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FLUIDIZED BED DYNAMICS DURING PARTICLE COATING 
 

Sergiy Antonyuk, Stefan Heinrich 
Institute of Solids Process Engineering and Particle Technology, Hamburg 

University of Technology, Denickestrasse 15, 21073 Hamburg, Germany 
 
A novel process for coating of aerogel particles in a spouted bed is 

suggested. Using Discrete Element Method (DEM) the influence of the density 
and restitution coefficient of experimentally coated aerogels on the fluidized bed 
dynamics in the developed apparatus was described. 

 
INTRODUCTION 
The aerogels are nanoporous materials which show extremely low density, 

high surface area and excellent insulation properties. However, the limitation of 
aerogels in a number of applications is their open-pore structure, allowing the 
penetration of liquids therein. Their structure might be destroyed by contact with 
water because of capillary forces which are higher than the strength (Antonyuk 
et al. (1)). This drawback could be overcome by coating of aerogels with a 
polymeric protection material. In this work the aerogel particles were coated in a 
spouted bed apparatus. This technology offers the fluidization of small and light 
or very large particles, which can be non-spherical or sticky with a broad size 
distribution, Mörl et al. (2). 

One objective was to produce the coated aerogel particles with good 
structural properties. In order to optimize the coating process parameters the 
particle and fluid dynamics of spouted bed apparatus was investigated by 
Discrete Element Method (DEM) which is coupled with CFD.  

 
EXPERIMENTAL  
Experimental slit-shaped spouted fluidized bed 

Nozzle
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Coating fluid

6
Process air
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Fig. 1 Experimental spouted bed apparatus for the coating of aerogels (left) 

and its fluidization chamber (middle and right). 
 

h 
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To perform the coating of the aerogels an experimental spouted bed 
apparatus was built  (Fig.  1).  The pilot  plant  has a cylindrical  chamber,  Item 1,  
which is connected through a conic part with a prismatic fluidization chamber, 
Item 2, with two horizontal gas inlets (slots) for adjustable gas supply. The 
velocity of  the inlet  air  can be varied changing the height  of  these slots  h. The 
air flow produced from blower, Item 3, can be heated up to 100 °C in a 500 W 
heater, Item 4. The solution or melt prepared in the vessel, Item 5, was 
transported in a coated hose using a peristaltic pump, Item 6, and injected in the 
fluidized bed using a two-component nozzle 7. The nozzle was heated up to 
temperature of injecting fluid. A fabric filter, Item 8, separates small particles 
from the exhaust gas. The air temperatures before, after and inside the bed 
(chamber 2), the temperatures of the liquid and nozzle and pressure drop were 
measured. 

200 m 

Materials for the Coating Experiments  
Fig. 2 shows nearly spherical silica aerogels 

produced by supercritical extraction of a gel-oil 
emulsion (Alnaief&Smirnova (3)). The particles with 
the size ranging from 100 µm to few millimetres and 
the mean density of 190 kg/m³ were coated with 
Eudragit® (solution with 25.8 vol-% of the solid 
material) which provides a pH sensitive release of the 
drugs. 

Fig. 2 SEM of 
produced silica 
aerogel particles. 

Parameter and results of the coating experiments  
During the first experiments the high shrinking of aerogels was observed. 

The  droplets  of  Eudragit  solution  destroyed  the  particle  surface  of  aerogel  and  
their size decreased (Antonyuk et al. (1)). The Eudragit layer showed many 
cracks (Fig. 3). Hence, to avert the breaking of the particles the coating with two 
materials  was  carried  out.  Firstly  the  PEG  2000  was  sprayed  in  the  apparatus  
forming a protection layer on the aerogel. Thereafter the Eudragit® was injected 
(Fig. 4). The different process parameters were varied during coating 
experiments and their optimal values were obtained, which are summarised in 
Table 1. 

 
Table 1. Process parameters of the coating. 

Parameter PEG 2000 Eudragit® L 
process air mass flow in m3/h 25-40 25-40 
bed temperature in °C 45 21 
mass flow of the coating fluid in g/min 20 10 
temperature of the coating fluid in °C 95 25 
flow rate of the nozzle air in l/min 15-20 15-20 
temperature of the nozzle in °C 80 30 
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Mechanical properties of the aerogels. The mechanical properties 
characterize the product quality. They are also important parameters in the 
calculated here DEM model (Antonyuk et al. (4)). The stiffness and breakage 
properties of aerogel were measured by compression tests (Antonyuk et al. (1)) 
and presented in  

Table 2 for the different sizes (uncoated particles with d50 = 0.7 mm and 
two fractions of coated particles with d50 = 0.8 mm and 3.71 mm with layer 
thickness of approximately 50 µm).  

  

100 µm 100 nm

Aerogel microstructure

Eudragit-Aerogel layer

10 µm 
 

Fig. 3 Aerogel particle coated in spouted bed apparatus with Eudragit® L 
solutions (left) and the cross section area of the layer (middle and right). 

50 µm 10 µm

Eudragit®
layer

protection
layer

50 µm 10 µm

Eudragit®
layer

protection
layer

 
Fig. 4 Cross section area of a silica aerogel particle coated with two layers. 
 
