circul. 5. % of metal 4. Geometry
— reactor
hydrodynamics
2. Degree of prerefining 6. % of sulphur
(inhibitor)

3. Main unsaturated fatty acids
4. % of S-inhibitors

These variables influence
I. Hydrogenation rate;
II. Course of hydrogenation: (a) selective,
(b) non-selective;
III. Final properties: (a) chemical,
(b) physical,
(c) biological.

Scheme 1. Tllustration of operational and technological effects and variables of the non-isothermic
process of the industrial partial catalytic hydrogenation of triacylglycerol fats and oils.
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carried out under the conditions described in the section Experimental and are
shown in Figs. 1 to 3. The chart 1 represents ° = 1/(pkw (ty, — 103)), the chart
2 By = Gyjobr(ty — 103), the chart 37 = 7 and B, = (°b,, the chart 4, = j,J.
These charts enable to find the triples, or the groups of five values satisfying the
considered relations.

The way and the process of the application of each chart for the determina-
tion of the corresponding PCH values in dependence on the chosen tech-
nological-starting conditions is pre-labelled with a key.

It is evident from charts 1 to 4 that they combine all determining parameters
considered in the conjunction with the PCH process. That means those whose
chosen or random changes have an immediate impact on the resulting physical,
chemical, or biological changes and properties of the final hydrogenation reac-
tion product. Due to that, the presented charts offer the possibility of a relatively
high number of selections and combinations of the initial reaction conditions
with the possibility of direct and fast reading-off of corresponding and looked
for resulting data which were chosen as the decisive ones, e. g. the period of a
hydrogenation reaction, or the final value of the reaction degree, i.e. iodine
number. At the same time, also a reverse process is possible, e. g. in the case of
the need to find out all technological conditions which would be adequate to the
advance chosen iodine number, or to the advance determined period of PCH
duration.

In contrast to other checking systems, methods or instrumentation, the use
of the charts is so simple that it does not require any special knowledge of the
worker using them. This is the main importance and aim as thus optimization,
control and checking of the PCH process can be systematic and permanent. Due
to that it will be possible to ensure an increased reproducibility of not only the
PCH process itself, but also reproducibility of the resulting physical, chemical
and biological properties of solidified fats and all food fats made from them.
Moreover, such aids are exceptionally efficient for getting large sets of exact
results in the field of PCH. Their time evaluation is positively projected into the
field of the basic research, too. The topical relevance of such needs was suppor-
ted also by some our previous papers published in Bulletin of Foodstuff Indu-
stry (Bratislava) in 1982—1985. Currently, the industrial PCH process is check-
ed and controlled only on the empiric basis. The only one practical checking
value is the melting temperature of a sample product without detailed know-
ledge of its relationship to the technological conditions of the hydrogenation
reaction. Elaborated mathematical model of the PCH process which is at
present almost complete according to the relationships and observed par-
ameters, is much more progressive for the given intentions and very operative
in the graphical interpretations, and suitable for the users’ conditions of the
everyday practice.
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Fig. 1. Nomographic Chart (1) for reading the time unit 7’ in the concrete technological process of partial catalytic hydrogenation.
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the given (chosen) conditions of the catalyzed hydrogenation of triacylglycerol oil.

135



Moreover, the original mathematical PCH model involves — along with the
possibility of determination — changes in iodine number, period of PCH
duration, also depending changes of refractive indices, melting temperatures
and catalyst activity.

The checking simulation and optimization, as well as reproducibility of PCH
will become exceptionally efficient by incorporation of the latter characteristics
of non-isothermic PCH process into elaborated and presented chart conception.

The following two examples show how to use the above-mentioned align-
ment chart for real applications and processes.

Example 2 includes also co-application of chart 5 (Fig. 4). At the same time,
itis an example that the whole conception of following PCH can be realized only
on the base of reading the charts. However, with regard of these needs the
originally elaborated system of differential equations [6] in their dimensionless
form [7], i.e.:

dJ/dT = —TJ J(T,) =1 (22)
dT/dr= BRTJ + Byl =T
I(7) =T, (23)
,l 1,‘}
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Fig. 4. Nomographic Chart (5) of the 7 — J dependence for the possibility to read the value of the
time interval of hydrogenation reaction 7, using the By parameter in the chart 2.
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was solved numerically (as there is no analytical solution of this system know)
by means of a simulation program called HYDOPT (hydrogenation optimiza-
tion) in the SIKOS language (in the software of the SIEMENS 4004/150-UVT
UK digital computer) using the integration method by Runge and Kutt of the
4th order.

