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Abstract

A mathematical model of the statics of the preliminary distillation of cottonseed oil miscella in tubular apparatuses with
an ascending liquid film is proposed. It facilitates the design of apparatuses with an optimal heating surface and the
identification of their effective operating modes based on an analysis of the temperature and miscella concentration
distribution along the height of the tube bundle. Selected results of a study of the statics of cottonseed oil miscella
evaporation in a tubular evaporator of the Extraction Technician extraction unit of Gulistan Extract-Yog JSC are
presented. It was found that, at a miscella flow rate of Go = 3,31 t/h, to achieve the required outlet concentration aex > 95
% at temperatures tex < 110-115 °C, 76+84 m2 of the active heat-transfer surface of the apparatus is required. To increase
the efficiency of the device, it is recommended to increase the miscella consumption by 13+24 % in accordance with the
identified heating surface reserve (24 m2).

Keywords: Oil, miscella, distillation, evaporation, distiller, heating surface, tube, modeling.

© 2026 Muzaffar Khamdamov, Abdukarim Khudayberdiev, Absalom Xudayberdiyev, & Anvar Khamdamov. This work
is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0). The authors retain copyright and
allow others to share, adapt, or redistribute the work with proper attribution.

Cite This Article: Muzaffar Khamdamov, Abdukarim Khudayberdiev, Absalom Xudayberdiyev, & Anvar Khamdamov.
(2026). Simulation of Cotton Micella Evaporation in Tubular Apparatus With An Rising Film Of Liquid. The American
Journal of Applied Sciences, 8(06), 239-247. https://doi.org/10.37547/tajas/\Volume08Issue06-02

1. Introduction Preliminary distillation of vegetable oil miscella [1-3] is
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a single-pass evaporation of a two-component mixture of
oil in a solvent, during which the transition of the low-
boiling component from the liquid phase to the vapor
phase occurs in full accordance with its relative volatility
or boiling point. The phenomenon of self-evaporation
ensures the removal of the solvent from the miscella
during its boiling due to the heat of superheating of the
mixture. This technological process is carried out in
tubular single-pass evaporators (distillers), operating
with an ascending or falling liquid film [4-6].

The efficiency of the preliminary miscella distillation
stage determines the required quality characteristics of
commercial vegetable oil. Therefore, research aimed at
identifying optimal process conditions for this process,
which can reduce process costs and design equipment
with an optimal heat transfer surface, is of scientific and
practical value.

2. Methods

This study analyzes the efficiency of cottonseed miscella
evaporation using a process statics model in a tubular
film evaporator at the Gulistan Oil Extraction Plant [7]
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and determines the optimal heating surface area for the
apparatus.

To calculate the optimal heating surface area for the
evaporator, it is of great interest to study the patterns,
temperature distribution, and concentration of the
evaporated miscella along the height of its tube bundle,
which is accomplished through mathematical modeling
of the statics of this process [8,9].

When developing a mathematical model for the statics of
miscella preliminary distillation in a vertical tubular
evaporator (evaporator), the process occurring within the
heat-transfer tubes is crucial [8,10-12].

To study the process of miscella evaporation in vertical
tubes, the latter are divided into several elementary
sections ("quasi-tubes") with a height of Ak, having
initial j-1 and final j section boundaries (see Fig. 1),
where the liquid temperature at the inlet of the section is
%1 and at the outlet is ¢ [8,12].

The basis for the mathematical description of the
miscella evaporation process in a tubular apparatus is the
equations for the material and heat balance of the process
in an elementary section of the tubes.
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Fig. 1. Heat balance diagram for the miscella distillation process

The generalized heat balance equation for the miscella
evaporation process in a vertical heat-transfer tube
bundle of the apparatus is:

Oi1 + Owijr + Qs = Oy + Owj + Oin + Qlos, (1)

where Qi1 = Gj.c jati1 is the heat supplied to the
apparatus tube bundle by the miscella flow;

