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h i g h l i g h t s

� Contribution group model to predict
viscosity of partially hydrogenated
edible oils.

� CFD simulations of a three-phase
catalytic monolith reactor with
viscosity change.

� Investigation of two-way coupling
between hydrodynamics, transport
and reaction.

� Strong limitations by mass transfer of
fatty acids highlighted.

� Reactor performances greatly
impacted by the evolution of viscosity
and diffusivity.
g r a p h i c a l a b s t r a c t
a b s t r a c t

The viscosity of edible oils was measured before and after hydrogenation to assess a new model for pre-
dicting the viscosity of partially hydrogenated oils with given saturation degree and temperature. This
contribution group model is based on a semi-predictive approach, and can be used to estimate viscosity
changes due to hydrogenation. It was experimentally validated using three different oils, and the results
show an overall relative average deviation of 3.7%. The model was implemented in a transient CFD sim-
ulation of a three-phase monolith catalytic reactor for edible oil hydrogenation. Hydrogenation in Taylor
flow was described with the unit cell approach. The influence of viscosity changes on the reaction yield
and selectivity were investigated in relation with the coupling between hydrodynamics, mass transfer,
and reaction kinetics. This effect proved to be significant in the former case; the reactor length was
increased by a factor 1.5, yielding approximately 30% conversion.
1. Introduction

World vegetable oil production was estimated to be 200 million
tons in 2018 (George and Loeser, 2019). While the production of
naturally saturated vegetable fats (such as palm oil) has increased
by a factor 10 in the last 30 years, concerns regarding deforestation
and carbon emissions induced by cultivation have been raised
(Carlson et al., 2012; Koh and Wilcove, 2008). Consequently, there
has been renewed interest in edible oil treatment processes,
including hydrogenation. Hydrogenation is used in the food indus-
try to minimize oil rancidity, ease packaging, and give a more solid
and spreadable texture to the processed foods. This implies conver-
sion of polyunsaturated oils, and more precisely, the saturation of
carbon-carbon double bonds with hydrogen in the presence of a
catalyst, as shown in Eq. (1). As a side reaction, isomerization can
occur; hence large trans fatty acids (TFA) production (15–30% fatty
acid content) is the main disadvantage of the process as
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Nomenclature

Acronyms
CFD computational fluid dynamic
CSO crude sunflower oil
IV iodine value
MR monolith reactor
MUFA monounsaturated fatty acids
PUFA polyunsaturated fatty acids
RRO refined rapeseed oil
RSO refined sunflower oil
SFA saturated fatty acids
TAG triacylglycerol
TFA trans fatty acids
UC unit cell

Symbols
aGL bubble interfacial area, (m2

B m�3
UC)

ci concentration of component i, (mol m�3
L )

ci;overall volume averaged concentration of component i, as
defined in Eq. (41), (mol m�3

L )
c�H2

dissolved hydrogen concentration at saturation,
(mol m�3

L )
dc channel diameter, (m)
dSB elementary bubble surface, (m2

B)
dSW elementary wall surface, (m2

W)
DTAG�oil triacylglycerol diffusivity in oil, (m2 s�1)
DH2�oil hydrogen diffusivity in oil, (m2 s�1)
dV elementary volume, (m3)
g gravity vector, (m s�2)
k1 kinetic constant of MUFA hydrogenation rate,

ðmol kg�1
Pd s�1Þ

k2 kinetic constant of PUFA hydrogenation rate,
ðmol kg�1

Pd s�1Þ
KH hydrogen adsorption constant, (m3 mol�1)
kGL gas-liquid mass transfer coefficient, (m s�1)
kGLaGL volumetric gas-liquid mass transfer coefficient, (s�1)
kLSaLS volumetric liquid-solid mass transfer coefficient, (s�1)
KM MUFA adsorption constant, (m3 mol�1)
KS SFA adsorption constant, (m3 mol�1)
Lf lubrification film length, (m)
LUC unit cell length, (m)
Moil oil molar mass, (g mol�1)
MTAG equivalent TAG molar mass, as defined in Eq. (8),

(g mol�1)
n1 power exponent for the viscosity as defined in Eq. (26),

(–)
n2 power exponent for the viscosity as defined in Eq. (27),

(–)
NC;TAG number of carbon atoms in equivalent triacylglycerol,

(–)
p average number of –CH2– groups per fatty acid in a gi-

ven oil, (–)
p0 average number of insaturations per fatty acid in a given

oil, (–)
pH2

hydrogen pressure, (atm)
R gas constant, (J mol�1 K�1)
RB bubble radius, (m)
ri hydrogenation rate as defined through Eq. (30) to Eq.

(35), ðmol kg�1
Pd s�1Þ

T temperature, (K)

u velocity vector, (m s�1)
UB bubble velocity, (m s�1)
uGS gas superficial velocity, (m s�1)
uLS liquid superficial velocity, (m s�1)
UTP two phase velocity, UTP ¼ uGS þ uLS, (m s�1)
VUC unit cell volume, ðm3

UCÞ
wPd palladium mass fraction within the washcoat, (–)
X saturation degree, as defined in Eq. (12), (–)
Xf saturation degree at the channel outlet, (–)
xC18:2 PUFA molar fraction, (–)
xC18:1 MUFA molar fraction, (–)
xC18:0 SFA molar fraction, (–)
z axial position of the UC along the channel, (m)
z1 axial position of the UC where MUFA concentration

reaches its maximum at the wall, (m)
z2 axial position of the UC where MUFA concentration

reaches zero at the wall, (m)
zf channel length required to reach Xf , (m)

Greek Symbols
dc washcoat thickness, (m)
df lubrification film thickness, (m)
DP pressure drop, (Pa)
�G gas hold-up, (–)
K optimized A;B;C or D coefficient given by Ceriani et al.

(2007), (–)
lL liquid dynamic viscosity, (Pa s)
/W;i local molar flux at the channel wall for a given compo-

nent i, (mol m�2 s�1)
UW;FAi

overall molar flux at the channel wall for a given fatty
acid i, (mol s�1)

UB;H2 overall molar flux at the gas-liquid interface for H2,
(mol s�1)

qL liquid density, (kg m�3)
qS washcoat density, (kg m�3)
rL surface tension, (N m�1)
H solvent association parameter as defined in Eq. (26) (–)
hD fractional surface coverage of PUFA on the catalyst sur-

face, (–)
hH fractional surface coverage of hydrogen on the catalyst

surface, (–)
hM fractional surface coverage of MUFA on the catalyst sur-

face, (–)

Dimensionless Groups
Ca Capillary number, lLUB

rL
, (–)

Re Reynolds number, qLUBdc
lL

, (–)
ReL liquid superficial Reynolds number, qLuLSdc

lL
, (–)

ScL liquid Schmidt number for TAG, lL
qLDTAG�oil

, (–)

Subscript
0 at the channel inlet
ave average for the liquid in the unit cell
B bubble
max local maximum value for the liquid in the unit cell
min local minimum value for the liquid in the unit cell
UC unit cell
W wall
consumption of TFA has been shown to be harmful to human
health (Mozaffarian et al., 2009). In addition, consumption of fully
saturated fatty acids (SFA) should also be lowered to reduce the
risk of cardiovascular diseases (Hooper et al., 2015). Current
research is focusing on partial hydrogenation of polyunsaturated
fatty acids (PUFA) while avoiding isomerization of the remaining
cis carbon-carbon double bond (Belkacemi et al., 2006; Belkacemi
et al., 2007).



� CH ¼ CH�þH2 ! �CH2 � CH2� ð1Þ

While the hydrogenation step is traditionally carried out in
slurry-type reactors using Raney nickel, microstructured reactors
(especially monolith reactors (MRs)) have received growing atten-
tion in recent years as alternative reactors for gas-liquid-solid cat-
alytic reactions. Such reactors have well-known advantages, such
as low pressure drop, plug flow behavior in channels, and higher
gas-liquid mass transfer. Therefore, MRs might help to address
conventional edible oil hydrogenation issues by reducing mass
transfer limitations (thus enhancing selectivity), ensuring con-
trolled hydrodynamics (in the so-called Taylor flow regime), and
by preventing heavy metal poisoning through catalyst immobiliza-
tion on the channel wall (in the form of a washcoat).

Computational fluid dynamic (CFD) simulations allow precise
sizing of MRs (Durán Martínez et al., 2016; Durán Martínez,
2017; Shao et al., 2011); however, numerical results strongly
depend on the physical properties of the oil (such as viscosity),
which change as a function of oil saturation level. Consequently,
the hydrodynamics, mass transfer, and reaction kinetics are
strongly coupled. Therefore, the present work aims to quantify
the effect of this coupling on MR hydrogenation using a predictive
viscosity model in CFD simulations. We also propose a methodol-
ogy for modeling of vegetable oil hydrogenation in monolith
reactors.

