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Abstract

The main purpose of this researchis to observe the behaviour of heat exchange in a controlled
environment with varying conditions of materials and properties of the system. To achieve this
objective, a heat exchanger with pipes of two different materials has been used, the two
materials being glass and silicon carbide (SiC).

The experiment consisted in having two simultaneous currents going in opposite directions, a
liguid current of water going through the pipes and gaseous current of atmosphericairrunning
on the outer part of the exchanger. These two currents have very differentinitial temperatures
(a difference of about402C), inducing the appearance of aheat flow inthe direction of the cold
current, in this case the liquid one.

We plan to observe and study how the change of material acting as separation between the
currents can influence the system, analysing the parameters responsible for the changes in
behaviour.
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Objectives
Main objectives

e Find out which parameters are the onesthat have a biggest influence over the system
and the outcome in terms of heatexchanged
e Notethe differences betweenthe two materials used as tubes

e Determine the best material to use as tube component and quantify the difference
betweenboth

e Determinetheoptimalsetof conditionsto achieve the maximum heat transfer between
fluids

e Explainreasonably the results obtained and initiate a discussion about the outcome and
itsimplications

e Provide enough evidence and datato supportthe conclusions on the outcome
Secondary objectives

e Designa flux diagramto use throughout the entirety of the process

e Establish several real cases in which each of the systems could be used with success
considering surrounding conditions



Theoretical concepts
Heat transfer

The main concepts appliedin the developmentof this project are the principlesof heat transfer,
consistinginthe exchange of thermal energybetween physical systems. In this case, the physical
systems are two fluids, air and water separated. Heat transfer can be achieved following a
variety of mechanisms, including thermal convection, thermal radiation, energy transfer by
change of phase and by thermal conduction.

This last one, thermal conduction, is usually referred to as diffusion. Diffusion consists in the
exchange of energy tothe microscopicallevel through the boundary that separatesthe systems
affected. When two bodies are in contact and find themselves at differentinitial temperatures,
there tends to appear a heat flow that levels the temperatures of both systems. When these
bodiesreachthe same temperature, itis said they reached thermal equilibrium. This heat flow
always takes place in the direction of the lowest temperature system, as stated in the second
law of thermodynamics. It is impossible to induce an energy transfer from a fluid that is at a
lower temperature than the system that is supposed to be heated, as represented in the
followingfigure.
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Figure 1. Diagram representing heat exchange between two currents. Counter current (A) and parallel flows (B)

As seenin the picture, the diagram representingthe heat exchange between two currents can
take two different forms, corresponding to counter current or parallel flow systems. But as can
be observed, the two heat lines never cross each other, meaning the temperature on the cold
current never getsto the temperature of the hot current. Otherwise, the energy transfer would
beinterrupted, reachingthe point of thermal equilibrium.

This heattransfer by conductionis dictated by the thermal conductivity of the material forming
the boundary between the two systems. This thermal conductivity is an intrinsic parameter of
the material and can be evaluated quantitatively in terms of Fourier’s Law.



Fourier’'slaw establishes that “the heat transfer’s rate through a material is proportional to the
negative gradient in the temperature and to the area, at right angles to that gradient through
whichthe heatflows”. Inits differential form, the equationis the following:

q =—kVT

Where q represents the local flux density (W/m?2), k represents the material’s conductivity
(W/m:-K) and VT is the temperature gradient (K/m). kis usually taken as a constant parameter,
butin most casesthere’s aslightvariationinits value,that changes with the temperature of the
material, although this variation tends to be very small, thus making it normal to take it as a
constantusingits value in standard conditions. Itisimportant noting that thisis not the case for
all materials and/or conditions.

For simple applications, Fourier’s law is usually expressed as a one -dimensional equation in the
x direction:
dT

qx = _ka

Thissame equation can also be expressedinitsintegral forminthe following way:
AT
Q_ AT
At Ax
This form of the equation considers theamount of heat transferredaftera certain period of time
(Q/At) givena certainarea(A).

Another way of heat transferis through convection. This way of energy exchange is mainly
induced by the movementof fluids. This form of energy transferis usuallythe main onein fluids.
Convectionisconsidered toinvolve heat diffusion and advection processes, advection referming
to the heattransfer provoked by bulk fluid flow.

Heat transfer by convection can be forced artificially by movement of fluids. An example of this
system would be a pump in an aeroplane’s engine. Convection can also be forced by fluid
expansion.