Table 2 Mechanical characteristics of aerogels. 

Diameter in 
mm 

Breakage force 
in N 

Strength in 
kPa 

Stiffness in 
N/mm 

0.70 ± 0.14 0.37 ± 0.2 970 ± 0.50 10.3 ± 2.0 
0.80 ± 0.12 0.33 ± 0.1 650 ± 460 10.0 ± 3.0 
3.71 ± 0.40 0.61 ± 0.2 60 ± 30 3.0 ± 0.6 

 
The aerogels with Eudragit shell show smaller strength in comparison with 

the uncoated particles. The decreasing of the strength occurs due to damaging of 
the particle surface by contact with Eudragit®. No significant influence of the 
shell on the particle stiffness was obtained. With the increasing of the particle 
size (from 0.8 to 3.7 mm) the strength and stiffness decrease. 

The coefficient of restitution e describes the energy dissipation during 
impact and can be found as a ratio of rebound velocity to impact velocity of the 
particle. The coefficient of restitution of aerogels before (d50 = 1.5 mm) and after 
coating (d50 = 1.7 mm) was measured with the help of a free fall set-up 
(Antonyuk et al. (8)): euncoated = 0.6±0.1 and ecoated = 0.4±0.1, at the impact 
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velocity of 1 m/s. They are input parameters for the DEM model, which will be 
described in the next paragraph. 

 
MODELLING OF PARTICLE AND FLUID DYNAMICS  
DPM model. A discrete particle model (DPM) was employed to study the 

particle and fluid dynamics of spout bed apparatus used for the coating of 
aerogel. The DPM is a coupling of DEM, which describes the motion of every 
individual element, and the computational fluid dynamics (CFD), which 
calculates the gas phase (van Buijtenen et al. (5), Fries et al. (6)). The motion of 
each particle i can completely be described using Newton's and Euler's laws: 

, ,
11

m
i g pi

i i g i i c j i
j

Vdm V p m
dt
v u v g F , (1) 

,
1

l
i

i i j
j

dI M
dt

. (2) 

The force balance on the right  side of  Eq.  (1)  consists  of  the force due to 
pressure gradient, drag, gravity and contact forces by a particle-particle and 
particle-wall collision, respectively. Ii and i in Eq. (2) are the moment of inertia 
and angular velocity for particle i. Mi,j are the moments generated from 
tangential contact forces acting on the particle i. The interphase momentum 
transfer coefficient g-p is modelled by combining the Ergun equation (1952) for 
dense regimes (  0.8) and the correlation proposed by Wen&Yu (1966) for 
more dilute regimes (  > 0.8). 

Contact forces between particles are calculated according to a viscoelastic 
contact model based on the Kelvin-Voigt law with a constant restitution 
coefficient (Cundall and Strack (7)). The normal and tangential contact forces 
are defined as follows: 

( )
, , , , , ,( )ij

c n c ij n ij n ij n ij n ijF k s s n , (3) 

, , , , ,( )
, ( )

,

( )
min

( )

a
c ij s ij s ij s ij s ijij

c s ij
ij c n ij

k s s t
F

F t
, (4) 

where kc,ij,n and kc,ij,s are the contact stiffness in normal and shear direction, 
ij is the dynamic friction coefficient. The overlap in normal and shear direction 

is sij,n and sij,s. i,j,n and i,j,s are the normal and shear damping given as: 

*4 / 1
lncm k

e
. (5) 

m* is equivalent mass of contact partners. kc is the contact stiffness.  
The hydrodynamics of the gas phase considered as continuum is calculated 

using volume-averaged Navier-Stokes equations (6)-(7).  
0g g gt

u , (6) 
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g g g g g g g p gp
t

u u u S g . (7) 

Simulations were performed using the commercial simulators EDEM and 
Fluent. 

 
Simulation parameters. The geometry of fluidization chamber (2 in 

Fig. 1) is discretized in mesh cells (Fig. 5). The mesh consists of 76.725 
tet/hybrid cells with an interval size of 0.008 and minimum volume of 4 mm3. 
The  air  with  the  temperature  of  25  °C,  density  of  1.18  kg/m3 and kinematic 
viscosity of 15.7·10-6 m2/s was calculated. To describe the effects of turbulent 
fluctuations  of  velocities  on  the  pressure  drop  of  the  empty  apparatus  a  k-  
model (with the turbulence intensity of 5%) was applied for the calculation 
which showed good results for the spout beds in CFD simulations of Gryczka et 
al. (9). The parameters of the DEM model are given in Table 3. 

 
Table 3 Properties of the particles in DEM model. 

Parameter uncoated coated  
diameter in µm 800 820 
density in kg/m3 190 300 
stiffness in N/mm 10 10 
shear modulus in MPa 6.25 6.25 
restitution coefficient 0.6 0.4 
friction coefficient   0.8 0.8 
rolling friction 
coefficient   

0.01 0.01 

number of the particles 150.000 150.000 

 
           Gas inlet  
    Fig. 5 Mesh of CFD 
simulation. 

