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ABSTRACT

The pressure drop in a microchannel Fischer-Tropsch reactor was investigated by means of a fluid dynamics model de-
veloped by the authors. The developed model takes into account roughness of the microchannel wall induced by cata-
lyst particle deposition on the surface of the microchannel. The presented simulation procedure takes into account the
variation of the synthesis product composition and the variation of thermal properties of the liquid and gas phases along
the microchannel length as functions of pressure, temperature, conversion rate and chain growth coefficient. Liquid and
gaseous products down flow are modeled in the annular flow approximation. The obtained results are presented for two
general types of microchannels, i.e. for rough-walled and for smooth-walled microchannels. It is shown that fluid dy-
namics in rough-walled and smooth-walled microchannels are dramatically different. It is established that a mean criti-
cal diameter can be introduced. The microchannels with diameter below the mean critical value can experience opera-

tion difficulty due to by high aerodynamic resistance or can even become completely flooded.
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1. Introduction

The Fischer-Tropsch synthesis is a key step in the proc-
ess of synthetic crude production from natural gas or
other carbon-containing feedstock. The chemistry of the
process includes conversion of syngas (CO and H, mix-
ture) into hydrocarbons over Co metal or Fe metal cata-
lyst. The molecular mass distribution of produced hy-
drocarbons obeys Anderson-Schulz-Flory law [1]. The
maximum of the distribution is determined by chain
growth coefficient o, . For higher value of o, the
heavier hydrocarbons dominate the product. It is attrac-
tive to run the Fischer-Tropsch reaction at a.; ~0.8,
which gives the molecular mass distribution close to that
of diesel fuel.

Currently are realized two types of Fischer-Tropsch
reactors in industrial practice, namely slurry-bed reactors
and fixed-bed reactors. Both types of the reactors possess
certain advantages and drawbacks related with thermal
stability, diffusion limitations and aerodynamic resis-
tance.
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The recent successes in microchannel fabrication tech-
nologies have led to very active research and develop-
ment of microchannel systems for Fischer-Tropsch syn-
thesis as a challenge to conventional slurry-bed and
fixed-bed reactors [2-6]. Cobalt catalyst microparticles of
50 - 300 um size get deposited on the inner surface of a
microchannel thus forming a randomly roughed inner
surface. Such micro reactors promise easy transport of
syngas to catalyst surface and excellent heat removal
conditions. The efficiency of a microchannel system in-
creases with decrease in the microchannel diameter.
However, the hydrodynamic resistance can ruin the re-
actor operation even at very good diffusion and hat re-
moval efficiencies. The importance of hydrodynamic
resistance cannot be overestimated. It is difficult, how-
ever, to estimate this value.

Indeed, experimental measurements must be carried
out with the use of gas-liquid mixtures of proper compo-
sition, which changes along the channel, otherwise the
results cannot be corrected. The computational methods
available in literature are good for modeling flow in
smooth channel, without taking into account evolution of
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properties and composition along the channel [7-9]. It is
necessary to note that hydrodynamics of smooth-walled
and rough-walled channels can be dramatically different
even for laminar flow. Another important factor is that
literature computational methods suggest that gas flow
and liquid film flow are considered as independent,
which results in substantial error in liquid film thickness
value [10].

This work is devoted to investigation of hydrodynamic
resistance in microchannel Fischer-Tropsch reactors and
its influence on the reactor operation. Theoretical model
was published in our previous work [11], where conju-
gated flow of gaseous and liquid Fischer-Tropsch prod-
ucts of variable composition was considered. The gase-
ous and liquid flows were modeled in annular flow ap-
proximation, while inertia, surface tension and hydrody-
namic interaction of phases at interphase boundary are
taken into account. Presented work models the randomly
roughed internal surface of microchannels in accordance
with the technology of catalyst microparticles deposition.
The difference in modeling of smooth-walled and
rough-walled channels is investigated. The dependencies
of hydrodynamic resistance on syngas flow rate, chain
growth coefficient o, conversion rate, temperature
and pressure are modeled. The limitations of microreac-
tor operation are studied, up to determination of condi-
tions for complete flooding of a microchannel.

2. Formulation of the Problem. The Basic
Equations

It is consider a vertical cylindrical microchannel. Proce-
dure of numerical generation a random surface inside the
ceramic microchannel is carried out in accordance with
the technical method of coating the channel walls by
catalyst microparticles. It is selected the average number
of spherical particles per unit length of the microchannel.
For cylindrical coordinate system microparticles are mo-
deled as random rings located on the perimeter of the
cylinder. The distance between the micro inclusions and
the height of the roughness are also independent random
variables. The number of particles is recalculated in order
to preserve a given volume fraction of particulate catalyst
inside the microchannel. VVolume fraction of cobalt parti-
cles is in the range 20% - 30%.

