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SELF-SUSTAINED FLAMELESS HEAT GENERATOR
BASED ON CATALYTIC OXIDATION OF METHANE
OR PROPANE-BUTANE MIX FOR HEATING VARIOUS OBJECTS,
INCLUDING FOR FIELD HEATING
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An effective catalyst based on ceramic block support with honeycomb structure made of synthetic cordierite with a low
coefficient of temperature linear expansion has been developed. Flameless heat generator based on oxidation of methane
or propane-butane mixture has been designed. Laboratory and bench trials have showed that the effectiveness of the
generator is identical to the foreign analogues. The manufacture of self-sustained flameless heat catalytic generators and

catalysts have been launched.

Keywords: catalytic heat generator, catalyst for flameless methane or propane-butane mixture oxidation, honeycomb

structure cells, and cordierite.

The combustion of solid, liquid, and gaseous fuels
in catalytic generators is an effective and environ-
mentally friendly method of heat generation. This is
very relevant in the view of modern trends in power
engineering sector, which are based on the transition
from the centralized to the combined electricity sup-
ply, including the self-sustained power plants with
different thermal capacity. Catalytic flameless com-
bustion is an effective way for energy- and resource-
saving use of solid, liquid, and gaseous fossil fuels.
Here are the main advantages of the catalytic flame-
less combustion as compared with the jet fire listed:

1) Complete fuel combustion that facilitates
raising output-input factor up to 97—99%;

2) Reduced combustion temperature from
1000—1200 down to 300—700 °C while keeping
a high combustion intensity;

3) Complete combustion of both poor and stoi-
chiometric fuel-air mixes;
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4) Reduction of air pollution with poisonous
gases, including CO and NO, as a result of redu-
ced combustion temperature and complete com-
bustion of the fuel;

5) Use of cheaper construction materials as a
result of reduced process temperature.

Catalytic combustion is fundamentally differ-
ent from the jet (homogeneous) fire, insofar as the
fuel on surface of solid catalyst is oxidized with-
out flame. The catalysts in the course of complete
oxidation (heterogeneous combustion) of fuel-air
mixture are involved in the chemical reaction of
fuel components with surface oxygen of the cata-
lyst with further regeneration of reduced catalyst
surface by oxygen of the gaseous phase. The gas-
eous fuel has several advantages over the solid and
the liquid ones: it is cheap and quickly mixed with
air, which enables burning gas with a lower exces-
sive amount of oxidizer. The presence of a catalyst
in the reaction system lowers the temperature of
burning gaseous fuel from 1000—1200 to 300—



Self-Sustained Flameless Heat Generator Based on Catalytic Oxidation of Methane or Propane-Butane Mix

700 °C while maintaining a high burning inten-
sity and ensures the complete combustion of fuel-
air mixtures in wide range of fuel /air proportions,
including, stoichiometric mixtures. The most im-
portant fact is that the catalyst ensures a complete
conversion of fuel into products of deep oxidation
and prevents emissions of carbon monoxide and
organic compounds that are products of incom-
plete combustion of hydrocarbons. Deep oxida-
tion catalysts are based on porous oxide carrier to
which active ingredients containing precious me-
tals (mainly, platinum and palladium) are applied.
Numerous crystalline alumina modifications that
determine the final properties (micro-porosity, po-
re size distribution, and specific surface area) are
commonly used as catalyst carriers.

Practically, granular materials in the form of
extrudate and balls made of oxide material (e.g.,
aluminum oxide catalysts for fuel combustion in
stationary bulk or in fluidized layer of catalyst)
are used. An important aspect of preparing the
aggregate media is the so-called «dual porosity».
For this purpose, oxides with specific effective
surface and meso- or microporous structure are ap-
plied to the outer surface and into the pores of ce-
ramic material (cell or porous material with a high
permeability) having a diameter from 500 nm to
several microns [1].

The most common catalysts for flameless com-
bustion of hydrocarbon fuels are composites ba-
sed on platinum group metals (PGM) and oxides
of 3d-metals or those deposited on inert carrier
which defines the catalyst macrostructure.

Oxides of transition metals (Cu, Cr, Mn, Co,
etc.) are an efficient alternative to precious metals
as catalysts for combustion of fuels. However, the
simple oxides are prone to being baked at high tem-
perature and to interacting with the carrier ma-
terial with subsequent formation of new inactive
phase. Therefore, often, high-temperature oxide pha-
ses such as hexa-aluminates obtained, for example,
as a result of the interaction of manganese and
aluminum oxides at high temperature, are used.
The general disadvantage of the catalysts that do
not contain PGM, in particular, those described in
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patents [2—7] is a high temperature at the start of
operation, the need for additional (PGM based)
catalyst for «ignition», and incomplete combusti-
on of hydrocarbon fuels. These shortcomings ma-
ke impossible the indoor use of these catalysts for
portable catalytic heat generators based on flame-
less combustion of hydrocarbon fuels.

