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In the vicinity of the pseudocritical point, supercritical carbon dioxide (sCO2) undergoes
a steep change in properties from “liquid-like” to “gas-like” as it is heated at a constant
pressure. At the same time, there is a large spike in specific heat which can yield high heat
transfer coefficients and heat capacity rates. These unique properties have made sCO2 an
attractive working fluid in next generation power and HVAC&R technologies.
Microchannel heat exchangers are being used to safely and efficiently utilize the high
pressure fluid in these applications. However, prior investigation of heating of supercritical
CO2 has primarily focused on circular, uniformly heated channels at relatively low heat
flux for nuclear power applications. Thus, it is unclear if models and correlations developed
from large circular tube data can be scaled down to the smaller, non-circular channels, with
non-uniform heating.
In the present work, a methodology is developed to experimentally characterize heat
transfer for multiple parallel microchannels with a hydraulic diameter of 0.75 mm and
aspect ratio of 1. Experiments are conducted over a range of heat fluxes (20 ≤ q” ≤ 40 W
cm-2), mass fluxes (500 ≤ G ≤ 1000 kg m-2 s-1), reduced pressure (1.03 ≤ PR ≤ 1.1), and
inlet temperatures (20 ≤ Tin ≤ 100°C) in a parallel square microchannel test article with a
single-wall constant heat flux boundary condition. Local and average heat transfer

coefficients are experimentally measured and the results are compared to previously
developed correlations.
The predictive capabilities for the supercritical models were poor, with the lowest mean
absolute percent error (MAPE) of 55.3% for the range of bulk fluid temperatures, heat
fluxes, and mass fluxes. Interestingly, subcritical correlations were also investigated and
yielded much lower MAPE than 80% of the supercritical correlations even though the
effects of variable fluid properties were not taken into account. The subcritical correlations
did not incorporate property ratios to account for the variability in fluid properties; in some
supercritical correlations it was found to add additional uncertainty for the case of the
present study.
The effects of buoyancy and flow acceleration were also evaluated. Based on
dimensionless criteria, buoyancy was expected to play a role in heat transfer, especially
when the bulk fluid temperature is below the pseudocritical temperature. However, the
relative importance of flow acceleration was inconclusive. Despite the apparent importance
of buoyancy effects, heat transfer was not degraded, as would be expected in larger,
circular, uniformly heated tubes. The mixed convection could be inducing a density driven
swirling with the stratification of low-density fluid near the top (unheated). This would
ultimately improve the heat transfer at the bottom portion of the test section channels.
Therefore, the flow geometry and the non-conventional heated boundary could be
improving the heat transfer even with buoyancy driven effects under supercritical
conditions.
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Chapter 1: Introduction
1.1

Background

According to the US Environmental Protection Agency (EPA) in 2014, electricity
production and other industrial processes accounted for 51% of the total greenhouse gases
being produced in the United States (US Environmental Protection Agency 2016). To
reduce the production of greenhouse gases, electricity generation with fossil sources needs
to become more efficient, and production from non-carbon emitting, renewable energy
sources must become more cost effective. Thus, the development of new technology for
thermal energy systems and components that are clean, efficient, compact, and costeffective is a necessity. In doing so, the reliance on fossil fuels will be reduced leading to
the decrease of global environmental impacts.
Most electricity at the utility scale is generated from plants based on Rankine or Brayton
cycles. Heat input to these cycles is provided by burning fossil fuels (coal, natural gas,
petroleum), nuclear fission, solar thermal, geothermal or waste-heat. For these cycles, as
with any heat engine according to Carnot, the larger the temperature difference between
the thermal source and sink, the greater maximum possible efficiency. Even small increases
in thermal efficiency can dramatically change the energy landscape by increasing the
energy produced per unit fuel, requiring smaller equipment, and reducing capital-cost
(Chacartegui et al. 2011; Iverson et al. 2013). In steam cycles, as the temperature of heat
addition increases, the pressure also increases. Going to higher temperatures (370 to
760°C) requires the use of supercritical and ultra-supercritical water plants, which can
operate at pressures up to 35 MPa (National Energy Technology Laboratory 2017).
However the availability, cost, and reliability of heat exchanger materials limit the near
term implementation of these systems. Supercritical carbon dioxide (sCO2) Brayton cycles
have emerged as a competing technology (Wright et al. 2010; Conboy et al. 2012; Iverson
et al. 2013; Singh et al. 2013). These cycles can utilize high temperature heat (such as from
solar thermal or nuclear) more readily than steam plants, are less sensitive to heat rejection
temperature (allowing for dry cooling), and are more compact than a comparable steam
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plant (Turchi et al. 2013). By developing more efficient sCO2 components such as heat
exchangers, high efficiency can be achieved.

1.1.1 Supercritical Fluids
Unlike a subcritical steam plant, where water evaporators and condensers absorb and reject
heat, carbon dioxide remains at a supercritical state through the Brayton cycle. A
supercritical pressure fluid (SCPF) is defined as having a thermodynamic state point above
its critical pressure and temperature.
As shown in Figure 1.1, when a fluid is heated at a constant subcritical pressure (e.g., 5
MPa for CO2), the fluid transitions from a single-phase liquid, to a two-phase mixture at
the saturation temperature, and then to a single-phase vapor. During the transition from
liquid to vapor, a two-phase state is achieved where the properties of the fluid can be
evaluated with the knowledge of the temperature or pressure, and some other
thermodynamic property (Yoo 2013). The two-phase region is characterized by isothermal
heat rejection/absorption. However, if the fluid is heated at a constant pressure above the
critical point (e.g., 8 MPa for CO2) the fluid transitions directly from a liquid-like to gaslike state without the formation of discrete phases, and heat rejection/absorption occurs
non-isothermally.