2. Processes for edible oil hydrogenation: current technologies
and perspectives

Crude edible oils undergo several processes before becoming
refined oils. These steps might include dewaxing, degumming,
bleaching, and deodorization. The main goal is to eliminate the fol-
lowing: (i) impurities such as water and free fatty acids, and (ii)
micropollutants, such as tocopherols, sterols and sterol-esters,
phospholipids, waxes, carotenoids, chlorophyll, and trace metals.
The order and number of steps primarily depend on the type of
oil. A hydrogenation step is often performed initially for deodoriza-
tion (Gunstone, 2002). Slurry batch reactors are traditionally used
for hydrogenation in the food industry. The reaction is carried out
at pressures ranging from 2 to 6 bar and temperatures ranging
from 150 to 180 �C (Wolff, 2003). Such high temperatures and
low pressures favor production of monounsatured fatty acids
(MUFA) and TFA. Catalysts such as Ni particles with an average size
of 10 lm are used, but they provide poor selectivity and cannot be
used to prevent significant formation of TFA. Further, concerns
have been raised regarding potential poisoning from nickel, which
could leach out from the catalysts (Savchenko and Makaryan,
1999).

Metal selection might greatly impact on selectivity. While cer-
tain metals tend to favor TFA production, others promote the
desired products, i.e. cis MUFA. Palladium appears as a good com-
promise catalyst as it provides selectivity of partial hydrogenation
without isomerization (Ray and Carr, 1985; Belkacemi et al., 2006;
Belkacemi et al., 2006). Belkacemi et al. (2007) also mentioned the
use of a bimetallic catalyst and concluded that the addition of some
specific metals (Ru or Mo) can significantly reduce the cis/trans iso-
merization compared to the monometallic Pd catalyst, while others
(Ni, Sr or Co) have no beneficial effect. On the other hand, the pres-
ence of the second metal affects the content in saturated com-
pounds to a lesser extent.

While batch-type reactors are common in the food industry
because of their low operating costs and flexibility, continuous-
type reactors have also been investigated, as they provide better
contact area and contact time between oil and hydrogen
(Veldsink et al., 1997). A tubular reactor fed with a preheated
oil-catalyst slurry and hydrogen was studied by Snyder et al.
(1978). Nielsen et al. (1960) and Schmidt (1970) investigated bub-
ble column-type reactors, and Boyes et al. (1995) studied a concur-
rent downflow fixed bed contactor. Boger et al. (2004) used a batch
reactor including a monolith stirrer coated with a Pd catalyst and
compared its performance to that of a slurry type reactor. It can
be concluded from these studies that contact between the gas
and liquid phases is a key parameter for the design of effective
hydrogenation reactors (Veldsink et al., 1997). This motivates
interest in MRs. Such reactors are composed of numerous milli-
metric channels, which are coated with a thin catalytic layer
(thickness: 10–50 lm) to ensure that internal transfer resistance
is not limiting. A specific flow regime is sought in the channels,
where gas bubbles are trapped between liquid slugs (so-called Tay-
lor flow or slug flow). These flow conditions minimize pressure
drop while providing higher gas-liquid mass transfer and plug flow
behavior. Moreover, MRs can be built up with a high conductivity
metal scaffold, and some of the channels can be dedicated to cool-
ing in order to efficiently remove heat produced during the hydro-
genation reaction. Numerous studies have focused on different
aspects of MRs, where an air-water system was used in most prior
studies (Mishima and Hibiki, 1996; Yang and Shieh, 2001). Further-
more, the fluid distribution at the monolith entrance, flow regimes
within the channels, and gas-liquid mass transfer received focus in
earlier studies.
3. New group contribution-based model for viscosity prediction

3.1. Literature overview

The rheological behavior of pure fatty compounds and fatty
mixtures has been shown to be Newtonian (Timms, 1985), and
equations describing their viscosity as a function of temperature
(Noureddini et al., 1992; Fisher, 1998; Gupta et al., 2007;
Coupland and McClements, 1997; Dutt and Prasad, 1989; Kim
et al., 2010) and composition (Azian et al., 2001; Valeri and
Meirelles, 1997; Eiteman and Goodrum, 1994; Rabelo et al.,
2000; Fasina et al., 2006) have been proposed. Using a large data-
base (763 experimental values), Ceriani et al. (2007) developed a
group contribution model for predicting viscosity of pure fatty
compounds, among which triaclyglycerols (TAG), which are the
primary component in edible oil. Results from this model were sat-
isfactory for pure fatty acids and pure TAGs with 5.7% (Noureddini
et al., 1992) and less than 5% (Ceriani et al., 2007; Valeri and
Meirelles, 1997; Rabelo et al., 2000; Joglekar and Watson, 2013)
average deviation from the experimental data, respectively. Even
though the model was only designed for pure fatty molecules,
Ceriani et al. (2007) proposed a method for transposing its use to
edible oils i.e. complex TAG mixtures. Nevertheless, the model is
less accurate in this case, either when using a typical fatty acid
composition (Noureddini et al., 1992; Miller et al., 1994; Silva
and Singh, 1995; Thomas et al., 2000; Rabelo et al., 2000;
Morrison and Robertson, 1978; Topallar et al., 1995) or more
refined characterizations (Hasenhuettl, 2000; Haynes, 2014); vis-
cosity values were predicted with a relative average deviation
ranging from 3% (Thomas et al., 2000) up to 32% (Miller et al.,
1994). This assessment raises the need for a more suitable model
for describing the viscosity of an edible oil during hydrogenation.
3.2. Reference model description

Ceriani et al. (2007) developed a group contribution model for
estimating the dynamic viscosity of pure fatty compounds, which
is a function of the temperature and chemical structure of the con-
sidered molecule. The investigated molecule is divided into seven



Table 1
Triacylglycerol decomposition (Ceriani et al., 2007).

Group Number

–CH2–CH–CH2– 1
–COO– 3
–CH2– lþmþ n
–CH= 2ðl0 þm0 þ n0Þ
–CH3 3
predefined functional groups. The contribution of each of these
groups and the class (fatty acid, alcohol, acylglycerol, or ester) of
the molecule determine the dynamic viscosity of the fatty com-
pound, as defined in Eq. (2):

lnlL ¼
X
k

Nk A1k þ B1k
T � C1k ln T � D1kT

� �

þM
X
k

Nk A2k þ B2k
T � C2k ln T � D2kT

� �" #
þ Q

ð2Þ

where lL is the dynamic viscosity in mPa s of the considered mole-
cule, Nk is the number of groups indexed by k; T is the temperature,
M is the molecular weight of the considered molecule, Q is a correc-
tion term (see Eq. (3)), and A1k;B1k;C1k;D1k;A2k;B2k;C2k, and D2k are
regression parameters for group k.

Q ¼ n1qþ n2 ð3Þ
q is defined in Eq. (4). n1 and n2 are expressed in Eqs. (5) and (6),

respectively, and are functions of the class of the compound.

q ¼ aþ b
T
� c ln T � dT ð4Þ

a;b; c; d are optimized parameters.

n1 ¼ f 0 þ NCf 1 ð5Þ

n2 ¼ s0 þ NCSs1 ð6Þ
f 0; f 1; s0, and s1 are regression parameters that depend on the class
of the compound. NC is the number of carbons in the molecule and
NCS is the number of carbons in the alcoholic part of the ester class
molecule.

Following their work, a TAGmolecule with the general chemical
formula presented in Fig. (1) is decomposed, as shown in Table 1.

Hence, only -CH2- and -CH = groups differ from one TAG to
another, depending on the three fatty acids of which they are com-
posed. Assuming that the dynamic viscosity of the studied oil only
depends on its functional group composition, an equivalent TAG
made of a single fatty acid is deduced: the latter comprises
one -COO- group, one -CH3 group, and the average numbers of -
CH2- groups (p) and insaturations (p0) in the TAG, where one
insaturation counts as two -CH = groups. Note that p and p0 are
not necessarily integers and that no distinction is made between
cis and trans double bonds. This equivalent TAG is shown in Fig. 2.

This leads to the new decomposition shown in Table 2, which is
used directly in Ceriani’s model to predict viscosity at a given
temperature.

3.3. Revisited model

The present work shifts from Ceriani’s fully predictive model to
a semi-predictive model for edible oils undergoing hydrogenation.
This new model is based on reference data for viscosity values of
the oil of interest at a given saturation degree for different temper-
atures. Ceriani’s model prediction capabilities are then exploited to
infer other viscosity values when changing oil saturation degree.

