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HEAT TRANSKFER SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS
{6001} The subject disclosure claims priotily from GB Application No.: GB 23140429, filed

on September 14, 2023, herein incorporated by reference in its entirety.

FIELD
[6082] This disclosure 13 concerned with heat exchange and with working flurds for apparatus
used in management of heat energy by storing heat, absorbing heat or transferring heat energy

from one location to another.

BACKGROUND
6083} Various forms of apparatus use a working fhuid to absorb heat and transfer the heat to
another focation. An example is a heat exchange circait. Another example is a solar water heating
system in which solar energy heats a working fluid which in turn heats domestic hot water. A
working fluid may also be used to receive and store heat evergy when that energy is available and
give up the heat at a later time. There are also systems where heat is taken from a working fluid
and the cooled Huid 1s used to absorb heat at a later time. Such working fluids are often water or

an aquecus sofution ot may be some other single~-phase liquid.

SUMMARY
[6004] This summary is provided to introduce concepts that will be further elaborated and
described below in the detailed description. This summary is not intended to identify key or
essential features of the claimed subject matter, nor 18 it intended to be used as an aid in limiting

the scope of the claimed subject matter.

[6005] One aspect of the present disclosure is a method of moving heat into or out of a flowing
fluid, comprising pumping the fluid through a heat transfer device which comprises a chamber for
through flow of fluid and wherein a chamber wall in contact with the flowing fluid is an interface
through which heat energy is transferred to or from the flowing fluid, wherein the chamber contains
an array of spaced obstructions compeliing the streamlines of the flowing fluid to repeatedly
change direction in order to flow through gaps between the cbstructions; the viscosity of the fluid,

the flow rate of the fluid within the chamber and the width of the gaps between obstructions gives
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a Reynelds number (Re) for the flow which is 11 a range from 1 to 1000, possibly 110 100, 1 to
250 or 1 to 500; the fluid contains a solute which enabics the fluid to display elastic turbulence;
and the flow rate of the fluid through the charber is such that the flowing fluid is in a state of

elastic turbulence.

[8006] A system for moving heat energy may comprise a heat transfer device including a
chamber for through flow of fluid wherein a chamber wall is an interface through which heat
energy is transferred to or trom the flowing fluid, a fluid and a pump for pumping the fluid through
the chamber, wherein the chamber contains an array of spaced obstructions compelling the
streamlines of flowing fluid to repeatedly change direction in order to flow through gaps between
the obstractions; the fluid contains a solute which enables the fluid to display elastic turbulence;
and the system is configured so that the viscosity of the fluid, the flow rate of the fluid within the
chamber and the width of the gaps between obstructions gives a Reyoolds number (Re) for the

flow which is in a range from 1 to 1000, possibly 110 500, 1 to 250 or 1 to 100

{8007} In some embodiments, the heat transfer device is part of a heat exchange system
comprising a second heat transfer device at a different location, a pump and pipework connecting

the pump and the heat exchange devices as a closed circuit containing the said fluid.

{60038] The obstructions may be a plurality of pillars extending across the chamber from the
interface to another wall of the chamber. The pillars may be arranged so that flow through gaps

between pillars in a row is compelled to change direction by pillars in an adjacent row.

{8009} In another aspect, this disclosure provides a working fluid for a heat exchange system
wherein the working fluid is a multi- phase system with a continuous phase and at least one
suspended disperse phase which changes between solid and liquid at teraperatures where the
continuous phase is liquid and wherein the continuous phase is a solution containing a solute which
enables the continuous phase, and thereby the overall working fluid composition, to display elastic

turbulence.
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BRIEF DESCRIPTION OF THE DRAWINGS
{6010} The subject disclosure s further described in the detaifed description which follows,
in reference to the noted plurality of drawings by way of non-limiting examples of the subject
disclosure, in which like reference numerals represent sumilar parts throughout the seversl views

of the drawings, and wherein

{6011} Fig 1 is a diagrammatic view of a heat transfer system with two devices for heat

transfer, both of which are shown as cross sections;

{6012} Fig 2 shows part of an array of pillars, as used in the heat transfer devices of Fig I;
{6013} Fig 3 ts a cross section of one heat transfer device, on line A - A of Fig 1;

8014} Fig 4 1s an enlargement of part of Fig 3;

10015] Fig 513 a similar view to Fig 4, showing pillars with a different cross section,

jo616] Fig 6 is a plot of experirental results showing onset of elastic wrbulence;

{6017} Fig 7 1s & diagramiuatic view of apparatus to determine operating parameters for the

system of Figs 1 to 3;

{6018} Figs 8§ to 10 show experimental results obtained with an embodiment of such
apparatus,
{8019} Figs 11, 12 and 13 show experimental resuits relating to elastic turbulence in a phase

change emulsion;
{8020} Fig 14 is a perspective view of a flow guide;
{6021} Fig 15 is a diagram of apparatus for observing elastic turbulence by means of

birefringence; and

{6022} Fig 16 shows, in greyscale, pictures obtained with the apparatus of Fig 15
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DETAILED DESCRIPTION

{8023} The particulars shown herein are by way of example and for purposes of illustrative
discussion of the embodiments of the subject disclosure only and are presented in the cause of
providing what is believed to be the most useful and readily understood description of the
principles and conceptual aspects of the subject disclosure. In this regard, no atteropt is made to
show structural details in more detail than is necessary for the fundamental understanding of the
subject disclosure, the description taken with the drawings making apparent to those skilled in the
art how the several forms of the subject disclosure may be embodied in practice. Furthermore, like

reference numbers and designations in the various drawings indicate like elements.

{6024} This detailed description refers to embodiments of the present disclosure and
possibilities which may be used. It should be appreciated that features or possibilities described
in combination may, where it is practical to do so, be used individually. Also, features or
possibiltties described in any emobodirent may be used 1n any other embodiment, o so faras i is

possible to do s0.

