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3 Memoro 2a3udixayii HU3LKOCOPMHUX NATIUE NPONOHYENL-
€51 KOHCMPYKUIs 6UCOKOeeKmusHoi eazoezenepamophoi ycma-
HOBKU 3 NPAMONOMOKOBUM 2A3026HEPAMOPOM, 8 KOHCMPYKUTIO
AKOi BKINIOUEHO 2a30N08IMPAHUL PeKYynepamop ma 6unaposy-
6au 011 nonepeonvoi nid2omoBKU NAPoONOGIMPAHOT cymiui.
IIpouec easugpixauii € nosnicmo KOHMPONLOBAHUM, OCKIb-
Ku poboma eunapoeyeaua y3200xceHa 3 pobomoro cucmemu
nooa4i 2aszie Oymms, 3A60AKU UOMY NPOZPAMYEMBLCA BOJIO-
2icmo cymiwi, wo nodaemvcs 6 301y easudixauii. B axocmi
naauea sUKOpuUcmano epanyau iz cmeben pancy 10 mm.

IIposedeno dsopaxmopni excnepumenmu, wo 0036075-
10Mb OUiHUMU 6NIUE 00 EMY MA 071020CME NOGIMPSL HA HUNCHY
Mmeniomy 320panHHs 2eHePamopPHO20 243y i HA BUMPAMU MACU
naauea na npovec zasudixauii. Taxoxc docaidceno enaue
00’emy noeimps ma 020 60J1020cMi HA MeMnepamypy Napo-
nosimpsanoi cymiuii, Heo6xi0Hoi 01 npoyecy easudixauii.

Bcmanosneno, wio onmumanvua memnepamypa napo-
nogimpanoi cymiwi cxaadae 550...570 °C i docszaemovcs npu
00’eMi 2azie dymms, wo HA0X00aMb 8 2a3ozenepamop, 6 0ia-
nasoni 37...42 M3/200 ma 3a eonozocmi nosimpsa 55...65 %.
3a UuUxX Ymo8 HUNCHA MEeNJoma 320PAHHSL 2eHePAMOPHO20
2azy cxaaodae 12,3 Mc/Mm, wo na 15,1 % euwe nopieusamno
3 MENJIOMOI0 320PAHHI 2A3Y, OMPUMAH020 HE3 BUKOPUCMAHHS
naponogimpanozo oymms 6 npoyeci easudixauii.

Bumpamu epanyn na npouec 2asuixauii 3meHuyromocs
na 14,7 %, a 00’em 2asy, eupodaenozo 3 xinoepamy epany,
3pocmae na 18 % i cknaoae 3,2 M /xe.

3azanvha enepeemuuna e@exmusHiCmb GUKOPUCMAHHS
HAeeoeHot MexHON02IMHOT CXeMU UPOOHUYMEA 2eHePAMOPHO-
20 2a3y 3 epanyn iz cmeben pancy cxaaoae 23,5 %.

IIpeocmaeneno opuzinanoiy memoouxy CKAAOAHHS men-
108020 Oanancy 0N npouecy naponogimpanoi zasudixauii
POCUHHOL CUPOBUHU. 3A Pe3YTbMAMAMU eKCRePUMEHMATb-
Hux Odocaioddcenv ckaadeno mensosuil G6ananc 0as pos3po-
Onenoi xoncmpyxuii 2asozenepamopnoi ycmanoexu. anuil
oananc ceiduumo npo 6uUCOKy edexmusnicmv eedeHns npo-
uecy naponogimpanoi zasudrauii. Koediyienm xopucnoi oii
NPAMONOMOK06020 2azozenepamopa ckaadae 79 %, a zazoee-
HepamopHoi ycmanosxu 8 yinomy 74,6 %.

IIpeocmaeneni docnidscenns moxcymo Oymu noxaademi
6 0CHOBY OCYUACHEHOT Memo0002ii MenaosUx pPo3paxyHkie
MOGLILHUX MA CMAUIOHAPHUX 2A302€HEPAMOPHUX YCMAHOBOK

Kmouogi cnoea: naponosimpsana easudpixauis, zasoeene-
Ppamopha ycmanoexa, 2eHepamopHuil 243, menjioma 320panHs
2asy, menJyosuil banamnc
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1. Introduction

Substantial progress in designing gas generating equip-
ment and a thorough theoretical study of the process of gas
production from agricultural plant raw materials indicate
that considerable attention to this issue is paid currently
[1, 2]. However, there are a number of technical issues that
hinder obtaining expected results from the application of gas
generation technologies because of lack of practical data [3].
The ways to raising calorific value of gas [4] and intensifying
the process gasification of low-grade fuels (e.g. sunflower

husk, cob core, grain straw, rape stems as well as briquettes
and pellets produced from them) were not yet found [5, 6].
These issues are being addressed both by design and
technological methods. In particular, design methods should
include improvement of such structural members as gasifica-
tion chambers, grates, bins, etc. [7, 8]. Technological improve-
ments should provide use of steam-oxygen blast at normal and
high pressures [9] or oxygen-enriched air blast [10]. There are
methods for improving efficiency of the gasification process by
providing high temperatures in the active zone of the gas gen-
erator [11] and expansion of reacting surface area of fuels [12].




The use of air-steam blast is promising for intensifying
the gasification process. This method will make it possible not
only to ensure continuity of the process through maintenance
of a constant high temperature in the active zone of the gas
generator but also higher content of CO, Hy, and CHy in the
gas. Therefore, technology of air-steam gasification of biomass
is an urgent task solution of which will ensure obtaining of
gas with technical and operational characteristics higher in
comparison with other gasification methods.

