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Most heat transfer tubes are designed for either fully uniform wall temperature or fully uniform wall
heat flux boundary conditions under forced convection. Several applications, including but not limited
to the solar collectors of renewable energy systems, do however operate with non-uniform boundary
conditions. Limited research has been conducted on non-uniform wall heat flux heat transfer
coefficients in circular tubes, especially for mixed convection conditions. Such works are normally
numerical in nature and little experimental work is available. In this experimental investigation the
effects of the circumferential heat flux distribution and heat flux intensity on the single phase (liquid)
internal heat transfer coefficient were considered for a horizontal circular tube. Focus was placed on
the laminar flow regime of water within a stainless steel tube with an inner diameter of 27.8 mm and
a length to diameter ratio of 72. Different outer wall heat flux conditions, including fully uniform and
partially uniform heat fluxes were studied for Reynolds numbers ranging from 650 to 2 600 and a
Prandtl number range of 4 to 7. The heat flux conditions included 360° (uniform) heating, lower 180°
heating, upper 180° heating, 180° left and right hemispherical heating, lower 90° heating, upper 90°
heating and slanted 180° heating. Depending on the angle span of the heating, local heat fluxes of 6
631 W/m?, 4421 W/m?, 3316 W/m?, 2210 W/m? and 1 658 W/m? were applied. Results indicate that
the local and average steady state Nusselt numbers are greatly influenced by the applied heat flux
position and intensity. Highest average heat transfer coefficients were achieved for case where the
applied heat flux was positioned on the lower half (in terms of gravity) of the tubes circumference,
while the lowest heat transfer coefficients were achieved when the heating was applied to the upper
half of the tube. Variations in the heat transfer coefficient were found to be due to the secondary
buoyancy induced flow effect. The relative thermal performance of the different heating scenarios
where characterised and described by means of newly developed heat transfer coefficient
correlations for fully uniform heating, lower 180° heating, and upper 180° heating.
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Nomenclature
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Gz Graetz number [-] Gz = %RePr
h Heat transfer coefficient

[W/m?K]
h Average heat transfer

coefficient [W/mK]
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transfer coefficient [W/m?K]
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Nu = T
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Q Heat transfer rate [W]
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: 3
Ra Rayleigh number [-] Ra = GrPr — 9B (T VZTOO)D br
Re Reynolds number [-] Re = pVvD
w
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1 Introduction

1.1 Background

The importance of heat transfer cannot be understated, especially because it is used in almost all
industries. Heat transfer, per definition is used to describe the transfer of thermal energy from one
medium or region to another. Heat can either be added or removed depending on the application to
produce a useful result. Because it is one of the most important energy transfer modes, convective
heat transfer has long been the subject of extensive research. Even minor improvements in heat
transfer can lead to large improvements in a system’s efficiency as a whole.

Circular cross sectional flow passages are widely used due to their advantageous volume to surface
ratio, and relatively low manufacturing cost. Therefore, single tubes are often considered during
research investigations and subsequently a large number of studies have been conducted on the heat
transfer in fluid flow through a tube.

Convective heat transfer is of particular importance when considering fluid based heat transfer. In
such circumstances, bulk fluid motion and fluid mixing are often the main means of heat transfer in a
system. Therefore, extensive research is continually being performed on convective heat transfer
mechanisms and the effect there-of. Often, simplified thermal boundary conditions are considered,
such as uniform wall temperature conditions and uniform heat flux conditions. For these cases,
thermal and fluid flow performances have been relatively well documented in terms of heat transfer
coefficients and friction factors. For circular tubes, specifically, heat transfer coefficients and friction
factors have been correlated in terms of the fluid properties, mass flow rate and geometric parameters
for both laminar and turbulent flow regime conditions, and to some extent the transition flow regime.

Relatively little research has been performed to investigate the characteristics and the effects of non-
uniformity of wall temperature and heat flux conditions on the convective heat transfer coefficient
and the friction factor. This is despite the existence of several applications where non-uniform heat
flux or non-uniform temperature distributions are present at the heat transfer wall. Such applications
include solar energy collector applications and boiler applications. In the solar collector industry for
instance, parabolic trough collector tubes, linear Fresnel collector tubes, traditional thermosiphon
solar collector tubes and collector tubes in central solar receivers are prone to spatial non-uniform
heat flux boundary conditions. Some of these are presented in Figure 1-1 where it can be seen that
the thermal incident radiation on the collector tubes is highly directional. In this sense, parabolic
trough and linear Fresnel solar collectors use reflectors to direct the solar rays onto the collector
tube(s) from below, whereas, traditional thermosiphon solar collectors have tubes which simply
receive the incident solar radiation from above. It is thus evident that none of these applications would
operate with uniform heat flux or uniform wall temperature profiles.
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Figure 1-1: Solar collector layouts: a) Flat plate type collector, b) Concentrated parabolic trough receiver and c) Linear
Fresnel collector.

For low flow rate operating conditions, which generally are characterized by low Reynolds numbers,
non-uniformity of the heat flux can result in a significant uncertainty regarding the convective heat
transfer characteristics of even a simplistic geometry such as a horizontal circular tube. This is
predominantly due to the presence and the effect of secondary flow effects caused by buoyancy
driven flow due to the temperature dependence of the fluid density. The result is the existence of a
mixed convection condition, where both the influence of the mechanically forced flow component, as
well as the natural convection component must be considered. This is of particular importance in the
laminar flow regime where turbulent flow mixing is not present. The effect of mixed convection can
result in enhanced heat transfer or suppressed heat transfer depending on the directional
components of the forced and buoyancy flow terms. In general the prevalence of mixed convection is
often expressed in terms of the Richardson number (the ratio of flow buoyancy to flow shear).

Av Al Al

360° Heating 180° Heating 90° Heating

Figure 1-2: lllustration explaining circumferentially non-uniform heat flux and secondary flow

Figure 1-2 gives a schematic representation of some different heat flux distributions, as well as
possible representations of the plausible buoyancy driven secondary flow pattern that can be found
with horizontal heated tubes. The location of the red arrows represent the regions where heat flux
could be incident (among many other possible distributions) on the tube wall. Circumferentially
uniform heat flux, represented by the 360° heating distribution, is when the full circumference of the
tube receives the same amount of heat per surface area. A tube heated on, for instance, only a 180°
or 90° angle span of its circumference could still receive a comparable amount of effective heat
transfer as the uniformly heated tube (depending on the efficiency of the reflector system). Such cases
can be termed circumferentially non-uniform heat flux cases. In all the cases shown in Figure 1-2, the
buoyance effects are perpendicular to forced flow direction.
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Relatively little is known about the overall (or average) heat transfer coefficient under such conditions,
especially when the heat flux is non-uniform. This is in contrast to the highly turbulent flow conditions
where well-developed correlations can be used to predict the Nusselt number. When heating occurs
from below, an enhanced heat transfer coefficient can be expected due to the additional mixing effect
caused by the secondary flow, however, the magnitude of the increase in the heat transfer
performance is not yet well understood or documented. It is also not clear whether factors such as
the angle span of the heat flux, the positioning of the heat flux (symmetric or asymmetric to gravity)
and the intensity of the heat flux are important to take into consideration. Numerical data can easily
be obtained, but little experimental work under controlled conditions has been conducted.

1.2 Problem Statement and Aim of Study

There is a need for well-documented experimental studies that investigate the effects of non-uniform
heat fluxes on the heat transfer coefficient, particularly in the laminar regime for circular tubes. In
terms of the heat transfer performance, a gap in knowledge exists, which if filled, will be valuable to
thermal engineers concerned with applications such as solar collectors and boilers which operate at
low mass flow rates.

1.3 Scope of Work

The intension of this study is to experimentally determine the effective heat transfer coefficient in a
smooth horizontal tube exposed to different circumferential heating distributions. Different heat flux
configurations, with different angle spans and positions of the incident heat flux onto a tube will be
investigated. A 360° configuration will be used as the reference condition because it is commonly
included in literature and is often the default assumption of thermal design engineers. Non-uniform
heating configurations with angle spans of either 180° or 90° at different heat flux intensities of
approximately between 1600 W/m? and 6600 W/m? will also be investigated for different heating
locations around the circumference of the tube. The flow will be contained in a horizontal tube and
be kept in the laminar regime (650 < Re < 2600). Due to practical limitations, tests will only be
conducted on water in the liquid phase. Therefore, steady state single phase convection heat transfer
will be considered and not convective boiling heat transfer.

The main objectives of the research will be to:

e complete a comprehensive literature survey

e design and construct an experimental setup suitable to the problem statement and scope
o experimentally perform tests

e provide correlations to describe the convective heat transfer

The experimental investigation will also supply valuable reference data which will be used in future
numerical simulation investigations (not within the scope of this project). It is the intension to
determine whether the heat flux distribution and the heat flux intensity have a significant influence
on the heat transfer coefficient. Once more information is gathered regarding these phenomena,
researchers and thermal designers will be able to use this information to investigate and develop more
efficient heat transfer systems using the cost effective circular tube geometry.

1.4 Dissertation Structure

This dissertation consists of eight chapters. In Chapter 2 a literature review is given to briefly discuss
relevant previous work done, as well as fundamental concepts needed to fully understand the work
contained in this dissertation. In Chapters 3 and 4 the experimental setup and experimental procedure
will be described to give clarity to what was done regarding the testing and how the testing was carried
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out. Chapter 5 contains the data reduction methods used to derive the effective heat transfer
coefficients from the experimental data. Chapter 6 contains the experimental results which include
the verification of the heating elements, the testing for the presence of transitional flow, and the
validation of the laminar, turbulent and local Nusselt numbers. The new results obtained through
testing, as well as Nusselt number correlations are also found in Chapter 6. Chapter 7 contains a
summary, the conclusions and recommendations for future work.
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2 Literature Study

2.1 Introduction

In this chapter a brief literature review is presented of works previously conducted on topics that are
related to and associated with this study. One particular aspect is that of the thermal boundary which
is very important and which can be described either in terms of temperature (uniform or non-
uniform), in terms of heat flux (uniform or non-uniform), or in terms of both temperature and heat
flux. This dissertation will mainly focus on heat flux boundary condition types, however, reference to
other boundary condition types are also made, to place into context the common phenomena at play
when buoyancy driven secondary flow is significant. The effects of secondary flow can have different
effects on the heat transfer in a system (as mentioned earlier) depending on the directional
components of the buoyancy and forced components. For relevance purposes, only buoyancy driven
secondary flow perpendicular to a horizontal primary flow will be considered in this investigation.

2.2 Important Nomenclature Definitions

2.2.1  Richardson Number

In the context of this study, it is important to determine whether natural, mixed or forced convection
is present in the fluid flow. As mentioned, the Richardson number (Ri) can be used as a non-
dimensional guideline for determining which convection type is present in the flow. It is defined as
the ratio of the buoyancy force in a fluid and the shear force of the bulk fluid flow. It is commonly
expressed as the ratio between the Grashof number and the Reynolds number squared (Ri = Gr/Re2).
When the Richardson number is less than 0.1 the heat transfer can generally be considered as being
fully forced convection, while when the Richardson number is above 10 the heat transfer can be
roughly classified to be fully natural (free) convection. When the Richardson number is between 0.1
and 10, neither natural nor forced convection can be ignored and mixed convection is present. These
are seen as simplified guidelines and are not strict rules.

2.2.2  Grashof Number

The dimensionless Grashof number (Gr) is the ratio of buoyancy and viscous forces acting on a fluid.
It is often calculated from the thermal fluid properties and the temperature difference in the fluid that
is responsible for the buoyancy driven flow. The Grashof number governs the flow regime in natural
convection cases.

2.2.3  Reynolds Number

The dimensionless Reynolds number (Re) is the ratio of inertial forces to viscous forces for a given
flow. It is used as an indication of which flow regime is present. For pipe flow, a Reynolds number of
below approximately 2 300 indicates laminar flow, a Reynolds number of above approximately 4 000
indicates turbulent flow, and a Reynolds number of between approximately 2 300 and 4 000 indicates
transitional flow (transition between bulk laminar and turbulent behaviour).

2.2.4  Nusselt Number

The dimensionless Nusselt number (Nu) is the ratio of the heat transferred via convection and the
heat transferred via conduction at a boundary between a solid and a fluid. Low Nusselt numbers (close
to 1) mean that the heat being transferred is strongly influenced by conduction effects, while for high
Nusselt numbers, the heat being transferred occurs mainly due to convection.
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2.2.5 Prandtl Number

The Prandtl number (Pr) is a dimensionless number which is the ratio between kinematic viscosity
and thermal diffusity. The Prandtl number gives an indication of the relative thickness of the
hydrodynamic boundary layer when compared to the thermal boundary layer. Large Prandtl numbers
indicate thicker boundary layers.

2.2.6  Rayleigh Number

The Rayleigh number (Ra) is another dimensionless number which shows whether the heat within a
fluid is being transferred via conduction or natural convection. If the Rayleigh number is below a given
threshold the heat transfer is said to be conduction and if the Rayleigh number is above a threshold
the heat transfer is natural convection. The Rayleigh number is the product of the Grashof and Prandtl
numbers.

2.3 Past Studies Focusing on Uniform Heat Flux

2.3.1 Yasuo, et al. (1966)

Yasuo, et al. experimentally investigated the buoyancy effects on heat transfer in the flow of air in
horizontal tubes. Their work focused on the laminar flow regime (Re = 100 to 13 000) with a uniform
heat flux boundary condition. They showed that the presence of secondary flow increases the Nusselt
number and heat transfer coefficient. They discovered that with the secondary flow effect combined
with the primary flow caused vortices in the flow with an axis in the horizontal plane and symmetrical
about the vertical plane. It was found that the buoyancy effects only start affecting the local Nusselt
numbers (Nu) when the product of the Reynolds and Rayleigh numbers (RexRa) was higher than 103
They proposed a correlation for the Nusselt number in terms of the Reynolds and Rayleigh numbers
(Yasuo et al., 1966):

1.8

1 .
Nu = 0.61(ReRa)5 |1 + ———

(ReRa)s

(2.2)

2.3.2  Kupper, et al. (1969)

(Kupper et al., 1969) experimentally investigated the effect of free convection on forced convection
in a circular horizontal tube with an inner diameter of 5.8 mm and a length to diameter ratio of a 315.
The Reynolds number range was between 100 and 2 000, while the Grashof number ranged from 300
to 30 000. The working fluid used was water, with a Prandtl number range of between 4 and 9. Their
results showed an increase in the Nusselt number due to the presence of free convection.

They noted that when looking at the local Nusselt number against the axial distance of the heated
section, the Nusselt number was at its highest at the beginning of the heated section. The Nusselt
number then decreased rapidly along the tubes length, reaching its lowest point at a non-dimensional
axial position of x/D = 110 (where x is the distance from the starting point of the heating section and
D is the inner diameter). This coincided to the point where the radial temperature profile in the flow
was fully developed.

They also showed that if the Reynolds and Prandtl numbers were kept constant, an increase in the
Grashof number resulted in higher Nusselt numbers. The same was found to be true when the Prandtl
and Grashof numbers were held constant and the Reynolds number was increased.

When looking at the entrance lengths, they observed that the results were dependant on the Reynolds
and Grashof numbers. The flow thermally developed faster with higher Grashof numbers, while the
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flow development was slowed when the Reynolds number was increased. They noticed that for
horizontal tubes with a uniform heat flux boundary condition an entry length is needed in order to
establish secondary flow.

A correlation was tentatively provided. However, this correlation had a fairly low accuracy. It only
correctly predicted 53% of the data in the thermally fully developed region within 10%.

