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Abstract

The present dissertation was developed within the Mechanical Engineer curriculum in the
Thermal Energy masters option of the same course, for the 5" grade discipline Dissertation, taught
at the Faculdade de Engenharia da Universidade do Porto (FEUP).

The main goal of this project was to study the influence of the ultrasounds in the heat
transfer rate in the heat exchanger present at INEGI. The influence of the bubbling, tank insulation
and entry cold fluid position were also studied. The hot/cold fluid pairs used were water/water and
an aqueous LiBr solution/water and the type of heat exchanger used was a crossflow heat exchanger
with the cold fluid mixed the hot fluid unmixed. There was also the intention of comparing the
resulting values of the water as the hot fluid with the aqueous LiBr solution, but it was not entirely
possible due to installation limitations.

With the provided setup, the first experiments done were with water/water. In these
experiments, the hot fluid was heated to 60 °C and the cold fluid was at ambient temperature. By
varying the mass flow rates of both fluids and measuring the inlet and exit temperatures of the hot
and cold fluids in the heat exchanger tank, it was possible to obtain the overall heat transfer
coefficient. For various tests this process was done while applying some test conditions like the use
of ultrasounds, bubbling, ultrasounds and bubbling together, and tank insulation. The resulting
values of the overall heat transfer coefficient were obtained and compared with each other along
with the variation of the Reynolds number of the hot fluid. The convective heat transfer coefficients
were also calculated. Some conclusions were drawn as to what test conditions provided bigger heat
transfer enhancement and for which mass flow rate values.

Still in the experiments using water only, the entry cold water position was altered from a
low position in the heat exchanger tank to a high position to study the influence that this change
had in the heat transfer rate.

Afterwards, the hot fluid was switched from water to an aqueous LiBr solution with 55%
concentration, while maintaining water as the cold fluid. The experiments were done in a similar
way to the ones with water only performed previously, except the tank insulation was no longer
applied. The overall heat transfer coefficient, Reynolds and convective heat transfer coefficients
were all calculated as well to help draw a few conclusions about the heat transfer enhancement
provided by the test conditions.

Lastly, the resulting values of the overall heat transfer coefficient of the tests with
water/water and LiBr solution/water were compared for the base condition (no ultrasounds or
bubbling) and for the ultrasounds condition. Due to different bubbling air injection rate, the
experiments with the bubbling condition could not be compared between the two hot fluids.

It was concluded that the use of ultrasounds did not influence the heat transfer rate in this
heat exchanger tank, while the bubbling effect increases it significantly.
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Resumo

A presente dissertacdo foi elaborada no ambito da disciplina “Disserta¢do”, que se enquadra
no quinto ano lectivo do Mestrado Integrado em Engenharia Mecanica, na op¢dao de mestrado
Energia Térmica, lecionada na FEUP (Faculdade de Engenharia da Universidade do Porto).

O objetivo principal deste projeto era estudar a influéncia que os ultrassons tém na taxa de
transferéncia de calor no permutador de calor presente no INEGI. A influéncia do borbulhamento,
isolamento do tanque e ponto de entrada do fluido quente também foram estudados. Os pares de
fluidos quente/frio usados foram agua/agua e uma solucdo aquosa de LiBr/dgua e o tipo de
permutador de calor usado era um tanque de troca de calor de escoamento cruzado com um fluido
misturado e um ndo misturado. Havia também a intencdo de comparar os valores resultantes da
agua como fluido quente com a solucdo aquosa de LiBr, mas ndo foi completamente possivel devido
a limitacGes da instalagao.

Com a instalacdo proporcionada, as primeiras experiéncias feitas foram com &agua/agua.
Nestas experiéncias, o fluido quente era aquecido até 60 °C e o fluido frio estava a temperatura
ambiente. Variando o caudal massico de ambos os fluidos quente e frio e medindo as temperaturas
de entrada e saida do fluido quente e do fluido frio no tanque de troca de calor, foi possivel obter o
coeficiente global de transferéncia de calor. Para varios testes este procedimento foi feito enquanto
se aplicava algumas condi¢des de testes como o uso de ultrassons, borbulhamento, ultrassons e
borbulhamento em conjunto, e isolamento do tanque. Os valores resultantes do coeficiente global
de transferéncia de calor foram obtidos e comparados uns com os outros juntamente com a
variacdo do nimero de Reynolds do fluido quente. Os coeficientes de convecgdo também foram
calculados. Algumas conclusGes foram tiradas quanto a que testes providenciavam maiores
aumentos na taxa de transferéncia de calor e para que valores de caudal massico.

Ainda nas experiéncias usando apenas agua, a posicdo de entrada da agua fria foi alterada
de uma posigdo em baixo no tanque de troca de calor para uma posigdo em cima para se estudar a
influéncia que esta alteracdo tinha na taxa de transferéncia de calor.

Posteriormente, o fluido quente foi trocado de dgua para uma solug¢do aquosa de LiBr com
uma concentragao de 55%, mantendo-se a dgua como fluido frio. As experiéncias foram executadas
de uma maneira semelhante as feitas previamente com agua como fluido quente, exceto que o
isolamento do tanque deixou de ser aplicado. O coeficiente global de transferéncia de calor, o
numero de Reynolds e os coeficientes de convec¢do foram todos calculados também de maneira a
se poder tirar conclusdes quanto ao aumento da taxa de transferéncia de calor proporcionado pelas
condicOes de testes.

Por fim, os resultados dos coeficientes globais de transferéncia de calor dos testes com
agua/éagua e solucdo de LiBr/agua foram comparados para a condicdo base (sem ultrassons ou
borbulhamento) e para a condicdo dos ultrassons. Por se terem usado diferentes taxas de
borbulhamento, as experiéncias com o borbulhamento ndo se puderam comparar entre os dois
fluidos quentes.

vii



Preliminary studies on the influence of ultrasounds on the heat transfer rate in a crossflow heat exchanger

Foi concluido que o uso dos ultrassons ndo influenciava a taxa de transferéncia de calor no
permutador de calor, enquanto que o borbulhamento aumentava-a significativamente.
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1. Introduction

Nowadays it is impossible to live by without energy. Its importance is undeniable and
every day one uses energy in many formats such as electricity, heat, chemistry and work.
However, apart from renewable energy which use renewable sources, the resources used to
produce energy such as fossil fuels not only are limited but also bring terrible consequences
when releasing carbon dioxide to the atmosphere aggravating global warming. Therefore, when
using energy, one must save as much as possible not only for economical purposes but also for
the protection of the world.

In that regard, the search for energy-saving methods is getting more demanding from
the industry as they try to be more energy efficient in their industrial processes. Energy can be
transferred between two systems through work and heat, the latter being designated heat
transfer — energy is transferred from one system to another due to a difference in temperature
[1]. Heat transfer devices are very diverse and can be used for climatization purposes, such as
air-conditioning systems and refrigeration systems.

When it comes to energy transfer systems, heat transfer equipment such as the heat
exchangers are often used. They enable heat transfer from a hotter fluid to a colder fluid without
mixing them. This heat transfer consists in both convection and conduction. These devices are
commonly used for different purposes (condensers, boilers, chemical processing, power
production) but come with a few drawbacks, one of them being the fouling effect that takes
place in their heat transfer area which with time reduces their efficiency [1,2].

For that matter, a few studies have been done regarding the use of ultrasounds to
enhance the heat transfer rate and prevent the fouling effect that takes place in heat exchangers
[3-7]. With the usage of ultrasonic vibrations, heat transfer between the two fluids is optimized
in all kinds of heat exchangers, saving some energy while getting better overall results.

This project will study the influence of ultrasounds in a crossflow heat exchanger in a
heat exchanger tank in two similar situations where the working fluids will vary. One in which
both working fluids (hot and cold fluids) are water and the other where the working fluids are
water as the cold fluid and an aqueous lithium bromide solution as the hot fluid.

1.1. Project background and motivation

This dissertation was proposed by the energy department of INEGI in order to better the
heat transfer rate in heat exchangers with the purpose of possibly integrating it in a working PhD
project which involves an Absorption Heat Transformer. According to the literature, the use of
ultrasounds seems beneficial to the heat transfer rate, but studies on this subject are still limited,
especially studies using LiBr/water as the heat transfer fluids. The purpose of this dissertation
was to run some preliminary tests on a novel experimental setup, with the purpose of studying
the effect of ultrasounds on heat transfer, particularly with LiBr/water as the heat transfer fluids.
The aqueous LiBr solution was used since it is the solution used in the AHT of the PhD project,
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and a possible way of improving the heat transfer rate in the AHT was the use of ultrasounds.
Another effect that was studied was the importance of cold bubbling agitation on the heat
transfer rate.

1.2. INEGI

The experimental work of the present dissertation was developed at the energy
department of INEGI (“Instituto de Ciéncia e Inovagao em Engenharia Mecéanica e Engenharia”)
in its “Laboratdrio de Combustdo” (Combustion Laboratory). INEGI is a Research and Technology
Organization (RTO), founded in 1986, focused on research and technology-based innovation
activities, technology transfer, consulting and technological services, oriented to the
development of industry and economy in general. It is a non-profit, private and recognized as a

public utility entity.

1.3. Objectives of the project

The main goals of this project were:

e Analysis of the heat transfer rate of the installation provided at INEGI.

e Analysis of the heat transfer rate of two different hot fluids with and without the
presence of ultrasounds and/or bubbling.

e Comparison of the results between the water and the lithium bromide solution, with
and without the bubbling.

1.4. Work methodology

The dissertation will follow the subsequent method:

e Literature review of the effects ultrasounds have on heat exchange efficiency.

e Literature review of the aqueous solution of lithium bromide.

e Calibration of the system.

e Execution of tests with water, with and without ultrasounds or bubbling, for various hot
and cold water mass flow rates.

e Execution of tests with the conditions mentioned above, this time using lithium bromide
as the hot fluid.

1.5. Thesis structure

This dissertation is divided into seven sections, starting with a brief introduction of the
subject at hand as well as the project background already in this section.

The following section concerns the information already existent about experiments
using ultrasounds in the heat transfer field as well as the theory behind it. Supplementary
information about the lithium bromide is also discussed in this section.

The third section depicts the present installation at INEGI with detail, describing each
component and their roles in the setup. The procedure of the experiments is also explained in
this section.
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The next section explains the tests with water only, describing the variables and test
conditions. Its data analysis is also present in this section, presenting the calculations done
alongside its results, in the form of tables and graphics.

The section after portrays the tests done with the aqueous LiBr solution as the hot fluid,
once more explaining its procedure and test conditions used. The data analysis of these
experiments is presented, showing the resulting values. A comparison between the water/water
tests and LiBr solution/water tests is made as well in this section.

In the sixth section some conclusions are made concerning all the tests done and the
installation itself. Some results are presented as well as a brief summary of all the experiments
done, pointing out some installation flaws.

Finally, the last section suggests some improvements to be made to the installation
along with other ideas for future works in this field of experiments.
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2. State of the Art

2.1. Ultrasounds applications

The human hearing range goes between 20 Hz and 20 kHz. Sound waves above the
upper limit of the hearing range are classified as ultrasounds [4]. The use of ultrasonic waves has
been studied roughly since World War | and so far has been shown useful for many applications
in several fields like chemistry, food industry, medicine, physics, oceanography, biology and non-
destructive testing [2,8]. Ultrasonic waves can be ordered into three categories according to
their range of frequencies, as shown in figure 2.1:

e “Low frequency ultrasound” or “power ultrasound” — for frequencies between 20 and
100 kHz, these waves produce mainly physical effects on the matter submitted to it [9].
Acoustic streaming and cavitation are two phenomena that happen in fluids caused by
it that have great value for heat transfer enhancement [4,10].

e “High frequency ultrasound” — for frequencies between 100 kHz and 1 MHz.

e “Low power ultrasound” — for frequencies above 1 MHz. These are commonly used for
medical diagnoses and for nondestructive material control. So far, not many studies
involving “Low power ultrasound” in heat transfer enhancement have been reported
[4,11,12].

20kHz 100kHz 20MHz 100MHz

freqlgcy

I I ! i
! Power ultrasound I Low power ultrasound :
I : I

Low frequency [glle]aRif=l[VI=slaY

Figure 2.1 - Classification of ultrasounds [2].

Ultrasounds studies have been made in the heat transfer field for a few decades and its
increasing popularity and well received results are due to its effects observed in the liquids.
When an ultrasound passes through a liquid medium, it causes mechanical vibrations in it, which
brings forth four known effects, figure 2.2. Among them, acoustic streaming and acoustic
cavitation are the most relevant when it comes to heat transfer.
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Figure 2.2- Effects of ultrasound propagation in liquids [4].

2.1.1. Acoustic Streaming

Acoustic streaming can be defined as circular flows in gas or liquids generated by
acoustic waves. As sound waves propagate in the fluid, they are attenuated by absorption and
scattered, and in the presence of high-intensity sound waves, this attenuation of pressure
creates a steady bulk flow [13]. The speed gained by the fluid can lead to turbulence which
promotes heat transfer rate. It also allows a better convection heat transfer coefficient near the
solid boundaries [4].

2.1.2. Acoustic Cavitation

The acoustic cavitation can be defined as the formation, growth, oscillation and then
collapse of gas bubbles within a liquid created from the propagation of ultrasonic waves in it
[4,10]. The act of collapse of these gas bubbles generates physical effects (shock waves,
turbulence, micro jets, shear forces, etc.) and even generates high temperatures for a short
period of time within the bubbles. Its applications are varied. For example, cavitation is found
to be useful in diagnostic and therapeutic medicine [14]. It can also be used in food processing
applications like emulsification, filtration and tenderization [15].

For a few reasons it is believed that acoustic cavitation is the major factor in heat
transfer enhancement by ultrasound. For example, bubble implosions near the solid-liquid
interface reduces thermal resistance and creates micro turbulence by disrupting the thermal
and velocity boundary as exemplified by figure 2.3 [4]. It is this phenomenon that allows the
desired fouling reduction in heat exchangers. When the cavities and bubbles generated by
ultrasonic propagating in liquid break out, some high pressure peaks form and make suspending
solid, i.e. fouling crystals, smash into granules which may suspend in liquid, thus reducing the
sedimentation of crystals on the heated wall [7].
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Figure 2.3 - Acoustic cavitation effect on a boundary layer [4].

2.1.3. Fouling factor

Over time, the accumulation of deposits on heat transfer surfaces deteriorate the
performance of heat exchangers by decreasing the heat transfer area [1]. The reduction of the
fouling factor is yet another advantage that the use of ultrasounds provides in heat exchangers
along with the heat transfer enhancement. It was observed that the use of ultrasonic power
decreases fouling present in microstructured heat exchangers, that are more prone to fouling
[5]. On a double-tube heat exchanger, by using ultrasounds in a range of frequencies between
20 kHz and 40 kHz, it was noted that for both frequencies the antifouling effect was remarkable,
with better results for 20 kHz [7].

2.2. Lithium Bromide

Lithium bromide (LiBr) is a compound of lithium and bromine. In its solid form, it
resembles common salt (sodium chloride). It is, however, mostly used as an aqueous solution in
air-conditioning systems for a concentration of 50-60% and in absorption chillers/transformers
[16].