Figure 1 illustrates sketch of an element of the chan-
nel with random roughness and with a liquid film. The
liquid film flows down along inner surface of a cylindri-
cal microchannel, and the gas moves inside a cylinder of
liquid formed by the outer surface of the film. Film ve-
locity is determined by the force of gravity and shear
stresses on the gas-liquid interface boundary. Shear stress
at the gas-liquid boundary depends on the thickness and
diameter of the gas stream. The pressure gradient in the
channel is determined by the combined flow of the liquid
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Solid microchannel Liquid film

Cobalt inclusion

Figure 1. Element of a microchannel with roughness formed
by sedimentation of cobalt microparticles at walls of the
channel and liquid film.

and gas, and can be found only by solving the conjugate
problem, which taking into account the wvelocity and
shear stress at the gas-liquid interface boundary.

A random micro inclusion inside the channel causes a
significant change in film thickness, which leads to the
appearance of capillary effects. The capillary forces are
making a significant contribution to the dynamics of the
liquid film and influence on the pressure drop in the mi-
crochannel. All of these complicating factors must be
taken into account when developing of annular flow
model of synthesis liquid and gaseous products in a mi-
crochannel. Taking into account the low rate of catalytic
reactions, the thermodynamic parameters and thermo-
physical properties of liquid and gaseous products are
calculated for the equilibrium case. Modeling of the lig-
uid film and gas hydrodynamics is based on the balance
equations of axial momentum components [12]. Taking
into account the viscous shear stress at the gas-liquid
interface boundary and surface tension force, and inte-
grate the Navier-Stokes equations over the cross section
of the microchannel, one can derive the system of mo-
mentum balance equations for liquid and gaseous prod-
ucts [11]

R,
2—171666; +§prj'fu$rdr
=R°TW—Rfog+ Z_Rg(pfg+0'fg63—R;—diJ
OX dx
1)
iﬁ-ﬁ-gp}fuzrdr:R T +R—?(pg—diJ
2n ot ox' Py U2\ dx )
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Here uy, u, are liquids film and gas axial components
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of velocities, g is gravitational acceleration, Q;,Q,
are mass flow rate of liquid and gaseous synthetic
products, x is axial coordinate, R,, R, are radii of the
outer surface of the film and the inner surface of the
random channel, o, is coefficient of surface tension at
gas-liquid interphase boundary, 7,7, are viscous
stresses at gas-liquid interphase boundary and at solid
wall of the microchannel, p, o, are densities of liquid
and gaseous mixtures, B, is pressure in the gaseous
phase, the coordinate system and direction of movement
of liquid and gaseous products are shown in Figure 2.

The system of Equations (1), (2) describes the hydro-
dynamics of liquid and gas in the annular flow approxi-
mation. Calculation of shear stresses at the gas-liquid
interface boundary and at the solid wall of the channel
require the approximation of liquid and gas velocities in
the channel. Assumption about thermodynamic equilib-
rium leads to the dependence of mass flow rates of liquid
and gaseous products on conversion rate of carbon diox-
ide Kco.

The distribution of velocity in the liquid film flowing
on a cylindrical surface is approximated by the expres-

sion
r) by r
Uf (r)=af IH{EJ'F?(].—R—OZJ (3)

Fluid velocity (3) turns to zero on the solid surface of
the channel. The parameters a, and b, related to
fluid flow rate and shear stress between gas and liquid at
the interphase boundary

G J,b R7b
— = —Jlaf,ng :g_f(af _L]. (4)

2np; 2 f R

Here coefficients J, and J, depend on the radii of
the channel and liquid-gas interface boundary

2 R2) RZ (R rR2( RZY
J1=R—° 1 I-— [+ —pIn| =2 ||, =—{1-— | .
2127 R?| RZ (R 4|7 R

0, Q, liquid film

Solid wall

Figure 2. Coordinate frame, mass flow rates of liquid and
gaseous products, radii of liquid film and an internal sur-
face of rough-walled channel.
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From (3) and (4) an expression for the difference be-
tween shear stresses in Equation (1) it is follows

RZ
f
Rz, —Ri7yy =—nb; Ll_?J : ®)

Velocity (3) distribution of gaseous mixture flowing
within the cylinder bounded by the surface of the liquid
film is approximated as

b, r2
Uy =8, ———. (6)

2 R
Equation (6) satisfies the symmetry condition at the
center of a cylindrical channel. The distribution parame-
ters a, and b, in (6) are associated with mass flow of
gaseous products and the gas velocity at the gas-liquid
interface boundary uy,

G, " R? b
i_g: Jugrdr :_f[ag __g]] )
2np b 2 4

b,

_ 9
Uy =2, 5 (8)
The expression for the shear stress at the gas-liquid
interface boundary from the gas side follows from the
velocity distribution (6)
bg
ng = _779 R_f (9)

The terms describing the inertial effects in the liquid (1)
and gas (2) equations, are modeled as follows

) R oS,
—p2n | uirdr= pU? —, 10
axpf R{ f PrV s ox (10)
R¢
0 2 _ 2 aSg
apQZTE.!ugrdr—nggg. (11)

Here S, :n(Rf—Rf) is area of liquid film cross
section, U, =G, /p S, is mean velocity of liquid,
S,=nR{ is area of the gas cross section, and
U, =G, /,ogSg is mean velocity of the gas.