48 1 1
Nu = ot 0.048Pr3(ReRa)s (2.2)
Thus far it is seen that the proposed Nusselt number correlation put forward by Yasuo, et al. was only
a function of the Reynolds and Rayleigh numbers. Kupper, et al. added the Prandtl number to the
equation as well as added a term of 48/11. This is roughly equal to 4.36 which is the Nusselt number
assumption for fully developed laminar flow under a uniform heat flux boundary condition. The
second term is added to compensate for the secondary flow effects present in the fluid.

2.3.3 Bergles and Simonds (1971)

Bergles and Simonds experimentally investigated the effects of mixed convection on heat transfer
when a uniform heat flux boundary condition is applied. Their tests were conducted in the laminar
flow regime for a Reynolds number range of Re =460 to 720. They found that the heat transfer
coefficient (Nusselt number) can be greatly affected by the presence of secondary flow and that the
heat transfer coefficient can be up to three or four times larger with the presence of secondary flow
than when compared to traditional correlations for pure forced convection. While reviewing previous
data they observed that the hydrodynamic development length was much shorter for secondary flow
cases than when compared to cases where only forced convection was present. They proposed a plot
(Figure 2-1) for determining the Nusselt number in the laminar flow regime of water (distilled) in a
horizontal circular tube with a uniform heat flux in terms of the non-dimensional axial position and
the Rayleigh, Reynolds and Prandtl numbers.
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Figure 2-1: Correlation plot for laminar flow of water in a horizontal circular tube with uniform heat flux (Bergles and
Simonds, 1971)

2.3.4 Morcos and Bergles (1975)

As a follow-on from the earlier effort by Bergles and Simons, Morcos and Bergles experimentally
investigated the effects of combined free and forced convection in the laminar regime. They used
distilled water and ethylene glycol as their working fluid, uniform heat flux as their boundary condition
and horizontal circular pipes as the geometry. Their data indicated that the Nusselt number is
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influenced by the Rayleigh number, variations of the thermo-physical properties of the heat transfer
fluid, and the radial conduction in the tubes wall. They proposed a Nusselt number correlation which
can be used for a wide variety of fluid properties and flow conditions (3x10%< Ra< 108, 4 < Pr< 175,
2<Pw*<66):

5 Gr* prr135) %%
(2.3)
kD
Pw* = —
k, T

Here the Pw™ grouping depends on the on the thermal conductivity of the bulk fluid, k, the thermal
conductivity of the fluid at the wall, k,,,, and the bulk fluid temperature of the fluid, T.

The work done by Morcos and Bergles is clearly a continuation of the work done by Bergles and
Simons. However, Morcos and Bergles have greatly increased the range of the parameters used in
testing, as well as offered a correlation equation as opposed to just a plot for determining the Nusselt
number. It can be seen that Morcos and Bergles start with the 4.36 as was used by Kupper, et al.
Likewise, the second term is added to compensate for the secondary flow effects present in the fluid.

2.3.5 Chouand Hwang (1988)

Chou and Hwang carried out a numerical analysis of the Graetz problem with the presence of natural
convection. The Graetz problem is the problem of determining the steady state temperature field of
a fluid, when the fluid flows at a different temperature to that of the circular duct it enters. They used
the vorticity-velocity method for their analysis. They assumed a tube was heated using uniform heat
flux. In order to compensate for the addition of natural convection in the flow, Chou and Hwang used
the Boussinesq approximation. This approximation ignores the density differences in the fluid unless
gravity is multiplied to the term in the equation. It assumes that the effect of the density differences
due to inertia is negligible, whereas the effect of the density differences due to gravity needs to be
taken into account. They showed that the secondary flow induced by the natural convection distorts
the axial flow and cross-sectional temperature profiles. They numerically showed that the highest fluid
velocity and lowest fluid temperature are found at the bottom of the tube.

2.3.6  Ghajar and Tam (1994)

Ghajar and Tam experimentally looked at a large range of different conditions from the laminar regime
to the turbulent regime (Reynolds range of 280 to 49 000). Conveniently the paper is broken down
into different sections and only the laminar section will be discussed here (Re = 280 to 3 800). They
used horizontal circular tubes with water and ethylene glycol as the working fluid. The boundary
condition used was a uniform heat flux boundary condition. Their work showed once again the need
for an entrance length in order to allow the development of the secondary flow. A correlation was
proposed which gave a +15.4% and -16.9% representation of their experimental data. 86% of the data
was predicted with less than + 10% deviation:

1
Nu = 1.24 ((RePrD /L) + O.OZS(GrPr)°'75)3 (1] 1) O (2.4)

Ghajar and Tam offered a rather complicated correlation for the Nusselt number in the laminar
regime. They added the diameter to length ratio (D/L), Grashof number and viscosity ratio (¢/u,)-
The viscosity ratio term was added in order to account for the heat flux itself. The presence of the heat
flux causes the wall temperature to be greater than the bulk fluid temperature. This temperature

20
2017



difference causes the fluid properties to differ from the wall to the center of the flow. The viscosity
ratio is added in order to account for these differences.

2.3.7 Mohammed and Salman (2007)

Mohammed and Salman experimentally investigated mixed convection on developing flow in circular
tubes with a uniform heat flux boundary condition and came to a few interesting conclusions. They
found that secondary flow has different effects on the Nusselt number depending on the Reynolds
number.

Their study was for a Reynolds number (Re) range of 400 to 1 600, using air as their working fluid.
They observed that the secondary flow can decrease the Nusselt number at the lower Reynolds
numbers within their range and increase the Nusselt numbers for the higher Reynolds numbers. It was
also seen that the Nusselt number increases when more heat flux is applied to the wall. The Richardson
numbers (Ri) obtained from their experiments were between 0.13 and 7.125. Since their Richardson
numbers were all found to be between 0.1 and 10, their data can be loosely classified as being in the
mixed convection range.

They proposed the following correlation for the average Nusselt number as a function of the Rayleigh
and Reynolds numbers only (Mohammed and Salman, 2007):

Nu = 3.19(Ra/Re)?2¢ (2.5)

2.4 Past Studies Considering Non-uniform Heat Flux

When looking at the previous subsection it can be seen that all the cases are those of uniform heat
flux. There has been a large amount of work done regarding heat transfer in circular tube with uniform
heating. Unfortunately, this is not the case for non-uniform heating. For that reason, the literature
reviewed in this section is somewhat broader than that found in the previous subsection and reference
is made to both circular and non-circular flow passages and chambers.

Rectangular and Square Cross Sections

2.4.1 Linand Lin (1996)

Lin and Lin experimentally investigated the effect of non-uniform (bottom) heating on air flow in a
rectangular duct. They looked at low Reynolds numbers ranging from 9 to 186. They were more
interested in the effects that the Reynolds number and Grashof number have on the flow transition
of the air, rather than the difference in heat transfer in non-uniform cases as opposed to uniform
cases. They showed that the onset of thermal instability occurs closer to the entrance with increased
Grashof numbers and decreased Reynolds numbers. Once again, heat transfer enhancement was
observed when comparing this case to a purely forced convection cases, and once again, this is
attributed to the secondary flow development caused by the buoyancy forces. They also performed
flow visualizationof the secondary flow vortices, as can be seen in Figure 2-2.
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Figure 2-2: Secondary flow vertices visualised in the cross section of a rectangular bottom heated duct (Lin and Lin, 1996)

2.4.2  Elatar and Siddiqui (2014)

(Elatar and Siddiqui, 2014) experimentally investigated the effect of bottom heating on the flow of
water in a duct with a square cross section. Tests were performed with low Reynolds numbers (300 to
750) and high Grashof numbers (6.37x10° to 3.86x107). They showed that the secondary flow was
dependent on the Reynolds and Grashof numbers and that turbulence intensity can be increased due
to secondary flow. This turbulence is brought about when the rising plumes (caused by the thermal
buoyancy effect) of warm fluid interact with each other and the shear flow. Under the correct
conditions it was seen that the flow effect of the bottom heating can have three dimensional effects,
with a back flow along the top unheated portion being observed when Ri > 55. The back flow
intensified with an increase in wall temperature.

Horizontal Circular Tubes

2.43 Chang, etal. (2014)

Chang, et al. conducted both experimental and numerical tests on the heat transfer characteristics of
non-uniform heat flux on a solar thermal absorber tube. Their tests were for flow in the turbulent
regime (Re = 1x10* to 3.5%10%), with water used as the working fluid. Only the upper 180° of the
circular tube was heated in the tests.

It can be seen that the Dittus-Boelter correlation still holds true for both uniform and non-uniform
heating turbulent cases. This is due to the fact that forced convection is the main mode of heat transfer
in turbulent flow and the free convection is almost negligible. This is why more extensive research is
needed with regard to non-uniform heat flux in the laminar regime, where mixed convection in more
prevalent.

Figure 2-3 shows the wall temperature distributions for a selected cross section of the tube.
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Figure 2-3: Difference between Dittus-Boelter prediction and actual wall temperature distributions (Chang et al., 2014)

2.4.4 Okafor, et al. (2014)

The Okafor, et al. considered circumferentially non-uniform heat flux distribution in the laminar flow
regime of a tube. A length ration (L/D) of 159 was used, with a Reynolds number (Re) range of 180 to
2 200.The heat flux was applied as a sinusoidal function around the heated section of the tube.

It was observed that the average internal heat transfer coefficient increased as the Reynolds number
increased. This was true regardless of the uniformity of the heat flux. It was also noted that both the
average and axial local heat transfer coefficient were larger in the non-uniform heat flux cases. When
L/D was increased there was seen to be an increase in the average and axial local heat transfer
coefficients as well as an increase in the thermal efficiency of the system. Figure 2-4 shows the
increase in the average internal heat transfer coefficient when non-uniform heat flux is applied.
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Figure 2-4: Comparison of average internal heat transfer coefficients for uniform and non-uniform cases at a heat flux of
7085W/m? (Okafor et al., 2014)

2.4.5 Huang, etal. (2015)

(Huang et al., 2015) performed a numerical study on the effects of mixed convection for fully
developed flow in a circular tube with a non-uniform heat flux boundary condition. The numerical
model and heat flux distribution were modelled on a parabolic trough solar collector. Their numerical
model allowed for either the top half of the horizontal tube to be heated (non-uniform heating) or for
the entire pipe to be heated (uniform heat heating). The numerical study was performed for flow in
the turbulent regime (Re = 2x10%to 10°) and used super-heated steam as the working fluid which had
a Prandtl number of approximately 1.5.
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When comparing uniform heat flux cases and non-uniform heat flux cases they observed a marked
difference between the velocity fields, temperature distribution, flow resistance and heat transfer. It
is noted that the Nusselt number is larger for the non-uniform heat flux cases.

2.4.6 L etal (2016)

(Li et al., 2016) performed a numerical investigation on fully developed mixed convection in a
parabolic trough solar receiver tube in the laminar flow regime. Their study used super heated steam
as the working fluid, and the Boussinesq approximation was used.

They tested 180° heating spans applied to the left hand side of the tube, 2 slanted cases of varying
degrees (still applying 180° heating) and a lower 180° heating case. They also tested a uniform heating
case to use as a reference. A Reynolds range of 250<Re<1000 and a Grashof range of 0<Gr<3.2x10°8
was used.

It was found that due to the effects of the buoyancy forces, the stream wise flow moves downwards
(gravitationally speaking) which causes the formation of a high speed region near the bottom of the
receiver tube. The fluid with higher temperature moves upward along the tube wall, while the cooler
fluid in the middle flows downward creating vortices. The strength of the vortices are seen to be
greater in cases of non-uniform heat flux when compared to cases with uniform heat flux boundary
conditions.

They showed that the intensity of the secondary flow increases as the Grashof number increases when
the lower 180° of the pipe is heated. It is also seen that the Nusselt number rose sharply when the
Grashof number was increased for the lower 180° heating case.

They showed that when the Grashof number is greater than 12 500 the natural convection can
improve the heat transfer rate by 10% when compared to purely forced convection.

2.5 Past Studies considering Uniform Temperature

Referring to some past works, including uniform temperature is deemed necessary, even though
uniform temperature will not be investigated in this study. This is because uniform temperature
profiles are the other major boundary condition where secondary flow is present. Only the
fundamental cases of uniform temperature profiles will be looked at here, as they are deemed the
most important, as the uniform temperature studies diversify greatly the closer you get to present
day. They differ in terms of geometry, surface roughness, working fluid type and many other facets
which are not important to this study.

2.5.1 Oliver (1962)

Oliver experimentally investigated the effect of natural convection on the heat transfer on a number
of working fluids in horizontal tubes. He used pure glycerol to standardize his experimental setup, and
thereafter conducted the tests on water, ethyl alcohol and a mixture containing approximately 80%,
by weight, glycerol in water. The Grashof and Prandtl ranges were as follows, 29 < Gr< 1.6x10° and 1.9
< Pr < 326. The tests were performed in the laminar flow regime and although the Reynolds number
range is not explicitly stated, it is indicated that the highest Reynolds number reached was 1500 with
most of the tests being performed at much lower Reynolds numbers. Oliver proposed a correlation to
predict the Nusselt number (Oliver, 1962). This correlation makes use of the Graetz number (Gz),
which is used to characterise the laminar flow. It represents the time taken for heat to be transferred
radially into a fluid by means of conduction.
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2.5.2  Brown and Thomas (1965)

Brown and Thomas continued the work carried about Oliver, focussing their experimental work on the
effect of combined forced and free convection on heat transfer of water. Horizontal tubes were used
and the experiments were carried out in the laminar regime. The correlation proposed by Brown and
Thomas gives and accuracy of +8% for cases where water is used as the working fluid. The given
correlation can be seen to be very close to that of Oliver’s with the secondary term being the only
change (Brown and Thomas, 1965).

1
0.14 1\ 4/3\3
Nu = 1.75 (E) <Gz +0.012 (GzGr§) ) (2.7)
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2.5.3 Depew and August (1971)

Depew and August performed and experimental investigation on the heat transfer due to combined
free and forced convection in horizontal tubes. The tests were performed in the laminar flow regime
with the highest Reynolds number being 1800. Three different fluids were used in the testing, water,
ethyl alcohol and a mixture of glycerol and water (the percentage is not stated). Depew and August
looked to improve on previously proposed correlations and supplied the following equation (Depew
and August, 1971).

1
3

0.14
Nu (“—W) = 1.75 (Gz + 0.12(GzGr'/3pr036)**) (2.8)
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2.6 Tabulated Summary of Literature

Table 2-1 summarises the Nusselt number correlations for the literature cases found in this chapter.
The information given is that found in the papers themselves, and therefore not all parameters are
available for all cases.