2. Literature review and problem statement

The gasification process is one of the most promising
technologies of thermochemical conversion of plant raw
materials into combustible gas [1, 4, 13] and the method of
gas production in gas generators with a continuous bed is the
simplest and most economical method [11, 14].

However, in known designs of gas generating units with
a continuous bed, combustible gas produced from plant raw
materials has calorific value not more than 10 MJ/Nm?3
[15, 16]. Unlike this type of gas generators, modern gas
generators with a fluidized bed have efficiency factor up
to 80 % and calorific value of combustible gas reaches
18.5 MJ/Nm? [9]. However, they have an elaborate design
requiring significant energy consumption in operation and
maintenance.

Consequently, the issue of improving efficiency of the
process of gasification of low-grade plant raw materials in
continuous-bed gas generators and production of a generator
gas with high technical characteristics remains unresolved.

The gas blowing regime [17] and the gasification chamber
design play an important role in generator gas production [8,
11]. The theories discussed in [17] consider the concept of max-
imum path passed by air jet from a tuyere of a certain diameter
through a layer of fuel material, that is, ability of the jet to main-
tain necessary speeds at a certain distance from the tuyere hole
which ensures high efficiency of gas production. However, the
studies presented in [17] have relation to cold blast.

The use of steam [18, 19] is effective in production of
high-energy gas (9-13 MJ/nm?) although this technology
requires significant heat consumption for formation of air-
steam blast with involvement of costly equipment.

Scientific studies devoted to this subject and conduct-
ed using gas generators with direct gasification of coal are
known [17]. Two main lines of practical application of air-
steam gasification are considered. The first of them is use of
oxygen (or oxygen-enriched air) and steam [20]. This tech-
nology requires significant capital investment in equipment
for accumulation and supply of oxygen in the reaction zones
of the gasification unit which makes them less attractive for
their commercial use.

Alternative technology avoids the need for preliminary
preparation of the air-steam mixture by separating the
processes of combustion and gasification/pyrolysis into two
parallel zones: air is supplied to one of them and steam to
the other. This technology is widely used in gas generating
units with a fluidized bed for coal gasification. Heat from the
combustion zone to the gasification zone is transferred by
circulating the layer through two zones [21, 22]. Commer-
cial plants in the United States, Austria and Denmark are
operated using this technology but the capital expenditures
for this technology are also quite high and the prospects of
its widespread use are rather vague.

In Europe, ways of fuel gasification with the help of pure
steam [23, 24], steam-oxygen or steam and oxygen contain-
ing mixtures are being developed [21, 25, 26]. The purpose
of these studies is production of generator gas with high hy-
drogen content. Although vegetable raw materials are used
as fuel, all known laboratory, demonstration and commercial
gas-generating plants utilize direct gasification process.
No studies of use of air-steam blast for gas generators utiliz-
ing the reverse gasification process were conducted.

The views of many scholars are mixed regarding the use
of air-steam blast in the gasification process although high
efficiency of application of this technique is confirmed in the
vast majority of scientific papers. Unlike air blasting, the
resulting gas has high Hj content and low tar content due to
its almost complete cracking in the reactor at high tempera-
tures (1,000-1,100 °C). This effect can be intensified by the
use of catalysts [27, 28].

When studying the air-steam gasification process in
[29], autothermal conditions of reactor operation were not
changed. Studies are known [30, 31] in which autothermal
gasification with air was used to intensify the process but
the use of low-power plants (up to 150 kW/h) made it impos-
sible to conduct adiabatic studies.

The studies for determining optimal values of the ratio of
steam and air to fuel in the air-steam gasification process are
of interest. It has been shown in [31] that the carbon conver-
sion coefficient and the calorific value of gas have increased
by almost 20 % just due to an increase in steam to fuel ratio
from 0.58 to 0.71 kg /kg. This effect was obtained during auto-
thermal coal gasification in a fluidized-bed gas generator. The
results of these studies may be partially useful in studying the
process of air-steam gasification of plant raw materials in gas
generators using the reverse gasification process.

In studies [13, 14, 32], chemical equilibrium was com-
bined with energy balance where temperature of the adiabat-
ic reaction is obtained at the expense of energy conservation.
The equilibrium constant characterizes the ratio of speed of
reverse reaction to that of direct reaction. Relative yield of
reaction products is established according to this parameter.
The number of combustible components in the gas is the
greater the higher numerical value of the equilibrium con-
stant. This statement is valid under conditions of air-steam
gasification of coal in direct-process gas generators. How-
ever, practical application of the equilibrium model to the
conditions of air-steam gasification of plant raw materials in
reverse-process gas generators is doubtful. The importance
of conducting such studies is mentioned in [33].

It is noted in [28, 31] that considerable attention should
be paid to operational properties and chemical composition
of the blast mixture when practicing air-steam gasification
of plant materials. The use of technically inferior mixtures
with a high steam to fuel ratio leads to reduction of tem-
perature in the active zone of the gas generator although the
use of small amounts of steam can greatly improve quality of
the generator gas due to intensification of the processes of
hydrocarbon reforming and tar cracking and the heteroge-
neous process conditions.

Consequently, in order to improve efficiency of the pro-
cess of chemical-thermal conversion of plant materials into a
combustible gas in a direct-flow gas generator, a complex of
studies using achievements of modern scientific thought and
methodology should be conducted. The most intensive way
to produce gas is air-steam gasification of fuels [19, 22-25].
The advantages of this gasification method are as follows:



high calorific value of gas, possibility of using gas for power
generation needs due to insignificant content of tars and
volatile compounds; simplicity of design; high degree of con-
version of hydrocarbons.