Results of simulations illustrated then graphicaily, provide a new indepen-
dent set of charts in the forms 7 — J and 7 — T at the following parameter
values: By = 2.3.4,6,8. B, =5,10, 20,40 and T = 0. The charts presented in
this paper, i.e. 1—4 in Fig. -3 can be completed by the system of these new
charts, but this is subject discussed in another paper [13]. Their summary for the
final use enables checking, simulation, control or optimization of the industrial
process of partial catalytic hydrogenation based only on the use and reading of
the diagrams.

Methods how to use the charts for dimensionless dependences. Chart indi-
cating

N-1 chart for 7° = 1/(pkw(ty — 103)),
N-2 chart for By = Gyjobr(ty — 103),
N-3 chart for t=1".T and B, = tby,
N-4 chart for j, = j,J.

Symbols

__ rate constant of the process of exchange, temperature between the
charge and outer medium taking place without hydrogenation reaction,
min~'

B, — rate constant b, in the dimensionless form

by — increase in the temperature of the reaction system (autoclave with a

charge) caused by the decrease in iodine number of a unit quantity of
oil by a unit at adiabatic hydrogenation, i. e. without heat exchange with
environment

K (kg of oil)™ (unit of iodine number) ™'

« — dimensionless form of the by parameter

— quantity of oil in the autoclave, kg
iodine number (IN) of oil, (iodine number unit)

i’ iodine number of oil, dimensionless

— parameter analogous with the frequency factor, in the Arrhenius equa-
tion for the rate constant thermal dependence of a chemical reaction
K-' MPa~' (Ni kg(100 kg of oil) ™' min~'

Q>

»\'\.
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p — hydrogen pressure in the autoclave, MPa

t, — efficient temperature of heat carrying medium, °C

w — Ni concentration in oil, (Ni kg(100 kg of oil)™!

7, — period of boiling (hydrogenation itself), min

T, — dimensionless for of 7,

7 — “new” time unit, i.e. time unit characterized for the concrete tech-

nological regime, min
Indices (lower)
0 — initial state
k — final state

1. Determination of the PCH duration (Problem 1)
Given:

— technological conditions: k, p, w, j,, G,, t,, bg, bp;
— required degree of hydrogenation: ji.

To be determined:

— time interval of boil duration: .

Determination procedure:

Determine 7° using the chart N-1;
Determine By using the chart N-2;
Determine B, using the chart N-3;
Determine Jg using the chart N-4;
Determine 7, using the graph 7 — J
Determine 7, using the chart N-3.

Suin I LD =

Example

Given:

k = 0.0119 (min MPa % Ni K)~!

p = 0.12MPa

w = 0.042 % Ni

Jo = 126.5u IN

G, = 4905 kg

t, = 143°C

b = 3.32x107*K (kgoil)~! (u IN)~!
b, = 0.0575 min~"

Jk =75.5ulIN

I
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Determination

. Using the chart N-1 for the given values of p, k, w, t, determine 7° = 430 min.

Using the chart N-2 for the given values of G, j, t,, by determine S = 5.2.

. Using the chart N-3 for the given value of b, and determined value 7° (see the

Ist step) determine B, = 25.

Using the chart N-4 for the given values of j, j, determine J; = 0.60.
Using the graph 7 — J for the given values of By (see the 2nd step), B, (see
the 3rd step) and Jy (see the 4th step), event. for the values close to the defined
ones find 7 = 0.34.

. Using the chart N-3 for the given values 7° (see the 1st step) and J (see the

Sth step) determine 7g = 150 min

Result

The period of boiling during which the iodine number (IN) decreases from 126.6
to 75.5 units under the given technological conditions is 150 min.

2.

Determination of the hydrogenation degree (Problem 2)

Given:
— technological conditions: k, p, w, j,, Gy, t,, bg, b,;
— period of boiling: 7.

To be determined:

— hydrogenation degree: jy.

Determination process:

N Ly W N

Determine 7° using the chart N-1;
Determine fB; using the chart N-2;
Determine S, using the chart N-3;
Determine 7 using the chart N-3;
Determine Jy using the graph 7 — J;
Determine ji using the chart N-4.

Note:

The steps 1 and 3 are identical with those of the problem 1.
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Example

Given:
k = 0.0119 (min MPa % Ni K)™'
p = 0.12 MPa

w = 0.042 % Ni

Jo = 126.5u IN

G, = 4905 kg

t, = 143°C

bg = 3.32x107*K (kg oil)™" (u IN)™!
bp = 0.0575 min~'

7, = 125 min

Determination

1. ? = 430 min (see role 1).

2. By =5.2 (see role 1).

3. Bp =25 (see role 1).

4. Using the chart N-3 for the given value of 7, and for the determined value
7 (see the 1st step) determine 7, = 0.29.

5. Using the graph 7 — J for the determined values Ry (see the 2nd step), Bp (see
the 3rd step) and 7 (see the 4th step), or for values close to the determined
ones find J, = 0.67.

