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RECYCLING LOW GRADE WASTE HEAT TO ELECTRICITY
ABSTRACT

Most mining and metallurgical industries produckatieely large quantities of low grade waste
heat which they vent, for the most part, to theirmmment. To date, little is being done to recoseme of
this heat and transform it from low grade to a higgade energy form such as electricity. A few desad
back this was also true of paper, plastics and ImeRacycling was not a prominent activity. Toda, all
know that it is and that recycling is a must fostainable development. To this end, we feel thatavee
now at that point in time when the recycling of teadeat to electricity must be given serious
consideration. By recycling waste heat one canexehat least one if not two of the following beteefil)
reduction in the carbon footprint — by improvingetloverall energy efficiency of a process, and 2)
production of electricity at an economically viallest.

We have developed a process that captures, coatestand converts (3 C's) waste heat to
electricity. The process comprises 3 distinct imtéing units. The first unit captures and concéesravaste
heat using heat pipe technology. The second umverts some of the concentrated heat to mechanical
work which can then be readily converted to eleittri This unit is based on the classical pistolicier
engine arrangement that is widely used by consutogpswer systems with compressed air, for example.
The third unit of the process dissipates the Heatthe engine cannot convert to high grade endrgyso
uses heat pipe technology to achieve this. The owtibn of the 3 units forms a unique system for
recycling waste heat. This paper describes theesystnd it presents some results that show how the
system can be made to be economically viable.
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INTRODUCTION

Production of energy from renewable sources watsafail in the late 20 century. The rapid
depletion of fossil fuel reserves along with thevismnment pollution caused by the misuse of thisnma
source of energy was one of the predominant motfeesscientist and engineers to explore every
possibility to move from the traditional fossil fugased energy to green energy production. Thigltezs
in extensive researches in the production of endrgyn renewable sources and improvements in
efficiency of current technologies.

The most attractive characteristic of renewableousses is their infinite nature. Employing
renewable energy also contributes to a green emvient. However the energy available from renewable
sources is much less concentrated than that prbigiefossil fuels and nuclear energy. This makes t
processes based on renewable energy less effamehmore costly for large scale industrial usemast
cases.

Governments’ policies and subsidies in favor ofereable energppened the doors to a new era
in the field of renewable energyhe production of energy from renewable sources abst that is
competitive with fossil fuels. The sun, wind, waterd biomass were the first renewable sources to be
explored; however they are limited by the environtak condition and they require relatively large
investments. Geothermal and waste off gases fralusinies and mines are the next group of renewable
resources to explore. This energy is often refetoeds low grade waste heat. Most of this enesgy i
simply vented to the environment. In the futurwiit be necessary to capture and convert sombefaw
grade heat to a valuable form such as electritityeiare to improve on the efficiency of energygesa



The authors are exploring the possibility of prddgca valuable form of energy from low grade
thermal energy which until recently was simply disted.

Current State of Energy in Canada

A statistical study by U.S. energy information adisiration office shows that non-renewable
sources of energy (petroleum, coal, natural gasuaadium) constituted 62% of the total energy sesirc
shown in Figure 1 (US Energy, 2012). The renewablgces of energy (biomass, hydropower, wind, solar
and geothermal) comprised the remaining 38%. Imghsstonsume 37% of total energy consumption.
Primary metal manufacturing and the non-metallioemél production sector consume 27.7% of produced
energy. Mining industry alone uses about 4% ofl teteergy production. What the reports and statidiic
not show is how much of the energy which is fed firocess or a device is then dissipated as waatelh
is estimated that over 100 tetra joules/year oftevhgat which is typically less than 28&0is dissipated
from industrial processes to the environment (CdBENERGY, 2008). What has been notable until
recently is that this source of energy was dischatel there was little attempt to recover soménisflow
grade waste heat.
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Figure 1 - Total energy consumption in Canada pg ffJS Energy, 2012)

In the future, industries will be more inclined ¢apture and convert low grade energy to a
valuable form such as electricity. This is the fes@ the pressure from societies and governmeotts f
reduction in both fossil fuel energy reserves comsion and environment pollution. However, thestfir
steps should be taken by the researchers to dexdge by which this can be done. In light of this
primary objective of our research is to increase dfficiency of energy usage by capturing somehef t
‘waste’ heat in such process streams as off-gasttdheen converting this heat to a valuable eneoginf
such as electricity. Subsequent sections of thpep describe how we propose that low grade ensegy
captured, concentrated and converted to a valdabitesuch as electricity.