During hydrogenation, the number of carbons (NC;TAG), defined
in Eq. (7), remains invariant in the equivalent TAG molecule while
–CH= groups turn into –CH2– groups. For a given fatty acid compo-
CH2-COO

CH-COO

CH2-COO

CH2-COO-Rll'
CH-COO-Rmm'
CH2-COO-Rnn'

Fig. 1. Triacylglycerol chemical fo
sition in the considered oil before hydrogenation, NC;TAG is known
and Eq. (2) is then only a function of p0 and temperature.

NC;TAG ¼ 9þ 3pþ 6p0 ð7Þ
The molecular weight of the equivalent TAG molecule (MTAG) is

then defined in Eq. (8):

MTAG ¼ NC;TAGMC þ 6MO þ ½14þ 6ðpþ p0Þ�MH ð8Þ
where MC ;MO, and MH are respectively the atomic mass of carbon,
oxygen, and hydrogen.

Therefore, Eq. (2) can be re-written as shown in Eq. (9):

lnlL ¼ K0 þ K1p0 þ K2p02 ð9Þ
where Ki ¼ Ai þ Bi=T � Ci ln T � DiT for i ¼ ½0;1;2�. Parameters A1 to
D1, and A2 to D2, are obtained from Eq. (2) and are functions of the
parameters given by Ceriani et al. (2007) for each functional group,
NC;TAG;MC ;MO, and MH . Their expressions are available in Eqs. (10)
and (11), where K stands for A;B; C, or D.

K1 ¼ 6½�K1;CH2 þ K1;CH

�MHð3K2;CH3 þ ðNC;TAG � 9ÞK2;CH2 þ 3K2;COO þK2;CH2�CH�CH2 Þ
þ NC;TAGMC þ 6MO þ ð14þ 2NC;TAG � 18ÞMHð Þð�K2;CH2 þK2;CHÞ�

ð10Þ

K2 ¼ 36MHðK2;CH2 �K2;CHÞ ð11Þ
Parameters A0 to D0 in Eq. (9) are to be optimized using exper-

imental viscosity measurements at different temperatures when p0

is equal to zero, meaning when the oil is completely hydrogenated.
Accordingly, the model uses the saturated oil viscosity as a refer-
ence; therefore, viscosity at any other advancement can be com-
puted using the other eight parameters. This approach allows
calibration of the model and extends the application of the model
in Ceriani et al. (2007) to edible oils, which are complex TAG mix-
tures containing impurities (up to 4% by weight). Because it is
easier to measure the viscosity for the raw oil rather than the fully
hydrogenated oil, the hydrogenation level (or saturation degree) X
is included in Eq. (12):

X ¼ p0
0 � p0

p0
0

ð12Þ

where p0
0 is the value of p0 for the oil before hydrogenation. Eq. (9)

then becomes Eq. (13).

lnlL ¼ K 0
0 þ K 0

1X þ K 0
2X

2 ð13Þ
where K 0

i ¼ A0
i þ B0

i=T � C0
i ln T � D0

iT for i ¼ ½0;1;2�. Parameters A0
1 to

D0
2 are functions of the previously calculated parameters A1 to D2
-(CH2)l-(HC=CH)l'-CH3
-(CH2)m-(HC=CH)m'-CH3
-(CH2)n-(HC=CH)n'-CH3

rmula (Ceriani et al., 2007).



Table 2
Equivalent triacylglycerol decomposition (Ceriani et al., 2007).

Group Number

–CH2–CH–CH2– 1
–COO– 3
–CH2– 3p
–CH= 6p0

–CH3 3

CH2-COO-(CH2)p-(HC=CH)p'-CH3
CH-COO-(CH2)p-(HC=CH)p'-CH3
CH2-COO-(CH2)p-(HC=CH)p'-CH3

Fig. 2. Equivalent triacylglycerol chemical formula (Ceriani et al., 2007).
and are defined in Eqs. (14) and (15). A0
0 to D0

0 are optimized using
viscosity measurements for the studied oil in its original state
(before hydrogenation).
K0
1 ¼ �p0

0ðK1 þ 2p0
0K2Þ ð14Þ
K0
2 ¼ p02

0 K2 ð15Þ
Table 3
Fatty acid content in unhydrogenated vegetable oils (wt%).

Fatty Acid RSO CSO RRO

C14:0 0.08 0.10 0.05
C16:0 6.59 6.90 4.71
C16:1 0.14 0.17 0.27
C17:1 – – 0.07
C18:0 3.24 2.97 1.58
C18:1 29.74 29.03 62.62
C18:2 58.75 59.31 19.88
C18:3 0.06 0.53 8.25
C20:0 0.24 0.23 0.55
C20:1 0.16 – 1.29
C22:0 0.70 0.46 0.31
C22:1 – 0.06 0.09
C24:0 0.26 0.23 0.13
C24:1 – – 0.15
3.4. Experimental set-ups and procedures

Three different vegetable oils were studied: a refined sunflower
oil (RSO), a crude sunflower oil (CSO), and a refined rapeseed oil
(RRO). The two refined oils were bought in a supermarket (Car-
refour group), and the crude oil was supplied by Huiles Bertin
(Le Plessis Belleville, France).

Hydrogenation tests were carried out in 100 and 200 mL auto-
clave reactors operating at predefined pressures (ranging from 10
to 20 barg) and temperatures (ranging from 100 to 160 �C) with
1% Pd/Al2O3 beads (Alfa Aesar) as a catalyst.

The fatty acid content in the raw oils was analyzed using gas
chromatography. Samples were methylated with boron trifluoride
and introduced in an FAME column (0.25 mm ID � 50 m, Agilent
Select). The oven temperature was set to 165 �C for 25 min, then
to 200 �C for 13.5 min, and finally to 250 �C for 5 min. The carrier
gas pressure was maintained at 220 kPa with a split flow of 60 mL/
min.

Iodine values in the oils were also determined using the stan-
dardized ISO 3961 Wijs method.

The dynamic viscosity of the oils was measured from 20 to
100 �C using a rheometer with a 60 mm 2 �Cone-plane geometry
(Thermo Scientific HAAKE MARS 40) at shear rate ranging from 1
to 500 s�1. The rheometer accuracy in these conditions was verified
against high temperature viscosity standards (Paragon Scientific
Ltd.), revealing an average relative deviation of 1.6%. As a comple-
ment, cross verification of kinematic viscosity values was per-
formed with refined sunflower oil (before hydrogenation) using a
capillary Ubbelohde type viscometer (Schott AVS 440).
3.5. Data available in the literature

To the authors’ knowledge, the viscosity of hydrogenated edible
oils has been barely studied. Topallar et al. (1995) measured the
dynamic viscosity of sunflower oil at different temperatures and
determined its fatty acid content before and after partial hydro-
genation. However, their values seem surprisingly low compared
to standard viscosity values of sunflower oil (Hasenhuettl, 2000),
and these data were not retained for model optimization or valida-
tion. Morrison and Robertson (1978) studied two different types of
sunflower oils, one with a high linoleic profile and the other one a
high oleic profile. Both oils underwent hydrogenation, and compo-
sitions were measured before and after reaction. The viscosity was
also measured, but only at 70 �C.
3.6. Experimental data

The composition of unhydrogenated refined sunflower oil,
crude sunflower oil, and refined rapeseed oil before are given in
Table 3.

Their viscosities were measured at different temperatures, and
the values are given in Table 4.

Five different hydrogenation tests were conducted with the
refined sunflower oil, three for the refined rapeseed oil, and two
for the crude sunflower oil. Thereafter, the liquid phase was col-
lected and analyzed as previously described.
3.7. Model assessment

Variables p0; p0
0, and NC;TAG were calculated from the oil compo-

sition in fatty acids, which are shown in Table 3 for the experimen-
tally investigated samples. Values of these variables are available
in Table 5.



Table 4
Viscosities values for unhydrogenated oils (mPa s).

Temperature (�C) RSOa CSOb RROb

20 64.00 61.0 67.9
40 29.38 28.4 30.8
60 16.06 15.8 16.2
80 9.95 9.9 10.2
100 – 6.9 6.8

a Measured using a viscometer (see Section 3.4).
b Measured using a rheometer (see Section 3.4).

Table 6
Calculated saturation degree X (uncertainty based on iodine values repeatability).