Table 2-1: Summary of Nusselt number correlations

Yasuo, et al. (1966)
Uniform Heat Flux

Medium: Air
Horizontal Tubes
100<Re<13 000
1 1.8
Nu = 0.61(ReRa)5 |1 + —
(ReRa)s

Kupper, et al. (1969)

Uniform Heat Flux

Medium: Water

Horizontal Tube

100<Re<2 000, 300<Gr<30 000, 4<Pr<9
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Morcos and Bergles (1975)

Uniform Heat Flux

Medium: Distilled Water & Ethylene Glycol
Horizontal Tube

3x10%<Ra<108,2<Pw*<66, 4<Pr<175

2\ 1/2

Nu = { (4.36)% + 0.145(

Gr* Pr*1.35 0.265
PW*O.ZS )

Ghajar and Tam (1994)

Uniform Heat Flux

Medium: Water & Ethylene Glycol
Horizontal Tube

280<Re<3 800

1
Nu = 1.24 ((RePrD/L) + 0.025(GrPr)0'75)3 (/)14

Mohammed and Salman (2007)
Uniform Heat Flux

Medium: Air

Horizontal Tube

400<Re<1 600

Nu = 3.19(Ra/Re)?2¢

Oliver (1962)

Uniform Temperature
Medium: Water, ethyl alcohol and glycerol in water
Horizontal Tube

29<Gr<1.6x10%, 1.9<Pr<326
1

L\ 014 A7)
Nu (—W) = 1.75( Gz +5.6 x 10°* (GrPr (—)>
Up D

Brown and Thomas (1965)
Uniform Temperature
Medium: Water
Horizontal Tube

1
g\ 014 174/3\3
Nu = 1.75 (—) <GZ + 0.012 (GZGI‘§> )

Hw

Depew and August (1971)

Uniform Temperature

Medium: Water, ethyl alcohol and glycerol in water
Horizontal Tube

Re<1 800

0.14 1
Nu (”—W) = 1.75 (Gz + 0.12(GzGr!/3pr036) )3
HUB

2017

26



2.7 Summary of Chapter

This chapter gave an overview of previous works done in the fields of uniform and non-uniform heat
flux boundary conditions. A large amount of the work that was reviewed investigated the production
and consequences of buoyancy driven secondary flow. It was quickly noted that secondary flow plays
an integral part of heat transfer problems and cannot simply be ignored. The heat transfer coefficient
and Nusselt number can be enhanced by up to three or four times when comparing them to traditional
constant property solutions when secondary flow is present. It was also noted that secondary flow
requires an entry length before it can fully develop. Since there is a lack of previous works focused on
non-uniform heat flux boundary conditions, the work reviewed was not as focused as seen for the
previous works on the uniform heat flux cases. The literature becomes more directed towards the
current work the later in the chapter with the final numerical case (Okafor et al., 2014) coming very
close to the experimental case discussed in this dissertation. It was seen that the heat transfer
coefficient is larger when comparing cases with non-uniform heat fluxes to those with uniform heat
flux boundary conditions. This shows that the non-uniformity of the heat flux does have an influence
on the heat transfer and non-uniform heat flux cases cannot be treated in the same manner as uniform
heat flux cases.

In the next chapter the experimental test facility that was used in this investigation is described.
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3 Experimental Setup

3.1 Introduction

This chapter describes the experimental setup that was used in this study. As mentioned, it was
required to apply different circumferential heat flux profiles to a circular tube and to obtain
experimental data (fluid temperature, wall temperature and heat fluxes) to determine the local and
overall heat transfer coefficients at different mass flow rates. In section 3.1 the laboratory test facility
is described, while in section 3.2 the tube test section is described.

3.2 Experimental Facility

Figure 3-1 gives a representation of the test facility that was used and which was housed in the
thermo-flow research laboratory at the University of Pretoria. It consisted of a closed water loop which
supplied water at preselected temperatures to an electrically heated test section. Temperature
stability was maintained via the use of a 1 000 L storage tank which was thermostatically controlled
and connected to a 45 kW chiller unit (item 1). Depending on the test requirements, water was passed
at preselected mass flow rates through the test line (which contained the test section) and the bypass
line by means of a positive displacement pump (item 2). Because many of the test case flow conditions
were for mass flow rates that were significantly lower than the rated mass flow rate of the pump, the
bypass line was useful to ensure that stable flow rates through the test line could be achieved by
adjusting the hand-operated ball valve (item 7a), the other hand-operated ball valves (items 7b and
7c) were left completely open during testing and were installed for safety purposes. An accumulator
(item 3) was used to further reduce flow pulsations, while a filter (item 4) was used to prevent small
particles from entering the test line which might affect the results. Pressure gauges (items 5a-c) were
installed to ensure that the pressure in the system could be monitored (pressure readings were not
logged since they were not needed during data reduction). A Coriolis mass flow meter (item 6) with a
measuring range of 0 to 0.604 kg/s and an accuracy of 0.05% of the full range was used to determine
the water flow rate through the test line. A non-return valve (item 8) was used to isolate sections of
the water loop as required. The electrically heated test section (item 9) was connected to a 3 kW DC
power supply (item 10), with voltages and electric current ranges of 0 to 360V and 0 to 30 A
respectively. The accuracy of the power supply was 0.15% for both the voltage and current.
Temperature probes on the test section (which will be described in more detail in Section 3.3) and the
mass flow meters were connected to a National Instruments SCXI 1303 32 terminal block fitted to a
National Instruments chassis and a desktop computer (item 11). National Instruments LabVIEW
software and MATLAB script were used for data acquisition purposes.
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Unheated inlet calming section 9

Heated test section

6 Mass flow meter
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Figure 3-1: Schematic of experimental setup
3.3 Test Section

Figure 3-2 shows a schematic side view of the test section. It consisted of a bulk fluid inlet temperature
measuring station at m = 0, an unheated (isothermal) inlet calming section, an electric heated section

with wall temperature measurement stations, and a bulk fluid outlet temperature measuring station
atm=_8.

0]
- Acetal I I I T|r L|? ‘ﬁ T I
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E Li, =3m E E E E connector!

Bulk fluid Unheated L,,=0.33m Bulk fluid
temperature inlet calming e Heated length . temperature
measurement  section L =2 | measurement

h —<M

Figure 3-2: Side view schematic of the test section (not drawn to scale)

3.3.1  Bulk Fluid Inlet and Outlet Measuring Stations

In order to determine bulk fluid properties and to calculate the effective energy transfer rate to the
water in the test section, the inlet and outlet bulk fluid temperatures of the water were measured at
specially designed measuring stations at m = 0 and m = 8. Each measurement station consisted of a
copper tube having a length of 130 mm, an inner diameter of 18 mm and an outer diameter of 20 mm.
On each of these, four T-type thermocouples were equally spaced around the circumference and
soldered onto the outside on the downstream end. During steady state conditions the copper reached
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thermal equilibrium with the internal water. This allowed for the determination of the internal fluid
temperature by measuring the outside temperature of the copper.

However, because most of the test conditions in this investigation were in the laminar flow regime,
care had to be taken to disturb any thermal layering in the fluid, especially at the outlet measuring
station. This was done by making use of internal flow mixers which consisted of twisted copper strips
as is represented in Figure 3-3, and which were located in the upstream portions of both of the
measuring stations. Further improvement in the measurement accuracy of the inlet and outlet
temperatures was obtained by making use of the arithmetic average of the readings of the four
thermocouples at each station. This reduced the temperature measurement uncertainty as compared
to when only a single thermocouple at each station would have been used. More information on this
and other measurement uncertainties is supplied in a later section of this dissertation.

To prevent axial heat conduction to or from the measurement locations, each copper section was
connected in-line with the rest of the test section and the flow loop circuit by making use of flexible
hoses (having a thermal conductivity of 0.19 W/mK). Thermal insulation from the lab was ensured by
covering each station with Armaflex type thermal insulation which had a thickness of 100 mm and a
thermal conductivity of k;,;,,,; = 0.036 W/mK.

Thermocouples 013
XA |

— Y
8 5
o o
J O
A Flow S

>

©0.02 SECTION A-A
SCALE 1:1

Figure 3-3: Mixer dimensions and section view

3.3.2  Unheated Inlet Calming Section

After the inlet bulk fluid temperature measurement station, the incoming flow was conditioned and
calmed by making use of an isothermal (adiabatic) inlet tube (stainless steel 304). The tube was pre-
manufactured via extrusion to produce a seamless tube. It had the same inner diameter
(D=27.8 mm), wall thickness (£=2.77 mm) and outer diameter (D, = 33.34 mm) as the heated portion
of the test section. Its length (L»= 3 m > 100.D) was selected to provide hydrodynamically developed
flow at the start of the heated portion. This was important because the inlet flow velocity distribution
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profile can have a significant impact on the thermal behaviour in laminar and transitional flow regimes
(Dirker et al., 2014).

The inlet tube section was thermally separated (insulated) from the heated section by a carefully
machined Acetal bush as is shown in Figure 3-4. Acetal was selected because it has a low thermal
conductivity (k = 0.5 W/mK) and it is easy to machine. The bush had an axial length of 130 mm and
the same internal diameter as the inlet tube and the heated tube portions. The bush was carefully
attached to the tube sections via compression fits. Rubber hoses were secured over either end of the
bush to prevent leaks. Care was taken to ensure a smooth internal surface at these joints by enforcing
strict manufacturing tolerances on the bush to reduce undesired flow disturbances. The inlet length
was insulated from the laboratory by a layer of Armaflex insulation 130 mm thick, with a thermal
conductivity of 0.036 W/mK.

RubberHosK Hose Clamp
\ N

Figure 3-4: Cross section of the connection between the unheated inlet tube and the heated tube

3.3.3 Heated Test Section

The heated tube section, which was also made of same type of stainless steel tube as the unheated
inlet section (stainless steel 304), had a length of 2.00 m (L) and was designed to facilitate different
heat flux boundary conditions and to enable the measurement of the associated wall temperature
profiles. Its specialized design is given schematically in Figure 3-5 (a) the cross sectional view down the
length of the tube in the direction of the flow, and (b) a side-view section perpendicular to the flow.

- T T =< Section of thermocouple
Insulation (b)

groove:

(@ -7
n I
SIS FASSS y

g

. — 7v—-~ D DO

<«

[Fr A 1A A

® = Thermocouple tip
mmmm = Heating strip

Figure 3-5: Detailed view of the thermocouple tip and heating element placement (not to scale)
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In order to produce different circumferential heat flux conditions, the tube was equipped with 8
heating element strips which were equally spaced around the circumference of the tube and which
ran the entire length of the heated portion of the test section. The heating elements are shown in red
in Figure 3-5 and are numbered from n =1 to n=8. Each heating element consisted of a four-pass
constantan heating wire (Figure 3-6 a) which was directly attached to the outside wall of the tube by
means of heat resistant tape to ensure good thermal contact with the tube, as seen in Figure 3-6 b).
The constantan wire had a diameter of 0.38 mm and had extruded PFA electrical insulation to prevent
an electric short circuit to the stainless steel pipe. The element strips, individually, had an average
resistance of 106.2 Q, with a maximum variance from the average of 2.2 Q. This means that all the
elements had electrical resistances within 2% of the average resistance. When installed, each element
covered a 45° angle span of the outer surface of the tube and resulted in a 1.8 mm tangential gap
between each adjacent heating element strip.

a)

13 mm

i W NS S

Thermocouple Leads

Figure 3-6: a) Schematic of a single four-pass heating element strip. b) Photograph of the heating element strips
attached to the pipe wall with heat resistant tape, as well as the thermocouple leads leaving the heated section
between the heating element strips.

Each heating element could be powered individually which enabled the investigation of various heat
flux boundary distributions. For instance, when all eight elements were powered, an approximately
uniform heat flux boundary was imposed onto the tube, while when elements n =3 to n =6 were
powered, only the bottom half of the tube was heated. Various other heat flux boundary conditions
were investigated in this study as will be described later in more detail. For this purpose, each element
was controlled by a switch and connected to the DC power supply that was mentioned earlier. Figure
3-7 shows the circuit diagram for the heating element connections to the DC power supply. The
parallel configuration allowed for each of the elements to be individually controlled and also ensured
that all the elements were energised with the same electrical voltage potential.

Because the main focus of this study was the investigation of the effects of the non-uniform heat flux
boundary condition, the boundary conditions applied on the wetted surface needed to be
unequivocally defined. As mentioned, stainless steel was selected as the pipe material. This was partly
done due to its low thermal conductivity (k = 16 W/mK) which resulted in relatively low levels of heat
spreading around the circumference of the tube, especially when only a select few of the heating
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elements were energized. This meant that non-uniform heat flux boundary distributions on the
outside of the tube were relatively well transferred to the wetted inner surface of the tube. High levels
of tangential conduction of heat around the circumference of the pipe would cause the boundary
conditions of the experiment to become less defined and resulted in the dissipation of heat away from
the intended heating positions. The low thermal conductivity was also important to reduce the
amount of heat conducted axially along the pipe which was calculated to be less than 1% of the heat
transferred to the water in this study, and was seen as negligible.

Element 1

Eiementi

Element 3

Element 4

- " Element 5
O Y.

Element 6

Element 7

Element 8

Figure 3-7: Circuit diagram of element connection to DC power supply

The heated tube was also divided into six axial sections, each with an axial length of Z=333 mm as is
seen in Figure 3-2. This resulted in the definition of positions m =1 to m = 7 which were very useful
during the data analysis procedure as will be described later. At locations m=2 to m =6, wall
temperature measuring stations were constructed by machining a groove at each location around the
circumference of the tube. Each groove housed 8 T-type thermocouples (0.5 mm in diameter) as is
shown in Figure 3-5. Thus, 40 thermocouples were used to obtain the temperature profile around and
along the heated tube. Each groove was 1.77 mm deep and 3.2 mm wide. This meant that a wall
thickness of approximately 1 mm was left between the inside wall of the tube and the bottom of each
groove.

The thermocouples were positioned directly below the heating elements and were fully contained in
the grooves as is shown in Figure 3-5 and Figure 3-8. Each tip was held in position by means of
Electrolube epoxy thermal adhesive with a thermal conductivity of 1.1 W/mK. Before adhesion, care
was taken to clean the grooves with acetone to remove any grease. The installation of the
thermocouple tips was done with emphasis on precision to ensure that each thermocouple tip was in
contact with the pipes surface. This ensured that the thermocouples captured the stainless steel wall
temperatures and not the heating element temperatures. Each installed thermocouple tip was
carefully photographed in order to identify its installed position for later use during calibration and
data reduction. The thermocouple leads were kept in the groove for a few millimeters before being
fed out between the heating element strips as can be seen in Figure 3-5 and Figure 3-8. Axial heat
conduction in the thermocouple leads was checked and found to introduce a maximum error of
approximately 0.3°C.
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Once the heating element strips were securely fastened, and the thermocouple leads had been moved
clear of the heating elements, the tube was tightly wrapped with an insulating rubber tape. Hose
clamps were also closed around the pipe along its length at intervals of 10 mm. This was done to
ensure that the heating element strips were securely held in contact with the tube along the entire
length and that the thermal contact resistance was relatively uniform along and around the pipe.
Failure to maintain uniform thermal resistance between the heating elements and the tube would
have resulted in localized hotspots which would have placed the accuracy of measurement in
jeopardy.

Figure 3-8: Thermocouple tip and lead placement

As with the isothermal inlet length, a layer of Armaflex insulation 130 mm thick, with a thermal
conductivity of 0.036 W/mK was used to insulate the heated tube from the laboratory. The thickness
of the insulation resulted in an anticipated maximum heat loss of 3% of the total heat input based on
worst case scenario ambient laboratory temperatures.

3.4 Summary of Chapter

This chapter presented the experimental setup to the reader. The system was designed with special
thought to keep the uncertainties to a minimum and to promote repeatability. Preselected non-
uniform heating boundary conditions could be investigated by making use of a low thermal
conductivity pipe equipped with 40 wall temperature thermocouples, and 8 heating elements which
were equally spaced around the circumference of the heated portion. This allowed for various
different heat flux distributions to be investigated. In the next chapter the experimental procedure is
described.
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4 Experimental Procedure

4.1 Introduction

In this chapter an overview of the experimental procedure is given. Before any tests were performed,
all measuring devices and probes were calibrated and the test facility was commissioned. This is
discussed first. There-after the experimental method and the test matrix is presented.

4.2 Thermocouple Calibration

After the thermocouples were installed onto the relevant positions in the test section, they were
calibrated in situ by operating the test bench at a series of isothermal tests (adiabatic) at different
temperature states. Other calibration techniques also exist, such as the use of a thermal bath, but
were deemed unsuitable or difficult to implement in this study because of the way the thermocouples
were connected to the test section. This is particularly of importance for the thermocouples that were
soldered to the inlet and outlet bulk fluid temperature measurement stations (m =0 and m = 8). If
pre-calibrated thermocouples were used, the heating of the solder during the attachment procedure
would have altered the thermocouple tips, as well as any calibrated thermal response behaviour of
the thermocouples. In contrast, the in situ method allowed for all the thermocouples to be calibrated
at the same time and under the same conditions in their installed conditions.

