Climate Change Inquiry
Submission S151
Received 19/01/2020
From:
Sent:
To:
Subject:
Attachments:

john
Sunday, 19 January 2020 6:21 PM
ClimateChangeInquiry
Late submissions to the enquiry by Docklands Science Park. PUTAR technology can reduce the
greenhouse gasses in the atmosphere and operates with nil emissions
APCSEET2011-Proctor-paper2.pdf; Pulse Combustion Gasifiers 19.4.13.pdf

THE SECRETARY,
CLIMATE CHANGE INQUIRY,
PARLIAMENT HOUSE MELBOURNE, VIC. 3000.
Dear Sir/Madam,

We apologise and write to ask permission to make this late submission
to your Inquiry and outline the benefits the PUTAR system can bring to
all of us.
We seek your assistance for Loy Yang B to be the host site for testing
the proposed pilot plant of the PUTAR system of pyrolizing low grade
coal, to produce cheap natural gas (methane) and going on to produce
5+ MWh of electricity per tonne of lignite.
It is not the hydrocarbons themselves that are at fault, natural gas
produces 70+% of the emissions from burning coal, rather our method
of treating them, particularly in the case of coal fired power stations.
We know, having designed and tested all the parts, that the
technology, described herein, works extremely well. However, the job
is to convince all and sundry that this PUTAR system will reduce the
CO2e in the atmosphere and the running of a pilot plant will do that.
This is a cost of AUD 4 Million and we need the first $2 M. That we
would like to see that come from the State Government. Federal
Government will put in $ for $. We are asking Alinta to act as host for
the pilot plant at Loy Yang B.
The technology we describe as our PUTAR technology is the only
technology we are aware of which reduces the greenhouse gasses in the
atmosphere. The rest seem to concentrate on lowering the rate of
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increase. Accordingly, if we can achieve the widespread use of this
technology then we can reduce greenhouse gasses to 200 ppm and no
lower for at less than 200 ppm the grass, or the lettuce, will not grow
and we all starve to death.
Docklands Science Park (DSP) arose in the 1991 “recession we had to have" and was backed by
The University of Melbourne, plus RMIT University to do some of the “D” whilst they
concentrated on the “R”. We are still here!
We can contribute the technology, build pilot plants to prove efficiency, then build and
operate, if required, a major plant to achieve the aims of the funding partner. We need one of
those who should arise from the operation of the pilot plant!
Coal and rubbish in general, including some putrescible and plastic rubbish in particular can be
pyrolysed to produce methane (natural gas) and the ash used to improve the water carrying
capacity of soils, or used in geopolymer concrete with excellent results. That means that the
rubbish problem can be disposed of, possibly at a profit or with some return to assist the
further penetration of the technology. The technology is proven, see attachments. You can
pyrolyse the rubbish alone, with coal, with green waste and any combination of these.
Aluminium cans plus plastic can be made into useful products, plus metals can be recovered,
including valuable metals such as gold from electronic equipment, etc.
Docklands Science Park P/L (DSP) of whom the writer is CEO holds the PUTAR technology,
begun with CSIRO under Dr. David Proctor and finished by DSP, mainly in USA, some in Europe
and funded by DOE and DSP. In all some $100M was expended of which the DOE of USA
advanced some $70 M at Los Alamos, Denver and elsewhere.
Pulse combustion powered thermoacoustic refrigeration, pyrolysing lignite coal and rubbish
produces methane (natural gas) as described in the attachment at very cheap rates, sell the
gas to influence the gas market, or burn the natural gas by PUTAR, to obtain cheap baseload
electrical power. Cost of the electricity is unbeatable by renewables at present. See
attachment. We also work on super capacitors and batteries.
Pyrolysis of the rubbish offers an elegant solution to that problem in Australia and we have no
lack of lignite coal. We expect 25 GJ of gas per tonne of rubbish so treated.
The PUTAR system has no emissions of greenhouse gasses, rather it removes the greenhouse
gasses from the ambient air passing through the plant.
So 410 ppm in and nil out and at no cost, just part of the process.
The greenhouse gasses can be utilised, all CO2 is required, the list of others is growing, (see
attachments) undesirables can be sequestrated under 3,000 metres of seawater, according to
the method devised by Harvard University and confirmed by Stanford University. The
sequestration methodology is worked out. We have our own flexible, armoured piping to carry
gasses or liquids to 200 bar burst pressure.
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So:‐
1. The PUTAR system pyrolyses coal or rubbish, or both together, produces cheap gas and
electricity, lowering costs. Char or ash to soil enhancement, and water holding.
2. There are no emissions to atmosphere.
3. Greenhouse gases in the atmosphere are removed. All of them.
4. There is no water required, the process produces a little distilled water. In a dry continent
this is a very real advantage.
5. Enough plants will achieve the reduction in greenhouse gasses sought at no, or very small
cost and provide an exciting new industry for Australia and the globe.
6. The attachment shows the pyrolysis machine to be built and the rest will follow as it can be
simply demonstrated with existing technology. Cost of this is around $2M only. Full scale pilot
plant will cost $4M. If a contribution of $2M can be obtained from elsewhere then the
Australian Government will contribute same.