Absorption heat transformers (AHT) can use low-grade temperature streams to obtain
higher temperature streams in order to reduce thermal energy waste. Since AHT require a
working pair of refrigerant/absorbent, the H,O/LiBr pair is very frequently used due to its
advantages like high latent heat, high stability, high affinity, high relative volatility and high
safety, even though at moderate concentrations the lithium bromide tends to get corrosive [17].

A study combining LiBr solution with ultrasonic heat transfer enhancement was already
made in 2016 [18]. In this study where it investigates the heat transfer enhancement using
ultrasounds on three different structural tubes (smooth, screwed and finned) with a LiBr
solution in sub-cooled boiling regime, it was concluded that the boiling heat transfer
performance of the LiBr solution is poor compared to water because of its physical properties
like low thermal conductivity, high viscosity and high surface tension. The ultrasonic
enhancement in the LiBr solution was not as efficient as that in water either.

L 5/ Increase of the convection
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3. Lab Installation

In this section the multiple components of the installation provided at INEGI are
presented. The installation was specifically made for this project with various components
owned by the “Laboratdrio de Combustdo” (Combustion Laboratory) at INEGI. The overall look
of the installation is shown in figure 3.1.
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Figure 3.1 - Overall installation.

In the installation, two different fluid flows are present — the hot fluid and the cold fluid
(water) — making two different circuits without them mixing. The circuits of the installation are
represented in the following scheme.
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White
Bucket

'________I________

System

Figure 3.2 — Simplified scheme of the installation (In blue, cold fluid. In red, hot fluid).

In figure 3.2, C1 and C2 represent the present mass flow meters. T1, T2, T3, T4 and T5
represent the thermocouples. The white bucket is where the hot fluid is heated and “HET”
stands for heat transfer tank, where the heat transfer between the two fluids happen.

3.1 Pump

The circulation of the hot fluid is guaranteed by an EFAFLU pump, model CD32/120. This
pump has the following characteristics (Power = 265 W; Voltage = 230 V; Nominal pressure = 10
bar; Maximum mass flow rate = 9.5 m3/h) and its picture is in figure 3.3. It has three different
working positions designated by I, Il and IIl. Because the fluid that will be pumped can go up to
60 °C for a long period of time, a fan was placed next to the pump to help prevent its overheating,
figure 3.4.

10
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Figure 3.3 — Pump characteristics.

Figure 3.4 — Pump with the cooling fan.

11
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3.2 Working fluids

Water was the only cold fluid used for testing. The cold water comes from domestic tap
water. As for the hot fluid, two kinds of fluid were used. The first round of tests was made with
water as also the hot fluid, while for the second round of tests an aqueous solution of lithium
bromide 55% v/v provided by “Leverton Clarke Ltd” was used.

3.3 Heating process

The hot fluid was heated in the white bucket using three electrical resistances (figure
3.5-B). Each one was 1500 W and the ensemble was connected to a watt meter (figure 3.5 - C).
This energy monitor system permits readouts of electricity consumption of the connected
appliances. A PID controller (proportional integral derivative) was incorporated in the heating
process to control the electrical resistances in reaching and maintaining the desired temperature
(figure 3.6). The PID controller was connected to a thermocouple with a probe (figure 3.5 — A).
The probe was immersed in the hot fluid, close to the fluid exit to properly measure the
temperature of the water that exits the bucket.

Figure 3.5 — Heating process. A — Probe; B — The three resistances; C — Watt meter.

12
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Figure 3.6 — PID controller.

3.4 Regulating valves and piping

Both cold and hot fluid flow rates were controlled through gate valves (figure 3.7 — A)
that are present in their respective circuits, one for each circuit. There were also ball valves
(figure 3.7 —B) in both circuits to shut-off the circulation of fluids whenever was needed.

Figure 3.7 — Valves present in the installation. A — Gate valve; B — Ball valve.

The piping used in the hot fluid circuit was made of PPR (Polypropylene Random
Copolymer) with an external diameter of 20 mm and 2.8 mm of thickness. For the cold-water
circuit, hoses were used to connect the piped water supply to the circuit, and after going through
the heat exchanger tank it was discharged to the sewers.

13
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In the hot fluid circuit, an insulant made of polyethylene was applied covering part of
the piping, so that it reduced the heat loss of the hot fluid towards the surroundings, as shown
in figure 3.8.

Figure 3.8 — Insulant applied in the hot fluid circuit.

3.5 Bubbling

The bubbling was the product of compressed air being released through a few holes in
a plastic tube underwater in the heat exchanger tank (figure 3.12 — C). When the tank was full
of water, the air expelled from the green tube caused great agitation as shown in figure 3.9. This
compressed air came from pipe compressed air supply and went through a pressure regulator
that measured and regulated the pressure of the air that passes through it, figure 3.10. This
option of regulating the bubbling air flow only by means of the pressure regulator appeared
lately to be a rough approach and resulted in a less precise definition of the bubbling intensity.
It was however the initial adopted choice and, as will be explained later, lead to two different
operating bubbling intensities, with the corresponding experimental drawbacks.

14
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Figure 3.9 — Bubbling effect.

Figure 3.10 — Pressure regulator and corresponding manometer attached to the air pipe supply.

15
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3.6 Ultrasounds

The ultrasounds were generated in a two custom-made devices, each with an
ultrasound frequency of 28 kHz and 100 W of power. The two devices were applied to the heat
exchanger tank, on opposing sides, generating a total of 200 W ultrasounds. Figure 3.11 displays
how the ultrasound generators connected to the heat exchanger tank.

Figure 3.11 — Ultrasound generator applied onto the heat exchanger tank.

3.7 Heat exchanger tank

The heat exchanger tank was where the two fluids exchanged heat between them. The
tank was filled with cold water and inside there was a copper coil in which the hot fluid flowed
(figure 3.12— A). There was one entry point of the cold water and two exit points, one on the
bottom and one at the top for safety purposes (to prevent the tank from overflowing). The tank
was made of steel and had silicone on its borders to prevent leakage.

Table 3.1 displays the dimensions of the heat exchanger tank. Since the tank was a cube,
the height, width and length all had the same measure. For the tests, a certain mark (figure 3.12
— B) was made at a height of 26.1 cm as a way to make sure that in all tests the volume of cold
water, Vioor Was equal.

Table 3.1- Dimensions of the heat exchanger tank

Length [cm] 33
Viota [cm?] 35937
Viest [cm?®] 284229

16
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7

Figure 3.12— Heat exchanger tank. A — copper coil; B — height mark; C — bubbling tube.

3.8 Data acquisition system

In order to properly gather and analyze all the data in each test, a data acquisition
system consisting of two boards by Measurement Computing™ (TC-32 and USB-2416) was used
to register the temperatures and mass flow rates, respectively. Additionally, the data acquisition
software “DASYLab” was used. “DASYLab” allows the user to store, do an early data processing
and graphically analyze the evolution of the test as it is running. Additional information is found
in Appendix A.

In the installation, there were a total of 5 thermocouples (T3, T5, ..., T5) and 2 mass flow
meters (Cyand C,) installed (figure 3.2).

Board TC-32 (figure 3.13) has 11 reading channels and was used for temperature
measurement, therefore it was where the thermocouples were connected. Board USB-2416
(figure 3.14) was used to register voltage variation that the mass flow meters pick up and
transmit, which was then converted to the corresponding mass flow rate in the “DASYLab”
software using a calibration curve. The calibration process of both mass flow meters is presented
in Appendix B.

17
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Figure 3.13 — Data acquisition board TC-32 [19]

Figure 3.14 — Data acquisition board USB-2416 [19].

18
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4. Tests with water

4.1 Test conditions

Before starting tests, operating conditions were established. For each test, after
applying the chosen operating conditions into the experimental setup, the experiment started
running, and when the steady state operating conditions were reached, meaning the exit
temperatures of both fluids stabilized, the testing procedure started. Each steady state test
operation lasted between 5 and 10 minutes.

4.1.1. Mass flow rates

For the first set of tests, the mass flow rate values of both cold (m.) and hot fluids (ri1;,)
were carefully chosen, and values in the 2 to 5 kg/min range were adopted. From these initial
values, it was possible to draw some mass flow rate combinations as shown in table 4.1. For
each pair of cold and hot mass flow rates, an experimental condition was defined, for example,
point “1.a” is for both cold and hot mass flow rates of approximately 2 kg/min.

Table 4.1 — Test points with water arranged by cold and hot mass flow rates

my = 2 kg/min my, = 5 kg/min my, = 8 kg/min
m, = 2 kg/min l.a 1.b l.c
m, = 5 kg/min 2.a 2.b 2.c

The minimum chosen value of both cold and hot mass flow rates was 2 kg/min. If it were
much lower, it would be problematic because by throttling the mass flow rate too much, a few
operating problems could happen like overheating the water pump. The maximum tested hot
fluid mass flow rate was 8 kg/min. This value was chosen because at higher mass flow rates the
heat transfer probably would not be affected by neither ultrasounds nor bubbling, as it was
observed later in chapter 4.2 (Data analysis). Then a medium value was picked, 5 kg/min, equally
between the minimum and maximum values.

The maximum value of cold water mass flow rate was chosen as 5 kg/min. Higher mass
flow rates would be too much because since the volume of cold water (volume of the tank) is so
much bigger than the hot water crossflow volume, it would be too difficult to maintain the
temperature of the hot bucket at approximately 60 °C with the three resistances on. So 5 kg/min
was chosen as the maximum cold fluid mass flow rate.

After performing all the tests “1.a” through “2.c” and analyzing the initial results, it was
quickly concluded that the ultrasounds had little to no effect when the flow rates of both cold
and hot fluids were at 5 kg/min or higher. Therefore, three more tests were made in order to
get a better understanding of the influence of ultrasounds and bubbling for lower mass flow rate
testing conditions. The corresponding mass flow rates for these new test points are in table 4.2.

Table 4.2 — New test points with water arranged by cold and hot mass flow rates

my, = 1.5kg/min  m; = 3 kg/min m; = 4 kg/min
m, = 1.5 kg/min 3.d 3.e 3.f
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4.1.2. Other test variables

For each defined test point in table 4.1 and 4.2, eight different experiments were done,
each applying a combination of different variables, namely tank insulation, ultrasounds and
bubbling. The experiments started with a standard one, or base condition, where no other
variable was used, and then ultrasounds, bubbling and a mix of the two were applied. Then the
same tests were repeated but this time with the tank insulation applied as well.

With these different conditions, it was possible to compare the heat transfer rate for
each pair of hot and cold mass flow rates with and without the ultrasounds, bubbling or the two
combined. This way, it was possible to tell if these effects enhanced the heat transfer rate or not
and which ones represented a bigger enhancement. The thermal insulation of the heat
exchanger tank helps reduce the heat dissipation from the tank to the environment and there
was interest in confirming if the insulation affected or not the effects of the ultrasounds or
bubbling. After confirming that it did not with points from “1.a” to “2.c”, as it will be seen later,
points “3.d”, “3.e” and “3.f” were all executed without insulation to save time.

4.2. Data analysis

Each test ran for about 5 to 10 minutes, and the data acquisition software “DASYLab”
recorded the measured values every second. The average of each variable was calculated and
used in the data analysis.

Some important data regarding the installation, specifically the coil, which will be crucial
for future calculations, is shown in table 4.3. The diameters, external and internal, were
measured with a pachymeter and the length of the coil was measured with a measuring tape.
The formulas used for the calculation of areas and pipe resistance are the following:

A= (4.1)

Acoiri = TDiLtotar (4.2)
ln(De/Di)

RWcond - 27LtotalKcopper (43)
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Table 4.3 — Dimensions of the copper coil of the installation

D; [m] 0.0105
D. [m] 0.0127
Thickness [m] 0.0011
Leoir [m] 0.257
Lremaining [M] 0.255
Ltotar [M] 2.825
Aint [m?] 8.659 x 10
Acxt [Mm?] 1.267 x 10
Acoit.ext [M?] 1.127 x 10
Acoivint [M?] 9.319 x 102
Keopper [W/mM.K] 372 [20]
RWeond [K/W] 2.881x 10

4.2.1. The Logarithmic Mean Temperature Difference (LMTD) method

For simple heat exchangers in steady-state operation and crossflow of the hot and cold
fluids, a log-mean temperature difference is defined (equation 4.4). Assuming that the overall
heat transfer coefficient U is constant throughout the heat exchanger, the mass flow rate and
specific heat of both fluids are constant and there is no phase change [21], this log-mean
temperature difference is given by,

AT,—AT,

AT = m (4.4)
in which AT;and AT, are

ATy = Tpi = Teo (4.5)

AT, = Tyo — Tg (4.6)

From the diagram of the installation (figure 3.2), the following equivalences were drawn:

o Tpi=T,
o Tho=T;
o T,;=T,
o T =T;s

4.2.2. The variation of UA with the test conditions

For crossflow heat exchangers such as this one, figure 3.12, a correction factor F must
be accounted for in the calculation of the LMTD [21]. F depends on the parameters R and P,
that are given by the following expressions [21].

R =TniTh (4.7)
Teo=Teci

p =ToTd (4.8)
Thi=Tci
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From there, F is obtained with figure 4.1 [21] that is applicable to crossflow heat
exchangers with one fluid mixed and the other unmixed.
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Figure 4.1 — Correction factor plot for single pass crossflow heat exchanger, one fluid mixed, other unmixed [21].

The software calculates the value of the heat power of both hot and cold fluids. Equation
4.9 shows how the heat power of the hot fluid was calculated in the “DASYLab”. After obtaining
the values of AT,,;, F and Q, it is possible to find the overall heat transfer coefficient through
equation 4.10.

Qn = MpCc(Thi — Tho) (4.9)
Q = UAAT,, F (4.10)

Using the mean value of the heat power of the cold fluid of each point and having
calculated AT,,,; and F as described before, then the UA of each point is attained as represented
in tables C.1—C.9 (Appendix C). The mean hot temperature T,,;, was also calculated for purposes
that will be discussed ahead.

In order to better perceive the effects that the different conditions (ultrasounds,
bubbling, insulation) have in the overall heat transfer coefficient with a variety of mass flow
rates, it was thought to be relevant to compare its values along with the changes in the Reynolds
number of the hot fluid, Re;. That way, the comparison of the overall heat transfer coefficient
with the mass flow rates is “fair” because Reynolds is a dimensionless number that takes into
account the thermal properties of the fluid used. As such, the Reynolds number was calculated
with equation 4.11.
pvD;

Rei =
u

(4.11)

The density p and the dynamic viscosity u of the fluid were calculated through
polynomials which depend on the temperature of the hot fluid, in °C. Equation 4.12 is a trend-
line obtained through data collected from a thermodynamic table and equation 4.13 was found
in a website concerning water properties [22].