OBJECTIVES & METHODOLOGY

Our overall objective of the research is to demmnstthat the capture, concentration and
conversion of waste heat into electricity (the 3)Gire viable from a scientific prospective and thay
are economically feasible. Our approach is sunzedrby the following statements:
1) To develop heat pipe technology to the point ithean capture and concentrate low grade wasie he
2) To develop an engine that can convert the cdretea energy into electricity.
3) To couple the heat pipe and engine to creatélds Pipe-Engine combo that can take waste hehat an
transform it into electricity at efficiency levelghich will make it competitive with (subsidy freejnd and
solar power.



For the purpose of this paper, our objective intmduce the reader to the subject of the 3 C’s
and the cycle’s major units i.e. the heat pipe thedengine — both of which have been developedcilM
University.

HEAT PIPE TECHNOLOGY
Heat Pipe Theory

A heat pipe is a heat transfer device that utilibesvaporization and condensation of a working
substance contained within to move energy frometregorator section to the condenser section., Ihis
effect, a ‘superconductor’ of heat energy. Testgsehahown that a heat pipe can be as effective in
transporting energy as 1,000 times the equivaleanhtity of copper under similar heat transfer ctods.

In the following section we first describe a contenal heat pipe and subsequently we describe our
patented heat pipe design which we refer to apit@ill heat pipe and will be used in this study.

Conventional Heat Pipe

For the purpose of illustrating the operation ot@ventional heat pipe, it is instructive to
consider the simple orientation illustrated in Fg@. The heat pipe consists of a sealed pipé, sireular
or otherwise, containing a working substance (evgter, thermex, sodium etc.). During heat pipe
operation, heat is introduced to the pipe fromhbat source. At this section of the heat pipewbiking
substance evaporates (#1 in Figure 2). Thus, ébtos of the heat pipe exposed to the heat soarce
termed the ‘evaporator’. The vapour flows (#2}hHe heat sink section of the heat pipe (the ‘cordeh
where it condenses on the pipe wall (#3) and rsttorithe evaporator by gravity in liquid form (#4pne
will note that the classical heat pipe depictedrigure 2 involves two-phase counter current flovithe
reader is directed to the work in the referendgReterson, 1994) for additional details.
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Figure 2 - Schematic of the conventiohaht pipe (Wikipedia, 2006)

New Developments in Heat Pipe Technology — McGéhHPipe

A heat pipe that has been produced by evacuatidrée space can transport heat over a wide
temperature range even at negative gauge preseapproach relatively low values (e.g. 0.01 atm)
However, it has several significant disadvantagpeeially if the liquid phase has a relatively Ithermal
conductivity. A major difficulty that arises isé¢hiformation of a stable vapour film on the surfat¢he
containment wall. This vapour film can act to gapa the liquid from the wall. When this happens w
have a condition referred to as film boiling. Witie onset of film boiling, heat transfer at théeiface
decreases rapidly by as much as 90% or more. pFaaomenon is well documented in the literature and
has been confirmed many times by our research gfeuducciardi, Zheng, 2000).

When water is the working substance, film boilirsgially becomes a rate limiting parameter even
at low heat fluxes. It is for this reason thatevdiased heat pipes have seen limited successsadtially
no success at high heat fluxes. This was trud wetideveloped the McGill heat pipe which has tdrne
this situation around. The McGill heat pipe asctiégd in the next section has led to the developroka
new generation of heat pipe technology.



In 2006, McGill University was granted US Patent15,227 (F. Mucciardi, Gruzleski, Zheng,
Zhang, Yuan, 2006). The inventors came up with & wenfiguration for the heat pipe that could
overcome the 2 most serious limitations of a cotiveal heat pipe. One of these is film boiling ahd
other is the levitation of liquid from the leadirgd of the heat pipe. The new heat pipe, termed/t@ill
heat pipe (see Figure 3), overcomes these limitatlny incorporating 2 features in the design irhsac
way as described in the literature to form the Micl@at pipe.
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An example of a heat pipe swirler Evaporator of the McGil heat pipe Condenserofthe McGil heat pipe

Figure 3 - Distinct features of McGill heat pipe

One of the deficiencies was the occurrence of filoiing even at low heat fluxes (especially
when the operating pressure was low). The Mc@illttpipe has been shown to overcome film boiling by
creating a swirled flow within the heat pipe. A gentional heat pipe has the vapour moving
longitudinally along the inside of the pipe. Howeyvthe McGill heat pipe rearranges the flow (priiga
vapour) such that it is swirling. This causeslihaid phase within the flow to be pushed up agaihs
heat pipe wall. An example of what a swirler mifgiuk like is shown in Figure 3.

