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The Invention provides an apparatus for heating a liquid, which apparatus comprises: a mixing chamber; dispensing means for
dispensing metered amounts of first and second chemical reactants into the mixing chamber to form a reaction mixture so that the
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(57) Abrege(suite)/Abstract(continued):

chemical reactants undergo an exothermic chemical reaction to generate heat and one or more reaction products; an electronic
control device linked to the dispensing means for controlling the dispensing of the metered amounts of first and second chemical
reactants; one or more pumps for moving the chemical reactants and reaction mixture around the apparatus; a heat exchanger
having an Inlet and an outlet for the reaction mixture and an Inlet and an outlet for the said liguid, so that when said liquid passes
through the heat exchanger it Is heated by heat transfer from the reaction mixture; one or more monitoring stations for monitoring
one or more physical or chemical parameters of the reaction mixture; the monitoring stations being arranged to communicate with
the electronic control device; and a waste outlet for removing spent reaction mixture from the apparatus; wherein the mixing
chamber, heat exchanger and the one or more monitoring stations are connected so as to form a loop; and wherein the electronic
control device Is programmed to cause the reaction mixture to be circulated around the loop at least twice, and optionally to cause
the dispensing means to dispense further metered amounts of first and/or second chemical reactants into the mixing chamber:;
and/or to cause a proportion of the reaction mixture to be ejected through the waste outlet, in order to control the temperature of
the reaction mixture passing through the heat exchanger.
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(57) Abstract: The mvention provides an apparatus for heating a liquid,
which apparatus comprises: a mixing chamber; dispensing means for dis-
pensing metered amounts of first and second chemical reactants into the
mixing chamber to form a reaction mixture so that the chemical reactants
undergo an exothermic chemical reaction to generate heat and one or more
reaction products; an electronic control device linked to the dispensing
means for controlling the dispensing of the metered amounts of first and
second chemical reactants; one or more pumps for moving the chemical re-
actants and reaction mixture around the apparatus; a heat exchanger having
an inlet and an outlet for the reaction mixture and an inlet and an outlet for
the said liquid, so that when said liquid passes through the heat exchanger
it 1s heated by heat transfer from the reaction mixture; one or more moni-
toring stations for monitoring one or more physical or chemical parameters
of the reaction mixture; the monitoring stations being arranged to commu-
nicate with the electronic control device; and a waste outlet for removing
spent reaction mixture from the apparatus; wherein the mixing chamber,
heat exchanger and the one or more monitoring stations are connected so
as to form a loop; and wherein the electronic control device 1s programmed
to cause the reaction mixture to be circulated around the loop at least
twice, and optionally to cause the dispensing means to dispense further
metered amounts of first and/or second chemical reactants into the mixing
chamber; and/or to cause a proportion of the reaction mixture to be ¢jected
through the waste outlet, n order to control the temperature ot the reaction
mixture passing through the heat exchanger.
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AN APPARATUS FOR GENERATING HEAT

This invention relates to an apparatus for generating heat for use in a heating

system for liquids such as water.

Background of the Invention

It is well known that many chemical reactions are exothermic, 1.e. they produce

heat, and examples of such reactions include acid-base reactions.

US 4325355 describes a heating system in which an exothermic reaction between
a solid metal and a solution takes place in a reactor containing a heat exchanger.
In the specific reaction system described, aluminium pieces are lowered into a
solution of sodium hydroxide solution. During the reaction between aluminium and
sodium hydroxide solution, the aluminium is converted to aluminium hydroxide with
the evolution of hydrogen gas. The aluminium hydroxide reacts with the sodium

hydroxide to form sodium aluminate.

DE 3539710 describes a small scale heating system comprising an outer pouch
containing an inner pouch partitioned to form two chambers containing reactive
chemicals. Pressurising the pouch (for example by kneading) causes the partition
wall to rupture allowing the two reactive chemicals to react to produce heat. The
reactive chemicals can be sodium hydroxide and acetic anhydride. The heating
system of DE 3539710 is described as being particularly useful for warming hands

and feet.

GB 2381187 discloses a method and apparatus for cleaning a surface. As part of
the cleaning process, a cleaning solution is heated by the mixing of chemicals In

an exothermic reaction.

WO 86/01880 describes a heating system that can be used for domestic water
heating and which involves a multistage process comprising a first heat exchange
step in which heat extracted from sea water is used to vapourise a liquefied gas
such as ammonia. The ammonia vapour then passes to a second stage where it
reacts either with sodium carbonate solution or carbon dioxide in an exothermic

process, the heat from which is extracted to heat domestic water.

PCT/GB2010/001884
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US 4044821 describes an energy conversion and storage system in which
chemical compounds such as ammonia or metal hydrides are decomposed using
energy from, for example, a solar energy device. The decomposition products can

be recombined In a later step to produce chemical energy.

WO 2004/040645 discloses a microfluidic heat exchanger for providing small scale
heating and cooling control using exothermic and endothermic chemical reactions.
The addition of sulphuric acid to water is disclosed as an example of an exothermic

heating source.

US 3563226 describes a heating system intended for use underwater or in oxygen-
free environments in which an oxidiser such as pure oxygen is reacted with a

pyrophoric material such as phosphorus.

US 7381376 discloses steam/vapour generators in which the source of the heat is

an exothermic chemical reaction.
DE 3819202 describes a system of heat storage using molten salts.

US4303541 describes latent heat storage devices that make use of saturated
solutions of salts. The salts are formed by the reaction of an acid and a base, and
there is a passing reference to the possibility that the heat generated in the

reaction may be used elsewhere.

My earlier patent application W0O2008/102164 discloses a method and apparatus
for producing a supply of a heated fluid (e.g. water) wherein the method comprises
passing the fluid through a heat exchanger unit where it is heated by a heat source
which derives its heat from the exothermic reaction of two or more chemical

reactants.

The present invention provides an improved apparatus for making use of the heat
generated by exothermal chemical reactions to heat liquids such as the water in a

water supply.

summary of the Invention

In a first aspect, the invention provides an apparatus for heating a liquid, which

apparatus comprises:
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a mixing chamber;

dispensing means for dispensing metered amounts of first and second
chemical reactants into the mixing chamber to form a reaction mixture so that the
chemical reactants undergo an exothermic chemical reaction to generate heat and
one or more reaction products;

an electronic control device linked to the dispensing means for controlling
the dispensing of the metered amounts of first and second chemical reactants;

one or more pumps for moving the chemical reactants and reaction mixture
around the apparatus;

a heat exchanger having an iniet and an outlet for the reaction mixture and
an inlet and an outlet for the said liquid, so that when said liquid passes through
the heat exchanger it is heated by heat transfer from the reaction mixture;

one or more monitoring stations for monitoring one or more physical or
chemical parameters of the reaction mixture; the monitoring stations being
arranged to communicate with the electronic control device; and

a waste outlet for removing spent reaction mixture from the apparatus;

wherein the mixing chamber, heat exchanger and the one or more
monitoring stations are connected so as to form a loop; and wherein the electronic
control device is programmed to cause the reaction mixture to be circulated around
the loop at least twice, and optionally to cause the dispensing means to dispense
further metered amounts of first and/or second chemical reactants into the mixing
chamber; and/or to cause a proportion of the reaction mixture to be ejected
through the waste outlet, in order to control the temperature of the reaction mixture

passing through the heat exchanger.