[6025) The present disclosure uses the phenomenon of elastic nurbulence. 1tis of course well
known that Newtonian fluids such as water can undergo either laminar flow or turbulent flow.
Such turbulent flow may be referred to as inertial turbulence. Conditions for laminar and turbulent
flow are often expressed by Reynolds number which is a ratio of inertial to viscous forces within
a fluid. Reynolds number has no dimensions because it is a ratio. At Reynolds number above
about 2000 there is inertial turbulent flow. At Reynolds number below about 1500 a Newtonian

fhad is in g state of lamioar flow.

{6026} Elastic turbulence is a different physical phenomenon discovered at the end of the
twentieth century. 1t has been observed at low flow speeds where Reynolds number is low and a
Newtonian fluid would be 1n a state of laminar flow. Elastic turbulence has sometimes been

referred to using the older and more general term “elastic instability™.

[6027] A number of documents have mentioned possible use of elastic turbulence in
microfiuidics, where dimensions of flow paths and rates of flow are so small that apparatus has a

volume below 10ml and Reynolds number is vanishingly small, far below one. Tn contrast with
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that, the present disclosure uses elastic turbulence in equipment where dimensions of the apparatus
and rates of flow are large enough that Reynolds number is one or more but less than one thousand.
When Reynolds number is in this range, the flow of a Newtonian fhud such as pure water is
faminar. As already mentioned, a heat exchange device in accordance with this disclosure has a
chamber for the through flow of a fluid which displays elastic turbulence as it flows through the
chamber. The fluid volume within this chamber may be at least 50m! {possibly in experimental
apparatus) and may be more, such as at least one liter or at least fifty liters in larger scale

gquipment.

{0028} The formula which may be used to determine Reynolds number for flow through a

chamber containing obstructions so as to compel the flow stream lines to bend i
plUL

i

where p is density of the fluid in kilograms per cubic metre

Re

U is the flow velocity in metres per second
L is the width of the gaps between the obstructions in the chamber

1 18 the viscosity of the fluid in Pascal sec.

If the flow rate is measured as volume in unit time, the formula above becomes

peL
Re = ?714

where Q is the flow rate in cubic metres per second and A is the cross sectional area, frangverse to

the gverall direction of flow, through which the flow passes.

{6029} Elastic turbulence cccurs in solutions containing a solute which has a flexible structure.
One category of material able to undergo elastic deformation and enable a solution to display
elastic turbulence is a pelymer containing long flexible linear chains. The number of monomer
units in the polymer may be at least 5000 and may be considerably more such as at least 25,000,
The monomer units may be present in linear chains of at least 1000 monomer units which may
each be connected one to the next by a single covalent bond, so that one monomer unit can rotate

relative to adjoining monomer units. lndividual linear chains may be longer and a polymer may
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contain a linear chain of at least 5000 or even at least 10,000 monomer units. The mean molecular
weight of the polvmer may be 107 Daltons or more. The concentration of such long chaiu/high
molecular weight polymer included in a solution for enabling elastic turbulence to occur may be

under 5% by weight, for instance in a range from 0.05% or 0.1% up to 1% or 2% by weight.

{6030) A long chain polymer which enables elastic turbulence to cccur may be a polymer of
a single monomer or may be a copolymer of more than one monomer, for instance a block
copolymer which is linear. A polymer may include side chains attached to a long chain of
monomer units which are connected together by single covalent bonds. A polymer may include
some chain branching, for instance at branch points where three or more chains, each of at least

1000 monomer units and possibly at least 2000 or 5000 monomer units, are connected together.

{6031} The flexibility of the polymer chains enables the polymer molecules to become
entangled. The flexibility of polymer chains can be described by means of a mathematical model.
The freely jointed chain model is commonly used and the flexibility of a particular polymer can
be indicated by parameters of an equivalent freely jointed chain (itself a mathematical model). A
description of this approach is provided by Chapter 2 of “Polymer Physics” by Rubinstein and
Colby, 2003, Oxford University Press. An equivalent freely jointed chain has the same mean-
square end-to-end distance and the same maximum end-to-end distance as the actual polymer but
is considered to consist of so-called Kuhn monomers which are freely rotatable relative to each

other. These model monomers have a length, termed the Kuhn length, and a molar mass.

{8032} Polymers which enable elastic turbulence to occur may coniatn at least one flexible
polymer chain with length and composition represented by at least 1000 Kuhn monomers having
a Kuhn length not more than 100 Angstroms (10nm) and possibly not more than 30 Angstroms.
If a polymer i3 a single, unbranched chain, its tength and composition may be represenied by at
feast 5,000 Kuhn monomers having a Kuhn length not more than 100 Angstroms and possibly

considerably more, such as at least 20,000 Kuhn monomers of such Kuhn length.

[6033] Elastic turbulence has been observed with several dufferent long chain polymers in
solution. One such polymer is polyacrylamide, which may be hydrolyzed or parttally hydrolyzed.

Experimental evidence for elastic turbulence in a solution of high molecular weight
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polyacrylamide was given by Groisman and Stetnberg in “EBlastic Turbulence in a polymer solution
flow” Nature, Vol 45 p33 (2000). Other instances of long chain polymers reported to give rise to
elastic turbulence include polyisobuiylene of molecular weight 4 to 6 Megadaltons dissolved in an
organic solvent (Dris and Shagfeh, J. Non-Newtonian Fluid Mech. Vol 80 pages | to 58 (1998)),
polystyrene of molecular weight 18 Megadaltous in an organic solvent (Magda and Larson, I Noo-
Newtonian Fluid Mech. Vol 30 pages [-19 (1988)) and polyethylene oxide of molecular weight 4
MegaDaltons in an agqueous solution {Davoodi et al, J.Fluid Mech, Vol 857, pages 823-850
(2018)). Kuhn lengths for polystyrene and polyethylene oxide given by Rubinstein and Colby,
page 53 are 18 Angstroms and 11 Angstroms. Kuhn length for polyacrylamides has been reported
as 1510 25 Angstroms (Fetters, Lohse and Colby, Chain Dimensions and Entanglement Spacings.
In Physical Properties of Polymers Handbook; Mark,J.E Ed ;Springer: NewYork, 2007; pages
447-454).