Figure 1.1: T-h diagram for carbon dioxide with a critical pressure of 7.38 MPa
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During this transition from a liquid-like to a gas-like state there is a continuous and
steep gradient in density and other thermophysical properties within a very narrow
temperature band, as seen in Figure 1.2. According to Jackson (2013), during this transition
within the supercritical region, the fluid exhibits a gas matrix of liquid-like molecule
clusters and then transitions to gas-like with a substantial degree of association between
the molecules (Jackson, 2013). Even though an association between liquid and vapor is
present within the supercritical region, a continuum approach for understanding heat
transfer should be sufficient, unlike what is required for two-phase flow analysis (Jackson,
2013). This transition from liquid-like to vapor-like occurs slightly above the critical
temperature (Tc) at what is known as the pseudocritical point (Tpc). The pseudocritical
temperature is defined when a peak in specific heat capacity at a given pressure is observed.
The associated pressure is known as the pseudocritical pressure (Ppc) (Yoo 2013; Jackson
2013). Near this point there is also a steep gradient in other fluid properties such as density,
thermal conductivity, and dynamic viscosity as shown below (Yoo 2013; Jackson 2013).
These non-linear changes in properties yield heat transfer phenomena that are not well
predicted by conventional methods assuming constant thermophysical properties.

Figure 1.2: Variation of properties with temperature for CO2 at two reduced pressures
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1.1.2 Supercritical Carbon Dioxide Brayton Cycles
Since the early 50’s and 60’s, there has been a desire to increase efficiency and ensure safe
operation of coal-fired power plants and nuclear reactors for electricity production (Pioro
et al. 2004; Corradini 2009). During this time, studies were conducted to explore the use
of supercritical fluids as coolants in nuclear reactors and the working fluid in power cycles
in both the USA and USSR (Pioro et al. 2004). As a coolant for nuclear applications, it was
realized using supercritical water at higher temperatures can increase thermal efficiency
(upwards of 40 – 45%), decrease pumping power, reduce frictional losses, and eliminate
dryout and critical heat flux (Pioro et al. 2004; Corradini 2009). As noted above, at extreme
temperatures (> 550°C), the use of an ultra-supercritical steam cycle is required to improve
the total efficiency of power cycles (Ahn et al. 2015). The high temperature and pressure
operating conditions can lead to plant reliability issues, which are unacceptable for nuclear
and other power cycles (Yoo 2013; Ahn et al. 2015). For these reasons, sCO2 is better
suited to be used in these applications due to its lower critical temperature and pressure (Tc
=30.98°C, Pc =7.38 MPa) and yet still favorable heat transfer properties. This would enable
an increase heat transfer per unit volumetric flow rate while reducing the size of turbomachinery components and heat exchangers, ultimately leading to simplified loop
complexity, overall size, and capital cost (Turchi et al. 2013; Garg et al. 2013; Dunham &
Iverson 2014)
Recently, the sCO2 Brayton cycle has shown promise for its high-efficiency thermal to
electrical conversion (Iverson et al. 2013). A schematic of a closed-loop Brayton power
cycle is shown in Figure 1.3, where a portion of the energy produced by the turbine is
required to drive the compressor. From a thermodynamic perspective, this is an advantage
for a sCO2 cycle with a high expansion work capability (Chacartegui et al. 2011). This
means that when the inlet conditions of the compressor are within the supercritical region,
the ratio of useful to expansion work is on the order of 0.7 to 0.85 which can increase the
capability of achieving highly efficient energy production (Chacartegui et al. 2011).
In the past decade, many studies have been conducted to understand and improve cycle
performance (experimentally and computationally). There are a multitude of different sCO2
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cycle layouts available which consist of different combinations of intercooling, reheating,
recompression, recuperation, and fluid bypass (Ahn et al. 2015; Mecheri & Moullec 2016).
The recompressing layout has been reported to be the most efficient, but the exact layout
for maximum efficiency is dependent on the type of application (fossil, nuclear, solar, etc)
(Ahn et al. 2015; Mecheri & Moullec 2016). With this layout, the flow is split between the
low and high temperature recuperators allowing for a maximized heat recuperation by
compensating for the vastly different specific heat capacities of the fluid (Ahn et al. 2015).
Ahn et al. (2015) investigated twelve different layout configurations based off a SodiumCooled Fast Reactor (SFR) with a constant inlet turbine temperature of 500°C. The
recompression layout (see Figure 1.4) yielded the best efficiency with a maximum of ~45%
with a flow split ratio of 30%, but requires the largest recuperator size (Ahn et al. 2015).