Particular and preferred aspects and embodiments of the invention are as

described below and as set out in the claims appended hereto.

In the apparatus of the invention, the mixing chamber, heat exchanger and the one
or more monitoring stations are connected so as to form a loop; and the electronic
control device is programmed to cause the reaction mixture to be circulated around
the loop at least twice. When the apparatus is started up, the dispensing means
dispenses initial charges of the two chemical reactants into the mixing chamber.
The two reactants react exothermically to give rise to a heated reaction mixture
which may contain only reaction products or a mixture of reactants and reaction

products depending on the rate constant for the chemical reaction in question and
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the concentrations of the reactants. The heated reaction mixture is then directed
through the heat exchanger, either directly or via one or more other system
components such as a monitoring station and/or a mixer and/or a pump. In the
heat exchanger, the heated reaction mixture transfers heat to a liquid (e.g. water

for a water heating system) passing through the heat exchanger.

While passing through the heat exchanger, the reaction mixture may have given up
all of its heat; 1.e. the temperature of the reaction mixture may have returned to
ambient temperature. However, an equally common (if not more common)
scenario Is that the reaction mixture may have given up only a proportion of its
heat to the liquid in the heat exchanger. Furthermore, in some cases, the reaction
between the first and second reactants may not have gone to completion and there
may consequently be unreacted reactants in the reaction mixture. In such cases, it
would be wasteful and inefficient to discharge the reaction mixture to waste.
Instead, the apparatus of the invention is set up so that the reaction mixture moves
in a loop and is returned to the mixing chamber. At this stage, depending upon the
temperature difference between the reaction mixture and a predetermined target
temperature required to heat the liquid passing through the heat exchanger, further
charges of the first and/or second reactants may be dispensed into the mixing
chamber to generate more heat. Thus the electronic controller may be
programmed such that if the temperature of the reaction mixture exceeds a certain
value, no further charges of reactants are introduced into the mixing chamber.
Conversely, if the temperature of the reaction mixture has dropped below a
predetermined value, the electronic controller prompts the dispensing means to
dispense additional charges of one or both reactants. The reaction mixture,
supplemented as required with further reactants is then circulated around the
system for a second time. Thus, in the apparatus of the present invention, the
reaction mixture is recycled one or more times after it has completed its initial

passage around the loop.

By recycling the reaction mixture around the loop, the maximum amount of heat

can be extracted from the reaction mixture.

Typically, the reaction mixture is circulated around the loop between two and

twenty times, for example from three to twelve times. Preferably, the reaction
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mixture is circulated around the loop at least three times, and more usually at least
four times.

The recycling of the reaction mixture around the loop and the addition of further
charges of the two reactants are controlled by an electronic controller (a computer
or microprocessor). The electronic controller is linked (electronically or wirelessly)
to each of the monitoring stations and receives feedback on key physical and
chemical parameters of the reaction mixture. Monitoring stations can be located at

a number of positions in the loop.

In one embodiment, a monitoring station for monitoring one or more physical or
chemical parameters of the reaction mixture is located downstream of the mixing

chamber and upstream of the heat exchanger.

Alternatively or additionally, a monitoring station for monitoring one or more
physical or chemical parameters of the reaction mixture can be located

downstream of the heat exchanger and upstream of the mixing chamber.

A variety of different physical and chemical parameters may be monitored at the

monitoring station, depending on the nature of the exothermic chemical reaction.

Typically, at least one monitoring station measures the temperature of the reaction
mixture. Preferably the temperature is monitored by each of a plurality (e.g. two) of

monitoring stations.

When the chemical reactants are an acid and a base, it is preferred that at least
one monitoring station (and preferably two or more monitoring stations) measures
the pH of the reaction mixture. Information fed back to the electronic controller is
then used to determine whether further acid or base needs to be added to the

mixture.

As the concentrations of reactants and reaction products in the reaction mixture
Increases, so the viscosity of the reaction mixture may increase leading to a
reduction in the flow rate or an increase in the energy needed to pump the reaction
mixture around the loop. Therefore, a monitoring station may comprise means for

measuring the flow rate and/or viscosity of the reaction mixture.



10

15

20

25

30

WO 2011/042702

CA 02809541 2013-02-26

In one preferred embodiment of the invention, the one or more physical or
chemical parameters monitored by the monitoring stations are selected from the

pH, temperature, flow rate and viscosity of the reaction mixture.

In another embodiment, the monitoring one or more monitoring stations each
measure both the temperature and pH of the reaction mixture.

In order to enable efficient mixing of the reactants and thereby assist the reaction
between the reactants to proceed to completion one or more further mixers (e.g.
static in-line mixers) may be provided at various locations around the loop. The use
of further in-line mixers is particularly beneficial at higher flow rates around the loop

when maximal mixing iIs required in the shortest time.

For example, in one embodiment, a monitoring station is provided immediately
downstream of the mixing chamber and an in-line mixer is interposed between the

monitoring station and the heat exchanger.

In another embodiment, a monitoring station is provided downstream of the heat
exchanger and upstream of the mixing chamber and an in-line mixer is located in
the loop downstream of the monitoring station and upstream of the mixing

chamber.

The apparatus is provided with a waste outiet so that spent (or substantially spent)
reaction mixture can be removed from the system to make room for the addition of
fresh reactants. The waste outlet is preferably linked to the electronic controller so
that a proportion of the reaction mixture can be sent to waste when one or more
physical or chemical parameters of the reaction mixture falls below or exceeds a

predetermined value.

For example, if all of the heat has been extracted from the reaction mixture in the
heat exchanger (i.e. the temperatures of the reaction mixture and the liquid
passing through the heat exchanger are substantially the same), a proportion of
the reaction mixture may be sent to waste to enable fresh reactants to be

introduced into the mixing chamber to generate more heat.

Furthermore, as the reaction progresses, the viscosity of the reaction mixture will

typically increase and the electronic controller may instruct the waste outlet to open

PCT/GB2010/001884
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to allow release of a proportion of the reaction mixture once the viscosity has

exceeded a predetermined value.

In many cases, the recycling of the reaction mixture may lead to the concentrations
of reaction products increasing to the point where a saturated solution is formed
and reaction products begin to precipitate or crystallise out of solution. When the
reactants are acids and bases, salts may typically begin to precipitate or crystallise
out of solution after about three or four cycles. A settling tank may therefore be
provided at or adjacent the waste outlet to allow solid material to settie out of the

reaction mixture before removal through the waste outlet.

The waste outlet is typically located downstream of the heat exchanger and, in one

embodiment, is disposed at or immediately adjacent a monitoring station
downstream of the heat exchanger.

In one embodiment of the invention, the electronic control device is programmed to
cause a proportion of the reaction mixture to be ejected through the waste outlet
when the viscosity of the reaction mixture exceeds a predetermined value and/or
the flow rate of the reaction mixture around the loop Is less than a predetermined

value.