{6034} When using a long chain linear polymer 1o ensble elastic turbulence to occur, it is

desirable to include a biocide to protect the polymer from biodegradation.

{8035} {ong chain partially hvdrolyzed polvacrylamide linear polymers with a molecular
weight of more than 1 MegaDalton are available from SNF Floerger, whose headquarters are in

Andrézieux, France.

{6036] Elastic turbulence has also been observed with solutions containing a surfactant which
forms worm-like micelles in solution. There is extensive scientific literature concerning
surfactants which form worm-like micelles, their properties and applications. One review is Yang
“Viscoelastic wormlike micelles and their applications” Current Opinion in Colloid & Interface
Science vol 7 pages 276-281 (2002). Discussions of properties include Raghavan and Kaler
“Highly Viscoelastic Wormlike Micellar Solutions Formed by Cationic Surfactants with Long
Unsaturated Tails” Langmuir vol 17, pages 300-306 (2001} and Beaumont et al “Turbulent flows
in highly elastic wormlike micelles” Soft Matter vol 9 page 735 (20133, An example, using cetyl
trimethyl bromide as the surfactant, is mentioned by Favolin et al in Physical Review Letters Vol

104 178303 {2010).

{6037} When a solution contains a substance able to cause elastic tutbulence, the phenomenon

of elastic turbulence occurs if the solution is flowing at a sufficient flow velocity (which may be a
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low velocity) and the path of flow causes the streamlines of the flow to curve. Consequently, one
known possibility for a flow path which induces elastic turbulence is a serpentine channel. Another
possibility is described below with reference to the drawings. A detailed discussion of elastic
turbulence is provided by Steinberg in Annual Review of Fluid Mechanics, vol 53, pages 27-58

(2021,

[6038] The ability of a fluid composition to display elastic turbulence can be demonstrated
with laboratory apparatus, as mentioned below. A flow rate through a heat exchange device which
18 sufticient for a selected thad composition to display elastic turbulence can be found by

experiment, as is also shown below.

{8039} in the present disclosure, the elastic turbulence mixes the working thad as it flows over
a solid interface through which heat is transferred into or out of the working fluid.  As a
consequence of the elastic turbulence, the rate of heat transfer is increased because the heat transfer

to or from the interface is not restricted to the conduction of heat through the working fluid.

{6340} As an example embodiment of this disclosure, the drawings show a heat transfer
system for transferring heat energy from a heat source to a volume of water. The device 10 at the
feft of Fig 1 is exposed so as to be heated by the sun. The device 12 at the right of Fig 1 is immersed
in a body of water. The two devices 10, 12 are joined by piping 14 for circulating working fluid
which is pumped around the circuit by pump 16, The section of piping which carries hot working
fluid is surrounded by heat insulation 24. The devices 10 and 12, along with piping 14 and pump
16 form a heat exchange circuit for transferring solar heat energy received at the surface 20 {o the

water surrounding the device 12

{0041} The device 10 has a cuboidal casing defining a chamber through which the working
fluid is pumped. The casivg face 20 which is exposed to the heat of the sun is the interface between
the working fluid inside the casing and the source of heat. This is made of a thermally conductive
material, such as copper or aluminum. The opposite surface 22 has heat insulation 24 against it to

reduce heat ioss.

{0042} Inside the casing of the device 10 is an array of pillars 30 formed by bars which extend

from the casing face 20 across the internal chamber to the opposite face 24. Fig 2 illustrates the
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arrangement of such pillars 30 as a perspective view from one side, without the enclosing casing
20. Fig 3 which is a cross section on line A-A of Fig 1 also shows the arrangement of the pillars
30. As shown by Fig 3 and the enlargement which is Fig 4 the pillars 30 have a square cross
section with flat faces 32 meeting at corner edges 33 and 34, The width of a flat face 32 ts indicated
as “a” in Fig 4 and the spacing between the faces 32 of adjacent pillars 18 indicated as “b”. The
width of the gap between two confronting edges 34 is given by Pythagoras theorem as V2b? As
shown in Fig 3, the edges of the array are completed with pillars 31 which have a riangular cross
section. Each pillar 30 is positioned so that the diagonal across the square cross section between
corner edges 33 is aligned with the overall direction of flow, 1.¢. this diagonal is aligned parallel
to an imaginary Hine from the inlet 26 to the ontlet 28. The flat faces 32 of each pillar are inclined
to this overall direction of flow. As shown by the enlarged view in Fig 4, working fluid flows
through the gaps between confronting edges 34 of adjacent pillars 30, but s then compelled to turn
by another pillar. Thus the array of pillars 30 obstructs straight line flow of working fluid, causing

the streamlines of the flow indicated with broken lines in Fig 4 to bend repeatedly.

{6043] The heat exchange device 12, which is immersed in water to be heated, has a cuboidal
casing 40 which is the interface through which heat energy leaves the working fluid. Fins 42
projecting from the casing 40 assist the conduction of heat from the casing 40 to the surrounding

water.

{8044} The interior of the device 12 is similar to the interior of the device 10, The casing 40
defines a chamber for the through flow of working fluid. Bars which extend across the interior
chamber from one side face to the other provide an array of pillars 30 obstructing flow just as

described for the device 10.

{8645] Fig 5 shows another possible cross section for pillars 3¢, The surfaces 54 have convex
curvature and intersect concave surfaces 55 at edges 56, Fluid flows through the gaps between
edges 56 as shown by the broken lines and is compelled by the arrangement of pilfars to change

direction as it does so.

[0046] The working fluid circulated through the heat exchange devices 10 and 12 may be an

aquecus solution of a long chain partially hydrolyzed polyacrylamide lisear polymer with a
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molecular weight of more than 1 MegaDalton and possibly more than 3, or 5 or 10 MegaDaltons,
Its concentration may be no more than 5% by wetght and may possibly be no more than 1% by
weight. Such polymers are available from SNF Floerger, whose headquarters are in Andrézieux,
France. The working fluid also contains a small concentration of a biocide to prevent biological

degradation of this polymer.