Figure 1.3: Closed-loop Brayton cycle schematic
Mecheri and Moullec (2016) conducted an analytical study to determine potential
efficiency gains with small changes in loop complexity of four different layout designs.
Similar to a study by Conboy et al. (2012), there was difficulty achieving a positive
temperature difference between the hot and cold streams in the recuperator for an unsplit
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simple layout (regenerative cycle without recompression). This is realized to be a pinchpoint issue where the most likely culprit is the vastly changing heat capacity of the different
streams, as noted by Ahn et al. (2015). Increasing the number of recompression stages and
recuperators increases the total cycle efficiency, however, there will be an increase in
capital-cost and complexity (Mecheri & Moullec 2016). Additionally, increasing the
number of recompression stages increases the total heat duty required (and thus size and
cost) by the recuperators, which was also found to be the case by Ahn et al. (2015).

Figure 1.4: Simple recompression Brayton cycle with recuperation
These studies suggest that to achieve substantial improvements in total cycle
efficiencies from traditional steam-power, high performance exchangers are required.
Thus, the key enabling technology for cost effective, efficient supercritical CO2 Brayton
cycles are highly effective heat exchangers that are reliable at the high system temperature
and pressures. The use of compact, printed circuit heat exchangers (PCHX, DH ~ 0.5 to 10
mm) provide both high heat transfer coefficients and safe containment of high pressures
with relatively thin tube walls (Heatric 2017). To design these microchannel devices,
engineering models and correlations that accurately predict heat transfer for the geometry
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(hydraulic diameter and channel shape) and operation conditions (temperature, pressure,
flow rate, heat flux, boundary conditions) are necessary.

1.2

Scope of Current Research

Optimal design of microchannel sCO2 heat exchangers requires accurate engineering
models that can predict heat transfer. Prior investigations on supercritical heat transfer have
considered large hydraulic diameters (DH >> 2 mm) where deteriorated heat transfer was
observed under certain thermal conditions (mass flux, inlet temperature, heat flux, and
system pressure) near the critical point. These observations are typically attributed to nonconstant thermophysical properties and the resulting buoyancy and flow acceleration
effects which can alter the velocity profile and drastically affect the overall heat transfer.
Attempts to account for these effects have mostly relied on property ratio correction factors
developed for a specified range of conditions. It is not clear if these empirical relations can
be scaled to non-circular, small hydraulic diameters at relatively high heat fluxes (20 < q”
< 40 W cm-2) of interest for advanced microchannel sCO2 heat exchangers.
Rather than relying on empirical supercritical correlations that have not been verified
for microscale geometries, it is important to understand the mechanisms of supercritical
heat transfer and incorporate the underlying physics at the microscale level. Therefore, the
primary objectives of this study are as follows:
1. Design and fabricate a test article and a flow loop capable of accurately resolving
heat transfer coefficient of supercritical CO2 at small diameters (DH = 0.75 mm).
2. Explore the effects of mass flux, inlet temperature, system pressure and applied
heat flux on heat transfer in the liquid-like, pseudocritical, and gas-like supercritical
regimes.
3. Evaluate the applicability of established supercritical gas heating models to the case
of small geometries.
4. Create a publically available database of experimental data that can be used to
develop a more universal heat transfer model that predicts enhancement and
deteriorated heat transfer in microscale geometries.
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1.3

Thesis Organization

The organization of the thesis is as follows:
•

Chapter 2 presents a holistic view of prior supercritical heat transfer studies from
the pioneering work to recent work, demonstrating the need for further research.

•

Chapter 3 presents the design and construction of the test flow loop used to
experimentally evaluate the test section under supercritical conditions.

•

Chapter 4 discusses the design and fabrication process of the microchannel test
section used in this study.

•

Chapter 5 outlines the experimental approach and data analysis procedure.

•

Chapter 6 presents the results of the heat transfer studies and evaluates the
applicability of existing models for predicting supercritical heat transfer.

•

Chapter 7 provides final conclusions and recommended future work.
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Chapter 2: Literature Review
Supercritical fluids have many benefits especially in the development of next generation
power cycles. Incorporating microchannel heat exchangers into these new cycles can
improve heat transfer, however, their use also increases design complexity due to the dearth
of verified transport models at this scale. The motivation for the present investigation of
supercritical heat transfer in microchannels geometries will be illustrated through an indepth review of experimental and numerical studies since the early 1950’s. The primary
focus of this review is to discern the main theories behind the heat transfer phenomena in
the near critical region under different flow conditions (heat flux, mass flux, flow direction,
and flow geometry), explore important discrepancies between studies, and define the
novelty of the present work.

2.1

Circular Tube Heat Transfer Studies

Analysis of turbulent flow under ideal conditions is inherently complex. The main
mechanism for transferring both momentum and thermal energy into the bulk of the flow
is through macroscopic mixing of the fluid near the wall. Even under constant property
conditions, analysis of turbulent flow is difficult since the current models are neither
general nor accurate (Kakac et al. 2014). Conventional techniques can be applied to
turbulent flows by simplifying the boundary layer from of the Reynolds transport equations
through reasonable assumptions (Hall 1971). Under certain situations, negligible viscous
dissipation, buoyancy forces, and pressure gradients (due to inertial flow acceleration and
thermal expansion) are valid. The value of the heat transfer coefficient can be determined
by relating the effects of heat and momentum transfer using an analogy and knowledge of
the flow resistance. This analogy accounts for the components of the boundary layer
between the wall and the bulk flow, as seen in Figure 2.1 (Kakac et al. 2014).
This method is not simple, especially in flows involving drastically varying properties
over a narrow temperature band, as is the case for fluids near the critical point. For instance,
if a scenario were to develop such that the pseudocritical temperature were to be within the
boundary layer, there would be drastic changes in the turbulent transport, flow fields, and
the ability to transfer heat effectively (Jackson 2013). A fundamental understanding of non-
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uniformity of fluid properties on the effects of turbulent heat transfer is needed to fully
utilize these fluids in a variety of different applications. Thus, the main objectives of the
studies reviewed in this section were to 1.) Collect heat transfer data under various
conditions (boundary conditions, orientation, flow rates, heat flux, etc.) 2.) Determine what
thermal conditions yield enhanced, normal, or deteriorated heat transfer 3.) Develop
models (correlations) based on empirical data.