The most effective catalysts for flameless com-
bustion of organic fuels, including C1—C4-hyd-
rocarbons, are the systems containing platinum
particles having a size of 1—5 nm [8]. The plati-
num nano-catalysts are matchless in terms of ac-
tivity, completeness of fuel combustion, thermal
and chemical stability. Disadvantages of these ca-
talysts are expansive active component, platinum
volatility at temperature over 800 °C, as well as
poisonous sulfuric compounds. The use of pal-
ladium catalysts is limited with temperature of
700—800 °C [9].

Various crystalline modifications of aluminum
oxide that determine structural properties (micro-
porosity, pore size distribution, and specific surface
area) are widely used as catalyst carriers [10]. To
enhance thermal stability of the catalysts for fla-
meless combustion of combustible gases, modifiers
such as oxides of lanthanum, cerium, magnesium,
strontium and so on are added to the catalysts.

There is a variety of heat catalytic generators:
the fluidized bed reactors with granular catalyst;
the fixed bed reactors with granular, cellular, fib-
rous catalysts [11—14]. Also, there are catalytic
heat generators having a capacity of up to 200 kW
and more and operating based on fuel combustion
in a fluidized bed catalyst. In such catalytic heat
generators (KHG), fuel oxidation runs on the sur-
face of special granules of oxide catalysts kept flu-
idized in the flux of fuel, air, and combustion pro-
ducts. Heat is withdrawn from the bed through
heat exchange surfaces inside the bed or by direct
contact of the catalyst with the working fluid. Be-
cause of their heavy mass and large dimensions
these catalytic generators are suitable for use only
in stationary conditions.

The common feature of methods for prepara-
tion of platinum-based catalysts is platinum used
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Fig. 1. General view of the case of catalytic block produced

by a — Frantsevych Institute for Problems of Materials

Science, the NAS of Ukraine; b — Technoceram LLC, Bila
Tserkva

as an active component and cell structure used
for the application of active components.

It should be noted that widespread application
of catalytic combustion of hydrocarbon fuels is
hampered by lack of perfectly designed effective
catalysts meeting a set of very strict require-
ments: low temperature at the start of reaction of
hydrocarbon fuel oxidation, high thermal and che-
mical stability, high productivity and selectivity
by products of complete oxidation of organic mo-
lecules (up to 100%), low content of active com-
ponent, low GFD resistance, etc.

This research is aimed at designing modular
honeycomb-structured catalysts which maximal-
ly meet the above mentioned requirements.
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DESIGN OF CELL CATALYSTS FOR FLAMELESS
COMBUSTION OF GASEOUS HYDROCARBON FUELS
(METHANE AND PROPANE-BUTANE MIXES)
WITH MINIMUM EXCESSIVE OXYGEN

The main components of modular catalysts are
the skeleton, a modular carrier with a system of
longitudinal holes, and the catalytic active coat-
ing on the block surface [15—19].

The skeleton frame defines its macrostructure,
GFD resistance, and mechanical strength. Among
various systems that can be used as carrier, the most
attractive are honeycomb-structured blocks of syn-
thetic cordierite (synthetic ceramic with general
formula 2MgO - 2A1,0, - 55i0,). This material is
notable for a low linear expansion and is thermally
stable up to 1200 °C, which is very important, inso-
far as the flameless combustion catalyst always
undergoes a heat shock while being ignited. Round-
and square-shaped blocks of synthetic cordierite
manufactured by Frantsevych Institute for Prob-
lems of Materials Science and Technoceram 1LLC
(Bila Tserkva) were used as skeletons of modular
catalyst. Their general view is given in Fig. 1.

The composition and physical and chemical pro-
perties of blocks define their catalytic capacity. Com-
plex oxide composites (CuCr,O,, Mn,O,), includ-
ing modified oxides of rare earth metals (La,0,)
and metallic platinum were selected as active com-
ponents of catalysts that ensure complete combus-
tion of hydrocarbons and have low temperature of
ignition. Platinum being very expensive, its content
in the catalyst should be as minimum as possible.
This can be reached due to dispersion of platinum
on the surface and in the pores of secondary carrier.