Since the hot fluid temperature decreases along the coil, the mean hot temperature
Tinn = (Tho + Thi) /2 was considered instead for the calculations of its thermal properties.
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p=-1.036%10""T,,* 4+ 3.681 x 1075T,,,;,> — 7.275 X 1073T,,,;,> + 5.048 X 1072T,,,;, +

999.9
(4.12)
p= 1.684x1073 —4.264 X 1075T,,, + 5.062 x 1077T,,;;,2 — 2.244 x 107°T,,,;;>  (4.13)
The velocity of the hot fluid was calculated by:
My
L 4.14
PAint ( )
As such, all the resulting values are shown in tables 4.4 — 4.12.
Table 4.4 — Reynolds and other properties of point “1.a” (m.=2 kg/min; 1, =2 kg/min)

Test reference UA [W/K] | u[N.s/m?] | p[kg/m3] v [m/s] Re;
base 55.37 0.000555 989.0658 0.395 7384
bubbling 70.74 0.000577 990.0187 0.397 7160
ultrasounds 57.56 0.000534 | 988.0234 0.375 7286
ultrasounds,bubbling 77.86 0.000548 988.7495 0.400 7573
insulation 56.76 0.000521 987.3578 0.389 7743
insulation,bubbling 71.13 0.000530 987.8196 0.403 7888
insulation,ultrasounds 57.38 0.000512 986.8070 0.380 7690
insulation,ultrasounds,bubbling 76.75 0.000531 987.8522 0.384 7507

Table 4.5 — Reynolds and other properties of test point “1.b” (m.=2 kg/min; 1, =5 kg/min)

Test reference UA [W/K] | u[N.s/m?] | p [kg/m3] v [m/s] Re;
base 62.85 0.000484 | 984.9718 0.968 20687
bubbling 85.73 0.000490 | 985.3746 0.969 20466
ultrasounds 63.37 0.000483 984.9143 0.996 21309
ultrasounds,bubbling 84.15 0.000487 985.2124 0.970 20589
insulation 65.24 0.000476 | 984.3758 0.965 20955
insulation,bubbling 83.18 0.000496 | 985.7803 1.010 21088
insulation,ultrasounds 64.90 0.000478 984.5209 0.999 21604
insulation,ultrasounds,bubbling 84.93 0.000476 984.3813 1.006 21840
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Table 4.6 — Reynolds and other properties of test point “1.c” (1 ,.=2 kg/min; 11;,=8 kg/min)

Test reference UA [W/K] | u[N.s/m?] | p[kg/m3] v[m/s] Re;
base 69.20 0.000476 | 984.3466 1.591 34573
bubbling 94.17 0.000472 | 984.0686 1.584 34663
ultrasounds 66.69 0.000474 | 984.2348 1.591 34683
ultrasounds,bubbling 93.50 0.000473 | 984.1178 1.583 34593
insulation 71.10 0.000473 | 984.1506 1.579 34489
insulation,bubbling 90.66 0.000471 | 983.9676 1.580 34671
insulation,ultrasounds 66.35 0.000473 984.1462 1.568 34259
insulation,ultrasounds,bubbling 82.72 0.000471 983.9681 1.572 34502

Table 4.7 — Reynolds and other properties of test point “2.a” (m =5 kg/min; 1;,=2 kg/min)

Test reference UA [W/K] | u[N.s/m?] | p[kg/m3] v [m/s] Re;
base 73.10 0.000548 | 988.7567 0.384 7272
bubbling 88.22 0.000570 | 989.7067 0.390 7115
ultrasounds 73.67 0.000550 | 988.8319 0.388 7321
ultrasounds,bubbling 86.78 0.000558 989.2201 0.386 7177
insulation 73.22 0.000541 988.4044 0.411 7882
insulation,bubbling 85.61 0.000537 988.2104 0.396 7649
insulation,ultrasounds 73.74 0.000541 988.3719 0.402 7712
insulation,ultrasounds,bubbling 84.33 0.000555 989.0724 0.394 7376

Table 4.8 — Reynolds and other properties of test point “2.b” (m =5 kg/min; 1, =5 kg/min)

Test reference UA [W/K] | u[N.s/m?] | p [kg/m3] v [m/s] Re;
base 91.88 0.000482 | 984.8258 0.999 21428
bubbling 101.08 0.000488 | 985.2217 1.005 21316
ultrasounds 90.70 0.000481 | 984.7281 1.000 21517
ultrasounds,bubbling 99.58 0.000484 984.9631 1.001 21398
insulation 90.74 0.000482 | 984.7969 1.005 21574
insulation,bubbling 103.35 0.000492 | 985.5322 1.000 21033
insulation,ultrasounds 89.52 0.000482 984.8077 0.996 21379
insulation,ultrasounds,bubbling 102.52 0.000492 985.5100 0.996 20962
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Table 4.9 — Reynolds and other properties of test point “2.c” (1.=5 kg/min; 11;,=8 kg/min)

Test reference UA [W/K] | u[N.s/m?] | p[kg/m3] v[m/s] Re;
base 94.34 0.000473 | 984.1143 1.557 34045
bubbling 108.68 0.000494 | 985.6715 1.572 32919
ultrasounds 92.30 0.000472 | 984.0438 1.561 34178
ultrasounds,bubbling 106.69 0.000489 | 985.3153 1.556 32917
insulation 97.89 0.000482 | 984.7934 1.574 33797
insulation,bubbling 109.22 0.000498 | 985.9332 1.578 32807
insulation,ultrasounds 97.28 0.000478 984.5340 1.572 33978
insulation,ultrasounds,bubbling 105.62 0.000492 985.5428 1.570 33009

Table 4.10 — Reynolds and other properties of test point “3.d” (m.=1.5 kg/min; m=1.5 kg/min)

Test reference UA [W/K] u [N.s/m?] p [kg/m?3] v [m/s] Re;
base 49.83 0.000557 989.1359 0.286 5334
bubbling 64.90 0.000577 990.0087 0.300 5410
ultrasounds 51.01 0.000556 989.1184 0.302 5637
ultrasounds,bubbling 65.55 0.000591 990.5650 0.291 5120

Table 4.11 — Reynolds and other properties of test point “3.e” (m,.=1.5 kg/min; 1,=3 kg/min)

Test reference UA [W/K] u [N.s/m?] p [kg/m?3] v [m/s] Re;
base 57.86 0.000486 985.1040 0.591 12576
bubbling 76.97 0.000508 986.5498 0.592 12075
ultrasounds 56.61 0.000486 985.1212 0.580 12338
ultrasounds,bubbling 74.85 0.000497 985.8354 0.592 12351

Table 4.12 — Reynolds and other properties of test point “3.f” (m.=1.5 kg/min; 1,=4 kg/min)

Test reference UA [W/K] u [N.s/m?] p [kg/m3] v[m/s] Re;
base 56.71 0.000478 984.5076 0.766 16572
bubbling 78.01 0.000493 985.6000 0.778 16332
ultrasounds 57.67 0.000476 984.3403 0.796 17294
ultrasounds,bubbling 74.82 0.000480 984.7047 0.791 17017

Gathering all the data from all the points, it was thought to be insightful comparing for
each certain condition (base, ultrasounds, insulation, etc.) how all the UA values evolved with
the increase of Re; to have a clear understanding of which condition has more influence with
the increase of Reynolds number. Therefore, graphics of figures 4.2 — 4.9 show the overall heat
transfer coefficient per cold fluid flow rate. For better understanding of the upcoming graphics,
the colors blue, orange and red always represent the cold water mass flow rates of 1.5, 2 and 5
kg/min, respectively. Also, each geometric mark represents one type of condition, as shown in
table 4.13, in which when the tank insulation is present, the marks have a black edge over them.
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Table 4.13 — Figure marks representing each set of conditions
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Figure 4.2 — Evolution of the UA with the increase of Re; for the “base” condition.
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Figure 4.3 — Evolution of the UA with the increase of Re; for the “bubbling” condition.
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Figure 4.4 — Evolution of the UA with the increase of Re; for the “ultrasounds, bubbling” condition.
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Figure 4.5 — Evolution of the UA with the increase of Re; for the “ultrasounds” condition.
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Figure 4.7 — Evolution of the UA with the increase of Re; for the “bubbling” condition with insulation.
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Figure 4.8 — Evolution of the UA with the increase of Re; for the “ultrasounds” condition with insulation.
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Figure 4.9 — Evolution of the UA with the increase of Re; for the “ultrasounds, bubbling” condition with insulation.

As expected, if the Reynolds number of the hot fluid increases, consequence of the
increase in the flow rate, then the overall heat transfer coefficient generally increases, except
for the test point at the highest Re; and m, = 2 kg/min (figure 4.9), which could be due to
experimental error. The same is observed with the increase of the cold water flow rate (m. =5
kg/min). The graphics 4.2-4.9 were presented to clearly see the tendency of the evolution of the
UA values with the Reynolds number.

Now, figures 4.10 — 4.15 show two different test conditions for comparison.
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Figure 4.10 — Evolution of the UA with the increase of Re; : “base” vs “ultrasounds”.
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Figure 4.11 — Evolution of the UA with the increase of Re; : “base” vs “bubbling”.

30



Preliminary studies on the influence of ultrasounds on the heat transfer rate in a crossflow heat
exchanger

110 [
100 |
W
90 m A A
_ = B bubbling (mc=1.5)
< 80
= A [ | L A ultrasounds (mc=1.5)
£ 70 = A E bubbling (mc=2)
[ |
60 A A ultrasounds (mc=2)
A A A
50 A W bubbling (mc=5)
A ultrasounds (mc=5)
40
0 5000 10000 15000 20000 25000 30000 35000 40000
Re;

1

Figure 4.12 — Evolution of the UA with the increase of Re; : “bubbling” vs “ultrasounds”.

It can be observed through figure 4.10 that the effects of the ultrasounds are negligible,
compared with the bubbling effects shown in figure 4.11. Also, for higher flow rates the
ultrasounds have no enhancement effect whatsoever. Figure 4.12 shows that the effects of the
bubbling surpass the ultrasounds effects for the entire Re; range.

110
100 ‘
90 ®
§ 80
= «@
g 70 @) base (mc=2)
4 insulation (mc=2)
60 O insulation (mc=
O
50 @ base (mc=5)
@ insulation (mc=5)
40
0 5000 10000 15000 20000 25000 30000 35000 40000
Re;

I

Figure 4.13 — Evolution of the UA with the increase of Re; : “base” vs “insulation”.

Figure 4.13 shows that the tank insulation does not have a significant effect in the heat
transfer rate. The few variations presented are in the experimental error range.
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Figure 4.15 — Evolution of the UA with the increase of Re; : “bubbling” vs “ultrasounds, bubbling”.

Figures 4.14 and 4.15 compare results with both “ultrasounds and bubbling” with the
results using ultrasounds or bubbling alone. They show that there is not much difference
between the bubbling alone and the bubbling mixed with ultrasounds, as expected due to the
previous results. Most times the mixed condition even has lower UA than only the bubbling
effect, which is likely due to experimental error.
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4.2.3. The convective heat transfer coefficient

The next step to better characterize the effects of both ultrasounds and bubbling was
to find both convection heat transfer coefficients h, inside the coil and in the exterior of the coil.
The desirable effects of both ultrasounds and bubbling in this heat exchanger were to increase
the convection heat transfer coefficient in the exterior of the coil, h,, so that the heat transfer
efficiency also improves. The overall heat transfer coefficient of this type of heat exchanger [1]
can be written as in equation 4.15:

1 1 1 1

1
heAe

R¢i R
+ -5+ RWeong + -2+ (4.15)
e

UA  Uid;  Ugdy  mid; T 4

However, the fouling factor of both inner and outer surface of the coil, Ry and Rge, can

be cut off of the equation since the tests are not relatively long, and the experimental setup was

brand new, leaving only both the convective heat transfer coefficients, the inner and outer areas

of the coil (table 4.3) and the thermal resistance of the coil’s wall, Rw ., 4, already previously

calculated with equation 4.3. Therefore, the right side of the equation 4.15 is left with only three

terms. By moving the coil’s wall thermal resistance to the left side of the equation, this results
in:

1 1 1

— — RWeong = +
cond
UA hiAcoiLint heAcoil.ext

(4.16)

In order to find h; so that it is possible to get to h,, one turns to the Nusselt number for
the inner flow. The Nu in a pipe is defined as shown in equation 4.17, where D; is the internal
diameter of the pipe (coil) inside where the hot fluid flows and kj is the thermal conductivity

of the hot fluid in question. In this case, water.
hiD;

Nu = (4.17)
Knf

The water thermal conductivity k,,4¢e- Can be determined based on the temperature of
the hot water according to the following polynomial, with temperature in °C. By consulting table
A2.1 of the form of the lecture course “Transferéncia de Calor” of MIEM (Mestrado Integrado
de Engenharia Mecanica) [23], a trend line was made using a few values of temperature and
thermal conductivity, resulting in the polynomial seen in equation 4.18.

kwater = —1 X 1075T;,% + 0.0026Ty,, + 0.546 (4.18)

After that, so that one may obtain the Nusselt number, the correlation of Dittus-Boelter
was used [1]. According to this correlation that is shown in equation 4.19, the Nusselt number
can be determined by knowing both the Reynolds and Prandtl numbers, if certain conditions are
met:

e If the difference in temperature between the fluid and the wall is not very large;

o If 0.7 < Pr <160 and Re; > 4000, as fluid properties are evaluated at the hot mean
temperature Tp,p;

e The flow must be fully developed.

Nu = 0.023Re;*8Pr™ (4.19)

where n = 0.4 for heating and 0.3 for cooling, which is the case.
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Even though the Reynolds number is at least 5000 (minimum value for a flow rate of 1.5
kg/min), one must confirm if the turbulent flow inside the coil is fully developed. For that, the
length necessary for the fluid flow to be fully developed thermally and dynamically inside a pipe
can be determined with the following expression [23]:

Ly turp = 1.359Re;*2°D; (4.20)

Using the tests where the hot fluid flow rate is maximum, for example test point “1.c”
where the m,=8 kg/min, and the mean number of Reynolds is the biggest, i. e., Re; = 34500,
then Ly, ¢y,rp is at most 0.1946 m. Since the total length of the coil is 2.825 m, the hydrodynamic
entry length is just 6.9 % of the total length, meaning that the Dittus-Boelter correlation is valid
to use.

The Prandtl number can be written as the following polynomial, which depends on the
hot water mean temperature in °C. Equation 4.21 was obtained by using the same method as
the water thermal conductivity in equation 4.18, resorting to [23].

Pr = 0.001T,,,* — 0.1725T,,, + 9.56 (4.21)

With all this, both the convection heat transfer coefficients can be determined, using
equations4.16 and 4.17. Thus, tables 4.14 —4.22 show all the resulting values for each test point,
presenting the alterations that each test condition imposes in the convective heat transfer
coefficients. Note that it’s assumed that the convective heat transfer coefficient of the coil’s
inner wall h; is not affected by the conditions implemented, as it depends on the inner diameter
which is constant, the Nusselt number and thermal conductivity of the hot fluid. These last two
properties depend on the temperature and flow rate of the hot fluid, making whatever is
happening outside the coil irrelevant to the h; values. So only the convective heat transfer
coefficient of the outer wall of the coil h, were altered according to the conditions implanted in
the tests.

