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Fig. 3. Fundamental solution to the time-fractional advection diffusion equation; o = 0.5, 7 = 0.1,
{=12,v=1
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Fig. 4. Fundamental solution to the time-fractional advection diffusion equation; & = 0.5, 7 = 0.1,

{=12,7=5
After decomposition of 1/A(&,&,7n,s) into partial fractions we obtain
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The inversion of all the integral transforms gives the final result:

Technical Sciences 19(3) 2016



The Cauchy Problem for the Time-Fractional... 243

Gy, gt) = Gu(x,y,(t) + zfzozl exp i +2ya_ 2
oo P _ _ k _

x T & sin (&) | [t (521) 5(:208[(1 08 ostm) 56)
=1 %% _ .

V2

E2 + 2 + 2a2)t“]} dé&dn.

—a

v2
X {Ea[—a(§2 + 7’]2 + sz)ta] —Ea

Figs. 3 and 4 show the fundamental solution to the Cauchy problem to the
time-fractional advection diffusion equation ¢ = Vat*?p,'G for a = 0.5 and
different values of the drift quantity v.

Conclusions

We have considered the time-fractional advection diffusion equation with
the Caputo fractional derivative in a domain 0 < x <[, — <y < . The Laplace
transform with respect to time ¢, the finite sin-Fourier transform with respect
to the spatial coordinate x, and the exponential Fourier transform with respect
to the spatial coordinate y have been used. The fundamental solution to the
Cauchy problem has been obtained. The results of numerical calculations are
displayed in Figures for different values of the nondimensional spatial vari-
ables ¥ and ¥, the drift parameter v, and the order of the time-fractional
derivative o. To evaluate the Mittag-Leffler function E, (- x) we have used the
algorithm suggested in (GORENFLO et al. 2002).

In the case of the standard diffusion equation with the order of time
derivative a = 1, the fundamental solution has no singularity, and the increase
in the quantity v causes a drift of the maximum value of the solution and
a decrease in this value (see Figs. 1 and 2). In the case of time-fractional
advection diffusion equation with the order of time derivative 0 < o < 1, the
fundamental solution to the Cauchy problem has no singularity only in the
case of one spatial variable, whereas in the case of two spatial variables the
fundamental solution has the logarithmic singularity, and the influence of the
drift parameter v is less noticeable (Figs. 3 and 4). Increase in the drift
parameter v only presses the plot to the singularity point.
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Abstract

Dynamic loads of drive of suspended timbertransporting rope system with an electric motor are
investigated. Developed a dynamic model of the electromechanical drive considering the changing of
the electric motor’s moment during start-up and the resistance force moment. The changing of the
resistance force moment is expressed through the changes in tension force of the pull-bearing rope
systems in various manufacturing operations. In determining the moment of inertia of the drive
drum is accounted multi-winding of rope. Research on dynamic load of system elements are made
with the taking into account the influence of torsional stiffness of system parts and lifting capacity of
the suspended timbertransporting rope system.

Introduction

The suspended timbertransporting rope systems have a number of advan-
tages for the primary transportation of timber in mountainous areas compared
with tractor skidding. Such as: much lower amount of roads building, the use
in any weather and at any soils, waste reduction at cutting areas, the
possibility of exploration of forests in inaccessible places for other equipment,
reducing energy costs and protecting the environment (ADAMOVSKY et al. 1997,
BELAYA, PROHORENKO 1964, KORZHOV, CUDRA 2010). These systems are equip-

Correspondence: Vasyl Baryliak, Ukrainian National Forestry University, Lviv, Ukraine, e-mail:
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Fig. 1. Schematic diagram of one-drum drive of the timbertransporting rope system: 1 — electric

motor; 2 — coupling; 3 — mechanical transmission; 4 — drive drum of power stroke; 5 — pull-hoisting

rope; 6 —load; 7 - load carriage; 8 — carrier rope; — span length of the rope system; x(¢) — coordinate of
load carriage in the span; /4 — length of the reserve rope

ped with electric motor drives or an internal combustion engine (ZANEHYN et
al. 2004). The characteristic features of the system drive’s work are variable
tension force of pull-hoisting rope by various manufacturing operations and
multi-winding of rope on the drum. The change of the pull-hoisting rope’s
tension causes the change of force resistance moment at different stages of the
system’s process (MALASHHENKO et al. 2013). The multi-winding of the drum
drive rope increases its diameter with the wound rope. It causes the changing
of the inertia moment of the drive drum. The presence of the drive electric
motor causes bigger dynamic loads on system elements when the system is
turning on (CZABAN 2008, CZABAN, Lis 2012, KHARCHENKO, SOBKOWSKI 2005).
The suspended timbertransporting rope systems are characterized by a low
level of unification schemes and constructions. Therefore, the proposed model
needs detailing of considering operational and structural features.

The objective is the mathematical modeling of dynamic processes of the
suspended timbertransporting rope system’s drive with taking into account
the changing of the electric motor’s moment during start-up and the resistance
moment during a steady-state operation mode of the system and studying the
impact of structural and operational parameters on the value of dynamic loads
in the drive.

To achieve this goal it is necessary to develop a dynamic model of the rope
system’s drive and take into account, in addition to inertial, elastic and
dissipative characteristics of parts, multi-layer winding rope and the real
nature of changes in external loads.

Technical Sciences 19(3) 2016
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Theoretical research

One-drum drive of the timbertransporting rope system is simulated as the
equivalent reduced tri-mass dynamic system with three degrees of freedom
(Fig. 2). The motor shaft is used as a section of reduction.

Differential equations of drive’s motion write down using the principle of
d’Alembert in the normal form of Cauchy:

. % o

< }_? - 61,)3 (1)
d_tl =7 (Mg — vi(@01 — @2) — c1(@1 — @2)]
% B I% "o + @) - cilgn = @2) = Vol + @3) — ca(s — 93)]

t % - 13_](_t) Mt _%% + va(ws + 03) — calpz — @3)

where:

w1, We, w3 —angular velocity of corresponding reduced rotating masses, ¢ — time.

Fig. 2. Estimated diagram of the one-drum drive of the timbertransporting rope system

The notation used on Fig. 2: 1 — rotating mass of motor’s rotor and coupling; 2 — reduced rotating
mass of drive’s mechanical transmission; 3 — reduced rotating mass of drive’s drum, pull-hoisting
rope and transported load with the load carriage; My - electromagnetic moment of motor;
Mj;(¢) — resistance force moment of the drum drive with traction rope reduced to the motor shaft;
I, - inertia moment of the rotating masses of motor and coupling; I, — inertia moment of the drive’s
mechanical transmission reduced to the motor shaft; I5(¢) — inertia moment of the rotating mass is
equivalent to the masses of drive drum, pull-hoisting rope, load with the load carriage and reduced to
the motor shaft; c¢;, ¢; — reduced coefficients of torsion stiffness of elastic sections; vi, v, — reduced
coefficients of elastic sections’ viscous resistance; ¢;, ¢, @3 — generalized coordinates of drive’s
rotating masses.

Technical Sciences 19(3) 2016
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The transient electromagnetic processes in the drive asynchronous electric
motor with a shortcircuited rotor (squirrel cage motor) is described briefly
based on Park-Gorev equations (PARK 1929, PARK 1933, GOREV 1950). Elec-
tromagnetic moment of motor Mg is calculated using the formula (KHAR-
CHENKO, SOBKOWSKI 2005, JOSWIG 2014):

1 . . .o
ME = 3 DPo 1__ (lelSy - lRyle) (2)

where:

Do — the number of pairs of magnetic poles; igyis)iry,is: — the projections of
currents in the windings of the motor’s stator and rotor on the coordinate axes
x, ¥y ; T — the value, which is determined from the magnetization curve.
Subscript indicates the value of belonging to the rotor winding, a S — indicates
the value of belonging to the stator winding.

The projections of currents ig,,is,,iryis: are determined from differential
equations of the electromagnetic state of machines (CZABAN 2007, CZABAN, Lis
2012, JoswIG 2014, KHARCHENKO, SOBKOWSKI 2005), that are written down in
matrix form:

di . :

f = As(us + Qsys — Rsis)+ Bs(Qryr — Rrir)

di 3
d_tR = Ar(Qryr — Rrir) + Brlus + Qsys — Rsis)

where:

is, ig, Us — matrices column of currents and voltages; As, Bs, Ar, Br — square
matrices of communication; Qs, Qr — frequency rotation matrices; ws, wg
— matrices-column of full flows clutches; Rs, Rz — active resistance.