Another aspect of the McGill heat pipe is that tbafiguration of the counter current flow which
one typically finds in a conventional heat pipe basn converted to a co-current flow. In a conosal
heat pipe, vapour moves upward from the evapotattite condenser while liquid moves downward from
the condenser to the evaporator. This is an ulestaimfiguration which is prone to the levitatiohliquid
(i.e. entrainment) by the vapour flow. Thus, om@rot be certain that sufficient liquid returnsthe
extremes of the heat pipe. In the McGill heat pifinis configuration has been modified such that th
returning liquid from the condenser is carriedhe extremities of the evaporator by a separate Tihés
avoids the entrainment problem and it ensurescieffi return of liquid. Schematics of the evaporand
the condenser as embodied in the patent are shofigure 3.

ENGINE

In our research at McGill we have designed an iatiug waste heat engine which functions in a
way that is similar to a heat pipe. The engine fioams by controlling the quantity of working vapooin
the intake stroke. Moreover, one can also cottmlabsolute pressure of the working vapour. beirey
these parameters will increase the piston’s power speed. Our design focussed on maximizing the
variability in operating parameters to experimeithvpower output and alternative working fluids.vém
that our engine is tied into an evaporator and redenser and given that the fluid in the engineudtrc
cycles between liquid and vapour, we decided tbaal engine — a heat pipe engine. The heat @Epe i
coupled with a high temperature heat pipe systenor@ side and a low temperature heat pipe or heat
exchanger system on the other side. The engiaelissed system, in which there is no flow inteat of
the boundaries of the engine. These 3 closed lgsferms are shown schematically in Figure 4. The
general layout for the heat pipe engine system cisepa boiler, a pump, a condenser and the mezdiani
engine with a possible expansion of the desigmatude other engines shown by the dotted portidns o
Figure 4. With this design it is possible to addesal engines to the system, without adding nevieb®i
and condensers with each power producing engirie bbiler creates steam which is fed into the engin
cylinder. An injection valve is used to controjeiation of steam into the engine cylinder. An axta
valve controls the timing when the expanded stesmxhausted into the condenser. A pump feeds
condensed working fluid from the condenser to thieb, thus completing the closed cycle. The pusp



necessary to transfer the condensed liquid fromioié pressure condenser back to the boiler whicht
a higher pressure. A block diagram of the engimieis also illustrated in Figure 4.
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Figure 4 - Heat pipe cycle

The heat being provided is waste heat, and is fimereessentially free from a cost perspective.

However, in order to maximize power output, thereféiciency is an important consideration. Theianag

is being modelled using ideal processes to determifirst order approximation of the energy outfiat.
measure the success of our engine design, cer&hicsor quality characteristics were considergzhsas
power output, size, efficiency, valve timing adalstity, the rate of steam injection and exhaugtle
time of valves, boiler pressure control, cylindeggsure control and material requirements. Altthotings

is not an exhaustive list, these characteristiceevebosen as the most important metrics. The higat p
engine design is based on steam. However, iss@dsigned for experimental use, and as such sag u
working fluid besides water, such as an organitthis paper working fluid and steam are both reféto
and represent the same function.

ENGINEERING DESIGN

This paper describes the basis of the design ofvéte heat recovery system that comprises 3
distinct (and separate) units. As described inpilerious section the engine comprises central afriihe
waste heat recovery system. As one can apprethatg@hysical sizes of the unit will depend on a ham
of parameters. Thus, it is not possible at thisyestage of the research to justify why certaingpaeters
were sized the way they were. For now it suffiaestate the overall design of the system was based2
cylinder engine with dimensions given in. The hesgtture unit and the heat dissipation unit weredsin
satisfy the constraints imposed by the engine.