As said before, convection happens mainlydue to motion of the fluid, meaning that at any given
pointin time molecules of the fluid are moving together. This movement of particles, added to
the existent temperature gradient, contributes greatly to heat transfer. The contribution to heat
transfer by convection can be calculated through the following relation:

Q=hA(Tf =T)

Where Q represents the amount of heat transferred pertime (W), A represents the area of the
object(m), h heatisthe heat transfer coefficient (W/m?-K) intrinsicto the system, Tf represents
the fluid temperature and Tstands for the object’s surface temperature.

In the case studiedinthis project, there is no heattransferdue toradiation and there are no
phase changes, thus all heat transferred can be attributed to thermal cond uction (diffusion) or
thermal convection.



Heat exchanger

A heat exchangeris a device specially designed with processes of thermal exchange between
two or more fluids in mind. In most cases, the fluids are separated by a solid layer of varying
materials with differentintrinsic properties. In other cases, the fluids may be in direct contact.

Heat exchangers usage is not even remotely limited to laboratory scenarios, being used daily
and even unknowingly by a large part of the population, in the form of refrigerators, power
stations, heatersorothers.

Heat exchangers are mainly classifiedin two categories depending on their flow disposition.
Parallel-flow, where the two fluid currents enter the device at the same end and travel in
parallel disposition through the entirety of the circuit until the opposite end. This corresponds
to the below diagram in figure 1. Counter-flow, where the case is the other way around. The
two currents go into the device at the opposite ends, which corresponds to the above diagram
in figure 1. This type of disposition is the most efficient in terms of being able of achieving a
greaterenergy transfer due to havinga highertemperature difference between fluidsalong the
way.

When designing heat exchangers, the main factors considered are the surface are of the layer
between the twofluids and resistance to fluid flow through the device, trying to maximize the
first parameter while minimizing the resistance. In many cases, fins are added to the surface
with the objective of increasing the effective area of contact, thus increasing the amountof heat
that can be exchanged.

There are many different possible designsfor heat exchangers, depending on the conditions and
objectives necessary for the device. The most popular design and the one that is the focus of
thisresearchisthe shell and tube heat exchanger (figure 2).
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Figure 2. Shell and tubes heat exchanger

Other designs may include the use of a plating system or intermediate fluids that act as
refrigerators orsecurity devices.



The shell and tube design for a heat exchanger consists in a series of tubes that go through a
shell. Inside the tubes afluid flows, and this fluid must be heated or cooled. Thisis achieved by
making a second fluid run through the shell, but outside the tubes, with a temperature
difference bigenoughtoinduce aheat flow towards the coldest fluid. The material of which the
tubes are made is important due to its heat transfer properties, potentially determining the
capacity of heat transfer the device can achieve. This has led to the design of heat exchangers
with different sets of tubes of varying materials, to establish comparisons and making studies
about efficiency at different sets of conditions.

Shell and tube heat exchangers in the industry are mainly used for high-pressure applications,
usually above 30 bars or really high temperatures. There are a lot parameters to take into
account when designing and exchanger of this conditions, like tube diameter and thickness,
length, corrugation or layout, because all of this parameters can greatly influence the outcome
of energy exchanged or can help prevent undesirable events like corrosion or degradation of the
device dependingonthe useitis goingto get.

There are a lot of variations on the design of the shell and tube heat exchanger, some of them
presented here:

U-tube heat exchanger
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This last oneis the design correspondingtothe heat exchangerusedinthisresearch.



Methodology

A simplified fluxdiagram of the followed process can be seen below:

. Wait for the system to
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Figure 5. Flux diagram

The first step of the process afterturningthe machine onis ope ningthe watervalve. This water
comes from a tank located in the basement of the building, whichis has two cooling machines
attached making sure the temperature inlet does not exceed 5 2C, although there has to be a
permanent control to assure the temperature does not get below 0 2C, where freezing would
start to happen thus influencing the outcome results.

Secondly, the air valve is turned on. This is atmospheric air, so standard properties for
atmosphericairapply and are considered constant throughout the wholeresearch.

Afterboth flows are going, those need to be set through a frequency adjuster. Worth notingis
that when tried to apply a really low frequency, the cooling system overrides the process and
theinletof watertendsto go below Odegrees, sothere needsto be cautionin thissense.