Figure 2.1: Von-Karman wall treatment analogy for turbulent heat transfer analysis

2.1.1 Early Studies (Pre – 2000)
In the early 1950’s, Deissler (1954) was one of the first to carry out a numerical/analytical
analysis of heat transfer and fluid friction for fully developed air and supercritical water in
smooth tubes (Deissler 1954; Deissler & Taylor 1954). At this time, it was difficult to relate
turbulence under supercritical conditions due to the variable fluid properties, which would
affect the temperature and velocity distributions, and likewise heat transfer and frictional
resistance. A relatively simple diffusivity model was used in conjunction with integral
relationships for molecular shear stress and heat transfer and an assumed turbulent
similarity solution (Deissler 1954; Deissler & Taylor 1954). At each change in wall
temperature, the velocity and temperature distributions needed to be determined, which
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increased the computational effort. This analysis revealed a complex relationship between
non-uniform change in properties of supercritical water and the Nusselt number (Deissler
1954). Evaluating the properties at a specific reference temperature (within the boundary
layer) eliminated this effect of property variation. Using their model, they found that
changes in thermophysical properties in the radial direction only slightly altered the
velocity and temperature profiles. This was later found to be inaccurate once experimental
analysis of velocity and temperature profiles for enhancement or deteriorated heat transfer
using supercritical fluids was conducted, discussed in subsequent sections. This initial
model development demonstrates the importance of properly evaluating thermophysical
properties under supercritical conditions to accurately estimate heat transfer.
At this point, there were a few different empirical/theoretical correlations and models
that had been developed for supercritical fluids. Bringer and Smith (1957) compared
experimental heat transfer of CO2 in a circular, horizontal tube under constant heat flux
conditions to evaluate heat transfer data using the Deissler (1954) theoretical model
(Bringer & Smith 1957). The Deissler (1954) theoretical model proved to match the data
sufficiently well for both CO2 and H2O data at reduced pressure of 1.1 and 1.6 (Bringer &
Smith 1957). However, the Deissler (1954) theoretical model was a complex tool that
required heavy computational efforts to report estimated heat transfer. A more simplified
reference temperature model, with a Dittus and Boelter (1930) equation form (Nu = a Reb
Prc), was developed. This simplified approach proved to be unsatisfactory near the critical
point (e.g. PR < 1.1), which poses a major problem when attempting to understand heat
transfer with drastically varying properties as is present with this region (Bringer & Smith
1957).
Other studies have also shown that the analytical model developed by Deissler (1954)
showed agreement with experimental data far from the critical point, however, a major
issue lies with the assumption regarding the velocity profile leading to severe prediction
inaccuracies when the bulk-to-wall temperature difference encompasses the pseudocritical
temperature (Knapp 1965). The use of the von-Karman similarity theory with variable fluid
properties makes that assumption that the streamlines of the flow are similar to those of
constant property fluids (e.g. major flow distortion does not occur) (Knapp 1965). It was
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uncertain at this point if this assumption is valid or if there is major distortion in the profiles
from this variation of properties (Knapp 1965).
In order to discern the effects of heat transfer at supercritical pressures to improve these
analytical models, numerous experimental studies were conducted by multiple
investigators to understand the effect of altering conditions of the system (e.g. temperature,
pressure, mass flux, orientation). These studies focused on circular tubes under constant
heat flux in horizontal and vertical orientations with refrigerants (CO2 and R12), seen in
Table 2.1. Under normal heat transfer conditions, the wall temperature along the tube with
a constant applied flux will increase in a relatively monotonic fashion due to the increase
in the axial bulk fluid temperature, which is commonly seen in single-phase heat transfer.
Under supercritical conditions however, regions of deteriorated and enhanced heat transfer
have been found depending on the heat flux, mass flux, inlet conditions, and tube
orientations (Koppel & Smith 1961; Krasnoshchekov & Protopopov 1966; Bourke et al.
1970; Adebiyi & Hall 1976; Petukhov & Kurganov 1983).
Table 2.1: Summary of early supercritical experimental investigations
CO2

Tin
(°C)
18.3 – 48.8

P
(MPa)
7.38 – 7.58

q”
(W cm-2)
6.3 – 63.1

(Holman et al. 1964)

CCl2F2

93.3 – 143.3

3.65 – 5.17

0.5 – 26.8

Vertical (U)

(Krasnoshchekov &
Protopopov 1966)

CO2

20 – 110

7.85 – 9.81

43.3 – 252

Horizontal

(Bourke et al. 1970)

CO2

15 - 32

7.44 – 10.32

10.6 – 174

Vertical (U/D)

(Adebiyi & Hall 1976)

CO2

10 – 30.1

7.59 – 7.61

0.51 – 2.69

Horizontal

(Petukhov & Kurganov 1983)

CO2

N.A.