Table 4.14 — Reynolds, Prandtl and Nusselt numbers and convective heat transfer coefficients for test point “1.a”
(m=2 kg/min; 11;,=2 kg/min)

hi h
Test reference Re: Pr Nu W/ (m.K)] Kwater (T) w /(n:z.K)]
base 7384 3.581 41.933 2587 0.648 639.029
bubbling 7160 3.755 41.497 2546 0.644 896.932
ultrasounds 7286 3.409 40.879 2537 0.652 676.524
ultrasounds,bubbling 7573 3.527 42.596 2633 0.649 1015.314
insulation 7743 3.307 42.527 2648 0.654 655.390
insulation,bubbling 7888 3.377 43.434 2698 0.652 882.627
insulation,ultrasounds 7690 3.227 41.988 2622 0.656 666.788
insulation,ultrasounds,bubbling 7507 3.382 41.767 2594 0.652 1000.885
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Table 4.15 — Reynolds, Prandtl and Nusselt numbers and convective heat transfer coefficients for test point “1.b”
(m¢=2 kg/min; my=5 kg/min)

hi h
Test reference Re: Pr Nu [W/(n;Z.K)] Knater (T) [W/(r:|2.K)]
base 20687 2.989 90.562 5704 0.661 633.714
bubbling 20466 3.038 90.225 5673 0.660 910.485
ultrasounds 21309 2.982 92.671 5839 0.662 637.707
ultrasounds,bubbling 20589 3.018 90.481 5693 0.661 889.867
insulation 20955 2.920 90.862 5738 0.663 660.630
insulation,bubbling 21088 3.089 92.874 5829 0.659 873.853
insulation,ultrasounds 21604 2.937 93.264 5886 0.663 654.504
insulation,ultrasounds,bubbling 21840 2.921 93.925 5932 0.663 892.883
Table 4.16 — Reynolds, Prandtl and Nusselt numbers and convective heat transfer coefficients for test point “1.c”

(mM,=2 kg/min; m;=8 kg/min)

hi h
Test reference Re: Pr Nu [W/(n’12.K)] Koater (T) [W/(I;Z'K)]
base 34573 2.917 135.581 8564 0.663 673.675
bubbling 34663 2.886 135.432 8564 0.664 950.231
ultrasounds 34683 2.904 135.750 8578 0.664 646.905
ultrasounds,bubbling 34593 2.892 135.289 8554 0.664 942.675
insulation 34489 2.895 135.012 8535 0.664 694.286
insulation,bubbling 34671 2.875 135.300 8560 0.664 910.202
insulation,ultrasounds 34259 2.895 134.285 8489 0.664 643.889
insulation,ultrasounds,bubbling 34502 2.875 134.773 8526 0.664 821.339
Table 4.17 — Reynolds, Prandtl and Nusselt numbers and convective heat transfer coefficients for test point “2.a”

(m =5 kg/min; 11;,=2 kg/min)

hi h
Test reference Re: Pr Nu [W/(n;Z.K)] Kater (T) [w/(n:2.|()]
base 7272 3.528 41.239 2549 0.649 939.838
bubbling 7115 3.696 41.094 2526 0.645 1257.035
ultrasounds 7321 3.541 41.507 2564 0.649 947.848
ultrasounds,bubbling 7177 3.608 41.084 2533 0.647 1222.491
insulation 7882 3.470 43.765 2710 0.650 917.641
insulation,bubbling 7649 3.438 42.610 2642 0.651 1168.993
insulation,ultrasounds 7712 3.464 42.989 2663 0.650 933.664
insulation,ultrasounds,bubbling 7376 3.582 41.904 2585 0.648 1155.437
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Table 4.18 — Reynolds, Prandtl and Nusselt numbers and convective heat transfer coefficients for test point “2.b”
(=5 kg/min; 1y =5 kg/min)

hi h
Test reference Re: Pr Nu [w/(n;Z.K)] Kwater (T) [W/(r:|2.K)]
base 21428 2.972 92.986 5861 0.662 983.128
bubbling 21316 3.019 93.037 5854 0.661 1104.672
ultrasounds 21517 2.961 93.190 5876 0.662 967.475
ultrasounds,bubbling 21398 2.988 93.036 5861 0.661 1084.285
insulation 21574 2.969 93.462 5892 0.662 967.442
insulation,bubbling 21033 3.058 92.399 5805 0.660 1137.722
insulation,ultrasounds 21379 2.970 92.797 5850 0.662 953.246
insulation,ultrasounds,bubbling 20962 3.055 92.124 5789 0.660 1127.111
Table 4.19 — Reynolds, Prandtl and Nusselt numbers and convective heat transfer coefficients for test point “2.c”
(=5 kg/min; m;=8 kg/min)
hi h
Test reference Re: Pr Nu [W/(nlmz.K)] Kwater (T) [W/(n;Z.K)]
base 34045 2.891 133.566 8445 0.664 953.928
bubbling 32919 3.075 132.448 8316 0.659 1125.606
ultrasounds 34178 2.883 133.876 8467 0.664 930.210
ultrasounds,bubbling 32917 3.031 131.864 8293 0.660 1102.109
insulation 33797 2.968 133.838 8437 0.662 995.239
insulation,bubbling 32807 3.109 132.520 8311 0.658 1132.225
insulation,ultrasounds 33978 2.938 134.001 8457 0.663 987.731
insulation,ultrasounds,bubbling 33009 3.059 132.526 8326 0.660 1088.608

Table 4.20 — Reynolds, Prandtl and Nusselt numbers and convective heat transfer coefficients for test point “3.d”

(m.=1.5 kg/min; m,=1.5 kg/min)

Test reference Rei Pr hi [W/(m2.K)] | Kwater (T) | he [W/(m2.K)]
base 5334 3.593 32.361 1996 0.648 605.113
bubbling 5410 3.753 33.158 2034 0.644 878.087
ultrasounds 5637 3.590 33.815 2086 0.648 614.798
ultrasounds,bubbling 5120 3.862 32.001 1956 0.642 910.774

Table 4.21 — Reynolds, Prandtl and Nusselt numbers and convective heat transfer coefficients for test point “3.e”
(m¢=1.5 kg/min; 1, =3 kg/min)

Test reference Rei Pr hi [W/(m2K)] | Kkwater (T) | he [W/(m2.K)]
base 12576 3.005 60.912 3835 0.661 613.704
bubbling 12075 3.191 60.037 3754 0.657 878.041
ultrasounds 12338 3.007 60.004 3777 0.661 599.642
ultrasounds,bubbling 12351 3.096 60.582 3801 0.659 844.373

36




Preliminary studies on the influence of ultrasounds on the heat transfer rate in a crossflow heat
exchanger

Table 4.22 — Reynolds, Prandtl and Nusselt numbers and convective heat transfer coefficients for test point “3.f”
(m,=1.5 kg/min; m,=4 kg/min)

Test reference Rei Pr Nu hi [W/(m2K)] | kwater (T) | he [W/(m2.K)]
base 16572 2.935 75.424 4761 0.663 577.916
bubbling 16332 3.066 75.534 4744 0.660 842.750
ultrasounds 17294 2.916 77.892 4920 0.663 586.332
ultrasounds,bubbling 17017 2.958 77.218 4870 0.662 796.980

At last, to confirm if either ultrasounds, bubbling or the mix of them give out any
advantage to that heat transfer rate, an enhancement factor a is calculated by using the
following expression,
he

a =
he

(4.22)
where h;, is the convection heat transfer coefficient for when any of the new conditions are
applied and h,, is for the standard testing (base, insulation). These factors are presented in tables
4.23 — 4.31 for each test point, showing the heat transfer enhancement that the test conditions
provoked in every test point. Even though a comparison is made between the experiments with
and without test conditions, the experiments were not exactly equal between them, with a few
discrepancies like mass flow rate or inlet temperatures. Therefore, variations under 10% could
be discarded as irrelevant.

Table 4.23 — Enhancement factors obtained in point “1.a” (1.=2 kg/min; m ;=2 kg/min)

h, h,(ultrasounds) | h,(bubbling) | h,(ultrasounds,bubbling)
No insulation 639.029 676.524 896.932 1015.314
a - 1.059 1.404 1.589
W/ insulation 655.390 666.788 882.627 1000.885
a - 1.017 1.347 1.527

Table 4.24 — Enhancement factors obtained in point “1.b” (mh.=2 kg/min; m;=5 kg/min)

h, h,(ultrasounds) | h,(bubbling) | h,(ultrasounds,bubbling)
No insulation 633.714 637.707 910.485 889.867
a - 1.006 1.437 1.404
W/ insulation 660.630 654.504 873.853 892.883
a - 0.991 1.323 1.352

Table 4.25 — Enhancement factors obtained in point “1.c” (mh.=2 kg/min; m;,=8 kg/min)

h, h,(ultrasounds) | h,(bubbling) | h,(ultrasounds,bubbling)
No insulation 673.675 646.905 950.231 942.675
a - 0.960 1.411 1.399
W/ insulation 694.286 643.889 910.202 821.339
a - 0.927 1.311 1.183
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Table 4.26 — Enhancement factors obtained in point “2.a” (m.=5 kg/min; m;=2 kg/min)

h, h,(ultrasounds) | h,(bubbling) | h,(ultrasounds,bubbling)
No insulation 939.838 947.848 1257.035 1222.491
a - 1.009 1.338 1.301
W/ insulation 917.641 933.664 1168.993 1155.437
a - 1.017 1.274 1.259

Table 4.27 — Enhancement factors obtained in point “2.b” (1.=5 kg/min; m ;=5 kg/min)

h, h,(ultrasounds) | h,(bubbling) | h,(ultrasounds,bubbling)
No insulation 983.128 967.475 1104.672 1084.285
a - 0.984 1.124 1.103
W/ insulation 967.442 953.246 1137.722 1127.111
a - 0.985 1.176 1.165

Table 4.28 — Enhancement factors obtained in point “2.c” (m.=5 kg/min; m;,=8 kg/min)

h, h,(ultrasounds) | h(bubbling) | h,(ultrasounds,bubbling)
No insulation 953.928 930.210 1125.606 1102.109
a - 0.975 1.180 1.155
W/ insulation 995.239 987.731 1132.225 1088.608
a - 0.992 1.138 1.094

Table 4.29 — Enhancement factors obtained in point “3.d” (m.=1.5 kg/min; 1, =1.5 kg/min)

h, h,(ultrasounds) | h,(bubbling) | h,(ultrasounds,bubbling)
No insulation 605.113 614.798 878.087 910.774
a - 1.016 1.451 1.505

Table 4.30 — Enhancement factors obtained in point “3.e” (m.=1.5 kg/min; m;=3 kg/min)

h, h,(ultrasounds) | h,(bubbling) | h,(ultrasounds,bubbling)
No insulation 613.704 599.642 878.041 844.373
a - 0.977 1.431 1.376

Table 4.31 — Enhancement factors obtained in point “3.f” (m.=1.5 kg/min; m,=4 kg/min)

h, h,(ultrasounds) | h,(bubbling) | h,(ultrasounds,bubbling)
No insulation 577.916 586.332 842.750 796.980
a - 1.015 1.458 1.378

For every point, the « is bigger for the bubbling effect than for the ultrasound effect.
And sometimes the ultrasounds do not have any notable influence in the convection heat
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transfer coefficient, making the mixed condition “ultrasounds, bubbling” basically the same as
the bubbling alone. To understand the influence of the mass flow rate of both hot and cold fluids,
figures 4.16 and 4.17 are presented.

alfa - mcold [y =-0.0044x + 1.0128]
1.7 y = -0.066x + 1.5475
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Figure 4.16 — Evolution of the enhancement factor with the increase in cold water mass flow rate.
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Figure 4.17 — Evolution of the enhancement factor with the increase in hot water mass flow rate.

In figures 4.16 and 4.17 a trend-line was drawn for each condition. The equations of
each trend-line are presented in their respective figure and inside a box of their respective color.
The trend-lines were presented as an indication to confirm the overall tendency that each test
condition had with the increase of the cold fluid mass flow rate, figure 4.16, or the increase of
hot fluid mass flow rate, figure 4.17.

For the “ultrasounds” condition, the slope, even though negative for both figures, is not
very significant, remaining almost unchanged for the entire mass flow rate range.
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As for the “bubbling” and “ultrasounds, bubbling” conditions, the slopes are negative in
both figures, meaning that with increase of the fluids mass flow rates, there is less enhancement.
The slopes of figure 4.16 are even steeper, which means the cold fluid mass flow rate has more
impact in the heat transfer enhancement for the “bubbling” and “ultrasounds, bubbling”
conditions.

It was then concluded that the “bubbling” and “ultrasounds, bubbling” conditions
provided bigger heat transfer enhancements for lower mass flow rates, both cold and hot fluids.
The “ultrasounds” condition did not have much impact in the heat transfer rate for any test.

4.3. Tests with water |l

4.3.1. Influence of the cold water entrance position

In the previous tests the entrance position of the cold water was down below in the
tank, basically in front of the coil, figure 4.18 — A, and the cold water exit. This meant that the
inlet cold water rapidly contacted with the hot water inside the heat exchanger tank, facilitating
the heat transfer. The tests shown in this section were performed to understand how the cold
water entry point influenced the results.

(A) (B)
Figure 4.18 — Different cold water entry positions. A — Below; B — Top.

A few tests were made for the “base” and “bubbling” conditions where the entrance
position of the cold water was moved to the top of the tank, figure 4.18 — B. In this position,
when the tank is full, the cold water is not introduced underwater but instead above, creating a
little natural bubbling at the surface of the water. The tests done with the new position were
repetitions of tests points already made, from point “1.a” to “2.c”, but only for the “base” and
“bubbling” conditions, with the mass flow rates already discussed.
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In order to calculate the overall heat transfer coefficient and Reynolds number, the
same methods as described in previous section were used. The parameters R, P and F were
obtained the same way as previously.

In tables 4.32 and 4.33, the overall heat transfer coefficient and the Reynolds number
are displayed for “base” and “bubbling” conditions respectively.

Table 4.32 - UA and Re; for each test point in “base” condition for the new entry point.

Base UA [W/K] Re;

Rl.a 54.56 8263
R1.b 68.00 21563
Rl.c 72.38 34847
R2.a 64.30 7563
R2.b 81.27 21656
R2.c 85.42 34226

Table 4.33 - UA and Re; for each test point in “bubbling” condition for the new entry point.

Bubbling UA [W/K] Re;
R1l.a 72.50 7534
R1.b 84.59 20853
Rl.c 91.48 34684
R2.a 79.82 7752
R2.b 97.61 21090
R2.c 101.42 33819

Figures 4.19 and 4.20 show the comparison between the previous results, obtained
when the cold water entry point was “below” (underwater), and the current results obtained
with the entry point placed at the “top”.
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Figure 4.19 - Evolution of the UA with the increase of Re; in “base” condition: “below” vs “top” position of the cold
water entrance.
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Figure 4.20 - Evolution of the UA with the increase of Re; in “bubbling” condition: “below” vs “top” position of the cold
water entrance.

Analyzing figure 4.19, for higher cold water mass flow rate (.= 5 kg/min) the difference
between the overall heat transfer coefficient of the original tests (top) and the new ones (below)
is noticeably higher than for the lower cold mass flow rate (111.= 2 kg/min). This means that the
influence of the cold water entry point is clearer at higher cold water flow rates and according
to figure 4.19, that influence is that the overall heat transfer coefficient decreases because the
entrance point of the cold water is now at the top of the tank. For the tests with 71.= 2 kg/min,
the disparity between the original and new tests is small, with no clear tendency, and can be
justified by experimental errors.