Afterall the conditions are set, the system takes about 5 minutes to adjustand get to a stability
point. Once achievedthis, the machine is kept going for about 5 minutes, during which all the
temperatures, humidity and flows datais recorded inthe SD card presentinthe computer.

The file onthe SD card is permanently being overwritten, so all the experiments can be done in
sequence with no need of stopping. It is important to keep a manual record of when each
experimentisbeing conducted to be able to read the data afterwards.

Afterall the previous steps are done, the SD card can be extracted, where all the datafromthe
experiments will be found for later processing. The end results are presented in table s in the
results section orinthe attached excel files.
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Previous considerations and restrictions

Before talking about the results obtained, it is important to talk about the limitations of the
research and the restrictions appliedtoit.

For starters, the variables that have been worked withare mainly 3, those being the liquidflow,
the air flow and the initial temperature of the inlets. The flux velocity and atmospheric pressure
experimented slight variations butin a small range, so these variables have been considered of
constantvalue.

Anotherrestriction appliedis concerningthe materials parameters. Specificheat changes with
temperature, but the temperature range in which the research has been conducted is also
considered small enough for this parameter to experiment a noticeable change, so it has also
been considered aconstant. The same goes fordensity.

On a final note, the flow has been considered to be composed entirely by homogenous fluids at
any point, so the same compositionis assumedin every point of the fluid’s flow.

Concerning the experiments themselves, the ones with a liquid inlet below 0 eC or with a
theoretical efficiency over 100% have been discarded from the used data. In the case with water
inlets below 0 degrees, the experiments have been discarded due to the possible presence of
freezing, which could affect the end results. On the ones exceeding the 100% efficiency mark, it
isobvious that the cold current can’tabsorb more heatthan the transmitted by the hot current,
meaning there must be some sort of data mistake, rending the experimentinvalid.

11



Results

Glass

A total of 50 experiments have been conducted using the glass pipes. Atable containingall the
experimentsis presented next, excluding the ones discarded:

Table 1. Experiments conducted with glass pipes

N2 | Air flow (Nm3/h) | Volume flow (L/min) | Liquid in (2C) | Liquid out (2C) | Airin (2C) | Air out (2C) | Efficiency (%)
5G 108,14 388,67 0,07 0,27 46,20 28,00 12,85
6G 172,42 390,94 0,14 0,36 45,90 28,00 18,21
7G 175,99 307,71 1,04 1,28 46,20 28,00 22,01
8G 111,03 309,12 0,06 0,26 46,10 28,00 16,50
9G 169,47 389,23 2,26 2,45 46,30 26,90 22,56
10G 174,52 183,62 2,71 2,97 45,90 26,80 35,44
13G 167,49 28,84 1,65 2,58 41,60 26,50 47,86
14G 136,76 318,14 2,71 2,95 45,00 24,50 18,64
15G 139,27 310,47 2,03 2,22 44,40 23,90 24,56
16G 108,79 311,86 1,35 1,53 44,00 23,40 20,26
17G 176,15 266,78 1,40 1,61 44,20 23,20 33,51
18G 141,61 264,31 1,26 1,48 44,20 23,10 26,08
19G 107,60 265,09 0,71 0,92 43,90 22,90 20,60
20G 175,15 154,36 0,66 0,97 44,40 22,70 40,31
21G 141,05 157,78 0,78 1,10 44,20 22,30 31,05
22G 106,51 156,99 0,01 0,28 44,80 21,80 29,33
23G 174,82 42,45 1,44 2,18 44,70 21,20 66,37
24G 140,72 392,92 1,16 1,36 43,70 20,00 21,54
25G 105,02 389,25 2,38 2,56 44,00 21,80 16,89
26G 174,92 385,00 2,71 2,90 44,30 21,60 27,55
27G 106,70 312,08 0,89 1,08 44,10 21,40 20,73
28G 141,74 306,58 0,96 1,15 44,10 21,30 28,16
29G 142,49 266,46 0,96 1,18 44,10 21,10 28,37
30G 173,24 267,95 0,35 0,62 44,10 20,80 28,32
31G 107,92 267,30 0,30 0,51 44,50 20,50 23,42
32G 106,74 161,72 0,80 1,15 44,60 20,00 23,54
33G 175,10 160,69 1,18 1,42 44,70 19,60 57,84
34G 141,49 156,37 0,87 1,15 44,60 19,20 41,66
35G 141,22 42,81 0,36 1,15 44,50 19,00 54,04
36G 174,93 43,89 0,09 0,93 44,50 18,60 62,37
38G 107,27 42,41 0,56 1,16 44,50 18,00 56,70
39G 142,81 391,94 1,75 2,00 43,40 17,30 19,31
40G 142,23 310,14 1,42 1,65 43,70 17,30 26,72
41G 108,95 307,64 1,02 1,15 44,00 19,20 34,29
42G 108,60 270,74 1,80 2,00 44,40 19,10 25,75
43G 176,96 269,90 2,19 2,44 44,40 18,70 34,21
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N2 [ Air flow (Nm3/h) | Volume flow (L/min) | Liquid in (2C) | Liquid out (2C) [ Airin (2C) | Air out (2C) | Efficiency (%)
44G 143,56 270,40 2,30 2,49 44,40 18,40 36,87
45G 143,75 164,01 1,17 1,41 44,30 18,10 48,56
46G 177,42 159,49 0,48 0,80 44,40 17,80 46,93
47G 109,03 160,25 0,07 0,34 44,50 17,30 34,79
48G 108,81 43,06 0,43 0,98 44,50 16,70 64,82
49G 178,60 42,82 0,66 1,42 44,60 16,20 79,10
50G 140,79 43,44 0,61 1,36 44,70 15,90 63,16
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When represented in graphic form, each one of these experiments shows a very similar
distribution. Three of these graphs can be seen here:
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Figure 6. In-out temperatures in experiment 9
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Figure 8. In-out temperatures in experiment 40
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As noted before, the representation takes an almost identical form in each of these graphs,
meaningthe behaviour of the systemis consistent throughout the research conducted. For what
can be inferred from the graph, there is a slight increase in liquid temperature while the
decrease in airtemperatureis much more noticeable. This is dueto the energy transferred from
the liquid tothe gas, the latter havinga much smaller specificheat.