The reduced resistance force moment Ms(¢) determine, taking into account

the variable of tension force of pull- hoisting rope S(¢) and variable radius ry(¢)
and variable radius of the drum with wounded rope:

My(®) = % S®) - rult) 4)

where:
u — general gear ratio of drive’s mechanical transmission.
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To determine the tension force S(¢#) the technological cycle of work of
suspended timbertransporting rope system will be examined. It is divided into
the following four stages:

— selection of rope’s weaknesses (characterized by a progressive increase of
tension force of the rope to a value equal to the weight of cargo);

— lifting cargo;

— locking cargo with the load carriage;

— transferring cargo with the load carriage along the rope.

The pull-tension power of hoisting rope is determined considering the
location coordinates of load carriage, rope system’s process parameters and the
duration of each of the stages according to the steps of technological cycle
(ADAMOVSKY et al. 1997, ZANEHYN et al. 2004):

( QIL - x(to)] _ Cxov
OStSTﬁSO(t) _L—xK(to)
QL - xk(ty)] 1 (Q[L - xx(to)] )
Cx- v <t Sv “Cx + Hg| = S:1(®)
S = % (Q[L E’;K(tO)] + Hg) i< ‘% (Q[L —C-’IC{K(to)] + HG) + tc] LS, (5)
t>1 (—Q[L —xxlbo)] | HG) + tc
vl Gk —S5(2)
1 QL -xk(to)] ) L-ax(ty) | (8qr)*- (L-xk(t))? ) 8
\ t< v(—CK +Hg|+ cosﬂ+ YR e cosf|+tc
where:

So®), S1(), Sa), S3(t) — pull-tension power of hoisting rope when choosing
rope’s weaknesses, lifting cargo, locking cargo with the cargo carriage and
transporting of cargo carriage by carrier rope (ADAMOVSKY et al. 1997,
ZANEHYN et al. 2004), @ — cargo weight; xx (¢y) — coordinate of cargo carriage at
the initial time #o; Hg — height of lifting cargo; v - velocity of winding of rope on
the drum; B - angle between the span’s chord and the horizon; Cx — longitudi-
nal stiffness of pull-hoisting rope; — horizontal component of the tension force
of the rope (ADAMOVSKY et al. 1997, BELAYA, PROHORENKO 1964, ZANEHYN et al.
2004); ¢c — time of cargo’s locking (ADAMOVSKY et al. 1997); gx — mass per unit
length of the rope.

The expression for determining the radius of the drum with wounded rope
in the random time moment writes down as follows:

rute) = 2 4 dic - (n0) - 0,5), ®)

where:
dps — diameter of the drum without a rope, dx — rope’s diameter, n/(¢) — the
number of wound rope’s layers.

Technical Sciences 19(3) 2016



250 Lidiya Dzyuba, Vasyl Baryliak

To determine n/(t), express estimated number of wound rope’s layers
through the angular rotation velocity of the drum drive:

wps(t) - dg - t

n() = ny +
where:
n(t) — angular velocity of the drum drive with rope; ny — the number of wound
rope’s layers at the initial time moment ¢,; Lgs — length of the working surface
of the drum. To get the value of n/(¢) round the value of n(¢) to the upper whole
number.

To determine the value of ng is used known dependency for the length of
wound rope on the drum (GOROKHOVSKI, LIVSHITS 1991):

L
lo=ﬂ‘d—f‘no‘[d33+0ydK'(no_]—)] (8)

where:
C, — the ratio of wound rope’s density.

The length of wound rope at the initial time moment is determined because
total capacity of the rope of the drum drive and coordinate’s placement of cargo
carriage in flight are set. Taking into account the rope’s sagging by a parabola
(ADAMOVSKY et al. 1997, BELAYA, PROHORENKO 1964) and the available rope’s
reserve (GOROKHOVSKI, LIVSHITS 1991, KORZHOV, CUDRA, 2010) this length is
equal to:

_ xx(to) = q% - xx(to)?
lo =14 + cosp + SATT cosf 9)

Equating (8) and (9), we obtain an expression for determining the number of
wound rope’s layers at the initial time ¢,:

2
CydK - dB3 + '\/ (dBS — CydK)z + 4CydK lO
o= 7 Les (10)

20, dx

Thus, the radius of the drum with wounded rope at a random moment of
time is calculated by the relation (6) using (7) — (10).
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To determine the variable reduced moment of I5(f)specified stages of the
rope system’s cycle of work must be taken into account. The inertia moment of
of the drive drum, the mass of cargo and area of rolling rope are forming
factors for I3(¢) at the stage of lifting and locking loads. The expression for
determining the reduced moment of inertia at this stage is:

| =

L — xx(2o) + q% - (L - xx(t))?
cosf 24 H?

Q

cosf| ra (@) + Er%{(t)

(11)

L) =

(IBS(t) + qu(

Do

u

where:
u — general gear ratio of drive’s transmissions; Iz; — inertia moment of the drive
of the drum.

To determine the reduced moment I5(¢) the moving mass of cargo carriage
is taken to account at the stage of displacement:

|~

L - xK(to) + q% - (L - xK(tO))S

L@ = cosf 24 H?

cosB| rit) + r(t)

(12)

[

(133<t> + &

Q+G
3 g

u

where:
G — weight of cargo carriage.

The drive drum’s moment of inertia depends on the drum’s weight with the
wound rope and the distribution of mass in the drum (ADAMOVSKY et al. 1997,
MALASHHENKO et al. 2013):

IB3(t) = kM . [m33 + lT(t) N qK] . I'%I(t), (13)

where:
kar — coefficient of mass distribution in the drum (k3 = 0,7); mp — mass of drive
drum without a rope; mg(t), I7(¢) - mass and length of wound rope.

The length of wound rope at the initial time moment is is determined by
taking into account (7):

= . Les wp3(t) dr - t
lT(t) =T No + 27Z'LB3

“|dps + Cy - di - |no + oml dxt 1)]
dx

2nLps
(14)
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Taking into account (13), (14) the expression (11), (12) can calculate
a reduced moment of inertia I3(¢).

Results and discussion

Since all the drum’s elements are fixed at the time of motor’s start-up, all the
angles of rotation ¢; and angular velocity w; of reduced masses are equal to zero.

The value of the currents in the windings of the motor at the initial start-up
time are equal to zero, and therefore the projection of these currents on the
coordinate axes are also equal to zero. Thus, there are zero initial conditions at
the initial time #,:

to =0, is:(t0) = 0,ig,(to) = 0, ir.(to) = 0, iry(to) = 0, p:(to) = 0, Pa(to) = 0, @3(te) = 0,
i (to) = 0, ax(ty) = 0, ws(ty) = 0.

The differential equations (1) and (3) with given initial conditions form
a closed system that describes the dynamic state of the electromechanical
drive. It is solved by Euler’s numerical method with recalculation. At each step,
common numerical integration of differential equations (1) and (3) determine
the drive’s variables:

— electromagnetic moment of the motor Mg;

— reduced moment of the force resistance on the drive drum M;s(?);

— increasing of the dynamic moment due to increasing the moment
d[I;®)]

dt

The solution of systems of differential equations (1) and (3) allows deter-
mining the parameters of the motion of drive’s mechanical part such as
rotating angles and angular velocities of reduced rotating masses. In addition
to the motion parameters of the mechanical part, you can also define the
electromagnetic moment and angular velocity of the motor’s rotor. The time
dependencies of reduced dynamic moments in the parts of drive’s dynamic
model can be build using determined motion parameters.

The reduced dynamic moments in the drive’s coupling and mechanical
transmissions are calculated as follows:

— the reduced dynamic moments in the drive’s coupling:

of inertia of the drum drive

Ma = cilor — @2] + vilon — ;] (15)
— the reduced dynamic moments in the drive’s mechanical transmissions:

Mgz = colgo — @3] + vilws — ws] (16)
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Fig. 3. The time dependence of the angular velocity drive’s shaft (a) of the electric motor’s moment (b)
and reduced dynamic moment in drive’s transmissions (c).