Hydrogenation number RSO CSO RRO

#1 26.5% � 1.6% 13.3% � 1.5% 34.1% � 1.1%
#2 22.0% � 1.5% 16.8% � 2.3% 21.8% � 3.4%
#3 37.4% � 4.0% – 24.6% � 4.2%
#4 25.2% � 1.2% – –
#5 66.7% � 0.6% – –

Table 7
Model parameters for the reference oils optimized from viscosity measurements
(before hydrogenation).

Coefficient RSO CSO RRO

A0
0 �548.78 �293.84 �372.07

B0
0 20,824 13,675 16,129

C0
0 �90.555 �46.420 �59.726

D0
0 0.11091 0.0423 0.0614

Fig. 3. Experimental data and predicted viscosity values for unhydrogenated RSO.
p0 value and the saturation degree X for each hydrogenated
sample was determined from its respective iodine value (IV) (see
Eq. (16)). The X values are listed in Table 6.

IV ¼ 100
3p0MI2

MTAG
ð16Þ

where MI2 is the molecular weight of iodine.
Parameters A0

0 through D0
0 for the experimentally investigated

oils (see Table 7) were calculated using linear regression with MAT-

LAB 2016b; these data are listed in Table 4.
The experimental viscosity data for the unhydrogenated RSO is

compared with the values from the present model and the predic-
tion from Ceriani et al. in Fig. 3. Because A0

0 to D0
0 parameters were

regressed from these very data points; the present model (PM) per-
fectly fits the experimental trend, whereas the model of Ceriani
et al. (CM), which was only based on the equivalent TAG functional
groups, shows a 14% average relative deviation.

The same data and those obtained after hydrogenation tests
(RSO#1 and RRO#1) are shown respectively in Figs. 4 and 5 along
with the predictions from different models. The viscosity of RSO#1
oil is approximately 20% larger than that of RSO. In addition, the
average standard deviation with respect to the experimental vis-
cosity data are 18.2% for the model from Ceriani et al. and only
4.0% for the present model. Note that the viscosity values predicted
with both models for the hydrogenated oil are not plotted at low
temperatures for which partially saturated fat might be solid.

Table 8 shows the average relative deviations between the
experimental viscosity values (measured after each hydrogenation
from 60 to 100 �C) and the values predicted with the two models.

It follows that the mean average relative deviation is 3.7% for
the proposed model against 16.9% for Ceriani’s model.

The same approach was applied to the data of Morrison and
Robertson (1978), corresponding to high linoleic (HL) and high
oleic (HO) profile oils undergoing hydrogenation. Thanks to raw
and hydrogenated oil composition given in their study, the p0 val-
ues and saturation degrees Xwere determined to be 10.4% and 3.1%
for HL and HO, respectively. In this case, the present model could
be used to predict their viscosity data with relative deviations of
2.8% and 2.2% compared to 27% and 24% using Ceriani’s model,
respectively.

The present model can be used to predict the viscosity of a
given edible oil undergoing hydrogenation satisfactorily. Hence,
it can be implemented, for instance, in CFD code to account for
the evolution of transport properties during the reaction. This is
done in the next section, where it appears in the momentum
Table 5
Calculated values of p; p0 , and NC;TAG .

Variables RSO CSO RRO

p0 12.94 12.90 13.37
p00 1.477 1.484 1.290

NC;TAG 56.68 56.61 56.84

Fig. 4. Viscosity data for unhydrogenated RSO and RSO#1: comparison of exper-
imental measurements and predictions from the two models.



Fig. 5. Viscosity data for unhydrogenated RRO and RRO#1: comparison of
experimental measurements and predictions from the two models.
balance and diffusivity expression. This semi-predictive approach
can be applied to other group contribution models, such as those
developed by Ceriani and Meirelles (2004) for vapor pressure and
heat capacity of fatty compounds, and to the surface tension model
developed by Díaz-Tovar et al. (2011).
4. Viscosity prediction model applied to CFD simulation of oil
hydrogenation in a monolith reactor

4.1. Strategy

The development of a pre-design tool for predicting conversion
and selectivity results of monolith heat exchanger-reactors for
hydrogenation of edible (sunflower) oil is examined in this section.
These reactors include 1 to 4 mm diameter channels pierced in a
heat conductive metal scaffold, such as aluminum. It should be
recalled that some channels are dedicated to cooling the reactor
with a circulating thermal fluid, while others are dedicated to the
catalytic reactions by holding a few micron thin catalytic layer
on their walls. The latter channels are fed by gas-liquid distribu-
tors, such as spray nozzles, shower heads, or more sophisticated
devices, to get closer to a uniform phase distribution in the chan-
nels. As stated in Section 1, the reactive channels host a series of
bubbles and liquid slugs in the desired conditions, the so-called
Taylor flow or plug flow, which is known to enhance gas-liquid
mass transfer. The full problem is three-dimensional and is
strongly interwoven with coupled multiphysics phenomena
(hydrodynamics, mass and heat transfer, and a catalytic reaction).
Moreover, due to these complex relationships, the problem must
Table 8
Average relative deviations between experimental viscosity data and the values predicted

Hydrogenation RSO

number PMa CMb P

#1 4.0% 18.2% 3
#2 1.1% 15.1% 2
#3 1.9% 16.2%
#4 2.8% 18.1%
#5 7.1% 11.6%

a Present Model.
b Ceriani et al. Model.
be described at the catalytic layer, bubble, channel, and reactor
scales. In the case of edible oils, multiphysics coupling is rein-
forced, because the physical properties (viscosity and surface ten-
sion to a lesser extent) depend upon oil saturation level, as seen
previously. COMSOL MULTIPHYSICS

� software was selected for these
simulations as it allows a description of each phenomenon at the
right level of complexity. Although the hydrogenation reaction is
highly exothermic, the temperature in the reactive channels is
assumed to be uniform, assuming that the flowrate of the thermal
oil is large enough in the neighboring cooling channels and that the
wall of the monolith has high thermal conductivity (Durán
Martínez, 2017). The effect of an uneven gas and liquid distribution
can be then easily accounted for by combining the channel out-
flows fed with different gas and liquid flow rates. These two
assumptions facilitate a single channel approach.

4.1.1. General approach
The unit cell (UC) approach, which was inspired by prior studies

Fukagata et al. (2007) and Gupta et al. (2010), can be used to
describe Taylor flow in a cylindrical and vertical milli-channel
while neglecting end effects at the inlet and outlet of the capillary.
This represents the elementary pattern of the flow: a single bubble
surrounded by two liquid slug halves is considered in a reference
frame moving with the bubble. In this reference frame, the numer-
ical problem is non-stationary. Superficial gas and liquid velocities,
uGS and uLS, have been adjusted to ensure the system is in the Tay-
lor flow regime. Note that there is no flow pattern map available
for hydrogen and edible oil. Therefore, the inlet superficial gas
and liquid velocities uGS;0 and uLS;0 were defined using the
hydrogen-water flow diagram given by Haase et al. (2016). Bubble
deformation in a fully developed Taylor flow in mini- and
microchannels was discussed extensively in previous CFD studies
(Fukagata et al. (2007) and Gupta et al. (2009, 2010)). In this study,
the bubble is considered to have a constant and idealized shape,
which is relevant provided the capillary number Ca is sufficiently
low (O(10�3)) (Bretherton, 1961, Haase et al., 2016). Ca is defined
in Eq. (17), where rL is the surface tension and UB is the bubble
velocity.

Ca ¼ lLUB=rL ð17Þ
It has been verified that in these velocity conditions, the

deduced Ca numbers remain at the desired order of magnitude
(O(10�3)). The bubble can subsequently be described as a cylindri-
cal body with hemispheres at both ends (Durán Martínez et al.,
2016). A 2D-axisymmetric domain is used to represent the cylin-
drical channel with circular cross-section. Two-phase flow velocity
UTP (defined in Eq. (18)), bubble velocity UB, and Ca are related
through Eq. (19) from Bretherton (1961). Furthermore, Eq. (20)
defines the relation between the gas hold-up �G in the UC, uGS

and UB.

UTP ¼ uLS þ uGS ð18Þ
with the two models.

CSO RRO

Ma CMb PMa CMb

.4% 19.6% 2.4% 11.3%

.9% 18.3% 10.0% 19.1%
– – 3.2% 14.7%
– – – –
– – – –



UB � UTP

UB
¼ 1:29ð3CaÞ2=3 ð19Þ
uGS ¼ �GUB ð20Þ
The liquid film thickness is deduced from the relationship

developed by Aussillous and Quéré (2000):

df
dc

¼ 0:66Ca2=3

1þ 3:33Ca2=3
ð21Þ

Viscosity differences between gas and liquid result in a much
greater pressure gradient in the liquid than in the bubble. More-
over, shear stress can be neglected at the bubble surface (slip
boundary condition). At the considered temperatures, oil vaporiza-
tion is also negligible, and the bubble can be considered to be made
of hydrogen only. Consequently, the only equations to be solved
are those describing the liquid phase. Such an approach has been
validated by Durán Martínez et al. (2016).