The apparatus of the invention may be operated for a period of time over which a
supply of heated liquid is required and the electronic controller may be
programmed or otherwise set up to provide a defined amount of heat during the
operating period. Typically the electronic controller will contain means for selecting
a desired temperature (target temperature) for the liquid during the period of time

over which the apparatus is operated.

At the end of the period of operation, the spent reaction mixture is typically ejected
from the system and the loop and optionally other components of the system are

flushed (e.g. with water) to remove any residual traces of reaction products.

After flushing, the apparatus, or at least the loop, may be drained down in

readiness for the next heating session.

Accordingly, in one embodiment, the electronic control device is programmed to

provide a flushing step at the end of a predetermined period of heating, the

PCT/GB2010/001884
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flushing step serving to flush out of the apparatus any residual reaction mixture.
Preferably, the electronic control device is programmed to provide a drainage step
following the flushing step.

The chemical reactants are typically contained within storage containers forming

5 part of the apparatus. Preferably the chemical reactants are introduced into the
mixing chamber via the dispensing means in the form of solutions, on the basis
that it is easier to provide accurate metering of the amounts of reactants added
when they are in liquid form than when they are in solid form.

Some chemical reactants may be stored in their storage containers in the form of

10  solids and then dissolved to form solutions immediately before passing through the
dispensing means and being introduced into the mixing chamber. This is
particularly preferred where the solid form of the reactant is stable and has good
handling characteristics and where the dissolution of the reactant in the solvent is
an exothermic process. In such a case, the heat generated by the dissolution of

15 the reactant can be made use of, for example to raise the temperature of the other
reactant so that the temperatures of the two reactants as they pass through the
dispensing means are similar or substantially identical. To allow transfer of heat
between the two reactant solutions, a second heat exchanger may be provided

upstream of the dispensing means.

20  Accordingly, in one preferred embodiment of the invention, the apparatus
comprises a second heat exchanger, the second heat exchanger being located
externally of the loop and upstream of the dispensing means, and having an inlet
and an outlet for the first chemical reactant and an inlet and an outlet for the
second chemical reactant, so that heat may be exchanged between the first and

25  second chemical reactants without mixing of the reactants.

A mixer may be provided upstream of the second heat exchanger, and dosing
means provided for introducing into the mixer one of the first and second reactants

and a solvent therefor.

The dispensing means may comprise individual dispensing devices for each of the
30  reactants or a unitary metering and dispensing device through which both

reactants pass. The dispensing device may also have an inlet for receiving
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recycled reaction mixture and an outlet for dispensing recycled reaction mixture
into the mixing chamber. Thus the dispensing device may form part of the loop.

In one embodiment, the first and second chemical reactants are an acid and a

base.
Preferably the acid is selected from mineral acids and carboxylic acids.

The acid may be selected from acids having a pka value of >0, more typically >2

and preferably >3, e.g. a pKa in the range 3to 7.
The acid may be a polybasic acid, one preferred acid being citric acid.

The base Is preferably selected from alkali metal hydroxides, alkaline earth metal
hydroxides, alkali metal carbonates, alkaline earth metal carbonate, alkali metal

bicarbonates, alkaline earth metal bicarbonate, and amines, and mixtures thereof.

Examples of alkali metal hydroxides are lithium hydroxide, sodium hydroxide and
potassium hydroxide.

Examples of alkaline earth metal carbonates are magnesium hydroxide and

calcium hydroxide.

Examples of alkali metal bicarbonates are sodium bicarbonate and potassium

bicarbonate.

Particular bases are basic amines and in particular mono-, di- and tnalkylamines

and hydroxy derivatives thereof.

One group of preferred bases consists of mono-, di- and trialkylamines and
hydroxy derivatives thereof in which each alkyl group contains from 1 to 4 carbon
atoms, more preferably 1 to 3 carbon atoms and most preferably 1 or 2 carbon
atoms. Such bases include methylamine, dimethylamine, trimethylamine,
ethylamine, diethylamine, triethylamine, monoethanolamine and diethanolamine.

In one embodiment, the base is sodium hydroxide.

In another embodiment, the base is a mixture of sodium, hydroxide and

monoethanolamine.
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In another embodiment, the first reactant is aluminium and the second reactant is a
metal hydroxide, preferably an alkali metal hydroxide (such as sodium hydroxide or
potassium hydroxide) and most preferably sodium hydroxide.

Preferably the aluminium is in powder form.

In another aspect, the invention provides an apparatus for heating a liquid, which
apparatus comprises:

a first storage container containing a first chemical reactant which
comprises aluminium in powder form; |

a second storage container containing a second chemical reactant which
comprises an alkali metal hydroxide;

a mixing chamber;

dispensing means for dispensing metered amounts of the first and second
chemical reactants the first and second storage containers into the mixing chamber
to form a reaction mixture so that they undergo an exothermic chemical reaction to
generate heat and reaction products, one of the reaction products being hydrogen
gas;

an electronic control device linked to the dispensing means for controlling
the dispensing of the metered amounts of first and second chemical reactants;

one or more pumps for moving the chemical reactants and reaction mixture
around the apparatus;

a heat exchanger having an inlet and an outlet for the reaction mixture and
an inlet and an outlet for the said liquid, so that when said liquid passes through
the heat exchanger it is heated by heat transfer from the reaction mixture;

one or more monitoring stations for monitoring one or more physical or
chemical parameters of the reaction mixture; the monitoring stations being
arranged to communicate with the electronic control device; and

a waste outlet for removing one or more non-gaseous reaction products
from the apparatus;

an outlet for removing hydrogen gas from the apparatus;
wherein the mixing chamber, heat exchanger and the one or more monitoring
stations are connected so as to form a loop; and wherein the electronic control
device is programmed to cause the reaction mixture to be circulated around the
loop at least twice, and optionally to cause the dispensing means to dispense
further metered amounts of first and/or second chemical reactants into the mixing
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chamber; and/or to cause a proportion of the reaction mixture to be ejected

through the waste outlet, in order to control the temperature of the reaction mixture
passing through the heat exchanger.

The aluminium is preferably introduced into the mixing chamber in the form of an
aqueous slurry. Preferably the aluminium powder is mixed with water to form a
slurry immediately before entry into the mixing chamber.

The alkali metal hydroxide is typically sodium hydroxide or potassium hydroxide
and preferably is sodium hydroxide.

The reaction between aluminium and aqueous sodium sodium hydroxide can be
represented as follows:

2Al +6H,0 +2NaOH — 2NaAl(OH), +3H, (1)

NaAl(OH), — NaOH + Al(OH), (2)

241+ 6H,0 > 2AI{OH ), +3H, (3)
Initially, the H, production reaction (1) consumes NaOH and produces NaAl(OH),
which undergoes a decomposition reaction (2) when its concentration exceeds the
saturation limit. A crystalline precipitate of Al(OH); is produced with the
regeneration of the alkali. The overall reaction (3) shows that only Al and H,O are
consumed, so that the role of the alkali in this process can be seen as being
catalytic.

A first waste outlet for removing one or more non-gaseous reaction products from
the apparatus is typically located between the mixing chamber and the heat
exchanger. Precipitated crystalline Al(OH); (or other precipitated reaction product)
is preferably removed at the said waste outiet. Accordingly, the waste outlet may
be provided with a filter for filtering off precipitated reaction product or a settling

chamber in which precipitated reaction product can settle out and be withdrawn
through the waste outlet.