Each in situ calibration run was performed by connecting the system to a thermostatically controlled
electric heated tank and circulating water through the test section at a mass flow rate of 0.2 kg/s which
represented highly turbulent flow. This caused sufficient internal mixing which ensured uniform water
temperature throughout the system. Two calibrated (to an accuracy of 0.1°C) PT100 probes were
connected (and well insulated) at either end of the test section, before and after the measuring
stations at m = 0 and m = 8 respectively.

The calibrations were done at water temperatures ranging approximately from 20°C to 53°C using
increments of about 5°C. For each temperature condition, data was recorded once a suitable steady
state condition had been met. The steady state condition chosen for the calibration phase of this study
was when the PT100 probe readings remained unchanged for two minutes within a margin of 0.1°C.

Once this data was gathered, calibration curves were drawn as can be seen in Figure 4-1 from which
calibration factors were found. Figure 4-1 shows the difference between the original data points and
the readings from the PT100 probe sensors (already calibrated), as well as the difference between the
calibrated data points and the temperature readings of the PT100 sensor for a specific thermocouple
(TC4). Figure 4-1 gives a good indication as to how the thermocouple readings were calibrated to
ensure more accurate results. The calibration second order polynomial results can be found in
Appendix B. Calibration factors were subsequently applied to all measured temperature data before
the data was analyzed. Based on the calibration results it was found that the thermocouples were all
calibrated to within 0.13°C.
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Figure 4-1: Example of calibration curve for m=2, TC4

4.3 Test Procedure and Test Matrix

Table 4-1 and Figure 4-2 show the different test configurations considered in this study. In total 16 case
types were considered. The table contains the case number, the heated span, the heating elements
that were switched on, the total power entering the system and the associated local heat flux at the
heated arc. Five heat flux intensities appear in the table. For convenience, highlight coloring is used to
indicate which test cases shared the same heat flux. Based on the heated spans and the total energy
rate supplied to the heating elements, local heat flux values ranging from 1 658 W/m? to 6 631 W/m?
were achieved. Due to the laboratory limitations, the experimentally applied heat flux could not be
increased to match commercial heat flux ranges, but as will be shown later, the selection of the heat
fluxes in this study is suitable to determine the influence of heating position on the effective heat
transfer coefficient.

Table 4-1: Test cases with heating degrees and corresponding active heating elements

Case Heated span Powered heating strips (n) Qror W] | g [W/m?]
number

1 360° 1,2,3,4,5,6,7,8 800 4421

2 360° 1,2,3,4,5,6,7,8 600 3316

3 360° 1,2,3,4,5,6,7,8 400 2210

4 360° 1,2,3,4,5,6,7,8 300 1658

5 Lower 180° 3,4,5,6 co0  [CCEN
6 Lower 180° 3,4,5,6 400 4421

7 Lower 180° 3,4,5,6 300 3316

8 Upper 180° 1,2,7,8 600 |G
9 Upper 180° 1,2,7,8 400 4421

10 Upper 180° 1,2,7,8 300 3316

11 Lower 90° 4,5 300

12 Upper 90° 1,8 300

w
[e)]
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13 Right 180° 1,2,3,4 600
14 Left 180° 5,6,7,8 600
15 Slanted 180° 2,3,45 600
16 Slanted 180° 2,3,4,5 400 4421

n=8 n=1

a
/)

Cases 1,2,3,4 Cases 5,6,7 Cases 8,9,10

//\\
\

n=5 n=4

Cases 11 Cases 12 Cases 13

n=5 n=4

Powered Heating

]
Element

Cases 14 Cases 15,16
Figure 4-2: Graphical representation of test cases

The test cases were chosen carefully. The first four cases were for 360°/uniform heating, with four
different applied heat fluxes. These cases were used as a reference to identify the difference between
uniform and non-uniform heating cases and also to identify what impact the heat flux has. The
difference between lower and upper heating at an angle span of 180° is considered in cases 5, 6 and
7, and cases 8, 9 and 10 respectively at three different heat fluxes. These tests allowed for the results
to be compared to the uniform heating cases as well as to be compared to each other in order to
observe the effect of heating position on buoyancy secondary flow. In cases 11 and 12 smaller angle
spans of lower and upper 90° span heating cases were considered at a single heat flux. This allowed
for the observation of the influence of the angle span at the same heat flux (by comparing it with cases
5 and 8) as well as at the same total heat input (by comparing it with cases 7 and 10). Lateral side
heating was considered in case 13 and 14 with an angle span of 180°. This allowed for checking
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symmetric behaviour of the test section and to better identify the influence of direction of gravity by
comparing these cases with the other 180° cases. Lastly, cases 15 and 16, which had slanted heat flux
positions, were used to further identify the impact of the gravitational direction at two heat flux levels.
The slanted heat flux position is representative of non-noon (morning or afternoon) conditions in a
linear parabolic trough or Fresnel solar collector.

Before each experimental test run, water was circulated through the system until the chiller was able
to provide water from the reservoir at a constant inlet temperature to the test section of approximately
20 °C. The desired heat intensity was set by selecting the voltage output on the DC power supply and
the heating elements were then switched on according to the desired case in Table 4-1. The pump was
adjusted in order to bring the mass flow of the water to the highest Reynolds number which would be
tested. As will be shown later, an upper bound Reynolds number of 2 600 was selected for most of the
test cases to ensure that the tests fell in the laminar flow regime and not partially in the transitional
flow regime. The pump was left on this setting until a suitable steady state condition had been met.
Data was logged once steady state conditions were reached. Steady state for this phase of the
investigation was defined as when the value for the temperature difference (AT) between the
arithmetic average inlet (m = 0) and outlet (m = 8) temperatures did not fluctuate by more than
0.1°C for one minute.

AT = 7_wi - 7_wout (4.1)

The energy balance was also used as part of the steady state condition check. When the temperature
difference aspect of the steady state condition was met, a first order estimate of the energy balance
was calculated. Data was only logged if it was below 5%. The first order estimate did not yet account
for known heat losses such as through the insulation (of about 3% of the total heat transfer rate), and
will be discussed in more detail in the next chapter. Once these criteria were met, a minimum of 200
data points were captured and logged at a frequency of 20 Hz. Once the data points for the first
Reynolds number (Re = 2 600) were captured, the Reynolds number was slowly decreased by roughly
150 for each subsequent case until the lowest Reynolds number case of approximately Re = 650 was
reached. The reason for performing the tests in a sequence of decreasing Reynolds number was
because the systems temperature increased as the Reynolds number was decreased. If the low
Reynolds numbers were tested first there was a risk of the insulation absorbing too much heat and
becoming a heat source itself.

4.4 Summary of Chapter

The calibration of the thermocouples is contained in this chapter. The different test cases and a
graphical representation of each case are also contained here. This chapter serves to show that the
utmost care and thought was put into the planning of the experimental process in order to get the
most accurate results possible. In the next chapter the data reduction technique is described once
experimental data was obtained.
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5 Data Reduction

5.1 Introduction

This chapter contains the methods used to reduce the raw experimental data of the thermocouples,
mass flow meter and energy inputs into meaningful results. The data reduction includes those
methods used to find the energy balances, the tangential heat transfer in the pipe, as well as the
Nusselt numbers and heat transfer coefficients. An overview of uncertainty and sensitivity analyses is
also included.

As mentioned, 200 data points were logged at 20 Hz for each measurement device. This resulted in a
sample of data taken of a period of 10 seconds. These 200 data points were then averaged to obtain
a single data point for each measurement device.

5.2 Energy Balance
The energy balance error was an important quantity to quantify for each test condition. For this
purpose all incoming and outgoing energy rates to or from the test section were required.

The power input from the power supply, Qin, was calculated using:

Qin,tot = ltotVpe (5.1)

The total power input was then divided between the heating elements that were switched on (due to
their parallel connection). The maximum deviation of the average electrical resistance of 2% and the
calibration of the heating elements was enough to ensure that the total input power could simply be
divided into the switched on heating elements using the parallel switch system. The voltage (Vp) and
current (l¢o¢) were directly logged from the power supply. The amount of heat transferred to the
water itself was calculated using:

Qout = me (Tout - Tin) (5.2)

Here 71 was obtained from the mass flow meter and T,,; and T, were determined by taking the
arithmetic average of the thermocouples at measuring stations m =0 and m =8 respectively. The
specific heat value, €}, was evaluated (using equations put forward by Popiel and Wojtkowiak (1998))
at the average bulk temperature within the test section. To ensure the accuracy of the results and that
the selected thickness of insulation was sufficient an energy balance was performed before continuing
with the data reduction process. The first order energy balance error (% value) was calculated as
follows:

EB = 100!(2","_—(,2‘““| (5.3)
3(|Qinl+|Qout])

In this study the maximum energy balance error was 5% while 85% of all the data had an error of less
than 3%. For calculation purposes, heat rates were based on the water side heat transfer since this
had a lower measuring uncertainty. The heat loss through the insulation is given by:

Qloss = As,insul(Ts - Tamb)/R

Where: (5.4)
) L4
R = In (—)
kinsul "
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r; and 1, are the inner and outer radii of the insulation respectively, with r, = 0.0333 m and
1, =0.1633 m.

Because the amount of heat loss through the insulation is known, the above Equation 5.3 can be
altered by subtracting the amount of heat lost through insulation (Q,,s) from the power input (Q;;,)
to give an improved energy balance estimation.

00 |?in' - Qloss _.Qoutl (5.5)
E(lQin_Qloss|+|Qout|)

EBImproved =1

This improved energy balance estimation gives a maximum energy balance error of 2.6% for all cases.

5.3 Thermocouple Wall Position Determination

Because stainless steel has a relatively low thermal conductivity, there was a significant radial
temperature gradient inside the wall during diabatic conditions. Therefore, because the wall
thermocouples at m = 2 to m = 6 were installed in the grooves of the stainless steel tube and not on
the wetted surface, the measured thermocouple values could not be used directly to determine the
wetted wall temperatures.

In order to account for the installed position of the measured thermocouples, a semi-
analytical/empirical/experimental technique was used to determine the temperature difference
between each thermocouple tip and its associated wetted wall position. As is shown in Figure 5-1 for
a particular measuring station m, the thermocouples were not necessarily positioned at the idealized
radial position at the bottom of the groove (Fig 5-1a) as was initially intended, but in reality (Fig 5-1b)
each thermocouple tip probably had a different radial position (depending on the exact groove depth,
its exact installed position and its exact size and shape). Such variations would lead to the different
thermocouples reading different temperatures even if the wetted wall temperature was uniform.
Therefore, the impact of possible radial variations had to be calibrated separately for each
thermocouple at each measuring station.

—

a) b)
Figure 5-1: Exaggerated actual thermocouple positions and the virtual thermocouple positions due to the correction
technique
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Firstly, the installed radial positions of each thermocouple needed to be determined. This was
necessary since even though the groove depth within the tube wall was relatively small, a significant
temperature difference existed across it in the radial direction. A control volume was drawn around
each of the measuring stations for the purpose of the calculations to follow (as seen in Figure 5-2).

m=1 m=2 m=3 m=4 m=5 m=6 m=7
I I | | | | |
| I | Lp=033m | | | I
I I —»l | | |
I I | | | | I
| I | | | | I
| | | | | | I
cvi1 cv2 cv 3 cv4 cvs

Figure 5-2: Control volumes for each of the measuring stations

Positional calibration data was collected experimentally for uniform heated conditions with all the
heating elements being energized with a total heat input (Q) of approximately 800 W. Highly turbulent
flow conditions (Re = 10 396) were used such that only forced convection conditions were present
(Ri = 2.8 X 107%). The methods used for determining the heat transfer rate (Q ), Reynolds number
(Re) and Richardson number (Ri) are described in more detail in the data reduction chapter later in

the dissertation.

The turbulent nature of the flow meant that the wetted surface had a circumferentially uniform wall
temperature at each axial location for any selected constant radial coordinate in the tube wall. Thus,
the relative temperature differences between the thermocouples at n = 1 to n = 8 for a particular
station m could be used to determine the different radial thermal resistance variations associated with
each thermocouple installation. This was done by making use of the steady state heat conduction
equations for a radial system as is given by Equation 5.6.

. TTC, - TTC,
Qm = % (5.6)
TCn

Here Tr¢ 5, is the corrected thermocouple measurements reading after the calibration correction was
applied, Tr¢ qvg is the arithmetic average of the wall thermocouples (n = 1 to 8) at that location (also
after calibration correction), and Rr¢, is the thermal resistance (difference) between the actual
installed radial position of the thermocouple and the average installed radial position at that location
m.

Rr¢n can be expressed as follows:

T
Trc,avg (5.7)

2XTmT Xk XLy,

RTC,n -

Here rr¢ ;, is the expected radial position of an individual thermocouple tip, 77¢ 414 is the expected
arithmetic average of the radius of the thermocouple tips (n = 1 to 8). L,, is the distance between two
data measuring stations (m).
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An average radial distance for all 8 thermocouples at each measuring station was assumed based on
the photographs taken at every thermocouple installation. The assumed average radial distance was
the radius of the grooves made for the installation of the thermocouples, plus half the diameter of the
thermocouple tip, with half a millimeter added for any movement that may have occurred during
installation.

The calibrated thermocouple temperatures, the average of the thermocouple temperatures at each
measuring station, the assumed average radial distance for each thermocouple as well as the amount
of energy supplied to each control volume was used to find the actual radial position of each measuring
thermocouple by combining Equation 5.6 and Equation 5.7 and making r¢ , the subject:

Tren—Trcavg )

2XTTX Ly Xk X -
Qm

TTen = 11¢,avg X e< (5.8)
Once the actual radial distance for each thermocouple was calculated the sensitivity of the assumed
average radial distances was checked. There was a 1.6°C difference between the wetted wall
temperatures for the worst and best case scenarios of the radial thermocouple placement. The worst
case was when the thermocouple tip is flush with the outer tube diameter and the best case scenario
was when the thermocouple tip is perfectly flush with the bottom of the groove.

Table 5-1 lists the calculated actual radial distances (rr ,,) for each of the thermocouples (n) at each
measuring station (m). The calculated radial positions for the thermocouples needed to be larger than
the radial distance of the groove (0.0144 m) and less than the outer radial distance of the tube
(0.01667 m). The radial positions for the thermocouples are a lot closer to the groove radius than the
outer radius. This is expected due to where the thermocouples were connected.