Looking at figure 4.20, there is still the tendency of the UA values of the top entry point
tests being slightly lower than the ones for the bottom point of entry for m .= 5 kg/min. However,
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this difference between the tests with different entrance positions is less significant than the
one observed in figure 4.19. This could be due to the dynamic effect that the bubbling
introduces. By causing a huge turmoil within the volume of cold water, this agitation reduces
whatever influence the cold-water entrance position has. As for the tests with .= 2 kg/min,
once again no definite conclusion can be made.
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5. Tests with LiBr solution

The hot fluid was subsequently changed to an aqueous LiBr solution and another set of
heat transfer experiments was carried out, still using water as the cold fluid.

Before starting the tests, it was necessary to properly calibrate the flow meter C, for
the LiBr solution, because its physical properties are different from those of water, mainly the
density. Therefore, the calibration process done is explained in Appendix E.

5.1. Tests conditions

5.1.1. Mass flow rates

With the purpose of comparing the results of the lithium bromide solution with the
water test results already done, the mass flow rates planned were to copy the ones used in the
tests made with water. Only some test points were copied, which were the test points with the
lowest mass flow rates for both cold and hot water. The reason is because looking at the results
of the tests with water, for the lowest mass flow rates, the ultrasounds seemed to have a bit
more effect than for higher mass flow rates, so this was a way to confirm it.

Thus, for the cold fluid mass flow rates devised, it was chosen m1.= 1.5 kg/min and ri1,.=
2 kg/min, the lowest values of those used in the water tests. As for the hot fluid mass flow rates,
the values my= 2 kg/min, my= 5 kg/min, rii,= 1.5 kg/min and my= 3 kg/min were picked, with
the aim of copying the test points “1.a”, “1.b”, “3.d” and “3.e”. So, new test points for the LiBr
solution experiments were made as shown in table 5.1.

Table 5.1 — Test points for the LiBr experiments

Water test points LiBr test points Mass flow rates
“1.a” “11.a” m =2 kg/min; my=2 kg/min
“1.b” “11.b” m =2 kg/min; my=5 kg/min
“3.d” “13.d” m.=1.5 kg/min; 1, =1.5 kg/min
“3.e” “13.e” m.=1.5 kg/min; 1, =3 kg/min

5.1.2. Test variables

Once again, the variable conditions used for the experiments were the base condition,
ultrasound, bubbling and the mix of ultrasound with bubbling. The tank insulation changes was
not used as it was already concluded that it did not markedly contribute to the heat transfer
enhancement.

Like the tests with water, the main objective here was to study the heat transfer
enhancement that the conditions implemented have on the overall heat transfer coefficient.
The results will be compared with ones obtained in the water only tests.

5.2.Data analysis

The duration of each test was again from 5 to 10 minutes, and the measured values
derived from the “DASYLab” software had their average calculated and used in the data analysis.
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5.2.1. The variation of UA with the test conditions

Just as with the tests with water, the path to find the overall heat transfer coefficient
involves calculating the logarithmic mean temperature through equations 4.4 - 4.6. Also, the
parameters R and P are obtained by resorting to equations 4.7 and 4.8, so then the correction
factor is obtained by consulting figure 4.1. Finally the UA is calculated with equation 4.10, using
the calorific power Q of the LiBr solution. The tables where these values can be observed are in
Appendix D.

Once more, the Reynolds number was calculated, using equation 4.11 with the LiBr
properties for the mean hot temperature. The D; is still the same, as it is the same installation
and both p and p of the LiBr solution were calculated in Appendix F for various temperatures.
The velocity was calculated with equation 4.14. Tables 5.2 — 5.7 present the obtained Reynolds
and other properties for all the test points. Tables 5.6 and 5.7 show the values of the test points
“11.z"” that were later added, as explained further in chapter 5.2.2.

Table 5.2 - Reynolds and other properties of test point “11.a” (m.=2 kg/min; m,=2 kg/min)

Test reference UA [W/K] u [N.s/m?] p [kg/m?3] v [m/s] Re;
base 35.12 0.003155 1605.5907 0.247 1320
bubbling 48.30 0.003304 1607.0818 0.246 1254
ultrasounds 34.39 0.003142 1605.4576 0.245 1312
ultrasounds,bubbling 46.62 0.003311 1607.1523 0.237 1206

Table 5.3 - Reynolds and other properties of test point “11.b” (m.=2 kg/min; m,=5 kg/min)

Test reference UA [W/K] u [N.s/m?] p [kg/m?3] v [m/s] Re;
base 45.70 0.002735 1601.3741 0.606 3722
bubbling 70.76 0.002822 1602.2411 0.609 3628
ultrasounds 45.84 0.002740 1601.4208 0.601 3688
ultrasounds,bubbling 68.84 0.002825 1602.2750 0.589 3507

Table 5.4 - Reynolds and other properties of test point “13.d” (m.=1.5 kg/min; m,=1.5 kg/min)

Test reference UA [W/K] u [N.s/m?] p [kg/m3] v[m/s] Re;
base 28.51 0.003322 1607.2636 0.186 944
bubbling 40.28 0.003492 1608.9743 0.190 917
ultrasounds 28.38 0.003388 1607.9328 0.185 921
ultrasounds,bubbling 39.66 0.003523 1609.2899 0.186 893
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Table 5.5 - Reynolds and other properties of test point “13.e” (1.=1.5 kg/min; 1,=3 kg/min)

Test reference UA [W/K] u [N.s/m?] p [kg/m3] v[m/s] Re;
base 37.16 0.002820 1602.2256 0.354 2113
bubbling 53.84 0.002920 1603.2261 0.358 2062
ultrasounds 37.41 0.002810 1602.1226 0.369 2212
ultrasounds,bubbling 54.65 0.002919 1603.2154 0.364 2097
Table 5.6 - Reynolds and other properties of test point “11.z (10)” (1.=2 kg/min; ;=10 kg/min)
Test reference UA [W/K] u [N.s/m?] p [kg/m3] v[m/s] Re;
base 58.04 0.002683 1600.8445 1.193 7475
bubbling 93.80 0.002753 1601.5464 1.214 7417
Table 5.7 - Reynolds and other properties of test point “11.z (12.5)” (=2 kg/min; 1,=12.5 kg/min)
Test reference UA [W/K] u [N.s/m?] p [kg/m?3] v [m/s] Re;
base 59.83 0.002656 1600.5794 1.502 9501
bubbling 98.02 0.002738 1601.4026 1.507 9251

Figures 5.1 — 5.4 show the evolution of the UA with the increase in the Reynolds number
of the inner fluid (LiBr solution) for the various test conditions.
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Figure 5.1 - Evolution of the UA with the increase of Re; for the “base” condition.
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Figure 5.2 - Evolution of the UA with the increase of Re; for the “bubbling” condition.
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Figure 5.3 - Evolution of the UA with the increase of Re; for the “ultrasounds” condition.
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Figure 5.4 - Evolution of the UA with the increase of Re; for the “ultrasounds, bubbling” condition.

Once again, it is shown that with the increase of the LiBr solution (hot fluid) mass flow
rate, thus higher Re;, raises the overall heat transfer coefficient values, for any given test
conditions. For bigger cold water mass flow rate, the UA values should also be higher, but
since the values of the cold water mass flow rate tests are very close (11, = 1.5 kg/min and m,
=2 kg/min), that tendency is not that noticeable.

Now, figures 5.5 — 5.8 will show how the test conditions compare with each other.
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Figure 5.5 - Evolution of the UA with the increase of Re; : “base” vs “ultrasounds”.
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Figure 5.7 - Evolution of the UA with the increase of Re; : “base” vs “ultrasounds, bubbling”.
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Figure 5.8 - Evolution of the UA with the increase of Re; : “bubbling” vs “ultrasounds, bubbling”.

After analyzing figure 5.5, it can be concluded that the ultrasounds do not have any effect
on the heat transfer rate. It can be verified with figure 5.8, where the “bubbling” and
“ultrasounds, bubbling” conditions have identical results, hence the similarity between figure
5.6and 5.7.

As for the “bubbling” condition, figure 5.6 displays that the bubbling has a significant positive
effect on the overall heat transfer coefficient, just as seen with the tests with water only.

5.2.2. Comparison of the LiBr tests with the water tests

In order to see how the LiBr solution matches with water in terms of heat transfer rate,
figures 5.9 — 5.12 present the evolution of the UA values with the Reynolds of both hot fluids.
As said previously in this chapter, the aim of the picked mass flow rates of the LiBr solution tests
was to copy the ones from the tests with water. Therefore, the water tests points used to
compare with the LiBr solution are those that were used as reference: “1.a”; “1.b”; “3.d”; “3.e”".

Because the physical properties of the LiBr solution are very different from the water
properties, the same mass flow rate of both fluids translates into different Reynolds numbers.
So, by need, two more test points were created, where the 1i1,= 10 kg/min and 71, = 12.5 kg/min.
The cold water mass flow rate is 2 kg/min, just like with points “11.a” and “11.b”. For these new
test points “11.z”, only the base condition and bubbling conditions were tested, as it was already
confirmed that the ultrasounds have no effect on the heat transfer rate.
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Figure 5.10 - Evolution of the UA with the increase of Re; in “bubbling” condition: “water” vs “LiBr”.
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Figure 5.11 - Evolution of the UA with the increase of Re; in “ultrasounds” condition: “water” vs “LiBr”.
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Figure 5.12 - Evolution of the UA with the increase of Re; in “ultrasounds + bubbling” condition: “water” vs “LiBr”.

For the same mass flow rates the difference between the Re; of both fluids is such that
it is hard to compare them, given the big spectrum of the Reynolds in the graphics, hence the
need for a couple more test points with greater mass flow rate.

For the “base” condition (figure 5.9), the LiBr solution seems to be equivalent to the
water in terms of overall heat transfer coefficients for Reynolds of 5000 to 10000,
approximately.

For the “bubbling” condition (figure 5.10), the LiBr solution gets much higher UA values
than water. However, this is because in the time between the end of the tests with water and
the start of the LiBr tests, the pipe that supplied the compressed air for the tests was used for
an unrelated activity. Because the manometer attached to the pipe is not very precise and does
not have a clear resolution or enough sensitivity, it was impossible to return to the exact same
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air pressure as in the previous experiments. The “bubbling” results in this section reflect that
imprecision. As figure 5.10 shows, the tests with LiBr solution had a bigger bubbling intensity
than the water tests. Otherwise, there is no other explanation as to why the tests with the LiBr
solution higher UA values were obtained.

5.2.3. Convective heat transfer coefficient

Once again, in order to reach the convective heat transfer coefficient, equation 4.15 is
used. Since the installation did not change, the same conditions can be applied, thus arriving at
equation 4.16. The path to find the inner convective heat transfer coefficient is the same as in
chapter 4.2.3, resorting to the number of Nusselt with equation 4.17. The D; is the same, but
the thermal conductivity coefficient is now of the LiBr solution (k;;5,-), obtained as indicated in
Appendix F. The Nu is obtained through the Dittus-Boelter correlation (equation 4.19) if all the
conditions are met. The Re; is calculated as explained in chapter 5.2.1 and the Prandtl number
is calculated with equation 5.1.

pr=-"£ (5.1)
kripr
Where c is the specific heat of the LiBr solution and is obtained through equation F.1 in
Appendix F and u is the dynamic viscosity of the LiBr solution.

To check if the flow is fully developed, one must calculate the hydrodynamic entry
length for the worst possible situation, which means the longest possible entry length. In this
case, it is for the test point where the Re; is the highest, when the ri1;, = 12.5 kg/min. The highest
Reynolds if for the base condition of “11.z(12.5)”, with a value of 9501. Resorting to equation
4.20 once more, the resulting value of the Ly, 1y, is 0.141 m. The total length of the coil is much
bigger than that, concluding that the flow is fully developed. As to verify if the Prandtl is between
0.7 and 160, tables 5.8 and 5.9 confirm that Pr is indeed in the correct range of values to use
the Dittus-Boelter correlation.

After obtaining the Nusselt and then the h;, the h, can finally be calculated with
equation 4.16. The values used to obtain the h, are presented in the following tables for test
points “11.z(10)” and “11.z(12.5)".

Table 5.8 - Reynolds, Prandtl, Nusselt numbers and convective heat transfer coefficients of point “11.z(10)” (m,.=2
kg/min; 111;,=10 kg/min)

Test c hi he

Rei o Pr Nu kuisr (T
reference P ke )] w/mzkl | ML wmzi
base 7475 2063.396 12.030 60.913 2669 0.460 673.122
bubbling 7417 2061.701 12.363 61.031 2668 0.459 1342.070

Table 5.9 - Reynolds, Prandtl, Nusselt numbers and convective heat transfer coefficients of point “11.z(12.5)” (m.=2
kg/min; 1,,=12.5 kg/min)

Test c hi he

Rei . Pr Nu kuisr (T
reference ' [)/(kg.°C)] [W/(m2.K)] usr (T) [W/(m2.K)]
base 9501 2064.037 11.905 73.565 3227 0.461 664.156
bubbling 9251 2062.049 12.294 72.710 3180 0.459 1305.000
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To confirm the suspicions of the bubbling being more intense in the LiBr tests than in
the water tests, the enhancement factor was calculated for these two test points analyzed
above, using equation 4.22 with the coil external convective heat transfer coefficient for the
bubbling and base conditions. The results are as observed in table 5.10.

Table 5.10 — Enhancement factor of the bubbling effect for test point “11.z(10)” and “11.z(12.5)”

h, (base) h,(bubbling) a
11.z (10) 673.122 1342.070 1.994
11.z (12.5) 664.156 1305.000 1.939

As predicted, the enhancement is indeed much higher compared to the tests with water
as the hot fluid that have an enhancement factor with a range of 1.2 < a < 1.4, approximately.
The increase of the h, provided by the bubbling effect from the water tests to the tests with LiBr
is around 40%, confirming that the intensity of the bubbling rose in the LiBr tests.

For the remaining test points of the experiments with the LiBr solution, since the flow
of the hot fluid is laminar (Re; < 4000), the Dittus-Boelter correlation is no longer applicable.
Therefore, it is not possible to obtain the h; with equation 4.17, if the Nusselt is unknown. And
without the h;, the h, is also unknown. So for these test points, the process to disclose the
desired properties (Nu, h; and h,) was reversed.

In theory, if the conditions outside the coil are equal, like the cold water mass flow rate
and the conditions imposed (ultrasounds or bubbling for example), then the convective heat
transfer coefficient of the coil outer wall should be similar. For example, take test points “1.a”,
“1.b” and “1.c” of the tests with water as the hot fluid. They all have the same cold water mass
flow rate (m,.= 2 kg/min) and only the hot water mass flow rate varies (table 4.1). The h,
obtained in the base condition for the three test points are as follows.

Table 5.11 - h, values for the base condition in test points “1.a”, “1.b” and “1.c”

lll.a" Ml.bll lll.cll
639.029 633.714 673.675

he [W/(m*.K)]

For these values the biggest disparity is between “1.b” and “1.c” with a variation of 6%,
which is not significant. Thus, one can assume that the values of the h, obtained in the tests
with water can be used in the LiBr tests with the respective conditions imposed. All but the
bubbling condition which was not the same between the water tests and the most recent tests.
So for the bubbling and ultrasounds + bubbling conditions, the values of the h, to assume in the
remaining LiBr test points will be an approximation of the ones obtained in “11.z"”. This is
because it is more correct to use the h, values calculated for the actual bubbling intensity
present in the LiBr tests instead of the lower intensity present in the water tests. So, 1300
W/(m?.K) will be used as the h, value for the upcoming experimental points analysis of all tests
where higher bubbling intensity was used.