The presence of secondary carrier in the struc-
tured ceramic-based catalysts is caused by several
reasons. Firstly, increasing carrier’s surface before
application of active components. The role of sec-
ondary carrier is to tie stably and strongly the
catalytically active components with the carrier’s
material, to enhance thermal stability of the cata-
lyst, to ensure required surface morphology, and
to increase dispersion capacity of active compo-
nents, which contributes to enhancing the inter-
face catalytic activity.
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Usually, ALO,, ZrO,, SiO,, and aluminum sili-
cates, i.e. thermally stable systems capable of for-
ming porous structures with required properties
and high adhesion to the surface of modular car-
rier, on the surface of ceramic matrix, are used as
secondary carrier [20, 21]. For this research, alu-
minum oxide was chosen for having a sufficient
thermal stability, chemical inertness to fuel com-
ponents and extensive porous structure. The pro-
perties of the coating based on aluminum oxide
materially depend on the conditions of its appli-
cation: composition of solution, conditions of coa-
ting formation, heat treatment and modifiers.

A technique for the synthesis of fine mesopo-
rous secondary carrier based on Al,O, has been
designed. It can be used for forming the second-
ary carrier layer on the surface of ceramic modu-
lar honeycomb-structured matrixes. Upon the re-
sults of X-ray phase analysis, the aluminum oxide
obtained is a mix of amorphous and y-modified
Al,O,. The material crystalizes into y-Al,O, phase
while being heated at 850 °C. Specific surface area
of the obtained aluminum oxide is as good as that
of the industrial carrier based on y-Al,O,. Ther-
mal stability of the porous structure of synthe-
sized Al O, reaches 850 °C. As temperature ex-
ceeds 850 °C, specific surface area of the carrier
decreases sharply.

Enhancing resistance of aluminum oxide po-
rous structure to agglomeration can be reached
by its modification with rare earth elements [22,
23]. Effect of mix of La, Ce, Sm and Pr nitrates on
thermal stability of secondary carrier layer has
been studied. According to Table 1, one could con-
clude that there is a range of concentration of rare-
earth metal oxides (REMO) within which ther-
mal stabilization is reached. An increase in REMO
content from 3 to 10% does lead neither to grow-
ing specific surface area of Al,O, nor to enhanc-
ing thermal stability. According to X-ray-photo-
electronic spectroscopy (XPS) data (Fig. 2), this
can be caused by the formation of phases of nu-
merous REM aluminates. The mentioned REMO
do not have an extensive porous structure, there-
fore, as a result of their crystallization, specific
surface area can decrease. So, it is necessary to use
the secondary carrier containing, at most, 3.0—
5.0 wt. % REMO.

Fig. 3 shows changes in the specific surface area
of block after coating with aluminum oxide taken
from solutions of aluminum oxynitrate and mix of
aluminum oxynitrate and REM salts. A significant
thermal stabilization effect has been reported for
secondary carrier at a temperature over 850 °C.

A series of catalysts coated on cordierite ma-
trix of spinel-based oxide systems (CuCr,O,,

Table 1
Test Results of Modular Catalysts for Flameless Combustion of Propane-Butane Mix
Content of incomplete combustion products in gaseous mix after catalyst, %
(in 10 min, 5 hours of operation)
Catalyst
CO, % Hydrocarbons (in conversion to C,H,), %
10% CuCr,0,/AL0O, / cordierite 3.5 0.34
10% CuCo,0,/Al 0, / cordierite 2.2 0.21
10% Mn,0,—BaO—La,0,/Al,0, / cordierite 2.6 0.19
0.5% Pt/AL O, / cordierite Not found / Not found 0.005% / 0.0045%
0.1% Pt / AL, O, / cordierite 0.002 / 0.0007 0.007% / 0.008%
0.1%Pt/AlLO, + 3%OP3E / cordierite Not found / Not found 0.0018% / not found
0.1% Pt / AL,O,+ 5% OP3E / cordierite Not found / Not found 0.0015% / not found
0.1% Pt/ AlL,O,+ 10% OP3E / cordierite Not found / Not found 0.009% / not found
0.1% Pt / cordierite 0.02 /0.02 0.01% /0.01%
Uncoated block (jet fire) 0.023 /0.028 0.021% /0.025%
ISSN 2409-9066. Sci. innov. 2016, 12(5) 31
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Fig. 2. Diffraction patterns of aluminum oxide obtained by

decomposition of aluminum salt blend (AI(OH),(NO,) x

xnH,0, where /= 1—3; m = 1—2; n = 0—2), including REMO

modified, after heat treatment at 850 °C: a — ALO,, b —

AlLO0,+3.0% REMO, ¢ — AL,O,+5.0% REMO, d — AlL,O,+
+10.0% REMO
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Fig. 3. Temperature dependence of specific surface area of

blocks coated with secondary carrier by soaking with

solutions of aluminum oxynitrate 5.8 weight % (curve 1)

and oxynitrate + REM salts 5.6 weight % (5 weight % of the

coating mass in terms of the equivalent amount of REMO).
Time of heat treatment at each point is 3 hours
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Fig. 4. Micro-picture of catalytically active coating taken from the surface of catalytic block (platinum nanoparticles in the
aluminum oxide matrix obtained by decomposition of aluminum nitrate (a, b); aluminum oxynitrate (¢, d); and aluminum
oxynitrate modified with REMO (5%) (e, f) before (a, ¢, €) and after (b, d, i) block operation

CuCo,0,, Mn,0,) and platinum has been manu-
factured and studied.

