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Abstract

New heat-conducting metal porous reinforced catalysts were developed to manufacture a catalytic heat generating element (CHGE) of
25 kW power. The element was subjected to thermophysical, hydraulic and ecological testing. Local temperature and gas flow rates were
determined in different places of the outer catalytic bed surface. We have estimated impact of the convective and radiant transfer in total
CHGE heat generation. Dynamics of CHGE startup was studied. A prototype of the catalytic water boiler supplied with a CHGE of 25 kW
power was manufactured and tested. The boiler provides below yield of toxic waste: CO 5–10 ppm, NOx traces, CH4 10–20 ppm, CO2
10 vol.%, the other gases 89.5 vol.%. CHGE is promising as a device for ecologically safe heat production for household appliances.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrocarbon fuels are combusted at temperatures ranging
from 1200 to 1500◦C in different flame burners to produce
heat energy for industry and household appliances. Because
of the ease of flame combustion and high temperature of
the combustion products, this method is still the only one
used to produce heat in modern times. The main problem,
arising on flame combustion of natural gas in air, is forma-
tion of NOx and CO. NOx result from interaction between
nitrogen and oxygen in the most hot part of flame (1800◦C
and above). To reduce concentration of toxic components
in the combustion products, combustion temperature should
be decreased to 900◦C. For this purpose catalytic meth-
ods are used[1–3]. Catalytic combustion radically differs
from traditional burning, because gas is oxidized on the
solid catalyst surface without flame formation[4]. The cat-
alyst permits one to avoid conditions allowing formation of
NOx and to provide more complete conversion of natural
gas.

The catalysts for natural gas combustion can be conven-
tionally subdivided into three groups regarding their activity
and thermal stability. Thus, palladium catalysts provide
gas oxidation at low temperature 500–850◦C and exhibit
high activity[3,5–7]. On methane oxidation at temperatures
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above 900◦C, behavior of the palladium-supported catalysts
is rather intricate owing to transformation of PdO into metal
Pd. Such transformations lead to large hysteresis in rates
of methane combustion[7–9]. Platinum, rhodium, metal
oxides Fe2O3, Mn2O3 etc. are preferable for combustion at
moderate temperatures 800–1000◦C [10]. At high temper-
atures to 1200◦C, hexa-alumina[11–15], perovskites[16]
and fibrous ceramic materials[17] are used because of high
thermal stability.

The main problem with an application of catalytic fuel
oxidation for production of heat in power units is a transfer
of heat from the catalyst to the heated working medium.
Because of high exothermicity of methane combustion
(∆H = −802.3 kJ/mole), hot spots appear in the first part
of the fixed catalyst bed. Modeling the adiabatic reactor
with a fixed catalyst layer Ni/Al2O3, it was established
[18] that the temperature of such “hot spot” may be higher
than 1500◦C for CH4/O2 = 1.67. Different methods for
heat removal were proposed for reactors with a fixed cata-
lyst bed by two-step introduction of oxygen[19], catalytic
heat generators with a fluidized catalyst bed and built-in
heat-exchangers[20,21], reactors with sintered metal bod-
ies covered with highly porous ceramic layers[22], and
catalytic burners with an outer water-cooling[23].

A novel method for effective heat removal implies for-
mation of heat generating catalytic systems which are not
spatially separated from heat pick-up surfaces. We have
previously shown[24,25] that porous metal and reinforced
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Nomenclature

Symbols
d diameter of a hole (m)
D inner diameter of gas-distributing tube (m)
e inhomogeneity of gas-distribution along

GDT length
F sum of hole cross sections versus cross

section of GDT
g consumption of gas through a hole (m3 s−1)
h perforation pitch (m)
k coefficient (seeEq. (1))
L length of the catalyst layer (m)
N number of holes or heat flow (kW)
P excess average pressure inside GDT (Pa)
�P pressure drop (mm H2O)
s cross section of GDT (m2)
S surface area of the catalyst layer (m2)
�T temperature difference in the layer

(area�Z) (◦C)
U of gas flow (m s−1)
�Z length of linear temperature decrease

in the layer (m)

Greek symbols
α coefficient of air excess
ρ density (kg m−3)
λ coefficient of heat-conductivity (Wt m−2 K−1)

Indices
ext related to the outer layer surface
i a hole number
in related to the catalyst layer
min minimal
mix gas–air mixture
max maximal
r radial
- average

porous metal supports permit one to design new catalytic
materials exhibiting high heat-conductivity and providing
good heat transfer to the heat carrier.

The aim of the present work is to design a heating ele-
ment supplied with a reinforced catalyst supported on the
porous metal carrier and to test its thermophysical, hydraulic
and ecological properties for future application in domestic
boilers.