7. Two years at the most to do the above if we are in charge.
8. Happy to have CSIRO or the Office of the Chief Scientist, or your nominee involved to verify
the scientific method involved.
Sincerely,
John Martin.
CEO,
Docklands Science Park,
4 Illawarra Road, Hawthorn 3122.
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How To Remove CO2, NOx and SOx From Flue
Gases and Make A Profit
David Proctor *
18 Kaleno View, Balwyn, VIC 3103
hpdp6@bigpond.com
John Martin
Docklands Science Park , Level 2/11 Queens Road, Melbourne VIC 3004
jtm@docscipark.com.au
Matthew Fox
Delafield Pty Ltd, 1 German Church Road, Carbrook, QLD 4130
matthew@delafield.com.au
Abstract
This paper address 10 of the topics listed for the APCSEET conference. What will be demonstrated is
how flue gases can be cleaned up in a manner that is very cost effective for the power generation
industry. We approached this problem in a totally different way to those that are currently being tried
around the world, in that the greenhouse gases and other unwanted gases are sequentially condensed
from the flue gases. The net result is that the combustion air that enters the power generating process at
around 400ppm of CO2, leaves the process at about 200ppm of CO2, i.e. the ambient air is also being
cleaned of CO2. Thus we can turn a coal (or any other fossil fuel) fired power station into a zero CO2
emitting power station, fuel and/or chemical producer. The sequential condensation process is based on
pulse combustion driven thermoacoustic refrigerators. The system is referred to as a PUTAR, because of
the configuration that we have developed for the refrigerator. Although the PUTAR is not quite as
efficient as a compressor system, it is cheaper both to operate and build and has no moving parts to wear
out. What differentiates the PUTAR process of CO2 removal from power station flue gases is that it
enables the steam generation efficiency to be increased and also the steam turbine efficiency to be
increased. The net result is that the increase in the generated electricity more than pays for the PUTAR
process of CO2 removal. The PUTAR process of CO2 removal can be applied to both post and precombustion capture of CO2, but the post-combustion is the better option because it is more cost
effective and removes more of the CO2 than does pre-combustion capture. Although the PUTAR system
was originally developed with existing power stations in mind, when applied to a pulse combustion
driven coal gasification system and power station we derive the most energy efficient power station. It
out-performs a gas turbine/ steam turbine system for power generation at 5.19MW-h / tonne coal. The
net result (without taking into account the fuel and/or chemical production profits) is that the Levelised
Cost of Electricity (LCOE) ends up being less than at present and does not have to increase, as is the
case with other proposed methods of CO2 removal.
Introduction
Most developing countries are actively pursuing different methods of removing CO2 from exhaust gases
as a result of burning fossil fuels, to mitigate the effects of global warming. Australia is the invidious
position of having the largest CO2 output per head of population because of its dependence on cheap
electricity produced from burning its large reserves of both black and brown coal. This paper is mainly
about electricity production via fossil fuel fired boilers and CO2 removal, although the proposed system
can be applied to other carbon intensive industries such as aluminium production with similar cost
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benefits.
There is a large body of opinion that thinks that the cost of capturing CO2 will result in a doubling of the
cost of electricity. There is another group who think that it is unnecessary to worry about CO2 emissions
as global warming is an artifact. Nobody (apart from ourselves) has considered the possibility that a
CO2 removal process can actually lead to reduction in electricity prices. There are other instances where
pollution legislation has resulted in the pollutant becoming the main product and the original product a
by-product [1] and the same is true in this instance with CO2 being the pollutant and electricity the
original product.
The CO2 capture process falls into two camps - the pre-combustion capture and the post-combustion
capture. The method that is proposed here falls into the latter camp. It has been modeled on both types of
systems, with the post-combustion capture coming out in front in terms of electricity produced per unit
of fuel.
The Proposed System Of CO2 Capture
The current method of CO2 removal that is in vogue is amine scrubbing of the flue gases. There are other
methods that also need to be looked at, not only in their effectiveness in removing CO2, but also the
knock-on effect that they have on the electricity production. Some other possible routes to are listed in
Table 1 below. It is well known in chemical engineering unit operations that gas scrubbing is an energy
intensive process, which accounts for the fact that the amine process consumes a large portion of the
electricity production and is not likely to be substantially reduced [2] enough to make it even worth
considering as a potential solution. In one case of amine scrubbing of flue gases in a power station it was
estimated that on a full scale operation half the station power electricity production got consumed [3].
There are two studies on carbon capture [4,5] that have been relied on for the comparisons between the
options in this paper. The common figure from these studies is 30% of the produced electricity.
According to House et.al. [6], the minimum energy penalty is 11% for this process.
Possible Routes to CO2 Removal