Owj-1 = Wj.iij.1 1s the heat introduced by the secondary
vapors of the solvent; Qs = Diyy is the heat of the heating
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water vapor; O; = Gicjt; is the heat carried away by the
flow of miscella evaporated in the tubes; Qw; = Wjij is the
heat loss with solvent vapor; Ok, = Dik, is the heat loss
with water vapor condensate; Qios is the heat loss to the
environment; G is the mass flow rate of miscella in the
tubes, kg/s; D is the flow rate of heating water vapor for
the process, kg/s; W is the flow rate of secondary solvent
vapor, kg/s; ¢ is the boiling point of the miscella in the
tubes, °C; c is the heat capacity of the miscella at
temperature #, J/(kg °C); 1 is the enthalpy of solvent vapor,
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J/(kg °C); iwv and ik, are the enthalpy of water vapor and
its condensate, J/(kg °C).

It is known that under static conditions, the heat loss Qlos
from the apparatus to the environment is constant, and
therefore its influence on the heat balance of the process
can be ignored.

Given this assumption, the expanded form of the heat
balance equation for the miscella evaporation process in
an elementary section of vertical pipes (1) is as follows:

Giacjatin + Wiaija + Diwy = Gicity + Wil + Dika, 2
or
Giicjatir + Wi + D(iwv- i) = Gicit + Wi, 3)

According to the heat transfer mechanism [13, 14], the
heat of water vapor QOww=D(iwv-iwv), expended on
evaporating the liquid in the tubes, consists of the
following three components:

- heat transferred from water vapor to the tube wall
Opwi = A1AF exi (ta— tyw1), 4)
- heat passing through the tube walls by conduction
Opw2 = (Apw/Bpw) AFave (tpwi — fpw2), )

- heat transferred from the hot tube wall to the liquid
O1i = AFin (tpw2 - ti-1) 6)

where oy and o, are, respectively, the heat transfer
coefficients from water vapor to the pipe wall and from
the pipe walls to the liquid, W/(m? °C); Apw is the thermal
conductivity coefficient of the pipe material, W/(m °C);
tw 1s the condensation temperature of water vapor, °C;
tpw1 and t,w2 are, respectively, the temperature of the outer
and inner surfaces of the pipe walls, °C; dpw is the pipe
wall thickness, m; Fex, Fint and Faye are, respectively, the
heat transfer surface (m?) of the tube bundle of the
apparatus by the diameter of the heat transfer pipes (m):
outer dexi, inner dine and average dave = 0,5(dint+dext), Fext
=ndexttAh; Fing =ndintAh 1 Fave =ndaenAh; n is the
number of tubes in the apparatus, pcs. Therefore, adding
equations (4), (5), and (6)
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Oint = A1AF ex (tin— tyw1),
+ Opw = (Apw/Opw) AFave(tpwi — tow2),
Qliq = a2AFint (tpWZ - tj.l),

and after a series of transformations [13], we obtain

O(1/ 1+ A/ + 1/02) = AFaveltin - £i1). 7
Hence

0 = (1t Aw/dpwt1/ o) ' AF aye(tin - t-1), ®)
where  (1/an+pw/Spwt1/a)! = K is a well-known

expression for the heat transfer coefficient in the
apparatus [13-15].

Consequently, the amount of heat transferred to the
micelle flow by water vapor through heat transfer in the
apparatus is expressed as

Qint =K AFcp(tkn'tj-l) = KTCdcpl’lAh (lkn-tj_l). (9)

Taking into account (9), the heat balance equation for
evaporation of miscella (3) in an elementary section of
vertical pipes with a height of Ak can be written as
follows:

Giacjatir+ Wi + KAF(ta - 1) = Gicit; + Wi, (10)
or
Giacjatia + Wiaija - Gieit; - Wity = -KAF(tn - 1) (11)

Taking into account the current flow rates of the
concentrated miscella

G = Gy(aola) (12)
and the released solvent vapors
W= Go(1- as/a), (13)

Determined from the process material balance equation
[4-6,9], expression (11) can be written as

Go(ao/aj_1)0j_1tj_1+G0(1— ao/aj_1)ij_1—G0(ao/aj)Cjtj - Go(l- ao/aj)ij = -KAF(tn -tj_l); (14)

or
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Go(ao/aj1)ci1t-11Golj-1-Go(ao/aj-1)i-1-Golao/a §)citi-Goii+ Golao/ a;)i; =-KAF (tin-ti-1)

where G, is the flow rate of the initial miscella, kg/s; a,
is the initial concentration of the miscella, % (mass).