Although crystalline Al(OH); (or other precipitated reaction product) may be

removed at the waste outlet, further precipitation may occur downstream of the
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waste outlet as the reaction mixture cools down. In order to prevent precipitation, a
third chemical reactant may be introduced into the apparatus downstream of the

first waste outlet and upstream of the heat exchanger.

The third chemical reactant may be an alkali metal borohydride such as sodium
borohydride. Sodium borohydride reacts with aluminium hydroxide according to the

following formula:
4AI1(OH); + 3NaBH, — 3NaBO, + 2A1,0; + 12H, (6)

Reaction of the borohydride with the aluminium hydroxide generates heat and
produces further hydrogen. The heating boost provided by the reaction prevents
precipitation of reaction products from taking place in the heat exchanger.

Hydrogen produced by the reaction can either be separated by means of a liquid-
gas separator disposed upstream of the heat exchanger or can be removed when
the reaction mixture is recycled back to the mixing chamber.

The apparatuses of the invention are particularly useful for heating water.

Accordingly, the apparatus may form part of a domestic water heating system or

an industrial or commercial water heating system.

In one embodiment, the apparatus forms part of a water heating system intended

to provide water for central heating or sanitation purposes.

In another embodiment, the apparatus forms part of a water heating system for a

swimming pool.

In another aspect, the invention provides a method of heating a liquid which
method comprises passing the liquid through the heat exchanger of an apparatus

as defined herein.

A substantial advantage of the apparatus of the invention is that it provides a very
efficient means for heating a liquid such as water whereby heating losses to the
external environment are minimised. Heat losses may be minimised still further by

insulating the components of the apparatus in conventional fashion.
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A further advantage of the apparatus of the invention is that it can be used in
locations where mains electricity or mains gas supplies are not available or are
restricted. Thus, although electrical power is required to operate the apparatus, the
amount of power required is relatively small and can therefore be supplied by

renewable resources such as a wind turbine or solar power.

The invention will now be illustrated in more detail (but not limited) by reference to

the specific embodiment shown in the accompanying drawings.

Brief Description of the Drawings

Figure 1 is a schematic view of an apparatus according to one embodiment of the

invention.

Figure 2 is a schematic view of an apparatus according to a second embodiment of

the invention.

Figure 3 shows the effect on temperature and quantity of evolved hydrogen of
varying the mass of aluminium used in a reaction between aluminium and sodium

hydroxide.

Figure 4 shows the effect of on H, temperature and quantity of evolved hydrogen of
varying the amount of sodium hydroxide used in a reaction between aluminium and

sodium hydroxide.

Detailed Description of the Invention

As shown in Figure 1, an apparatus for producing heat according to one
embodiment of the invention comprises storage containers 2 and 4, each of which
contains a component of an exothermic chemical reaction system. Storage
container 2 is connected via pipes 3a and 3b to a heat exchanger 6, an optional
static In-line mixer 8 being located between the container 2 and the heat

exchanger 6.

Container 4 is connected by pipe 10 to a first dosing/metering station 12.
Dosing/metering station 12 has an inlet 14 for receiving water from a water supply
(represented schematically by the number 16) and pair of outlets which are

connected via pipes 18 and 20 to a static in-line mixer 22 and thence via pipe 24 to
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the heat exchanger 6 (which constitutes the second heat exchanger as
hereinbefore defined).

The heat exchanger 6 has two outlets, one for each of the components of the
exothermic reaction system (they do not mix in the heat exchanger), the two
outlets leading via pipes 26 and 28 to the main dosing/metering station 30 (which
constitutes the dispensing means as hereinbefore defined). The main
dosing/metering device 30 has a pair of outlets (one for each component of the
exothermic reaction system) which lead via pipes 32 and 34 to a clear pipe static

mixer 36 (which constitutes the mixing chamber as hereinbefore defined).

The static mixer Is 36 connected via a single outlet via pipe 38 to a first product
monitoring station 40 which in turn is linked by pipes 42a and 42b and static in-line
mixer 44 to the main heat exchanger 46. The first product monitoring station 40 is
linked electronically by cable 41 to the main dosing/metering station 30. As an
alternative to being linked by cable, a wireless connection to the dosing/metering

station 30 could be provided instead.

The heat exchanger 46 has an inlet 48 and an outlet 50 for water and an outlet for
the products of the exothermic chemical reaction. Outlet 52 leads via pipe 54,
static in-line mixer and pipe 58 to a second product monitoring station 60. The
second product monitoring station 60 has an outlet that leads back via pipes 62
and 64 and static in-line mixer 66 to the main dosing/metering station 30. The
second product monitoring station 60 also has a waste outlet 68 for the removal of
spent reactants. The second product monitoring station 60 is also linked
electronically by cable 61 (or wirelessly) to the main dosing/metering device 30.

Each of the component parts of the system shown in Figure 1 is thermally
insulated to reduce or prevent heat loss, with the exception in certain cases of the
elements of the system preceding the first heat exchanger 6. Thus, for example, in
cases where the first step in the process involves dissolving one of the chemical
reactants in a solvent such as water, and the dissolution process is endothermic,
the container for that chemical reactant and the associated pipework leading to the
first heat exchanger 6 may be left uninsulated to allow the solution of dissolved

reactant to take in heat from its surroundings and come up to ambient temperature.

PCT/GB2010/001884
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The system lllustrated in Figure 1 is particularly suitable for use in generating and
using heat from the endothermic reaction between an acid and a base, although it
may be used and/or adapted for use with other combinations of chemical

reactants.

Thus, with reference to the particular example of the reaction of citric acid with
sodium hydroxide or a mixture of sodium hydroxide and monoethanolamine, the

heat generating system of the invention functions in the following manner.

Sodium hydroxide pellets from the container 4 are conveyed by eccentric screw
pump (not shown) along pipe 10 to the first dosing/metering station 12 where a
metered quantity of the pellets is moved by a progressive cavity pump (not shown)
along outlet pipe 18 to the static in-line mixer 22. At the same time, a charge of
monoethanolamine (for example in an amount corresponding to about 1% to 15%
by weight relative to the sodium hydroxide) is conveyed from a reservoir (not
shown) through the first dosing/metering station 12 and along pipe 18 to the in-line
mixer. Water from source 16 enters the dosing/metering station 12 through inlet 14
and a metered amount is then directed along outlet pipe 20 to the static in-line

mixer 22 where it Is mixed with the sodium hydroxide and ethanolamine.

The reaction between the sodium hydroxide and the water is exothermic and
represents the first heat generating stage of the process. The resulting warm
aqueous solution of sodium hydroxide and ethanolamine is then directed along
pipe 24 to the heat exchanger 6.

An aqueous solution of citric acid from the container 2 is directed along pipes 3a
and 3b via static in-line mixer 8 to the first heat exchanger where it exchanges heat
with (but does not mix with) the flow of sodium hydroxide and ethanolamine
solution. The transfer of heat between the two streams of reactants results in the

temperatures of the two streams moving towards parity.

After exiting the first heat exchanger 6 and moving along pipes 26 and 28
respectively, the streams of citric acid solution and sodium hydroxide/ethanclamine

solution enter the main dosing/metering station 30.