[0647] The circulating pump 16 propels the working fluid at a flow rate such that flow entering
at the device 16 at its inlet 26 13 laminar and flow entering the device 12 is also laminar. This flow
rate 1s such that as the working fluid flows through the arrays of pillars within the devices 10 and
12 it is in a state of elastic turbulence. In the device 10 this has the effect of transferring heat
energy from the casing surface 20 to the working fluid more rapidly than would be transmitted by
conduction under couditions of laminar flow without elastic turbulence. Sinularly, in the device
12, elastic turbulence increases the rate of transfer of heat from the working fluid to the casing 40

of the device 12, from which the heat energy passes on to the water surrounding the device 12,

{0048} The ability of a solution to display elastic turbulence can be shown experimentally. In
a cone and plate rheometer cell, the ouset of elastic instability with application of increasing shear
is observed as an apparent increase in viscosity at a particular shear rate associated with an abrupt
increase in the noise in the measured torque signal. This has been described by D.O. Olagunju,
“Instabilities and biturcations of von Karman similarity solutions in swirling viscoelastic flow”, Z
angew Math Phys, 46 (1995) 224-238 and also by E Tran, A Clarke, “The relaxation time of
entangled HPAM solutions in flow”, Journal of Non-Newtonian Fluid Mechanics, 311 (2023)

104954.),

2

[0849] Fig 6 15 a plot of viscosity against increasing shear rate for two aqueocus solutions
containing 0.45¢ wit% sodium chioride, a small percentage of a linear polyacrylamide with
molecular weight above 10 MegaDaltons and a few drops of a biocide consisting of isopropancl
and thiourea. In one of these aqueous solutions the polyacrylamide was 0.24wt% of Flopaam3630
from SNF Floerger which has mean molecular weight of 18 to 20 MegaDaltons. In the other
agqueous solution the polyacrylamide was 0.2wt% of Flopaam 6040, also from SN Floerger, with
a mean molecular weight between 25 and 30 MegaDaltons. For both solutions, the onset of elastic

turbulence with increasing shear rate can be seen as the change in slope of the plotied curve at

10
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about 15087, (With heat transfer devices shown in Figs 1 to 4, the shear rate for the onset of elastic
turbulence would be less). Additional experimental work demonstrating elastic turbulence in
polymer solution and in a solution of viscoelastic surfactant is described below with reference to

Figs 14 and 15,

LHERI A minimum flow rate required to cause elastic turbulence in a heat exchange device
and the rate of heat transfer to or from the cireulating working fluid can both be determined
experimentally. Apparatus for this is shown in Fig 7. In this apparatus the heat exchange device
10 (or a preliminary model for such a device) 1s connected to a pump 60 which delivers liguid
from a tank 62 which 13 maintained at a fixed temperature. Pressure sensors 64, 65 and temperature
sensors 66, 67 are fitted at the inlet and outlet of the device 10, The temperature sensors 66, 67
may be thermocouples. The outlet 28 from the device 10 is connected to a graduated vessel 68 for
measuring volume of liquid which has been pumped through the device 10 in a chosen interval of

time, and thereby determining the flow rate.

[0851] When liguid from the tank 62 is pumped through the device 10 there will be a pressure
drop between the inlet pressure sensor 64 and the outlet pressure sensor 65, When the flow rate
through the device 10 is very low, the flow will be faminar, without any elastic turbulence. The
minimum flow rate to cause elastic turbulence in the device 10 can be found by progressively
increasing the pump speed to increase the flow rate and plotting the pressure drop against flow rate
or plotting the pump speed, which is indicative of pressure drop, against flow raie. This plot will

show a change in siope on reaching the flow rate at which elastic turbulence begins.

18052} This 1s itlustrated by the following description of experimental work with apparatus as
shown in Fig 7. The results of the experiments are shown o Figs 8 and 9. An imtial calibration
determined relationships between pump speed and flow rate. The tank 62 was filled with water.
The pump was used to propel water through the device 10 ai progressively increasing flow rate.
The pump speeds and the flow rates measured downstream of the device 10 were recorded and are
shown in Fig § (triangle points). This calibration procedure was then repeated with an agueous
solution containing 0.1 wi% of Flopaam 3630 polvacrylamide in the tank 62, This gave the non-

Hnear plot also shown in Fig 8 (circular points).

11
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{6053] Fig 9 shows the measured pressure drops plotted against flow rate. With water the plot
was approximately linear (as would be expected because water is a Newtonian fluid) but with the
polyacrylamide solution there was a very sharp change in the slope of the plot at the point 70,
indicating that the flow rate at this point was the minimum required to cause elastic turbulence

with that polyacrylamide solution and device 10.
[6054] A calculation of Reynolds number, at a flow rate giving elastic turbulence was as
follows:

The flat faces 32 of the pillars had a width “a” of 4mm and the height of the pillars was 7mm. The
spacing “b” between the faces 32 of adjacent piilars was 2mm and so the gaps between adjacent
edges 34 was V8 = 2.83mm. A full line of pillars transverse to the overall direction of flow

comtained 12 pillars with 11 gaps between edges 34, d 30 the cross section available for flow was:

TIx 7x2.83mme =11 x 7107 x 2.83 107 m?.

. 75% 107 mgsec'l

Flow rate was measured as 75 ml.sec”
Density of the fluid was 1000kg/m”; dynamic viscosity was 0.008Pa.sec.

Puiting these numbers into the formula mentioned above:

po PQL __ 1000x7.5.107° x2.83.107
T WA T B10%x11x7.10-% x 2.83.10-3

whichisRe= 2.1

~3

{6B55] The apparatus of Fig 7 was also used to observe the rate of heat transfer through the
surface 20 and into the device 10, For this, electrical resistors 72 serving as heating elements were
fitted to the surface 20. The cutlet 28 from the device 10 was connected to the tank 62 along a
flow path partially indicated at 71, so that flow was in a closed circuit. A chiller was used to

maintain the tank 62 at a fixed temperature.