3. The aim and objectives of the study

This study objective was to substantiate the use of air-
steam blast to improve efficiency of the process of gasifica-
tion of low-grade fuels in a direct-flow gas generator.

To achieve this goal, it was necessary to fulfill the
following tasks:

- to develop a design of a gas generator with air-steam
blast for gasification of low-grade fuels;

- to determine technical and operational parameters of
the process of air-steam gasification, namely:

a) the effect of volume and humidity of blast air on the
lower heat of combustion of the generator gas in the process
of gasification of low-grade fuels;

b) the effect of volume and humidity of blast air on the
fuel mass loss in the gasification process;

¢) the effect of volume and humidity of blast air on tem-
perature of the air-steam mixture supplied to the gas generator;

- to develop a procedure for compiling heat balance and
apply it to the compiling heat balance of the experimental plant.

4. Materials and methods used in studying the influence
of input parameters on the process of air-steam
gasification

4. 1. Materials and equipment used in the experimen-
tal studies

An analytical study of influence of air-steam blast on heat
of combustion of generator gas and minimization of fuel con-
sumption will make it possible to find rational regime param-
eters of the gasification process and operation of the gas gen-
erator itself. This will enable development of a flowsheet of the
gasification process and the design of a production prototype.

Pellets (10 mm size) produced from rape stems were
used as fuel for the gas generator. The pellets were prepared
according to TU U 37.2-36783545-001:2011 Palletized Bio-
fuel. Specifications. Chemical and technical parameters of
the pellets produced from rape stems effecting working con-
dition are as follows. Moisture: 8.88 %; ash: 7.26 %; volatile
matter: 67.43 %; sulfur: 0.11 %; lower heat of combustion:
15.04 M]J/kg; higher heat of combustion: 17.91 MJ/kg; chlo-
rine (dry state): 0.085%. Standardized fuel was used to
eliminate the effect of its humidity on the gasification process.

The task was to determine dependence of temperature of
the air-steam mixture, lower heat of combustion of gas and
the fuel mass consumption for the gasification process in a
direct-flow gas generator on humidity and air volume.

A technological process for generator gas production
and the block diagram of a gas generating plant with a di-
rect-flow gas generator have been developed for experimen-
tal studies (Fig. 1).

The plant included the following: a direct-flow gas gener-
ator 1; a system for feed of blast gases; a system for generator
gas purification; unit 16 for gas sampling. The gas generator
output was 60-68 m?/h.

The blast gas supply system included fan 2 for air supply
to the active zone and a flow controller. The system for puri-

fying the generator gas included cyclone 11, fine purification
unit 12 with condensate drainage pipe 23. Tekhnovagy Co.
TVE 500-10 laboratory scales 3 made according to DSTU
EN 45501 were used for continuous recording the fuel vol-
ume consumed by the gas generator during its operation
cycle and scales 24 TVE 150-5 were used for ash weighing.

To remove residual moisture from the gas, moisture separa-
tor 15 was used previously to making gas analysis in unit 16.

Thermocouples used for recording temperature in the char-
acteristic locations of the plant: tungsten-rhenium TVR-251
(4) and Chromel-Alumel TKhA-KhA-2388 065-16 (5, 6, 10).
Timing of the plant operation was carried out with the use of
the SOSpr-25-2-000-4 mechanical stopwatch. Total time of
the experiment was 70 seconds (15 seconds for sampling and
55 seconds for the sample analysis).

Vacuum pump 14 was installed in the gas withdrawal line
in order to simulate the consumer thermal equipment. Re-
ceiver 22 was used to accumulate and equalize composition of
the generator gas. Supply of generator gas was regulated with
throttle washer 17 and valve 18 was used for the pipeline shut-
off. Measurement and registration of the caloric content of the
produced gas was carried out with the CM6G calorimeter 13.
The measurement results were automatically integrated by a
PC. Agilent’s 6890N chromatograph was used to determine
chemical composition of the gas in accordance with require-
ments of DSTU ISO 6974-1:2007. A heat balance was com-
piled according to chemical composition of the gas.

The recent methods of air-steam gasification [9, 19] of-
fered to produce generator gas from biomass with a heating
value of 9-10 MJ/Nm3, are difficult in their maintaining.
The task was to develop a simple by design and in mainte-
nance system for preparation and feed of air-steam mixture
to the direct-flow gas generator. This system should enable
production of gas with higher heat of combustion at minimal
fuel consumption for the gasification process.

With the designed plant including a direct-flow gas
generator, this is achieved by the use of air-gas recuperator
7 which utilizes about 90 % of the generator gas temperature
and transfers it to the blown air. While moving along channels
of recuperator 7, the air preheated to a temperature of about
400-600 °C passes return valve 25 and enters evaporator
chamber 20 where it is moistened with water steam. Evapo-
rator 20 operation is synchronized with operation of the blast
gas supply system programming humidity of the air to be
supplied into the gasification zone. Gas pipe 8 is an integral
part of the recuperator. Since temperature of the gas in recu-
perator 7 is significantly reduced, liquefaction of the moisture
contained therein takes place. To remove condensate from
the recuperator and drain it to the storage tank contained in
evaporator 20, pipe 19 is provided. This pipe is equipped with
a return valve, so that the water steam does not enter the gas.