At the start of the heat generation process, the dosing/metering station 30

dispenses charges of citric acid solution and sodium hydroxide/monoethanolamine

PCT/GB2010/001884
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solution in a 1:3 molar ratio of acid:base along pipes 32 and 34 into the clear pipe
static mixer 36. An exothermic reaction between the citric acid and sodium
hydroxide takes place in the mixer 36 to form citrate salts and generate heat. The
warm reaction mixture is then passed along pipe 38 and into the first product
monitoring station 40 where the pH and temperature of the mixture are measured
and the measurements sent back along cable 41 to a an electronic computerised
controller forming part of the dosing/metering station 30. The product monitoring
station 40 may also include a flow meter for measuring the flow rate of the reaction
mixture.

After the product monitoring station 40, the reaction mixture is directed via pipes
42a and 42b and static in-line mixer 44 to the main heat exchanger 46. At the heat
exchanger 46, heat is transferred from the warm reaction mixture to a stream of
water for a warm/hot water supply (e.g. water for a domestic hot water supply or a
heated swimming pool).

Having given up all or some of its heat, the reaction mixture leaves the heat
exchanger 46 and travels via pipe 54, static in-line mixer and pipe 58 to the second
product monitoring station 60. At monitoring station 60, the pH and temperature
are again measured and the measurements sent along cable 61 to the controller at
the dosing/metering station 30.

After leaving the second product monitoring station 60, the reaction mixture is
directed through pipe 62, static in-line mixer and pipe 64 back to the main first
dosing/metering station 30 to complete a first cycle.

During its progress around the first cycle, the sodium hydroxide and mono-
ethanolamine may have undergone complete reaction with the citric acid or only
partial reaction. The reaction mixture may therefore contain unreacted acid or base
as well as dissolved citrate salt. In addition, the temperature of the reaction mixture
may still be higher than the target temperature of the water passing through the

heat exchanger.

At the end of the first cycle therefore, depending on the temperature excess (with
respect to the target temperature for the water), and the pH of the reaction mixture,
further charges of citric acid solution and/or sodium hydroxide/monoethanolamine

may be dispensed from the main dosing/metering station 30 into the pipes 32 and
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34 leading to the mixer 36. Alternatively, the controller may be programmed such
that if the temperature differential between the reaction mixture and the target
temperature for the water passing through the main heat exchanger 46 exceeds a
predetermined value, no additional acid or base is dispensed into the mixer 36.

Subsequently, if the product monitoring stations 40 and 60 detect that the
temperature of the reaction mixture has fallen below a predetermined value
necessary to heat the water entering the main heat exchanger 46 to the target
temperature, further charges of acid and base may be dispensed into the mixer 36.

Top up additions of acid and base may be made as and when necessary in order

to maintain the reaction mixture at the desired temperature.

By recycling the reaction mixture and carefully monitoring the pH and temperature
of the mixture and adding further charges of acid and base as needed, the greater
part of the heat generated from the exothermic reaction of the citric acid and the
sodium hydroxide/ethanolamine can be extracted and transferred to the water
passing through the main heat exchanger. Because the system is well insulated,
very little heat is lost to the surroundings.

The system illustrated in Figure 1 is provided with one or more flow meters (not
shown) which may form part of the product monitoring stations 40 and 60 or may
be located at other points in the circuit.

During each heat-generating session, the reaction mixture may be repeatedly
circulated around the system, for example at least five times and more usually up
to about ten times or more. At intervals, spent reaction mixture may be discharged
through the waste exit 68 where it may be collected for recycling and reprocessing.
The mixture may be discharged as and when necessary to create room for more
acld or base to be introduced into the system.

After several cycles, the reaction mixture may reach the state of a saturated
solution and citrate salts may begin to precipitate or crystallise out of solution. This
process may be accelerated as heat is removed from the reaction mixture by the
main heat exchanger 46. The second product monitoring station may therefore
Incorporate or be linked to a settling tank or chamber (not shown) in which
precipitated or crystallised salts can settle out thereby enabling them to be
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removed more easlly. In order to minimise heat loss from the system, the spent
reaction mixture and precipitated or crystallised salts are preferably removed at a
time point when the temperature of the reaction mixture is at or near its coolest

value.

The heating process is continued as described above for a required period of time
(e.g. the time necessary to heat a desired volume of water to a given target
temperature), and the system Is then flushed with clean water to remove salts and
any residual acid and base. After flushing, the system i1s automatically drained
down (e.g. through the waste outlet 68) to leave the system ready for the next
heating session.

The heating system of the invention functions as a partially closed system. When
starting up the process, air is driven out of the system through valves or air vents
(not shown) which are then closed to prevent loss of the reaction mixture. The
reaction mixture is then continuously recycled around the system, the system
being opened at intervals to allow the addition of further charges of acid and base
and to permit spent reaction mixture to be discharged to waste. By keeping the
system closed between additions of reactants and the discharge of spent reaction
mixture, substantially all available heat can be extracted from the system. This
represents a substantial advantage of the method and apparatus of the invention
and provides a contrast with heating systems such as oil or gas burning systems

where much of the heat produced is lost with the flue gases.

An apparatus according to a second embodiment of the invention is illustrated Iin
Figure 2.

As shown in Figure 2, the apparatus comprises a first storage container 102
containing aluminium powder linked via pipe 104 to a preliminary mixing tank 106
fitted with a stirrer 108. The preliminary mixing tank is connected via pipe 110 and

pump 112 to the mixing chamber 114.

A second storage container 116 containing concentrated aqueous sodium

hydroxide is connected via pipe 118 and pump 120 to the mixing chamber 114.

The mixing chamber 114 has an outlet at its lower end connecting via pipe 122 to a
first waste outlet chamber 124 having a waste outlet 126 leading via pipe 128 to a
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waste tank 130. The waste outlet chamber 124 is provided with a scraper device
comprising a plurality of blades 132 mounted on a rotating spindle driven by a

motor 134.

The waste outlet chamber 124 has a further outlet 136 connected to pipe 138
which leads via pump 140 and third reactant dosing station 142 to the heat
exchanger 144. The heat exchanger is connected by pipe 146 to the recycling inlet

148 of the mixing chamber 114.

At the upper end of the mixing chamber 114 is a hydrogen gas vent which is

connected via pipe 150 to a burner 152.

In use, a metered amount of aluminium powder from the first storage container 102
Is charged Into the preliminary mixing tank 106 and water (water inlet not shown) is

added. The mixture is stirred vigorously to form a slurry and rapidly pumped along
pipe 106 to the mixing chamber 114. By adding the water to the aluminium to form

the slurry immediately prior to charging it into the mixing chamber, loss of heat due

to any Initial reaction between the aluminium and water is minimised.

A metered amount of concentrated sodium hydroxide solution from the second
storage container 116 is pumped via pipe 118 and pump 120 into the mixing

chamber where it reacts with the aluminium according to the series of reactions

shown below.