Coupled hydrodynamics of liquid and gaseous pro-
ducts of the synthesis is described by the closed system
of Equations (1)-(11).

3. Calculation Results

The composition of the synthesis products is modeled as
paraffin hydrocarbons. The product distribution of hy-
drocarbons is described by the Anderson-Schulz-Flory
formula [1]. Calculations of thermodynamic equilibrium
in hydrocarbon mixtures in liquid and vapor phases and
thermophysical properties of paraffins composition are
realized on the methods outlined by the authors [13,14].

WM



I.V.DEREVICH ET AL 295

Figure 3 presents mass fraction of liquid and gaseous
synthetic products as a function of CO conversion. Cal-
culation results correspond with temperature Tz = 220°C
and pressure Pg = 20 bar.

The Figure 3 shows that for large values of the chain
growth coefficient «, itisincreased the liquid fraction
in the products of synthesis.

In calculation the length of the microchannel is equal
Hgr = 600 mm. Volume flow rate of synthesis gas speci-
fied as the gas volume entering into the reactor per unit
time per unit mass of catalyst under normal conditions.
The mass flow rate of syngas at the inlet of a micro-
channel is calculated as follows. The mass of catalyst mc¢,
is proportional to the volume of the microchannel

mCo = ZCUIQZOHR ﬁd;/4
Here ., isvolume fraction of cobalt particles on the
surface of the microchannel, g, is density of cobalt.
The mass flow rate of syngas at the inlet of the channel
is
Gy = QMeory

where p; is density of syngas under normal conditions.

For example, when the volume fraction of cobalt par-
ticles is y., = 20% and volume flow rate of syngas is
Q, = 5000 cm®/(gm-hour) molar flow rate is equal to
0.108 mole/(gm-s). Under normal conditions and the
length of the microchannel Hyx = 600 mm, the volume
flow rate of synthesis gas leads to the linear velocity of
0.833 m/s.

It is supposed that the degree of CO conversion varies
linearly from zero to one along the length of the micro-
channel. Figure 4 shows the distributions of the radii of
the inner surface of random wall of a microchannel and
radius of the liquid film flowing along the channel wall.
The shape of gas-liquid interface boundary weakly cor-
related with the shape of random surface of the channel.
This is explained by action surface tension and inertia
forces.

Figure 5 gives representation about dependence of the
mean pressure gradient on syngas volume flow rate in the

f g
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Figure 3. Mass fractions of liquid and gaseous products as a
function of conversion of CO.
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microchannels with different average diameters. It is
seen that decrease of the mean diameter of the channel
significantly increases the pressure gradient of syngas.
For the microchannels with average diameter less than
0.3 mm, the pressure gradient becomes so significant that
it can cause a hydraulic blocking of the microchannel.

Figure 6 illustrates the qualitative difference in the
distribution of the liquid film thickness along the length
of a smooth channel in contrast with microchannel with
random roughness surface. A comparison of Figures 4
and 6 shows that in the case of a smooth microchannel
role of surface tension is low. Figure 7 shows the aver-
age pressure gradient in a smooth microchannel as a
function of syngas volume flow rate. From Figure 7 and
5 one can conclude that smooth channel approximation
can be almost ten times underestimating the pressure
drop compared with the real microchannel.

4. Conclusions

For the first time the hydrodynamics of flows of gaseous
and liquid products in rough-walled microchannel Fis-
cher-Tropsch reactor was modeled in details, which al-
low calculation of operational characteristic values with-
out use of empirical information. In the study, it is em-
ployed technique for derivation of the equations which
film flows described, for example, in [12].

The analysis of the calculation results allowed us to
establish the following:

1) Equilibrium composition and thermophysical pro-
perties of both liquid and gas phases are determined by
conversion rate, chain growth coefficient, temperature
and pressure.

2) The flow of liquid film and flow of gas phase are
conjugated. It is necessary to take random roughness of
the channel internal surface into account while calculat-
ing pressure drop along the channel.

3) The geometry of the interphase surface of the liquid

R, R, mm d,=0.32mm
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Figure 4. Radii of random surfaces of a microchannel and
gas-liquid interphase boundary.
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Figure 5. Mean gradient of syngas pressure in microchan-
nels with different averaged diameters.

film is determined by inertia and surface tension. The
outer profile of the liquid film correlates weakly with the
profile of the random rough surface of the channel wall.
4) It has been shown that the pressure drop rises sig-
nificantly with the channel diameter decrease. A pheno-
menon of complete hydraulic locking of a channel be-
comes highly probable for the rough-walled channels
with diameter below 0.4 mm. It is shown that fluid dy-
namics in rough-walled and smooth-walled microchan-
nels are dramatically different, which can lead to signifi-
cant errors if the smooth-wall model is used for the pres-
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Figure 6. Thickness of liquid film in the smooth-walled mi-
crochannel: 1— Q7 = 10,000 cm3/(gm-hr); 2—20,000; 3—
35,000.
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Figure 7. Mean gradient of syngas pressure in smooth-wal-
led microchannel.

sure drop calculation.
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