7.70 – 8.90

N.A.

Horizontal/
Vertical (U/D)

Author

Fluid

(Koppel & Smith 1961)

Orientation
Horizontal

Under horizontal flow conditions, authors have found the fluid behaves similar to that
of a single-phase fluid (monotonic wall temperature increase) with low applied heat flux,
high mass flux, and an inlet temperature above the pseudocritical temperature point
(Koppel & Smith 1961; Krasnoshchekov & Protopopov 1966). However, if the inlet
temperature is below the pseudocritical temperature, deteriorated heat transfer or
enhancement occurs depending on the applied heat flux and fluid mass flux (Koppel &
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Smith 1961; Krasnoshchekov & Protopopov 1966). High mass fluxes with low to moderate
heat fluxes will induce sharp wall temperature drops (spike in heat transfer coefficient)
near the entrance of the tube, which is defined as heat transfer enhancement (Koppel &
Smith 1961). Moderate to high heat fluxes, even with high fluid mass flux produces sharp
peaks in wall temperature, which is defined as deteriorated heat transfer (Koppel & Smith
1961; Krasnoshchekov & Protopopov 1966). The deviation of local heat transfer between
impairment or enhancement occurs when the pseudocritical temperature is reached within
the boundary layer (i.e., Tb < Tpc < Tw), but ultimately depends on the magnitude of the heat
flux and mass flux conditions too.
The peak in inlet wall temperature appears to be directly related to the difficulty for the
development of the thermal boundary layer and is most severe in cases of low mass flux,
high heat flux, and inlet temperature below the pseudocritical temperature point. The
drastically varying thermophysical properties influences the inability to achieve an
equilibrium state in regards to the thermal boundary layer. It would appear that a
continuous increase in heat flux would intensify the deteriorated heat transfer, however
Krasnoshchekov and Protopopov (1966) found inlet temperature peaks to not be as drastic
under higher heat flux conditions. At high heat fluxes, the temperature gradient between
the bulk and wall could be large enough such that the pseudocritical temperature occurs
within a very thin region within the boundary layer. Substantial changes in thermophysical
properties may only occur within a very thin band of fluid layers, therefore, does not
deteriorate the heat transfer as significantly. However, an increase in wall temperature over
the axial direction is severe (>200°C), revealing that the changes in thermophysical
properties in both the radial and axial direction can equally play a role in the deterioration
of heat transfer (Krasnoshchekov & Protopopov 1966).
A ‘boiling-like’ phenomenon was theorized to be the main mechanism behind the
deteriorated or enhanced heat transfer found in supercritical fluids near the critical point
(Deissler 1954; Koppel & Smith 1961; Krasnoshchekov & Protopopov 1966).
Characteristics of ‘boiling-like’ heat transfer associated with violent pressure fluctuations
and noise with an increase/decrease in heat transfer depending on the thermal loading were
found during experiments (Krasnoshchekov & Protopopov 1966; Petukhov & Kurganov
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1983). These thermal-acoustic oscillations (TAOs) were found under high heat flux
conditions that yielded very interesting axial wall temperature variation, almost chaotic
(Stewart et al. 1973). It is theorized this is induced from a low-density wall layer separating
from a high density bulk flow core, causing rapid compression and expansion of the wall
layer (Stewart et al. 1973). To determine if a ‘boiling-like’ phenomenon is occurring during
the heating of a supercritical fluid, Holman et al. (1964) conducted an experimental
visualization study of turbulent heat transfer with R12 (CCl2F2) in a vertically heated tube
annulus (Holman et al. 1964). The images appear to depict vapor trails along the tube
especially near the wall, however, this may simply be an artifact of light refraction captured
by the pictures and not a representation of flow boiling phenomena. The author insists a
‘boiling-like’ phenomena is possible due to the strong density gradients near the heated
wall and not necessarily the presence of two-phases of the fluid (Holman et al. 1964).
Fundamentally, this ‘boiling-like’ phenomenon that can lead to both deteriorated and
enhancement heat transfer is most likely due to low-density fluid near the tube walls.
Within the boundary layer of a heated fluid with drastically varying properties, the lowerdensity layer can induce buoyancy driven flow effects that directly alter the heat transfer
into the bulk flow. To discern the effects of buoyancy on the heat transfer, Bourke et al.
(1970) investigated both upward and downward flow of heated supercritical CO2 while
varying heat flux, mass flux, and pressure. Similar to horizontal tube studies (Koppel &
Smith 1961; Krasnoshchekov & Protopopov 1966), at low heat fluxes in upward flow,
enhanced heat transfer (low wall-to-bulk temperature drop) was found (Bourke et al. 1970).
With an increase in heat flux the heat transfer improvement disappears and local wall
temperature peaks occur near the tube entrance (Bourke et al. 1970). Unlike horizontal
tubes, at lower mass flux and moderate heat flux, two wall temperature peaks (heat transfer
coefficient minima) are present, with one occurring at the entrance and a broader peak
downstream; these two peaks formed into a single peak again with a further increase in
heat flux (Bourke et al. 1970). This buoyancy heat transfer mechanism is obviously
affecting the thermal development of the flow and the downstream bulk flow, which can
be related back to the near wall region of the tube. Under vertical downward flow with
similar heat and mass flux conditions, where buoyancy of the near-wall fluid opposes the