2Al +6H,0+ 2NaOH — 2NaAl(OH), +3H, (1)
NaAl(OH), - NaOH + Al(OH), (2)
241 + 6H,0 — 2AI(OH ), + 3H, (3)

Hydrogen gas produced by the reaction of the aluminium and the sodium
hydroxide is vented through the outlet at the upper end of the mixing chamber 114
and is conveyed through pipe 150 to the burner 152 where it is combusted to

provide an additional source of heat for the mixing chamber.

After allowing reaction between the sodium hydroxide and aluminium to take place

In the mixing chamber 114, the reaction mixture is allowed to pass out of the outlet
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in the lower end of the mixing chamber along pipe 122 to the waste outlet chamber
124. In the waste outlet chamber, precipitated aluminium hydroxide settles to the
bottom of the chamber and is drained away via waste outlet 126 and pipe 128 to
the waste tank 130. Any aluminium hydroxide crystallising on the walls of the
chamber 124 is scraped off by the motorised rotating scraper device 132, 134 and

allowed to fall to the bottom of the chamber.

The reaction mixture exits the waste outlet chamber through outlet 136 and is
pumped by pump 140 along pipe 138 to the heat exchanger 144 where the heat is

used to heat water flowing through the heat exchanger.

Although the pipework is fully insulated, there Is likely to be some heat loss
between the waste outlet chamber and the heat exchanger and this may lead to
futher aluminium hydroxide precipitating out in the pipes and in the heat
exchanger thereby leading to blockages. In order to prevent this from occurring, a
third reactant is introduced at station 142. The third reactant in this case is sodium

borohydride which reacts with the aluminium hydroxide according to the equation:
4AI(OH); + ANaBH; —» 3NaBO, + 2Al,0; + 12H, (6)

The heat generated by the reaction is sufficient to maintain the temperature at a

level whereby supersaturation and precipitation does not occur. In addition, further
hydrogen is generated which can either be extracted at a gas-liquid separator (not
shown) or removed from the mixture once the reaction mixture re-enters the mixing

chamber 114 through recycling inlet 148.

Once the reaction mixture has re-entered the mixing chamber, a further charge of
aluminium is introduced into the chamber to continue the cycle. Although the
sodium hydroxide functions in a catalytic manner, some of the sodium hydroxide
will typically be lost to waste at the first waste outlet chamber 124. A further charge
of sodium hydroxide may therefore be added from storage container 116.

As with the embodiment of Figure 1, the apparatus of Figure 2 is typically provided
with one or more product monitoring stations for monitoring one or more
physicochemical properties of the reaction mixture (e.g. the pH or the temperature)

to determine when further reactants need to be added. The apparatus may be set

PCT/GB2010/001884
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up to dispense further charges of reactants automatically or may provide a prompt

to the user to make the necessary adjustments manually.

As with the apparatus of Figure 1, the reaction mixture is pumped around a
partially closed loop and is recycled a number of times in order to allow optimal

extraction of heat before discharging to waste.

Investigation of the heat generated and volume of hydrogen produced by reaction

between aluminium and sodium hydroxide

The following experiments illustrate the effectiveness of aluminium/sodium

hydroxide reaction systems as a means for generating heat.
Materials and methods:

NaOH pellets (98% purity) and Al powder (laboratory grade, 80% purity) were
supplied by Fisher Chemicals. Reagents were used as received without further
purification. Deionised water supplied by a Milli-Q water purification system was
used to prepare all the aqueous solutions. The different solutions tested in this
study were freshly prepared. All experiments were conducted at room temperature
(20°C) in triplicate.

Experiments were performed in a 3-neck Pyrex glass beaker containing 75 mi of
NaOH aqueous solutions at different concentrations. A manometer was connected
to the 3" neck of the Pyrex glass reactor for measuring the pressure of hydrogen
generated during the study.

A measured quantity of aluminium powder was added into the sodium hydroxide
solution and the time taken for the aluminium to be consumed was recorded. The
Increase in temperature of the reaction mixture was measured using a

thermometer.

After addition of the aluminium, the evolution of hydrogen gas was observed.
Hydrogen emerged from the reactor through a rubber tube of 20 cm length and 3
mm internal diameter. The pressure of hydrogen gas was estimated from the water

level changes in the manometer in accordance with standard methods

Results and discussion:
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Hydrogen evolution was observed after a short induction period (< 35s) for all the
experiments performed. The amount of hydrogen generated is proportional to the
pressure as determined from the manometer readings. During the evolution of
hydrogen, the formation of a white powder was observed, which partially

suspended in the aqueous phase. This was attributed to Al(OH); precipitation.
Effect of varying the mass of Al added to the reaction mixture:

The relationship between the volume of H, released and the amount of Al added
was studied by fixing the concentration of NaOH to 1M and adding varying
amounts of Al (from 0.1 to 0.5 g) to the reactor. The results are shown in Figure 3.
As the amount of Al increased, the rate of reaction increased. This can be
explained on the basis that the reaction rate of Al should be proportional to its
surface which, for a high number of similar small particles, should be proportional

to Its mass.

The hydrogen gas generated from the Al hydrolysis was collected and passed
through rubber tubing to the manometer. The change in the water level in the
manometer was recorded and used to calculate the hydrogen pressure in

accordance with standard methods.

Table 1 below shows the experimental conditions used in each individual
experiment, the Al consumption time, height of the increased water level in the
manometer, the maximum temperature recorded in the experiment and calculated
hydrogen pressure values.

PCT/GB2010/001884
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. T Al ] T o4 T
NaOH . Height Firo Average
Run | Al (g) M) consumption (cm) T (°C) Pt (atm)
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1 7’33 - 1412
2 1 654" 1432 1.00424
‘_i 1707 441
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(atm)

Pt-Po I Average
Pt (atm)

3.4 | 32 334
3.3 32 1.00314
130 32
1 1.7 28 | 167
1.7 28 | 167 1.00168
1 | ]
1.8 28 [ 177
10 | 0.1009 | 1 3'02” 0.8 1 24 78 I
11 [0.1035|1 [ 304" 06 |24 |59 ] 1.00071
N d | _l _
12 | 0.1041 | 1 305" 0.8 25 78
13 [0.1125““2 3'00" 147 24 | 461
14 (012142 | 314" 15.0 25 | 491 1 1.00479
15 [ 0.1150 | 2 318" 5.4 125 500 |
16 [0.1018]4 | 154" 0.6 125 59 1
S | | |
17 1 0.1009 | 4 117" 0.8 25 78 1.00071
18 1 0.1026 | 4 1'38" 0.8 126 78 }

The maximum pressure (Pt) of 1.00424 atm was recorded when using 0.5 g Al

powder. The temperature change inside the reactor was also recorded. The

temperature increased significantly even when using the lowest amount of Al

powder in the experiment. The temperature increased to 40°C from room

temperature (20°C) when 0.5 g of Al was added to 1M NaOH solution.
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Effect of NaOH concentration:

The resuits obtained by using 0.1 g of Al powder in NaOH solutions of varying
strength are shown in Figure 4. As expected, an increase in NaOH concentration
caused an increase of hydrogen production. When the concentration of NaOH
increased from 1M to 2M, the pressure of H, was raised to 1.00479 atm. The result
iIs comparable to the one obtained using 0.5 g of Al in 1M NaOH solution.
However, when the NaOH concentration was increased further to 4M, the pressure
was reduced to 1.00071 atm which is the same as the pressure obtained using 1M
NaOH. The results suggest that there is an optimum concentration of NaOH in the
aluminium hydrolysis reaction. It may be explained by the Al consumption time
recorded in Table 1. Al was consumed in around 1.3 minutes when using 4M
NaOH solution, and in around 3 min when using 1M or 2M NaOH solution, which
indicates the concentration of NaOH has an effect on the reaction rate. Although
higher concentration of NaOH increased the reaction rate, the heat output is
predominantly governed by the mass of Al. As illustrated in Fig. 4, the difference in
temperature increase inside the reactor was relatively small when the NaOH

concentration was increased.
The volume of hydrogen produced and hydrogen production rate:

The volume of hydrogen produced can be estimated from the pressure readings
obtained from the manometer by applying the Ideal Gas Law equation: PV = nRT
where P is the gas pressure (atm), V is the gas volume (dm?®), n is the number of
moles of gas (Mole), R is the gas constant (0.08206 L atm/(k mol)), and T Is
temperature (K).

