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In this work, we are interested to simulate the thermal-hydraulic behavior of
three-pass type fire-tube boiler. The plant is designed to produce 4.5 tons per hour of
saturated steam at 8 bar destined principally for heating applications. A calculation
program is developed in order to simulate the boiler operation under several
steady-state operating conditions. This program is based upon heat transfer laws be-
tween hot gases and the fire-tube internal walls. In the boiler combustion chamber, the
heat transfer has been simulated using the well-stirred furnace model. In the convec-
tion section, heat balance has been carried out to estimate the heat exchanges between
the hot gases and the tube banks.

The obtained results are compared to the steady-state operating data of the considered
plant. A comparative analysis shows that the calculation results are in good agreement
with the boiler operating data. Furthermore, a sensitivity study has been carried out to
assess the effects of input parameters, namely the fuel flow rate, air excess, ambient

temperature, and operating pressure, upon the boiler thermal performances.
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INTRODUCTION

Fire-tube boiler is the original boiler design
which brought the tide of power to the marine world.
This type of boiler was used in driving steam engines,
locomotives, and in marine applications, such as in the
river boats. In the past few years, improvement in
boiler designs and more efficient fire-tube layout have
resulted in more compact, less costly packages which
are more accessible for cleaning and inspection [1].

Several numerical and experimental investiga-
tions [2-6] have been performed to understand the
thermal-hydraulic characteristics in conventional
steam boilers. In the past, traditional methods relied
heavily on expensive experimentation and the build-
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ing of scaled models, but now a more flexible and cost

effective approach is available through greater use of

mathematical modelling and computer simulation.

The recent advances in the computer technology have

made it possible to perform complex calculations effi-

ciently and even faster than real time. The modeling
and simulation of fire-tube boilers has reached re-
markable development, through the application of

CFD techniques[7, 8] and other advanced thermal-hy-

draulic system codes [9].

Fire-tube boilers are named so because the com-
bustion flames and flue gases circulate inside the boiler
tubes. They can be powered by gas, oil, or solid fuel. Ac-
tually, fire-tube boilers are used widely for industrial,
commercial steam and hot water generation. Modern
fire-tube boilers can produce steam at the pressure of up
to 25 bar (1 bar = 100 kPa), and through-puts up to about
25 tons per hour [10]. Packaged fire-tube boilers are se-
lected due to the following advantages [11]:

— space requirements for these units are frequently
less than that for other types due to their compact
design and low headroom needed,

— they require no special foundation like masonry or
refractory setting,

— large diameter shells allow greater steam storage
space and steam releasing area,
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— large water content provides large steaming ca-
pacity for the space occupied which is excellent
for process load applications that require quick re-
sponse to load demands,

— this design provides simplicity in removing scale
and silt precipitation, and

— at the maximum load, these units can attain more
than 80% of the thermal efficiency.

Due to long-time use, fire-tube boilers may un-
dergo a series of degradation processes that could ex-
pose the system structural integrity to serious hazard
and, consequently, huge economic and human life
losses could occur [12, 13]. Micro-structural and me-
chanical analysis shows that [14] under prolonged use
of the fire tube or severe operating conditions, material
degradation and embrittlement and structural changes
may occur. Therefore, a thermal-hydraulic modeling
ofa fire-tube boiler can be a helpful tool in defining the
optimal operating conditions in order to keep the in-
tegrity of the steam generator.

The main objective of this study is to elaborate a
calculation program in order to simulate the ther-
mal-hydraulic behavior of a three-pass fire-tube steam
boiler under various operating conditions. A computer
calculation has been performed in order to investigate
the heat transfer characteristics between the combus-
tion gases and the saturated water surrounding the fire
tubes. A brief description of the boiler design and the
general aspects of heat transfer in each part are given.
The calculation of heat transfer in boilers is usually
based on the coarse approximation of the temperature
and emissivity in the combustion chamber [4]. There-
fore, a set of simplifications may be considered in order
to reduce the randomness and the complexity of the
boiler geometry. The boiler is modeled in three zones.
The first zone represents the radiation section (or fur-
nace), and the second and the third zones are used to
simulate the convection section. Each zone represents
isothermal gas volumes enclosed by isothermal sur-
faces. The well-stirred furnace model is used to simu-
late the heat transfer characteristics in the boiler com-
bustion chamber. In the convection section, the heat
transfer is calculated through the heat balance between
the hot gases and the tube banks heat exchanger.