Fig. 4 features a micro-picture of the surface of
metallic platinum as catalytically active coating
of the block. The size of platinum nanoparticles of

32

the coating obtained by thermal decomposition
of aluminum nitrate ranges 8—15 nm (Fig. 4, a).
After the catalyst action during several hours
(cure in reaction mix or direct use in flameless
combustion of hydrocarbon gas) they partially
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agglomerate (Fig. 4, b), as a result of insuffici-
ent stabilization of the coating and its ability to
compensate excessive charge of the surface of
nanoparticles without preventing their agglo-
meration.

In the blocks with aluminum oxide applied by
designed techniques, platinum nanoparticles of
3—6 nm (Fig. 4, c) are formed in the carrier ma-
trix. After the catalyst action they partially ag-
glomerate up to 4—8 nm (Fig. 4, d).

Tables 2 and 3 show the test results of modular
catalysts as elements of heat generators based on
flameless combustion.

The test results given in Tables 2 and 3 show
that the spinel-based (CuCr,O,, CuCo,0,, Mn,0O,)
oxide systems do not ensure complete combus-
tion of fuel, with a material content of CO in the
combustion products reported. Among the rea-
sons for such ineffectiveness there can be low ac-
tivity, insufficient temperature of self-heating and
oxygen deficiency. Platinum catalyst ensures com-
plete combustion of propane-butane mix (house-
hold gas) at a temperature below 500 °C with no
CO being present in the discharge gas (either CO
concentration is lower than the permissible one
for household appliances (under 200 ppm) or CO
is totally absent). Presence of REMO stimulates
the creation of oxygen accumulating capacity in
the catalyst, which is important for the use of fuel
mixes consisting of combustible gas /oxidant clo-
se to stoichiometry.

REM compounds (REMO: oxides of La, Ce, Sm,
Pr) added assure the coatings with high thermal
stability, which stabilizes platinum nanoparticles
in the secondary carrier matrix (Fig. 4, e, f), which,
to a certain extent, is a result of stabilization of
both the secondary carrier, aluminum oxide, (this
could be seen from comparison of Figs. 3 and 4),
and nanoparticles themselves, due to their interac-
tion with REMO. In particular, the presence of
REMO facilitates keeping the surface of plati-
num nanoparticles partially oxidized Pt ®*, includ-
ing, due to the creation of surface compounds with
REMO (similarly to palladium [23]). Also, acid-
base pair required for better absorption and acti-
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vation of hydrogen before its oxidation appears in
the place of contact of charged particles.

CATALYST PRODUCTION
PROCESS FLOWCHART

The key stages of flameless combustion catalyst
production are the preparation of solution for lay-
ing of secondary carrier; the laying of secondary
carrier; and the application of active component,
platinum, to modified ceramic modular honeycomb-
structured matrixes.

Correspondingly, the process chart of flameless
combustion catalyst production has the following
stages:

+ Preparation of solution for laying of secondary
carrier;

+ laying of secondary carrier;

+ application of active component, platinum.

For the preparation of catalyst, a block of syn-
thetic cordierite 132 x 92 x 13 mm with 1 mm
channels was used (Fig. 4).

Synthesis of Solutions
for the Application of Secondary Carrier

Aluminum nitrate AI(NO,),-9H,0 39H20 is
dried in oven at 130—160 °C for 14—20 hours un-
til aluminum oxynitrate AI(OH) (NO,), -nH,O.
is formed. The ratio of the former to the latter
should reach 2.5—2.7 : 1.

The required quantity of mix of aluminum nitrate
and aluminum oxynitrate was dissolved with water
at ambient temperature and brought to the boil.
While stirring up, ammonia nitrate (or 25% ammo-
nia solution) was added and boiled up to complete
dissolution of the residue and formation of trans-
parent colloid solution with a density of 1.4 g/cm®.
The solution concentration was adjusted by adding
water orAI(NO,), - 9H,0 and Al(OH),(NO,)- H,0.
Aluminum salt content (in conversion to AL,O,) was
0.15 g/ml. pH of solution is 3.0—3.5.