The results are summarised in Table 2.

Table 2: Volume of H, generated and the estimated mass balance.

PCT/GB2010/001884

Al (g) | (M) (atm) H, (L) (mole) (mole) (%)

I - b —-

NaOH | Pressure Volume of | Measured | Theoretical | Meas/Theo |

0.5 |1 1.00424 | 0.45 0.0188 0.0222 | 84.6

03 |1 [1.00314 lo.34 00142 100133 | 106.4
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02 [1 1.00168 [ 0.21 0.0087 [0.0089  [98.4
0.1 1 1.00071 ] 0.098 0.0041 | 0.0044 01.8
. { i —— 1 R |
0.1 2 1.00479 0.093 0.0039 0.0044 87.4
l 0.1 4 1 1.00071 | 0.101 0.0042 0.0044 04.6 J

Comparison of the experimental and theoretical heat output:

The temperature changes recorded in Table 1 and Figures 3 and 4 were compared
with the theoretical values.

The theoretical heat output was calculated from AH = -415.60 kJ/mol of Al
knowing the number of moles of Al being used. The temperature changes in
degree Celsius were converted to Joules using the specific heat of water which is
4.186 J/(g °C).

In Runs 1, 2 & 3 (see Table 1), 0.5g Al of purity 80% raised the water temperature
from 20°C to 40°C.

0.5g Al of having a purity of 80% = 0.5(g)*80%/27(g/mol) = 0.0148 (mol).
The theoretical heat = 0.0148 (mol)*AH= 0.0148 (mol)*415.60 (kJ/mol) = 6.157 (kJ)

In the experiment, the temperature of 75 ml solution was increased by 20°C. The
energy needed to increase the temperature of a 75ml solution from 20°C to 40°C

can be calculated as:
4.186 J/(g °C) * (20) °C * 769 = 6279 J = 6.279 kJ

As shown in Table 3, for most experiments, the experimental heat values were
similar to those from theoretical calculations. For some experiments, the measured
heat values were higher than the theoretical values (runs 13-18), due to the higher
NaOH concentrations used. An explanation for this is that at higher NaOH
concentrations, the reaction was much faster and the heat generated by the
reaction was not evenly distributed. Also, the response time of the thermometer

used may not have been fast enough to detect the temperature changes in
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seconds. Nevertheless, despite the aforementioned minor discrepancies, the
measured heat output from the relatively simple experimental set up was generally
consistent with predicted values.

Table 3: Comparison of the theoretical values with experimental results for heat

generation.
TN Theoretical heat | Experimental result ' Exp/Theo
Run Al (9)
(kJ) (kJ) (%)
1-3 |05 6.157 6.279 1102
'4-6 |03 3.694 | 3.767 l 102
| 7-9 0.2 2463 2512 1102 i
[ 10-12 | 0.1 1231 1.256 ’}102 B
‘ e I N g 4
| 13-15 | 0.1 1.231 1.350 110 I
I 16-18 | 0.1 [1.231 1.664 ‘ 1135

Use of sodium borohvydride as a third reactant in the reaction system

As indicated above, aluminium hydroxide is formed during reaction of sodium
hydroxide with aluminium. Aluminium hydroxide reacts with sodium borohydride

according to the following reaction (6):

4Al(OH); + ANaBH, —» 3NaBO, + 2A1203 + 12H, (6)
molar ratio 4 3 2 12
actual 0.0148 0.0111 0.0074 0.0444

AH =135.9 x 0.0148 = 2.0 kJ.

H, combustion generates further heat:
2H>, + O, — 2H,0 (7)

Heat output = 286 kJ/mole x (0.0222 + 0.0444) mole = 19 kJ.
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Total heat output = 6.2 + 2.0 + 19 = 27.2 kJ.
Product volume = 0.0111 x 65/2.46 + 0.0074 x 102/4 = 0.482 mL

Heat/product = 27.2 kJ /0.482 mL = 56 MJ/L (product)

Thus by adding sodium borohydride to the reaction mixture upstream of the heat

exchanger, considerable further heat is generated and hydrogen gas produced.

The embodiments described above and iliustrated in the accompanying figures
and tables are merely illustrative of the invention and are not intended to have any
limiting effect. It will readily be apparent that numerous modifications and
alterations may be made to the specific embodiments shown without departing
from the principles underlying the invention. All such modifications and alterations

are intended to be embraced by this application.
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CLAIMS

1. An apparatus for heating a liguid, which apparatus comprises:

a mixing chamber;

dispensing means for dispensing metered amounts of first and second
chemical reactants into the mixing chamber to form a reaction mixture so that the
chemical reactants undergo an exothermic chemical reaction to generate heat and
one or more reaction products;

an electronic control device linked to the dispensing means for controlling the
dispensing of the metered amounts of first and second chemical reactants;

one or more pumps for moving the chemical reactants and reaction mixture
around the apparatus;

a heat exchanger having an inlet and an outlet for the reaction mixture and an
Inlet and an outlet for the said liquid, so that when said liquid passes through the heat
exchanger it is heated by heat transfer from the reaction mixture;

one or more monitoring stations for monitoring one or more physical or
chemical parameters of the reaction mixture; the monitoring stations being arranged
to communicate with the electronic control device; and

a waste outlet for removing spent reaction mixture from the apparatus;

wherein the mixing chamber, heat exchanger and the one or more monitoring
stations are connected so as to form a loop; and wherein the electronic control device
IS programmed to cause the reaction mixture to be circulated around the loop at least

twice.

2. An apparatus according to claim 1 wherein the electronic control device is
programmed to cause the dispensing means to dispense further metered amounts of
first and/or second chemical reactants into the mixing chamber; and/or to cause a
proportion of the reaction mixture to be ejected through the waste outlet, in order to

control the temperature of the reaction mixture passing through the heat exchanger.

3. An apparatus according to claim 1 or claim 2 wherein a monitoring station for
monitoring one or more physical or chemical parameters of the reaction mixture is

located downstream of the mixing chamber and upstream of the heat exchanger.
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An apparatus according to claim 3 wherein an in-line mixer is interposed between the

monitoring station and the heat exchanger.