The gas generator is equipped with raw material bin 21
to maintain a constant level of fuel. It was necessary in the
experiments to exclude influence of complete burning of fuel
on the results obtained.

To utilize the produced gas, a gas electric generator was
included in the design and counter 9 was used for recording
electricity produced by it.

The studies were carried out in the gas generator at an
atmospheric pressure of 0.1-0.3 MPa.

The studies conducted involved planning of a two-factor
experiment with two controlled variables and three initial
measured values, such as a lower heat of combustion of the
resulting gas, loss of mass of the raw material gasified, as well



as temperature of the gas-air mixture at the entrance to the
gas-generating chamber.

According to the study results, use of the gas generating
plant of the proposed design ensures increase in efficiency of
the gasification process by means of air-steam blast.

Automatic unit for
analysis of
measuring results

i

Gas electric
generator
Raw material
charging |
21 5 2 10 9 13 T 18
‘
)

4 3 24 1 6 25 207 8 19 11 16

—— Direction of the generator gas flow
Direction of the blast gases flow

b

Fig. 1. Experimental gas-generating plant with a direct-flow
gas generator: block diagram (a); general view (b)

4. 2. Procedure for processing the results of experi-
mental studies

The task was to establish dependence of the lower
heat of combustion of gas and the consumption of fuel re-
quired for gas production, air volume and humidity. It was
also necessary to establish dependence of the air-steam
mixture temperature formed by the air recuperator and
evaporator on the volume and humidity of the air from
which it was formed. A two-factor experiment was used

to determine the effect of variable factors on temperature
of the air-steam mixture, reduction of fuel consumption
and the lower heat of combustion. Levels and intervals of
variation of the factors are presented in Table 1—4.

Table 1
Levels and intervals of factor variation
Factor designa- | Levels of factor
tion variation Intervals
Factor name of factor
natu- | normal- variation
ral ized DO ¢+
Air humidity, % | W X 40 [ 625 85 22.5
Air-steam
mixture volume, | V,, X, 30 | 40 | 50 10
m?/hr
Table 2
Designation of dependent factors
Lower calorific value of the gas, MJ/nm? Qlye Y1

Variation of fuel mass consumption related to

L
heat of combustion of the generated gas, kg/M]J dm/dQ | Y2

Temperature of the blast air-steam mixture at

the entrance to the gasification chamber, °C Taivsum. Y3
Table 3
Matrix of the two-factor experiment planning
Experiment No. X1 X2 Y1 Y2 Y3
1 -1 -1 Yt Yot Y31
2 +1 -1 Y12 Y Y32
3 -1 +1 Y13 Y23 Y33
4 +1 +1 Y4 Y Y34
5 0 -1 Y15 Y25 Y35
6 +1 0 Y16 Y26 Y36
7 0 +1 Y17 Yar Y37
8 -1 0 Y18 Yo8 Y3
9 0 0 Y19 Y29 Y39

The experiments were performed in triple repeats with
mandatory randomization to reduce the experimental
erTors.

Reproducibility of experiments was verified according
to the Cochran criterion. In the case of non-fulfillment of
the condition of reproducibility by the Cochran criterion,
accuracy of measurement and the conditions of conduct-
ing the experiments were checked, which resulted in the
maximum variance value.

In all experiments, significance of the coefficients of
the regression equations was estimated according to Stu-
dent’s criterion and adequacy of the regression equations
obtained was estimated according to Fisher’s criterion.
The resulting data were processed using the Microsoft
Excel Search Solution software.



Table 4

Processing of experimental results and construction of correlation models

Experimental values . Values of dependent parame- Correlation of experimental
. . Experimental (average) values of . . .
Experi- of variable param- ters by the results of regression results with regression depen-
dependent parameters .
ment No. eters analysis dences

X1 X2 Ve Y2eep Y3cep Y1, Y2, Y3, 5 5 5
1 40 30 7.69 0,79 403 3.717 0.799 403 -0.0035 | -0.0113 0
2 80 30 8.31 0.79 391 8.168 0.802 395 0.0174 -0.0150 | —-0.0101
3 40 50 1211 0.85 349 8.337 0.848 345 0.4526 0.0024 0.0116
4 80 50 6.96 0.89 377 6.87 0.896 381 0.0131 -0.0067 | -0.0105
5 62,5 30 9.35 0.80 405 9.104 0.796 409 0.0270 0.0050 —-0.0098
6 80 40 8.64 0.79 483 8.497 0.780 487 0.0168 0.0128 —0.0082
7 62,5 50 8.66 0.90 382 8.514 0.893 387 0.0171 0.0078 -0.0129
8 40 40 9.28 0.77 549 9.116 0.773 540 0.0180 —0.0039 0.0167
9 62,5 40 12.35 0.74 548 12.202 0.751 548 0.0121 -0.0146 0

4. 3. The procedure for determining the components
of the gas generator heat balance

According to the results of experiments, components of
the gas generator heat balance are determined as follows:

Higher calorific value, g1, of the fuel gasified per hour, J/h:

B
q,= fo-;, 1)

where sz is the higher calorific value of the working fuel,
J/ kg; B is the total fuel quantity, kg; % is time, hour.
Sensible heat, g, of fuel, J/h:

B
qZZZ'Cf-tf, (2
where Cris the fuel heat capacity in the temperature range
from 0 to ¢, J/(kg-°C); t; is temperature of the fuel loaded to
the gas generator, °C.