6. Using the chart N-4 for the given value j, and determined value J (see the
Sth step) find jx = 84.

Result
The value to which the iodine number is reduced after 125 minutes of

hydrogenation under the given technological conditions is 84 units.
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CucTemMa HOMOTPaMM ISl BO3MOXKHOCTH Pery IHpOBaHHs NPOMBILILIIEHHO0 mponecca
HeH30TePMHYECKOH KATAJIHTHYECKOH M'HIPOreHH3 Al TPHALHIITIHIEPUHOB

PesromMme

MartemaTtHueckas Mojaenb, paspaboTtanHas B Gopme aByx aubdepeHunanbHbIX ypaBHEHHH,
no3possionlas Ha cumyupytomeM s3bike SIKOS u o MeTo/1y YMCIIeHHOrO UHTETPUPOBAHHS 110
Pyure u KyTte 4 mopsijika, ONTHMHU3ALMIO MPOMBIIIJIEHHOIO HEHM30TEPMHYECKOrO mpolecca mnap-
[MATbHON KaTa U THYECKON TH/IPOreHU3ALMN TPHALHIITIMLEPUHOB, Obls1a MpeoOpa3oBaHa B CUCTe-
My HOMOTPAMM M3 BBLIPDABHEHHBIX TOUYEK. B YCIOBHSX MUKDOIPOIECCAMU HEYNPABIAEMBIX TEXHO-
JIOTHIf HOMOTPAMMBI SBJISIOTCS M B HBIHEILIHEE BPEMSI CAMBIM TIPOCTHIM KOHTPOJIEM W PYKOBOJIS-
wuM mMetoaoM. CBoeit MaTepuaibHOM HETPEOOBATEIbHOCTBIO H JIOCTYIIHOCTLIO OHHU PACIIOJIATraloT
OTHOCHTEJIbHO HAWBBICIIUM YBOJILHUTEIbHBIM 3HAYCHUEM U CTETICHBIO MpeIMKIMK. V3-3a HeC10K-
HOCTHM TIPUMEHEHHSI ¥ YIOBJIETBOPUTEIBHOM TOYHOCTH MOIYT ObITh HOMOTPAMMBI COCTABHOM
YACTBIO KAXIOTr0 TEXHOJIOTHYECKO-TIPOM3BOACTBEHHOr0 060pynoBanus. B pabore npuBeneHa cuc-
TeMa 5-TH HOMOTPAMM M3 BBIDABHEHHBIX TOUEK, YCIIOBHS HX KOHCTPYKIMH ¥ IIPUMEPbI KOHKPETHO-
ro TNPHMEHEHHs, KOTOPbIE MOTYT NPHEMJIEMbIM 00pa30M 3aMEHSTh CYETYUKOBBIE CHMYJISIIMA
U30paHHBIX WJIM UCKOMBIX ONTHMAIIbHBIX YCIOBHI JIECSATH TEXHOJOIMYECKMX MAPAMETPOB HEU30-
TEPMHYECKOT 0 MpoIlecca KaTaJHTHYECKOH THAPOTreHU3AIMU B YCIOBUSAX NPOMBILUICHHOM MPAKTH-
KH.
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Sistava nomogramov pre moZnosti regulovania priemyselného procesu
neizotermickej katalytickej hydrogenacie triacylglycerolov

Sthrn

Matematicky model, vypracovany vo forme dvoch diferencialnych rovnic, umoziujici v simu-
lacnom jazyku SIKOS a metédou numerickej integracie Rungeho a Kutta 4. poriadku optimalizo-
vanie priemyselného neizotermického procesu parcialnej katalytickej hydrogenacie triacylglycero-
lov, bol pretransformovany do sustavy spojnicovych nomogramov. V podmienkach mikroproceso-
rovo neriadenych technologii zostavaji nomogramy aj v sucasnosti najjednoduchsou kontrolnou
a riadiacou metddou. Pri svojej materidlovej nenaro¢nosti a dostupnosti maju relativne najvyssiu
vypovedaciu hodnotu i stupen predikcie. Nomogramy mézu byt pre jednoduchost pouzitia a vyho-
vujlcu presnost sucastou kazdého technologicko-vyrobného zariadenia. V praci sa uvadza sustava
piatich spojnicovych nomogramov, podmienky ich konstrukcie i priklady konkrétneho pouzitia.
ktoré mozu pocitacové simulacie zvolenych ¢i hfadanych optimalnych podmienok desiatich techno-
logickych parametrov neizotermického procesu katalytickej hydrogenacie v podmienkach priemy-
selnej praxe prijatelne nahradzovat.
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