La(NO),-6H,0, Sm(NO), - 6H,0, Ce(NO,), x
x6H,0 and Pr(NO,),-6H,0 were used to modify
aluminum oxide. Their concentration in the sec-
ondary carrier (in conversion to oxides) reached
3—10% of Al,O, weight. The calculated quantity
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of REM salts was added to the solution for apply-
ing aluminum oxide. Recommended content of
REM salts in the ready element was 3—5% of sec-
ondary carrier weight.

Laying of Secondary Carrier

For preparing the catalyst, the ceramic block
was submersed into solution of aluminum and REM
salts of required concentration. After keeping the
block in solution (2—3 min), the residues of solu-

tion were blown out from the pores and the block
walls by compressed air, and the sample was dried
at 100—120 °C, then baked at 500—600 °C, for
3—4 hours. Specific surface area grew from 0.45—
0.5m?/gto 5.2—6.0 m?/g.

Introduction of active component (platinum)

The active component to the ceramic modular
matrix modified by a layer of secondary carrier
and stabilizers was introduced by its soaking with

Test Results of Modular Catalysts for Flameless Combustion of Methane fuble2
Content of incomplete combustion products in gaseous mix after catalyst, %
Catalyst (in 10 min/ 5 hours of operation)
CO, % Hydrocarbons (in conversion to C,H,), %
0.5% Pt / AL, O, / cordierite Not found / Not found 0.006 / 0.0055
0.1% Pt / AL,O, / cordierite 0.003 / 0.0008 0.008 / 0.009
0.1% Pt/ Al,O,+ 3% OP3E / cordierite Not found / Not found 0.0021 / Not found
0.1% Pt / AL,O,+ 5% OP3E / cordierite The same 0.0017 / Not found
0.1% Pt /AL,O,+ 10% OP3E / cordierite > 0.0098 / Not found
0.1% Pt / cordierite 0.03 /0.03 0.012 /0.012
Block without catalytic coating (jet fire) 0.036 / 0.046 0.023 /0.028

Table 3

Results of Laboratory Tests of Combustible Gases
at the Exit from Heat Generator

Combustion of methane Combustion of propane-butane mix
Catalyst,
Sumple Co/No, ncomemonioiCy 5 | CONO, (i comersion to HC, %

1 Not found 0.005 Not found 0.004 / 0.0045
2 0.0003% CO / Not found 0.007 > > 0.0036
3 Not found 0.007 > > 0.0028
4 > > 0.009 > > 0.0028
5 > > 0.007 > > 0.0029
6 0.0002% CO / Not found 0.007 > > 0.0026
7 Not found 0.007 > > 0.0029
8 > > 0.007 > > 0.0038
9 0.0003% CO / Not found 0.009 > > 0.0036

10 Not found 0.007 > > 0.0031
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aqueous solution of platinum hydrochloric acid
H,PtCl, with moisture capacity reaching about
20—22%. Having been soaked, the blocks were
blown with air to remove the residues of solution,
dried in air flux at 100—120 °C during 3 hours
and baked at 550 °C in air during 4 hours. Plati-
num content in the catalyst should be 0.10%.

To activate platinum, preliminary heat treatment
of catalyst in reaction mix containing a reducing
and an oxidizing agents (for instance, hydrocarbon,
CO or hydrogen in air) is required. The presence of
oxygen in the reaction mix enables maintaining the
accumulative capacity of REMO in the catalyst.

DESIGN OF CATALYTIC HEAT GENERATOR
BASED ON FLAMELESS COMBUSTION OF METHANE
OR PROPANE-BUTANE MIX

While configuring the heat generator, various
options have been considered:

+ Installation of catalytic block directly on the
frame of mixing chamber (difficulties while re-
pairing or replacing of the catalytic block can
occur) and in the charger (improvement of re-
pairability, quick replacement of charger from
the catalytic block);

+ Arrangement and shape of upper installation
gratings (bent up or down, limitation on slid-
ing of gratings along the face end of radiator,
possibility of installation of a standard diame-
ter (up to 100 mm) can on the gratings);

+ For the case of heat generator operation in field
conditions it was decided to use the catalytic
block shaped as standard decorative mesh to
protect the punched holes (the mesh protects
fragile ceramic tiles both from shocks and from
dropping foreign bodies);

+ Nipple is fixed with two nuts in the fitment bore
of the socket (the fitment bore is made in such a
way as to ensure maximally precise axial posi-
tion of gas jet); 0.5 mm thick adjusting washers
are used for positioning the nozzle with respect
to the entry to the body of mixing chamber);

+ To protect the injector nozzle from contamina-
tion (during transportation or in idle mode) a
detachable hatch is used.

ISSN 2409-9066. Sci. innov. 2016, 12(5)
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This configuration is the simplest and most re-
liable since it ensures both quick disassembly and
assembly. The material for heater elements was
selected on the basis of following considerations:
+ The material should be corrosion- and heat-re-

sistant, resistant to atmospheric corrosion and

chemical degradation in gaseous environment
at a temperature over 550 °C;

+ The material should be kind for treatment and
welding.