{6056) Measurements were made with the Flopaam 3630 polvacrylamide solution in the flow
circuit and also with water in this circuit. Measurements were made at a number of pump speeds.

At each pump speed the electrical power to the resistors 72 was increased in steps and the

12
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temperature difference between the thermocouples 66, 67 was recorded.  For each pump speed,
this temperature difference was plotted against the clectrical power supplied to the resistors 72,
These plots were all lingar and the slope of the ling was a rate of heating the fluid flowing through
the device 10. It was observed that when the flow rate was sufficient to cause elastic turbulence,
the rate of heating was cousiderably increased. Without elastic turbulence the transfer of heat into
the flowing fluid was solely conductive. When elastic turbulence was present, the transfer of heat
meluded movement, brought about by the elastic turbulence, of heated fuid away from the surface
20 and into the body of the flowing fluid. In short, when there was elastic turbulence, the heat

transter was convective as well as conductive.

{80587} Calculations to show this quantitatively used the Nusselt number which is a
dimensionless number indicating ratio of convective heat transfer to conductive heat transfer. The
formula for a mean Nusselt number relating to heat transfer between a fluid and a flat, solid surface

Q

18

— CW Ty = T )
N = W o Iﬁ)
YURA T AT, (13

where m is the mass flow rate, k and € are the thermal conductivity and specific heat capacity
respectively, A, and W are geometric parameters of the flow channel (surface area and width).
Timo and T, are the outlet and inlet temperatures respectively, and AT, is the log mean
temperature ditference defined as:

(T = To) = (B = )

8y, = n { W E
(TW """ Tm, i ) |

where T,, is the wall temperature , in this instance the temperature of plate 20 heated by the resistors
70. For each pump speed a ratio of the mean Nusselt number with polyacrylamide solution in the

flow circuit and the mean Nusselt number with water tn the flow circuit is given by the formula:

Nu polymer _ " polymer n ETMV',pol:‘rmer ﬁ'n,o,palyme'r] !H{ngpolw’rwr Tn'z,i,pt;!.ym,erj

v

R ;. o gy T
Nu water Moyater | in E_Iw,wafer - !m,o,water] - lnirw,water - im,i,warer]

13
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This ratio was calcuiated for each pump speed and the calculated ratios are shown in Fig 10, It
can be seen that at pump speeds below 62 rpm, where there was no elastic turbulence the ratic was
close to one, but above 62 rpm the ratio progressively increased with pump speed, confirming that
elastic turbulence was considerably enhancing the rate of heat transfer into the fluid in the flow

circuit.

8058} In some embodiments of this disclosure, the working fluid is an emulsion or
suspension where the disperse phase is able to melt and to freeze at temperatures where the
continuous phase is liquid. Emulsions and suspensions are used extensively in a wide range of
commercial products over a wide range of indusiries. Emulsions are liquid-in-ligquid systems with
small drops of one liquid (the dispersed phase} distributed within another liquid (the continuous
phase). The two liquids may be {and wsually are) immiscible. The dispersed phase may be
stabilized against coalescence by a surfactant in the composition or possibly by solid particles
{smaller than the emulsion droplets) at the interface between the dispersed and continuous phases.
An emulsion stabilized with solid particles is sometimes termed a Pickering emulsion

Suspensions have smali particles of solid suspended within a continuous liquid phase.

[0059] If meliing and freezing of the disperse phase of an emulsion take place within a
temperature range where the continuous phase is liquid, the disperse phase may freeze and remain
as a suspension of solid particles in the continuous phase. Because the continuous phase remains
Hquid, this suspension remains mobile, capable of flow and pumpable. Such a two-phase liguid is
termed a phase change material emulsion (PCME). If a PCME is used as a working fluid for heat
exchange or heat storage, with temperatures such that the disperse phase undergoes melting or
{reezing, the heat-carrying capacity of the fluid includes the latent heat of fusion of the dispersed
phase {or the latent heats of the disperse phases if two or more are present and change between

solid and liquid) because this latent heat is supplied to cause melting and is given out on freezing.

wosier

{6060} As an iilustration of this, if a unit mass of water with specific heat capacity <,

is heated from temperature T to terperature T, the enthalpy change is:
water __ _ water _
AE™" =3 (T, ~ 1))

14
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{funit mass of an emulsion containing proportion ¢ of an oil is heated over the same temperature

range, and the melting point of the otl is between Ty and T,, the enthalpy change is:
" ”
AJL P :¢(Loz +C;l (Tz _Tl))
water
+(1=9)e™ (I -1))

where LU is the latent heat of fusion of the oil and for simplicity it is assumed that the specific
heat of the ol is the same for its frozen and liquid forms. In the case of a PCME containing 30vol%
of hexadecane as the disperse phase in water as continuous phase, and with a temperatore rise of
15° spanning the melting temperature of the hexadecane, the enthalpy change of the PCME

calculated using published values for specific heats and fatent heat s 1.97 times that of water alone.

{6061 The use of 3 PCME as working fluid and the use of a working fluid displaying elastic
turbulence can work in co-operation with each other. Using a PCME may reduce the volume
and/or the flow rate of working fluid required to carry heat without directly altering the rate at
which heat is transferred into or out of the working fluid. lndeed, use of 2 PCME may even reduce
the rate at which heat is transferred from or to the working fluid, because the PCME may have
fower overall thermal conductivity than its continuous phase. Use of elastic turbulence iraproves
heat transfer at the interface through which heat is carried into or out of the working fluid. and so
can reduce the size required for this interface or reduce the required flow rate over this interface
and in consequence reduce the required pumping power. Thus the use of a PCME as working fluid
jointly with elastic turbulence at the point of heat transfer to or from the working fluid can reduce

the size and/or power demand of equipment o transfer heat by means of a flowing working thud.

6062} The continuous phase used for the PCME may be an agueous solution. However, it
could be a non-aqueous liquid such as an organic solvent or a low viscosity polydimethy! siloxane,

commonly referred to as low viscosity silicone oil.