 
The DPM simulations were performed for the dry uncoated aerogel 

particles and compared with the case of coated particles. The coated particles are 
significantly heavier than dry uncoated aerogel. Moreover, with the wetting the 
energy adsorption during impact increases that results in the decreasing the 
coefficient of restitution (Antonyuk et al. (10)). 

 
SIMULATION RESULTS. First simulations were performed for the 

empty apparatus without the solid particles. The inlet velocity of the gas was 
varied in the range of 1-2 m/s. The calculated pressure drop increases with 
increasing inlet velocity (Fig. 6). The calculated pressure drop predicted well 
with the experimental measurements that were carried out for the full spout bed 
apparatus included its cylindrical chamber (Fig. 7). Therefore the predicted 
values of the pressure drop are smaller than experimental obtained pressure 
drops. The gas velocity reaches its maximum in the narrow vertical inlet splits 
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(Fig. 8). This velocity in these zones increases linearly with increasing the inlet 
velocity (Fig. 6). 

Fig.  8  shows  the  time-averaged  flow  profiles.  The  flow  starts  with  a  
relatively high velocity at the bottom and becomes wider and slower with the 
height. Due to turbulence, two vortices are arisen that generate the secondary 
flow moving from the top to down in the near-wall region. 

On top of the T-shaped bottom a stagnant air region takes place. The 
movement and drying of the particles will be reduced in this area. The particles 
can  sink  on  the  bottom,  as  shown  in  Fig.  9  (DPM  simulation,  after  real  
fluidization time of 1.1 s). During coating experiments that leads to sticking of 
the particles in this region. To overcome this problem, the nozzle can be placed 
above this zone and the T-shaped element must be produced as knee-shaped. 
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Fig. 6 Calculated pressure drop and 

maximum gas velocity in the empty 
apparatus versus the inlet gas velocity. 

Fig. 7 Comparison of the 
calculated pressure drop depending on 

the volume flow of the inlet gas. 
 

 

stagnant 
zone 

 

 
 

particles in 
sagnant 
zone  

Fig. 8 The plot of time-averaged fluid 
velocities in the empty apparatus at the 

inlet velocity of 2 m/s. 

Fig. 9 The particle deposition on 
the middle profile in the stagnant zone 

of the gas (see Fig. 8). 
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Fig. 10 Instantaneous particle 

positions and velocity distributions inside 
the spout bed apparatus (particle density = 
190 kg/m3, inlet gas velocity = 1.3 m/s). 

Fig. 11 Influence the particle 
density on the maximum bed height in 

the spout bed apparatus (inlet gas 
velocity = 1.3 m/s). 

Fig. 10 shows the instantaneous particle positions in the apparatus. As 
expected the maximum particle velocity is reached in the spout region. Here the 
inlet gas accelerates the particles and picks up nearly vertically according to 
primary flow. The gas velocity is decreased gradual over the apparatus height 
and leads to decreasing the particle velocity. The particles deviate from vertical 
air flow and moves downward along the walls. The maximum bed height 
depends on the gas velocity, particle mass and restitution coefficient. With 
increasing of the particle mass, the necessary bed height decreases. The Fig. 11 
compares the calculated bed heights.  

The wet coated aerogel particles showed a lower translation and rotation 
velocities in comparison with dry and light aerogels (Table 4). Therefore, during 
the coating process, the inlet gas flow and the velocity must be increased in 
order to keep constant particle dynamics and to avoid sticking and 
agglomeration. The obtained distributions of the average particle velocity and 
impact velocity in spouted bed can be described with a lognormal distribution 
function, as it shown in Fig. 12. The average particle-particle impact velocity 
(Fig. 12 right) is about 7 times smaller than the absolute particle velocity at the 
same simulation time. The mean impact velocity by particle-wall impact is at the 
average 15 % higher than that by impact of particles.  

 
Table 4 Time-averaged motion parameters. 

parameter uncoated 
particles 

coated  
particles 

maximum bed height in mm 165 130 
mean/maximum  particle velocity 
in m/s 

0.36/1.62 0.28/1.20 

average particle rotation in 1/s 275 226 
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Fig. 12 Distribution function P and its density p for: (left) average 

absolute particle velocity and (right) relative impact velocity in the spout 
bed apparatus. (particle density of 300 kg/m3; p-p - particle-particle 
impacts, p-w - particle-wall impacts). 

0

500

1000

1500

2000

0.3 0.6 0.9 1.2 1.5
Time t in s

C
ol

lis
io

n 
ra

te
 [1

/s
].

 = 300 kg/m3

 = 190 kg/m3

 
0

2

4

6

0.2 0.6 1 1.4
Time t in s

Im
pa

ct
 fo

rc
e 

in
 m

N

Fc,t,max

Fc,n,breakage = 310 ± 100 mN

Fc,n,max

 
Fig. 13 (left) Collision rate of the particles during the fluidization time, 

(right) maximal values of the normal and tangential impact forces (particle 
density of 300 kg/m3). 