The elements cannot be made of aluminum-con-
taining alloys because of high temperature inside
the mixing chamber (~500 °C). Therefore, corro-
sion-resistant steel 12X18H10T of various grades
was chosen for the main elements of the genera-
tor. It has a temperature of 850 °C at the begin-
ning of intensive dross formation. This totally
meets the requirements for the product.

The flameless self-sustained heat generator is a
prefabricated assembly with option of quick disas-
sembly and reassembly while repairing. The cera-
mic tiles are replaced simultaneously with the re-
placement of whole charger. The generator con-
tains a fuel injection nozzle installed in the mixer
and a distribution box closed with protective scre-
en. The diffusor outlet is closed with a disperser;
the radiator is made of multilayer catalytic mate-
rial; the protective screen is a metallic mesh ensur-
ing enhanced heat emission with a quiet discharge
of working gas-air mix that almost does not conta-
in nitrogen oxides and carbon monoxide (CO).

Gas fire is set by a match or a lighter with the
screen removed. The generator is easily repairable
due to a simple configuration, use of standard fasten-
ings, and possibility of dirt removal from the screen.

TRIAL RESULTS OF HEAT GENERATOR
BASED ON FLAMELESS COMBUSTION OF METHANE
OR PROPANE-BUTANE MIX

The generator in various operating modes has
been tested on trial bench. The trials of flameless
self-sustained heat generator based on catalytic
oxidation of methane or propane-butane mix we-
re aimed at verifying safety of its use as additional
or basic heater for residential, commercial or mili-
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Fig. 5. Catalytic heat generator based on flameless combus-
tion of methane or propane-butane mix

tary facilities (country houses, workshops, ware-
houses, garages, for field operation, as well as for
geological, civil engineering, and agricultural pur-
poses). Trial conditions were maximally approxi-
mated to the operating ones: the prototype was
tested on gaseous fuels (methane or propane-bu-
tane mix) for which it was designed.

During the trials the following parameters ha-
ve been established:

+ Volume flow rate of gas V, m?®/hour;

+ Reliability and stability of prototype;

+ Absence of hazardous combustion products (CO
and NO_) emitted;

+ Completeness of fuel combustion;

+ Reproducibility of test results and adjustabili-
ty of operating modes;

+ No flame within visible range.

The samples of catalytic blocks of the flameless
generator were tested using the trial bench. Ge-
neral view of self-sustained flameless generator is
given in Fig. 5.

TECHNIQUE FOR ANALYSIS OF GAS
AT THE DISCHARGE FROM HEAT GENERATOR

The after-burner gas samples were taken after
0.5-hour operation, using a 100 ml gas pump. The
mentioned volume was taken at a height of 7—9 cm
from the catalyst, by installing a pipe of the same
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diameter on the working element. The sampling
procedure was used level the gas concentration
gradient. Gas was supplied to chromatographer by
letting the sample (100 ml) through valves with
1 ml loops (for the analysis with the use of heat
capacity detector, HCD) and with 0.1 ml loops
(for the analysis with the use of flame-ionization
detector, FID).

Gas was analyzed using Crystal-Lux 4000M chro-
matographer (Chromatech, RF). Analysis for the
presence of CO, CO,, NO,, and O2 was made using
HCD on the columns filled with molecular sieves
NaX and Polysorb-1. To separate hydrocarbons, a
capillary column HP-FFAP, 0.32 mm x 50 m was
used with FID. Each sample was tested 5 times for
each parameter (with an accuracy of, at least, 5%).

The analysis results for the combustible gases at
the discharge of generator are presented in Table 3.

Table 4
Main Physical and Chemical Properties
of Combustible Gases
Property Methane Propane-—butane
mix
Low combustion heat, MJ/m® | 37.26 100.65
Estimated quantity of air for
combustion V°, m? 9 27
Density at 7= 20 °C and
p=0.101 MPa, kg/m® 0.68—0.9 221
Ignition at normal pressure,
mixed with air, % 5.0—15.0 1.5-9.5
Table 5
Results of Laboratory Tests
Parameter Methane Propane'— butane
mix
Combustible gas consumption, 1.5 1.5
1/min
Gas/air proportion 1/10 1/30
Temperature of catalytic block, °C| 480 520
Time to catalytic regime, min 1 1
Time to complete use of gaseous
fuel in container (5 1), hour 8 15
Heat capacity of generator, kW 0.9 2.5
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Table 6
Tests Results of Catalytic Flameless Heat Generator

Combustible gas Methane | Propane-butane

Nominal heat capacity, kW 0,9 2,5

Time to complete consump-
tion of gas fuel in the contain-

er (40 1), hour 67 120
Weight of heat generator, kg 0,5 0,5
Temperature of discharge gas-

es at a distance of 50 mm, °C 140 150
Fuel consumption, I/min 1,5 1,5
Flame No No

Note. Gas consumption is given for environment temperature
of 0 °C and atmospheric pressure of 101.3 kPa.