The example of calculating the angular velocity and dynamic moments in
one-drum drive equipped with an electric motor and elastic coupling shown in
Fig. 3-4 in graphs. The calculation is performed using the following inputs:

Technical Sciences 19(3) 2016
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electric motor 4A180M4 (Rs = 0,134 Om; Rz = 0,117 Om; Lg = %8 " 1°H;
Lp = 0,82 -10°H; L,, = 4,9 - 10%H; U,, = 310,56 W; oy = 4,714 - 102 Wb/A;
o = -2,094 - 10° Wb/A3; oz = 6,003 - 10° Wb/AS5; i,,, = 15,0 A; w, = 157 rad/s;
po = 2); J1 = 23,5 kg/m? J, = 0,02 kg/m% c¢; = 35%10°N*m/rad;
¢, = 40%*10°N*m/rad; v; = 15N*m*s/rad; v» = 2,96*10°*N*m*s/rad; L = 400m;
xx(t) =80m; @ = 16 kH; G = 240 N; u = 20; H; = 4 m; mps = 30 kg; Lz = 0,6 m;
dps = 0,3 m; dg = 9,7 - 1073 m; ﬁ = 30°.

The analysis of graphs has shown that acceleration of drive system is less
than 0.2 s (Fig. 3a). The initial phase of acceleration accompanied by intense
electromagnetic fluctuations of the electric motor (800) with a frequency of
power line 50 Hz (Fig. 3b). This small acceleration time due to the lack of
technological load at the time of start and a gradual linear increase of tension
force of pull- hoisting rope at the initial of the technological cycle from zero to
a value of . The amplitude and intensity fluctuations of reduced dynamic
moment in transferring (Fig 3c) during start-up is much lower (up to 40N*m).
Low values of amplitude and intensity fluctuations of dynamic moments in
transmissions drive during acceleration is also due to the linear nature of the
increasing process of load and reducing the influence of fluctuations of the
electric motor to the transmission due to the elastic properties of the coupling.

During the separation of load bearing surface (5.5-6.5 second of work) and
docking with the cargo load carriage (9.5 seconds of work) observed syn-
chronous oscillation of angular velocities of the drive shaft of the electric motor
and the drive drum (Fig. 3a). The amplitude of oscillation of the angular
velocity of the motor shaft is higher than during start-up. The dynamic
moment in the line of drive’s transmissions (Fig. 3b) also reaches maximum
values (up to 230) during the separation of load bearing surface and with
locking the cargo freight carriage.

Therefore, the start-up and acceleration stage of transmissions drive are
less dangerous compared to locking cargo and cargo separation from the
bearing surface.

To evaluate the dynamic loads of the drive the coefficient of dynamics %, is
used:

ka = Z‘% 17
where:
M. — maximum value of reduced dynamic moment in mechanical trans-
missions drive, calculated by the formula (16); M, — elevated moment at the
nominal load. The value of cargo is used as the nominal load. Reduced to the
motor shaft moment from the nominal load is calculated as follows:
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M, = Q ry® (18)
u

where:

ry#) — radius of the drive drum with wound rope at the time of action of

maximum dynamic load in the transmissions drive.

The reduced coefficient of torsion stiffness is an important generalized
indicator that considers both the geometric dimensions and mechanical char-
acteristics of the material of the drive parts and kinematic characteristics (the
gear ratio of drive mechanical transmission). Therefore, the limits for the
selection of values of reduced torsion stiffness coefficient, when the dynamic
load factor will be of the smallest values are substantiated in the article. The
calculation of dynamic coefficient performed for different values of cargo
weight and reduced torsion stiffness coefficients of drive’s units (Fig. 4).
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Fig. 4. Graphs of the dependence of dynamic coefficient on reduced coefficient of torsion stiffness
transmissions of the one-drum drive of the timbertransporting rope system.

Conclusions

1. Studies have shown the most potentially dangerous operating modes of
timbertransporting rope system are periods of separation of cargo’s bearing
surface and locking of cargo with cargo carriage. At higher values of cargo
weight (Q = 32..64 kN) the more dangerous mode is a time of separation of
cargo from bearing surface, and at lower values of cargo weight (Q = 8..16 kN)
— the process of locking cargo with cargo carriage.

2. The dynamic load is minimal and close to a constant value in the
range of reduced coefficients of the torsion stiffness of transmissions of
100 ... 125 N*m/rad. Therefore, geometric and kinematic parameters of
mechanical transmissions and shaft drive of timbertransporting rope systems
are recommended to have its reduced torsional stiffness transmissions coeffi-
cient between indicated limits.
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Abstract

The paper contains results of studies on the formation of oxide layers on 13CrMo4-5 steel
long-term operated at an elevated temperature. The material studied comprised specimens of
13CrMo4-5 steel operated at the temperature of 455°C during 130,000 hours (steel 1) and 540°C
during 120,000 hours (steel 2). The oxide layer was studied on a surface and a cross-section at the
outer surface of the tube wall. The paper contains results of studies of porosity in the oxide layer. The
oxide layer formed on the studied steel 1 is ~146 um thick, while on the steel 2 ~248 um. It has been
found that steel 2 has higher porosity.

Introduction

At present the huge development in materials engineering has taken place,
especially in surface engineering (JAGIELSKA-WIADEREK 2012, KULESZA and
BraMmowicz 2014, LaBisz 2014, Priss et al. 2014, SZAFARSKA and IWASZKO
2012). In the previous years a lot of articles were devoted to the topic of steel
oxidation (BISCHOFF et al. 2013, CHABICOVSKY et al. 2015, FRANGINI et al. 2014,
GRUBER et al. 2015), especially the steel used in power industry. The subject
area is connected with oxidation and steel corrosion used in power industry.
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This topic is widely discussed by a lot of scientific centers in our country and in
the world. The research is carried out i.e. on steel such as: 13CrMo4-5,
10CrMo9-10, 16Mo3 and X10CrMoVNb9-1 (ABANG et al. 2011, BANKIEWICZ
et al. 2013, GRUBER et al. 2015, GW0OZDZIK 2015, PRISs et al. 2014). The problem
of this corrosion, so-called high temperature corrosion is still up to date, i.e.
because of modernization and prolonging operation time of existing energetic
units. The growth of the oxide layer is accompanied by the growth of numerous
defects such as: pores, fissures, flaking. Abang and others in paper (ABANG et
al. 2011) conducted the examination i.e. connected with steel oxidation:
16Mo3, 13CrMo4-5 and 10CrMo09-10 during 1100 hours. The researchers
showed that dominating oxides are hematite (Fe,O3) and magnetite (Fe;0,) for
these three steels. The researches showed that the created oxide layer is
characterized by porosity for these three steels. However, depending on
oxidation conditions (air or oxyfuel) and also from oxidation side, porosity is
less or more intensified.

Chemical compounds in the flue gas have a strong influence on the formed
oxide layers. The service life of components operating in the power industry is
highly affected by aggressive components of the flue gases and ashes. Such
components cause corrosion of external surfaces of tubes and their corrosion
damage. Under normal conditions oxide layers form on the steel surface at the
presence of oxygen, making a natural passive layer of steel and a barrier to
other gaseous components of the flue gas. However, the situation changes
drastically under conditions of oxygen deficiency and at the moment of
accumulation of thick deposit layers on the tube surface. This happens because
physicochemical parameters under the deposits substantially differ from those
existing in the flowing flue gas stream and then — depending on the chemical
composition of the formed deposits and on their morphology — to a varying
extent they can aggressively influence the steel and protective layers. The
high-temperature corrosion threat may be higher or smaller, depending on the
fuel type. Acc. to authors (GAWRON and KLEPACKI 2012) the high-temperature
corrosion threat to boiler heatable surfaces increases under conditions of
low-emission combustion with a share of alternative fuels.

The aim of the paper was conducting the examination connected with the
structure studies of porous oxide layers created on 13CrMo4-5 steel operated in
different temperature-time conditions.