Table 5-1: ry ,, values for each measuring station (m)

m=2 m=3 m=4 m=2>5 m==6
n=1 0.01512 0.01505 0.01539 0.01525 | 0.01512
n= 0.01518 0.01501 0.01504 0.01519 | 0.01518
n= 0.01509 0.01502 0.01515 0.01506 | 0.01503

n=4 0.01501 0.01524 0.01521 0.01503 | 0.01512
n=>5 0.01511 0.01514 0.01517 0.01521 | 0.01515
n= 0.01512 0.01508 0.01512 0.01514 | 0.01509
n= 0.01502 0.01503 0.01508 0.01512 | 0.01521
n =238 0.01521 0.01504 0.01515 0.01524 | 0.01525

5.4 Tangential Heat Conduction

An analytical model was required to determine the relative tangential heat conduction rates when
non-uniform heat flux cases were considered. Heat input from a particular heating element was not
necessarily transferred in only the radial direction, but depending on whether the neighboring heating
elements were powered or not, a significant proportion of the heat could have been transferred
tangentially. This is despite the choice of stainless steel as tube material and its low thermal
conductivity. The model was based on the assumption of one-dimensional heat transfer in the
tangential direction inside the tube wall. For this purpose, the tube wall was divided into 8 different
sectors to match the heating element strip positions. Figure 5-3 shows how the tube was divided into
the different sectors (n) to allow for one-dimensional heat transfer to be considered as well as an
assumed uniform hypothetical heat transfer coefficient on the inner surface (h*).
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Figure 5-3: Converting the tube wall to a one-dimensional strip and discretising it into different sections

The tube wall was divided into 8 circumferential sectors to match the heating element strip positions.
For wall sector n, the energy balance principle can be used to relate the incoming heat transfer rate
expressed in terms of the local heating element heat flux (q;, ,A;) with the heat transfer rate to the
bulk fluid temperate, as well as the conductive heat transfer rates to the neighbouring wall sectors
n + 1 and n — 1. By making use of the combined radial conduction and convection thermal resistance
(Ryqq) and the tangential conduction thermal resistances (R,,_; and R, 1), the following steady state
equation can be employed to express the local wall temperature (T;,) in terms of an adopted bulk fluid
temperature (Tg) and the adjacent wall temperatures (T,,,;and T,,_4):

Tn—l - Tn + Tn+1 - Tn . T); - Tn

Qin,nAn + =0

Rn—l Rn+1 Rrad

Where:
An — anSidLm
R — T[Dmid (5'9)
T 8ktLy,

o 4t s 8
78 = ) tDmialm | AW*TDpigLom

Ry, =

t
Dmia =D +=
mid 2

The same can be done for all the sectors resulting in a simple set of 8 linear equations that can be
solved for any combination of energized heating elements for an assumed hypothetical internal heat
transfer coefficient (h*) and an assumed bulk fluid temperature (T). For each possible condition, the
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percentage of the heat transferred (Q%) by each sector to the water in terms of the local applied
incoming heat flux from the local energized heating element can be found as follows:

Q%=100x<.Q">

inn

Where:
(5.10)

Qin,n = Qin,nAn
Q' _ (Tg — Tn)
= ——17
Rrad
Where Qin,n is the applied heat transfer rate from the external heating element and (,,is the corrected
heat transfer rate on the inner wall for each sector based on the solved set of equations.

This resulted in an analytically obtained database which could be consulted for any heating element
“powered-on” combination to determine what the effective radial heat transfer rates would be in each
of the sectors (n =1 to n=8) around the tube. Combined with the calibrated thermocouple radial
positions, this allowed for the local wetted wall temperatures to be determined from the measured
thermocouple values.

Tyn = Toriginal - Qn(RTC,n) (5.11)

Where Tyrigina: is the thermocouple reading which has only had the thermal calibration applied and
does not take the thermocouple position or tangential heat conduction into account.

Table 5-2 gives the radial heat flux correction percentages for each of the different cases.

Table 5-2: Radial heat flux correction values

Sector Local internal radial heat flux as a percentage of the externally applied heat flux
Case numbers

1,2,3,4 5,6,7 8,9,10 11 12 13 14 15,16
n=1 100% 12.3% 87.7% 3.9% 64.7% 73.1% 26.9% 26.9%
n=2 100% 26.9% 73.1% 8.5% 23% 87.7% 12.3% 73.1%
n=3 100% 73.1% 26.9% 23% 8.5% 87.7% 12.3% 87.7%
n=4 100% 87.7% 12.3% 64.7% 3.9% 73.1% 26.9% 87.7%
n=5 100% 87.7% 12.3% 64.7% 3.9% 26.9% 73.1% 73.1%
n==6 100% 73.1% 26.9% 23% 8.5% 12.3% 87.7% 26.9%
n=7 100% 26.9% 73.1% 8.5% 23% 12.3% 87.7% 12.3%
n=28 100% 12.3% 87.7% 3.9% 64.7% 26.9% 73.1% 12.3%

Figure 5-4 gives the graphical representation of the radial heat flux correction percentage values for
cases 5,6 and 7.
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Figure 5-4: Radial heat flux correction percentage graphically represented for cases 5, 6 and 7

5.5 Nusselt Numbers and Heat Transfer Coefficients

The wetted wall temperature values were obtained at each measuring position in the pipe wall by first
calculating the relative thermal resistance (Rr¢ ) for each thermocouple using Equation 5.7. Since the
secondary flow was negligible, a circumferentially uniform wall temperature could be achieved at each
axial position (m). The actual wetted wall temperature at each measuring station is given by:

Trem = Tren — (@m X Rren) (5.12)

The average log mean temperature difference between the wall and fluid was calculated using:
AT — (Tw,7 — TB,7) — (Tw,l — TB,l)
LMTD n (Tw,7 — TB,7) (5.13)
Tw,l - TB,1

The applicable average wall temperatures (local or overall) were calculated as the arithmetic average
for stations m = 2 to m = 6 and sectors n = 1 to n = 8. This was done due to there being no measuring
stations at m = 1 tom = 7 (for reasons stated earlier). T,, ; and T,, ; were found by using a polynomial
line equation (order 2) fitted to the known wetted wall temperatures and substituting their relative
axial positions (T,,; = 0 m and T,, ; = 2 m) to find their associated wetted wall temperatures. The
axial relationship of the wetted wall temperatures and their axial positions is further explained in
Figure 6-1, Figure 6-2 and Figure 6-3. With near linear relationships seen for these wetted wall
temperature profiles a polynomial equation of order 2 was deemed sufficient to accurately predict
the outlying wetted wall temperatures.

The local bulk fluid temperatures, T ; and Tg ; were assumed to be equal to T o and T g respectively.
The bulk fluid temperatures were measured at m =0 to m = 8 (at the mixing stations). The heat
transferred between m =0and m =1, and m = 7 and m = 8 was calculated to be sufficiently low (due
to the fitted insulation) to make the above assumption.

The effective average heat transfer coefficient was found by using the calculated heat transfer rate,
the full internal tube surface area and the temperature difference.

h= M (5.14)
ASATLMTD

The effective Nusselt number was based on the calculated heat transfer coefficient, the inner
diameter of the tube and the thermal conductivity of the water, k (based on the equations of Popiel
and Wojtkowiak (1998)), evaluated at the average bulk temperature.
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Nu = (5.15)

*lbl

Since the heat flux being added to the system is axially uniform the local Nusselt numbers were found
for a number of cases. The local Nusselt numbers were found using the log mean temperature
difference.
ATy = (Tw,m+1 - TB,m+1) B (Tw,m B TB,m)
In (Tw,m+1 - TB,m+1) (5.16)
Tw,m - TB,m

The Nusselt numbers were found for each control volume mentioned earlier. This means the local
heat transfer coefficient was found using the area for the control volume, A4,,, the heat flux for the
control volume, Q,,,, and the log mean temperature difference above.

h. = Q—m
" AmATLMTD
(5.17)
Where:
A, = DLy,
The local Nusselt number was then calculated using:
h,,,D;

5.6 Colburn j-Factor
The Colburn j-factor is an analogy between momentum, mass and heat transfer. It is also used as a
tool that is used to show the transition of fluid flow from the laminar to the turbulent regime.

) Nu
J=—71 (5.19)
Re X Pr3
The Prandtl number was calculated using the equations given by Popiel and Wojtkowiak (1998) at the
bulk fluid temperature.

5.7 Reynolds Number
The Reynolds number is defined as the ratio of inertial forces to viscous forces for a given flow, given
by:

VD;

Re =21 (5.20)

u
The density (p) and dynamic viscosity (@) were found by evaluating the equations of Popiel and
Wojtkowiak (1998) at the bulk fluid temperature. The velocity (V) of the fluid was found by the
equation:

m

V= (5.21)

PAcross
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Where the mass flow rate (1) was logged from the mass flow meters themselves and A.,-,ss Was the
cross sectional area of the inside of the tube.

5.8 Grashof Number

The Grashof number was found using 9.81 m/s? as the gravitational constant (g), the coefficient for
thermal expansion (B) was found using the equations of Popiel and Wojtkowiak (1998) at the average
bulk fluid temperature. The kinematic viscosity (v) was found by finding the dynamic viscosity (u) and
density (p) using the equations of Popiel and Wojtkowiak (1998) at the bulk fluid temperature and
then dividing the dynamic viscosity by the density. The arithmetic averages of the wetted wall
temperatures (explanation found above) and bulk temperatures were found, and with the measured
diameter (D;), all the variables were known and the Grashof number could be calculated using:

_ gB(E_E)D? (5.22)

Gr
V2

5.9 Richardson Numbers
The Richardson number was found by dividing the calculated Grashof number by the Reynolds number
squared:

Gr

=3 (5.23)

Ri

5.10 Uncertainty and Sensitivity Analysis Overview

When taking readings and calculating different parameters there are certain inherent uncertainties
which are caused by inaccuracies in the measuring equipment. The measurement uncertainties and
propagated uncertainties are below.

5.10.1 Instruments

5.10.1.1 Thermocouples

As mentioned, PT-100 temperature probes were used in order to calibrate the thermocouples using
the in situ method of calibration. The PT-100 probes had an accuracy of 0.1°C based on the
manufacturers specifications. Data points were recorded for each thermocouple and plotted against
the readings from the PT-100 probes for different temperatures, and from this calibration curves were
found.

The accuracy of the Pt-100 probes was used as the bias, and the precision of the thermocouples was
found using the equations found in Appendix A. The uncertainties of the thermocouples was then
found using Equation 5.24.

N =

sx = (b? + p?) (5.24)

The uncertainties for the thermocouples was found to be between 0.1°C and 0.15°C.

5.10.1.2 Coriolis Flow Meter
The Coriolis flow meter had a measuring range of 0 to 0.604 kg/s and an accuracy of 0.05%. Therefore,
the CFMO025 had a capacity of 2174l/h and accuracy of 1.087.
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5.10.1.3 Power Supply
The accuracy of the 3 kW DC power supply used was given in the technical data sheet supplied by the
company. The power supply had an accuracy of 0.15% of the nominal value for both the voltage and

current.

5.10.2 Fluid Properties

The uncertainty of the fluid properties can be calculated using the equations put forward by Popiel

and Wojtkowiak (1998).

Table 5-3: Uncertainties of the fluid properties (Popiel and Wojtkowiak, 1998)

5.10.3 Dimensions

The accuracy of the dimensions was determined by the instruments used to measure the respective
dimensions. The length and the diameter were measured using a vernier calliper. The length was

measured using measuring tape.

Property Uncertainty
Cp[)/keK] 0.04%
ulkg/ms] 1%
k[W/mK] 2%
plkg/m3] 0.004%
Pr{-] 2.3%
BI1/K] 0.073%

Table 5-4: Dimension accuracies

Dimension Accuracies
t [m] 20 [um]
D [m] 20 [um]
L [m] 1 [mm]

5.10.4 Calculated Parameters

The method used for finding the measurement uncertainties in the calculated parameters was that of
Dunn (Dunn, 2010). The equations used to find the uncertainties can be found in Appendix A. A
summary of the uncertainties of the instruments, fluid properties and dimensions can be found above.
These were used to find the uncertainties of the calculated properties (Reynolds numbers, heat
transfer coefficients and Nusselt numbers).

The Reynolds number range was between 650 — 2 600. The uncertainty was found to be virtually
constant throughout the range, and was just above 1%. There is little difference between the fluid
properties throughout the Reynolds number as well as heat input ranges. There is also very little
difference in uncertainty found in the flow meter for the specified Reynolds number range. And the
accuracy of the diameter is constant. With the Reynolds number being a function of pressure, dynamic
viscosity, velocity and diameter, it makes sense then that there is little change in the difference of
uncertainty throughout the Reynolds range.

The heat transfer coefficient is a function of the heat flux and the temperature and was seen to
increase across the range of Reynolds number and heat flux from 2.4% to 2.65%. An estimation for
the uncertainty associated with the position of the thermocouple tip is around 3%. This estimation is
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based on the uncertainties of the fluid and material properties, measured dimensions and the
equations used to find the radial positioning for each thermocouple tip.

The Nusselt number is a function of the heat transfer coefficient, diameter and thermal conductivity
of the fluid and therefore an increase in uncertainty was also seen throughout the Reynolds number
and heat flux ranges. The same is evident for the local heat transfer coefficient.

Table 5-5: Uncertainties of calculated parameters

Parameter Re = 650, Q= 300W Re = 2600, Q= 800W
Re 1.02% 1.03%
h 2.4% 2.65%
Nu 3.36% 3.6%
Nu,, 3.36% 3.6%

5.11 Summary of Chapter

This chapter contains the data reduction methods used to find the energy balances, Nusselt numbers
and heat transfer coefficients. The method to account for tangential heat transfer in the pipe is also
included. The overview for the uncertainty and sensitivity analyses is found in this chapter. In the next
chapter the experimental results are given.

2017

49



6 Experimental Results

6.1 Introduction

The experimental results gathered in this section are precluded by a few necessary verifications and
validations. The verification of the heating elements and the determination of the critical Reynolds
number, where the onset of transition occurs, were first investigated. The laminar, turbulent and local
heat transfer coefficients were then validated. The boundary case results are then presented. These
include the axial wall temperature profiles, cases with the same heat flux and cases with the same in
going heat transfer rates. The effect of the Richardson number on the Nusselt number was then
investigated. Followed by what effect the position of the incident incoming heat flux had on the
Richardson number and Nusselt number. Finally, Nusselt number correlations for 360°, lower 180° and
upper 180° heating cases are presented.

6.2 \Verifications

A number of verifications were performed to determine whether the set-up and the test procedure
produced meaningful result. Firstly, heating element validation was done, then the range of Reynolds
numbers constituting laminar flow was identified, and lastly it was checked whether the obtained
Nusselt numbers were comparable with the results from prior investigations from literature.

6.2.1 Heating Element Verification

To ensure that the heating elements were all supplying the system with the same amount of heat, a
few tests needed to be performed. Eight different test cases were examined, one for each heating
element. Each test case had only one of the heating elements switched on at a time, had a Reynolds
number of 4 700, and had a power input of 260 W. The relatively high Reynolds number (when
compared to the rest of the cases found in this dissertation) was chosen to ensure that the system
was not in the laminar flow regime. A higher Reynolds number and higher power input would have
been ideal, as the higher Reynolds number would ensure turbulent flow and good mixing of the flow,
and a higher power input would give a larger change in temperature between the inlet and outlet
temperatures. However, the power input needed to be limited to ensure that the heating element did
not burn out. Therefore, the Reynolds number was lowered to still have a meaningful difference
between the inlet and outlet temperature. Table 6-1 contains the difference between the inlet and
outlet temperatures for each of the 8 heating element tests.

Table 6-1: Inlet and outlet temperature differences for different heating elements

Heating Element Temperature Difference (AT)
0.917°C
0.902°C
0.896°C
0.918°C
0.897°C
0.902°C
0.899°C
0.895°C

O NN |BAW|IN|F

There is a maximum temperature difference of 0.023°C between the highest and the lowest
temperature differences (resulting in a maximum difference of 2.5%). Therefore, the heating elements
were said to all be performing the same and no further calibration was needed.
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To ensure the walls of the tube were heated uniformly (for uniform heating cases) and that the actual
wetted wall temperature was being measured a few axial wetted wall temperature profiles will be
presented. These profiles are for cases 1 (uniform heating with a total heat input of 800 W), 2 (uniform
heating with a total heat input of 600 W) and 3 (uniform heating with a total heat input of 400 W, see
Table 4-1). Three different Reynolds numbers are chosen for each case to show the wetted wall
temperature profiles at different mass flow rates.
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Figure 6-1: Axial wetted wall temperature profiles for case 1
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Figure 6-2: Axial wetted wall temperature profiles for case 2
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Figure 6-3: Axial wetted wall temperature profiles for case 3

Figure 6-1, Figure 6-2 and Figure 6-3 all show smooth approximately linear increments for the wetted
wall temperatures along the length of the tube. These cases were chosen to show that the linear
relationship is not significantly affected by the change in Reynolds number and the amount of heat
added to the system.