In order to quantify the impact of changes in the oil physical
properties on conversion and selectivity of the hydrogenation reac-
tor, two different cases based on otherwise identical conditions
were investigated. The first case assumes that these properties
remain constant (Case 1A), while the second case accounts for their
evolution with saturation degree (Case 2A). These calculations
were applied to the previously studied refined sunflower oil
(RSO) with polyunsaturated (C18:2), monounsaturated (C18:1),
and saturated (C18:0) fatty acids. Thus, cis/trans isomerization
reactions are not accounted for here, as shown by the overall reac-
tion scheme given in Eq. (22). In addition, hydrogenation reactions
only take place at the channel wall, on which the catalytic wash-
coat is anchored. The inlet composition, physical properties, and
operating conditions are listed in Table 9.

C18 : 2 !þH2

ð2Þ
C18 : 1 !þH2

ð1Þ
C18 : 0 ð22Þ

As previously discussed, the temperature is assumed constant
along the reactor, and variations in the hydrogen pressure were
neglected. Changes in density and surface tension due to the reac-
tion were ignored (Topallar et al., 1995), while, in Case 2A, viscosity
was calculated analytically as a function of the local saturation
level using the developed model with the RSO coefficients avail-
able in Table 7.

Calculations were conducted for the liquid phase only, and the
bubble and UC volumes were assumed constant (Durán Martínez
et al., 2016; van Baten and Krishna, 2004). While the geometry
and thus the gas-liquid interfacial area remain unchanged during
the time-dependent calculations, the theoretical reduction in the
bubble volume (since hydrogen is consumed) is considered here
by updating the velocity at the wall UB. Mass flux leaving the bub-
ble is integrated with respect to time and �G is implicitly updated.
UB is then deduced from Eqs. (19) and (20). Note in that in Case 2A,
viscosity changes were considered when evaluating UB. Calcula-
tions were stopped when the implicit variable �G reached the min-
imum gas hold-up for Taylor flow conditions �G;mini, i.e., when the
bubble would theoretically be a sphere. This corresponded to a sat-
uration degree X approximately equal to 32%.
Table 9
Conditions of the simulations.

T (K) pH2
(bar,a) l0 (mPa.s) rL ðmN �m�1Þ qL ðk

373.15 30 6.7 25.4a 8

a Measurements gathered for RSO with a tensiometer (Krüss DSA100) from 20 to 78 �C
(2011).

b Measurements gathered for RSO with a densimeter (Anton Paar 4100M) at 100 �C.
Finally, the axial position of UC in the considered channel was
known when integrating UTP with respect to time.

4.1.2. Mathematical modeling
In both cases, the liquid flow is incompressible, laminar

(Re < 840), and upward. Hydrodynamic equations were solved
using COMSOL MULTIPHYSICS

� 5.4:
Continuity equation:

r � ðqLuÞ ¼ 0 ð23Þ
Momentum equation:

@qLu
@t

þ qLðu � rÞu ¼ �rP þr � ½lLðruþruTÞ� þ qLg ð24Þ

In Case 2A, the liquid viscosity lL is given in the previously dis-
cussed model and varies locally due to the concentration gradient.
Mass transport in the liquid phase accounts for the different chem-
ical species of interest i (see Eq. (25)): hydrogen (H2), PUFA (C18:2),
MUFA (C18:1), and SFA (C18:0).

@ci
@t

þr � ð�Di�oilrciÞ þ u � rci ¼ 0 ð25Þ

Regarding the diffusion coefficient of hydrogen in edible oil,
Fillion and Morsi (2000) proposed modifying the equation of
Wilke and Chang (1955) by optimizing the power exponent for
the viscosity (n1) and the solvent association parameter (H) using
available data from the literature (see Eq. (26)):

DH2�oil ¼ 1:858� 10�15ðHMoilÞ0:5T
ln1

L V0:6
A

ð26Þ

DTAG�oil ¼ AT
ln2

L

ð27Þ

where Moil is the molecular weight of the oil in kg/kmol, T is the
temperature in K, lL is the viscosity of the oil in Pa.s, and VA is
the molar volume of hydrogen at its boiling temperature
(0.0143 m3/kmol). H and n1 are the parameters optimized by
Fillion and Morsi (2000). In the present work, the authors used data
for diffusivity coefficients from the literature (Andersson et al.,
1974, Andersson and Berglin, 1982, Ganguli and Berg, 1978, Gut
et al., 1979), but more accurate viscosity values could be obtained
with the developed model. Indeed, this viscosity model was opti-
mized for the same type of oils used for the respective diffusivity
measurements, by taking complementary experimental data for
the fitting (Gupta et al., 2007, Ganguli and Berg, 1978,
Hasenhuettl, 2000). H and n1 were found to be 42 and 0.4,
respectively.

Fatty acids are combined in TAG molecules, whose diffusivity is
considered to take a fixed value, regardless of the content of C18:2,
C18:1, and C18:0 fatty acids. Therefore, a unique coefficient DTAG�oil

given in Eq. (27) applies to all. In this equation, A and n2 are param-
eters optimized using data given by Andersson et al. (1974) and
Gupta et al. (2007) as done for the hydrogen diffusivity. Their
respective values are 7:72� 10�16 and 1.2. Note that, in Case 2A,
DH2�oil and DTAG�oil are defined locally because lL is also defined
locally.
g �m�3Þ xC18:2;0 (% mol) xC18:1;0 (% mol) xC18:0;0 (% mol)

50b 60 30 10

, and extrapolation to 100 �C from a linear approximation following Díaz-Tovar et al.



Table 10
Unit cell geometry.

dc LUC;0 df �G;0

3 mm 40 mm 47 lm 60%
4.1.3. Boundary conditions
Hydrodynamics. The wall velocity is fixed to the bubble velocity,

which was calculated in the course of the reaction using Eq. (19)
and implicit evaluation of �G during calculation. Slip boundary con-
ditions were set at the gas-liquid interface. Periodic boundary con-
ditions were enforced for the velocity profiles, meaning the
velocity profiles are identical at the top and bottom boundaries.
A constant pressure difference is imposed between these bound-
aries (DP), whose value is determined using the open unit cell
method developed by Durán Martínez et al. (2016). The validity
of such an approach is discussed later.

Mass transfer. Regarding the hydrodynamics, periodic boundary
conditions are defined for the mass transport equation, causing the
concentration profiles to be the same at the inlet and outlet of UC.
A zero-flux condition is imposed for fatty acids at the bubble sur-
face due to their negligible vaporization. Dirichlet boundary condi-
tion are defined at this interface for hydrogen, where the dissolved
concentration is equal to the concentration at saturation (c�H2

)
given by Eq. (28) from Fillion et al. (2002). One should note that
the solubility of hydrogen in oil remained constant during hydro-
genation (Vibrans, 1935; Andersson et al., 1974):

c�H2
¼ 11:43e

�5000
RT pH2

ð28Þ
where pH2

is the gas pressure. Fluxes at the channel wall account for
hydrogen consumption and the reaction of the three fatty acids con-
sidered here. The catalyst washcoat is considered thin enough to
neglect any internal diffusion limitation in the layer depth, dc;
therefore, the catalytic layer is reduced to an equivalent active sur-
face in the model. Reaction fluxes at the wall /W;i are given in Eq.
(29), which accounts for the amount of catalyst per unit of wall sur-
face; ri is the consumption/production rate of H2, C18:2, C18:1, and
C18:0; qS is the apparent alumina density and wPd is the mass frac-
tion of palladium in the catalyst.