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direction of flow, normal heat transfer occurs without a peak in local wall temperature
(Bourke et al. 1970). In general, when deteriorated heat transfer occurs it has been found
to diminish with an increase in system pressure further from the critical point, suggesting
the mechanism is primarily due to the property variation stemming from low-density fluid
layer near the wall.
Adebiyi and Hall (1976) confirmed buoyancy driven effects were inducing poor heat
transfer by measuring the local circumferential wall temperature of a horizontal tube. When
subjected to high heat fluxes, a temperature difference between the bottom and top tube
was upwards of 50°C and was exacerbated with a decrease in mass flux, similarly found in
previous studies (Adebiyi & Hall 1976). This drastic temperature difference demonstrates
a decrease in heat transfer due to stratification of a lower-density fluid layer on the top
portion of the tube. Although peaks in wall temperature along the tube were not observed
under deteriorated heat transfer conditions, the increase in wall temperature was nonmonotonic, demonstrating the influence of axial changes of properties on heat transfer
(Adebiyi & Hall 1976). From the these previous studies, it is apparent that the heat transfer
mechanisms are a function of different conditions such as heat flux mass flux, pressure,
and inlet temperature; it is found to be most severe when the radial changes in properties
are maximized (Bourke et al. 1970).
Both Krasnoshchekov and Protopopov (1966) and Adebiyi and Hall (1976)
demonstrated that both radial and axial changes in thermophysical properties can affect the
heat transfer. The low-density buoyant layer in the radial direction appears to affect the
local wall temperature, however, axial changes in properties appear to have secondary wall
temperature effects downstream. An investigation of flow resistance and heat transfer of
turbulent CO2 by Petukhov and Kurganov (1983) revealed that deteriorated heat transfer
occurs regardless of the flow orientation (vertical upward and downward or horizontal). It
was evident from their experimental data that the deteriorated heat transfer occurs
regardless of the tube orientation, even under downward flow, which disagrees with the
results of Bourke et al. (1970) (Petukhov & Kurganov 1983). At the location of
deterioration (wall temperature peak), they hypothesized that the tangential shear stress
near the wall was minimized and the resistance due to flow acceleration is greater than the
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fluid frictional resistance (Petukhov & Kurganov 1983). Therefore, the impairment of heat
transfer is both buoyancy and acceleration driven (Petukhov & Kurganov 1983). In certain
cases, the acceleration of the flow may oppose or aid the forces due to buoyancy
(downward and upward flow, respectively). This could then prevent deteriorated heat
transfer from occurring, as was found in (Bourke et al., 1969). Regardless, the effect of
turbulence production needs to be investigated to confirm how the local boundary layer
affects the heat transfer under deteriorated conditions.
The deteriorated and enhanced heat transfer mechanisms are able to collapse and reestablish themselves depending on the specific flow conditions, similar to that of
turbulence production near the wall. It is possible that the turbulent boundary layer is
becoming affected because of these mechanisms, impeding the transfer of thermal energy
into the flow. Ackerman (1970), Tanaka et al. (1971), and Ankudinov and Kurganov
(1981) investigated the heat transfer effects when making physical alterations to the surface
roughness of tubes by adding helical inserts or ribbed tubes. Ackerman (1970) observed
the wall temperature peak magnitude was lowered, even with an increase in heat flux, using
ribbed tubes, however, the peaks were still present. Similar to Ackerman (1970), Tanaka et
al. (1971) found the use of helical coils delay the inlet wall temperature peaks, however,
temperature peaks occurred downstream much more rapidly. Ankudinov and Kurganov
(1981) observed no signs of deteriorated heat transfer in the form of temperature peak in
both vertical and horizontal flows using helical coil inserts. Ackerman (1970) and
Tanaka et al. (1971) were unable to completely suppress the deteriorated heat transfer, and
this may be a function of the mass flux, heat flux, and tube/coil dimensions. The fact that
alterations to the surface roughness on the tube can delay or suppress the heat transfer at
the same or higher heat fluxes demonstrates the deteriorated heat transfer is directly a
function of the changes in the boundary layer and ultimately, turbulence production.
Invasive measurement techniques can result in inaccurate data due to the fluid flow
interaction with the measurement equipment, however, direct measurements of flow
structure under supercritical conditions has improved the understanding behind
deteriorated heat transfer. Multiple authors have investigated temperature and velocity
profiles and local wall shear stress in the radial and axial directions, as seen in Table 2.2.
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Vertical flow orientations were most likely chosen to simplify the measuring process and
ensure uniform circumferential profiles, which would not be the case in horizontal flows
due to the low-density fluid stratification.
Table 2.2: Experimental and analytical flow structure studies, pre – 2000
CO2

Tin
(°C)
27.5 - 31.6

P
(MPa)
7.41 - 7.58

q”
(W cm-2)
3.15 - 20.5

Vertical (U)

(Bourke & Pulling 1971)

CO2

18

7.45

26.5

Vertical (U)

(Hauptmann & Malhotra 1980)

CO2

26.7

7.41 – 7.58

4.9 – 11.7

Vertical (U/D)

(Kurganov & Kaptilnyi 1992)

CO2

N.A.