2. Technology for catalyst preparation

The reinforced catalyst is prepared as a porous metal
nickel–aluminum or a titanium–aluminum matrix, contain-
ing particles of the catalyst active component, supported on

the metal net. As catalyst active components, Pd/Al2O3 and
Pt/Al2O3 were used. The catalyst preparation includes the
below stages:

• preparation of a charge from metal powders of aluminum,
nickel, titanium and its mixing with traditional catalysts
Pd/Al2O3 or Pt/ Al2O3;

• annealing of the reinforced grid;
• preparation of a solution of organic glue and slip;
• deposition of the slip on the reinforced grid, drying and

densifying with rollers;
• cutting of bars and their corrugation;
• winding of corrugated and flat plates on the metal struc-

tural unit of CHGE and sintering in the vacuum furnace.

The process of sintering of nickel (titanium) and alumi-
num powders is based on the self-propagating high tem-
perature synthesis of intermetallides[26,27]. Sintering
starts at the aluminum melting point (660◦C). The melt
quickly spreads over the nickel (titanium) particle sur-
face, which drastically increases the area of component
interaction. The process of intermetallide formation accel-
erates as temperature sharply increases (heat “explosion”).
After sintering, the thickness of the catalyst layer is about
0.25 mm on each side of the reinforced grid and its frac-
tion is 60–65 wt.% from the total grid weight. The cata-
lyst has a large porous structure, the main pore volume
is built by pores 1.0 × 104–6.0 × 104 nm in radius, the
total volume of pores is about 0.12 cm3/g, the specific
surface area is 3 m2/g, and the size of Pt(Pd) particles is
8(11) Å. For standard sintering regime of the reinforced
catalyst, dispersity of both platinum and palladium does not
decrease. The catalyst plate is characterized by high me-
chanical strength, the catalyst is safely bound to the metal
grid.

3. Design of the catalytic heating element

Design of CHGE is governed by the required heat power
and geometry of the boiler furnace volume. The catalyst bed
of CHGE should provide complete gas combustion during
one-step at 800–850◦C (not higher) and simultaneous heat
removal with the heated liquid. Therefore, the catalyst layer
should also play the role of a heat-exchanger. Note that heat
removal should not disturb the natural gas oxidation and
affect the concentration of NOx , CO and unreacted methane
in the reaction products.

Fig. 1shows the general view of CHGE meeting the above
requirements. The element is built as a ring-type tubular
heat-exchanger with an inner gas-distributing tube (GDT) 1.
The tube is corrugated and sealed on one side. Natural gas
and air are preliminary mixed, then supplied to GDT. Here
the mixture leaks through holes in the corrugated side surface
of GDT and passes to the intertubular area. The number and
diameter of holes are chosen so that the rate of gas flow
suction exceed the standard rate of flame propagation on
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Fig. 1. General view of the catalytic heat generating element of 25 kW power: (1) gas-distributing tube; (2) connection tube of the inner water-cooling
heat-exchanger; (3) flow splitter; (4) water header; (5) face ring; (6) downcomers and drain-pipes; (7) flange; (8) stiffening rib; (9) corrugated catalyst
plate; (10) flat catalyst plate; (11) startup catalyst layer.

methane combustion in air (0.345 m/s). To suppress the rate
of flows leaking through perforation holes, a flow splitter 3
is placed around the gas-distributing tube. On passing the
splitter, the gas–air mixture enters the catalyst layer.

The catalyst layer is formed by flat (10) and corrugated
(9) catalyst plates wound around the heat-exchanger tubes
(2) and sintered. The plates are arranged so that odd rows
are formed by corrugated plates, and even rows, by flat
plates. The catalyst layer thickness is chosen to allow min-
imal concentrations of CO, NOx and unreacted methane in
waste gases. The plates form catalytically active channels
serving the oxidation of the gas–air mixture on the walls to
yield CO2 and water. The oxidation reaction products are
removed through the channel into the environment. The cat-
alyst layer is wider than the tubular heat-exchanger by a
value of face rings 5. CHGE is supplied with tubes (6) for
feeding cold water and removal of hot water. The element
is provided with flanges 7 and stiffening ribs 8. To improve
startup of CHGE, the size of corrugation of the outer cata-
lyst layer (11) is larger than that of the underlying layers.
Using collectors, the heat-exchanger tubes are united to form
a circular cylindrical unit which is supplied with water to be
heated. The number of heat-exchanger tubes and their dia-
meter is chosen so that to built a basis for the catalyst layer
and to allow minimal pressure drop as water passes through
them.