{6863] The disperse phase or phases of the PCME should not be agglomerated by interaction
with the polymer which enables elastic turbulence. A disperse phase may therefore be an organic
compound without heteroatoms, such as a paraffinic hydrocarbon, or may be aun organic compound
tn which the only heteroatoms are oxygen atoms in ester or ether groups. It is also possible that a

disperse phase is a fluorocarbon.
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{6064] A number of factors may destabilize emulsions. In particular, so called ‘creaming’ is
a problem encountered when the disperse and continuous phases are of different densities. It refers
to the migration of emulsion droplets to the top of the emulsion, resulting in the eventual separation
of phases. Emulsions additionally suffer from coalescence, where droplets merge to form larger
droplets unless kinetically arrested using surfaciants. A polymer which enables elastic turbulence
may also stabilize against creaming. A further possibility isio incorporate a second polymer which
will not by itself enable elastic turbulence to occur but will slightly enhance viscosity and thereby
stabilize the PCME against creaming. More specifically a second polymer may be weakly
associative so that a weak or critical gel is formed (i.e. giving the fluid solid-like properties) under

quiescent conditions. As soon as flow staris the weak structure is broken and the emulsion flows

casily.
[B6065] The amount of a second polymer included to stabilize the emulsion may be under 5%

¢

by wetght, and may be in a range from 0.05% or 0.1% up to 1% or 2% by weight.

{80606} The following experimental work shows a PCME which displays elastic turbulence.

The continuous phase was an oil-in-water emulsion containing the following materials:

Material Concentration Fuaction
Sodium Chioride 433 ofL Salimity modifier
Xanthan 225 g/l Gelator
Polyacrviamide (HPAM) 0.54 o/F, ) Elasticity
Sodium Dodecyl Sulfate (SDS) 1.54 o/1, Dispersant
Deionised Water halance solvent

The polyacuylamide was Flopaarn 3630 as mentioned above, with molecular weight

18-20 MegabDaltons. The disperse phase was hexadecane.

16067} Preparation of the emulsion began with preparation of three compositions as follows:

1. Xanthan in brine. 0.5g of xanthan powder was added to 99.5¢ of 4.55 g/L. NaCl brine. The
xanthan was mixed for 5 — 14 minutes at 5000 rpm with a Suverson L5 lab mixer fitted
with a general purpose disintegrating head. The mixed solution was heated to 80°C with a

hotplate and magoetic stirrer and then cooled.
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2. Partially hydrolyzed polyacrylamide (HPAM) inbrine. 0.12g of Flopaam 36308 was added
to 99.88g of 4.55g/1 NaCl brine. The mixed solution was stirred with a magnetic stirrer at
200rpm overnight.

3. Hexadecane emulsion. 46.38g of hexadecane was added to 1533.62g of a Zwi% sodium
dodecy! sulfaie (SD8) solution in 4.55¢/L brine whilst shearing at 6000rpmu in a Silverson
LS mixer fitted with a high shear screen. The droplet size distribution was measured in a
Malvern Instrurnents Mastersizer 3000, The dso parameter for the emulsion droplets was

measured as 4.56 pm.

{0068] The xanthan solution and the HPAM solution were combined in a ;1 by weight
proportion. The combined solution exhibited elastic turbulence which was detected as a
rheological flow instability observed with a cone and plate rheometer as mentioned above. Fig 11
is a plot of viscosity vs shear rate for this example HPAM / Xanthan mixture. In this measurement,
made in a theometer cell, the onset of elastic turbulence with increasing shear rate can be seen at

about 13058

{6069} The PCME was then made by mixing the combined solution and the hexadecans
emulsion. PCME’s containing 0.6vol%, 1.5vol% and 3vol% of the initial hexadecane emulsion
were observed to be stable to creaming and each exhibited elastic turbulence when tested using a
cone and plate rheometer as above. The onset of elastic turbulence on increasing shear rate was

again seen at about 15087

{6076] A sample porticn of this PCME formulation was examined by differential scanning
calorimetry. The results are shown by Fig 12 The measurement was started at 30°C and
temperature was reduced at 1°C/imin. Freeziog of the hexadecane droplets occurred at about 11°C.
The sample was cooled to -10°C and was then heated (for this composition at this cooling rate the

continuous phase did not freeze). The hexadecane then melied at 18°C.

{8071} As an example, a heat exchange circuit as in Figs 1 to 3 is used to heat a water supply
with an incoming temperature of 5°C. The working thiid is as described above with hexadecans
as disperse phase in an aqueous continuous phase containing polyacrylamide and xanthan. The
heat exchange device 10 exposed to the sun raises the temperature of the working fluid to at least

25°C so that the disperse phase is emulsified liguid droplets as it leaves the device 10 through
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outlet 28 and as it enters the device 12 In the heat exchange device 12 the working fluid is cooled
t0 10°C, so that the hexadecanc disperse phase freezes to suspended solid particles.  The working
fluid is then pumped again into the device 10 where the solar heat provides the latent heat to melt
the frozen hexadecane droplets as well as raising the fluid temperature to 25°C. Consequently, the
heat carried from the beat exchange device 10 to the device 12 and given out from the device 12
to the surrounding water comes both from the drop in temperature of the working fluid and the
fatent heat of fusion given out as the disperse phase solidifies. At the same time the elastic
turbulence increases the rates at which heat is carried into and out of the working fluid. As a
consequence of these, the heat exchange devices may be smaller than would otherwise be required
and the energy used in pumping the working fluid may be less than would be required to pump a

working fluid at a flow rate giving inertial turbulence.