 
Fig. 13 shows the calculated particle-particle collision rates. The fluidized 

bed of wetted particles shows smaller height and porosity and so higher collision 
rates than for dry aerogels. The particle collides with another particle almost ten 
times more frequently than with a wall. The calculated forces acting on the 
particles during collisions in the bed (Fig. 13 right) are significantly smaller than 
breakage range of the aerogels ( 

Table 2). This confirms the experimental fact that no breakage occurs 
during fluidization of aerogels. The small magnitude of the force can be 
explained by relative small particle impact velocities in the presented apparatus 
(Fig. 12). 

CONCLUSIONS. The process of coating silica aerogels with pH sensitive 
polymers was performed successfully in the experimental spouted bed 
apparatus. To produce a closed Eudragit® layer and to avert the shrinking and 
breakage of the aerogel the particles can be coated with PEG 2000 as protection 
material. 
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The DPM simulations showed a high gas velocity in the bottom part of the 
apparatus and its gradual decrease over the apparatus. The increasing mass and 
energy dissipation at the contact during the coating decreases the bed height, 
particle velocities and increases the collisions rate. The average impact velocity 
in spouted bed can be described with a lognormal distribution function. No 
breakage of the aerogels was obtained because the impact forces acting in the 
fluidized bed are significantly smaller than the measured breakage force of 
aerogel particles. 
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% 

 = 5 1 12,5 690 11,17 
 5  = 10 1 12,5 690 11,17 
 10  = 15 1 12,5 690 11,17 
 20  = 25 5 62,5 4 110 66,50 

  20 5 62,5 4 110 66,50 
 8 100 6180 100 
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 (  1186-87)  1000° . 

 (  
5953-81). 

 
 1 . 

 

          
 

 1 - : ) =70:30%; 
) =70:30%; ) =50:50%; ) =50:50% + 5%  
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,  70:30%  
,  

. . 
=70:30% , 

.  
 50:50%  

, ,  
, .  

 50:50%  5% ,  
, ,  

,  
, . 

 - 
 1. 

,  
 ( , 70:30)  

,  
,  

 ( ,70:30).  
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 1 –  
  

, % 
-

 ,  
 

 ,  
,70:30 72,33 18,5 15 
,70:30 73,20 20,0 21 
,50:50 72,55 14,5 27 
,50:50 +  69,16 15,5 36 

 5 % ,  
.  

 
,  

.  
. 

, .2,  
 70:30  

 « »  « ».  50:50 ,  
,70:30.  

. 
 

 2 –   
  

, 
2 

 
, % 

 
, % 

 
Sd

t, % 

,70:30 78,16 23,09 51,57 0,79 
,70:30 88,29 18,98 61,05 1,72 
,50:50 -* 21,14 53,02 1,41 
,50:50 +  -* 20,62 52,87 1,56 
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,  
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, .  

. , , , , 
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 8-15 % .  
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.  
,  

.  
 

, , , . 
 –  

,  
,  

. 
 

 « » 
),  k7 . “ : Wa=2,2%; Ad

t=5,2%; 
Vdaf=36,0%; Cdaf=85,1%; Hdaf=5,11%; Sd

t=1,22%,  
 « » ( ),  k8 . . : 

Wa=0,8%; Ad
t=2,7%; Vdaf=31,7%; Cdaf=87,3%; Hdaf=5,23%; Sd

t=2,81%,  
:  = 50/50%  

 = 30/70%. 
 

 500 – 550  (  3168–66).  
, , .1. 

 
 1 – , % daf 

,    
   

 69,8 6,2 10,0 14,0 
 74,5 2,7 8,5 14,3 

 = 50/50% 72,3 3,5 9,7 14,5 
 = 30/70% 72,4 3,3 9,7 14,6 

 
.1 ,  

, . 
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:  – 350 ° ,  
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 ( . 2).  
. ,  

 
 

. 
 

 2 –  
 

 
 = 50/50%  = 30/70% 

 
 

 
 

 

., 
% daf 

., 
% daf 

 
. 
.) 

., 
% daf 

., 
% daf 

 
. 
.) 

  72,30 72,20 0,10 72,44 73,14 -0,70 
 3,52 4,43 -0,91 3,31 3,73 -0,42 

 9,65 9,22 0,43 9,69 8,91 0,78 
 14,53 14,15 0,38 14,56 14,22 0,34 

 

 
 

 1 – , daf 
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2 2S  3,21, 

 – 7,53.  
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, , ,  

 ( 23-24 3). 
, ,  

 
=30/70%  

,  
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1. . // .-2002.- 3.- .45-
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2. ., ., ., .  

 // , 2000,  1, . 44-46. 
3. Ma .  
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4. . ., . . . ., . .,   
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                                     S                                   S 
                                                         t°            

                          H2 S- NH4
+    H2 NH2 + H2S                          (3) 

                       
___________________________________________________ 

                                 CS2 + 2NH3   H2NC(S)NH2 + H2S                             (4) 
                

 
 

 2, t=113°C 
                                    S 
                   .        