/W;i ¼ ridcqSwPd ð29Þ
Consumption/production rates of ri follow the overall reaction

scheme in Eq. (22) and are defined in Eqs. (30)–(33):

rH2 ¼ �ðr1 þ r2Þ ð30Þ

rC18:2 ¼ �r2 ð31Þ

rC18:1 ¼ r2 � r1 ð32Þ

rC18:0 ¼ r1 ð33Þ
where r1 and r2 are the reaction rates of consecutive hydrogenation
steps 2 and 1, respectively. These rates are described by kinetic laws
available in the literature (Fernández et al., 2007) for a Pd/c(N)-
Al2O3 type catalyst, as defined in Eqs. (34) and (35).

r2 ¼ k2hDhH ð34Þ

r1 ¼ k1hMhH ð35Þ
The constants k1 and k2 obey the Arrhenius equation (Fernández

et al., 2007). hD and hM are the fractional surface coverage of C18:2
and C18:1, respectively, on the catalyst surface. Fernández et al.
(2007) assumed that the number of vacant sites for triglycerides
was negligible, which results in unphysical values at high double
bond conversion (MUFA fractional coverage, hM , exceeding one).
Subsequently, the hD and hM expressions were modified by consid-
ering vacant sites. Arbitrarily setting the value of the adsorption
constant of C18:1 KM to 1 in their expression adds a unity term
to the denominator (this term remains negligible at high concen-
trations of unsaturated fatty acids, but it provides mathematical
coherence at low concentrations; see Eqs. (36) and (37)).
hD ¼ 2CC18:2

1þ 2CC18:2 þ CC18:1 þ KS=KM:CC18:0
ð36Þ

hM ¼ CC18:1

1þ 2CC18:2 þ CC18:1 þ KS=KM:CC18:0
ð37Þ

hH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KHCH2

p
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KHCH2

p ð38Þ

Fractional surface coverage for H2 hH is based on dissociative
adsorption of hydrogen (see Eq. (38)). hD; hM , and hH are functions
of the local concentrations in the catalyst pores.

4.1.4. Useful deduced parameters
The molar flow rate of transferred hydrogen UB;H2 at the bubble

interface is determined from the integral of the diffusive flux over
the overall gas-liquid surface using Eq. (39). The molar flow rate of
any fatty acid at the wall is given by Eq. (40) (where FAi is C18:2,
C18:1, or C18:0).

UB;H2 ¼
ZZ

bubble
� DH2�oilð@cH2

@z
� nz þ @cH2

@r
� nrÞdSB ð39Þ

UW;FAi
¼

ZZ
wall

� DTAG�oilð@cFAi

@z
� nz þ @cFAi

@r
� nrÞdSW ð40Þ

The volume averaged concentration of a given chemical species
ci;overall is shown in Eq. (41).

ci;overall ¼
RRR

VL
cidVRRR

VL
dV

ð41Þ

The overall volumetric gas-liquid mass transfer coefficients
kGLaGL are calculated using Eq. (42).

kGLaGL ¼ UB;H2

c�H2
� cH2 ;overall

1
VUC

ð42Þ

The overall volumetric liquid-solid mass transfer coefficients
are defined in Eq. (43).

kLSaLS ¼ UW ;FAi

cFAi ;overall � cFAi ;wall

1
VUC

ð43Þ

These calculated mass transfer coefficients can be compared
with the correlations established by van Baten and Krishna
(2004) for kGLaGL and Hatziantoniou and Andersson (1982) for
kLSaLS, shown in Eqs. (44)–(46). Geometric characteristics RB (bub-
ble radius), LUC (unit cell length), Lf (lubrification film length), and
dc (channel diameter) are given or deduced from Table 10. ReL is
the liquid Reynolds number (Eq. (47)) and ScL is the Schmidt num-
ber for triglycerides (Eq. (48)). Note that average values for diffu-
sivity and viscosity were used in Case 2A.

kGL ¼ 2
ffiffiffi
2

p

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DH2�oilUB

dc

s
ð44Þ

aGL ¼ 4pR2
B þ 2pRBLf

pðdc=2Þ2LUC;0
ð45Þ

kLSaLS ¼ 3:51Re0:446L Sc0:441L
LUC
dc

� ��0:449 LUC � Lf
dc

� ��0:087

ð46Þ



ReL ¼ qLdcuLS

lL
ð47Þ
ScL ¼ lL

qLDTAG�oil
ð48Þ
Fig. 6. Meshing convergence: final traveled distance zf as a function of cell number
for Case 1A.
4.1.5. Geometry, meshing, and numerical parameters
As previously discussed, the geometry of the bubble consists of

a cylindrical body with hemispheres at both ends, which was
inspired by van Baten and Krishna (2004). The liquid film thickness
df is calculated using Eq. (21) for a given cylindrical channel diam-
eter dc and the liquid properties (Table 9). These values are given
along with the inlet values of the gas hold-up �G;0, and length of
the UC LUC;0, in Table 10.

Note that the latter parameter cannot be determined a priori as
it depends on the channel feeding technology. A realistic order of
magnitude was chosen in this study.

Special care must be taken to ensure appropriate meshing res-
olution in the CFD simulation for Taylor flow, especially near the
wall and at the gas-liquid interface, where the velocity and radial
concentration gradients are localized (in particular in the liquid
lubricating film). Moreover, a high Peclet number due to very
low TAG diffusivity (O(10�10 m2 s�1), see Eq. (27)) and high axial
velocity near the wall may create resolution instabilities, hence
the axial mesh distribution must be adequate as well. A poor mesh-
ing resolution could indeed inhibit an accurate description of the
velocity and concentration fields (Gupta et al., 2009; Durán
Martínez et al., 2016).

Free triangular meshing was used near the bubble hemispheres,
while mapped meshing was applied in the film and slugs; finally,
boundary layer meshing was defined at the wall and gas-liquid
interface (see Fig. 7). The meshing distribution was adjustable in
mapped cell domains, maximal and minimal element sizes in the
free cell domains, and at boundaries. Furthermore, in order to
obtain accurate results, a quadratic polynomial approximation
was used for the velocity calculation, and a linear function was
used for pressure calculation. A cubic polynomial was used for con-
centration field processing. The relative tolerance was set to 10�3.
A sensitive study of the mesh size was conducted to ensure the cor-
rect resolution was used. Time-dependent simulations were per-
formed at constant viscosity (hence constant diffusivities) until
the stop criterion was met. The final composition and total traveled
distance zf (found by time integration of UTP) for different meshing
sizes were compared. The results are listed in Table 11; these val-
ues were obtained with a PC running Windows 10 64 bit (Intel
Xeon CPU W-2123 @ 3.60 GHz, 128 GB-RAM).

As a convergence plateau is nearly reached (0.5% relative differ-
ence between Meshes #4 and #5, see Fig. 6), and as memory, com-
putation time, and accuracy imply some compromises, meshes
with 433,533 cells were used thereafter (Mesh #5, shown in
Fig. 7). As a comparison, 72,890 elements (van Baten and
Krishna, 2004) and 77,318 elements (Durán Martínez et al., 2016)
were used in previous studies.
Table 11
Mesh characteristics for sensitivity analysis.

Total cell number xC18:2

#1 21,597 40.4
#2 55,512 40.4
#3 190,170 40.5
#3 280,289 40.5
#5 433,533 40.5
4.2. Results and discussions

4.2.1. Approach assessment
Hydrodynamics description of the flow for Case 1A. A hydrody-

namics description in Taylor flow conditions was studied by
Durán Martínez et al. (2016). The same characteristics were
observed in this study: Hagen-Poseuille flow is retrieved in the
major part of the liquid slug, while the condition for formation of
velocity vortices (described in the literature for Ca < 0:5) is met
(see Fig. 8). Inversion of the velocity profile between the slug and
film is noticeable; such a phenomenon was documented in various
papers (Durán Martínez et al., 2016; Abiev, 2011).

Slip boundary condition at the gas-liquid interface induces a
low shear stress in the liquid film. Due to gas consumption, UB

slows down during the calculation, which has a direct impact on
the hydrodynamics of the slug and film (see Fig. 9), as well as on
the traveling speed of the UC (see Fig. 10).

As UB varies as the bubble travels in channel, DP should also
vary. In the literature, a constant value of DP is often used (van
Baten and Krishna, 2004, DuránMartínez, 2017). However, the sen-
sibility of the DP results was investigated in this study for two dif-
ferent values: �400 Pa (from the open UC calculation, i.e., without
the periodic condition, see Durán Martínez et al. (2016)) and 0 Pa.
Hagen-Poiseuille flow in the liquid slug does not seem to be
impacted, yet shear stress in the liquid film is reduced in the null
pressure difference case, resulting in a 5.5% longer travel distance
zf . However, no variation in the outlet composition was observed
compared to the DP ¼ �400 Pa case. As stated later, this difference
is rather small compared to that from Case 2A (accounting for vis-
cosity evolution); therefore, a constant pressure difference of
�400 Pa was used in the rest of the study.
xC18:1 xC18:0 Xf zf

21.8 37.8 31.6 831
21.8 37.8 31.6 844
21.7 37.8 31.5 854
21.7 37.8 31.5 858
21.6 37.8 31.5 862
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Fig. 7. Mesh #5, zoomed into the junction between mapped quadrangle and free triangle domains: bubble cap - liquid slug (A1-A2), and bubble cap - liquid film (B).
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Fig. 8. PUFA concentration field and streamlines at the bubble top (left) and rear (right) for z ¼ 0:45zf , Case 1A.
Concentration field and reaction yield for Case 1A. Concentration
fields for PUFA fatty acids at the mid-channel UC position
(z ¼ 0:45zf ) are given in Fig. 8. Due to consumption of these species
by the chemical reaction at the wall, sharp C18:2 concentration
contrasts are noticeable between the near-wall regions and the
rest of the liquid.