9

40 - 462

Vertical (U/D)

(Kurganov & Kaptilnyi 1993)

CO2

N.A

9

40 - 462

Vertical (U/D)

Author

Fluid

(Wood & Smith 1964)

Orientation

Wood and Smith (1964) were one of the first authors to develop this technique of using
a radial traverse device to measure the velocity and temperature profiles within the flow a
supercritical fluid. Near the pseudocritical temperature point, the temperature profile
flattens, demonstrating improvement in heat transfer when the pseudocritical temperature
falls within the boundary layer due to the large specific heat capacity (Wood & Smith
1964). However, when the bulk fluid temperature exceeds the pseudocritical temperature
(e.g. Tb > Tpc) the temperature gradient to the wall is drastically increased, reverting back
to a curved velocity and temperature profile (Wood & Smith 1964). The profile becomes
drastically altered with the maximum velocity occurring away from the tube center (Mshaped profile) (Wood & Smith 1964). Profiles of extrapolated density confirm secondary
free-convection effects with a thickening of low-density fluid layer near the wall, impeding
the transfer of thermal energy (Wood & Smith 1964).
A mathematical model developed by Hauptmann and Malhotra (1980) compared the
experimental profiles from Wood and Smith (1964) with analytically developed velocity
profiles. Although similar profiles were generated to that of Wood and Smith (1964), a
deviation in both shape and magnitude were present (Hauptmann & Malhotra 1980). This
model did not properly account for buoyancy driven effects, but the flow acceleration lead
to modification of wall shear stress and likewise a change in the velocity profile
(Hauptmann & Malhotra 1980). However, downward flow conditions demonstrated worse
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heat transfer than upward flow, which completely disagrees with other studies (Bourke et
al. 1970; Petukhov & Kurganov 1983; Hauptmann & Malhotra 1980), likely due to the
poor accounting of buoyancy effects. Ultimately, the inclusion of both flow acceleration
and buoyancy driven effects within a model are required to accurately represent the heat
transfer and flow structure.
Using a similar transverse device to Wood and Smith (1964), Bourke and Pulling (1971)
found a comparable trend of temperature profile flattening, but observed that it actually
occurs near the region of deteriorated heat transfer (local peak in wall temperature) and not
during improved heat transfer (Bourke & Pulling 1971). The re-arrangement of the velocity
profile into an M-Shape, with the maximum velocity occurring outside the center-line,
developed when the heat transfer is restored due to the expansion of the near-wall fluid
(Bourke & Pulling 1971). RMS fluctuation levels of velocity and temperature are reduced
near the axial location of wall temperature peaks, evidence of a decrease in turbulence
production (Bourke & Pulling 1971). With the modification of the velocity profile, it makes
sense that a new location for zero shear stress occurs somewhere within the boundary layer
and not at the center-line. This low turbulence level near the wall suggests there is a
thickening of the low-density boundary layer, likewise, decreasing the shear stress between
the low-density wall fluid layer and the higher-density fluid core.
These flow interaction studies (Wood & Smith 1964; Bourke & Pulling 1971;
Hauptmann & Malhotra 1980) provided insights on flow structures during deteriorated
heat transfer, however, there are some very obvious issues which have given rise to
inaccurate data and the noted discrepancies. The two experimental studies (Wood & Smith
1964; Bourke & Pulling 1971) have system pressures extremely close to the critical point
(PR < 1.03) where the accuracy of evaluating thermophysical property is questionable in
the vicinity of the pseudocritical temperature. The analytical model developed by
Hauptmann and Malhotra (1980) did not properly account for the effects of flow
acceleration and buoyancy, which have been found to be contributing factors in the
deteriorated heat transfer process.
A new state-of-the-art experimental facility was developed to accurately resolve the
flow fields of sCO2 under deteriorated conditions for vertical upward and downward flows
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(Kurganov & Kaptilnyi 1992; Kurganov & Kaptilnyi 1993). The high experimental
accuracy of data was possible due to the use of micro Pitot tubes and micro thermocouples
to evaluate the velocity and temperature profiles, respectively, under both turbulent and
mixed convection scenarios (Kurganov & Kaptilnyi 1992). The investigators ensured
accurate evaluation of properties near the pseudocritical temperature was possible by
holding the system pressure sufficiently far from the critical point (PR > 1.2) (Kurganov &
Kaptilnyi 1992; Kurganov & Kaptilnyi 1993). Since this investigation is done sufficiently
far from the critical point, the variation of thermophysical properties decreases. Therefore,
the magnitude of impact on the heat transfer is also reduced.
Under normal heat transfer conditions there is a monotonic increase of enthalpy in the
axial direction and a concave velocity profile, similar to that of single-phase turbulent flow
(Kurganov & Kaptilnyi 1992). During deteriorated heat transfer an obvious reconstruction
of the velocity and shear stress profiles occurred while approaching the deteriorated point,
as seen Figure 2.2 (Kurganov & Kaptilnyi 1992).