The modeling validation has been made by com-
paring the calculated gas temperatures exiting the
boiler with the measured ones for several steady-state
operating conditions. In addition, a qualitative analy-
sis has been made in order to analyze the effect of the
operational parameters: the fuel flow rate, air excess,
ambient temperature, and operating pressure on the
boiler thermal performances.

BOILER DESCRIPTION

The studied unit is a single furnace, three-pass
fire-tube boiler. It belongs to the COCHRAN

Wee-Chieftain boiler family. Heavy gas-oil fuel is
burned to produce 4.5 tons per hour saturated steam
used for steam heating applications [15]. Figure 1
shows a cross-section of a typical fire-tube boiler ar-
rangement. It contains several horizontal fire-tubes
mounted in a pressure shell that is partially filled with
water covering the tubes [16, 17].

Saturated steam Chimney

Third pass

1
Water level
N / {J\

Second pass
| Combustion
gases

Figure 1. Schematic representation of a typical 3-passes
fire-tube boiler [10]

Furnace (First pass)

From the heat transfer point of view, it consists
mainly of two parts: the radiation section and the con-
vection sections. The radiation section, also known the
first pass, is a horizontal cylindrical furnace chamber
within which the fuel is burned and heat is generated.
Heat transfer within the radiation section is performed
mainly by radiation, although convection may contrib-
ute to less than 10% [18]. The convection section tubes
are arranged as horizontal tube banks located above
the combustion chamber, and they recover additional
heat from the furnace gases at a lower temperature
level better than the radiant section tubes. All the tubes
are surrounded by water which absorbs the heat
enough to change into a vapor state [19].

The principal mode of heat transfer in this sec-
tion is convection. Fuel and air are forced into the fur-
nace by the burner to produce heat. From there, the hot
flue gases travel throughout the boiler tubes. The num-
ber of tubes in each pass is selected to give similar ve-
locities in each pass. Because of the forced-draft fan,
the boiler is pressurized, and there may be a slight pos-
itive pressure at the flue gas outlet [19]. This also per-
mits higher gas velocities in the unit. The combustion
gases flow out of the radiation section toward the con-
vection section, crossing the second and the third pass
and finally escape by the chimney to the atmosphere.
The main geometric specifications of the steam boiler
are presented in tab. 1.

BOILER MODELING

The modeling procedure consists of subdividing
the boiler in three control volumes, each one repre-
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Table 1. Physical data of the steam boiler

Description Values
Heat generated power [MW] 3.5
Operating pressure [bar] 8.0
Steam generation [t/h] 4.5
Total water amount [m’] 7.5
Maximum exhaust gas temperature [°C] 240
Furnace length [mm] 2.6
Furnace internal diameter [mm] 825
Furnace external diameter [mm)] 837.8
Tube number in the 2 second pass 76
Tube number in the 3 third pass 92
Mean tube length [m] 2.6-3
Tube internal diameter [mm)] 53
Tube thickness [mm] 3.5

senting a gas-water heat exchanger immersed in the
saturated water as illustrated in fig. 2. The heat transfer
will be considered between gas volume and internal
surfaces of the boiler tubes. On these surfaces, energy
balance is established taking into account the radiation
and convection heat transfer. In the combustion cham-
ber the radiative heat transfer has been modeled using
a well-stirred furnace model [10]. At the tube external
walls, the nucleate boiling heat transfer mechanism is
considered.

Air ¥
T

L First pass * | second pass|_* | Third pass |—",
FueI-P

1 Saturated water |

Figure 2. Nodalization diagram of the steam boiler

In order to simplify the calculations and reduce
the number of the variables, a set of simplification as-
sumptions was considered:

— the temperature of combustion gases is uniform in
the control volume,

— 1in the convective section, the radiation heat trans-
fer is neglected,

— the heat transfer at the reversal chamber, transfer
box, and the smoke box is neglected,

— the total effective emissivity of the furnace wall is
considered to be &, = 0.85, and

— the refractory thermal resistance is estimated at
0.2 m*K/W.