Percentage CO2
Removed

Electricity Used

Amine scrubbing of the flue gas

85

30%

Oxy-firing of the boiler

85

15%

Feeding the flue gases to growing algae

50

4%

Carbon adsorption filters

90

4%

Chemical looping

100

6%

Condensing out gases from the flue gases

100

can generate up to 45% extra

TABLE 1 Possible Routes to CO2 Removal
Oxy-firing falls into the pre-combustion capture camp. Its main advantage is is that it markedly reduces
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the quantity of flue gas to be treated, but it requires an air separation plant to provide the oxygen for the
combustion process, which invariably results in the CO2 production of this process escaping. Proponents
of this process claim that it produces a pure stream of CO2 , but it still has the potential to produce NOx
in the flue gas from traces of nitrogen in the oxygen and also from the fuel nitrogen.
The algae route for CO2 removal percentage depends on (a) the load factor of the power station, (b) the
sunshine hours during the day and (c) the quality of the CO2 in the flue gas, i.e. the presence of other
gases and the partial pressure CO2. A very generous figure has been assumed in this case.
Carbon [7] and zeolite [8] adsorption filters, using nano-technology, and chemical looping [9,10] are still
in their infancy and offer better prospects than the previous three process.
The last process involves refrigerating the flue gases. This is not to dissimilar from the LNG process. By
paying attention to the heat flows and using plate heat exchangers, we can shuffle the “hot” and “cold”
steams and minimise the cooling required. This is not a route that has been examined in detail as far as
we know. It has been dismissed as being impractical because of the volumes of flue gases to be handled,
a criticism that could equally be applied to the amine capture process. The condensation process can be
applied to existing power stations and other industries, such as aluminium, to remove CO2 , but it is best
applied to new power stations.
It is clear from Table 1, that on a technical basis only the condensing process has any merit. The question
is - does it have it on an economic basis?
The Consequences
Starting with the current state of most coal fired power stations [11], approximately one third the of the
energy going into the power station goes up the stack in the flue gas and one third lost to the cooling
towers or cooling pond and the remainder appearing as electricity. The combustion air for the process
now contains about 400ppm of CO2 and the flue gases about 110000ppm of CO2.
With the condensation process for CO2 removal, the flue gases have to be cooled down. This is carried
out by heat exchanging the flue gases with the incoming combustion air via a plate heat exchanger
system. Plate heat exchangers have been chosen because of their compactness, low pressure drop and
small temperature difference that they can operate with. This process gives us the first consequence,
which is the boiler efficiency is improved and as a result leads to either less fuel being used or more
steam generated for the same amount of fuel. Depending on how well the heat transferred to the
incoming combustion air is retained by the time the combustion air gets into the boiler will determine
how much the efficiency of the boiler is improved. With a new greenfields power station or well
insulated and designed pipework, this could result in 46% more steam being available. Half this figure
has been taken for the analysis in the next section.
The second consequence of this CO2 removal process centres on the use of the coolant for the steam
turbines. Once the CO2 is removed from the flue gases, it is in a solid state and has to be changed to a
gaseous state at elevated pressures to be dealt with by other storage or conversion processes. This is
achieved by heating the cold solid CO2 in a confined vessel with ethylene as the heat transfer fluid at
0°C and the CO2 at -100°C. The effect of this is to increase the Carnot efficiency of the steam turbine by
5 percentage points leading to more electricity being capable of being generated from the same amount
of steam.
The third consequence and this is of importance in Australia, is that no make-up water is required where
wet cooling towers are used.
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These three consequences result in extra cash flow being generated, that is enough to pay for this CO2
removal process and more. There is a fourth consequence and that is that the remnant flue gas that is
rejected to the atmosphere only contains at the most about 200ppm of CO2. Thus not only does this
condensation process remove all the CO2, but it also removes some of the CO2 that entered the power
station in the combustion air. This is summarised in Figure 1.