From the tables there is another relation that can be extracted. There seems to be a direct
relation between the ratio of liquid flow and the efficiency of the system:

Glass: Liquid flow - Efficiency relation (high air flow)
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Figure 9. Correlation between liquid flow and efficiency of the system with high air flow

Glass: Liquid flow - Efficiency relation (low air flow)

70,00
60,00
50,00 L4

40,00

¥ = -0,1164x + 56,507
R2=0,7841

Efficiendy (%)

30,00 S S

(4
20,00 °

10,00

0,00
0,00 50,00 100,00 150,00 200,00 250,00 300,00 350,00 400,00 450,00

Liquid flow (L/min)

Figure 10. Correlation between liquid flow and efficiency of the system with low air flow
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High distribution of the results makes for a poor correlation on the tendency line, but the
behaviourseemsclear. In both cases, high orlow flow of air current, the more the liquid flow is
increased we geta higher efficiency parametervalue, meaning the exchange of energy between
both fluids is more efficient. Thismeans a better use of the energy used inthe process, and could
bearinteresting applications forindustrial purposesin practical cases.
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Silicon carbide

A total of 41 experiments have been conducted using the silicon carbide pipes. A table

containingall the experimentsis presented next, excluding the ones discarded:

Table 2. Experiments conducted with silicon carbide pipes

N2 | Air flow (Nm3/h) [ Volume flow (L/min) | Liquid in (2C) | Liquid out (2C) | Airin (2C) | Airout (2C) | Efficiency (%)
4SiC 106,39 258,27 4,22 4,23 30,70 26,90 79,44
6SiC 107,50 330,82 4,79 4,84 45,90 29,40 54,42
75iC 167,54 326,69 5,13 5,18 46,30 28,90 90,58
9sic 107,82 146,67 0,61 0,75 46,30 28,30 47,97
10Sic 106,55 260,80 0,41 0,51 46,20 28,20 37,32
11SiC 104,15 330,92 0,90 0,98 45,90 26,50 38,73
14Sic 166,58 263,15 0,25 0,35 45,30 25,70 62,97
15SiC 165,52 109,72 1,17 1,49 44,70 25,20 46,66
175iC 164,84 27,26 1,06 1,82 44,00 24,10 80,36
18SiC 104,86 260,71 0,93 1,00 44,30 20,70 68,82
19siC 139,36 263,72 1,69 1,81 44,30 20,90 52,30
20SiC 140,39 147,33 1,46 1,61 44,70 20,60 77,70
21SiC 103,82 145,12 1,10 1,28 44,70 20,60 48,61
225iC 169,53 146,68 0,89 1,04 44,70 20,30 95,42