An apparatus according to any one of claims 1 to 4 wherein a monitoring station for
monitoring one or more physical or chemical parameters of the reaction mixture is

located downstream of the heat exchanger and upstream of the mixing chamber.

An apparatus according to claim 5 wherein an in-line mixer is located in the loop

downstream of the monitoring station and upstream of the mixing chamber.

An apparatus according to claim 5 or claim 6 wherein the waste outlet is disposed at

or immediately adjacent the monitoring station.

An apparatus according to any one of claims 1 to 7 wherein the one or more physical
or chemical parameters monitored by the monitoring stations are selected from the

pH, temperature, flow rate and viscosity of the reaction mixture.

An apparatus according to claim 8 wherein the monitoring one or more monitoring
stations each measure both the temperature and pH of the reaction mixture.

An apparatus according to any one of claims 1 to 9 comprising a second heat
exchanger, the second heat exchanger being located externally of the loop and
upstream of the dispensing means, and having an inlet and an outlet for the first
chemical reactant and an inlét and an outlet for the second chemical reactant, so that

heat may be exchanged between the first and second chemical reactants without

mixing of the reactants.

An apparatus according to ciaim 10 wherein a mixer is provided upstream of the
second heat exchanger, and dosing means are provided for introducing into the mixer

one of the first and second reactants and a solvent therefor.

An apparatus according to any one of claims 1 to 11 wherein storage containers are
provided for storing the first and second chemical reactants, wherein the storage
containers are in fluid communication with the dispensing means and, where present,

the second heat exchanger.
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An apparatus according to claim 12 wherein a storage container for the first chemical
reactant contains a chemical reactant which is an acid and a storage container for the

second chemical reactant contains a chemical reactant which Is a base.

An apparatus according to claim 13 wherein the acid is selected from mineral acids

and carboxyiic acids.

An apparatus according to claim 14 wherein the acid is selected from acids having a

pka value of >0.

An apparatus according to claim 15 wherein the acid is a polybasic acid.
An apparatus according to claim 16 wherein the acid is citric acid.

An apparatus according to any one of claims 13 to 17 wherein the base Is selected
from alkali metal hydroxides, alkaline earth metal hydroxides, alkali metal carbonates,
alkaline earth metal carbonate, alkali metal bicarbonates, alkaline earth metal

bicarbonate, and amines, and mixtures thereof.

An apparatus according to claim 18 wherein the base is an alkali metal hydroxide

selected from lithium hydroxide, sodium hydroxide and potassium hydroxide.
An apparatus according to claim 19 wherein the base is sodium hydroxide.

An apparatus according to claim 18 wherein the base is a mixture of sodium,

hydroxide and monoethanolamine.

An apparatus according to any one of claims 1 to 21 wherein the electronic control
device is programmed to cause the reaction mixture to be circulated around the loop

between two and ten times.

An apparatus according to claim 22 wherein the electronic control device Is
programmed to cause the reaction mixture to be circulated around the loop at least

three times.
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An apparatus according to any one of claims 1 to 23 wherein electronic control device
IS programmed to cause a proportion of the reaction mixture to be ejected through the
waste outiet when the viscosity of the reaction mixture exceeds a predetermined
value and/or the flow rate of the reaction mixture around the loop is less than a

predetermined value.

An apparatus according to any one of claims 1 to 24 wherein the electronic control
device Is programmed to cause the dispensing means to dispense one or more
further doses of the first and/or second reactants if the temperature of the reaction

mixture falls below a predetermined value.

An apparatus according to any one of claims 1 to 25 wherein the first chemical
reactant is an acid and the second chemical reactant is a base and the electronic
control device is programmed to cause the dispensing means to dispense one or
more further doses of the acid if the pH of the reaction mixture exceeds a

predetermined value.

An apparatus according to any one of claims 1 to 26 wherein the first chemical
reactant is an acid and the second chemical reactant is a base and the electronic
control device is programmed to cause the dispensing means to dispense one or
more further doses of the base if the pH of the reaction mixture falls below a

predetermined value.

An apparatus according to any one of claims 1 to 27 wherein the electronic control
device is programmed to provide a flushing step at the end of a predetermined period
of heating, the flushing step serving to flush out of the apparatus any residual reaction

mixture.

An apparatus according to claim 28 wherein the electronic control device is

programmed to provide a drainage step following the flushing step.

An apparatus for heating a liquid, which apparatus comprises:
a first storage container containing a first chemical reactant which comprises
aluminium in powder form;
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a second storage container containing a second chemical reactant which

comprises an alkali metal hydroxide;

a mixing chamber;

dispensing means for dispensing metered amounts of the first and second
chemical reactants the first and second storage containers into the mixing chamber to
form a reaction mixture so that the undergo an exothermic chemical reaction to
generate heat and reaction products, one of the reaction products being hydrogen
gas;

an electronic control device linked to the dispensing means for controlling the
dispensing of the metered amounts of first and second chemical reactants;

one or more pumps for moving the chemical reactants and reaction mixture
around the apparatus;

a heat exchanger having an inlet and an outlet for the reaction mixture and an
inlet and an outlet for the said liquid, so that when said liquid passes through the heat
exchanger it is heated by heat transfer from the reaction mixture,

one or more monitoring stations for monitoring one or more physical or
chemical parameters of the reaction mixture; the monitoring stations being arranged
to communicate with the electronic control device; and
a waste outlet for removing one or more non-gaseous reaction products from the
apparatus;

an outlet for removing hydrogen gas from the apparatus;
wherein the mixing chamber, heat exchanger and the one or more monitoring stations
are connected so as to form a loop:; and wherein the electronic control device is

programmed to cause the reaction mixture to be circulated around the loop at least

twice.

An apparatus according to claim 30 wherein the electronic control device is
programmed to to cause the dispensing means to dispense further metered amounts
of first and/or second chemical reactants into the mixing chamber; and/or to cause a
proportion of the reaction mixture to be ejected through the waste outlet, in order to

control the temperature of the reaction mixture passing through the heat exchanger.
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Apparatus according to any one of claims 1 to 9 and 22 to 29 wherein the first

reactant is aluminium and the second reactant is an alkali metal hydroxide.
Apparatus according to claim 32 wherein the aluminium is in powder form.

Apparatus according to claim 32 or claim 33 wherein the alkali metal hydroxide Is

sodium hydroxide.

Apparatus according to any one of claims 30 to 34 wherein a first waste outlet is

provided between the mixing chamber and the heat exchanger.

Apparatus according to claim 35 wherein the first waste outlet is located In a
separating chamber for separating precipitated aluminium hydroxide from the reaction

mixture.

Apparatus according to any one of claims 30 to 36 wherein means are provided for
introducing a third reactant into the reaction mixture at a location between the mixing
chamber and the heat exchanger, the third reactant being one which reacts with one
or more of the products of the reaction between the first and second chemical

reactants.

Apparatus according to claim 37 wherein the third reactant is an alkali metal

borohydridee.

An apparatus according to any one of claims 1 to 38 wherein the liquid to be heated
IS water.

An apparatus according to any one of claims 1 to 39 which forms part of a domestic

water heating system or an industrial or commercial water heating system.

An apparatus according to claim 40 wherein the water heating system provides water

for central heating or sanitation purposes.
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