Future State

Current State
1/3rd energy lost up the stack with flue
gas at ~110000ppm CO2

air at
400ppm
CO2

recover the energy from flue gases
back to boiler

rd

power
station

1/3 energy lost up
the cooling tower

air at
400ppm
CO2

fuel

power
station

flue gas at ~200ppm
CO2

recover the
energy from
cooling water
back into CO2
process
electricity

fuel

electricity

extra
electricity

no make-up cooling
water

make-up cooling water

Figure 1. The consequences of using a condensation process for CO2 removal.
The condensing process is therefore the only process that ends up being able to generate more electricity
from the same quantity fuel than before.
What is a PUTAR?
PUTAR stands for Pulse-combustion-driven U-tube Thermo Acoustic Refrigerator. This is a thermoacoustic refrigerator driven by pulse combustion heaters with no moving parts, unlike compressor driven
refrigeration systems. It operates by condensing out of the flue gas all gases condensation below 155°C
in a sequential manner, such that the condensed gases are captured separately.
Heat is added at the top end via pulse combustion heaters and heat is also removed at the top end to set
up a large temperature difference driving a Stirling engine. The tubes themselves are filled with helium
at 3MPa (30atm). The large temperature difference sets up an acoustic wave, which travels up and down
the tubes with an amplitude of ± 0.3MPa. At the bottom of the tubes is a Stirling heat pump and an
interconnected orifice that throttles the helium flowing through and thus cooling it. Temperatures down
to below -200°C are possible to obtain.
There are no moving parts in this refrigerator and hence the operating costs are very low. Because of the
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simplicity of the design, the capital cost are lower than conventional vapour compression refrigeration
systems. The various gases that can be condensed out (this list is by no means complete) are given in
Table 2. The gases with an asterisk beside them are produced in negligible quantities from pulse
combustion burners and can be ignored. The highest concentration is NO at ~1ppm. An artist's
impression of a PUTAR is shown in Fig 2. It is based on the single tube TASHE from Ubas and van
Wijngaarden [12] and overcomes the problems that they and others have faced with this unit. We have
changed the top end by using pulse combustion heaters, which have 2 orders of magnitude higher heat
transfer coefficients. This allows us to reduce the size of the regenerator at the top and also increase the
thermal efficiency of the system. The acoustic impedance at the 'cold' end has been changed so that the
time phasing always works, no matter what the conditions. Each tube assists the other and in doing so
also improves the thermal efficiency of the refrigerator lowering the pressure drop that the helium gas
experiences as it moves up and down the tubes.

Gas

Condensing
temperature (°C)

Freezing point
(°C)

H2O

100.0

0.0

NO2*

21.2

-11.2

SO2*

-10.0

-73.0

H2S*

-60.2

-86.0

CO2

-65.0

-78.5

N2O*

-88.5

-91.0

NO*

-152.0

-160.9

Table 2. Some flue gas properties.
Figure 2. 200tCO2 /day PUTAR

The Proposed Advanced Power Station
A schematic of the proposed new power station is shown in Fig 3. All the heating in this plant is by
pulse combustion as it gives the highest efficiency and lowest emissions. There are three parts to this
advanced power station:
1. the pulse combustion driven gasifier,
2. the super critical steam pulse combustion boiler, and
3. the PUTAR.
Variations on each of these parts have been built and operated. The gasifier does not employ an air
“blow”, but pulse combustor heaters to attain the desired operating temperature. These units have very
high heat transfer coefficients, about two orders of magnitude higher than corresponding conventional
heat transfer coefficients [13,14,15], which is why the gasification can be done this way. The pulse
combustors are based on Rijke tubes [16] and the gasifier is different from the one shown in Fig 4, which
is based on Helmholtz pulse combustors [17,18].
The same version of pulse combustor is used for the PUTAR and also the super critical steam boiler. A
0.5MW version of the boiler is shown in Fig 5. The highest efficiency that has been measured for this
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boiler is 98% based on the higher calorific value of the fuel. The efficiency figure that has been used in
this paper is 95%. Another advantage of this pulse combustion system is the emissions which are very
low. NOx is about 1ppm and is mainly NO, SOx is less than 1ppm and similarly with CO.
The heat exchangers that are used to shuffle the “heat” between stream are plate heat exchangers, PHE,
[19]. They exist in sizes that are applicable to power station flues. The advantages of PHE are they are
low pressure drop devices, they can operate efficiently at low temperature differences and they can be
easily opened up if they need to be cleaned.

Figure 3. Advanced Power Station
The heat exchange loop between the steam turbine and the CO2 tank contains ethylene and is used to
provide the cold sink for the steam turbine and to condition the CO2 to a state that is suitable be able to
process the CO2 at the next stage.
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Figure 4. Pulse Combustion Gasifier