Radiation section heat transfer

Well-stirred model description

The well-stirred (single gas) model is rather gen-
eral and practical for any combustion chamber config-

uration and to all fuels. Due to its generality, relative
simplicity and predictive potential, this model is ex-
tensively used for the preliminary design of process
heaters and boiler radiant sections [10]. In addition,
the model may be readily used to investigate the fur-
nace thermal performances during the changes in op-
erating parameters such as fuel flow rate, air preheat,
and air excess. In the well-stirred model, the furnace is
modeled in three zones, namely, the central hot gas
zone (the flame and combustion gases), a heat sink,
and the refractory walls. Heat is transferred to the sink
surface by radiation and convection from the hot gases
and radiation from refractory surfaces [8].

The chemical reaction for gas-oil fuel combus-
tion is given in eq. (1), where e is the air excess and O
is the combustion released energy

Cy Hyy +32(14+€)(0, +3.76 N,) — 21CO, +

+22H,0+32¢0, +12032(1+ )N, +Q; (1)

The rate of the heat generation (O, is realized by
the fuel combustion reaction, and it is expressed as the
mass flow rate of the combustion fuel, M}, multiplied
by its lower heating value (LHV):

Q¢ =M LHV (2)

The adiabatic temperature, 7,4, refers to the the-
oretical flame temperature assuming no heat losses
through the walls [20]. It is computed by equating the
lower heating value of the fuel to the enthalpy of com-
bustion products corresponding to a unit mass fuel

Tad :Ta+Qf+Ma1r(Tpr Ta) (3)
M, Cp,

The mass flow rate of the combustion gases,
M, = M,;, + M, and the specific heat capacity, Cp,,
can be computed from

Cpg =

21Cpco,+ 22Cpy o+ 32Cpo,+ 120.32(1+ e)Cpy,

Mo 4)

heat transfer from the combustion product to the fur-
nace internal walls by convection and radiation, as

_ 4 4
Qp _grayG(Tg _Tpi)+hcAp(Tg _Tpi) (5)
where g, is the total transfer factor for radiation from

the gas to the heat sink, which can be evaluated by
Ar

S T
+C{—IJ
&p &g

where C is the fraction of metallic wall area of the fur-
nace to the total area (C = 4,/4;) and &, is the effective
emissivity of the combustion chamber tube wall.

(6)
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The convective component in eq. (1) can be re-
formulated as

h.A (T, -T _Jedy -1 7
c p(g_pi)_i?’(g_pi) ()
46Tgp

T,, may be approximated as the arithmetic mean
temperature of 7, and 7},;. By substituting eq. (7) in eq.
(5), the net rate of heat transfer in the 1% pass is defined
by

0, =80T, ~T}) (8)

where h.A .
8re :gray +73 (9)

4c7Tgp

For laminar flow regime, the convective heat
transfer coefficient is computed from Spang correla-

tion
1.33
0.086(Re Pr D)

0.83
1+ 0.1Pr(ReD]
L

Nu, =4364 (10)

Then for fully developed turbulent and transition flow,
the convective heat transfer coefficient is estimated
using Petukhov-Gnielinski correlation [21]

g(Re—lOOO)Pr Y3
Nu, =—38 {H(j }(11)
1+127\/§(Pr2/3—1)

where & = (1.82 Log;o Re — 1.64)%. The furnace inter-
nal wall temperature Ty, is computed from

d, log(zo]
1 i
Ty =Ty +o KJFT (12)

hy, being the nucleate boiling heat transfer coefficient
calculated using Gorenflo correlation [22]

0.9-0.3Pr%"
) (13)

h, = 5600FPF("’
20000
where

FPF=173PrO'27+(6.1+10'6§)Pr2 (14)
—rIr

The heat transfer calculation is refined taking
into account the heat losses through the wall. The heat
loss by conduction through the refractory wall is given
by

Qr :UrAr(Tg _Ta) (15)

where U, is the overall heat transfer coefficient from
the gas to the exterior through the refractory and 4, is

the area of the refractory surface. Therefore, the total
exchanged power Q,1, from the combustion product to
the furnace wall as well as the heat transfer loss may be
expressed as

le :Qp +Qr (16)

The general equation giving the thermal perfor-
mances of the furnace can be expressed by a non-di-
mensional form [10]

%D’d+TI’)4= 1—% - 1_%_%'
d d d

(17

where reduced firing density D’, reduced furnace effi-
ciency and the refractory loss factor L'}, is defined