Before presenting the resulting values of the properties obtained in the remaining test
points, table 5.12 simplifies how the h, values were assumed for each test point.
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Table 5.12 — Shared values of h, for both tests

Water tests Condition h, [W/(m2.K)]
“g g Base 639.029
Ultrasounds 676.524
“1 p” Base 633.714
Ultrasounds 637.707
“g g Base 605.113
Ultrasounds 614.798
“g.o” Base 613.704
Ultrasounds 599.642

Condition LiBr tests
B
UItra:ZEnds 1La”
UItrz:ZEnds “11b”
UItrz:ZEnds "13.d7
Base “13.0”

Ultrasounds

Once the outer convective heat transfer coefficient was determined, the h; could be
calculated with equation 4.16. And then the Nusselt was calculated through equation 4.17 for
the LiBr solution. Thus, tables 5.13 — 5.16 displays the obtained properties of the remaining LiBr

test points.

Table 5.13 - Reynolds, Prandtl, Nusselt numbers and convective heat transfer coefficients of point “11.a” (m =2

kg/min; 1;,=2 kg/min)

hi h
Test reference Rei 0/ (kg.")] Pr Nu W /(n;Z.K)] kuisr (T) W /(r:|2.K)]
base 1320 2051.934 | 14.299 17.095 737.15 0.453 639.03
bubbling 1254 2048.333 | 15.022 18.059 774.75 0.450 1300.00
ultrasounds 1312 2052.256 | 14.235 15.609 673.40 0.453 676.52
ultrasounds, bubbling 1206 2048.163 15.056 17.141 735.16 0.450 1300.00

Table 5.14 - Reynolds, Prandtl, Nusselt numbers and convective heat transfer coefficients of point “11.b” (m =2

kg/min; 1,=5 kg/min)

hi h
Test reference Re | preean | 7 W] | R0 g
base 3722 2062.117 | 12.281 31.233 1366 0.459 633.71
bubbling 3628 2060.024 | 12.693 33.805 1474 0.458 1300.00
ultrasounds 3688 2062.005 | 12.303 31.156 1363 0.459 637.71
ultrasounds, bubbling | 3507 2059.942 12.709 32.072 1399 0.458 1300.00

Table 5.15 - Reynolds, Prandtl, Nusselt numbers and convective heat transfer coefficients of point “13.d” (m.=1.5

kg/min; 1m;,=1.5 kg/min)

hi h
Test reference Rei 1/ (ke."O)] Pr Nu W /(n’12.K)] kuier (T) W /(r;z-K)]
base 944 2047.894 | 15.111 12.281 527 0.450 605.11
bubbling 917 2043.763 | 15.947 14.007 597 0.448 1300.00
ultrasounds 921 2046.278 | 15.437 12.074 516 0.449 614.80
ultrasounds, bubbling 893 2043.000 16.102 13.726 584 0.447 1300.00
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Table 5.16 - Reynolds, Prandtl, Nusselt numbers and convective heat transfer coefficients of point “13.e” (m.=1.5
kg/min; 1;,=3 kg/min)

hi h
Test reference Re | g | P N e | R ™| wgme )
base 2113 2060.061 | 12.685 19.802 864 0.458 613.70
bubbling 2062 2057.645 | 13.162 21.063 916 0.456 1300.00
ultrasounds 2212 2060.310 | 12.636 | 20.653 901 0.458 599.64
ultrasounds, bubbling 2097 2057.671 13.157 21.570 938 0.456 1300.00

Another way to obtain the Nusselt number and the convective heat transfer coefficients
would be to assume the value of Nu for a laminar flow. According to [1], for fully developed
laminar flows in circular tubes, Nu = 3.66 if the surface temperature is constant and Nu = 4.36
if the surface heat flux is constant. Neither are constant, but the Nusselt should be between
those two values. They are not, however, as seen in tables 5.13-5.16, but are instead much
higher. To confirm if the laminar flow is indeed fully developed, the hydrodynamic entry length
should be calculated. For laminar flows in circular tubes, the hydrodynamic entry length
Lt 1aminar is obtained with equation 5.2.

Lt,laminar = 0.05ReiPrDl- (52)

Calculating the entry length for the worst case, which is the test point with the highest
LiBr mass flow rate, test point “11.b” (=5 kg/min), the resulting L¢ ;4minqr is around 24 m.
The total length of the coil in the installation is 2.825 m, meaning that the flow is nowhere near
being fully developed.

As for the best possible case, test point “13.d” (= 1.5 kg/min) which has the lowest
LiBr mass flow rate, the resulting L¢ j4minqr is around 7.5 m. It still is not a fully developed flow
throughout the total length of the coil.

So why is the Nusselt number higher than the expected values? This is because for
developing laminar flows, the temperature and velocity profiles are simultaneously developing.
These are the combined entry length (thermal and velocity). The graphic in figure 5.13 correlates
the Nusselt number with the inverse of the Graetz number [24]. The Graetz number Gz follows
the following equation.

Gz = 2RePr (5.3)

X
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Figure 5.13 — Entry length solution for laminar flow in circular tubes [24].

The inverse of the Graetz number was then calculated for the test points with laminar
flow, using x = 1.4, a mean value of the total length of the coil. The diameter used was the inner
diameter D; and the Reynolds and Prandtl used were the ones relative of each test point. Its
values are represented in tables 5.17 — 5.20.

Table 5.17 — The inverse of Graetz number for test point “11.a” (1.=2 kg/min; 1, =2 kg/min)

Test reference Re; Pr Nu Gz

base 1320 14.299 17.095 0.007065
bubbling 1254 15.022 18.059 0.007077
usltrasounds 1312 14.235 15.609 0.007140
ultrasounds, bubbling 1206 15.056 17.141 0.007344

Table 5.18 - The inverse of Graetz number for test point “11.b” (m =2 kg/min; 1,,=5 kg/min)

Test reference Re; Pr Nu Gz1

base 3722 12.281 31.233 0.002917
bubbling 3628 12.693 33.805 0.002895
usltrasounds 3688 12.303 31.156 0.002939
ultrasounds, bubbling 3507 12.709 32.072 0.002992

Table 5.19 - The inverse of Graetz number for test point “11.b” (m,.=1.5 kg/min; 1,=1.5 kg/min)

Test reference Re; Pr Nu Gz1

base 944 15.111 12.281 0.009350
bubbling 917 15.947 14.007 0.009116
usltrasounds 921 15.437 12.074 0.009380
ultrasounds, bubbling 893 16.102 13.726 0.009272

58




Preliminary studies on the influence of ultrasounds on the heat transfer rate in a crossflow heat
exchanger

Table 5.20 - The inverse of Graetz number for test point “11.b” (1.=1.5 kg/min; 11;,=3 kg/min)

Test reference Re; Pr Nu Gz1

base 2113 12.685 19.802 0.004975
bubbling 2062 13.162 21.063 0.004912
usltrasounds 2212 12.636 20.653 0.004771
ultrasounds, bubbling 2097 13.157 21.570 0.004832

Approximately, they all fit between the two red lines of figure 5.13, with the exception
of test point “11.b” (ri1,= 5 kg/min). In this test point, with a Reynolds of approximately 3600,
the flow is in the transition from laminar to the turbulent region.
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6. Conclusions

With an installation provided by “Laboratério de Combustdo” at INEGI, the main
objective of this project was to evaluate the influence that the ultrasounds and bubbling might
have in the heat transfer rate. A few tests were carried out in a sort of crossflow heat exchanger,
with the cold fluid mixed and the hot fluid unmixed. The hot/cold fluid pairs used were
water/water and aqueous LiBr solution/water.

For the tests, the temperature of the hot fluid was set to 60 °C and by varying the mass
flow rate of both hot and cold fluids, the overall heat transfer coefficient UA was calculated for
a few test conditions (base, ultrasounds, bubbling and tank insulation). From that, some
dimensionless numbers like Reynolds, Nusselt and Prandtl were calculated for the hot fluid to
finally obtain the convective heat transfer coefficients h; and h,.

In the water only tests, it was concluded that for higher mass flow rates of both cold and
hot fluid, the overall heat transfer coefficient rises. As for the test conditions, it was observed
that the ultrasounds have no noticeable effect on the overall heat transfer coefficient, and that
the bubbling effect provokes evidently more enhancement in the heat transfer rate than any
other condition, obtaining up to 45% increase in the outer convective heat transfer coefficient.
Even though for higher cold water mass flow rate the UA increases, the heat transfer
enhancement caused by the bubbling is more prominent the lower the m,. is.

Still in the tests using water as the hot fluid, a few experimental points were executed
where the cold fluid entrance position was altered from below, underwater, to the top of the
heat exchanger tank to check if it lead to any change in the heat transfer performance. It was
observed that for high cold-water mass flow rates, the difference is noticeable as the overall
heat transfer coefficient is lower when the cold fluid entry point is in the top position.

In the tests with the aqueous LiBr solution as the hot fluid, the same correlation between
the two mass flow rates and the overall heat transfer coefficient was made as in the water only
tests, meaning that the increase in both hot and cold fluids mass flow rate lead to greater UA
values. Once more, the use of ultrasounds did not introduce any positive change in the heat
transfer rate of the tests with the aqueous LiBr solution. The bubbling produced evidently better
results as expected, although the bubbling intensity present in the LiBr solution tests was
unintentionally higher than they were in the previous tests with water as the hot fluid.

A comparison was made between the tests that used water as the hot fluid and the ones
that had the aqueous LiBr solution as the hot fluid. It was observed that for the same Reynolds
number, the difference between both hot fluids mass flow rate is significantly disparate, because
of the difference between their physical properties. It was possible to conclude that for the base
condition, both hot fluids present similar UA values for the same approximate Reynolds
numbers. As for the bubbling condition, it was not possible to equally compare the hot fluids, as
the conditions were not the same.

As for the installation, it was concluded that a few upgrades should be made to further
investigate the use of ultrasounds and bubbling in heat transfer enhancement. As the
installation is now, the ultrasounds generators are not enough to influence the heat transfer
present in the heat exchanger tank. More importantly, the pressure of the compressed air
should be more easily controlled and measured so that more rigorous tests can be done with
the bubbling condition.
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7. Future works

As for future works, to correct the ineffectiveness of the ultrasounds in heat transfer
enhancement, duplicating the number of ultrasound generators should be a good bet to get
better results, as it seemed that the present ultrasounds power were not effective because of
the great volume of the cold water in the heat exchanger tank. Not only that, but perhaps
choosing a frequency other than 28 kHz could provide different outcomes.

All tests were executed with the temperature set at 60 °C for heating the hot fluid.
Redoing these tests with different temperatures might produce different overall heat transfer
coefficients. Studying the different values could give an optimum temperature for better heat
transfer for this heat exchanger tank.

Since there was an “accident” with regulating the intensity of the bubbling, it would be
pivotal for the installation to set a proper manometer along with the pressure regulator so that
changing the bubbling intensity with full control over it should be possible. The way to do it is
install the pressure regulator in a different setup with a high-resolution manometer, as the
compressed air passes through it. A needle valve should be used to regulate the bubbling air
flow. As demonstrated in this project, the bubbling effect is remarkably effective in the heat
transfer enhancement and studying it further with different magnitudes is imperative.

It would also be interesting to prove if the inner convective heat transfer coefficient h;
is affected by the ultrasounds like the h,,and if it is, at what degree. For that matter, different
heat exchanger configuration should be tested.
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APPENDICES

A. Appendix A — Data acquisition software “DASYLab”

For the data acquisition system, the “DASYLab” software was used. In this software a
worksheet (figure A.1) was made in order to process the data received. In this worksheet it is
possible to insert formulas (calibration trend lines, polynomials and heat equations) as well as
graphics that show the evolution of a certain variable in real time during the tests.
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Figure A.1 — “DASYLab” worksheet for the tests.
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Figure A.2 — Calibration formula of the C, flow meter in the “DASYLab” worksheet.
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B. Appendix B — Calibration of the mass flow meters (Water)

The measurements of the mass flow rates of the cold and hot fluids were made with
two flow meters, C; and C, respectively. In order to properly calibrate the two flow meters, one
must simulate as much as possible the real situation in which the flow meter will be subjected
to. Both calibration processes were made using water, for the cold and hot fluid.

B.1 — Calibration of the flow meter for the cold water (C;)

Flow meter C; is located in the cold water circuit, just before reaching the heat
exchanger tank. Therefore, the water that goes through it is the one that comes from outside at
ambient temperature. In the calibration process, the same hose and regulating valve are used
but instead of filling the heat exchanger tank, the water is led to an empty bucket. The steps of
the calibration process are as it shows:

1) At a certain regulating valve position, fill up an empty bucket;

2) Atthesame time, with the aid of the “DASYLab” software, save and store the voltage
fluctuations that the flow meter is transmitting at the given flow rate, for the
duration of each test run;

3) Time with chronometer (in this case a cellphone was used) the duration of the filling
of the bucket;

4) Weight the bucket using a weighting scale (figure B.1);

5) Repeat the process a number of times with a different valve position to vary the
flow rate, and in consequence the voltage.

Figure B.1 — Weighting scale used in the calibration of the flow meters.

Having made a total of six test runs and analyzing the data in Excel, figure B.2 reveals
the trend line obtained that relates the voltage with the respecting mass flow rate, in kg/min.
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Figure B.2 — Trend line obtained through the calibration process of flow meter C;.

2.5

The trend line obtained correlates the voltage acquired from the flow meter into the
respective mass flow rate in kg/min according to the following equation.

m = 4.2335V + 0.0971

(B.1)

Equation B.1 is then inserted in the “DASYLab” worksheet as suggested in figure B.3.
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Figure B.3 — C, Trend line inserted in the worksheet of “DASYLab”.
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B.2 — Calibration of the flow meter for the hot water (C,)

Flow meter C, is located in the hot fluid circuit between the heat exchanger tank and
the pump. The working conditions that will be imposed in flow meter C, are high temperatures,
up to 60 °C, and a wide range of flow rates pumped by the pump. The hot fluid circuit is a closed
one. To simulate these conditions while adopting a similar method of calibration used in the
calibration of C;, one must interrupt the cycle to lead the hot water onto an empty bucket. So,
a valve system was assembled with a shut-off valve in the T branch following the gate valve, as
represented in figure B.4. This way, the water is heated with the resistances in the white bucket
and the pressure drop caused by the pump and the installation itself is accounted for as much
as possible when calibrating flow meter C,, making the results more realistic.

Figure B.4 — Hot water calibration setup; A — Flow meter C,; B—Pump,; C— Needle valve; D — Shut-off valve in T.

Unlike the calibration of flow meter C;, for the flow meter C, the density of the water
must be accounted for. While the cold water that goes through C; does not vary much in its
temperature (always between 18 and 21 °C), its density does not change much either. However,
the temperatures of the hot fluid that will go through C, will have a wider range of temperatures
and consequently different densities. So the resulting equation of the calibration process will
have to not only account for the voltage given off by the flow meter but also the density of the
hot fluid. This is because for the same flow rate, the weight of the fluid is lightly different if its
temperature varies considerably (the higher the temperature, the less dense the fluid), which
means the turbine inside the flow meter will spin for a less dense volume of liquid. This could
induce misleading mass flow rates, so for that reason the voltage is not the only variable that
the C, calibration equation should depend on.