Figure 5. 0.5MW Pulse Combustion Steam Boiler

Profit and Loss Statements
The picture changes yet again when the costs of generating electricity with CO2 removal are included.
Here only the amine and condensation PUTAR CO2 removal process have been considered with different
power stations. The cost of selling the electricity from the power stations in Australia is set by AEMO
and their figures are available on the web [20]. The average cost for electricity has been taken as $41.40
/MWh based on the last three years and includes the data from NEMMCO [20]. The cost of CO2
removal has been taken as $80/t CO2 for the amine scrubbing process [2] and $6/t CO2 for the PUTAR
process, although it is thought that it could drop as low as $3/t CO2 with mass production of the units.
The range of costs for the PUTAR have been calculated at between $3 and $8/t CO2, the range mainly
due to what the maximum size the unit can be made. It has been assumed that AEMO will not change the
price of electricity from the power station from the current levels.
The profits and losses are listed in Table 3. It is based on a unit of brown coal producing 1 MWh and
1.44t CO2 . The same quantity of coal has been used in each of the other electricity generating scenarios.
The existing generator is based on Hazelwood Power Station, which is probably among the worst
emitters in Australia. The cost of generation has been taken as $30 for the existing power stations and
$35 for the new power stations. IGCC has been taken as the most likely candidate for new power station
construction [5] because of its “high” thermal efficiency. The advanced power station that is proposed
here is based on super critical steam boilers heated by pulse combustors.
In Table 3 it has been assumed that AEMO will not increase the price that the power companies can sell
their electricity at to the retailers of electricity. The things that are apparent from Table 2 are:
1. that no matter what the permit price is set at, systems with the PUTAR CO2 capture will always
be profitable
2. systems with the PUTAR CO2 capture will always be more profitable than the existing brown
coal power stations
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3. power stations with amine capture will always be in a no win situation because if the costs of
amine capture can be reduced the permit cost is going to increase over time and negate any gains
that are made.
Electricity Generating System

Relative
MWh

Sell at
(AU$)

Profit/MWh Profit/MWh with $23/t
(AU$)
CO2 permit(AU$)

existing brown coal

1.00

41.40

11.40

-20.80

existing brown coal with PUTAR CO2
capture

1.35

55.89

17.49

17.51

existing brown coal with amine CO2
capture

0.70

28.98

-96.22

-101.05

advanced power station

2.60

107.43

62.03

62.06

IGCC with amine CO2 capture

1.49

61.48

-70.72

-75.55

IGCC with PUTAR CO2 capture

2.12

87.56

42.16

42.18

Table 3. Profit/loss for different electricity generating systems.
What To Do With The CO2?
It is all very well to remove the CO2 from flue gases, but the big question is what can be done with the
captured CO2? Although the use of the advanced power station for all Australia's electricity could reduce
Australia's GHG by about 28%, its still not a total solution to the greenhouse problem. There have been a
number of possible solutions put forward:
1. put the CO2 down into old oil wells or saline aquifers at a cost of just over $10/t CO2 processed
[21],
2. put the CO2 at below 3000m at the bottom of the ocean under a membrane covered with silt at a
cost of $10/t CO2 processed [22],
3. put the CO2 encapsulated in a membrane restrained below 1000m in the ocean $10/t CO2
processed[22],
4. lock the CO2 in a “carbon sponge” [8] or carbonate at a cost of $20/t CO2 processed ,
5. convert the CO2 into formic acid at a cost of $100/t CO2 processed with the formic acid selling at
$1440/t CO2 processed [23], or
6. convert the CO2 into bio-fuels via solar energy at a cost of $70/t CO2 processed with the “crude”
oil selling at $230/t CO2 processed, ( the figures for ethanol are $90 and $600), [25, 26].
The first four solutions result in further losses and are only valid options for the PUTAR based
processes. The last two make the PUTAR process even more profitable. They may make other removal
routes marginally profitable, but as the CO2 permit to pollute price rises the profits could be wiped out.
Conclusions
There is no need for all the doom and gloom that has said about mitigating the release of CO2 into the
atmosphere. It has been shown here that by looking at things a little differently we can turn the
mitigation process to everyone's advantage.
The other point to come out from this CO2 mitigation process is that even if, and its a big if, global
warming turns out not to be due at all from fossil fuels, it makes economic and thermodynamic sense to
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install PUTAR systems into power stations.
Can we make a profit out of removing CO2, NOx and SOx from flue gases – YES WE CAN!
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PULSE COMBUSTION GASIFIERS
Summary
The use of pulse combustion technologies allows for the convertion of various cabon
based materials to be converted into suitable fuels or electricity.
The cost of gases produced from black coal is $0.40 GJ-1
The cost of producing electricity using similar technologies is $25.8/MW-h.
The bulk of the document (PART A) explains how and why pulse combustion has
been chosen. PART B describes the new gasifier. Two case studies (PART C) are
presented how the plant schematics might look. One is to produce 100MW thermal
equivalent of a gaseous fuel from black coal. The second is to produce 100MWelect
from black coal.

1

PART A

PULSE COMBUSTION

1. Pulsed Combustion Technology and Its Benefits
Introduction
Much effort has gone into research on improving the emissions from combustion processes. These
have addressed the reduction of the NOx and SOx, the elimination of unburnt hydrocarbons and CO.
In some cases this has led to minor improvement in the ability to recover more heat from the
exhaust gases, but these effect are at the best conditions only minimal. The conditions under which
this occurs are attained through fan forced combustion processes. In terms of greenhouse gas
production from a combustion process, this adds typically 3% to the effective CO 2 emission total. In
the current global warming climate this is undesirable.