[23] as 0,

D= . , (18)
og rcTad (Tad _Ta )
A
s = (19
3
8 rcGTad

Using the adiabatic (fictitious) flame tempera-
ture T4, the reduced temperatures are defined as

Ty = (20)
Tad
T

T, =—"t (21)
’ Tad

The reduced furnace efficiency Q'gl , wWas ob-
tained by solving the non-linear eq. (17), and then the
new gas temperature 7, was calculated by the follow-

ing equation 0
|
T, :Tad[l—jj (22)

The furnace exit temperature is smaller than the
central hot gas temperature 7,,, by an amount A7,. For
awide range of furnace type and operating conditions,
an empirical correlation gives

AT, =Tad(l—;jQ’g (23)

For most practical cases, the empirical value of
d=1.2 isrecommended [8, 18]. Then, the gas temper-
ature exiting the combustion chamber 7, can be ob-
tained by eq. (24). In fact, this temperature will be
considered as the inlet gas temperature for the con-
vection section

T, =T, AT, (24)

Convective section heat transfer

The heat exchanged rate between the gas flow-
ing inside the convection tubes and the surrounding
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saturated water can be obtained by the general equa-

tion
T, —-T
Q, = : :,at (25)
log %
7 1
Ayhy 2Lk, Agh,

For laminar regime, the gas side heat transfer co-
efficient, A, is calculated using the Seider-Tate equa-
tion D 1/3
Nu, = ].86(Re Pr L) (26)

and for turbulent and transition regime, the
Dittus-Boelter correlation is used [22, 23]

Nu, =0023Re"® Pr®* (27)

Heat boiling transfer coefficients on the outside
of tube banks are greater than those for an individual
tube. This is due to the vapor bubbles agitation en-
hancing the heat transfer. As a result of this, the mean
heat transfer coefficient of the bundle is significantly
larger than that of a single tube. According to Gorenflo
[24] it holds that

hy =hg| 14— (28)
+
1000

where hgr is the heat transfer coefficient of the lowest
tube row given in eq. (13). The fume gas temperature
exiting each pass in the convection section is deter-
mined from eq. (29), where Ty jn and 7, o are the inlet
and the outlet gas temperature in each pass, respec-

tively 0,

T e (29)
MCp,

g,out = Tg,ml

RESULTS AND DISCUSSIONS
Program validation

The validation of the elaborated calculation pro-
gram consists in comparing the obtained results with
the plant data at different stationary operating condi-
tions of the boiler (tab. 2). The steady-state operating
data have been collected by the on-line reading from
the boiler. Each steady-state (test) is characterized by a
specific operating pressure of the steam boiler. The
maintaining of this pressure is achieved manually by
actuating the main steam outlet valve. Table 3 summa-
rizes the calculated outlet gas temperature, 7,5 and the
measured one in the boiler on 09/03/2008. As can be
seen, good agreement with the measured data is ob-
tained. Indeed, the maximum error in predicting the
gas temperature was 12.71%. The discrepancies are
probably due to simplifications introduced in the
model such as the total emissivity of the furnace tube

Table 2. Operation parameters of the steam boiler

Test Pressure Fuel flow rate Air excess

No. [bar] [keg/s] [%]
1 0.5 0.0275 7.1
2 1 0.0275 7
3 1.5 0.0275 7
4 2 0.0275 7
5 2.5 0.0275 7
6 3 0.0275 7
7 35 0.0275 6.9
8 4 0.0275 4
9 4.5 0.055 3.8
10 5 0.055 3.8
11 5.5 0.055 3.8
12 6 0.055 3.8
13 6.5 0.055 3.7
14 6.75 0.055 3.7

Table 3. Comparing calculated results with measured
data

Test Measured Calculated Error

No. | temperature [°C] | temperature [°C] [%]
1 154 161.2 4.67
2 163 168.71 35
3 165 174.86 597
4 173 180.11 4.11
5 178 184.72 3.77
6 184 188.85 2.63
7 188 192.6 2.44
8 190 196.16 3.24
9 206 232.19 12.71
10 212 235.03 10.86
11 216 237.69 10.04
12 219 240.2 9.68
13 224 242.57 8.29
14 228 243.7 6.9

walls, which is a key parameter in the exact determina-
tion of the net rate radiation heat transfer. It is also
observed that all the calculated results are higher than
the measured ones. This could be due to the heat trans-
fer at the transition between the passes.