Mass transfer characteristics for Case 1A. A distinction must be
made between the near-wall mass boundary layer and the rest of
the liquid. Three consecutive zones can be distinguished when
looking at the average concentrations of fatty acids at the wall
(r ¼ RC) (see Fig. 11):

1. C18:2 fatty acid initially present at the wall is quickly con-
sumed and the C18:1 fatty acid concentration increases. This
is due to the higher hydrogenation rate for PUFA compared to
MUFA (yielding SFA). Hydrogen supply at the wall quickly
becomes the limiting phenomenon. The end of this zone occurs
when the average concentration of MUFA peaks, which occurs
very soon at z1 ¼ 0:04zf .

2. PUFA concentration near wall tends to zero while the MUFA
concentration peaks, thus hydrogenation to SFA dominates.
The MUFA concentration drops at the wall while the hydrogen
concentration increases slowly, indicating the hydrogen supply
is not limiting, in contrast to the previous zone.

3. In turn, the MUFA concentration tends to zero at position
z2 ¼ 0:45zf . Diffusion of unsaturated fatty acids at the wall
becomes the limiting step and the SFA concentration at the wall
plateaus. Consequently, the hydrogen concentration at the wall
and in the rest of liquid increases sharply (as observed in the H2

concentration field for z > z2).



Fig. 9. Axial velocity profiles along the channel radius at the inlet and outlet of the channel in Case 1A: Hagen-Poiseuille in half-slug (A) and lubrication film (B). Reference
frame moving with the bubble, where the wall velocity is equal to �UB.

Fig. 10. Saturation degree X as a function of the UC position z for Case 1A, where UB is updated during calculation (—), UB constant (- -).
Thus, the PUFA hydrogenation rate is high, and the initially
available C18:2 fatty acids at the wall are quickly consumed,
resulting in a sharp gradient near the wall, as shown in Fig. 12.
The C18:2 fatty acids present in the rest of the liquid slug supply
the reaction to some extent as the slug vortex which enables PUFA
present at the channel center to reach the near-wall region. The
connection between these two areas is made through the top
and rear of the bubble, as shown in Fig. 8. Conversely, the vortex
center, which is a small liquid slug volume wedged between the
center of the channel and the near-wall concentration gradient,
remains at constant concentration throughout the channel due to
the low shear rate and very low TAG diffusivity (the final PUFA
concentration plateau remains equal to the initial concentration
for r=RC 2 ½0:55;0:8� in Fig. 12). This latter region is primarily
diffusion-dominated (species diffuse perpendicular to the stream-
lines), and the common assumption that liquid slugs are well-
mixed regions is refuted (Rhines and Young, 1983; Young et al.,
1989; Yang et al., 2017; Nirmal et al., 2019; Butler et al., 2016).
Accordingly, C18:2 consumption at the entrance of the channel
induces an increase in C18:1 concentration at the wall because the
hydrogenation rate of PUFA is greater than that of MUFA (Fig. 12).
This results in a slightly higher than initial C18:1 concentration in
the channel center thanks to the slug vortex until a given C18:2
depletion threshold is reached. Freshly produced C18:1 fatty acids
are subsequently hydrogenated into saturated C18:0 fatty acids.
The radial PUFA and MUFA concentration profiles eventually exhi-
bit the same characteristics.

It is shown that the transfer limitation of TAG from the bulk liq-
uid to the wall appears quickly, resulting in a low C18:1 concentra-
tion at the outlet (see xC18:1 molar fraction in Table 11 for Mesh #5).

Impact of the viscosity evolution in Cases 1A and 2A. Case 2A uses
the same geometry and meshing characteristics as in Case 1A.
While the initial diffusivity coefficients and viscosity are identical
in both cases, Case 2A accounts for changes in viscosity (and there-
fore in diffusivities) due to the increased saturation degree along
the channel, with the help of the developed viscosity model.



Fig. 11. Average FA and hydrogen concentrations at the wall as a function of the
relative UC position z=zf for Case 1A: C18:2 (red), C18:1 (green), C18:0 (blue), H2

(yellow dashes - second axis). Coordinates z1=zf (� � �) and z2=zf (- -) represented. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 12
Distribution of fatty acids at the outlet, saturation degree, and total channel length in
Cases 1A and 2A.

Case number xC18:2 xC18:1 xC18:0 Xf
a zf

1A 40.5 21.6 37.8 31.5 862
2A 40.8 21.4 37.8 31.4 1254

a The small variation in Xf is due to a different dissolved hydrogen quantity in the
liquid (different concentration fields) at zf .

Table 13
Changes in viscosity and diffusivity coefficient between the inlet and outlet of the
channel in Case 2A.

Physical properties Inlet ðz ¼ 0Þ Outlet ðz ¼ zf Þ
lL;ave (mPa s) 6.7 8.3
lL;min (mPa s) – 6.7
lL;max (mPa s) – 12.2

DH2�oil;ave (m2 s�1) 1:26� 10�8 1:17� 10�8

DH2�oil;min (m2 s�1) – 9:95� 10�9

DH2�oil;max (m2 s�1) – 1:26� 10�8

DTAG�oil;ave (m2 s�1) 1:16� 10�10 9:54� 10�11

DTAG�oil;min (m2 s�1) – 5:70� 10�11

DTAG�oil;max (m2 s�1) – 1:16� 10�10
The distribution of fatty acids at the outlet, total channel length
zf , and final saturation degree Xf for Cases 1A and 2A are compared
in Table 12. While fatty acid fractions are only slightly impacted
with slightly lower MUFA fraction in Case 2A, the total channel
length zf is 45% longer.

Table 13 shows the average diffusivities and viscosity, as well as
their minimal and maximal values in the liquid, between the inlet
and the outlet of the channel for Case 2A. It can be observed that
the average viscosity increases by 23%, while the hydrogen and
TAG diffusivities decrease by 7% and 18%, respectively.

Fig. 13 shows the saturation degree field in the outlet liquid. As
expected, saturation is high near the wall where the reactions
occur. This induces a viscosity gradient, which affects the velocity
in the slug and in the film compared to Case 1A (see Fig. 14). A
slight deviation from the Hagen-Poiseuille velocity is noticeable
in the slug, while high viscosity in the film reduces the shear rate.
Note that DP in Case 2A is chosen constant and equal to that in
Case 1A (�400 Pa).

In addition, the high values of viscosity near the wall generate
low values of diffusivities in that region, hindering fresh reactants
Fig. 12. Half-slug radial distribution of C18:2 (in red) and C18:1 (in green) concentratio
(For interpretation of the references to color in this figure legend, the reader is referred
in the bulk from reaching the wall, and inhibiting newly produced
species from reaching the slug. This increases mass transfer limita-
tion effects, thus inducing a longer required channel length to
reach a similar reaction yield.

As presented for Case 1A in Fig. 11, Fig. 15 displays average con-
centrations at the wall for fatty acids along the length of the chan-
nel. Case 2A shows the same characteristic zones as described in
Case 1A, however second and third zones appear earlier (Table 14).
These limitations are due to reduced TAG diffusivity and higher
viscosity, especially near the wall. Note that the transport of PUFA
and MUFA are similarly affected because they share the same dif-
fusivity within TAG. Subsequently, the distribution of fatty acids at
the outlet is nearly identical in Cases 1A and 2A, as was previously
mentioned (see Table 12).
ns: z ¼ 0 (—), z ¼ z1 ¼ 0:04zf (� � �), z ¼ 0:25zf (- -), z ¼ z2 ¼ 0:45zf (– –), z ¼ zf (- � -).
to the web version of this article.)



Fig. 13. Saturation degree X field and streamlines at the bubble top (left) and rear (right) for z ¼ zf in Case 2A.

Fig. 14. Axial velocity profiles for Cases 1A and 2A at their respective zf : Half-slug (A) and lubrication film (B). Reference frame moving with the bubble, where the wall
velocity is equal to �UB .

Fig. 15. Average FA and hydrogen concentrations at the wall as a function of the
relative UC position z=zf for in Case 2A: C18:2 (red), C18:1 (green), C18:0 (blue), H2

(yellow dashes - second axis). Coordinates z1=zf (� � �) and z2=zf (- -) represented. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
The mass transport of species between the gas and liquid slug,
and the slug and lubrication film, are crucial points determining
hydrogenation in Taylor flow.