CHGE and its inner water-cooled heat-exchanger are
designed for a generated power value of 20–50 kW. For
the range of 0.75–10 kW, the heating elements are of a more
simple design (see[24,25]).

4. Testing of catalytic heat generating elements

4.1. Hydrodynamic testing

The catalyst layer thickness is about 20 mm, the porosity
is 0.8–0.85, the channel size is 1–2 mm, and the rate of filtra-
tion is about 0.5 m/s. According to calculations, the pressure
drop in such layer can not be significant. Consequently, the
catalyst layer can not significantly affect distribution of the
gas–air mixture. To provide uniform mixture distribution, a
gas-distributing tube should be used.

Distribution of the gas–air mixture is determined by the
number and diameter of holes, and perforation pitch. In our
experimental tests at normal conditions (“cold tests”) we
used gas-distributing tubes 18 and 28 mm in diameter and
300, 400, and 500 mm long (Fig. 2). Assuming that con-
sumption through all holes are equal and taking no account
of friction losses, surplus pressure in the gas-distributing
tube will be calculated by equation:

P = 8ρQ2

π2N2k2d2
(1)

The empirical coefficientk, characterizing the stream com-
pressing on suction through a hole, was determined from the
experiment. The experimental and calculated data agree if
the diameter of gas-distributing tube is 28 mm,k = 0.60, the
hole diameter is 1.5 mm and the perforation pitch is 20 mm
(Fig. 3). As the number of the holes increases, the pressure
drop of GDT decreases and not high than 700 Pa if the rated
consumption of air is 7.5 l/s.
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Fig. 2. Scheme of hydraulic tests of gas-distributing tube: (1) gas supply;
(2) region of flow stabilization; (3) corrugated part of the tube; (4) pressure
gauge.

Measuring the static pressure along the tube, one can
determine gas flow rate through each holeqi and degree of
its non-uniform consumption along GDTe:

qi = πd2

4
k

√
2Pi

ρ
(2)

e = qi,max − qi,min

q̄i

(3)

If pressure profile is monotonic along the tube length,
pressure drop is:

Pmax − Pmin = |�P | = |PN − P1| (4)

If non-uniformity of gas flow rate is not large, the average
rate of gas flow through a hole is

q̄i ≈ qN + q1

2
(5)

Fig. 3. Pressure drop of the gas-distributing tube versus rate of air flow
at standard conditions:k = 0.60, d = 1.55 mm,h = 20 mm,D = 28 mm,
L = 400 mm, (�) N = 156; (�) N = 196; (�) N = 236; solid line
data calculated byEq. (1).

Then, neglecting friction losses as compared to pressure
in GDT and usingEqs. (2)–(5), we have:

e ≈ 2

√
PN − √

P1√
PN + √

P1
= 2

PN − P1

(
√

PN + √
P1)2

≈ |�P |
2P

(6)

Pressure drop along the length�P is determined by forces
of viscous friction on the wall and dynamic pressure drop
due to gas removal with respect to a wall. In this case:

�P

P
= (kF)2

Then

e ≈ (kF)2

2
(7)

According toEq. (7), the value of non-uniformity does not
practically dependent on gas flow rate, diameter and length
of the corrugated part of GDT.Fig. 4 presents the exper-
imental data treated withEq. (6) anddata calculated with
Eq. (7). To provide gas flow rate non-uniformity not >5%,
the total area of holes should be not<55% from the cross
section of GDT.

Pressure drop of CHGE with respect to gas is formed by
pressure drop of GDT and the catalyst layer.Fig. 5presents
data on the total resistance with respect to gas of CHGE-25
operating at “cold” and working conditions. The data indi-
cate that at the rated operation regime of CHGE:

• GDT produces the main resistance which is about 30 mm
water column;

• catalyst layer increases pressure drop by 16% compared
to GDT;

• reaction occurrence increases resistance by approximately
20%.

Fig. 4. Non-homogeneous consumption of air versus relation of the total
area of holes and cross section of the gas-distributing tube. (�) Experi-
mental data calculated byEq. (6); (lines) data calculated byEq. (7): (1)
k = 0.60, (2) k = 0.67.
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Fig. 5. Pressure drop of CHGE of 25 kW power versus rate of gas air
mixture. (O) blowing of the gas-distributing tube with airQ = 4.9–12.5 l/s;
(�) the same in the presence of the catalyst layer at “cold” conditions
Q = 1.3–12.7 l/s; (�) the same in the presence of the catalyst layer at
“hot” conditionsQ = 5.4–14.0 l/s. The crosshatched rectangle shows the
region of the rated operation regime of CHGE of 25 kW power.