Effects of input parameters

In this section, a qualitative analysis is made in
order to investigate the influence of the steam boiler
input parameters, namely the fuel mass flow rate, air
excess factor, ambient temperature, and system oper-
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ating pressure on gas temperature exiting the boiler,
thermal powers exchanged, and boiler efficiency.

Effect of fuel flow rate

Figures 3, 4, and 5 show that the fuel flow rate
variation affects considerably the gas temperature at
the steam boiler outlet. An increase in the fuel flow
rate increases the outlet gas temperature. This effect is
explained by an increase in the gas flow rate crossing
the convection section. An increase of 10% in the fuel
flow rate leads to an increase of 15.973% in the gas
flow rate which entails an increase of about 7 °C in the
outlet gas temperature.

Figure 6 shows the fuel flow rate effect on the ra-
diation and convection exchanged power in the com-
bustion chamber. It is clear that the heat transferred by
radiation is more significant than the heat transferred
by convection. Furthermore, the variation in fuel mass
flow rate does not have an effect on the radiation heat
transfer. The fuel flow rate effect on the heat ex-
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225 R
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Figure 3. Effect of excess air on the outlet gas
temperature
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Figure 4. Effect of the ambient temperature on the outlet
gas temperature
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Figure 5. Effect of the operating pressure on the outlet
gas temperature

00—

Qeony. + Qlay
600 | _.

Power [kW]

500
Quay

400 L -

300 | E

200 F P =8bar
T,=27°C
exe =3.7%
100 i QCG[W. ]

D 1 1 1 1 1 1 1 1 1
50 55 60 65 70 75 80 85 90 95 100
Fuel flow rate [%)]

Figure 6. Heat exchanged power variation in the
combustion chamber

changed power in each pass in the boiler is illustrated
in fig. 7. Generally, the flow rate increase enhances the
heat exchange in every pass. A significant heat transfer
is observed in the second pass, due to the elevated gas
temperature relatively to the third pass and due to the
big heat exchanged area relatively to the first pass.
Figures 8 to 10 show that the steam boiler thermal effi-
ciency decreases with the fuel mass flow rate increases
shown in figs. 3 to 5. This decrease is mainly due to the
heat rate dissipated by the exhaust gases to the atmo-
sphere. For instance, the increases of 10% in the fuel
mass flow rate produce a diminution of 3 to 9% in the
boiler efficiency.

Effect of air excess factor

Generally, the excess air is used to ensure that the
complete combustion takes place. In fact, the excess
air is often introduced to control the gas temperature
and maintain it within the limits set by the materials in
the system. Figure 5 shows that the air excess factor in-



A. Rahmani, A. Dahia: Thermal-Hydraulic Modeling of the Steady-State Operating Conditions ... 35

T T
2 650 f

= First pass - ]
gGOOI-'_,__._.__.——-———-——-——'——7‘ 4
o

o

550 |- / ]
500 Seoondpy 4
450 . e
400 / y

350 b

300 B
250

200 | Thirdpass _, _— E
.——'_-'__F‘,

150 | P ]
A
10f—"_

n 1 L 1 i 1 i 1 L L n 1 i 1 n 1 i 1 L
50 55 60 65 70 75 80 8 90 95 100
Fuel flow rate [%)]

Figure 7. Heat exchanged power variation in each pass in
the steam boiler
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Figure 8. Effect of excess air on the boiler efficiency

fluences slightly the outlet gas temperature. An eleva-
tion of 1% of the air excess increases the gas flow rate
by about 0.93%, and consequently, weak influence on
the convective heat transfer. In addition, the boiler ef-
ficiency varies slightly and inversely with the air ex-
cess variation (fig. 8).

Effect of ambient temperature

Figure 4 shows that the ambient temperature in-
fluence on the gas temperature at the steam boiler out-
letis negligible. The increase ambient temperature en-
hances slightly the boiler thermal efficiency (fig. 9).

Effect of operating pressure

The boiler operating pressure influences the wa-
ter physical properties, and consequently, the boiling
heat transfer. Figure 5 shows that the gas outlet tem-
perature varies proportionally with the system pres-

00 T T T T T T T T T

P =8 bar
exe =3.7%

Efficiency [%)]
©
o

©w
o

85

80

75

50 55 60 65 70 75 80 85 90 95 100
Fuel flow rate [%]

Figure 9. Effect of the ambient temperature on the boiler
efficiency
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Figure 10. Effect of the operating pressure on the boiler
efficiency

sure. For example, an increase of 0.5 bar leads to an el-
evation of 3 °C in the gas temperature. Regarding the
boiler efficiency, fig. 10 shows that the variation of the
operating pressure does not have a considerable effect
on the steam boiler thermal efficiency.