                             S=C=S + NH2 H    H2 SH                                   (5) 
        S 
         

                               H2 SH  HN=C=S + H2S                                     (6) 
 

 
 

. 
                           H2 H + HN=C=S  NH4 N                                   (7) 

 
________________________________________________________________ 
                                                       

                          CS2 + 2NH3    NH4 N + H2S                                (8) 
 

 3. , t 160°C 
                     S 
       t°            

                            NH4 N   H2 NH2                                       (9) 
 

 
 

, , 
. 

,  
, . 

                               S 
                               –  + 
             H2 SNH4    +   H2SO4  (NH4)2 SO4 + CS2                                           (10) 
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.1  
 CS2  

 NH3:CS2. ,  
 NH3:CS2  2:1  7:1  

 77,3%  99,8%.  
NH3: CS2 = 2:1  CS2  77,3%.  

 4,8 : 
 

                                    H2S + NH3  NH4HS                                     (11) 

                                   NH4HS + NH3  (NH4)2 S                               (12) 

        ___________________________________________________ 

                                   H2S + 2NH3  (NH4)2 S                                 (13) 

 

 
 

 1 - S2  
NH3:CS2 

 120° ,  3  
 

 
 93,6% (NH3: CS2 = 4:1)  

99,5  NH3: CS2 = 6:1. 
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 NH3  
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                                                            S 
     

                    CS2 + 4NH3     H2 NH2    +   (NH4)2 S                    (14) 
 

                   CS2 + 4NH3   NH4SCN +   (NH4)2 S                                (15) 
 

  .2. 
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 85  150°  
75,5  98% (  NH3: CS2 = 5:1).  115°  

 
 (  
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dT
d . 

 
 

 2 -  
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2 -  NH3:CS2 = 7:1 
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FEATURES OF SECURITY EQUIPMENT MAINTENANCE MAN-
CAUSED BY RECYCLING ENERGY MATERIALS. 

 
Alekseeva O.E., Grezhdier D.M.  

Donetsk National Technical University (DonNTU) 
 

The urgency of problem of storage, processing and utilization of 
ammunition in Ukraine increased in recent years. The different ammunition 
utilization means was considered. The choice of rotating drum crystallizer for 
utilization of trotyl was grounded. 

 
At present on more than 200 depots are stored about 2 million tons of 

ammunition, half of which requires utilization. 244 thousand tons of 
ammunitions needs in the immediate recovery, including – 24 thousand tons of 
missiles. It is consider that in the year 10-15 thousand tons of obsolete 
ammunition. Capacity of state and commercial entities, who work in the field of 
recycling, can destroy just about 25 thousand tons per year. 

To ensure technological security in the enterprise control of energy-
saturated materials requires special attention and skills of the staff, as well as 
compliance with certain requirements for equipment used. The main 
requirements are: 

- High reliability and the timely repair of equipment; 
- Increased level of mechanization and automation of production; 
- The circuitry of technological and waste water from device of washout 

and hydraulic cutting sheet by water with high and very high pressure, as well as 
from  ablution  of  equipment  contaminated  with  suspensions  of  particles  of  
explosives, aluminum, paint could be electrically connected for reuse. Used 
water (or other subsidiary working environment) must pass a series of additional 
cleanings before release into the environment. 
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For proper and safe operation of the equipment, it is necessary for the staff 
to systematically monitor the general condition and mode of operating designs, 
to watch closely for work of auxiliary equipment in a timely eliminate to arising 
faultiness. 

It is also important to take into account specific features of the technology 
for demilitarization of ammunition. Energy-saturated materials in recyclable 
munitions are extremely sensitive to mechanical and thermal effects, which is 
potentially explosive, and as a consequence, the fire hazard. In addition, 
munitions are often received for disposal in violation of the outer shell (metal 
casing can be eroded by corrosion or simply broken), that complicates the safe 
transport and storage of such a ammunition, and requires extremely careful 
handling. 

The  slightest  violation  of  the  requirements  for  the  operation  of  the  
equipment or the storage of obsolete ammunition without complying with the 
rules established by the legislation could lead to serious consequences (fire on 
ammunition storage facilities in Artemovsk (2003), explosions in the 
warehouses of artillery ammunition in Novobohdanivka (2004), explosions and 
fires at a military arsenal in Lozovoy (2008)). 

In Ukraine, the most common methods of disposal of ammunition are 
following: 

1. to remove explosives from munitions filled with trotyl and other  
meltable materials based on it, are used by different variants of the contact and 
noncontact heating and melting of explosives vapor; 

2. large munitions filled with mixed fused explosives are utilized by 
different ways leaching of high-boiling inert liquid, and high pressure water; 

3. ammunitions filled with infusible explosives of type A-1X-1 
(phlegmatized RDX) and A-1X-2 (mixture of RDX phlegmatized with 20% 
aluminum powder) are utilized by different ways of mechanical destruction of 
explosive charge. 

The most effective way is the utilization of trotyl by crystallization on the 
crystallizer  drum.  On  the  figure  1.1  show  a  diagram  of  a  rotating  crystallizer  
drum. 
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Figure 1.1 – The rotating crystallizer drum with internal cooling: 
1 – drum; 2 – trough; 3 – knee; 4 – knife. 