Combustion Basics
It would appear from combustion research community (Glassman (2000)), that purpose of
combustion has been forgotten. The main purpose of burning fuel is to drive a desired process to
produce a product by getting the released energy into the process as efficiently as possible. Most
combustion engineers have concentrated on the combustion process itself. They have ignored what
happens to the released energy.
Firstly, if we look at what happens to fuel, F, in a process, some of the energy ends up in the
reactants and products, Q, and the rest as losses, L. The losses are determined in part by:
1. Unburnt fuel,
2. The process temperature,
3. The size of the plant, and
4. The exhaust temperature.
Unburnt fuel can be addressed by improving the combustion process itself. The unburnt fuel
normally consists of some hydrocarbons and carbon monoxide. The item (2) is fixed and only the
last two, (3) and (4), can be changed to lower the losses from the process. For both these items, the
plant size and the exhaust temperature have to be lowered. The flip side of decreasing the plant size
is that other factors driving the process of getting the liberated combustion energy into the process
have to increase. What determines how much of the liberated combustion energy gets used in the
process is determined by:
1. The heat transfer coefficients, U,
2. The heat transfer area , A, (which in turn controls the plant size), and
3. The difference between the combustion/flue gas temperature and the process temperature,
∆T.
In summary:
F=Q+L
i.e.
F = U.A. ∆T + L
If A is increased, L will also increase. Thus to maximise Q and minimise L only U and ∆T can be
increased, whilst the physical size of the plant has to be reduced. Increasing the flame temperature
can increase ∆Τ, but for most combustion processes this only increases the NOX in the exhaust. This
is undesirable. If the heat transfer area is decreased not only has U to be increased to compensate,
but U also has to be increased to transfer more heat into the process. This brings us to the second
point - how is U to be increased?
There have been efforts to improve the heat transfer from fluids by flow pulsation (West & Taylor
(1952); Linke & Hufschmidt (1958); Darling (1959); Lemilich & Armour (1965); Jackson & Purdy
(1965); Baird (1967); Milburn (1969); Milburn & Baird (1970); Keil & Baird (1971). The
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mechanism to enhance the heat transfer has been through solenoid switching of the flow direction
or pulsing the flow via a piston or set of pistons. The increase in the heat transfer coefficients obtain
in these tests was of the order of 70%. Similar work has been done on enhancing mass transfer
coefficients. Chandhok et al (1990) showed that under the correct conditions the mass transfer
coefficient could be increased by 2 orders of magnitude. The main influencing factor is not the
frequency of the pulsations, but the amplitude. The higher the amplitude the higher the increase in
the transfer coefficient.
The work described here explores another method of enhancing the heat transfer coefficients
through the use of self driven oscillation provided by the combustion process itself, namely pulse
combustion.