Table 3 shows that due to the proposed tech-
nology the generator almost does not produce ha-
zardous combustion products (CO and NO,). The
main physical and chemical properties of com-
bustible gases are given in Table 4.

The results of laboratory tests of the catalytic
heat generator based on the flameless combustion
of methane or propane-butane mix are given in

Table 5.

TRIALS OF HEAT GENERATOR
BASED ON FLAMELESS COMBUSTION
OF METHANE OR PROPANE-BUTANE MIX
AT CheZaRa PJSC

The operating modes of generator have been
tested at CheZaRa PJSC, using heat generator
based on flameless combustion of methane, hav-
ing an output capacity of 0.9 kW and on combus-
tion of propane-butane mix, having an output
capacity of 2.5 kW (Fig. 6).

The heat generator on liquefied gas was con-
nected to gas container using a flexible hose and
pressure controller PZICT 2-1,2 in the case of pro-
pane-butane mix DSTU 21805-94 and PAICT 1-1,2
DSTU 20448-90, in case of methane. Catalytic pa-
nel (a ceramic honeycomb-structured block with
a layer of heterogeneous catalyst fixed in metallic
frame) was used as heating element. The trial con-
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Fig. 6. Chamber of self-sustained flameless heat generator:
1 — body; 2 — catalyst; 3 — nozzle for fuel supply
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Fig. 7. Change in CO and NO content in discharge gas with
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Fig. 8. Endurance tests with time

ditions were maximally approximated to the op-
erating ones.
The following parameters were measured in
the trials:
+ Temperature of external surface of catalytic
layer: 480 °C for methane, and 520 °C for pro-
pane-butane mix;
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+ Concentration of nitrogen and carbon oxides;

+ Content of non-reacted methane in oxidation
products;

+ Hydraulic resistance of heating element.

Control measurements of pressure and gas/air
consumption rate have been done. For the com-
bustion of natural gas (wt %: methane — 97.46;
ethane — 1.11; propane — 0.37; isobutane — 0.06;
butane — 0.06; pentane — 0.02) the ecological in-
dices for 0.9 kW heat generators in the nominal
mode by volume share of discharge gases were as
follows: CO — 2—3 ppm, traces of NO , CH, —
10—20 ppm, CO, — 10%, the rest were gases
(89.5%). Due to the designed technique, the eco-
logical indices for 2.5 kW heat generators in the
nominal mode by volume share of discharge gases
for the combustion of propane-butane mix were
as follows: CO — 1—2 ppm, CH, 10 — 15 ppm,
CO, — 5%, the rest was gases (95%).

The tests of combustion of various fuels have
showed that the use of this configuration of heat
generator with the proposed catalyst enables im-
proving efficiency ratio of combustion up to al-
most 100%, preventing the formation of incom-
plete combustion products (carbon dust and hyd-
rocarbons), and reducing significantly the emission
of CO, NO_ and toxic oxygen-containing organic
compounds. The test results of composition of dis-
charge gases from combustion of fuels are given
in Fig. 7. No deviations of ecologic parameters from
the initial ones have been reported.

The endurance tests of heat generator have sho-
wed that the catalyst remains active during 30
hours (Fig. 8). The test results are summarized
and given in Table 6.

The test results have showed that the burner
configuration ensures self-sustainable noiseless and
flameless combustion of fuel in the catalyst bed.
The catalyst stability remained unchanged dur-
ing 30 hours after the tests.

CONCLUSIONS

Specific features of catalytic flameless combus-
tion of gaseous fuel have enabled designing the
heat generator having the following advantages:
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light weight, mobility, flexibility, high efficiency,
low fuel consumption. It generates neither smog
emissions nor radiation in the visible range, which
enables to prevent detection of device in the field
conditions, especially, in the case of military op-
erations. Due to the designed technology, the op-
erating heater does emit neither harmful combus-
tion products (CO, NO,) nor smog, nor fire, nor
smell. The heater works on environment friendly,
cheap and quite safe gaseous fuel widely used both
in household and industrial sectors. The catalyst
stability remains unchanged after the trials.

The self-sustained flameless heat generator on
the basis of catalytic oxidation of methane or pro-
pane- butane mix for heating varous facilities (in-
cluding, under field conditions) designed at the
Pysarzhevskyi Institute of Physical Chemistry of
the NAS of Ukraine and manufactured at CheZaRa
PJSC has been tested successfully at Chernihiv
Radio-Set Plant and commercialized.