Goao[cj-iti-1/aj.1 + i1/ae - ii1/aj.1-citi/a; - iila. + ij/aj)

By rearranging the terms (15) and taking into account the
expressions for the heating surface AF = ndnAh, we
obtain

Taking the constant process parameters G, and a, out of
the brackets, we obtain

= -KAF(tin-t;-1). (15)

Goaol(if/aj-citi/aj) - (i-1/a5-1-Cj-1ti-1/a1)- (i ao - Gi-1/a0)] == KtdavenAh (ta-ti-1).

Goaol (ii-cjty)/aj - (i1 - c-16-1) a1 - (i - dj-1)/ao0] == KndavenAh (tkn-ti-1)- (16)

Dividing both sides of (16) by Ak we get

Goao/ AW[(ij - city)/a; - (i1 - ¢j1t-1)/ae1 - (G - Gi-1)/a0] = - Kidaven(tin-ti-1). (17)

Keeping in mind that aj= aj.1+Aa ¥ ij-ij.1 = Ai, expression
(17) can be written as

(Goao/ AR)[A(i-ct)/Aa - Aila,] = -Kndaven(tin-tj-1).
or
(Goao AIAR)[(i-ct)/a - ilao] = -KTdaven(tin-ti-1),

where Aa and Ai are the increment of concentration and
enthalpy.

Moving from the increment to the differential, we obtain
(Goao)d/dh[(i- ct)/a - ila]= -Kndayen(tin-ti-1). (20)

Equation (20) characterizes the changes in the
parameters of the miscella concentration process (a and
f) along the height of the vertical tubes / in preliminary

(18)

(19)

distillers with known process (Go, @0, P, Pxs) and design
parameters (d, n, h).

Analysis of the equations for calculating the parameters
included in (20) is as follows.

The boiling point of the miscella t depends on its
concentration a and the absolute pressure in the apparatus
P. To calculate the boiling point of cotton miscella at P =
20200 kPa, the following mathematical relationship is
recommended [16] with an error of less than 2%:

t=cot ciP+ cra+ c3P?+ cad® + ¢sPP + cea® + craP+ csaP? + coa®P, #2))

where ¢, + c9 are constant coefficients of the equation.

For strong miscella (a >64%), the curve of change in
boiling point of which with respect to its concentration is
a steep line, the numerical values of the coefficients (21)
are equal to: ¢, =-1082,85; ¢ =1,809431; c,=44,79217,

c3=-0,55451 10%; cs= -0,618587; ¢s = 0,107-10%; c6=
0,2908:102; ¢7 = 0,204719:10"; c5 = 0,49:105; ¢
0,1379-10°.

The heat capacity of cottonseed miscella ¢ (kJ/kg °C)
depends on its concentration a and temperature ¢ [9]:

Cimis = 0,01[229,2 - 0,624a + (0,588 - 0,001584) {]. (22)

According to the classification of evaporators by the
enthalpy of secondary vapor [9], preliminary distillers
with an ascending liquid flow are classified as devices of
the first group. The enthalpy of the solvent vapor I
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(kJ/kg) leaving these devices is determined by the boiling
point of the miscella at the outlet of the tubes [9]:

iw=372+1,78 1. (23)
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The condensation temperature of water vapor # is
determined from reference literature [15], depending on
its pressure Py in the heating chamber of the device. The
heat transfer coefficient K in the apparatus is calculated
using known criteria equations [13-15], using calculated
and experimental data.
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By combining the above equations (20), (21), (22), and
(23) into a system, we obtain the following mathematical
model of the statics of the preliminary distillation process
of cottonseed oil miscella in a vertical tubular apparatus
operating with an ascending liquid film:

(" (Goao)d/dh[(i- ct)la - ilao]= -Kndayen(tn-ti1 ), (20)
t=cot ciP+ cra+ c3P*+ caa® + csPP + coa® + craP+ csaP? + coa’P, (21)

< emie=0,01[229,2 - 0,624a + (0,588 - 0,00158)1], 22)
i=372+ 1,781, (23)

N 4iSazq at i < logp. (24)

This statics model of the process under study makes it
possible to study and analyze the nature of the
distribution of temperature and miscella concentration
along the height of the boiling tubes of distillers and, on
this basis, to design new devices with an optimal heating
surface or to identify the degree of operating efficiency
of existing designs of pre-distillers, for example, ND-
1250, TDA-8, “Extraktionstecnik”, etc., used in oil and
fat industry enterprises [4-6].

The above proposed model of the statics of the process
of preliminary distillation of miscella (20-24) is
implemented according to the following algorithm.

1. The numerical values of the design and technological
parameters of the apparatus are set: the diameter of the
boiling pipes d, their total number n in the apparatus, the
miscella flow rate (the productivity of the apparatus) G,
its initial concentration a,, the operating pressure in the
apparatus P and the water vapor pressure Pyy in its inter-
tube space (or its condensation temperature f).

2. Substituting the values of miscella concentration a and
pressure P into (21), determine its boiling point t.

3. Based on the values of concentration a and
temperature ¢, the heat capacity of the miscella ¢ is
calculated according to (22).

4. Substituting the values of the boiling point ¢ of the
miscella into (23) determine the enthalpy of the solvent
vapor iy at this temperature.

5. Using experimental data, the value of the heat transfer
coefficient in the apparatus K is set, or its value can be
calculated depending on the hydrodynamic regime of the
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miscella flow in the tubes [15], taking into account the
continuous change in the properties of the miscella and
solvent depending on the process temperature.

6. Substituting the values of G, a., a, t, t» and K into (20),
the corresponding height of the section of heat transfer
tubes Ahj,is determined, where j=1,2,3, ..., N, and ZA#;
= hgen .

7. The value of the miscella concentration increment is
set Aa = a;- aj.1.

8. Taking into account the increase in concentration g; =
aj1+Aa, checking compliance with the conditions of
limitation on the temperature of the miscella at the outlet
of the apparatus £j<fs (24) a repeated calculation is made
from point 2 to point 8.

9. At given values of the operating pressure in the
apparatus P, the calculation is carried out until the
regulated value of the miscella concentration aj<a,.q back
is reached.

This technique is based on taking into account the
continuous temperature change in the properties of
cotton miscella and solvent in the vapor and liquid
phases. This refinement of process parameters
contributes to the development of an energetically
optimal heat transfer surface for tubular distillers.

When designing an energetically optimal design of a
tubular distiller, taking into account the limitations on
productivity G, and the temperature of the evaporated
miscella £, its minimum heat transfer surface Fu is
selected as an optimality criterion [10]:
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Ropt = min F (d, n, h), (25)

with known values of diameter din, number of pipes n
and height of pipes h in the apparatus.

Since the optimal heating surface of the apparatus is
expressed as Fomr = Mdindth opt, then when Aoy is reached,
the equivalent optimal height of the tubes hopt is
established, corresponding to the specified values of the
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design (din, ) and technological parameters (Go, ao, P,
Aopt, Lopt) O the process.

To study the statics of preliminary distillation of
cottonseed oil miscella in tubular apparatuses, a
computer model of the process was compiled on the
MATLAB/Simulink platform using its mathematical
model (see Fig. 2).