Material and Experimental Methods

The material studied comprised specimens of 13CrMo4-5 (15HM) steels
long-term operated at an elevated temperature:
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— steel 1, T = 455°C, t = 130,000 h,

— steel 2, T = 540°C, t = 120,000 h.

The oxide layer was studied on a surface and a cross-section at the outer
surface of the tube wall (Fig. 1).

place of samples
taking for tests

Fig. 1. Place of samples taking for tests

Thorough examinations of the oxide layer carried out on the outer surface
wall of tube wall comprised:

— the analysis of steel chemical composition was carried out using spark
emission spectroscopy on a Spectro spectrometer (Table 1),

— macroscopic and microscopic examinations of the oxide layer were per-
formed using an Olympus SZ61, GX41 optical microscope and Jeol JSM-
6610LYV scanning electron microscope (SEM),

— thickness measurements of formed oxide layers,

— chemical composition analysis of deposits/oxides using a Jeol JSM-
6610LYV scanning electron microscope (SEM) working with an Oxford EDS
electron microprobe X-ray analyser,

— X-ray (XRD) measurements; the layer was subject to measurements
using a Seifert 3003T/T X-ray diffractometer and the radiation originating
from a tube with a cobalt anode (A¢, = 0.17902 nm). A computer software and
the DHN PDS, PDF4+2009 crystallographic database were used for the phase
identification.

Table 1
Chemical composition of examined steel, wt %
Ace. Chemical composition, wt %
C Si Mn P S Cr Mo
Analysis (steel 1) 0.16 0.30 0.57 0.019 0.009 0.90 0.54
Analysis (steel 2) 0.09 0.31 0.47 0.014 0.007 0.91 0.52

PN-EN 10028-2 0.08-0.18 max.0.35 0.40-1.00 max.0.025 max.0.010 0.70-1.15 0.40-0.60
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Results of examinations

Steels 1 and 2 have the same structure, which is ferrite, perlite and bainite
(Fig. 2). For steel 1 it was observed that the size of the grain is diversified and
the elements of the structure are unequally placed. In addition, in this steel
there are sporadic sulphide precipitates which occur both inside and on the
grain boundaries (Fig. 2a). The structure of steel 2 is characterized by a large
amount of carbide precipitates both inside and on the grain boundaries. The
carbides which occur on the grain boundaries create so-called “chains”
(Fig. 2b).

Fig. 2. Microstructure of 13CrMo4-5 steel, LM, 1000x: a — steel 1, b — steel 2

The macroscopic observation of the examined surfaces (Fig. 3) showed that
in both cases the significant development level of the surfaces and the outer
layer damages occur.

Observations of the oxide layer surface by means of scanning electron
microscopy have shown that in the case of steel 1 there are oxide areas without
damage, presented in Fig. 4a. In turn, Fig. 4b presents a damaged oxide layer
from the same steel. Damaged areas of the layer, which are crystalline in
nature, are visible. Figs. 4c and d present the oxide surface formed on steel 2.
A significant surface development may be observed on this steel. Also deposits
exist, apart from the oxide layer, confirmed by the EDS analysis (Fig. 5).

Performed XRD measurements (Fig. 6) have shown that in both cases (steel
1 and 2) the oxide layer is built of hematite (Fe;O3) and magnetite (Fe30,).
Moreover, the EDS analysis in both cases have shown the existence of Si and
additionally — for steel 2 — of Al. These elements form such compounds as SiO,
and Al,Os, which are components of hard coal ashes.
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Fig. 3. Oxides formed on 13CrMo4-5 steel, outer surface, LM: a — steel 1, 15x, b — steel 1, 45x,
¢ — steel 2, 15x%, d — steel 2, 45x

Observations of metallographic microsections made on a cross-section have
shown that for steel 1 the oxide layer was ~ 146 um thick (Fig. 7a), while for steel
2 it was 100 um thicker and was ~ 248 um (Fig. 7b).

In the case of steel 1 (Fig. 8) the amount of defects in the formed layer is much
smaller than for steel 2 (Fig. 9). The oxide layer formed on steel 1 shows local
damage in the form of numerous cracks, which locally create a network on the
entire layer cross-section (Fig. 8a, b). Large fissures originate in places and fine
porosity exists locally. In turn steel 2 features a great degradation (Fig. 9). In some
places the oxide layer is entirely separated from the substrate, which is shown in
Fig. 9a. Also huge fissures occur, reaching the depth of 70 um (Fig. 9b). The oxide
layer on steel 2 is mostly torn off and cracked (Fig. 9c). In addition, in steel
2 directly on the steel side there is major corrosion along grain boundaries, reaching
the depth of 15 um (Fig. 10). Abang and others in paper (ABANG et al. 2011) showed
that, under both operating conditions the surface layer was characterised by loosely
attached formations of ash that were partially flaked. The outer layer of
corrosion was covered with many tiny pores. Apart from the tiny pores under
oxyfuel conditions, the inner layer of corrosion also had a few large pores.

Technical Sciences 19(3) 2016



262 Monika Gwozdzik

Fig. 4. Oxides formed on 13CrMo4-5 steel, outer surface, SEM: a, b - steel 1, 500x, ¢ — steel 2, 100x,
d - steel 2, 500x

Spectrum 1 Spectrum 1

Full Scale 562 cts Cursor: 0.000 Full Scale 562 cts Cursor: 0.000 keV|

Fig. 5. SEM / EDS: a - steel 1, b — steel 2
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Fig. 7. The thickness of oxide layer formed on the steel examined, LM, 200x: a — steel 1, b — steel 2
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Fig. 8. Defects of oxides layer existing on steel 1
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Fig. 10. Corrosion on the grain boundaries at the outside surface, 500x
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Summary

The obtained results of studies have shown that porosity exists in the oxide
layer formed on both steels. When observing a continuous oxide layer (without
spalling) it is possible to notice that the porosity is situated mainly on the flue
gas inflow side. Much larger pores were observed for steel 2 than for steel 1,
which is visible in Fig. 7. Instead, photographs of areas covered by major
degradation show numerous cracks and spalling cases of the oxide layer,
resulting from such defects of the structure as numerous pores, which then
transform into fissures. Areas of spalling covering in places the entire cross-
section of the oxide layer thickness were observed for steel 2. The results of
studies for steel 13CrMo4-5 have shown that during a component operation at
a higher temperature the oxide layer is degraded to a greater degree.
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Abstract

The aim of the present study is to simulate concurrent gas and liquid flow through packed bed in
the gas continuous flow regime (GCF) and continuity shock waves regime (CSW) using computational
fluid dynamics (CFD). The application of multiple gas-liquid-solid model requires the knowledge of
relationships determining interactions between phases. The exchange coefficients of these forces
were defined by means of equations suggested by ATToU et al. (1999). As a result of the computational
simulation the following data were obtained: gas pressure drop in the bed, volume fraction
distribution of a given phase (liquid and gas holdups) along the packing and its mean value in the
reactor. The comparison of the values of the hydrodynamic parameters, both calculated and obtained
experimentally in a column packed with 3 mm glass spheres, indicates that CFD model can be applied
to model the hydrodynamics of concurrent gas and liquid flows through a packed bed because a good
compatibility of the compared parameters was obtained.