 
Supply of cooling agent (water) in a cooling casing occur through the left 

side of the hollow shaft and the knee 3, and the derivation - through the second 
koleno3 and the right side of the hollow shaft, on which the drum 1 is mounted. 
The cold water (temperature not exceeding 25C0) is supplied in the cooling 
casing of drum and the hot water (temperature 84-98 C0) - in cooling casing of 
stockline and troughs 2. Then the valve is opened nutritious trotyl melt from the 
container begins to flow into the trough of drum to the level of 20 cm valve is 
closed. With further work the feed valve is opened and closed automatically. 

The advantages of this method are: relatively high performance (0, 58 t / h), 
the lack of direct contact between the coolant (water) with TNT (the water does 
not require additional treatment after cooling), the relative safety of the process 
(risk of ignition of TNT is minimal). 

The problem of technogenic safety in Ukraine requires serious and 
immediate intervention by the government, new scientific developments for a 
more rational utilization of ammunition. 
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PROBABILISTIC APPROACH TO COKE-OVEN LARGE-BLOCK 
CONCRETE BRICKWORK STRENGTH CALCULATION 

 
Alekseeva O.E., Andreeva D.J., Parfenyuk A.S. 

Donetsk National Technical University 
 
The new approach to calculate coke-oven large-block concrete brickwork 

strength is offered. 
 
The design of the elements of brickwork is an important stage of the coking 

batteries design. 
The tendency in a choice of the geometrical dimensions of brickwork is, as 

a rule, to reach that active stresses are lower than assumed one, and to provide 
theoretically a sufficient strength and service life with the given dimensions of 
chambers. 

To provide the efficiency of an oven chamber its division wall must possess 
the certain qualities providing performance of required functions. The failure of 
the division wall is the intolerable loss of one of its qualities– strength, tightness 
or shape. Various approaches to division wall design are known. The traditional 
approach includes an estimation of stressed-strained state (SSS) of brickwork 
and of limit transverse load for the load-bearing capability of the division wall 
[1]. Calculation is made by three criteria: deformation, stability and strength 
criteria. 

It is known, that the refractory brickwork of the division wall resists well to 
compression  and  poorly  to  tension,  first  of  all  because  of  the  presence  of  the  
joints filled with mortar, which possess low strength. In calculations it is 
considered by the third theory of strength. Limiting tensile stresses of a 
brickwork t

* = 50-80 kPa correspond to the industrial oven with height of 5,5 m 
which is considered base. In calculations the brickwork is considered as the 
continuous medium, and at its each of its point tensile stress cannot be more 
than the value t

*:  1 t
*.  Compressive  strength  of  Dinas  c* reaches a 

considerable  value (to 20 Pa) and it defines the second condition of strength 
of the  brickwork: 3 c*. 

In the absence of fissures the division wall is calculated with the criterion 
use equ *, where * – the calculation strength of a material, which is equal to 
the  ratio  of  strength  characteristic  cr to safety factor for strength, reliability, 
operating conditions etc.; equ – the equivalent stress corresponding to the 
assumed strength hypothesis. 

For the division wall calculation by the third strength theory which is 
considered to be valid for such calculations, the strength criterion for a flat plane 
state of stress has the following form [2]: 
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*
3*

*

1 t
c

t
equ , 

where 1, 3 – largest and lowest principal stresses. 
Various schemes and models are applied to division wall design.  
By the first model it is possible to treat a division wall as vertical, rigidly 

fixed-end beam, which takes for transverse uniformly distributed load qx, own 
weight of beam, weight of oven roof G. 

Practice has shown that the maximum compression stress on absolute 
dimensions calculated by this model  will be lower by one order of magnitude 
(in absolute value) than the compression strength of Dinas brick .  

In that case, within the scope of the given scheme it is impossible to 
explain appearance of defects during process of brickwork operation. 

By the second model the division wall is treated as a beam of variable 
rigidity with a curvilinear axis, which connects the centers of gravity of  
compressed zones of cross-sections. But in practice, the brickwork is capable to 
sustain loads higher than these obtained as a result of calculations by the given 
scheme. This allows an occasion to assume that the division wall is capable to 
withstand tensile stresses for  some time interval. The model of the heating wall 
oven chamber in the form of the orthotrophic slab offered by Sklyar et al. allows 
to assume ability of a brickwork during some time interval to resist without the 
formation of fissures to the vertical tensile stress the level of which corresponds 
to max*. Using this model, it is probably to assess both vertical and horizontal 
stability of a brickwork to define a value of necessary anchor force Nz from 
condition Nz Ntorsion, 

where  Ntorsion – critical value of horizontal anchor tie of the brickwork, 
defined from the condition that the normal stress are equal to zero: 

y
bend

y
anchor  = 0. 

It is evident, that stability of the brickwork of heating walls depends not 
only  on  the  value  of  tensile  stresses   but  also  on  the  specific  design  of  ties,  
properties of Dinas, mortar etc. However, authors [3] did not take into  account  
all these factors and which is why  it is impossible to define, a value of tensile 
stresses that  the brickwork can sustain at a long operation and, hence, to 
estimate its real operation life. 