Pulse Combustion
What is it?
Pulse combustion has been around since 1777, when Dr Higgins demonstrated his “singing flame”.
During the WW2 it was used successfully by the Germans as the propulsion unit for the V-1 “buzz
bombs”.
Pulse combustion is the consequence of a combustion instability that is driven into resonance by the
geometry of the burner. Normally combustion engineers avoid combustion-generated instabilities at
all costs, since they can very quickly lead to catastrophes. Here we actively utilise the instability to
gain a number of advantages. This resonant driving locks the combustion instability into a very
stable repetitive pattern at the resonant frequency, which can be anywhere between 1Hz to
20000Hz, but more frequently lies in 20Hz and 1000Hz range. The burner can become selfaspirating and there is no need for a fan to continuously supply the combustion air to overcome the
acoustic pressure waves. The flame is not continuous but a series of discrete flamelets, that are
ignited on the hot remnant gases of prior flamelets. Here we actively utilises the combustion
instability to gain a number of advantages.
As a result, overall heat transfer and mass transfer coefficients are two orders of magnitude higher
than conventional systems. The implications of this are that the size of the equipment can be
reduced, i.e. the heat transfer area can be more than halved to carry out the same duty as a forced
convection conventional combustion system supplying heat to an industrial/agricultural processes.
The acoustic pressure waves cause the gases (fuel, air and combustion products) and material in the
combustion chamber and exhaust to oscillate rapidly. This has at least three known effects that
cause an increase in the transfer rates:
•the boundary layer never gets a chance to establish itself and consequently it is always trying to
develop,
•the temperature and concentration gradients at right angles to the mean flow are periodically
extremely large, and
•thirdly, the heat transfer surfaces experience micro-vibrations that increase the heat transfer
(Bergles 1969).
These effects are more than additive and as a result the transfer coefficients are at least two orders
of magnitude greater than in conventional systems. We have seen evidence of a fourth effect
increasing the heat transfer rate in which there is a thermal wave travelling into the material being
heated. This has also been theoretically postulated by Merkin & Pop (2000), whose theoretical work
indicates that there should be thermal waves assisting the heat transfer into the bulk of the material
being heated.
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2. Why use pulse combustion and what gains does it give?
1. Overall heat transfer and mass transfer coefficients that are two orders of magnitude higher
than conventional systems. The implications of this are that the size of the equipment can be
reduced for industrial process.
2. Exhaust gas emissions from pulse combustion are amongst the lowest available in the world,
NOx levels about a quarter of those proposed for the latest Californian emissions. Most
people are only worried about the nitrogen dioxide (NO 2) emissions, but they should also be
concerned about the nitric oxide (NO) emissions as they can rapidly turn into NO 2. Pulse
combustion systems can deliver NOX emission levels (i.e. NO plus NO2) as low as 2 to
3ng/J of useful heat. Current mandated levels of total NO X are at the 40ng/J of useful heat
level. The proposed levels for California are 9ng/J of useful heat. Raising the inlet air
temperature, to conserve energy, does not increase the NO x levels, as would normally be
expected with conventional systems.
3. Total hydrocarbon (THC) and carbon monoxide (CO) levels of zero attainable. In the best of
conventional combustion systems there are usually small quantities of unburnt hydrocarbons
and CO present in the exhaust gases.
4. SOX emissions could possibly be reduced as well, for the same mechanism should also be
present as in the NOx formation chemistry. What the reductions might be is very hard to put
a figure on it, as no measurements have been made with sulphur containing fuels.
5. Thermal efficiency of systems can be as high as 97%. This includes parasitic energy, which
in the case of pulse combustors is minimal and only occurs at start-up. For other high
efficiency combustion systems, forced convection, via fans, is used to increase the
efficiency, but these consume about 3% of the energy supplies (9% if the primary energy is
considered).
6. Greenhouse gas emissions per unit of desired duty can be dramatically reduced. There are
many processes that can have their thermal input supplied by pulse combustion. They cover
the following areas, which is by no means exhaustive:
heating of gases, liquids and granular solids (10 to 25%)
rotary kilns (10 to 50%)
fluidised beds (20 to 60%)
metal re-heat, annealing, etc. (10 to 35%)
absorption refrigeration (40 to 75%)
chemical reactor driving (20 to 40%)
spray drying (10 to 35%)
The figures in brackets are the potential fuel savings/greenhouse gas reductions that can be
obtained. The particular process involved causes the range. The reasons for the reductions are
several:
(a) Physical size of process equipment is smaller and hence energy losses are reduced. The
corollary of this is that production can be increased for a given size of equipment when the
thermal input is via pulse combustion.
(b) Throughput can be increased. In some situations the flow of product through a process is
limited by the need to minimise the pick-up of material into the exhaust stream. As a result of
the high heat transfer rates attainable with pulse combustion, the product stream can be
separated from the combustion products and exhaust streams. This can result in the elimination
of expensive dust removal facilities, such as electrostatic precipitators, and an increase in the
throughput of product.
(c) Equipment tends to be self cleaning, i.e. as-new performance throughout the life of the
plant. This effect results from the micro-vibrations that are generated. Even if the transfer
equipment is fouled, in some instances it can be cleaned as soon as pulse combustion starts. In
many process operations, fouling of equipment can represent an added cost as well as being a
bottleneck in the process.
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The above figure shows what happens to the NO X in a flame as the amplitude of the pulsing is
increased. This causes two things to happen:
1. The flame gets stretched. As a consequence fuel fragments or radicals such as -CHO are no
longer produced or their concentration is greatly reduced that their contributions to NO X
production chemistry is almost eliminated.
2. The resulting acoustic flow field also causes local exhaust gas recirculation. This suppresses
NOX formation by making it much harder for more NOX to be produced.
It is because these two effects are occurring in pulse combustors, that it is possible to preheat the
incoming combustion air without causing the NOX levels to substantially increase.

The Rijke Tube Pulse Combustor
We propose using Rijke tubes for transferring the heat. Rijke tube pulse combustors are the simplest
form from a construction and operating point of view. To date all who have used them have used
them in a vertical arrangement, because it was thought they would not work in any other position.
This has precluded their use for many applications. We have shown that it is possible to operate
Rijke tube pulse combustors in the horizontal position or combinations of horizontal and vertical
tubes, without loss of the advantages listed above. The drawback about using the Rijke tube in the
purely horizontal position is that it requires a small constantly running fan to get the air and fuel
into the tube.
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2. Deep bed heat transfer results
One of the experiments that we conducted involved running a special pulse combustor under
varying rates of pulsing. The set up consisted of a deep bed of alumina with a pulse combustor
embedded in the alumina with the option of having inert gas flowing through the bed, but not
fluidising the bed.