Heat content of dry air, g3, introduced into the gas
generator, J/h:

q3= dﬂ/ air (C )atr mix? (3)
where (Cp)air is the heat capacity of the air in the temperature
range from 0 to ¢y, J/(kg°C); tpiy is temperature of the air-
steam mixture at the entry to the gas generator, °C; Gy aiy is
the hourly amount of dry air, kg/h.

Heat content of steam, ¢y, in the air-steam mixture, J/h:

=(G,

steam

+ dair G

dry air

Y(1-X)i

steam’ (4)
where igeqn is the heat content of a kilogram of saturat-
ed steam at temperature iy, J/kg; G’seam is the hourly
amount of steam actually entered into the gas generator,
kg/h; d,;, is the moisture content in air, kg/kg; X is the
humidity of steam in the mixture, %.
Heat content of moisture brought in drops to the gas
generator by blasting, gs, J/kg:
(G + dair G )Xtmlx : (5)

steam dry air

The consumption items consist of a higher calorific value
of the produced dry gas, its sensible heat, heat content of
water steam in the gas, calorific value of tar, ejected dust,

coke-like residue of biomass and the residual component
containing heat loss to environment and all unaccounted
heat losses and observation errors.

The higher calorific value of an hourly gas amount,

a1, J/h:

q1 = Qgg .Gdry gas’ (6)
where Q,Z is the higher calorific value of the generator gas,
J/kg; Gapy gas is the hourly dry gas weight, kg/h.

Sensible heat of gas, ¢;, J/h:

q; = Gdry gas‘(cp )gas.tgas’ (7)
where (C,)gas is the heat capacity at a constant pressure
of one kilogram of dry generator gas in the temperature
range from 0 to tg, J/(kg°C).

Heat capacity of the generator gas, (Cp)gs, is deter-
mined from the heat capacities of the gas components,

J/ kg of the dry gas:
0f C,H?

(€)= (C,) Cm+w> +(C,)
gas €% 100 %100 TN

CH N§
HC e, S+ (€ e S+ (€ 155+ (€ ) 1o (8)

+

where COj and O} are the weight percentages of the
corresponding gases per kilogram of gas.

Heat content of methane and ethylene is determined
as in [14].

Heat content of water steam in a generator gas, g5, J/h:

q3 = dgm 'Gd (9)

Iy gas .ih.sleam ’

where dg,; is moisture content in gas, kg/kg.
Since water steam in the gas is overheated, heat content

of akilogram of steam, iy, steqm, is determined from the follow-

ing formula, J/kg steam:

ys[eam : + (C )

steam” gax td.p.’ (10)
where i4,, is the heat content of a kilogram of saturated
steam at the dew point corresponding to the gas saturation,
J/kg steam; (Cp)seam is heat capacity of steam in the tem-

perature range from Lyp to tgas,J/(kg~‘)C); tqp. is temperature



of the dew point determined by elasticity of the water steam
according to the psychrometer readings, °C.
High calorific value of tar contained in gas, ¢, J/h:

H mmr

tar h )

q; = 1

where QF is the higher working calorific value of the tar,

J/ kg; my,, is the total amount of tar, kg.
The higher calorific value of the matter removed from
dust collectors and channels, g;, J/h:

m

q:; = Q/rirlauer ”Z“a ’ (1 2)

where Qf is the highest working calorific value of the
removed matter, J/Kg; Myuauer is total amount of removed
matter, kg.

The higher calorific value of dust contained in gas, g5, J/h:

m
r_NH dust
q, 6 Qduxr ’

) (13)

where QX is the highest working calorific value of dust

flying in the gas, J/kg; m g5 is the total amount of dust flying
in the gas, kg.
Heat lost in coke-like residues of biomass, ¢, J/h:

B

¢, =339.310°-C, =, (14)
7 R h

where 339.3-10° is the amount of heat released during com-
bustion of one kilogram of the fuel carbon according to the
Mendeleyev’s formula; Cg is amount of carbon in the coke-
like residues of biomass in per cents of the fuel weight, %.
Losses of heat to environment, g; etc. combined into a
residual component are determined from the difference in
the heat gain and the already estimated losses:
q3 zqus_zqfq' (15)
The proposed procedure provides an opportunity of gen-
eral energy assessment for the process of air-steam gasifica-
tion of plant raw materials in a direct-flow gas generator and
determination of this process efficiency.
To determine efficiency factor of the direct-flow gas
generator and the plant as a whole, the procedure described
in [36] was used.

3. Results obtained in the study of influence of input
parameters on the process of air-steam gasification of
low-grade fuels

5. 1. Results obtained in the study of influence of vol-
ume and humidity on the lower heat of combustion of the
generator gas

Mathematical description of dependence of the lower
heat of combustion of the generator gas on humidity and
volume of air is presented as a polynomial of the second
order:

Q) =-4317+0.73W +1.63V,, -

air

-0.005W? -0.0024-V,,-W —0.02:V

air air*

The table value of the Cochran coefficient is G(0.05;
n; f1)=0.05157 for the 5 % level of significance, the number
of experiments #n=8 and the number of degrees of freedom
of each experiment f;;=2 at my=3 repetitions [35 ]. The es-
timated value of the Cochran coefficient G=0.432<G(0,05;
n; f1)=0.5157 indicating reproducibility of the experiments.
The calculated Fischer coefficient F=0.786<F(0.05; f,4;
/,=3.838, hence the model is adequate and can be used to
describe the object.

Dependence of the lower heat of combustion of gas on
the volume of air and its humidity is graphically presented
in Fig. 2.