#3 model/Subsystem * - Simulink

SIMULATION MODELING
(=] ‘W Subsystem
& |[*a| model P [Pa Subsystem
&
(18073.141570.02°202*(300-u(1))}/(0.03564"u(2)} l—b L
E 5
'
=
||
B
Mux —Fl 1.5072+((u(1)-223)/100)"(1.7182-1.5072"u(2)/1000) |—- a
cp
G o—
-F] Mux »| 1000*u{1)-(0.58/u(1))*(u(2)-20)-{(u(2)-1200*(u(1)-0.68))*(u(2)-20)/1000) P
b ro_t
» -
100%

ode45

Fig. 2. Computer model of the statics of cottonseed oil miscella evaporation in a tubular apparatus using the
MatLab Simulink platform.

3. Results and Discussion

A computer model was used to study the statics of the
cottonseed oil miscella concentration process in a tubular
film evaporator of the third distillation stage of the
Extraction Stecnik extraction unit at Gulistan Extract-
Yog JSC [7].

The industrial apparatus primarily consists of a vertical
cylindrical body with a bundle of heat transfer tubes
mounted within it, a chamber for distributing the initial
miscella among the tubes, and a built-in upper cylindrical
separator for separating the resulting vapor-liquid
mixture under gravity [4-7]. Saturated steam is supplied
to the intertube space (heating chamber) of the apparatus.

According to the technological regulations for the
production of products in the unit [7], the apparatus has
the following design parameters: ' = 100 m?; di, = 0.03
m, n=224pcs and h=4.6 m. F=100 m?; din,= 0,03 m,
n=224pcsand 7 =4.6 m.
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The miscella distillation process in this apparatus was
studied using the following regulated process parameters
[7]: the flow rate of miscella entering the apparatus Go=
3,31 t/h (0.92 kg/s), its concentration a, = 60+65%
(mass) and temperature #, = 60+70 °C; the miscella in the
apparatus is concentrated to aex > 95% at a temperature
tex = 100+115 °C; the operating pressure in the apparatus
is P =50 kPa, and the saturated water vapor pressure in
the intertube space of the apparatus is Py = 0,5 MPa.
The average calculated value of the heat transfer
coefficient in the apparatus is K = 300 W/(m? °C).

Based on the results of the process study, the
concentration a (%, mass) and temperature ¢ (°C)
distribution curves of cottonseed miscella were
constructed across the height of the tube bundle % of the
pre-distiller-evaporator under the above-mentioned
process conditions, with the process temperature limits
ao= 60-65 %, t, = 60-70 °C, and zx < 100—115 °C (see
Figs. 3 and 4).
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Fig. 3 shows the concentration a and temperature ¢
distribution curves of cottonseed miscella across the
height of the tube bundle / of the evaporator at G, = 0.92

MEASUREMENTS
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kg/s, a, = 60 %, and t, = 60 °C, with the process
temperature limit z.x < 110 °C.

Scope Scopel = Scopel (active)

Scope? *

Scoped >

110 F T T T T
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— KOHyeHmpayus

&5 -

— meMRepamyvpa E
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Fig. 3. Distribution of the concentration a and temperature ¢ of cottonseed miscella across the height of the
evaporator tube bundle & at G, = 0.92 kg/s, a, = 60%, t, = 60 °C, P = 50 kPa, txn = 151 °C, and K = 300 W/(m? °C)

Figure 3 shows that when the initial miscella enters the
heat exchange tubes, it is heated to its boiling point. The
temperature of the miscella evaporated in the tubes
increases parabolically, reaching up to 105 °C in a section
of the tube bundle with a height # < 2.5 m. The rate of
miscella temperature rise in the pipe sections is 39°C/m
in sections with a height of up to # < 1 m, and 4-5°C/m
in sections with a height of 1-2 m. Subsequently, as the
miscella temperature approaches the condensation
temperature of the heating water vapor, the concentration
and temperature changes at the end sections of the pipes
decrease, achieving a constant temperature difference of
46 °C between the coolants. Under these conditions, the
miscella concentration gradually increases from 60 % to
97.5 % along the apparatus's tubes. In this case, the rate
of increase in the concentration of miscella in the
sections of the tube bundle is, respectively, 31 %/m in the
section of tubes with a height of upto 2 <1 m, 4 + 5 %/m

The Am. J. of Applied Sciences 2026

at a height of tubes from 1 to 2 m, 2 %/m at a height of 2
to 3 m, and less than 1 %/m from 3 m and above.