Symbols
V31 . . .
Amin = |[— - 5) d, — minimum equivalent diameter of the area [m]
d, — particle diameter [m]
E,, E, - Ergun constants
f — wetting efficiency of the bed
F; — momentum exchange coefficients between phases j and % [kgm™Ss]
g — acceleration due to gravity [ms2]
Jo — zero th order Bessel function
K, — drag between phases j and £ [Nm™]
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P — pressure [Pa]

r — radial coordinate [m]

R — radius of column [m]

t — time [s]

i — interstitial velocity [ms™]
w — superficial velocity [ms™]
Greek letters

o — volume fraction

£ — porosity of the bed

&, — liquid holdup

n — dynamic viscosity [Pas]
P — ensity [kg m™]

o — surface tension [Nm™]

T — stress tensor [Nm]
Subscripts

av — denotes average

b — denotes base

c — denotes capillary

d — denotes dynamic

g — denotes gas phase

ip — denotes impulse

J — denotes phase other than &
k — denotes k' phase

L — denotes liquid phase

S — denotes solid phase

o -Lg

Introduction

Three-phase reactors in which the liquid and gas phases flow down a fixed
catalytic bed are termed tickle-bed reactors (TBR). This type of reactor is
employed on an industrial scale in the processes of selective hydrogenation of
various petroleum fractions, as well as in the oxidation of organic pollutants in
waste waters and flue gases via reactions occurring over a bed of immobilized
bacteria. Depending on the flow rates of the two phases, their physicochemical
properties and geometry and size of the packing, various flow patterns can be
observed of which two are of considerable industrial importance: the gas
— continuous flow regime (GCF) and the pulsing flow regime (PF). The pulsing
flow regime is especially attractive in the processes of mass and heat transfer
as the experimental values of the transfer coefficients are by far larger than
those in the GCF regime; moreover, perfect wetting of of the packing is
observed. However, carrying out the processes in the PF regime requires
supplying the reactor with large streams of gas and liquid which results in
a very short residence times of reagents in a bed and this, in turn, has an
unfavourable influence on their conversion. Taking the above into consider-
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ation, the idea of carrying out processes in TBRs at periodically changing
feeding the bed with liquid was created (BELHOUWER et al. (1999)). Unsteady
state (periodic) operations can be realized either by means of temporary
stopping the stream of liquid (ON-OFF method) or by periodic change in the
liquid velocity between low, but not equal zero, and high value of this
parameter (BASE-IMPULSE method). Taking into account the liquid velocity
in an impulse, the process can be carried out as continuity shock wave flow
(CSW) or liquid induced pulsing flow (LIPF).

Periodic operations can be also grouped with respect to the criterion of
duration of particular liquid cycles. Thus the processes can be carried out by
means of slow or fast changing cycles of liquid modulation (SLOW MODE or
FAST MODE).

In the present study, the subject of analysis is the hydrodynamics of TBR
operating at GCF and CSW regimes. The key hydrodynamic parameters are
pressure drop and liquid holdup. These parameters are inseparable connected
and occur simultaneously in balance equations of both fluids. In the literature,
a large number of papers can be found, that present, for various experimental
systems, the results of experiments in which mentioned above parameters
have been determined (CLEMENTS and SCHMIDT (1980), ELLMAN et al. (1990),
LARACHI et al. (1991), MIDOUX et al. (1976), RAO et al. (1983), RA0O and
DRINKENBURG (1983), SAI and VARMA (1987), SPECCHIA and BALDI (1977),
WAMMES i wsp. (1991)). The analysis of correlation equations which were
developed on the basis of experimental data showed considerable differences
between calculated values. Therefore, it was necessary to formulate a math-
ematical model describing the hydrodynamics of TBRs. A few one-dimensional
models describing concurrent gas and liquid flow through packed bed of TBR
operating in GCF regime can be found in literature. They are both phenom-
enological microscopic models (single canals in packing are taking into ac-
count) (AL-DAHHAN et al. (1998), HOLUB et al. (1992, 1993), ILIUTA and
LARACHI (1999), ILIUTA et al. (2000)) and macroscopic models by SAEZ and
CARBONELL (1985), GROSSER et al. (1988) or ATTOU et al. (1999), based on
volume averaged balances of mass and momentum of both phases flowing
concurrently through packing. Unfortunately, in the empirical equations and
models uniform porosity and velocity of fluids in the bed has been assumed and
the phenomena concerning complex flow, mixing and wetting of the bed are
usually expressed jointly by some empirical parameters. Therefore, recently
fast development of the Computational Fluid Dynamic (CFD) model, which is
a quantitative formulation of the momentum balance (Navier-Stokes equa-
tions) caused a more frequent application of the CFD to simulate the dynamic
phenomena in the TBR. The application of the CFD method to simulate the
operation of trickle-bed reactors is much more difficult than to simulate the
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processes in two-phase systems (KHAN et al. (2014), KEIR and JEGATHEESAN
(2014), KUIPERS and VAN SWAAIJ (1997), SAJJADI et al. (2012), SHAIKH and
AL-DAHHAN (2013), WANG et al. (2007), WANG et al. (2010)) which, among
others, is due to difficulties connected with a proper description of the
structure of the bed of solid particles, interaction forces between the flowing
phases and the wetting efficiency of the surface of the packing (JAWORSKI
(2005), JIANG et al. (2001), WANG et al. (2013)).

The aim of the present study was the simulation of concurrent flow of gas
and liquid through a packed bed in GCF and CSW regimes using the CFD
model. The simulations was carried out using commercial FLUENT 6.1.22
software. As the pressure gradient and average holdup are two main hy-
drodynamic parameters, these quantities have been chosen for comparison.
The mean relative error and standard deviation of experimental and computed
values of the parameters mentioned above were used as the validation criteria
of the model.

Mathematical model

The Eulerian multi-fluid model was used to simulate the fluid flow through
the bed of solid particles. The model treats each phase as continuous fluid
having various velocities, volume fractions and physicochemical properties.
The volume averaged equations of mass and momentum balances expressed by
means of volume fractions occupied by each phase and their local velocities can
be written as:

d N

g(akpk) + V- (orpruz) =0; k=1L, g (1
J — - - = - =
g(akpkuk) + V- (o prtirtir) = —4VP + V - 5, + oppr8r + Ky B = L, g (2)

where the viscous stress tensor is expressed by the dependency:
%= o (Va + Va’) (3)
The effect of pre-wetting of packing was also taken into consideration in
the model. JIANG et al. (2002a) introduced the empirical coefficient f, character-

izing the wetting efficiency of the bed, into the capillary pressure relation:

Py— P, =(1-P. 4)
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For pre-wetted bed f is set equal to one implying a zero capillary pressure
and for non-wetted bed f is set to zero. Capillary pressure was described by
means a function suggested in the work of ATTOU and FERSCHNEIDER (2000):

0.333
Pg—PL=2a( % ) (

+ L )(1 + 8.1 &) (5)
1- o

1
dp dmin PL

Capillary pressure gradient, described by relationship (5), should be intro-
duced into the balance equation of the liquid phase in case of an incomplete
wetting of the bed by means of the User Defined Function (UDF).

The application of the multiple gas-liquid-solid model requires a knowledge
of relationships determining the interactions between phases. It is very
significant element of uncertainty in the modelling of the processes in TBR.
These forces are considerable and dominate in the momentum balance equa-
tions. The last term of this equation (2), K, represents interaction forces
between phases in the form of:

K, = YF(i - i) 6)
j=1

Since us = 0 and Fj, = F}; (FLUENT (2006)), then the above relationship is
reduced to the form of:
— for the gas phase:

Izv{l =- gL(ljg - L?L) - FgS ljg (7
— for the liquid phase:
EL = FgL(L_L)g - l7L) - FLsﬁ)L (8)

The coefficients of momentum exchange between phases (Fj.) occurring in
these equations were analysed in the work by JANECKI et al. (2016). They can
be derived from one-dimensional models (slit model of HOLUB et al. (1992),
permeability model of SAEZ and CARBONELL (1985)) as well as from two-phase
model of interphase actions of ATTOU et al. (1999). The first two models neglect
interaction forces between the gas and liquid phases due to their decay in the
GCF regime (SOUADNIA et al. (2005)). However, experimental research (AL-
DAHHAN and DUDUKOVIC (1994), AL-DAHHAN et al. (1997), LARACHI et al.
(1991a)) shows that gas flow has a significant influence on the hydrodynamics
of TBRs, especially at elevated pressure. The exchange coefficients Fj, descri-
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bing interactions between phases in a three-phase system (gas-liquid-solid) can
be derived only from the ATTOU et al. (1999) model. They have the form similar
to the Ergun relations:

— for gas-liquid momentum exchange coefficient:

as 2/3 as 1/3
Pu= e (7250 Bl ©
g g

— for gas-solid momentum exchange coefficient :

a 2/3 o 1/3
Fos = Ag (1 > ) + Bg(1 > |2 (10)
- O - O
— for liquid-solid momentum exchange coefficient:
Frs = (1 - o5)(Ar + Bylug) (11)

Coefficients A,, Ar, B, i B, present in the above equations are expressed by
the following formulas:

A = Eue (12)

B, = Expi % (13)
A

AL = Ey OZZZ (14)

B, = Esps af‘;p (15)

In the presented relationships there are parameters which determine the
values of interaction forces. They are Ergun’s constants (E; and E5). Since by
changing the values of E; and E; one can control the values the interaction
forces, doubts keep appearing which values of Ergun’s constants to use
in the calculations. The values determined experimentally or suggested by
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MACDONALD et al. (1979) (E;= 180; E;= 1.8) are most commonly applied in
literature.