[6072] Further demonstrations of elastic turbulence, both when caused by viscoelastic
surfactant and when caused by high molecular weight polymer, were carried out using using a
flow guide 100 as shown by Fig 14 in apparatus as shown schematically in Fig 15. The flow
guide 100 bad a regularly spaced array of pillars 102 of square cross section integral with a base
103, Two edges of the array are completed with pillars 104 which have a triangular cross
section. This array of pillars is stmilar to the array 30 shown in Fig 2 but with a smaller number
of pillars. This flow guide 100 was made of transparent polvimer and was located within a
surrounding chamber 108 as shown in cross section in Fig 15 The chamber 108 was formed by
two blocks of transparent polvimer, 110, 112 held together by bolts which are not shown. The
flow guide 100 was in a cavity between the two blocks. There was a liquid inlet 113 to the
cavity and a liguid outlet 114, When liquid was pumped through the chamber 108, it flowed
through the gaps between the pillars 102. These compelled repeated changes in direction of flow
as the hquid Sowed through the gaps between pillars (as illustrated by Fig 4 referred to above)
which caused elastic turbulence to oceur, if the liquid contained a substance able to display

clastic wrbulence and the flow velocity was sufficient.

{6073) The apparatus shown by Fig 15 enabled the occurrence of elastic turbulence to be
observed utilizing the phenomenon of birefringence. The apparatus has some similarity to

apparatus described by Moss GR and Rothstein JP in “Flow of wormlike micelle solutions through
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a periodic array of cylinders” Joumnal of Non-Newtonian Liquid Mechanics, Vol 165 pages 1-13,

2010.

{6074} Beams from a red LED light 125R and a green LED light 125G were directed along
paths, respectively shown as a sclid line and as a broken Hne, towards a video camera 126, The
chamber 108 containing flow guide 100 was positioned between linear polarizing filters 128K,
129R set with their polarization directions at right angles {i,¢, crossed) and between linear
polarizing filters 128G, 129G which were also set with their polarization directions at right angles
to each other. Counsequently, no light could reach the video camera 126 unless birefringence in
the chamber 108 altered the angle of polarization of light passing through the chamber. The filters
128R and 128G were set with their polarization directions at right angles to each other, so that the
planes of polarization of the red and green light entering the chamber were at right angles to ¢ach
other. Dichrote mirrors 130 which pass the red beam and reflect the green beam were used to
merge the red and green beams, then to separate thero after they have passed through chamber 104,

and subsequently to reunite them before they arrive at the camera 126.

8075) Other parts of the apparatus were mirrors 138, lenses 132, red and green bandpass
filters 134G and 134R and dichroic mirrors 136 which were set with a 90° difference in rotation
with respect 10 the red beam path in order to cancel rotation of polarization induced due to Fresnel
refraction.  Such dichroic mirrors were not needed for the green beam because its polarization was

such that no rotation of polarization was induced.

{8076} Wormlike micelles formed by viscoelastic surfactants are birefringent. Consequently,
when these molecules became aligned by liquid tlow within the chamber 108 and were illuminated
with polarized red and green light, they changed the plane of polarization of the light thereby
allowing some of this light to pass through the filters 129R and 129G to the camera, although this
did not occur if the alignment of the micelles coincided with the plane of polarization of the light.
Providing two light beams with different planes of polarization as they entered the chamber 104
addressed this issue: any micelles aligned with the red polarization would not be aligned with the
green polarization and vice versa. Hence the apparatus was sensitive to polarization alignment in

any direction.
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[6a77] When there was flow of a liquid containing wormlike micelies through the chamber,
these micelles became aligned through extensional flow as the hquid flowed around the pillars 102
of the flow guide 100, and the birefringence from the aligned micelles could be seen as red or

green color in pictures or video recorded by the camera 126

{6078} A first experiment was carried out using a solution similar to one mentioned by Moss
and Rothstein in the paper above. This solution contained 100mM (approx. 4wt%) of the
viscoelastic cationic surfactant cetylpyridinium chioride and 50mM (approx. 0.8wt%} of sodium

salicylate dissolved in a brine of 100mM (approx. 0.6 wi%) NaCl in distilled water.

[6679] The viscoelastic solution was pumped through the chamber 108 at a low flow rate of
Smi per minute. The camera 126 recorded video at twenty frames per second for a period of 5
seconds and the recording showed that the pattern of flow around the pillars 102 of the flow guide
100 remained constant. Four pictures from that video recording, at half second intervals, are shown
in grayscale as the top row in Fig 16 and it can be seen that there was negligible change from one
picture to the nexi. The original colored pictures showed a line of red color extending in the flow
direction from the downstream corner of each pillar. A white outline has been drawn around one
of these as indicated 140 in one picture. These lines of red color remained at the same intensity
and in the same position throughout the video recording. The flow rate was then increased 0
25ml/min and video was again recorded tor 5 seconds. This video recording of flow at 25mi/min
was very different from that at Smi/min. It showed constant movement. Patches of color, showing
where extensional flow was aligning micelles, were constantly moving from one position to
another and varying in intensity. Four pictures from the video with 25ml/min flow rate are
reproduced in greyscale as the bottom row of Fig 15, There were a number of changes from each
piciure to the next. For instance, arrow 141 points 1o a patch of red color which was present in
one picture but absent from the preceding picture and diminished in the two subsequent pictures.
At the position 142 there was an ares of red color which was not present in the preceding picture
and agatn duminished in the next two pictures. The second picture in the lower row also showed
an intense green area 143, which was not present in the first picture and which largely disappeared
in the third picture. Thus it could be seen that flow at 5 mi/min was Jaminar but at 25mi/min the

flow had become turbulent.
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{0680) Similar experiments were carried out with solutions containing partially hydrolyzed
polyvacrylamide of average molecular weight 18MDa (HPAM) to enable the display of elastic
turbulence and containing xanthan as an additional thickening agent, and with comparative
solutions containing only xanthan (which was too rigid to cause elastic turbulence, as mentioned
above). These polymers do not form micelles but do cause birefringence when aligned. Again
elastic turbulence was not observed at a flow rate of Sml/min but was observed at faster flow rates.
Flow rates and observations are given in the following table which also repeats the comments from

the above experiment with viscoelastic surfactant.

Solutes Flow rate Comments concerning pictures
4wt% cetyl pyridinium | Sml/min Red lines extending downstream from pillars do
chloride not change position.  No changes in overall
0.8wt% sodium appearance
salicvlate and 25mi/min Red lines extending downstream from pillars
0.6wt% sodium chioride change angle relative to flow direction. Green

areas appear, change posttion and disappear.