6.2.2 Onset of Transition

The onset of the transitional flow regime was determined by conducting experiments over a Reynolds
number range from approximately 600 to 4 500 at uniform heat flux conditions. For this purpose, case
2 (uniform heat flux with a total heat transfer rate of 600 W) as defined in Table 4-1 was used.

Figure 6-4 shows the average Nusselt number against the Reynolds number. It can be seen that for a
Reynolds number range between 600 and approximately 3000, that the Nusselt number is relatively
constant, and that for Reynolds numbers above 3000 a significant increase in the Nusselt number is
observed. Based on this, it was found that the onset of the transitional flow regime occurred at
Reynolds numbers of approximately 3 000 — 3 500. Similarly, Figure 6-5 shows the Colburn j-factor
versus the Reynolds numbers. A significant change in the gradient of the j-factors is evident at a
Reynolds number of approximately 3 000 — 3 500. Based on this, the upper bound of the Reynolds
number in the test matrix was selected to be 2 600 (as mentioned earlier) because it sufficiently lower
than the expected critical Reynolds number. Thus, all subsequent data presented in this dissertation
falls within the laminar flow regime.

52
2017



N
[,
N4

= N

nn o
&
N
&

Nusselt number [-]

[Eny
v O

o

a00 1200 1300 2400 3500 3000 6000
Reynolds number [-]

Figure 6-4: Nusselt number vs. Reynolds number showing the change from laminar to the transitional flow regime

0.02

0.01 —+

0.005 —+
0.004 —+

0.003 T

Colburn j-Factor [-]

0.002 f f f f f ——t——
600 1200 1300 2400 3500 5000 6000

Reynolds number [-]

Figure 6-5: Colburn j-Factor vs. Reynolds number showing the change from laminar to the transitional flow regime

6.2.3  Laminar Comparisons with Correlations from Literature

To verify whether the test setup produced meaningful results, experimental data for case 1 (uniform
heating with a total heat input of 800 W) was compared against correlations from literature that were
specifically developed for uniform heat flux. This was done for Reynolds numbers ranging from 650 to
1 950.

Once the laminar regime Reynolds number test range was confirmed, experimentally obtained Nusselt
numbers were compared with relevant correlations from literature (Figure 6-6). For this purpose the
correlations by Ghajar and Tam (Ghajar and Tam, 1994) and Morcos and Bergles (Morcos and Bergles,
1975) were selected because the conditions for these cases were similar to those found in this study.
A comparison with the fully developed forced convection Nusselt number of 4.36 was also included
to show the effect that mixed convection can have on the heat transfer and how one cannot simply
assume fully developed forced convection. In order to do these comparisons, data that was obtained
from case 1 is presented in Figure 6-6. The experimental results also include error bars of around 3.4%
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to account for the uncertainty in the data capturing process and the associated uncertainty
propagation. It can be seen that the experimental Nusselt numbers are approximately 9.6% higher
than the Ghajar and Tam predictions, 41.4% higher that the Marcos and Bergles predictions and 128%
higher than the fully developed forced convection Nusselt number of 4.36. It is clear that the
differences are significantly greater than the measurement uncertainty.
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Figure 6-6: Comparison of laminar data from case 1 to previous works

Although the Nusselt numbers obtained in this investigation were higher than the Nusselt numbers
predicted by the correlations, some justification for this can be given.

In the case of Ghajar and Tam (Ghajar and Tam, 1994) equation 2.4 was used. The difference between
the experimental data and the predictions of this correlation can be attributed to the mismatch
between the Grashof and Prandtl number ranges. The correlation was developed from data with a
Grashof range of 1 000 to 2.5 X 10° and for a Prandt| number range from 40 to 160 while for the data
shown in Figure 6-6, the Grashof and Prandtl number ranges were 9.95 X 10’ to 1.29 X 10® and 5.48 to
6.46 respectively. The reason for the difference in the predicted Nusselt numbers could be due to the
fact that the Ghajar and Tam correlations were not developed with water as the working fluid (Prandtl
number range). Thus, allowing for a certain discrepancy between the results.

When considering the Morcos and Bergles correlation (Equation 2.3), a plausible difference is that the
correlation is for fully developed flow (both hydrodynamically and thermally), while in this
investigation the flow is still thermally developing, which is normally associated with higher heat
transfer coefficients. Therefore, the development of the thermal profile could be the reason why the
Nusselt number in this paper is larger than that of Morcos and Bergles.

6.2.4  Turbulent Comparisons with Correlations from Literature

Figure 6-4 and Figure 6-5 show that there is a transition to turbulence around a Reynolds number of
3 000. These tests used the data from case 2, where there was a uniform heat input of 600 W (see
Table 4-1) and a Reynolds number range of 2 600 to 4 555. The experimental data was compared to
the Dittus-Boelter (Dittus and Boelter, 1985), the Sieder-Tate (Sieder and Tate, 1936) and Gnielinski
(Gnielinski, 2010) correlations. Error bars of 3.8% were added to the experimental data.

The Dittus-Boelter correlation is given as follows:
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4
Nu = 0.023Re5Pr%4 (6.1)

When the experimental data was compared to that of the Dittus-Boelter correlation an average
deviation of 19.13% was observed. The difference could be due to the simplistic nature of this
equation and the fact that the Dittus-Boelter correlation is designed for a Reynolds number range
above 10 000.

The Gnielinski correlation is given as follows:

g(Re — 1000)Pr

Nu = NV (6.2)
14127 (§)2 (Pr§ - 1)
Where f:
f= (0.79In(Re) — 1.64)~2 (6.3)

When the experimental data was compared to that of the Gnielinski correlation an average deviation
of 11.8% was observed. The Gnielinski correlation was expected to under predict the Nusselt number
as this correlation is for fully developed flow (which yields lower Nusselt numbers).

The Sieder-Tate correlation is given as follows:
4 1 u 0.14
Nu = 0.027Re5Pr3 (—) (6.4)
Uw
When the experimental data was compared to that of the Gnielinski correlation an average deviation

of 2.53% was observed. This is within the experimental error bars added to the figure.
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Figure 6-7: Comparison of turbulent results in case 2 to previous work
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6.2.5 Local Nusselt Numbers

The local Nusselt numbers found in this study were validated using the case of a Reynolds number of
roughly 900. The heat flux added was 4 421 W/m? and the heating was circumferentially uniform. As
seen in the previous sections this means that the flow is not in the purely forced convection region
and mixed convection is present.

Figure 6-8 shows the validation of the data found in the present study with a number of different
correlations found in literature. The general trend of all the data series is that the Nusselt numbers
decrease along the length of the tube. This is seen to be true of the data in the present study. Although
the literature shows predicted Nusselt numbers to be lower than the present study, the general region
of Nusselt numbers is correct and the differences seen can, for the most part, be explained for each
case.

The work from Ghajar and Tam (Ghajar and Tam, 1994) under predicts the present experimental data
by a fair amount, as was seen in the Nusselt number calibration earlier. This could be due to the fact
that the literature (Ghajar and Tam, 1994) used much higher Prandtl numbers than the Prandtl
numbers used in this experiment. The over prediction for the Gauler (Gauler, 1972) data can be
attributed to the fact that the correlation is for flow in the hydrodynamically developing region, which
is not the case for the present study.

The correlation of Gnielinski (Gnielinski, 2010) is seen to produce much lower Nusselt numbers, this
could be due to the fact that the Gnielinski correlation is for thermally fully developed flow. The
present study has thermally developing flow and therefor the experimental results are expected to be
higher. The experimental results are again higher than the 4.36 expected for fully developed forced
convection laminar flow. This was expected due to the mixed convection present.
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Figure 6-8: Local Nusselt number validation for Re = 900 and a heat flux of 4 421 W/m?
6.3 Boundary Cases Results

6.3.1 Axial Wall Temperatures

This section gives the relative axial average wall temperature differences to the fluid temperature for
all the cases in this study. The temperatures at each circumferential position (n) are the average of
their corresponding temperatures (T,,) at m = 2 tom = 6. The temperature profiles are presented at
two different Reynolds numbers, namely Re=650 and Re=1950. It is seen that the difference between
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the relative axial average wall temperature and the fluid temperature is lower at higher Reynolds
numbers. The reader is reminded that n = 1 and n = 8 are at the top of the tube whilen=4andn=5
are at the bottom of the tube. The bulk fluid temperatures at m = 2-5 are calculated on an assumed
linear relationship between the inlet and outlet temperatures, with their relative axial positions being
substituted in order to find their bulk fluid temperature.

Figure 6-9, Figure 6-10, Figure 6-11 and Figure 6-12 are all for uniform heating cases. All the
temperature profiles are symmetrical; however, it is observed that there is a decrease in the
temperature difference between the wetted wall temperatures and the bulk fluid temperatures as
the heat rate is decreased. This trait is observed through all the cases (where a heat rate comparison
is possible).
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Figure 6-9: Temperature differences between the wetted Figure 6-10: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 1 wall temperatures and bulk fluid temperatures for case 2
(360° heating at 800 W) (360° heating at 600 W)
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Figure 6-11: Temperature differences between the wetted Figure 6-12: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 3 wall temperatures and bulk fluid temperatures for case 4
(360° heating at 400 W) (360° heating at 300 W)
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Figure 6-13,Figure 6-14 and Figure 6-15 show the temperature profiles for the lower 180° heating
cases. There is a much smaller difference between the maximum and minimum temperature
differences when compared to the uniform heating cases. This is due to the secondary flow
transferring the heat effectively between the lower and upper halves of the tube.
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Figure 6-14: Temperature differences between the wetted
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Figure 6-16, Figure 6-17 and Figure 6-18 show the temperature profiles for the upper 180° heating
cases. These are similar to the uniform heating cases. The slopes on the profiles are more pronounced
due to the buoyancy forces sustaining more of the heat transfer in the upper half of the tube.

45

—o—Re=650 /
@—Re=1950

16
—<o—Re=650
9 14
@—Re=1950
12

%

\

-\

N NN /

D\\/D
3 6

"
4 5

n

Figure 6-16: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 8

(upper 180° heating at 600 W)
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Figure 6-18: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 9
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Figure 6-17: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 10
(upper 180° heating at 300 W)

Figure 6-19 and Figure 6-20 are for the lower 90° and upper 90° heating cases respectively. These
cases are similar to their 180° heating counterpart cases. However, it is seen that the slopes on the
graphs are much more severe in the 90° heating cases. This is to be expected due to the smaller angle

span of heating.
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Figure 6-19: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 11
(lower 90° heating at 300 W)
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Figure 6-20: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 12
(upper 90° heating at 300 W)

Figure 6-21 and Figure 6-22 are the temperature profiles for the 180° right heating and 180° left
heating respectively. It is seen that these profiles mirror each other almost exactly as expected.
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Figure 6-21: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 13
(right 180° heating at 600 W)
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Figure 6-22: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 14
(left 180° heating at 600 W)

Figure 6-23 and Figure 6-24 show the temperature profiles for the slanted 180° heating cases. The
non-symmetrical nature of the profiles give a very clear indication of the buoyancy forces and

secondary flow present in the flow.
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Figure 6-23: Temperature differences between the wetted Figure 6-24: Temperature differences between the wetted
wall temperatures and bulk fluid temperatures for case 15 wall temperatures and bulk fluid temperatures for case 16
(slanted 180° heating at 600 W) (slanted 180° heating at 400 W)

6.3.2 Symmetry

Figure 6-25 shows the symmetry in the results between the left and right heating cases at a heat flux
of 6 631 W/m?2. There is a maximum error of 3.7% between the cases. This is in-line with the expected
experimental uncertainty. From this it can be deduced that only one of the symmetry conditions (left
or right) need to be reported in full.
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Figure 6-25: Comparison between left 180° and right 180° heating at 6 631 W/m?

6.3.3 Influence of Heat Flux Position while keeping the Heat Flux Constant

In this section the influence of the position of the applied heat flux distribution on the average Nusselt
number is considered for cases which have the same heat flux. As mentioned earlier, the heat fluxes
of interest in this study are 6 631 W/m?, 4 421 W/m? and 3316 W/m?. First the Nusselt number results
are presented for all cases, followed by an analysis of the Richardson number and then the correlation
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between the Nusselt number and the Richardson number is considered. It should be noted that for a
given heat flux, a variation in the angle span of the applied thermal boundary condition resulted in
different heat transfer rates to the water. The impact of the heat transfer rate will be considered in
another section.

Figure 6-26 shows the effects of the different circumferential heating configurations for cases with a
heat flux of 6 631 W/m?.
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Figure 6-26: Nusselt numbers vs. Reynolds numbers at a heat flux of 6 631 W/m? for different circumferential heating
cases

From Figure 6-26 it is clear that the heat flux distribution has a very significant influence on the Nusselt
number. At a Reynolds number of approximately 650 the difference between the best performing and
worst performing cases is 41.60%, while at a Reynold number of approximately 2 600, this difference
is 18.9%. It is seen that although the Nusselt numbers differ greatly at the lower Reynolds numbers,
they do tend to converge as the Reynolds number increases.

The lower 180° heating case (case 5) starts with the highest Nusselt number which can be expected
due to the more prominent secondary flow created with only the lower half of the tube being heated
and the large temperature profile difference for the top and bottom of the tube. More information
on the effects of the buoyancy driven secondary flow is given when the Richardson number analysis
is presented later in this section.

The same pattern is seen for the slanted 180° heating case (case 15), although not as pronounced. The
right side 180° heating case (case 13) which is similar to the left side 180° heating case, exhibit a
relatively constant Nusselt number throughout the laminar flow regime. The Nusselt numbers for the
upper 180° heating case (case 8) increases sharply with an increase in the Reynolds number after
starting at a relatively low value. The effect of the different heating configurations has on the Nusselt
numbers is very evident in the above graph and clearly shows the influence secondary flow has on the
heat transfer.

62
2017



Figure 6-27 shows the Richardson numbers for the cases in Figure 6-26. For convenience Ri =10 is
labelled to identify which of the data points fall in the mixed convection range (according to the
Richardson guidelines mentioned earlier). The large Richardson numbers at the lower Reynolds
numbers indicate that the means of heat transfer at these Reynolds numbers is mostly via natural
convection. Figure 6-27 also shows that as the Reynolds numbers increase forced convection becomes
more prevalent in all the cases. The upper heating cases have significantly lower starting Richardson
numbers when compared to the other cases with similar heat inputs. Therefore, it can be seen that
there is less secondary flow in these cases (as stated earlier). All the cases end with very similar
Richardson numbers showing that the amount of secondary flow present in the cases is comparable.
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Figure 6-27: Richardson numbers vs. Reynolds numbers at a heat flux of 6 631 W/m? for different circumferential
heating cases

Figure 6-28 shows the results for an applied heat flux of 4 421 W/m?2. It includes a 360° heating case,
which can be used as a benchmark for the other heating cases. The Nusselt number results for the
360° case remains fairly constant over the full range of Reynolds numbers tested. As seen before the
lower 180" heating case starts higher than its upper 180° counterpart. This is once again due to the
secondary flow aiding in the heat transfer in the flow. It is once again seen that the two cases converge
quite clearly when nearing the turbulent flow regime. Both the 180° cases are however seen to
produce lower Nusselt numbers when compared to the 360° case.
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Figure 6-28: Nusselt numbers vs. Reynolds numbers at a heat flux of 4 421 W/m? for different circumferential heating
cases
Figure 6-28 shows the 180° heating cases with the context of the 360° case, which was not shown in
Figure 6-26 above. This shows that the 360" heating case still provides higher Nusselt numbers when
compared to the circumferentially non-uniform cases. This can be explained by the fact that the 360°
cases have more heat input than the other cases. The impact of the heat flux is shown in the next
section.