Description of the fixed bed structure in trickle-bed reactors

Numerous experiments showed (BENENATI and BROSILOW (1962), GOOD-
LING et al. (1983), MUELLER (1992)) that randomly packed beds exhibit greater
porosity in the vicinity of the column wall (in the region equaling to the width
of 4-6 diameters of solid particles). In this region porosity exhibit strong
fluctuations which are attenuated at greater distances from the wall. It makes
the radial profile of bed porosity at the wall undergo strong changes which may
significantly influence mean liquid holdup and gas pressure drop in the bed,
especially in a reactor whose ratio of the column diameter to the particle
diameter is low (laboratory reactors). Porosity values in the core of the bed
show significantly lower differences and reach values close to the mean values
of the parameter.

A proper description of a bed structure in a reactor should include the
following elements (GUNJAL et al. (2005), JIANG et al. (2002a), LI et al. (2006)):
— the overall mean porosity,

— the axial porosity profile,

— the axially averaged radial porosity profile.

In literature one can find various correlation equations describing porosity
distribution along the radius of the apparatus. Those that can be applied to
model TBR were set in works by WANG et al. (2013) and VAN ANTWERPEN et al.
(2010). These relationships can be divided into two groups. The first one is
represented by the oscillatory correlations (MARTIN (1978), COHEN and MET-
ZNER (1981), MUELLER (1992), BEY and EINGENBERGER (1997), DE KLERK
(2003)) and the other one is represented by the exponential correlations
(VORTMEYER and SHUSTER (1983), HUNT and TIEN (1990) and SUN et al.
(2000)). The chosen relationships describing the radial porosity profiles were
analysed in detail in the work by JANECKI et al. (2014).

Experimental set-up and procedure

The experiments, being the comparative base for computational simula-
tions, were carried out in an installation which main part was cylindrical
column of 0.057 m I.D. packed with 3 mm glass spheres (¢ = 0.38,a = 1240 m™)
to a height of 1.35 m. The column operated at concurrent down-flow of gas
(nitrogen) and liquid phases. In order to investigate the influence of the
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physicochemical properties of the liquid phase on the experimental results
water, two aqueous solutions of glycerol (with the viscosity of 2.5 10 and
3 - 107 Pas) and methanol solution with viscosity of 1.64 - 103 Pas and surface
tension 45.8 - 10 Nm™ have been used.

The experiments were carried out at constant temperature and pressure
(30°C, ~ 10° Pa) for a wide range of flow rates of both phases (fully in GCF and
CSW regimes). The operation of the system both in GCF and CSW regimes was
discussed in detail elsewhere (BARTELMUS and JANECKI (2003), BARTELMUS et
al. (2006)).

The electrochemical method was used to measure the liquid hold-up. The
basic value determined during the experiments were the variations in conduc-
tivity of the two-phase gas-liquid mixture flowing through the void volume of
the bed. The conductance cells placed in the bed were used to measure the
conductivity of the solution; the changes in conductivity reflect the changes
in the amount of gas and liquid in the mixture. Detailed description of the
experimental procedure was presented elsewhere (BARTELMUS, JANECKI
(2003).

Gas pressure drop in the packing was measured by means of piezoelectric
gauges (Cole-Palmer); the pressure signal, converted into electric signal, was
fed into computer memory. The values of pressure drop used in calculations
are the values averaged in time.

The results of experiments are discussed in detail in the earlier studies
(BARTELMUS, JANECKI (2003), GANCARCZYK et al. (2014)).

Computational calculations

In order to obtain reliable results of numerical computations it is essential
to select optimum grid in the system considered. It was selected as a result of
numerical simulations in which the number and sizes of the cells were changed
both in the core of the bed and in the layer at the wall. The way of the selection
of the optimum grid was presented in detail in the work by JANECKI et al.
(2014). The optimum grid, finally used in the computations, was composed of
7700 cells, out of which 4400 cells were the size of 3mm x 5mm (the core of the
bed) and 3300 cells forming the layer at the wall were the size of 1Imm x 5 mm.
The grid was created by means of GAMBIT preprocessor.

The following boundary conditions were attributed to the generated grid:
in the axis of the reactor — symmetry, at the wall — lack of slip, at the inlet — flat
velocity profile, at the outlet — zero velocity gradient.

As it has been mentioned earlier, a proper description of bed structure
should include: overall mean porosity, variance of porosity in axial direction
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and axially averaged radial porosity distribution. In the present study the
overall mean porosity of bed was determined experimentally and it was 0.38.

The algorithm of generating random numbers of the normal distribution,
for a given mean value and standard deviation (5%) was used to determine the
changes in porosity in the axial direction. Experimentally determined value of
bed porosity (¢ = 0.38) was used as a mean value of the parameter.

The relationships describing momentum exchange coefficients (¥), occur-
ring in interaction forces between phases (Eqns 9-11), were implemented into
a commercial Fluent software by means of the User Definition Function (UDF)
and were used to calculate gas pressure drop in bed and mean liquid holdup.

To qualify the procedure of computational calculations and at the same
time decrease the differences between calculated and experimental values the
parametric sensitivity of CFD model was checked in the study by JANECKI et al.
(2014). The following parameters, which have the greatest influence on the
computed values, were analysed: relations defining the interphase momentum
exchange coefficients and different radial porosity profiles.

In the present study, as a result of parametric sensitivity analysis, the
classical equations of ATTOU et al. (1999) defining the friction factors (F}.),
with Ergun’s constants calculated from neuron nets (ILIUTA et al. (1998))
(B, = 235.53; E; = 1.59) were applied in the CFD model. The radial porosity
profiles were calculated from MARTIN’S (1978) correlations:

&x) = &nin + (1 — £pin)x? for -1<x<0 (16)
-x
&x) = € + (&min — &) €Xp (T) cos ( 0.876) for x>0 7
where:
R-r
x =2 4, - 1; &nin = 0.2

A flat velocity profiles of the liquid phase was assumed at the inlet into the
column because a distributor of liquid, distributing liquid evenly on the surface
of the bed, was used during the experiments. The following initial conditions
were used for a reactor operating in the GCF regime: experimental values of
gas (w,) and liquid (w;) velocities as well as mean volume fraction of the liquid
phase (og).

However, the initial conditions for a reactor operating in the CSW regime
were the following: experimental values of liquid holdup (¢1), gas velocity (w,),
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liquid velocity in the base (wz;) and in the impulse (wy;,), base and impulse
durations (¢ and ¢, respectively). Velocity of the solid phase was assumed to
be zero. A unsteady state simulations with a time step of ¢ = 0.01 s was used in
the calculations.

Findings of the simulations

As a result of the computational simulations one can obtain gas pressure
drop in bed, volume fraction distribution of a given phase (liquid holdup and
gas holdup) along the bed and its mean value in the reactor. The comparative
base for the simulations was our own data base obtained in experiments
carrying out for varying flow rates of both phases and for systems of various
physicochemical properties.

Experimental data as well as results of CFD simulations performer for
reactor operating at constant feeding the bed with liquid and for GCF regime
were illustrated, as an example, in Fig. 1. Good compatibility between cal-
culated and obtained experimentally values of hydrodynamic parameters was
obtained; the mean relative error (ey) for liquid holdup was 3.95% and for
pressure drop was 9.4%.

The results of simulations performed for periodically changing feeding the
bed with liquid phase were shown in Figs 2 and 3. They quite faithfully
reproduce the changes in both hydrodynamic parameters with the changes in
gas phase velocity (Fig. 2), mean liquid phase velocity and duration of base and
impulse (Fig. 3). While comparing calculated and experimental values of gas
pressure drop in bed and mean values of liquid holdup it has to be stated that
the differences between the calculated and measured values of both par-
ameters do not exceed a few per cent.