To determine the effect of catalyst layer winding on
the distribution of the gas–air mixture flow velocity near
the outer catalyst layer surface of CHGE using the ther-
moanemometry method. We have studied local suction
rates in different places of the outer catalyst layer surface
of CHGE of 25 kW power. If the average suction rate is
0.19 m/s, there are rate fluctuations over the catalyst layer
surface, moreover, the rates of flow differ in different points
by more than a factor of 2 (Fig. 6).

4.2. Thermal physical testing

Local temperature of the outer catalyst layer surface was
measured with four fixed thermocouples placed between the
outer flat plate and a corrugated one. CHGE was horizon-
tally placed in a water-cooled jacket during testing. The ther-
mocouples were installed 65, 150, 285, and 395 mm from
the inner face. The catalyst layer was 410 mm long. Tem-
perature of inlet and outlet water of the inner water-cooled
heat-exchanger were measured at a time. Measuring was per-
formed at the steady-state regime and generated power was
ranged from 16 to 30 kW.Table 1presents temperature data.

As Table 1suggests, the maximal temperature difference
is 61◦C on the outer catalyst layer surface of CHGE. More-
over, we have visually observed red-hot (∼40%) and less
heated (60%) catalyst plates on the outer catalyst surface.

To measure temperature profile across the catalyst layer
thickness, we made a channel at 45◦ to the surface and
placed a movable thermocouple into it. The channel was

Fig. 6. Distribution of air flow rate at the catalyst layer outlet. The dotted
line shows the average suction rate of 0.19 m/s, rate measurements: (0)
over the flat plate, (1) between flat plates (corrugation gap), (2) between
flat plates (corrugation hump).

made at 1/3 of layer length from the CHGE face. Temper-
ature was measured at the rated operation regime of CHGE
that is at 25 kW power (Fig. 7). The temperature profile has
the maximum in the middle of the layer. Low temperature
values at the beginning of the profile are associated with
cooling of the gas–air mixture by the inner heat-exchanger.
A temperature decrease in the region nearing the outer layer
surface is associated with outer heat-exchange and complete
methane combustion.

The temperature profile across the layer thickness permits
one to estimate the coefficient of radial heat-conductivityλr .
The fact that temperature decreases almost linearly as the
outer surface is approached indicates that the reaction does
not occur in this layer region and heat flows at the expense
of radial heat-conductivity. This heat flow is removed from

Table 1
Local temperatures of the outer catalyst layer and inner water-cooled
heat-exchanger of CHGE-25 on varying generated heat power.

Thermocouple readings (◦C) Capacity
CHGE (kW)

No. 1 No. 2 No. 3 No. 4 Inlet
H2O

Outlet
H2O

792 836 803 792 9.9 55.0 30.3
814 781 814 753 11 58.3 30.0
759 726 759 715 11 51.7 23.6
770 737 759 715 11 48.4 23.6
737 781 748 748 9.9 41.8 23.1
726 704 715 671 11 38.5 19.0
682 649 505 627 11 27.5 16.0
671 649 594 627 11 47.3 16.0
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Fig. 7. Distribution of temperature across thickness of the catalyst
layer of CHGE operating at rated operation regime. (�) experiment:
Qmix = 8.3 l/s, α = 1.22, water consumption in the heat-exchanger of
CHGE QH2O = 69.5 g/s.

the outer surface by convection and radiation. Then we have:

λr = Next�Z

Sext�Tin
= 7.2 × 103 × 5 × 10−3

0.232× 100
= 1.55 (8)

Thus, generated power is removed by the inner heat-
exchanger of CHGE from the inner catalyst layer surface
and by radiation, convection and with heat of waste gas
from the outer surface. On varying the generated heat power
from 16 to 30 kW, the density of surface heat flux increases
from 69 to 129 kW/m2. Based on the heat balance of CHGE,
we calculated the fractions of generated power which are
removed through different mechanism of heat transfer (see
Table 2).