It is seen from Fig. 2 that the obtained dependence has a
clear peak which defines the rational range of regulation of
parameters such as humidity, W, and volume, V,;, of air for
raising the indicator of low calorific value of combustion,
Qngy of the produced generator gas.

For the values of blast air volume, V,;, below 35 m3/h,
there are characteristic low values of lower heat of combustion,
Qég, of the generator gas because of the low concentration
of oxidant in the gasification zone. The lower heat of gas
combustion, Qng, reaches as much as 8...10 MJ/m?. With an
increase in air volume, Vi, to 37...42 m®/h, there is a phe-
nomenon of complete oxidation of fuel particles accompanied
by a growth of temperature in the reaction zone, and the
lower heat of combustion of gas reaches Q, =12.3 MJ/m®.
With further increase in the volume of blast air, V,;,, over
45m3/h,itisobserved that thefuel particlesthat havenot com-
pleted their participation in the gasification process and the
heat are transferred from the gasification zone which leads to
a sharp decrease in the lower heat of gas combustion, Qy,.

At values of air humidity, W, in the range from 50 %
to 75 %, maximum values of the lower heat of combustion,
Qég, of the generated combustible gas are observed. This
phenomenon is explained by the fact that the water steam
at temperatures of 1,000...1,100 °C decomposes into oxygen
and hydrogen which take an active part in formation of CO
and Hj molecules. In a gas generator of this type, with an
increase in air humidity, W, by more than 75 %, the amount of
heat consumed for heating and decomposition of water steam
increases. This, in turn, leads to a temperature drop in the
gasification zone and worsening of gas quality. If the value of
the lower heat of combustion of the generator gas is known,
the higher heat of combustion can be calculated according to
[11, 17] so that the data agreed with the heat balance.
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Fig. 2. Change of the lower heat of combustion of the

generator gas, Q;, depending on humidity, W, and volume,
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3. 2. Results obtained in the study of influence of air
volume and humidity on the fuel mass loss in the gasifi-
cation process

Mathematical description of dependence of the fuel mass
loss on volume and humidity of air is presented in the form
of a polynomial of the second order:

dm /dQ=1.735-0.003-W —0.048V,, +0.0006-V

air air*

a7

The value of the Cochran coefficient G=0.2832<G(0.05;
n; f1)=0.5157 for the 5 % level of significance, the number of
experiments, 7=8, and the number of degrees of freedom of
each experiment f;=2, which indicates reproducibility of ex-
periments. The value of the Fisher coefficient F=0.623<F(0.05;
Jad; 14)=3.838. So, the model is adequate.

The dependence obtained in accordance with the exper-
imental data (Fig. 3) confirms the initial hypothesis about
existence of a range of blast modes in which minimization of
fuel consumption for gas generation takes place.

dm/dQ,,, kg/MJ
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Fig. 3. Change of fuel mass consumption for the gasification
process depending on humidity, W, and volume, V,;. of air

In this case, under the blast regime, we mean combina-
tion of the blast air volume and humidity.

Thus, for all investigated humidity values in the range of
air blast from 37 to 42 m3/h, there was a decrease in fuel mass
consumption to the level of 0.75 kg of rape stem pellets for
obtaining 1 M]J of calorific value of the produced generator
gas. At lower values, there was an oxidant deficiency and with
an increase in air blast volume above 42 m®/h, removal of heat
and fuel particles from the gas formation zone was observed
resulting in a decrease in calorific value of the gas produced.

Humidity of the blast air affects fuel consumption in
the gas production process to a lesser extent compared with
the blast air volume. However, according to Fig. 3, there
is a rational range of variation of this parameter values
in which fuel consumption for gas production will be the
smallest. Consequently, rational range of humidity values
is W=45..70 %. With an increase in humidity above 70 %,
energy consumption for air heating grows, which, in turn,
increases fuel consumption.

5. 3. Results obtained in the study of influence of air
volume and humidity on temperature of the air-steam
mixture fed to the gas generator

Mathematical description of dependence of tempera-
ture of the formed air-steam mixture on air volume and

humidity is presented in the form of a polynomial of the
second order:

T, omn =—1622.37+100.35W +
+6.77-V,, —1.33W* ~0.05V,,,-W - 0.074:V,; . (8)

The value of the Cochran coefficient G=0.328<
<G(0.05; n; f1)=0.5157 for the 5 % level of significance,
the number of experiments, n=8, and the number of de-
grees of freedom of each experiment, ;=2 which indicates
reproducibility of the experiments. The value of the Fish-
er’s coefficient F=2.347 < F(0.05; faq; f,)=3.838. So, the
model is adequate.

Dependence of temperature of the air-steam mixture on
humidity and volume of air is shown graphically in Fig. 4.

The dependence (Fig. 4) reflects relation between the
regime parameters of the blast air (humidity, volume) and
temperature attained by the formed air-steam mixture
when it passes through the recuperator and the evapora-
tor. When passing through the recuperator, air takes heat
from the generated gas, heats up and it humidifies when
passing through the evaporator.

According to Fig. 4, in the range of blast air volume 37 to
42 m3/h, maximum values of temperature of the air-steam mix-
ture reaching 550...570 °C are observed. The effect of humidity
on temperature of the air-steam mixture was quite noticeable
in this experiment. This is explained by a significant amount
of water steam. The highest temperatures of the air-steam mix-
ture were observed at humidity of 47 % to 67 %.

With an increase in the blast volume over 42 m3/h, there
was a significant reduction in temperature of the air-steam
mixture below 470 °C which is associated with a shorter time
of air contact with the heat exchanger. At air flow lower than
35 m?/h, production of generator gas decreases and its tem-
perature at the outlet of the gas generator decreases.