Heat capture Unit — Heat Pipe

As noted earlier, heat pipe technology is usedhfiilce waste heat as well as to dissipate heat that
cannot be converted. Thus the area of heat traimsfef great importance. To be able to increase the
surface area without increasing the size of theceeiv is decided to make an annular heat pipe. fidwt
pipe is sized at an outer diameter of 25 cm, iml@meter of 15 cm, and length of 1 m to achievata of
heat transfer of 12 kW. It is nested in an extechadt of 30 cm in diameter. It is important toentthat 12
kW of heat is not necessary for the operation eftthat pipe. If less heat is extracted from thé bearce,
the engine will simply produce less power.



Engine

Improving the power output/size ratio of the engmene of the primary goals of the project. A
design which experiences fewer losses will likedyd a larger ratio. Furthermore, systems whictahte
to perform a cycle more quickly are likely to havdigher power-to-size ratio since each cycle dastpu
discreet amount of work in joules, increasing cycer second increases output wattage. The engine
design is likely to have the largest ratio, beiideao run most quickly and experience the fewessés.
Ease of manufacturing and controlling and sensirgpgrties are other factors in the design of this
prototype.

Figure 5 shows the current design of the engineTatde 1 summarizes the engine parameters.

Table 1 — Engine’s parameters Cylinders
Diameter cylinder(m) 0.076 m 4
Piston Area (1) 0.0045 m
Height Bottom Dead Center (m 0.025m
Height Top Dead Centre (m) 0.049 m
Injection pressure (atm) 2 atm
Expanded Pressure (atm) 1 atm
Injection time (s) 0.15s

Figure 5- Double cylinder engine

Heat Dissipating System — Heat Exchanger

The purpose of the heat dissipater is to removesitoess waste heat that the heat pipe engine
cannot convert to work. It intakes the wet steaavileg the heat pipe engine. In the heat dissipéer,
rejected steam interacts with a fluid. Heat isd¢farred from steam to the fluid, and the steanoiglensed
to its liquid state which will be diverted back tine heat pipe via a pump, where the liquid willree
vaporized to steam. This process can be accomgligleing a radiator, or simply a system of
interconnecting tubes. In this stage of the resgdtovas decided to design a heat exchanger aadaus
cool stream of water to achieve our gdabol water will flow through the coils and absorsah from the
working fluid. At the end of the coil, the water i®w warmer than it was when it entered. This warm
water can be used as a hot water source in thé gidactory, saving some energy normally usedawegr
the hot water tank.

Figure 6 - Heat dissipater

As shown in Figure 6, there is a series of coilslenaut of copper, which are used to pass the
cooling tap water through our system. The coilsehaw inner diameter of 7.7 mm and an outer dianoéter



9.5 mm. They are arranged horizontally in a wake-pattern, with 12 passes. Each pass has a lehgth
cm, and each pass is 5.08 cm apart from one andthertotal footprint of the coil setup is approxzily
66 cm by 36 cm. The coils are nested in a stairde=sl chamber in the shape of a tall rectanguianp
which is 40 cm wide, 75 cm tall, and 3 cm thick.

RESULTS

Operating Results

As outlined in the objectives, the waste heat recpgystem comprises 3 units. The first relates
to the capture and concentration of waste heat hatht pipes. This work has been successful and has
yielded positive results which are detailed in refice (Razavinia, 2010), a thesis that was prodbged
one of the authors of this paper. The findingshef work showed that it is not only possible totoap
waste heat but it can be concentrated by as mualb@sl ratio (based on surface area).
Theoretical Results

The other component of the research focuses oergme. We successfully made a heat pipe

engine. The work done by this engine can be calediitom Equation 1 using the engine parametetedlis
in Table 1 (TDB and BDC are referred to Top Deadt@eand Bottom Dead Center respectively).

W= (P Boiler - PCondensQr* (V BDC) + [((P Condenser* (V TDC) - I:)Boiler * (V BDC))/ (l'Y)] (Equation 1)
W=46.8 [J]

Using an assumed cycle time of 0.55 s, the powgrubwvould be 85 Watts per cylinder. Testing
of the engines will begin May 2013. Preliminargukts should be available at the time of the ISARC3
conference. The presentation will highlight sorhéhe results.
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