The volumetric gas-liquid mass transfer coefficient kGLaGL can be
estimated with Eq. (42) and the correlation from van Baten and
Krishna (2004) established from CFD simulations (Eqs. (44) and
(45)). Both estimates are in good agreement until the regime where
PUFA and MUFA transfer becomes limited at the wall (third zone).
Conversely, when the hydrogen concentration increases at the wall
and in the liquid bulk, the simulation shows a drop in kGLaGL in
Cases 1A and 2A (Fig. 16), resulting in 38% and 58% relative differ-
ences at the outlet, respectively, when compared to van Baten and
Krishna (2004) correlation. It should be recalled that only the vari-
ation in kGL was accounted for in the simulation.

Fig. 17 shows the volumetric liquid-solid mass transfer coeffi-
cient kLSaLS evaluated for C18:2 fatty acid in Cases 1A and 2A using
Eq. (43). Note that this coefficient is a local parameter and can
evolve along the channel together with concentration, reaction
rate, and unit cell volume. The coefficient kLSaLS in Taylor flow is
also evaluated using the correlation of Hatziantoniou and
Andersson (1982) determined from dissolution experiments (see



Fig. 16. Gas-liquid mass transfer coefficient kGLaGL for Cases 1A and 2A calculated
using Eq. (42) and estimated with the correlation of van Baten and Krishna (2004).

Table 14
Location of regime transition in Cases 1A and 2A.

Case 1A Case 2A

z1 30 mm (0:04zf ) 26 mm (0:02zf )
z2 388 mm (0:45zf ) 278 mm (0:22zf )
Eq. (46)), in which the possible effects of the reaction are absent. As
expected, kLSaLS drops faster along the channel in Case 2A than in
Case 1A due to changes in viscosity and diffusivity, leading to a
37% relative difference in the coefficient values at the outlet
between the two cases. The values obtained with the aforemen-
tioned correlation (Hatziantoniou and Andersson, 1982) are identi-
cal in both cases. At the entrance, where gradients at the wall have
not yet been established, the values determined with the correla-
tion and numerical simulation are of the same order of magnitude,
while at the outlet of the channel, the correlation clearly overesti-
mates kLSaLS by a factor 12 and 19 in Cases 1A and 2A, respectively.
Fig. 17. Liquid-solid mass transfer coefficient kLSaLS for Cases 1A and 2A calculated using
Such an observation was already reported in the literature (Durán
Martínez, 2017).

Sensitivity of the TAG diffusion coefficient. The clear limitation in
TAG transfer at the channel wall is evidence of very low diffusion
coefficient values. This situation worsens when taking into account
viscosity changes. Considering possible uncertainties in TAG diffu-
sivity found in the literature (with values varying by a factor 5 (Gut
et al., 1979, 1974)), a sensitivity study on this parameter was con-
ducted by repeating the simulations for Cases 1A and 2A with
DTAG�oil increased by a factor of 5. These two new Cases are noted
1B (no viscosity evolution) and 2B (viscosity evolution).

Table 15 shows the outlet average composition and physical
properties in Cases 1A and 1B, then in Cases 2A and 2B. The influ-
ence of the TAG diffusion coefficient on composition and channel
length is evident: zf decreases by 40% between Cases 1A and 1B
and by 35% between Cases 2A and 2B. The distribution of fatty
acids is clearly affected by the diffusivity increase, which leads to
a greater MUFA molar fraction at the outlet.

When looking at the average PUFA and MUFA molar concentra-
tions at the wall in all cases (Fig. 18 (B)), the third zone described in
Case 1A is never reached in Cases 1B and 2B. However, the TAG
transfer limitation can still be seen in both cases because the MUFA
peak concentration is seen at the wall (see a comparison of Figs. 18
(A) and (B)), meaning that PUFA transfer to the wall still hinders
the reaction.

The evolution of kGLaGL in Cases 1B and 2B is shown in Fig. 19.
Because the third zone is never reached here, the decreases noticed
in Cases 1A and 2A (Fig. 16) are absent, leading to only 19% and 13%
of relative deviation from the correlation given by van Baten and
Krishna (2004).

The volumetric liquid-solid mass transfer coefficient in Case 1B
is one order of magnitude larger than that in Case 1A (Figs. 17 and
20). Furthermore, kLSaLS at the outlet is 71% lower in Case 2B than
in Case 1B, meaning that the influence of the viscosity evolution on
the liquid-solid mass transfer coefficient is stronger than in Cases
1A and 2A. Nevertheless, because the TAG transfer to the wall is
less limiting in Cases 1B and 2B (zone 3 is never reached), the sharp
decrease in kLSaLS in the latter two cases only has a moderate
impact on the final fatty acid composition.

Finally, Fig. 21 shows the evolution of PUFA and MUFA molar
fractions versus saturation degree X for all considered cases and
an ideal scenario neglecting both external and intraparticular
mass transfer limitations. In this case, the evolution of the species
was solved by assuming a plug flow behavior with uniform
Eq. (43) and estimated with the correlation of Hatziantoniou and Andersson (1982).



Fig. 18. Average C18:2 and C18:1 M concentrations in the bulk (A) and at the wall (B) as a function of the relative UC position z=zf for all cases: C18:2 (red), C18:1 (green),
Case 1A (—), Case 2A (– –), Case 1B (- � -), and Case 2B (� � �). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 19. Gas-liquid mass transfer coefficient kGLaGL in Cases 1B and 2B calculated
using Eq. (42) and estimated with the correlation of van Baten and Krishna (2004).

Fig. 20. Liquid-solid mass transfer coefficient kLSaLS for Cases 1B and 2B calculated
using Eq. (43) and estimated with the correlation of Hatziantoniou and Andersson
(1982).

Table 15
Physical properties, composition at the outlet, and channel length comparison for Cases 1A, 2A, 1B, and 2B.

Case 1A 1B 2A 2B

lL;ave (mPa s) 6.7 6.7 8.3 8.3
DH2�oil;ave (m2 s�1) 1:26� 10�8 1:26� 10�8 1:17� 10�8 1:17� 10�8

DTAG�oil;ave (m2 s�1) 1:16� 10�10 5:81� 10�10 9:54� 10�11 4:71� 10�10

xC18:2 (% mol) 40.5 33.9 40.8 35.7
xC18:1 (% mol) 21.6 32.0 21.4 30.5
xC18:0 (% mol) 37.8 32.1 37.8 33.9

Xf
a (%) 31.5 32.1 31.4 32.1

zf (mm) 862 520 1254 562

a The small variation of Xf is due to different dissolved hydrogen content in the liquid (different concentration fields) at zf .



Fig. 21. Overall C18:2 and C18:1 M fractions in the UC as a function of the overall saturation degree X for all cases: C18:2 (red), C18:1 (green), Ideal Case (=), Case 1A (—), Case
2A (– –), Case 1B (- � -), and Case 2B (� � �). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
concentrations of TAG and H2 (taken at saturation) from the liq-
uid bulk to the wall in each successive unit cell. One should notice
that in Cases 1A and 2A, the fatty acid fractions step quickly away
from the best values expected from the ideal case. In contrast,
Cases 1B and 2B match these values on a longer distance. The
mass transfer limitation in TAG at the wall clearly hinders the
selectivity of the Taylor flow for this consecutive reaction
scheme. The question might arise if these resistances can be
ignored in any pilot-scale three-phase reactor, or even for differ-
ent slurries.
5. Conclusion and perspectives

In this work, a new model for predicting edible oil viscosity as a
function of its saturation degree was developed and implemented
in an edible oil hydrogenation CFD model in a monolith-type
hydrogenation reactor. This was used to evaluate the influence of
viscosity and diffusivity changes along the catalytic channels. In
the case of hydrogenation of edible oils, the diffusivity of triglyc-
erides (TAG) is up to two orders of magnitude lower than that of
hydrogen, and the selectivity of monolith reactors clearly appears
to decrease compared to the ideal plug flow behavior for the cho-
sen operating conditions. This is explained by considering imper-
fect mixing within the liquid phase, where concentration
gradients are no longer restricted to the vicinity of the catalytic
wall where the unsaturated fatty acids are converted. Because
the TAG transformation is driven by diffusion limitations, it is para-
mount to account for viscosity changes due to progressive oil sat-
uration. The general approach in this study can be used to evaluate
monolith type reactor performances.

The accuracy of the simulations could be improved by account-
ing for the evolution of the gas-liquid interface area along the
channel due to the bubble reduction through gas consumption. A
moving mesh approach for describing this phenomenon is cur-
rently being studied.
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