However,  the  authors  of  [3]  disregarded  these  factors,  which  is  why  we  
cannot determine the magnitude of tensile stresses that can be taken up by the 
brickwork during a long period of time and, hence, we cannot estimate its life. 

If appearance of cleavage cracks in a brickwork is caused by the presence 
of tensile stresses exceeding the tolerable level, then "undercut" of  the 
brickwork develop in those zones of a division wall where compressive stresses 
and an average level of temperatures are sufficient for creep appearance. At the 
conditions of cyclical loading the analysis of stresses redistribution in a 
dangerous zone leads to very complicated calculations. In this connection it is 
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offered to use strain criterion of strength: st  Experimental  researches  by  
establishment of high-temperature creep of dinas brick [4], and also the analysis 
of calculations of ultimate strain st for  coke  battery  with  oven  chambers  of  
various height confirm the assumption that the brickwork material attains  the 
critical value st = 0,4 %.  

However it is necessary to note, that even at corresponding revision well-
known methods of designing the brickwork, the essence of which has been 
described above, in our opinion, cannot be applied directly to design of large-
block division wall of refractory concrete in connection with following essential 
features of the process of its operation and destruction [5-6]: 

– presence of a considerable quantity of various defects in an initial stage 
of operation that it is necessary to consider, assumed limiting strength 
characteristics; 

–origination of the main crack for cyclopean masonry yet does not mean an 
approach of a limiting condition by criterion of strength; 

– blocks possess essential strength on a stretching, considerably exceeding 
this characteristic for a usual brickwork, and destruction cyclopean masonry on 
seams without block destruction is impossible, that is caused by a design of 
division walls; 

– considerable superficial defects from coking box which arise at total 
influence of a gradient of temperatures, heterogeneity of concrete structure, 
mechanical deterioration, chemical processes on a surface of blocks; 

– large-block division wall possesses considerably higher rigidity that 
reduces danger of occurrence of  intolerable transverse deformations. 

Taking into account stated above features for cyclopean masonry criterions 
of its limiting condition, i.e. failure criteria, are formulated: 

– condition of blocks team-work along joints: j
*

equ= f( y)]; 
– strength condition at total action of longitudinal and cross-cut forces and 

the bending moments: j
*

equ=f(Mx Qx,My, Qy )]. 
The most realistic results of the calculation, considering the  above-

indicated feature of the operation and destruction of a large-block  division wall, 
can be obtained by using a probabilistic approach. The probabilistic strength 
calculations allow to estimate the reliability characteristics of the object. With 
such an approach the load equ and strength * –  random variables characterized 
by corresponding functions of  the distribution densities   f  ( equ),  f  ( *)  and the 
mathematical expectation M ( equ), M ( *). The reliability of the brickwork R is 
the probability P that the strength * will not be lower the loads equ taking into 
account their dispersions: 

R=P( *- equ>0)                                                   (2) 
The probability of the failure-free performance is connected with the 

probability of failure Q = P ( *- equ <0) by the known relation: 
R = 1 -  Q.                                                        (3) 
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On the basis of [7] for the probability of  failure of the element Qi = F 
(t)  where  F  (t)  -  is  the  function  of  the  distribution  of  operating  time  to  
failure or the probability  that the system will fail by the time t. If to accept 
an assumption that the law of distribution of load and strength is normal, 
for the given moment of time according to [8] the function F (x) should be 
expressed in terms of the tabulated Laplace odd function : 

]
S

 * -  
[- = (z)

22
*

‰

‰
S

,                                        (4) 

where S2 
* and S2

equ - a root-mean-square deviation of  quantities * 
and equ. 

F(x)= (z) + 1/2.                                              (5) 
It is possible to express probability of failure-free operation of the 

division wall in terms of  y = * - equ: 
 

On the basis of [15] taking into account (3) - (5) failure-free operation of 
the brickwork is calculated from the following dependence: 

 

R = 1- [-
 -  *  

S *
2 2S

] .                   (6) 

The characteristics M( equ), M ( *), S2 
* and S2

equ, which depend on 
many factors, should be experimentlly detirmined for particular moments 
of time under various conditions and modes. The random quantities equ is 
function of the temperature ti and mechanical stresses i acting in the 
material, random influences Vni, nominal geometrical characteristics of the 
wall zone  and, b, c etc.: 

equ  = f( ti, i, Vni , a,b,c). 
The random quantity * depends on the strength of the concrete, 

which changes, depending on the time of the material performance *i  and 
its conditions *i  on the nominal cross-sectional area of the structure used 
in calculations of Fi: 

* = f ( *i , *i , Fi) 
The application of this approach makes it possible to estimate the 

probability of the limiting state of any particular zone of the  division wall 
and to guarantee, with the specified reliability level,  the account of all 
random situations and the influences leading to the failure of the division 
wall during the operation.  

 
 
 
 

.]dy)/SM - exp[-0,5(y
2S

1  = 0)>P(y = R
0

2
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ABOUT CHANGE OF TIGHTNESS EMISSION-HAZARDOUS 
ASSEMBLIES OF THERMAL UNITS 

 
Alekseeva O.E., Tretijakov P.V., Minakova .  
Donetsk National Technical University (DonNTU) 

 
To estimate reliability of thermal units it is offered complex criteria in 

which parameters of the technical state of assemblies and also the functions 
reflecting a degree of effect operational, mechanical and temperature factors on 
process of a depressurization and loss of functional properties of the unit 
elements are integrated. 