CONCLUSIONS

In this study a simulation of a three-pass
fire-tube steam boiler is performed using a computer
program. The modeling approach consists of subdi-
viding the system in three heat exchangers. The calcu-
lation program is based upon the gas fuel combustion
and heat transfer laws from hot gases to the boiling wa-
ter.

The numerical predictions are compared with
the measured data recorded from the plant for different
steady-state operating conditions. The comparison
shows that the simulation results agree well with the
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steam boiler operation statements. The maximum er-
ror in estimating the gas temperature was found to be
acceptable and the deviations with the operating data
are mainly due to simplifications introduced in the
model.

A sensitivity study was carried out by varying
some key input parameters, such as the air excess fac-
tor, ambient temperature, and system operating pres-
sure. The analysis shows that the fuel mass flow rate
has a big effect on the boiler thermal behavior. The in-
creased mass of the exhaust gas materially lowers the
boiler efficiency, knowing that higher exhaust gas
temperatures lead to low operating efficiency. The de-
veloped program constitutes a versatile tool for engi-
neers and operators to get useful exploitation informa-
tion and estimate the most efficient operating
conditions. However, the limiting embedded hypothe-
sis could be reduced especially if the transition-box,
situated between the boiler passes, is modeled. In addi-
tion, the furnace modeling can be enhanced with more
appropriate advanced models, such as the plug-flow
model and multizone furnace model [10].
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Axven PAXMAHWU, Axven JAXUJA

TEPMOXUAPAYINYHO MOJEJOBABE PABHOTEXKHUX
PAJHUX CTABA IMAPHOI' KOTJTA CA TPEJHUM LHEBUMA

Y oBOM pafly HACTOjUMO Jla CHMYIApPaMO TEPMOXUAPAYIMIHO TOHAIIAHkhe MapHOT KOTJa ca
IPejHUM LiIeBMMa ca Tpu nposasa. [TocTpojeme je npojekToBaHo a npousseae 4,5 ToHe Ha yac 3acuheHe
nape noj NpuTUCKOM ofi 8 6ap, yrIIaBHOM HaMEeH-eHe 3a TpejHy IpuMeHy. Pa3BujeH je pauyHapcku Iporpam
ca IWJBEM fla OTOHAINA paji KOTia y HEKOJIUKO PaBHOTEKHUX PAaHMX cTama. [IporpaMm ce 3acHuBa Ha
3aKOHMMa TpeHoca TOIIOTe M3Meby Bpennx racoBa m yHYTPAIIBHAX 3UI0BA TPEJHAX HEBH. Y JIOXKUIITY
KOTJIa, IPEHOC TOIUIOTE ONOHAIIIAH je KopulitheweM Mofiena nehu ca 1oOpum MeameM. Y KOHBEKIIHOHO]
JICOHUII, CIIPOBEJICH je OMIaHC TOILUIOTE Pajy MPOLEHE U3MEHE TOIIOTe M3Mehy Bpesiux racoBa u 0JI0KOBa
I[CBU.

Jlobujenu pe3ynratu ynopeheHu cy ca paBHOTEXHUM PajJHUM MOJallMMa pa3MaTpPaHOT MOCTPOjeHha.
KommapaTuBHa aHam3a mokasyje ia ce pe3yiTaTi IpopadyHa Jo0po cIaxky ca pagHuM HofanuMa KoTa.
Ocwum Tora, u3BefieHa je CTy/Ihja OCETILUBOCTH PaJiv POIIEHE YTHUIIaja YIa3HHUX MapaMeTapa — Op3uMHe TOKa
ropuBa, BUIIKA Ba3[lyxa, TeMIEpaType CpefuHE M PAJHOT MPUTHCKA — HA TEPMHUUKE KapaKTEPUCTHKE
KOTJIA.

Kmwyune pequ: itlepmoxuopayauyHo mo0eaosarse, apHu Komao ca 2pejHum yesumd, peHoc ioiioiie
3pauerbem