Thus, maintenance of the air blast regime in a rational
range of values from 37 to 42 m®/h at air humidity of 55...65 %
will reduce fuel consumption to maintain the gasification pro-
cess, thus affecting the dependences presented above.
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Fig. 4. Variation of the air-steam mixture temperature, 7. st mix.
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3. 4. Heat balance of the gas generating plant

Heat balance of the gas generator includes all heat sup-
plied to the gas generator and taken from it. At the same
time, the balance can be drawn up both for higher and lower
calorific values of the gasified fuel and produced generator
gas. The heat brought to the gas generator consists of the cal-
orific value of the fuel, its sensible heat and the heat content



(enthalpy) of the steam and air introduced into the active
zone of the gas generator.

Consumption items include the higher calorific value of the
produced dry gas, its sensible heat, heat content of water steam
in the gas as well as the calorific value of tar, taken-off matter,
dust, coke-like residue of the biomass and a residual component.
The residual component contains heat losses to environment
and all unaccounted heat losses and observational errors.

The calculated values of the heat balance substituted
into Table 2 give a general picture of energy flow in the gas
generator.

The flow sheet includes an electric evaporator (to provide
the air-steam regime) and a heat exchanger that enables the use
of sensible heat of the generator gas. Therefore, relevant items
are included in the balance sheet calculation. In addition to the
calorific value of the generator gas, the consumption part of the
balance includes the amount of sensible heat of the gas, residual
matters of the gasification process, and the like. In this case, the
balance sheet will take the form shown in Fig. 5.
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Fig. 5. Heat balance of the gas generating plant

Analysis of the resulting heat balance of the process of air-
steam gasification of plant raw materials allows us to establish
useless heat losses, determine causes of the losses, the ways of
eliminating them and helps to select the operation mode that
provides the highest efficiency.

The heat balance of the plant is divided into two units
according to the equipment groups involved in the process of
gas generation and preparation for combustion. In the gas
generator, the heat input items including calorific value of
the fuel, qy, sensible heat of the fuel, qo, heat content of air, q3
and water steam, qg4, as well as a portion of the generator gas
heat, qg, which is transferred to the blast gas through the heat
exchanger is taken into account. To increase accuracy, heat
content of the condensed water in the blast mixture, gs, is
included to the heat balance.

Consumption items of the heat balance are taken into
account in the purification and cooling units. Calorific value
of the produced generator gas, g; is the most significant of
them. Sensible heat of gas is used partially for heating blast
gases, except for irreversible losses (g, —g,) magnitude of
which depends on the type and quality of the heat exchanger.

Table 5

Heat balance of the gas generator

Heat input J/h %

Calorific value of the fuel qi 59
Sensible heat of the fuel Qo
Heat content of dry blast air q3 5
Heat content of blast water steam Q4 15
Heat content of condensed water in the blast

. qds 0.5
mixture
Utilization of sensible heat of the generator gas qs 19.5
Total 2ql-5 [ 100 %
Heat consumption J/h %
Calorific value of the gas q; 73.7
Sensible heat of the gas q; 21.5
Heat content of water steam in the gas q; 1,5
Calorific value of the tar q; 0.3
Calorific value of the carry-over q; 1.3
Calorific value of the dust a5 1
Residual component qs 0.7
Total >ars | 100 %

According to the results of experimental studies, effi-
ciency of direct-flow gas generator was 79 %, and that of the
gas generating plant as a whole was 74.6 %.

6. Discussion of results obtained in the study of
influence of input parameters on the process of air-steam
gasification

The design of a highly efficient gas generating plant
with a direct-flow gas generator for vegetable fuels is dis-
tinguished from known gas generator designs by using air-
steam gasification for gas production. The plant includes an
air-gas recuperator and an evaporator for preliminary prepa-
ration of the air-gas mixture and simultaneous cooling of the
generator gas. Moving along the channels of the recuperator,
air preheated to 400-600 °C enters the evaporator chamber
where it is moistened with water steam. Operation of the
evaporator is synchronized with operation of the system sup-
plying blast gases which ensures programing of humidity of
the mixture to be fed into the gasification zone. Consequent-
ly, the gasification process is completely controlled.

Experimental studies have established the possibility
of producing generator gases in a direct-flow gas generator
with the lower heat of combustion equal to 12.3 MJ/m?
(Fig. 2). This figure is achieved at the volume of air blast
Vair=37...42 m®/h and humidity W=>55...65 %. At these val-
ues of V,;and W (Fig. 4), peak temperatures of the air-steam
mixture, T,y s mix=550...570 °C, are observed.

The value of gas combustion heat, MJ/m?, is 15.1 % high-
er compared to the heat of combustion of the generator gas
obtained with other well-known designs of direct-flow gas
generators [1, 3, 6, 10, 14, 21].

This is explained by the fact that the use of steam-gas
blast ensures equalization of the temperature regime (tem-
perature is 1.000-1.100 °C in the active zone) and stabiliza-
tion of the gasification process. This temperature regime is
favorable for rapid pyrolysis which increases yield of volatile
gaseous products, such as CO. In this way, intensive forma-



tion of higher hydrocarbons with further cracking is avoid-
ed. Consequently, addition of water steam to reaction zones
of gas generators makes it possible to avoid the negative
process of formation of ash-slag agglomerates.