 
The main requirements to technical objects are reliability, profitability and 

minimum possible of environmental contamination. Thermal units of a 
traditional design (coke oven, blast furnace, glass furnace etc.) for the present in 
an insufficient measure correspond to modern norms under these characteristics, 
and increase of their individual capacity, along with positive results, is 
connected with increase in material losses and an ecological damage at refusals, 
idle times and repairs. 
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In coke-ovens such dangerous assemblies the most difficult constructive 
elements are: covers, hatches, assemblies of loading and an unloading of raw 
materials and a product, supply of gases, control, clearing, repair etc.  

Dangerous assemblies of the coke-ovens to constructive signs are 
transformed to two generalized schemes (fig. 1): type "cover" – for one-piece 
connections and «pipe in brickwork» – for split connections [1]. 

The further accumulation and chips increase leads to formation of pits. The 
given kind of defects is the main reason critical damages of formation – troughs, 
especially in the upper zones of division walls. Criteria of a technical condition 
of thermal units [2] are offered for the analysis of technical condition emissions 
dangerous assemblies for the prevention occurrence critical situations purpose, 
timely elimination of defects and the undesirable phenomena.  

Their quantity is defined by the process parameters quantity of the 
functional properties loss – tensile strength  (for refractory elements) or a 
yield stress  (for metal elements) and specific leak Q per unit of the perimeter 
for a time unit.  

In a general view these criteria are the following: 
K

...ni 1
; (1) 

 QKpBQ , (2) 

Where m – stress in elements, p - pressure difference between internal 
and an environment;   - dynamic viscosity of gas emissions, B – the area of the 
gap arising in connection of elements, K *, KQ - the functions considering 
influence on assembly durability and their hermiticity of the destruction factors 
(temperature, mechanical, operational). 

In a general view criterions functions represent the regressions equations. 
Factors of the regressions equations are obtained by properly of the 
experimental researches of a elements material strength change and connections 
hermiticity in coke-ovens operation. Data about the temperature and stress strain 
state  of  coke-ovens  elements  are  obtained  as  a  result  of  the  distribution  
temperatures mathematical model realization and stress in the section of 
considered assemblies [3].  

The calculation of elements and connections by criteria of a technical 
condition (1, 2) [4] defines the criterions functions limiting values, at which 
non-failure operation of elements and observance of sanitary specifications on 
emissions is guaranteed, are defined.  

It is established that at a deviation from the normal operation mode and 
absence of resets of thermal units dangerous assemblies after 500 cycles of 
operation there are unserviceability sites in elements and after 2000 cycles there 
will be a loss of functional properties for all elements - covers, hatches, loading 
and  unloading assemblies. 
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a                            b 

Fig. 1. Calculated schemes of the emissions dangerous assemblies: 
Assembly of type "cover", type assembly “pipe in brickwork”: 1 - pipe, 2 - oven 

brickwork, 3 - aperture of recirculation, 4 - plug, 5 – material to be processed, 6 -
 brickwork reinforcing, 7 – oven roof brickwork, 8 -  cover, 9 -  heating funnel 

To increase the duration of the period of failure-free elements operation it 
is necessary to raise values of the criterion function K * and to reduce values KQ. 

 
For  this  purpose  it  is  necessary  to  pass  to  new conditions  of  operation  of  

thermal units, so to prevent occurrence of the events breaking functioning of 
assembly (fig. 2). 

The dangerous emissions assemblies elements calculation results analysis 
by criteria (1), (2) has shown, that prevention, first of all, of such events as 
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pollution of surfaces by resinous products of coking, burning of gases on unit 
surfaces, constructive changes of elements (increase in length of a head of a 
division wall at 50-100 mm, use of the large-block plug for metal elements), 
maintenance of a self-centering of thermal unit hatches and doors, will lead to 
reduction values of temperature and mechanical loadings, speed reduction of 
superficial elements destruction, will reduce to a minimum dimensions of the 
gap between a cover and a frame of assembly [3].  

Assemblies elements calculation by technical condition criteria (1), (2) 
with criterion functions K * and  KQ in new conditions has shown that the 
quantity and the dimensions of the reliability low level zones in assemblies was 
sharply reduced. Unserviceability sites will appear in the assembly only after 
4000 cycles. It is brickwork of the first heating funnel and a plug surface (50-70 
mm). Duration of the period of failure-free operation of such elements as a door 
case, brickwork of refractory elements at the door zones, reinforcing elements 
will increase over 5000 cycles. During operation of the coke battery with a 
deviation from a normal mode infringement of sanitary specifications on 
emissions will occur after 400 cycles of the coke oven pushing.  

Criterions functions change laws research of the each assembly element has 
allowed defining failure-free operation periods of the least secure elements, and 
also limiting values of the criterions functions for each element and assembly 
type at which failure-free operation and also observance of sanitary 
specifications on emissions.  
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