The above figure shows the temperature in the bed at one of the many locations in the alumina bed
along with the derived heat transfer coefficient. Up to the 12.5 minute mark there is just
conventional heating, then the pulsing is started then stopped at the 17.5 minute mark and the inert
gas is left bubbling through the bed. When the pulse combustor was running, the bed appeared to be
fluidised.
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In another totally separate experiment involving the drying of a thick wet slab of plaster like
material, rather than the surface next to the pulse combustor dry out first, the slab dried out as a
whole. This, and what happened in the alumina bed corroberates what has been theoretically
postulated by Merkin & Pop (2000), whose theoretical work indicates that there should be thermal
waves assisting the heat transfer into the bulk of the material being heated.

3. Gasifier
The first commercial sized gasifier built was a twin 2.5MWt pulse combustion unit, processing
prepared municipal waste to produce methane. This methane was used as the fuel in a modified
diesel generating set linked to the NSW grid.

The above is a picture of this gasifier. Some idea of the size can be gained from the walkway around
the gasifier where the orange cylinders are placed. Total oveall height is 5m. A block diagram of the
unit is shown in the figure below. Although this unit met its performance criteria, we were not
entirly satisfied and thought that it could be done better. Once we had developed the Delafield Pulse
Steam Boiler, it became obvious to us how this could be achieved. A schematic diagram of the
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above unit is shown below:

PART B

NEW PULSE GASIFIER

The Delafield Pulse Steam Boiler was originally developed for steam sterilisation of soil. Its light
weight and compactness opened up a whole range of new possibilities for pulse combustion
applications. By combining the boiler section and the gasifier section into one, made the system
more efficient, compact and cheaper to construct.
It is possible to add extra steam boilers into the gasifier to produce steam for other part of the plant
close by, e.g. Steam turbine for power generation. The critical pressure steam injected into the
gasifier will help stir the feedstock up along with the pulse combustor vibrations. The hot exhaust
gases from the pulse combustors are used to pre-heat the incoming feed stock, which incidentally
doesn't need to be dry. The ash that results from the process is suitable for soil conditioning or for
geopolymer cement, depending on the what is used as a feedstock.
The gas that is produced depends on a number of factors such as feedstock, pressure and
temperature inside the gasifier. Methane tends to be produced from biomass and brown coal at
pressure and about 800°C temperature, whereas H 2/CO/CO2 mix is produced from black coal at low
pressure and 1000°C. In both cases the resultant gas can be improved by removing the CO 2 using
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another pulse combustion driven refigeration process that we have developed, viz. the PUTAR,
which is also capable of liqifying methane. A schematic diagram of the gasifier is shown below:

PART C

CASE STUDIES

1. 100MWt Gasifier
This example is based on NSW black coal. The coal is fed into the gasifier in a CO 2 atmosphere.
The CO2 is present to suppress some of the reactions that could take place if it were absent.
Temperature of the gasifier is 1000°C which results in a H 2/CO/CO2 mixture with a CV of
17.98GJ/t. If we are not worried about the CO 2 in the mixture, the gas can be used as is, as we do in
the pulse combustor boilers and heaters in this case.
This gas mixture can be enhanced by removing the CO 2 with the PUTAR. This device sequentially
removes each gas according to their boiling points. It is a thermoacoustic refrigerator driven by
pulse combustion heaters. The resultant CV of the H2/CO mixture is 18.78GJ/t.
For simplicity a number of heat exhangers are not shown. These are plate heat exchangers with very
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low pressure drops and low temperature differences and are used to shuffle heat between varying
streams. The CO2 can be collected and converted into a variety of materials and fuels.

The cost of producing the H2/CO mixture is $0.40/GJ. Similar costs can be expected when methane
is produced in the mixture of resulting gases. No account has been taken of the convertion of CO2 to
other fuels nor the selling of the ash as a soil conditioner or input to geopolymer production.

2. 100MWe of CO2 free electricity
This process is slightly different from the above one, in that all the gas produced in the gasifier goes
to raising super critical pressure steam for the steam turbine. No cooling towers are required since
the cold CO2 steam is used for the steam turbine condenser, which results in an additional 5
percentage point gain in the Carnot efficiency. The pulse combustion steam boilers have been
measured at 98% efficiency (based on the higher heating value of the fuel), but in this example the
boiler has been rated at 95% efficient. The PUTAR is used to strip all the moisture and CO 2 out of
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the exhaust steam and reject a nitrogen rich, CO2 depleted air stream to the atmosphere.

The net cost of the electricity (again no account has been taken of the convertion of CO2 to other
fuels nor the selling of the ash as a soil conditioner or input to geopolymer production) delivered to
the grid is $25.8/MW-h. This is similar to the cost of electricity production from newer systems
with say IGCC plants without the CO2 removal.
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