Fig. 4 shows a computational simulation of changes of liquid holdup in the
whole column for nitrogen — 24% methanol solution system. Such result were
obtained for fast changing cycles (FAST MODE) and reactor operating in CSW
regime. For such low alternate liquid velocities, the impulses seen at the top of
the column decay during migration down the bed, forming continuous stream
of liquid (GCF regime).

A few impulses can always be seen in the column operating at fast changing
cycles, however, for slow changing cycles (SLOW MODE) the duration of base
and impulse may be so long that they will not be seen in the column. In such
a case, there is a GCF regime in the whole column for a very short time. The
results of simulation of a slow changing cycles for a water-nitrogen system and
the duration of cycles of ¢, = 20 s and ¢, = 3 s are presented, as an example, in
Fig. 5. For conventional time of 0 s (the moment of switching the cycle) liquid
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Fig. 1. Dependences of the gas pressure drop AP (a) and liquid holdup (b) as function of the liquid
velocity w;, and phases’ properties (square: water — nitrogen, circle: glycerol solution (30 wt.%)
— nitrogen, triangle: glycerol solution (35 wt.%) — nitrogen); w, = 0.13 m/s; GCF regime

Technical Sciences

19(3) 2016



278 Daniel Janecki et al.

24 000

22 000 %

20 000 —

18 000 /
16 000 /

14 000

AP [Pa]

12 000

10 000
0.12 0.14 0.16 0.18 0.20 0.22
wg [m/s]
® Exp.
b A CFD
0.2

0.19
0.18 *—

0.17 —
0.16

0.15

0.14
0.13
0.12
0.11

0.1
0.12 0.14 0.16 0.18 0.2 0.22
wg [m/s]

liquid holdup

Fig. 2. Dependences of the gas pressure drop AP (a) and liquid holdup (b) on the gas velocity wg;
nitrogen-water system, full symbols — experimental data, open symbols — CFD model; w;., = 0.006
m - s, &/t = 3/1; CSW regime

Technical Sciences 19(3) 2016



Modelling of the Hydrodynamics... 279

a
18 000
17 000 ®
6 000 e
! — K
AL—T | 1‘
15 000 A {
- ? )
& 14000 . R {oltip = 311
& toltip = 211 bitip =
13 000 +——
12 000
11 000
10 000
0.0055 0.0056 0.0057 0.0058 0.0059 0.006 0.0061 0.0062
WLay [m/s] ® Exp.
A CFD
b
0.2
0.19
0.18 ~ R o ——0
0.17 A 7y
A
5 0.16 |
° 0.15 tyltip = 31— toltip = 3/1
< tpltip = 2/1
g 0.14
=
o
= 013
0.12
0.11
0.1
0.0055 0.0056 0.0057 0.0058 0.0059 0.006 0.0061 0.0062
WLav [m/s]

Fig. 3. Dependences of the gas pressure drop AP (a) and liquid hold-up (b) on the average liquid
velocity wrq, (or duration of the base and impulse) at various Ergun constants, nitrogen-water
system, w, = 0.143 m - s}, wr, = 0.0048 m - s7'; CSW regime

Technical Sciences 19(3) 2016



280 Daniel Janecki et al.

. "I " "

2.28e-01 *

2.166-01 " '
2.04e-01 * .
1.92e-01 iﬁ

1.80e-01 !
1.68e-01
1.56e-01
1.44e-01
1.32e-01
1.20e-01
1.08e-01
9.60e-02
8.40e-02
7.20e-02
6.00e-02
4.80e-02
3.60e-02
2.40e-02
1.20e-02
0.00e+00

I I

1s 2s 3s 4s 5s 6s

Fig. 4. Time dependences of liquid holdup along the column; nitrogen — 24% methanol solution
system, w, = 0.1m/s; w, = 0.0025 m/s, wimp, = 0.0049 m/s; &, = 3, ¢, = 18

flows with a constant velocity (wy; ). The front of impulse, which was created
after 4 seconds, reaches the column bottom after about 20 s. After that time the
GCF regime is again observed in the column.

Conclusions
A simulation of concurrent flow of gas and liquid through fixed bed of the

column operating in GCF and CSW regimes were performed using computa-
tional fluid dynamics (CFD) model. As a result of the simulations the following
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Fig. 5. Liquid hold-up variation with time along the column; nitrogen — water system; w, = 0.14 m/s,
wy, = 0.0048 m/s, wr;, = 0.0082 m/s; &, = 20 s, ¢, = 3 s

hydrodynamic parameters were obtained: gas pressure drop in the bed, volume
fraction distribution of a given phase (liquid holdup and gas holdup) along
packing and its mean value in the reactor. The results of the calculations
reflect well both quantitative and qualitative changes of hydrodynamic par-
ameters with the changes of: flow rates of both phases, duration of base and
impulse and physicochemical properties of the liquid phase. The comparison of
liquid holdup values and gas pressure drop in bed calculated and experimen-
tally obtained shows that the CFD model applied in the present study may be
used to model the hydrodynamics of concurrent flows of gas and liquid through
a fixed bed, since a good compatibility of the compared hydrodynamic par-
ameters was obtained.
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work, and not merely present the opinions of individual authors or summarize only work
carried out by the authors or by those with whom the authors agree. Undue speculations
should also be avoided. Reviews generally should not exceed 6,000 words.

Research Papers

Research Papers are reports of complete, scientifically sound, original research
which contributes new knowledge to its field. Papers should not exceed 5,000 words,
including figures and tables.
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Short Communications

Short Communications are research papers constituting a concise description of
a limited investigation. They should be completely documented, both by reference list,
and description of the experimental procedures. Short Communications should not
occupy more than 2,000 words, including figures and tables.

Letters to the Editor
Letters to the Editor should concern with issues raised by articles recently published
in scientific journals or by recent developments in the engineering area.

Contact details for submission
The paper should be sent to the Editorial Office, as a Microsoft Word file, by e-mail:
techsci@uwm.edu.pl

Referees

Author/authors should suggest, the names, addresses and e-mail addresses of at least
three potential referees. The editor retains the sole right to decide whether or not the
suggested reviewers are used.

Submission declaration

After final acceptance of the manuscript, the corresponding author should send to
the Editorial Office the author’s declaration. Submission of an article implies that the
work has not been published previously (except in the form of an abstract or as part of
a published lecture or academic thesis or as an electronic preprint), that it is not under
consideration for publication elsewhere, that publication is approved by all authors and
tacitly or explicitly by the responsible authorities where the work was carried out, and
that, if accepted, it will not be published elsewhere in the same form, in English or in any
other language.

To prevent cases of ghostwriting and guest authorship, the author/authors of
manuscripts is/are obliged to: (i) disclose the input of each author to the text (specifying
their affiliations and contributions, i.e. who is the author of the concept, assumptions,
methods, protocol, etc. used during the preparation of the text); (ii) disclose information
about the funding sources for the article, the contribution of research institutions,
associations and other entities.

Language

Authors should prepare the full manuscript i.e. title, abstract and the main text in
English (American or British usage is accepted). Polish version of the manuscript is not
required.

The file type

Text should be prepared in a word processor and saved in doc or docx file (MS Office).
Article structure

Suggested structure of the manuscript is as follows:

Title

Authors and affiliations

Corresponding author

Abstract

Keywords

Introduction

Material and Methods

Results and Discussion

Conclusions
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Acknowledgements (optional)
References

Tables

Figures

Subdivision — numbered sections

Text should be organized into clearly defined and numbered sections and subsec-
tions (optionally). Sections and subsections should be numbered as 1. 2. 3. then 1.1 1.2
1.3 (then 1.1.1, 1.1.2, ...). The abstract should not be included in numbering section.
A brief heading may be given to any subsection. Each heading should appear on its own
separate line. A single line should separate paragraphs. Indentation should be used in
each paragraph.