Figure 6-29 shows that the cases with higher Nusselt numbers also have higher Richardson numbers.
The secondary flow and mixed convection present in the flow is once again given as the reason for
this correlation.
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Figure 6-29: Richardson numbers vs. Reynolds numbers at a heat flux of 4 421 W/m? for different circumferential
heating cases
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Figure 6-30 shows the results for an applied heat flux of 3 316 W/m?. It is very similar to Figure 6-28
with the cases showing very similar trends and the Nusselt numbers being very similar, in range,
between the two graphs. The upper and lower 180° cases Nusselt numbers are seen to converge
earlier than in the 4 421 W/m? cases.
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Figure 6-30: Nusselt numbers vs. Reynolds numbers at a heat flux of 3316 W/m? for different circumferential heating
cases

Figure 6-31 once again shows the reason for the discrepancies between the upper and lower heating
cases. The clear difference in the Richardson numbers shows the difference in the secondary flow
present in each case.
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Figure 6-31: Richardson numbers vs. Reynolds numbers at a heat flux of 3316 W/m?2 for different circumferential heating
cases

6.3.4 Influence of Heat Flux Position while keeping the Heat Transfer Rate Constant
In the previous section the influence of the heat flux distribution was presented while maintaining a
constant heat flux on the heated perimeter segment of the pipe wall. Thus, as mentioned, a variation
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in the heated angular span resulted in different heat transfer rates. In this section the influence of the
heated angular spans on the average heat transfer coefficient is considered for cases which had the
same heat transfer rate to the water. The heat transfer rates of interest in this section are 600W,
400W and 300W. It should be noted that maintaining a particular heat transfer rate across various
angular spans of heating, required different localized heat fluxes. The results presented in this section
must thus be considered with the results in the previous section in order to better understand what
the influences are of (a) the angle span, (b) the localized heat flux and (c) the overall heat transfer rate
to the water.

Figure 6-32 presents the results of the cases where the heat transfer rate was 600W.
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Figure 6-32: Nusselt number vs. Reynolds number for different circumferential heating configurations at the identical
total heat input of 600W

Figure 6-33 shows the Richardson numbers associated with Figure 6-32. The Richardson numbers for
case 2, case 5, case 13 and case 15 are very similar, with the Richardson number for the upper 180°
heating case (case 8) being substantially lower, as expected.
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Figure 6-33: Richardson number vs. Reynolds number for different circumferential heating configurations at the identical
total heat input of 600 W

Figure 6-34 shows the Nusselt numbers for cases of different angular heating spans with a heat
transfer rate of 400W. The 360° heating case (case 3) performs best once again, with the lower and
slanted heating cases performing very similarly. The upper heating case shows the lowest Nusselt
number as expected.
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Figure 6-34: Nusselt number vs. Reynolds number for different circumferential heating configurations at the identical
total heat input of 400 W

Figure 6-35 is very similar to Figure 6-33 as it shows that Richards numbers for all the cases are almost
the same, baring the upper 180° heating case.
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Figure 6-35: Richardson number vs. Reynolds number for different circumferential heating configurations at the identical
total heat input of 400 W

Figure 6-36 reiterates that the 360° heating case gives the highest Nusselt numbers. Case 7, case 10
and case 11 are very similar throughout the Reynolds number range. Case 12 (upper 90°) performs
poorly yet converges with case 11 (lower 90°) at higher Reynolds numbers.
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Figure 6-36: Nusselt number vs. Reynolds number for different circumferential heating configurations at the identical
total heat input of 300 W

Figure 6-37 shows that case 7 (lower 180°) has the highest Richardson number at lower Reynolds
numbers which is expected. However, case 11 and case 12 (90° heating cases) having higher
Richardson numbers than case 10 (upper 180°) is interesting.
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Figure 6-37: Richardson number vs. Reynolds number for different circumferential heating configurations at the identical
total heat input of 300 W

6.3.5 Impact of Heat Flux
The graphs in this section show the effect of the change of heat flux on the same heating configuration.

This is done for the 360°, lower 180° and upper 180° heating cases.

Figure 6-38 shows that the Nusselt numbers are virtually unaffected by the change in heat flux for
cases with a fully uniform heat flux distribution. With a maximum difference of 2% between the cases
which falls within the uncertainty of the average Nusselt number.
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Figure 6-38: Nusselt numbers vs. Reynolds numbers for 360° heating cases at different heat flux's

Figure 6-39 shows the Richardson numbers for cases 1-4. The Richardson numbers decrease as the
heat flux decreases. This is most prominently seen at lower Reynolds numbers. With the Richardson
numbers converging at higher Reynolds numbers.
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Figure 6-39: Richardson numbers vs. Reynolds numbers for 360° heating cases at different heat flux’s

Figure 6-40, unlike Figure 6-38, shows a difference in the Nusselt numbers for the different heat fluxes
distributed on the lower half of the tube. The reason for case 5 showing a different (higher) Nusselt
number could be due to the exaggerated secondary flow induced by the heating being concentrated
to the lower half of the tube. There is an overall tendency for Nusselt numbers from lower 180° heating
cases to decrease as the Reynolds number increases. This is once again due to the decrease in
secondary flow as the main flow speeds up.
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Figure 6-40: Nusselt numbers vs. Reynolds numbers for lower 180° heating cases at different heat flux's

Although Figure 6-41 shows that the Richardson numbers for case 5 are higher than the other cases.
A larger discrepancy would have been preferred to ensure the reason for the higher Nusselt numbers
for case 5 in Figure 6-40 being due to there being a higher secondary flow being present. It is thus
possible, based on these results that the Richardson number is not perfectly suitable to explain the
difference in the Nusselt number fully.
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Figure 6-41: Richardson numbers vs. Reynolds numbers for lower 180° heating cases at different heat flux’s

From Figure 6-42 it is seen that for cases with upper half heating that the Nusselt numbers are
relatively unaffected by a change in the heat flux, with a maximum difference of 5% for the entire
range. It can also be seen that there is an overall tendency for Nusselt numbers from upper 180°
heating cases to increase as the Reynolds number increases.
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Figure 6-42: Nusselt numbers vs. Reynolds numbers for upper 180° heating cases at different heat flux's

Figure 6-43 shows the Richardson number for the upper 180° heating cases. A trend very similar to
the rest of the Richardson number plots is visible. The higher the heat flux the higher the Richardson
number. This is, once again, more pronounced at lower Reynolds numbers, as expected.
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Figure 6-43: Richardson numbers vs. Reynolds numbers for upper 180° heating cases at different heat flux’s

6.4 Effect of the Richardson Number on Nusselt Numbers
To better understand the effect the Richardson number has on the Nusselt numbers obtained
experimentally, a number of different graphs are plotted in this section.

Figure 6-44 shows the effect that the Richardson number has on the Nusselt number for the 360°
heating cases (containing all the tested heat fluxes), the lower 180° heating cases (all tested heat
fluxes) and the upper 180° cases (all tested heat fluxes) at a Reynolds number of 700. The lines added
to each data series are simply to better illustrate the trend of the data. The 360° cases remain fairly
constant irrespective of the change in Richardson number. The lower 180° heating case shows that
there is an increase in the Nusselt number as the Richardson number is increased. The opposite is
observed for the upper 180° heating cases. The increase in Richardson number decreases the Nusselt
number for these cases.
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Figure 6-44: Nusselt number vs Richardson number for 360°, lower 180° and upper 180° heating at Re=700
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Figure 6-45 shows the effect of the Richardson number on the Nusselt number for the 360° heating
cases (all heat fluxes tested) at different Reynolds numbers. It is evident from the figure that although
the Reynolds number affects the Richardson number quite severely (the higher the Reynolds number
the lower the Richardson number), neither the Reynolds number nor the Richardson number have
any significant effect on the average Nusselt number for 360° heating cases.
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Figure 6-45: Nusselt numbers vs Richardson numbers for the 360° heating cases at different Reynolds numbers

Figure 6-46 shows the effect of the Richardson number on the Nusselt number for the lower 180°
heating cases (all heat fluxes tested) at different Reynolds numbers. Once again it is clear the
Richardson number decreases as the Reynolds number is increased. However, unlike Figure 6-45, the
Nusselt numbers slightly decrease with the increase of the Reynolds number. This is consistent with
what has been observed in this study.
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Figure 6-46: Nusselt numbers vs Richardson numbers for the lower 180° heating cases at different Reynolds numbers
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Figure 6-47 shows the effect of the Richardson number on the Nusselt number for the upper 180°
heating cases (all heat fluxes tested) at different Reynolds numbers. The graph shows that the
Richardson number decreases while the Reynolds number increases. But the opposite is true for the
Nusselt number, as it is seen to rise with the Reynolds number increase.
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Figure 6-47: Nusselt numbers vs Richardson numbers for the upper 180° heating cases at different Reynolds numbers

6.5 Effect of Heating Position on Richardson Number

With so many different heating configurations being tested, the opportunity exists to investigate the
effect the position of the heat flux has on the Richardson and Nusselt numbers. Figure 6-48 shows the
cross section of the test section pipe with different angles of Theta displayed. Each displayed angle is
the centre point of heating for one of the 6631 W/m? 180° heating cases. 0° is the centre of the upper
180° heating case, 90° is the centre of the right 180° heating case, 135° is the centre of the slanted
heating case and 180° is the centre of the lower 180° heating case.
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Figure 6-48: Schematic showing the different degrees of the pipe

Figure 6-49 shows that the highest Richardson numbers are observed if the heating is being
concentrated either on the right side or slanted. The lower heating is slightly below the right and
slanted heating cases. The upper half heating has a significantly lower Richardson number when
compared to the other cases. This is expected due to the lack of buoyancy forces for upper half heated
cases.
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Figure 6-49: Richardson number vs © at different Reynolds numbers

Figure 6-50 shows the highest Nusselt numbers are seen when the heating is concentrated at 180°.
The heating concentrated at 0° shows the lowest Nusselt numbers for all the Reynolds numbers
tested. A trend of the Nusselt number increasing as the heat is concentrated at higher angles is
observed (180° being the highest as the left and right hemispheres are symmetrical). The trend is most
plainly obvious in the lower Reynolds numbers.
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Figure 6-50: Nusselt number vs O at different Reynolds numbers

6.6 Correlations

Once all the data is recorded and interpreted correlations can be formed. Three different correlations
will be presented in this section. The first correlation will be for determining the Nusselt number for a
normal uniform (360°) heating case. The second correlation is for calculating the Nusselt number for
lower 180° heating cases. And the final correlation will be for determining the Nusselt number for
upper 180° heating cases.

Figure 6-51 shows data points for all the cases investigated in this section. The data points are seen to
be widely spread with other factors obviously playing a part on the Nusselt number versus Richardson
number relationship. From the previous sections, it is clear that the Reynolds number plays a large
role in both the Nusselt number and more prominently the Richardson number.
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Figure 6-51: Nusselt number vs Richardson number for 360°, lower 180° and upper 180° cases
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Figure 6-52 shows the relationship between the Nusselt number and the product of the Richardson
number and the Reynolds number to the power of 2.165. Figure 6-45 and Figure 6-51 clearly show the
effect the Reynolds number has on the Richardson number. By introducing the Reynolds number into
the equation, the data is far more condensed and a correlation can be created from the fitted curve.
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Figure 6-52: Trendline fit for 360° heating cases

From the equation of the fitted curve, Equation 6.1 is found. Which is simplified to give the final
correlation for 360° heating cases as Equation 6.2. The correlation had a maximum error of 1.5% when
compared to the experimental data. The average error for all the data was 0.98%.

Nu = 16.52(RiRe?165)0.0096 (6.1)

Nu = 16.52(Ri0-0096R0:020784) (6.2)

Figure 6-53 shows the fitted curve for the lower 180° heating cases. Figure 6-46 and Figure 6-51 show
the impact the Reynolds number has on the Richardson number relationship. However, unlike the
360° heating case, the Reynolds number also affected the Nusselt numbers for the lower 180° heating
cases. With the Nusselt number increasing while the Reynolds number decreased. This meant that as
well as adding the Reynolds number to the equation, the Prandtl number was also needed to account
for the effect the change in Reynolds number had on the Nusselt number.
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Figure 6-53: Trendline fit for lower 180° heating cases

The fitted curve equation is used to form Equation 6.3. Once simplified, Equation 6.4 gives the
correlation for finding the Nusselt number for lower 180° heating cases. The maximum error between
the correlation and the experimental data is 2.7%, with an average error of 1.3%

NuPr®#* = 1.8277(RiRel%%)0-1697 (6.3)

_ 1.8277(Ri%16?7Re®3292)

— (6.4)

Nu

Figure 6-54 shows the curve fitted to the data for the upper 180° heating cases. Similar to the lower
180° heating cases, Figure 6-47 shows how the Reynolds number affects both the Richardson number
and Nusselt number. Unlike the lower 180° heating cases, the Nusselt number increases as the
Reynolds number increases for the upper heating cases. Therefore, the Reynolds number and Prandtl
number are used to condense the data to allow for a more accurate correlation to be formed.
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Figure 6-54: Trendline fit for upper 180° heating cases

The fitted curve in Figure 6-54 is used to obtain Equation 6.5. The simplified equation give Equation
6.6 which is the correlation for the upper 180° heating cases. The maximum error between the
correlation and the experimental data is 3.7%, with an average error of 1.7%.

NuPr~—13 = 1.4395(RiRe?23)~0:005 (6.5)
pri3
Nu = 1.4395 <Ri°-005 v Re0.01115> (6.6)

6.7 Summary of Chapter

In this chapter the validation and verification of the test procedure and data reduction methods for
different intensity and positioning of the heat flux around a horizontal circular tube were presented.
Followed by the experimental results, and lastly, tentative correlations which could be used to
estimate the average heat transfer coefficient in terms of the Reynolds number, Prandtl number and
the Richardson number.

The first verifications that were performed included the testing of the individual heating elements.
These verification were used to ensure that each heating element was producing the same heat as the
others. After checking the temperature difference between the inlet and outlet temperatures, it was
seen that the heating elements were performing within 2% of each other. The axial wetted wall
temperature profiles were then provided to ensure that the heating elements were heating evenly
along their lengths. To ensure the tests were being performed in the laminar flow regime. The
Reynolds number where the onset of transition occurs was checked. Nusselt number versus Reynolds
number and Colburn J-factor versus Reynolds number plots were used to find this critical Reynolds
number. This Reynolds number was around 3000.The experimental results were then compared to
previous works. This was done for correlations in the laminar regime, the turbulent regime and also
local Nusselt number correlations were checked.
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Temperature profiles at an average axial cross section for the different heating configurations were
then provided. These temperature profiles allowed for the effects of the different heating
configurations to be visualised. The left and right 180° heating cases temperature profiles, as well as
a comparison of their Nusselt number vs Reynolds number plots were used to visually show the
symmetry that was expected between the left and right hemispheres.

Cases with the same heat fluxes were then investigated. This data showed the impact of the different
heating configurations on the Nusselt numbers obtained. The difference between the heating cases is
mainly due to the difference in buoyancy forces and secondary flow intensity depending on which
portion of the pipe is heated. This assumption was then verified by plotting the Richardson number at
different Reynolds numbers for the different cases. The graphs showed a direct correlation between
the Richardson numbers and the associated Nusselt numbers. Cases with the same heat transfer rates
were then tested and similar results to those for the cases with the same heat fluxes were observed.