Similar studies were carried out in [37] with a fluid-
ized-bed gas generating plant and a positive influence of the
use of steam and gas blast in the process of gasification of
plant material was observed. Also, addition of water steam
contributes to an increase of content of such combustible
component as Hj in the generator gas. In comparison with
other studies on the biomass gasification in continuous-bed
gas generators [11, 14, 16], addition of water steam has re-
sulted in a 13 % increase in Hj content in the gas.

For all studied values of humidity at the volume of blast air
V,»=37..42 m3/h, there was a decrease in the mass loss of fuel
to the level of 0.75 kg of pellets to obtain 1 M]J calorific value
of the produced generator gas. According to the results of the
two-factor experiment, blast air humidity affected the losses of
fuel for the gas production process to a lesser extent compared
with the of blast air volume. However, there is a range of varia-
tion of humidity values (W=>55...65 %) in which fuel consump-
tion for gas production will be the smallest (Fig. 3).

Consequently, the presented results provide benefits of
using air-steam blast in the process of gasification of plant
raw materials and open up prospects for designing new
effective gas generating plants with a continuous bed. In
comparison with the designs discussed in [7, 8, 16], cost of
gas generators for these plants will be 18-22 % less due to
simplification of the design of the gasification chamber, the
tuyere belt, the grates and absence of a fuel poking system.

In order to eliminate influence of fuel humidity on the
gasification process, standardized fuel was used. It was
manufactured according to TU U 37.2-36783545-001:2011.
In addition, gasification of fuels with humidity up to 40 %
was studied. The studies indicate that values of parame-
ters within limits of V,;,=37..42 m%/h, W=55..65% and
Toirst.min=550...570 °C are rational for fuels with humidity
up to 30 %. For fuels with higher humidity, parameters V,;,
and W should be defined more precisely. In [23], in steam-
gas gasification of lignin-containing fuels in a fluidized-bed
gas generator, their maximum permissible humidity was
30 % as well.

The obtained range of rational values of blast air hu-
midity and volume is valid only under the condition of gas-
ification of fuels of vegetable origin in continuous-bed gas
generators utilizing reverse gasification process. For other
types of gas generators and other types of fuels (peat, coal),
it should be determined experimentally.

Disadvantage of using air-steam blast in the process of
gasification consists in a phenomenon of high-temperature
chloride-sulfate corrosion. Deposits consist of CaSO4 and
KCI. Reacting with corrosion products, potassium chloride
forms sulfates KoFe(SO4)3. Complex potassium sulfates are
strong corrosion accelerators and have a low melting point.
Corrosion proceeds most intensively in the temperature
range 900-1,100 °C.

Equations of heat balance were presented for gas gener-
ators of air-steam gasification type. These equations differ
from the equations for conventional gas generators by pres-
ence of specific heat inputs and consumptions identified
during testing of experimental equipment.

Taking into account these components has allowed
us to optimize quantitative and qualitative composition

of the produced combustible gas. Maximum productivity
of the gas generator and the maximum content of CO
and H, in the gas with the maximum heat of combustion
were taken as optimality criteria. Since the steam energy
(external source) was used to achieve the above criteria,
studies have established that thermal potential of the
produced combustible gas is several times higher than the
amount of energy spent on its production. On the basis of
the heat balance analysis, general effectiveness of the pro-
cess of gasification of plant raw materials was determined
(23.5 %).

Efficiency factor of the direct-flow gas generator was
79 %, and that of the gas-generating plant as a whole was
74.6 %.

The developed procedure can be used to optimize the
gas generation process during gasification of fuels in plants
of any type.

Proceeding from the experimental data obtained, further
studies have been planned to substantiate technical and
operational parameters of the steam blast regime for gas
generators with a moving bed, gas generators with a power
output more than 200 kW and for plant fuels with humidity
more than 30 %.

This study has continued the research work titled Sub-
stantiation of Parameters and Operation Process of the Gas
Generating Power Unit Adapted To Raw Materials of Veg-
etable Origin (State registration number: 0116U008732)
carried out at the Faculty of Engineering and Energy of the
Zhytomyr National Agroecological University, Ukraine.

7. Conclusions

1. A gas-generating unit with a direct-flow gas generator
was developed. Its design includes a gas-air recuperator and
an evaporator for preliminary preparation of the air-steam
mixture. It was established that the use of air-steam blast
increases by 18 % the volume of gas produced from a kilo-
gram of pellets produced from rape stems. Calorific value of
such gas is increased by 15.1 %. The total energy efficiency
of using this flowsheet in production of gas from plant raw
materials makes up 23.5 %.

2. By conducting a two-factor experiment, technical and
operational parameters of the air-steam gasification process
were studied:

— it was established that the maximum value of the lower
heat of combustion of the generator gas was Q, =12.3 MJ/m?
and achieved at the volume of blast gases entering the gas gen-
erator in the range of 37...42 m3/h and a 55...65 % humidity;

- consumption of 10 mm pellets produced of rape stems for
the gasification process was reduced by 14.7 % and the volume
of gas produced from a kilogram of pellets was 3.2 m?;

- optimum temperature of the air-steam mixture
ranged 550...570 °C and was achieved at the volume of
blast gas entering the gas generator within 37...42 m?3/h
and a 55...65 % humidity.

3. An innovative procedure of compiling heat balance
of the air-steam gasification process for low-grade fuels
was developed. According to the presented procedure,
high efficiency of the experimental gas generator plant
has been established and confirmed. The efficiency factor
of the direct-flow gas generator was 79% and that of the
gas-generating unit as a whole was 74.6 %.
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