The calibration process for flow meter C, was similar to the one used for C;, involving
the same steps. However, this time the temperature was also measured in each test run with
the thermocouple T; and stored along with the voltage thanks to the “DASYLab” software. This
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process was carried out for temperatures of 24 °C, 42 °C, 55 °C and 60 °C, and the resulting values
can be observed all together in figure B.5.
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Figure B.5 — Graphic of the values obtained in the calibration process.

After that, the specific gravity of the water was calculated for each test point using a
polynomial (equation B.2) with the temperature in °C.

d = —1.036 x 1071°T,* + 3.681 x 1078T,% — 7.275 x 107°T,% + 5.048 x 1075T; +
9.999 x 1071 (B.2)

In order to correlate the mass flow rate with the voltage and specific gravity, the
software “NLREG” was used. This software allows the user to find the correct parameters for an
equation of the user’s choice using all the values of the variables introduced. With the input of
all the values of m, d and V obtained on all the tests runs of the calibration process, after a few
attempts the following correlation was obtained for the least incertitude.

1 = (0.1955 + 4.0082V) x q*+0807 (B.3)

Equation B.3 was then input in the “DASYLab” software, along with equation B.2. That
way the specific gravity is calculated on real time using the temperature present at the moment.
In figure B.6, the mass flow rates obtained during the calibration process are placed along with
the correlation, equation B.3, showing the viability of the correlation used. The bigger disparity
still observed in higher flow rates can be due to experimental errors.
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C. Appendix C — Experimental results of the tests with water

The resulting values, such as temperatures, mass flow rates, calorific power and parameters R, P and F are all shown in the following
tables, for each test point and conditions implanted. In the tables below, the terms “bubb”, “uss” and “insu
insulation, respectively.

Table C.1 — Values obtained for test point “1.a” (m, = 2 kg/min; my, = 2 kg/min)

mean bubbling, ultrasounds and

ref?::;ce Twl'Cl | Tool'Cl | TalCl | Tol'Cl | Twnlecl | 6Ty | 8T, | 8Tw | iclkg/min] [kg'/“m"in] [f‘;,] [,?vf,] a/a| R | P | F [\;,’;‘K]
base 52.727 | 43.348 | 19.552 | 27.445 | 48.037 | 25.282 | 23.796 | 24.531 2.064 2.028 1.134 | 1.324 | 0.856 | 1.188 | 0.238 | 0.975 55.37
bubb 50.982 | 40.680 | 19.614 | 28.851 | 45.831 | 22.131 | 21.066 | 21.594 2.078 2.044 1.335 | 1.467 | 0.911 1.115 | 0.294 0.96 70.74

uss 56.069 | 44.666 | 18.457 | 27.767 | 50.367 | 28.302 | 26.209 | 27.242 2.168 1.924 1.404 | 1.529 | 0.919 | 1.225 | 0.248 | 0.975 57.56
uss,bubb 55.191 | 42.315 | 18.759 | 29.667 | 48.753 | 25.524 | 23.556 | 24.527 2.146 2.055 1.628 | 1.843 | 0.884 | 1.180 | 0.299 | 0.965 77.86
insul 57.431 | 46.199 | 19.371 | 28.015 | 51.815 | 29.416 | 26.828 | 28.102 2.103 1.998 1.265 | 1.563 | 0.809 | 1.299 | 0.227 0.98 56.76
insul,bubb 57.095 | 44.532 | 19.236 | 29.904 | 50.814 | 27.192 | 25.296 | 26.232 2.120 2.068 1.573 | 1.810 | 0.869 | 1.178 | 0.282 0.97 71.13
insul,uss 58.961 | 47.020 | 19.079 | 28.948 | 52.991 | 30.013 | 27.941 | 28.965 2.176 1.948 1.494 | 1.620 | 0.922 | 1.210 | 0.247 | 0.975 57.38
insul,uss,bubb | 57.573 | 43.912 | 19.310 | 30.989 | 50.742 | 26.584 | 24.602 | 25.580 2.203 1.971 1.789 | 1.875 | 0.954 | 1.170 | 0.305 | 0.955 76.75
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Table C.2 - Values obtained for test point “1.b” (m, = 2 kg/min; m;,, = 5 kg/min)

re;‘::‘ce Twl'Cl | Tol'Cl | Tul'Cl | Tol'Cl | Tnl'cl | 8T | 8T, | aTw | thlkg/min] [kg'/“mhin] [kaC] [,?V(,] a/a| R | P | F [vf,’;‘K]
base 59.730 | 53.838 | 18.078 | 30.530 | 56.784 | 29.200 | 35.760 | 32.369 2.079 4.955 1.801 | 2.034 | 0.885 | 0.473 | 0.299 1 62.85
bubb 59.588 | 52.345 | 18.283 | 33.693 | 55.967 | 25.895 | 34.062 | 29.792 2.004 4.960 2.146 | 2.503 | 0.858 | 0.470 | 0.373 0.98 85.73

uss 59.777 | 54.022 | 18.670 | 30.438 | 56.900 | 29.339 | 35.352 | 32.252 2.018 5.095 1.652 | 2.044 | 0.808 | 0.489 | 0.286 1 63.37
uss,bubb 59.860 | 52.733 | 18.061 | 34.536 | 56.297 | 25.324 | 34.672 | 29.754 2.070 4.966 2.371 | 2.466 | 0.961 | 0.433 | 0.394 | 0.985 84.15
insul 61.017 | 54.939 | 18.852 | 32.100 | 57.978 | 28.917 | 36.087 | 32.370 2.032 4,936 1.872 | 2.091 | 0.895 | 0.459 | 0.314 0.99 65.24
insul,bubb 58.280 | 51.990 | 19.299 | 34.833 | 55.135 | 23.448 | 32.691 | 27.814 2.087 5.172 2.253 | 2.267 | 0.994 | 0.405 | 0.398 0.98 83.18
insul,uss 60.539 | 54.839 | 19.278 | 32.614 | 57.689 | 27.924 | 35.560 | 31.589 2.023 5.109 1.875 | 2.030 | 0.924 | 0.427 | 0.323 0.99 64.90
insul,uss,bubb | 61.489 | 54.445 | 19.419 | 35.656 | 57.967 | 25.833 | 35.026 | 30.197 2.113 5.145 2.384 | 2.526 | 0.944 | 0.434 | 0.386 | 0.985 84.93
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Table C.3 — Values obtained for test point “1.c” (m = 2 kg/min; m,, = 8 kg/min)

re;‘::‘ce Twl'Cl | Tol'Cl | Tul'Cl | Tol'Cl | Tnl'cl | 8T | 8T, | aTw | thlkg/min] [kg'/“mhin] [kaC] [,?V(,] a/a| R | P | F [vf,’;‘K]
base 60.018 | 56.054 | 18.506 | 32.098 | 58.036 | 27.920 | 37.548 | 32.496 2.026 8.137 1.915 | 2.249 | 0.852 | 0.292 | 0.327 1 69.20
bubb 61.117 | 56.057 | 18.559 | 36.727 | 58.587 | 24.390 | 37.499 | 30.476 2.081 8.097 2.627 | 2.856 | 0.920 | 0.278 | 0.427 | 0.995 94.17

uss 60.169 | 56.347 | 18.713 | 32.319 | 58.258 | 27.850 | 37.634 | 32.497 2.058 8.138 1.947 | 2.167 | 0.898 | 0.281 | 0.328 1 66.69
uss,bubb 60.996 | 55.984 | 18.643 | 36.649 | 58.490 | 24.347 | 37.341 | 30.382 2.065 8.091 2.583 | 2.827 | 0.914 | 0.278 | 0.425 | 0.995 93.50
insul 60.512 | 56.338 | 18.445 | 31.903 | 58.425 | 28.609 | 37.893 | 33.034 2.054 8.074 1.922 | 2.349 | 0.818 | 0.310 | 0.320 1 71.10
insul,bubb 61.260 | 56.313 | 18.117 | 36.701 | 58.786 | 24.559 | 38.196 | 30.877 2.102 8.077 2.714 | 2.785 | 0.974 | 0.266 | 0.431 | 0.995 90.66
insul,uss 60.319 | 56.548 | 18.786 | 33.868 | 58.434 | 26.451 | 37.761 | 31.771 1.996 8.019 2.092 | 2.108 | 0.992 | 0.250 | 0.363 1 66.35
insul,uss,bubb | 61.049 | 56.521 | 18.911 | 36.142 | 58.785 | 24.907 | 37.610 | 30.824 1.996 8.038 2.389 | 2.537 | 0.942 | 0.263 | 0.409 | 0.995 82.72
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Table C.4 — Values obtained for test point “2.a” (m, = 5 kg/min; my, = 2 kg/min)

re;‘::‘ce Twl'Cl | Tol'Cl | Tul'Cl | Tol'Cl | Tnl'cl | 8T | 8T, | aTw | thlkg/min] [kg'/“mhin] [kaC] [,?V(,] a/a| R | P | F [vf,’;‘K]
base 55.813 | 41.660 | 18.502 | 23.920 | 48.737 | 31.893 | 23.158 | 27.293 5.086 1.973 1.919 | 1.945 | 0.987 | 2.612 | 0.145 | 0.975 73.10
bubb 54.268 | 38.856 | 18.266 | 24.225 | 46.562 | 30.044 | 20.589 | 25.019 5.058 2.005 2.099 | 2.152 | 0.975 | 2.587 | 0.166 | 0.975 88.22

uss 55.628 | 41.506 | 18.266 | 23.846 | 48.567 | 31.783 | 23.240 | 27.289 5.063 1.992 1.968 | 1.960 | 1.004 | 2.531 | 0.149 | 0.975 73.67
uss,bubb 55.612 | 39.759 | 18.343 | 24.381 | 47.685 | 31.231 | 21.415 | 26.015 4,995 1.983 2.100 | 2.190 | 0.959 | 2.626 | 0.162 0.97 86.78
insul 56.385 | 42.665 | 18.178 | 23.981 | 49.525 | 32.404 | 24.488 | 28.261 5.003 2.111 2.022 | 2.018 1.002 | 2.364 | 0.152 | 0.975 73.22
insul,bubb 58.257 | 41.653 | 18.181 | 24.765 | 49.955 | 33.492 | 23.473 | 28.186 4,923 2.034 2.257 | 2.353 | 0.960 | 2.522 | 0.164 | 0.975 85.61
insul,uss 56.647 | 42.547 | 18.262 | 24.173 | 49.597 | 32.474 | 24.286 | 28.182 4.945 2.063 2.036 | 2.026 | 1.005 | 2.385 | 0.154 | 0.975 73.74
insul,uss,bubb | 55.586 | 40.458 | 18.733 | 24.849 | 48.022 | 30.738 | 21.725 | 25.971 5.073 2.026 2.160 | 2.135 1.012 | 2.474 | 0.166 | 0.975 84.33
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Table C.5 — Values obtained for test point “2.b” (m, = 5 kg/min; my, =5 kg/min)

re;‘::‘ce Twl'Cl | TolCl | Tul'Cl | Tol’Cl | Tolcl | 8Ty | 8T, | T | iz lkg/min] [kg'/“mhin] [kaf/] [,?V(,] a/@.| R | P | F m‘f;‘K]
base 61.451 | 52.705 | 18.315 | 27.334 | 57.078 | 34.117 | 34.390 | 34.253 4.888 5.111 3.069 | 3.116 | 0.985 | 0.970 | 0.209 0.99 91.88
bubb 60.889 | 51.666 | 18.094 | 27.731 | 56.278 | 33.158 | 33.573 | 33.365 5.006 5.142 3.358 | 3.305 | 1.016 | 0.957 | 0.225 0.98 101.08
uss 61.625 | 52.923 | 18.110 | 27.288 | 57.274 | 34.337 | 34.813 | 34.575 4,960 5.118 3.169 | 3.105 1.021 | 0.948 | 0.211 0.99 90.70

uss,bubb 61.439 | 52.164 | 18.079 | 27.983 | 56.801 | 33.455 | 34.084 | 33.769 4.992 5.124 3.441 | 3.312 | 1.039 | 0.936 | 0.228 | 0.985 99.58
insul 61.415 | 52.857 | 18.481 | 27.514 | 57.136 | 33.900 | 34.376 | 34.138 5.089 5.142 3.200 | 3.067 1.043 | 0.947 | 0.210 0.99 90.74
insul,bubb 60.221 | 51.068 | 18.494 | 28.291 | 55.645 | 31.931 | 32.574 | 32.251 5.067 5.121 3.454 | 3.267 1.057 | 0.934 | 0.235 0.98 103.35
insul,uss 61.332 | 52.896 | 18.527 | 27.735 | 57.114 | 33.597 | 34.369 | 33.982 5.037 5.097 3.228 | 2.996 | 1.077 | 0.916 | 0.215 | 0.985 89.52
insul,uss,bubb | 60.271 | 51.109 | 18.517 | 28.367 | 55.690 | 31.904 | 32.593 | 32.247 5.054 5.100 3.464 | 3.256 1.064 | 0.930 | 0.236 | 0.985 | 102.52
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Table C.6 — Values obtained for test point “2.c” (m, = 5 kg/min; m, = 8 kg/min)

re;‘::‘ce Twl'Cl | TolCl | TulCl | Tol’Cl | Twlcl | 8Ty | oT, | T | sin lkg/min] [kg'/“mhin] [kaf/] [,?V(,] a/@.| R | P | F m‘f;‘K]
base 61.437 | 55.557 | 19.026 | 28.372 | 58.497 | 33.064 | 36.530 | 34.769 4,929 7.962 3.205 | 3.264 | 0.982 | 0.629 | 0.220 | 0.995 94.34
bubb 58.401 | 52.317 | 18.852 | 28.685 | 55.359 | 29.716 | 33.465 | 31.553 5.073 8.048 3.471 | 3.412 | 1.017 | 0.619 | 0.249 | 0.995 | 108.68
uss 61.532 | 55.740 | 18.908 | 28.501 | 58.636 | 33.030 | 36.832 | 34.897 4913 7.978 3.280 | 3.221 | 1.018 | 0.604 | 0.225 1 92.30

uss,bubb 59.159 | 53.016 | 18.889 | 28.977 | 56.087 | 30.183 | 34.127 | 32.114 5.115 7.963 3.590 | 3.409 | 1.053 | 0.609 | 0.251 | 0.995 | 106.69
insul 60.095 | 54.191 | 18.301 | 27.874 | 57.143 | 32.221 | 35.891 | 34.023 4,997 8.054 3.329 | 3.314 | 1.005 | 0.617 | 0.229 | 0.995 97.89
insul,bubb 57.851 | 51.789 | 18.314 | 28.388 | 54.820 | 29.463 | 33.475 | 31.426 4973 8.085 3.486 | 3.415 | 1.021 | 0.602 | 0.255 | 0.995 | 109.22
insul,uss 60.636 | 54.689 | 18.307 | 28.106 | 57.663 | 32.530 | 36.383 | 34.420 4.996 8.039 3.407 | 3.332 | 1.023 | 0.607 | 0.231 | 0.995 97.28
insul,uss,bubb | 58.595 | 52.651 | 19.016 | 28.777 | 55.623 | 29.819 | 33.635 | 31.688 4.962 8.039 3.370 | 3.330 | 1.012 | 0.609 | 0.247 | 0.995 | 105.62
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Table C.7 — Values obtained for test point “3.d” (mh. = 1.5 kg/min; my, = 1.5 kg/min)

re;‘::‘ce Tlel | Tl | TalQ) | Tal'Cl | Tl'cl | 8T | 8T2 | 8Tw | snleg/ming | S ]S | 2 lagan | ko[ op|F |
base 53.758 | 41.997 | 18.928 | 27.196 | 47.877 | 26.562 | 23.069 | 24.774 1.437 1.469 0.827 | 1.204 | 0.687 | 1.422 | 0.237 | 0.975 | 49.83
bubb 52.311 | 39.398 | 18.917 | 28.118 | 45.855 | 24.192 | 20.481 | 22.285 1.407 1.544 0.901 | 1.389 | 0.649 | 1.403 | 0.276 | 0.96 64.90
uss 53.639 | 42.195 | 18.796 | 27.258 | 47.917 | 26.381 | 23.399 | 24.860 1.412 1.551 0.831 | 1.236 | 0.672 | 1.352 | 0.243 | 0.975 | 51.01
uss,bubb 50.944 | 38.115 | 18.957 | 28.154 | 44.529 | 22.789 | 19.157 | 20.921 1.627 1.497 1.041 | 1.337 | 0.779 | 1.395 | 0.288 | 0.975 | 65.55
Table C.8 — Values obtained for test point “3.e” (m, = 1.5 kg/min; 11, = 3 kg/min)