The impact of the heat flux on the different cases was then investigated. This was done by testing
cases with the same heating configuration at different heat fluxes. It was observed that the heat flux
had very little impact on the 360° heating cases, with a maximum error of 2% between the different
cases. The lower 180° cases did show Nusselt number changes as the heat flux was changed. The
higher the heat flux the higher the Nusselt numbers produced. The upper 180° cases responded very
similarly to the 360° heating cases. There was a 5% maximum difference between any of the upper
180° cases Nusselt numbers at the same Reynolds number.

The effect of the Richardson number on the Nusselt number was then investigated. The 360° heating
cases showed that the Nusselt number remained fairly constant with the change in Richardson
number. The lower 180° heating cases showed there was an increase in the Nusselt number with an
increase in the Richardson number. The upper 180° cases showed the opposite effect with the Nusselt
number decreasing as the Richardson number was increased. Plotting the Nusselt number versus
Richardson number data at different Reynolds numbers reiterated the fact that the Richardson
number decreases with an increase in the Reynolds number.

In order to see the influence of the heating position on the Richardson number, the Richardson
number was plotted against the central heating position (in degrees) of the different heating
configurations at a heat flux of 6631 W /m?. The upper 180° heating case showed the lowest
Richardson number. The lower 180°, right and slanted heated cases had very similar Richardson
numbers. The Nusselt numbers of the same cases were also plotted against the central heating
position to show the influence of the heating position on the Nusselt number. The Nusselt number
was seen to increase the more the central heating point was moved to the bottom of the tube
(gravitationally speaking).

Then correlations for the 360°, lower 180° and upper 180° heating cases were then found. The Nusselt
number correlation for the 360° heating case was a function of the Richardson number and the
Reynolds number. The correlation had an average error of 0.98%. The Nusselt number correlation for
the lower 180° heating case was a function of the Richardson number, Reynolds number and the
Prandtl number. The correlation had an average error of 1.3%. The Nusselt number correlation for the
upper 180° heating case was a function of the Richardson number, Reynolds number and Prandtl
number. The correlation had an average error of 1.7%.
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7 Summary, Conclusion and Recommendations

7.1  Summary

Based on the literature review it was found that a need existed to quantify the effect that the intensity
and position of non-uniform heat flux have on the effective internal heat transfer coefficient, and to
determine whether a link existed between buoyancy driven secondary flow and heat transfer
enhancement. An experimental setup to investigate the effect of non-uniform heat flux was designed,
constructed, verified and validated. The test section consisted of an electrically heated horizontal
stainless steel tube which had a length of 2 m and an inner diameter of 27.8 mm. The inlet flow
condition was fully hydrodynamically developed flow. Different heat flux intensities and positions of
the imposed heat flux on the circumference of the tube were investigated. Steady state experimental
data was gathered for flow conditions in the laminar flow regime where secondary flow effects were
expected to be significant. Raw data was analyzed to obtain the average and local heat transfer
coefficients, as well as other important indicators. The processed data was summarized in trends and
tentative heat transfer coefficient correlations were produced.

7.2 Conclusions

e The average Nusselt numbers for the uniform heating cases (360° heating) remained fairly
constant throughout the Reynolds range tested. The lower 180° cases showed the average
Nusselt number decrease with an increase in Reynolds number and the average Nusselt
number of the upper 180° cases increased with an increase in Reynolds number.

e Uniform heating cases (360° heating) were seen to have higher average Nusselt numbers
when compared to their lower 180° and upper 180° heating case counterparts. This was due
to the uniform heating cases having more heat input.

e When comparing the average Nusselt numbers of the lower 180° and upper 180° heating
cases. The lower 180° cases always have higher average Nusselt numbers. This was expected
due to the increase in buoyancy forces and secondary flow for the lower 180° cases. The
aforementioned trend remained true irrespective of whether the heat flux or heat transfer
rate were held constant.

e The intensity of the heat flux had very little effect on the average Nusselt numbers for the
uniform heating and upper 180° heating cases. Whereas, the average Nusselt numbers were
seen to increase with an increase in heat flux intensity for the lower 180° heating cases.

e The Richardson number had very little effect on the average Nusselt numbers for uniform
heating cases. Lower 180° heating cases, showed that the average Nusselt numbers increased
as the Richardson number increased and the average Nusselt numbers of the upper 180° cases
decreased with an increase in Richardson number.

e When comparing 180° heating cases with the same heat flux the Nusselt number increases as
the heat flux position is moved towards the bottom of the pipe.

e Correlations were formed for the 360° heating, the lower 180° heating and the upper 180°
heating cases.

e The 360° heating cases Nusselt number correlation was a function the Richardson number and
Reynolds number. The lower and upper 180° heating cases Nusselt number correlations were
functions of the Richardson number, the Reynolds number and the Prandtl number.

e The 360° heating case correlation had an average error of 0.98%, the lower 180° heating case
correlation had an average error of 1.3% and the upper 180° heating case correlation had an
average error of 1.7%.
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7.3 Recommendations

It is recommended that the following work be done to carry on the research found here:

e Testing the effect of circumferentially non-uniform heat flux on the transitional and
turbulent regimes.

e More test sections should be constructed in order to test the effect of the L/D ratio on the
effect of the circumferentially non-uniform heat flux. Test sections where L/D>70 should be
prioritised due to more real world applications.

e Although the heat flux in this study is circumferentially non-uniform, the distribution of the
heat flux is uniform in that segment. More realistic heat flux mapping on the sections of the
pipe should be investigated.

e More of an investigation into the impact of non-uniform heat flux on local Nusselt numbers

e A wider range of convection can be investigated. Having natural dominant convection, mixed
convection and forced dominant convection data would allow for a universal correlation to
be developed which would be able to be applied for all cases.
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9 Appendix A

9.1 Uncertainty Analysis

9.1.1 Introduction

All measured experimental results inevitably have some form of inaccuracies. These come from the
bias and the precision in the system. The bias is the accuracy of the measurement instrument and is
specified by the manufacturer. The precision is the standard deviation of the data in the data set itself.

9.1.2 Thermocouples

The thermocouples were calibrated using the in situ method. This meant that two PT-100 temperature
probes were used with the temperature ranging between 20°C and 65°C. Increments of approximately
2.5°C were used when gathering data, therefore eighteen data points were captured. The PT-100
probes have an accuracy of 0.1°C. The bias and precision mentioned earlier are used to find the
uncertainty of a single measurement (Dunn, 2010).

The following equations were used to find the precision of each of the thermocouples.

N
Sxx = Z (x; — x)?
=1

84
2017



a=y—bx
S = ?’:1()’1’ — Yei)?
yx N-2
1)
8x=—y
n

The overall uncertainty of each uncertainty thermocouple was then found using:
1
sx = (b? +py?)
Where the bias was determined using the calibration curves and the comparison to the PT-100 probe.

The minimum uncertainty 0.1°C was seen to be and the maximum uncertainty was 0.15°C.

9.1.3 Coriolis Flow Meters
The Coriolis flow meter with a measuring range of 0 to 0.604 kg/s had an accuracy of 0.05%. Therefore
the CFM025 had a capacity of 21741/h and accuracy of 1.087.

9.1.4  Fluid Properties
The uncertainty of the fluid properties can be calculated using the equations put forward by Popiel
and Wojtkowiak (1998). The relevant properties are provided in the table below.

Property Uncertainty
C,[)/kgK] 0.04%
plkg/ms] 1%
k[W/mK] 2%
plkg/m3] 0.004%
Pr[-] 2.3%

Table 9-1: Fluid Properties Uncertainties(Popiel and Wojtkowiak, 1998)

9.1.5 Dimensions

The uncertainties associated with the dimensions used are from the equipment used to measure the
different dimensions. The thickness and diameters were measured with a vernier calliper and the
length was measured with a measuring tape.

Dimension Accuracies
t[m] 20 [um]
D [m] 20 [um]
L [m] 1[mm]

Table 9-2: Accuracy of Dimensions

9.1.6 Inlet and Outlet Average Temperatures

The uncertainties of the bulk inlet and outlet temperatures are given by the equations below. These
are the uncertainties of the temperatures measured after the mixer at the inlet (before the
development length) and after the mixer at the outlet (after the test section).
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9.1.7 Inner Wall Axial Average Temperature
The uncertainties of the average temperatures of the inner wall along the axis are given by the
equations below:

_ o [(8Ts\*  (8Te\*  (8T\?  (8Tg\? (6To\*  (8Tio\*  (8Ti1\>  (8Tiz\?
Mwn=\g) *\5 ) *\5) (%) %) %) *%) %

o =[5+ o ) 5 (3 (G5 (3 5
Wout 8 8 8 8 8 8 8 8

N[~

N =

9.1.8 Bulk Fluid Uncertainty
The uncertainty of the bulk fluid temperature was calculated by:

= 2 = 2
5TBin + 5TBout
2 2
9.1.9 Wall Temperature Uncertainty

The uncertainty of the wall temperature was determined using:

= 2 — 2
_ 5TWin + 5TWout
2 2
9.1.10 Heated Surface Area

The uncertainty of the heated surface area was determined using:

1
2

N =

A = D;L

1
8145 = [(TL'LSDL)Z + (7'1.'D16L)2]E

9.1.11 Applied Heat
The uncertainty of the heat applied to the system was determined by:
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Q0=1v
5Q = [(I8V)? + (V(SI)Z]%

9.1.12 Heat Flux
The uncertainty of the heat flux is determined by the following equations and uses the uncertainties
of the applied heat and heated surface area.

9.1.13 Heat Transfer Coefficient
The uncertainty of the heat transfer coefficient uses the uncertainty of the applied heat flux, the
uncertainty of the wall temperature and the uncertainty of the bulk fluid temperature.

1
(Tw — Ts)

( 84 )2 . ( 8Ty )2 . < q8Ty >2
Tw —Tg (Tw — Tp)? (Tw — Tp)?
9.1.14 Nusselt Number

The uncertainty of the Nusselt number uses the uncertainty of the heat transfer coefficient, the
uncertainty of the inner diameter and the uncertainty of the thermal conductivity, and is found using
the following equations:

h

N| =

6h =

Ny = hD;
Y%
1
SN — (Diah)2+ <h5Di)2+( hDL-Sk)Z 2
YEITk K 2
9.1.15 Local Nusselt Number
h D
Nulocal — localvi
klocal
2 2 2
aNulocatl aNulocatl aNulocatl 2
SNu ( Sh ) ( ) ( 5k )
local { ahlocal local aDi i aklocal local
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9.1.16 Conclusion

This chapter contains all the equations used for the different uncertainties and accuracies of the
instruments used, the fluid properties, dimensions and the calculated parameters used in the data
reduction and results sections. The results from these equations can be found in the data reduction
chapter found in the main body of the dissertation.
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10 Appendix B

10.1 Calibration Polynomials

This appendix contains the constants for the calibration polynomials (yx? + ux + c) used to calibrate
the thermocouples.

Table 10-1: Calibration polynomial constants part 1

y u c y u c
m=0, TC1 | -0.00000567 | 0.001055 | -0.05703 | m=2, TC17 | -3.5E-05 | 0.003726 | -0.51311
m=0, TC2 | -4.09681E-05 | 0.004373 | -0.46767 | m=2, TC18 | -3.5E-06 | 0.001779 | -0.74033
m=0, TC3 | -1.28223E-05 | 0.001759 | -0.08579 | m=2, TC19 | -1.7E-05 | 0.002883 | -0.6226

m=0, TC4 | 6.01258E-04 | -0.02091 | -0.3157 m=2, TC20 | -1.7E-05 | 0.002757 | -0.85016
m=1, TC5 | -0.000001623 | -4.6E-05 | 0.000537 | m=3, TC21 | -4.1E-06 | 0.001316 | -0.92221
m=1, TC6 | -1.99139E-05 | 0.002642 | -0.34139 | m=3, TC22 | -1.3E-05 | 0.002159 | -0.89456
m=1, TC7 | -1.31469E-05 | 0.001198 | 0.027424 | m=3, TC23 | -2.2E-05 | 0.00444 | -1.76095
m=1, TC8 | -1.34165E-05 | 0.002611 | -0.39876 | m=3,TC24 | -1.3E-05 | 0.000972 | 0.117636
m=1, TC9 | -2.13638E-05 | 0.002887 | -0.76196 | m=3, TC25 | -8.6E-06 | 0.000259 | 0.418621
m=1, TC10 | -2.03914E-05 | 0.002705 | -0.45898 | m=3, TC26 | 7.04E-07 | 0.000323 | -0.18516
m=1, TC11 | -0.000007568 | 0.001139 | -0.43002 | m=3, TC27 | -1.2E-05 | 0.001405 | -0.15319
m=1, TC12 | -0.000003903 | 0.001816 | -0.73547 | m=3, TC28 | -7E-08 0.000169 | 0.003553
m=2, TC13 | 1.25582E-05 | -0.0001 -0.35174 | m=4,TC29 | -9.7E-06 | 0.001524 | -0.36623
m=2, TC14 | -3.14768E-05 | 0.004001 | -0.80974 | m=4,TC30 | -1.1E-05 | 0.00113 | -0.30269
m=2, TC15 | -2.16989E-05 | 0.003082 | -0.64824 | m=4, TC31 | 2.96E-05 | -0.00211 | -0.37708
m=2, TC16 | -3.69082E-05 | 0.003814 | -0.61609 | m=4,TC32 | -1E-05 0.001381 | -0.11884
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Table 10-2: Calibration polynomial constants part 2

y u c v u c
m=4, TC33 | -2.36078E-05 | 0.003366 | -0.19041 | m=6, TC49 | -3.7E-05 | 0.0043 -0.73419
m=4, TC34 | -3.18025E-05 | 0.004143 | -0.21113 | m=6, TC50 | -2.9E-05 | 0.003064 | -0.45012
m=4, TC35 | -4.09007E-05 | 0.00489 | -0.16602 | m=6, TC51 | -9.6E-06 | 0.001558 | -0.53626
m=4, TC36 | -2.21056E-05 | 0.00275 | 0.025139 | m=6, TC52 | -2.3E-05 | 0.002501 | -0.52041
m=5, TC37 | -3.33444E-05 | 0.003181 | -0.01609 | m=7, TC53 | -2.5E-05 | 0.00286 | -0.57671
m=5, TC38 | -5.6215E-06 0.001133 | -0.159 m=7, TC54 | -4.1E-05 | 0.004187 | -0.6585

m=>5, TC39 | -1.71997E-05 | 0.002252 | -0.14359 | m=7, TC55 | -1.2E-05 | 0.00116 | -0.66454
m=>5, TC40 | -2.98776E-05 | 0.002785 | -0.02942 | m=7, TC56 | -9E-06 0.001204 | -0.5942

m=5, TC41 | -1.09761E-05 | 0.001962 | -0.42699 | m=7, TC57 | -1.4E-05 | 0.001478 | -0.01309
m=5, TC42 | -3.51956E-05 | 0.004269 | -0.47902 | m=7, TC58 | -1.8E-05 | 0.001881 | 0.013436
m=5, TC43 | -1.39856E-05 | 0.001791 | -0.41992 | m=7, TC59 | -3E-05 0.00284 | -0.06445
m=5, TC44 | -2.42984E-05 | 0.0033 -0.36852 | m=7,TC60 | -1.5E-05 | 0.001732 | -0.11979
m=6, TC45 | -3.34716E-05 | 0.003285 | -0.31412 | m=8, TC61 | -3.5E-05 | 0.003765 | -0.32416
m=6, TC46 | -2.33354E-05 | 0.002976 | -0.61581 | m=8, TC62 | -1.7E-05 | 0.00205 | -0.38484
m=6, TC47 | -4.31387E-05 | 0.004196 | -0.37662 | m=8, TC63 | -2.5E-05 | 0.002884 | -0.42381
m=6, TC48 | -0.000023099 | 0.002722 | -0.425 m=8, TC64 | -2.8E-05 | 0.002881 | -0.53276
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