0.25wt% HPAM  and | 5 mi/min Red lines extending downsiream from pillars do
0.25wt% xanthan not change position. Green areas do not change.
1S mi/min, Movement of red areas extending downstream

and 30mi/min | from pillars, prominent green areas appear and

change position

0.5wt% xanthan 5 rol/min, Red and green areas do not change position at any

30ml/min and | flow rate

40mol/min
0.25wt% xanthan 30mb/min Red and green areas do not change position
0.12wt% HPAM, 5 ml/min Red and green areas do not change position
0.12wt% xanthan, 4Sml/min Red and green areas change in shape and position

0.465wi% NaCl
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{t is apparent from these comments that the solution containing HPAM and xanthan displayed
elastic turbulence at 15ml. sec and above, but solutions containing xanthan without HBAM did

not display elastic turbulence even at 30ml/min.

{6081} The various embodiments of this disclosure which have been set out above are
intended to assist understanding of this disclosure, but not to limit in any way the scope of this
disclosure as defined by the following clairas. It should be appreciated that any features or
possibilities described in combination may, where it is practical to do so, be used individually.
Also, features or possibilities mentioned 1u the following claims or described in any embodiment
may be used in any other embodiment, in so far as it is practical to do so and in particular where
two or more of the following claims are dependent on the same preceding claim, the reader should
understand that the present disclosure includes any possible combination of any two or more or all

of those dependent claims with each other and with that preceding clairm.
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CLAIMS

1. A method of moving heat into or out of a flowing fluid, comprising;

pumping the fluid through a heat transfer device wherein the heat transfer device
COmprises:

a chamber for through flow of fluid and wherein a chamber wall in contact with the
flowing fluid ts an interface through which heat energy is transferred to or from the flowing
fluid, wherein the chamber contains an array of spaced cbstructions compelling the
streamlines of the flowing fhuid to repeatedly change direction in order to tlow through
gaps between the obstructions;

the fluid contains a solute which enables the fluid to display elastic turbulence;

the flow rate of the fluid in the chamber is such that the flowing fluid is in a state of
clastic turbulence, and

the viscosity of the fluid, the flow rate of the fluid within the chamber and the width
of the gaps between obstructions gives a Reynolds number (Re} for the flow which isina

range from 1 to 1000,

The method of claim 1, wherein the heat transfer device is part of a heat exchange system

=

comprising:
a second heat transfer device at a different location, a pump and pipework
connecting the pump and the heat exchange devices as a closed circuit containing the said

fluid.

3. The method of claim 1, wherein the solute which enables the fluid to display elastic
turbulence 18 a polymer contaiming at feast 5,000 monomer uniis 1o one or more linear
polymer chains each containing at least 1000 monomer units, connected one to the next by
a single covalent bond so that one monomer unit can rotate relative to adjoining monomer

units.

4. The method of claim 1, wherein the solute which enables the fluid to display elastic

nb

turbulence is a polymer with a molecular weight above 10" Daltons.
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The method of claim 4, where the polymer contains a linear chain of at teast 5000 monomer

units.

The method of claim 3, wherein the polymer is a polyacrylamide or polyacrylamide

derivative.

The method of claim 1, wherein the solute which enables the fluid to display elastic
turbulence is a worm-like micellar surfactant system comprising one or more aggregating

molecule species.
The method of claim 1, wherein the chamber has a volume of at least 50ml

The method of claim 1, wherein the fluid 1s an agueous solution containing not more than

5% by weight of the solute which enables the fluid to display elastic turbulence.

The method of claim 1, wherein the fluid is an emuision with a continuous phase which is
a solution of the solute which enables the fluid to display elastic turbulence and a suspended
disperse phase which changes between solid and liquid at temperatures where the

continucus phase is liquid.

The method of claim 10, wherein the suspended disperse phase melts above -80°C and

below 150°C.

The method of claim 10, wherein the continuous phase ts an aqueous solution of the solute

which enables the fluid to display elastic turbulence.

The method of claim 10, wherein the suspended disperse phase comprises one or more

aliphatic organic compounds containing alky! groups of at least 12 carbon atoms.

The method of claim 13, wherein the suspended disperse phase comprises one or more

saturated alkanes of at feast 14 carbon atoms.

The method of claim 1, further comprising;
obstructions extending across the chamber from an interface to the chamber wall

spaced from the interface.
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A system for moving heat energy comprising:

a heat transfer device including a chamber for through flow of fluid wherein a
chamber wall is an interface through which heat energy is transferred to or from the flowing
fluid, a fluid and a purmp for pumping the fluid through the chamber, wherein:

the chamber contains an array of spaced obstructions compelling the streamlines of
tlowing fluid to repeatedly change direction in order to flow through gaps between the
obstructions;

the fluid contains a solute which enables the fluid to display elastic turbulence; and

the system is contfigured so that the viscosity of the fluid, the flow rate of the fluid
within the chamber and the width of the gaps between obstructions gives a Reyonolds

number (Re} for the flow which is in a range from 1 to 1000,

The system of claim 16, wherein the heat transter device is part of a heat exchange system
coraprising:

a second heat transfer device at a different location, a pump and pipework
connecting the purnp and the heat exchange devices as a closed circuit containing the said

fluid.

The system of claim 16, wherein the solute which enables the fluid to display efastic
turbulence is a polymer containing at least 5,000 monomer units in one or more linear
polymer chains each containing at least 1000 monomer units, connected one to the next by
a single covalent bond so that one monomer unit can rotate relative to adjoining monomer

urniis.

The system of clairo 16, wherein the fluid s an aqueous solution containing not more than

5% by weight of the solute which enables the fluid to display elastic turbulence.

The system of claim 16, wherein the fluid is an emulsion with a continuous phase which is
a solution of the solute which enables the fluid to display elastic turbulence and a suspended
disperse phase which changes between solid and liquid at temperatures where the

continuous phase is liquid.
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