4.3. Dynamics of CHGE startup

A choice of the catalyst layer heating method determines
the startup time which is the most important characteristic of
CHGE. By startup time is meant the time required for heat-
ing the catalyst layer to the temperature of methane oxidation
with air oxygen. The catalyst layer can be heated from the
outside or inside. The outside heating is performed by flame

Table 2
Fractions of generated power removed from CHGE

Power (kW) Fraction (%)

Heat removal to water of CHGE
heat-exchanger

9.2 36.7

Heat removal with waste gases 7.0 28.1
Heat removal by convection and

radiation
8.8 35.2

Total heat power of CHGE 25 100

Fig. 8. Heating of the catalyst layer of CHGE by firing the gas–air
mixture. Flow rates: (�) methane 0.084 l/s, air 0.44–0.96 l/s, (�) flow
rates of methane 0.084 l/s and air 0.96 l/s, (�) flow rates of methane
0.084 l/s and air 0.96 l/s if two startup layers are used.

formed on burning of the methane–air mixture which flows
from the layer. The inside heating can result from exother-
mal reaction accompanied by large heat effect. Both methods
were experimentally investigated. The outer surface layer
heating was chosen because of its simplicity. Dynamics of
the catalyst layer startup is shown inFig. 8. For the rated air
excess (α = 1.1), the time of startup of CHGE-25 into op-
eration is about 300 s. Using two startup layers on the outer
catalyst layer (Fig. 1), the startup time was reduced to 90 s.

4.4. Ecological testing

CHGE was subjected to long and short-term testing.
In the course of short-term testing, the below parameters
were monitored: temperature, pressure, consumption of
natural gas, water and air, and composition of waste gases.
On combustion of line natural gas, containing (vol.%)
methane-97.46, ethane-1.11, propane-0.37, isobutane-0.06,
butane-0.06, and pentane-0.02, waste gases contained: CO
5–10 ppm, NOx traces, CH4 10–20 ppm, CO2 10 vol.%, the
rest gases (N2, O2) 89.5 vol.%. According to long-term test-
ing (1000 h), the catalyst preserves its activity and the initial
ecological parameters of CHGE do not change (Fig. 9).

4.5. Testing of CHGE-25 as a part of the water boiler

A catalytic heat generating element of 25 kW power was
used for heat generation in the boiler prototype. Testing was
performed on the technological bench. The bench permitted
one to perform testing of the whole water boiler and its units
such as: a combustion chamber, a heat-exchanger, a blowing
unit, a mixing chamber, a heat-exchanger of operation water
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Fig. 9. Concentrations of CO and NOx in waste gases from CHGE operating at the design regime (long-term testing).

Table 3
Testing of the gas catalytic boiler based on the CHGE of 25 kW power

Parameters Data

Rated consumption (m3/h) of
Natural gas 2.46
Gas–air mixture 29.52

Temperature (◦C) of
Catalyst surface 830
Waste gases 110
Water at heat-exchanger inlet 70

Temperature (◦C) at
Outlet from heat-exchanger of CHGE 90
Inlet of preliminary heat-exchanger of boiler 46.5
Outlet from preliminary heat-exchanger of boiler 70

Output of operation water heating (not lower than) (l/min)
On heating by 35◦C 9

Emission of waste gas (mg/m3)
CO 2.2
NOx Not observed
Methane ∼15

Rated boiler capacity (kW) 24.73
Weight (kg) 70
Efficiency of boiler (%) 96

and control and safety control system units. Some testing
data are given inTable 3. The data indicate that the boiler
is efficient and ecologically safe.

5. Conclusions

1. The technology for preparation of reinforced catalysts
based on the platinum group metals was developed. The
technology includes the below stages: preparation of
charge, deposition of the charge on the metal grid and
sintering, thermal treatment, winding of catalyst plates
on the heat-exchanger of CHGE.

2. Hydrodynamic tests of CHGE regarding the distribution
of the methane–air mixture were performed. To provide
five percent inhomogeneity of gas-distribution, the total
area of holes for gas suction in the gas-distributing tube
of CHGE should be 0.55 from its cross section. Thermal
anemometers were used to measure local rates of the flow
emerging from the outer surface of the catalyst layer. At
different places, the rates may differ by a factor of 2.
Pressure drops of CHGE of 25 kW power measured with
respect to gas and water are, respectively 50 and 700 mm
water column.

3. Local temperatures were measured in different places of
the outer catalyst layer surface and across the layer thick-
ness from the outer surface to the inner heat-exchanger.
On the outer surface, the temperature inhomogeneity is
about 60◦C. The local temperature maximum is above
800◦C in the catalyst layer depth.

4. We have determined the fractions of generated heat which
are removed with water of the inner heat-exchanger
(36.7%), waste gases (28.1%), and convection and radi-
ation (35.2%).

5. Different methods for preliminary heating of the catalyst
layer and dynamics of startup were studied. The startup
time of CHGE-25 with two updated startup layers is about
90 s.

6. The boiler was tested using CHGE of 25 kW power as a
heating center. The emission of CHGE is: CO 5–10 ppm,
NOx traces, CH4 10–20 ppm, CO2 10 vol.%. The cat-
alytic heating element is very promising for application
in water boilers.
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