Font guidelines are as follows:

— Title: 14 pt. Times New Roman, bold, centered, with caps

— Author names and affiliations:12 pt. Times New Roman, bold, centered, italic, two
blank line above

— Abstract: 10 pt. Times New Roman, full justified, one and a half space. Abstract should
begin with the word Abstract immediately following the title block with one blank line
in between. The word Abstract: 10 pt. Times New Roman, centered, indentation
should be used

— Section Headings: Not numbered, 12 pt. Times New Roman, bold, centered; one blank
line above

— Section Sub-headings: Numbered, 12 pt. Times New Roman, bold, italic, centered; one
blank line above

— Regular text: 12 pt. Times New Roman, one and a half space,full justified, indentation
should be used in each paragraph

Title page information
The following information should be placed at the first page:

Title
Concise and informative. If possible, authors should not use abbreviations and
formulae.

Authors and affiliations

Author/authors’ names should be presented below the title. The authors’ affiliation
addresses (department or college; university or company; city, state and zip code,
country) should be placed below the names. Authors with the same affiliation must be
grouped together on the same line with affiliation information following in a single block.
Authors should indicate all affiliations with a lower-case superscript letter immediately
after the author’s name and in front of the appropriate address.

Corresponding author

It should be clearly indicated who will handle correspondence at all stages of
refereeing and publication, also post-publication process. The e-mail address should be
provided (footer, first page). Contact details must be kept up to date by the correspond-
ing author.

Abstract

The abstract should have up to 100-150 words in length. A concise abstract is
required. The abstract should state briefly the aim of the research, the principal results
and major conclusions. Abstract must be able to stand alone. Only abbreviations firmly
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established in the field may be eligible. Non-standard or uncommon abbreviations
should be avoided, but if essential they must be defined at their first mention in the
abstract itself.

Keywords

Immediately after the abstract, author/authors should provide a maximum of
6 keywords avoiding general, plural terms and multiple concepts (avoid, for example,
‘and’, ‘of’). Author/authors should be sparing with abbreviations: only abbreviations
firmly established in the field may be eligible.

Abbreviations

Author/authors should define abbreviations that are not standard in this field.
Abbreviations must be defined at their first mention there. Author/authors should
ensure consistency of abbreviations throughout the article.

Units
All units used in the paper should be consistent with the SI system of measurement.
If other units are mentioned, author/authors should give their equivalent in SI.

Introduction

Literature sources should be appropriately selected and cited. A literature review
should discuss published information in a particular subject area. Introduction should
identify, describe and analyze related research that has already been done and summar-
ize the state of art in the topic area. Author/authors should state clearly the objectives of
the work and provide an adequate background.

Material and Methods

Author/authors should provide sufficient details to allow the work to be reproduced
by other researchers. Methods already published should be indicated by a reference.
A theory should extend, not repeat, the background to the article already dealt within
the Introduction and lay the foundation for further work. Calculations should represent
a practical development from a theoretical basis.

Results and Discussion

Results should be clear and concise. Discussion should explore the significance of the
results of the work, not repeat them. A combined Results and Discussion section is often
appropriate.

Conclusions
The main conclusions of the study may be presented in a Conclusions section, which
may stand alone or form a subsection of a Results and Discussion section.

Acknowledgements

Author/authors should include acknowledgements in a separate section at the end of
the manuscript before the references. Author/authors should not include them on the
title page, as a footnote to the title or otherwise. Individuals who provided help during
the research study should be listed in this section.

Artwork
General points

— Make sure you use uniform lettering and sizing of your original artwork
— Embed the used fonts if the application provides that option
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— Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman,
Symbol

— Number equations, tables and figures according to their sequence in the text

— Size the illustrations close to the desired dimensions of the printed version

Formats

If your electronic artwork is created in a Microsoft Office application (Word,
PowerPoint, Excel) then please supply ‘as is’ in the native document format

Regardless of the application used other than Microsoft Office, when your electronic
artwork is finalized, please ‘Save as’ or convert the images to one of the following
formats (note the resolution requirements given below):

EPS (or PDF): Vector drawings, embed all used fonts

JPEG: Color or grayscale photographs (halftones), keep to a minimum of 300 dpi

JPEG: Bitmapped (pure black & white pixels) line drawings, keep to a minimum of
1000 dpi or combinations bitmapped line/half-tone (color or grayscale), keep to a mini-
mum of 500 dpi

Please do not:

— Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these
typically have a low number of pixels and limited set of colors

— Supply files that are too low in resolution

— Submit graphics that are disproportionately large for the content

Color artwork

Author/authors should make sure that artwork files are in an acceptable format
(JPEG, EPS PDF, or MS Office files) and with the correct resolution. If, together with
manuscript, author/authors submit color figures then Technical Sciences will ensure
that these figures will appear in color on the web as well as in the printed version at no
additional charge.

Tables, figures, and equations

Tables, figures, and equations/formulae should be identified and numbered consecu-
tively in accordance with their appearance in the text.

Equations/mathematical and physical formulae should be presented in the main
text, while tables and figures should be presented at the end of file (after References
section). Mathematical and physical formulae should be presented in the MS Word
formula editor.

All types of figures can be black/white or color. Author/authors should ensure that
each figure is numbered and has a caption. A caption should be placed below the figure.
Figure must be able to stand alone (explanation of all symbols and abbreviations used in
figure is required). Units must be always included. It is noted that figure and table
numbering should be independent.

Tables should be numbered consecutively in accordance with their appearance in the
text. Table caption should be placed above the table. Footnotes to tables should be placed
below the table body and indicated with superscript lowercase letters. Vertical rules
should be avoided. Author/authors should ensure that the data presented in tables do not
duplicate results described in figures, diagrams, schemes, etc. Table must be able to
stand alone (explanation of all symbols and abbreviations used in table is required).
Units must be always included. As above, figure and table numbering should be
independent.
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References

References: All publications cited in the text should be presented in a list of
references following the text of the manuscript. The manuscript should be carefully
checked to ensure that the spelling of authors’ names and dates of publications are
exactly the same in the text as in the reference list. Authors should ensure that each
reference cited in the text is also present in the reference list (and vice versa).

Citations may be made directly (or parenthetically). All citations in the text should
refer to:

1. Single author

The author’s name (without initials, with caps, unless there is ambiguity) and the
year of publication should appear in the text

2. Two authors

Both authors’ names (without initials, with caps) and the year of publication should
appear in the text

3. Three or more authors

First author’s name followed by et al. and the year of publication should appear in
the text

Groups of references should be listed first alphabetically, then chronologically.

Examples:

“... have been reported recently (ALLAN, 1996a, 1996b, 1999; ALLAN and JONES, 1995).

KRAMER et al. (2000) have recently shown...”

The list of references should be arranged alphabetically by authors’ names, then
further sorted chronologically if necessary. More than once reference from the same
author(s) in the same year must be identified by the letters “a”, “b”, “c” etc., placed after
the year of publication.

References should be given in the following form:

KuMBHAR B.K., AGARVAL R.S., Das K. 1981. Thermal properties of fresh and frozen
fish. International Journal of Refrigeration, 4(3), 143-146.

MacHADO MLF., OLIVEIRA F.A.R., GEKAS V. 1997. Modelling water uptake and soluble
solids losses by puffed breakfast cereal immersed in water or milk. In Proceedings of the
Seventh International Congress on Engineering and Food, Brighton, UK.

NETER J., KUTNER M.H., NACHTSCHEIM C.J., WASSERMAN W. 1966. Applied linear
statistical models (4th ed., pp. 1289-1293). Irwin, Chicago.

THOMSON F.M. 1984. Storage of particulate solids. In M. E. Fayed, L. Otten (Eds.),
Handbook of Powder Science and Technology (pp. 365-463). Van Nostrand Reinhold,
New York.

Citation of a reference as ‘in press’ implies that the item has been accepted for
publication.

Note that the full names of Journals should appear in reference list.

Submission checklist

The following list will be useful during the final checking of an article prior to the
submission. Before sending the manuscript to the Journal for review, author/authors
should ensure that the following items are present:

— Text is prepared with a word processor and saved in DOC or DOCX file (MS
Office). One author has been designated as the corresponding author with contact
details: e-mail address

— Manuscript has been ’spell-checked’ and ’grammar-checked’

— References are in the correct format for this Journal

— All references mentioned in the Reference list are cited in the text, and vice versa

— Author/authors does/do not supply files that are too low in resolution

— Author/authors does/do not submit graphics that are disproportionately large for
the content
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