23SiC 169,72 41,21 0,41 1,15 44,60 20,10 69,20
25SiC 136,81 39,64 0,12 0,76 44,50 19,40 68,70
26SiC 139,73 328,33 1,21 1,29 43,70 17,30 71,28
27SiC 140,29 264,96 0,60 0,69 44,00 17,40 79,42
28SiC 103,47 263,98 0,42 0,51 44,10 17,40 59,02
29SiC 101,09 143,43 0,25 0,39 44,30 17,40 68,73
30SiC 166,31 148,40 0,96 1,21 44,30 17,50 60,97
31SiC 137,87 143,80 0,98 1,15 44,30 17,40 77,00
32SiC 137,35 40,23 0,41 1,03 44,40 17,10 76,30
33sic 167,20 39,52 0,08 0,75 44,50 16,70 89,09
34Sic 101,91 38,54 0,08 0,52 44,40 16,60 84,79
35SiC 141,10 38,31 0,00 0,64 44,60 14,80 87,04
36SiC 105,40 146,40 0,29 0,45 44,80 14,30 69,65
37SiC 105,02 41,54 0,41 0,91 45,10 14,10 79,55
39sic 139,11 146,53 0,23 0,48 44,20 13,70 58,78
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Whenrepresented ingraphicform, the resulting distribution in eachlook very similarto the case
with glass pipes. Here some of the graphs are presented:
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Figure 11. In-out temperatures in experiment 9
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Figure 12. In-out temperatures in experiment 17
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Figure 13. In-out temperatures in experiment 31
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As is the case with the glass pipes, all the experiments present a very similar form to the ones
presented here, assuring the constant behaviour of the system. Despite this, there is a major
difference inthe use of this material if compared to the one conducted with glass pipes, and it
isthe lack of correlation between the flow ratioand efficiency of the system. If tried to re present
thisrelationasinthe case before, the graph takes the following form:

SiC: Liquid flow - Efficiency relation (high air flow)
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Figure 14. Correlation between liquid flow and efficiency of the system with high air flow
SiC: Liquid flow - Efficiency relation (low air flow)
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Figure 15. Correlation between liquid flow and efficiency of the system with low air flow

Inthe case of high air flow, no direct relation between the two parameters can be observed, this
being one of the main differences between the 2systems. Onthe otherhand, with low air flow
there seemsto be a very fainttendency towards the same behaviourobservedin the first case
(glass pipes), although the data does not appearto be enough to confirmthistheory.
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Discussion

After processing all the data, we get an average value of the efficiencies in each system as
follows:

Table 3

Average efficiency (%)
Glass 34,24
SiC 63,80

This means that concerningthe amount of heat transferred with success the silicon carbideisa
much better option as a layout for the system, because a lot less energy is lost in the process.
Thisisdue tothe carbide beinga much better conductor, allowingforabetter transfer of energy
between fluids. This raises other problems, as the price difference betweenboth components is
noticeable, and in applications where long tubes are required this could represent a cost
problem.

Referringto theinitial objectives, inthe glass experiment the liquid flow has been found to be
the parameter which bears a biggest influence in the outcome of the experiment by a huge
margin. Reducing the liquid flow levels meant a really big increase in efficiency, much more
noticeable than with airflow levels, flow speed orinitial temperature of the inlets. Thisis likely
to be due to the liquid spending a bigger amount of time in the tubes and having a bigger
effective surface of contact with the hot fluid.

On the other hand, this relation cannot be observed in the siliconcarbide scenario, where there
doesnotseemtobe a parameterwith adirectinfluence on efficiency of heat transfer, although
the value of this efficiency tends to be much higher than in the previous case. Thisis since the
carbide isa much better conductor, allowing fora much fasterenergy transfer with less losses.

Persettingan optimal set of conditions to get to the maximum achievable efficiency conceming
the heat transfer, in the case of glass tubes it seems that the best results are conditioned to a
small liquidflowrate, as presentedin figures9and 10. This does notseem to be the case forthe
silicon carbide tubes, and no set of optimal conditions could be achieved due to the high
variationinthe efficiency parameter.
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