Figure 3 also shows that for concentrating cotton
miscella to acx = 97.5% at a temperature of tout = 105 °C,
a section of the tube bundle with an active height of /.
= 3.5 + 4 mis sufficient, which is 76 + 87 % of the total
height of the bundle of boiling tubes in the apparatus. As
we can see, the primary miscella evaporation process
occurs in a section of the tube bundle with a height 7 <4
m (or Fumin = 85 m?), while the remaining section (0.6—1.1
m) operates idle at a given mixture flow rate and
essentially serves as a reserve for further increasing the
unit's performance.

Figure 4 shows the distribution curves for the miscella
concentration a and temperature t over the height of the
evaporator tube bundle 4 at G, = 0.92 kg/s, a, = 65 %,
and £, = 70 °C, with a process temperature limit of tout
fex< 115 °C.
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Fig. 4. Distribution of the concentration a and the boiling point t of cotton miscella by the height of the
evaporator tube bundle h at G, = 0.92 kg/s, a,= 65%, to = 70 °C, P = 50 kPa, tkn = 151 °C, and K = 300 W/(m? °C)

Figure 4 shows that the boiling point of the miscella in
the evaporator tubes gradually increases from 70 °C to
105 °C with increasing speed and in a section of the tube
bundle with a height 2 =2.5 m, which is 54.3% of its total
height. The rate of miscella temperature increase in the
tubes is, respectively, 32 °C/m in the section with a height
ofup to 2 <1 m, 2 °C/m in the section with a height of 1
to 2 m, and less than 1°C/m closer to the temperature
equilibrium point (4 >2 m). Subsequently, as a constant
temperature difference between the coolants is achieved,
the rate of miscella temperature change in the remaining
section of the tubes (from 2.5 to 4.6 m) decreases and
becomes constant.

As we can see, the main process of miscella
concentration from 65 to 97.5 % occurs in the section of
the tube with a height of 2 < 3.5 m, while the rest of the
tubes operate idle, indicating insufficient utilization of
the evaporator's thermal capacity. It follows that, for a
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given evaporator throughput of G, = 3310 kg/h, the
required heat transfer surface is Fpac = 76 m?.

It should also be noted that the identical nature of the
miscella parameter distribution curves in both study
variants indicates a high intensity of solvent distillation
when organizing evaporation in a rising film.

A comparison of the results in both study variants of the
cottonseed miscella preliminary distillation showed that
for evaporation of G, =3.31 t/h of miscella to aex>97.5%
at aex < 110-115 °C, the required height of the evaporator
tube bundle is % .. == 3.5 + 4.0 m (76 + 87% of its total
height - 4.6 m). In this regard, to improve the efficiency
of the apparatus, we recommend increasing the miscella
flow rate by 13 + 24%, in accordance with the identified
reserve heating surface (24 m?), which helps to stretch
the active zone of evaporation of the mixture over the
entire height of the tube bundle.

4. Conclusion
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Thus, the results of a study of the statics of evaporation
of cottonseed oil miscella in a tubular evaporator with an
ascending film of liquid showed that at a given miscella
flow rate G, = 3.31 t/h, to achieve the required
concentration at the outlet aext > 95% at temperatures fex
<110-115 °C, 76+84 m? of the active heat transfer surface
of the apparatus will be required. It was revealed that an
increase in the initial temperature by 5 °C and the
miscella concentration by 5 % leads to a reduction in the
heating surface of the apparatus by 24 %. This
circumstance indicates the need for additional research to
improve the technological efficiency of operating
distillers, identify a reserve for increasing their specific
productivity and design devices with a compact heat
transfer surface based on the use of design and
technological methods for intensifying heat transfer with
an ascending liquid film.
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