Test Thi[°Cl | Thol'Cl | TailCl | Teol’Cl | Tenn[’C] | ATy AT, AT | 1 [kg/min] mh. Q. Q Q./Qn R P F ua
reference [kg/min] | [kW] | [kW] [W/K]
base 60.789 | 52.243 | 18.701 | 31.058 | 56.516 | 29.731 | 33.543 | 31.599 1.592 3.024 1.368 | 1.801 | 0.760 | 0.692 | 0.294 | 0.985 | 57.86
bubb 58.384 | 48.683 | 18.757 | 33.511 | 53.534 | 24.873 | 29.927 | 27.322 1.570 3.034 1.611 | 2.050 | 0.786 | 0.657 | 0.372 | 0.975 | 76.97
uss 60.715 | 52.249 | 18.677 | 31.379 | 56.482 | 29.336 | 33.572 | 31.406 1.570 2.968 1.386 | 1.751 | 0.792 | 0.666 | 0.302 | 0.985 | 56.61
uss,bubb 59.855 | 50.188 | 18.814 | 34.953 | 55.022 | 24.902 | 31.374 | 28.014 1.490 3.035 1.671 | 2.044 | 0.817 | 0.599 | 0.393 | 0.975 | 74.85
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Table C.9 — Values obtained for test point “3.f” (m, = 1.5 kg/min; m,, = 4 kg/min)

re;‘::‘ce TWl'Cl | Tool'Cl | Tal'Cl | Tol'Cl | Twnl'cl | aT: | &T, | aTw | 1it[ke/min] [kg'/“mhin] [kaC] [ko\;,] a/a.| R | P | F [vf,’j‘K]
base 61.018 | 54.413 18.920 | 32.333 57.715 28.685 | 35.493 | 31.968 1.477 3.918 1.377 | 1.804 | 0.763 | 0.492 | 0.319 | 0.995 56.71
bubb 59.311 | 51.701 | 19.215 | 36.003 | 55.506 | 23.308 | 32.486 | 27.643 1.427 3.984 1.665 | 2.113 | 0.788 | 0.453 | 0.419 0.98 78.01
uss 61.241 | 54.856 | 19.478 | 32.919 | 58.049 28.322 | 35.379 | 31.720 1.554 4.070 1.451 | 1.811 0.802 | 0.475 | 0.322 0.99 57.67
uss,bubb 61.146 | 53.496 | 19.381 | 35.980 | 57.321 25.167 | 34.114 | 29.414 1.503 4.045 1.733 | 2.157 | 0.803 | 0.461 | 0.397 0.98 74.82
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D. Appendix D — Experimental results of the tests with LiBr solution

The resulting values of the tests using LiBr solution as the hot fluid, such as temperatures, mass flow rates, calorific power and parameters

R, P and F are all shown in the following tables, for each test point and conditions implanted. Like the previous appendix, in the tables the terms
“bubb” and “uss” mean bubbling and ultrasounds, respectively.

Table D.1 - Values obtained for test point “11.a” (1, = 2 kg/min; my, = 2 kg/min)

re;‘::;ce Twl'Cl | Tool'Ql | Tal'Cl | Tol'Cl | Twsl'cl | aTe | aT, | aTa | 1in[ke/min] [knghin] [,f'v(,] [fvf,] a/@.| R | P | F [v‘v’j‘K]
base 55.318 | 43.731 | 22.579 | 28.575 | 49.524 | 26.742 | 21.152 | 23.838 1.990 2.061 0.830 | 0.816 1.017 1.932 | 0.183 | 0.975 35.12
bubb 54.129 | 39.775 | 21.774 | 28.834 | 46.952 25.295 | 18.002 | 21.442 1.995 2.050 0.980 | 1.005 0.975 | 2.033 | 0.218 0.97 48.30
uss 55.594 | 43.914 | 22.301 | 28.427 | 49.754 | 27.167 | 21.613 | 24.284 1.999 2.039 0.851 | 0.814 1.046 1.907 | 0.184 | 0.975 34.39
uss,bubb 53.961 | 39.700 | 21.723 | 29.028 | 46.831 24933 | 17.977 | 21.266 1.993 1.975 1.013 | 0.962 1.053 1.952 | 0.227 0.97 46.62
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Table D.2 - Values obtained for test point “11.b” (th. = 2 kg/min; my, =5 kg/min)

re;‘::‘ce Tlcl | Tl | TalQ) | Tal'Cl | Tl'cl | 8T | 8T2 | 8Tw | snleg/ming | S ]S | 2 lagan | RO | op|F |
base 60.742 | 52.855 | 21.684 | 31.270 | 56.798 | 29.471 | 31.171 | 30.313 1.974 5.038 1.316 | 1.364 | 0.964 | 0.823 | 0.245 | 0.985 | 45.70
bubb 60.714 | 49.891 | 21.541 | 34.203 | 55.303 | 26.511 | 28.351 | 27.420 1.999 5.066 1.759 | 1.882 | 0.934 | 0.855 | 0.323 | 0.97 70.76
uss 60.699 | 52.737 | 21.605 | 31.280 | 56.718 | 29.418 | 31.131 | 30.267 2.003 5.000 1.347 | 1.367 | 0.986 | 0.823 | 0.247 | 0.985 | 45.84
uss,bubb 60.648 | 49.841 | 21.573 | 34.407 | 55.244 | 26.240 | 28.267 | 27.241 1.991 4.902 1.775 | 1.819 | 0.976 | 0.842 | 0.328 0.97 68.84
Table D.3 - Values obtained for test point “13.d” (m, = 1.5 kg/min; my, = 1.5 kg/min)

Test Thi[°Cl | Thol'Cl | TailCl | Teol’Cl | Tenn[’C] | ATy AT, AT | 1 [kg/min] mh. Q. Q Q./Qn R P F ua
reference [kg/min] | [kW] | [kW] [W/K]
base 52.359 | 40.918 | 21.797 | 27.660 | 46.639 | 24.700 | 19.120 | 21.791 1.481 1.551 0.604 | 0.606 | 0.997 | 1.952 | 0.192 | 0.975 | 28.51
bubb 50.177 | 37.198 | 21.984 | 28.790 | 43.688 | 21.387 | 15.214 | 18.126 1.464 1.585 0.693 | 0.701 | 0.989 | 1.907 | 0.241 0.96 40.28
uss 50.914 | 40.055 | 21.884 | 27.574 | 45.484 | 23.340 | 18.171 | 20.648 1.488 1.544 0.589 | 0.571 | 1.031 | 1.908 | 0.196 | 0.975 28.38
uss,bubb 49.494 | 36.792 | 21.977 | 28.600 | 43.143 | 20.895 | 14.815 | 17.681 1.469 1.557 0.677 | 0.673 | 1.005 | 1.918 | 0.241 0.96 39.66
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Table D.4 - Values obtained for test point “13.e” (m, = 1.5 kg/min; m,, = 3 kg/min)

Test . . . . . . . my, Q. Qn UA
reference Thi[ c] Tho[ C] Tci[ c] Tco[ C] Tmh[ C] ATI ATZ ATml mc[kg/mln] [kg/mln] [kW] [kW] Qc/Qh R P F [W/K]
base 60.505 | 50.154 | 22.019 | 31.125 | 55.329 | 29.380 | 28.135 | 28.753 1.451 2.948 0.919 | 1.047 | 0.877 | 1.137 | 0.237 0.98 37.16
bubb 60.215 | 46.992 | 21.704 | 33.770 | 53.603 | 26.445 | 25.288 | 25.862 1.457 2.979 1.222 | 1.351 | 0.904 | 1.096 | 0.313 0.97 53.84
uss 60.497 | 50.517 | 22.122 | 31.401 | 55.507 | 29.096 | 28.395 | 28.744 1.460 3.075 0.942 | 1.054 | 0.894 | 1.076 | 0.242 0.98 37.41
uss,bubb 60.182 | 47.062 | 21.746 | 33.814 | 53.622 | 26.368 | 25.316 | 25.838 1.504 3.029 1.261 | 1.363 | 0.925 | 1.087 | 0.314 | 0.965 | 54.65

Table D.5 - Values obtained for test point “11.z10” (m, = 2 kg/min; ri, = 10 kg/min)

Test Twl'Cl | Twol'Cl | Tul'Cl | Tel'Cl | Tuslcl | AT AT, | ATw | i lkg/min] | T & | @ lam.| R P Fo| UA
reference | " e ! © m ' ? N [ke/min] | [kw] | [kw] " [W/K]
base 60.267 | 55.157 | 22.100 | 33.052 | 57.712 | 27.215 | 33.056 | 30.041 2.035 9.923 1.548 | 1.744 | 0.888 | 0.467 | 0.287 1 58.04
bubb 60.016 | 52.986 | 22.062 | 37.417 | 56.501 | 22.598 | 30.924 | 26.544 2.020 10.102 2.153 | 2.440 | 0.883 | 0.458 | 0.405 0.98 93.80

Table D.6 - Values obtained for test point “11.z10” (mh, = 2 kg/min; 1y, = 12.5 kg/min)

Test rra | neral | v | ol | e | an | s, | aTw | sdke/ming | | & | @ g g | p | | VA
reference ¢ [kg/min] | [kW] | [kw] [w/K]
base 60.264 | 56.074 | 21.892 | 33.937 | 58.169 | 26.327 | 34.182 | 30.084 2.023 12.488 1.693 | 1.800 | 0.940 | 0.348 | 0.314 1 59.83
bubb 59.735 | 53.763 | 21.726 | 38.082 | 56.749 | 21.652 | 32.038 | 26.507 2.023 12.534 2.298 | 2.572 | 0.893 | 0.365 | 0.430 | 0.99 98.02
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E. Appendix E — Calibration of the mass flow meter for the LiBr
solution

The process of calibration used for the lithium bromide solution was similar to the one used
for the water as the hot fluid (Appendix B.2). To weight the solution in a separate container, it was
necessary to close part of the hot fluid circuit once more the same way it was done when calibrating
for water. First, the solution was heated in the white bucket using the electrical resistances, then by
being pumped by the pump, the LiBr aqueous solution will go through the flow meter C, and the
gate valve to finally reach the container.

The LiBr aqueous solution was heated up to 50 °C and then while varying the flow rate with
the gate valve, several operating points were taken. The “DASYLab” software would measure and
register both the temperature T5; and the voltage picked up by C,. The mass of the solution was
weighed for each different point with the weighting scale previously calibrated for the container
used and the time was timed with a cellphone.

After calculating the mass flow rate, in kg/min, for each point by dividing the mass with the
time, the correlation between the voltage and the LiBr solution obtained are the ones observed in
figure E.1 and equation E.1.

16
y=6.3177x +0.1803

14 R2=0.9999 _..-®

12 .

m [kg/min]

0.0 0.5 1.0 15 2.0 25
V[V]

Figure E.1 — Trend line obtained through the LiBr solution calibration process.
m = 6.3177V + 0.1803 (E.1)

With equation E.1, the level of uncertainty is almost null, so no other physical property is
needed in the correlation. Equation E.1 was then implemented in the “DASYLab” worksheet for the
forthcoming LiBr tests. Perhaps now the adopted approach was rather simplistic as no deep analysis
was carried out to evaluate the importance of the liquid specific gravity upon the calibration results.
Because the experiments for the LiBr aqueous solution were carried out in the final available time
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of the experimental period, this calibration line was enough for the purposed experiments as they
are in fact a preliminary approach to be enhanced in further studies.

87



Preliminary studies on the influence of ultrasounds on the heat transfer rate in a crossflow heat exchanger

F. Appendix F — Obtaining of the LiBr solution physical properties

Physical properties of the LiBr aqueous solution like the dynamic viscosity, density, thermal
conductivity, etc. are important to know as they will be used in multiple occasions for data analysis.
The provided LiBr aqueous solution has 55% concentration. To attain its physical properties, the
concentration of the solution should be taken into account.

Even though there are some articles concerning the physical properties of a LiBr solution
depending on temperature and concentration values [25,26], the method used to obtain them was
by means of the EES program (Engineering Equation Solver).

The EES is an equation-solver program that has a wide database of thermodynamic
properties. To access an external library to retrieve a property of the LiBr solution, an EES routine is
used, for example “k = LiBrSSCCond(Tc,X)” is used to obtain the thermal conductivity of a LiBr
solution given a temperature “Tc” in °C and a mass fraction “X”. The routines used were developed
by the University of Maryland [27]. Using these routines for the desired properties and with the
mass fraction being constant for all of them, X = 0.55, it is possible to create tables in the EES in
which varying the temperature, it reveals the resulting values of the introduced routine, exemplified
in figure F.1 for the specific heat.

-

ES] Parametric Table E@
Table 1 Table 2 | Table 3| Table 4]
W
Run 1 40 2,039
“Run2 | 42,22 2,042
“Run3 | 44,44 2,046
“Run4 | 46,67 2,05
"Runs | 48,89 2,053
“Runb | 51,11 2,056
“Run7 | 53,33 2,059
"Run8 | 55,56 2,062
"Run9 | 57,78 2,065
“Run10 | 60 2,067

Figure F.1 — Variation of the specific heat with the temperature in an EES Table.

Doing this process for the u, k, ¢ and v, and transporting the tables to the Excel, it was
possible to achieve correlations for all the needed properties, as a function of temperature in °C.
Therefore, the trend lines obtained for the thermal properties are as shown in the following
equations. The density (equation F.2) was calculated by doing the inverse of the specific volume v.
The thermal properties calculated with these equations are in Sl units.

¢ = 14T + 1982.6 (F.1)
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p= —0.5797T + 1634.3 (F.2)
k = 0.0009T + 0.4082 (F.3)
i = —0.0000577T + 0.0060127 (F.4)
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