The prototype generator based on catalytic fla-
meless combustion of gaseous fuels was present-
ed at Weapons and Safety exhibition (September
22—25, 2015, Kyiv). The exhibit has attracted at-
tention of the military men, representatives of the
Ministry of Emergency Situations of Ukraine, and
civilians. The exhibition embraced an information
and communication event Prospects for RE&’D Sup-
port of the Defense Industry of Ukraine, with a lec-
ture Catalysts of Self-Sustained Flameless Gas Heat
Generator for Heating Various Objects, Including,
Jfor Field Heating given within the framework of
the event.
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ABTOHOMHUM BE3HOJIYM AHUN
TEHEPATOP TEILJIA HA OCHOBI
KATAJIITUYHOI'O OKVUCHEHHS METAHY
ABO [IPOIIAH-BYTAHOBOT CYMIIIII
JIJIS OTIAJIEHHSY PIBHUX OB’EKTIB,

B TOMY UUCJII B HOJIbOBUX YMOBAX

CrBopeno edeKTUBHUIT KaTaizaTop Ha 6a3i KepaMidHOTO
6JIOKOBOTO HOCIsI CTIBHUKOBOI CTPYKTYPH 3 CHHTETHYHOTO
KOP/IIEPUTY 3 HU3BKUM TeMIIePaTypPHUM KOeilliEeHTOM Ji-
HIHOTO PO3IIMPEHHS Ta PO3POOICHO GE3IOMYM STHUTT TeHe-
paTop Terula Ha OCHOBI CHANIOBaHHS MeTaHy abo TPOMaH-
6yTaHoBOI cymini. Pe3yibraTu 1abopaTOpHUX Ta CTEHIOBUX
BUNIPOOYBAHb MOKA3AJIH, 1[0 ABTOHOMHI (e3MmoIyM i TeHe-
paTopu Teruia 3a eeKTUBHICTIO POOOTU HE MOCTYIAIOTHCS
3apyOiskHUM aHaoraM. Hajmaro/mkeno BUPOOHUIITBO aBTO-
HOMHUX Oe3MOJMyM sSTHUX KaTaJiTHYHUX TeHePaTopiB Tellia
Ta KaTasi3aToPiB /I HUX.

Knwouosi croea: kataniTudHUil TeHepaToOp TeILIa, Ka-
TasizaTop 6e310JyM sSTHOTO TOPiHHS MeTaHy abo IpOIaH-
6yTaHOBOI CyMili, 6JI0KH CTIIBHUKOBOI CTPYKTYPHU, KOP-
JIIEPUT.
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ABTOHOMHDBIN BECIIJIAMEHHBIN
TEHEPATOP TEIIJIA HA OCHOBE
KATAJIUTUYECKOTO OKUCHEHUS METAHA
WJIU TIPOTIAH-BYTAHOBOM CMECU
JIJI1 OBOTPEBA PA3JIMYHBIX OBBEKTOB,
B TOM YMCJIE B [IOJIEBBIX YCJIOBUIX

Co3snan 9 hexTUBHBII KaTaan3aTop Ha 6a3e KepaMudec-
KOro GJIOKOBOTO HOCUTEJISI COTOBOI CTPYKTYPbI U3 CHHTETHU-
YeCKOTO KOPJAUEPHUTA C HU3KUM TeMIepaTypHbIM Koa(hbu-
[IEHTOM JIMHEWHOTO paciupenust u pazpaboran Oecriia-
MEHHBII TeHepaToP TeIlTa Ha OCHOBE CTOPAHUST MeTaHa MJTH
nporan-0yTaHoBoit cMecr. Pe3ysbraTsl JTaGOpaTOPHBIX U
CTEH/IOBBIX MCIIBITAHWIT TTOKA3AJIH, YTO MpeJITaraeMble TeHe-
paTopbl Teria 1o aGGEeKTUBHOCTH POOOTHI He YCTYNAIOT 3a-
pybeskrbiM aHasmoraM. HajrakeHo MpOM3BOACTBO aBTOHOM-
HBIX OeCIJIAMEHHbBIX KaTaJIUTHYeCKUX FeHePATOPOB TeIia U
KaTaJIM3aTOPOB JIJIsI HUX.

Knrouesvie cioe6a: KaramuTHYeCKHii reHepaTop TellIa, Ka-
Tajm3aTop OECIIAMEHHOTO TOPEHNUSI METaHA WJIN TIPONaH-OyTa-
HOBOI cMeCH, GJIOKH COTOBOU CTPYKTYPbI, KOPAUEPHT.
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