Figure 2.2: Restructuring of velocity and shear stress profiles under deteriorated heat
transfer for supercritical CO2 (Kurganov & Kaptilnyi 1992)
Near this point (x/D = 62.5), the velocity profile begins to flatten and subsequently
change shape with a maximum in an off-center location, with an accompanied near-zero

20

shear stress within the boundary layer (Kurganov & Kaptilnyi 1992). The wall and bulk
fluids appear to become separated (almost similar to that of annular two-phase flow)
(Kurganov & Kaptilnyi 1992). The thermal and momentum diffusivities decrease within
this region, illustrating the decrease in turbulence production into the bulk flow, likewise,
an increase in thermal resistance to the turbulent core (Kurganov & Kaptilnyi 1992). With
the development of the full M-shaped velocity profile (x/D = ~75) the eddy diffusivity of
heat increases with coupled increase in heat transfer (Kurganov & Kaptilnyi 1992). The
results from Kurganov and Kaptilnyi (1992) demonstrate that deteriorated heat transfer is
directly a function of the quantity of shear stress near the fluid wall and recovery from this
deteriorated heat transfer is from near wall flow acceleration.

2.1.2 Modern Macrotube Studies (Post – 2000)
According to Mokry et al. (2011) and Gupta et al. (2013), a majority of the heat transfer
models (correlations) that were developed during the 1960s and 1970s were conducted
when the experimental techniques to accurately measure heat transfer among authors was
not at the same level. Also, at least in the case for H2O, thermophysical properties of water
have been more developed since the early studies, making the correlations outdated and
inaccurate (Gupta et al. 2013). Therefore modern studies have been conducted to further
investigate the phenomena of heat transfer impairment and enhancement under
supercritical conditions.
A brief overview of macrotube studies with the flow oriented in the vertical direction
is summarized in Table 2.3. Most of these experimental investigations use tube hydraulic
diameters between 4.4 and 9.8 mm and a uniformly applied heat flux of less than 20 W cm2

on-average. The magnitude of mass flux and heat flux as a function of the bulk fluid

temperature ultimately determines whether heat transfer is considered normal (monotonic
increase in wall temperature axially), enhanced (peak in heat transfer coefficient), or
deteriorated (peak in wall temperature) (H. Y. Kim, Kim, Song, et al. 2007; H. Kim et al.
2007; J. K. Kim et al. 2007; Kim et al. 2008; Song et al. 2008; Bae et al. 2010; Kim &
Kim 2010; Zahlan et al. 2015).
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Table 2.3: Vertical large diameter tube supercritical heat transfer studies, post – 2000
Author
(H. Y. Kim,
Kim, Song, et
al. 2007)
(H. Kim et al.
2007)
(J. K. Kim et
al. 2007)
(Kim et al.
2008)
(Song et al.
2008)
(Bae et al.
2010)
(Kim & Kim
2010)
(Zahlan et al.
2015)

Fluid

Tin / Tb
(°C)

DH
(mm)

P
(MPa)

q”
(W cm-2)

G
(kg m-2 s-1)

CO2

27 / N.A.

4.4

7.75 – 8.85

< 15

400 –1,200

CO2

5 – 30 / N.A.

4.4

7.75 – 8.85

< 15

400 – 1,200

CO2

15 – 32 / N.A.

7.8 – 9.8

8

0.3 – 18

209 – 1,230

CO2

Vicinity of Tpc

4.4 – 9.0

8.12

3–5

400 – 1,200

CO2

Vicinity of Tpc

4.4 – 9.0

8.12

3–5

400 – 1,200

CO2

5 – 37 / N.A.

6.32

7.75 – 8.12

3 – 17

285 – 1,200

CO2

N.A. / 29 – 115

4.5

7.46 – 10.26

3.8 – 23.4

208 - 874

CO2

7.1 – 13.8 / N.A.

8 – 22

7.44 – 8.67

0.51 – 43.6

197 – 2,027

Similar to early studies, with a moderate heat and mass fluxes in the vicinity of the
pseudocritical temperature, heat transfer is enhanced, denoted by a peak in heat transfer
coefficient in the upstream portion of the tube (H. Y. Kim, Kim, Song, et al. 2007; Bae et
al. 2010). Further increase in heat flux yields localized peaks in wall temperature
(deteriorated) and occurs when the bulk fluid is subcooled in comparison to the
pseudocritical temperature (H. Y. Kim, Kim, Song, et al. 2007; Kim et al. 2008; Bae et al.
2010; Kim & Kim 2010; Zahlan et al. 2015). As the bulk fluid temperatures exceeds the
pseudocritical temperature point, deteriorated heat transfer peaks do not necessarily occur,
however, heat transfer is dramatically reduced due to the increase in thermal resistance in
the boundary layer (e.g. decrease in thermal conductivity near the wall) (Song et al. 2008;
Kim & Kim 2010). Lowering the mass flux, even at a moderate heat flux, can also induce
these wall temperature peaks also and shift the peak closer to the inlet with further decrease
in mass flux, demonstrating that there is a threshold for mass flux for when deteriorated
heat transfer can occur (Bae et al. 2010; Zahlan et al. 2015). It is generally agreed upon
that an increase in mass flux will yield increases in heat transfer coefficients for macroscale
hydraulic diameter tubes (H. Y. Kim, Kim, Song, et al. 2007; H. Kim et al. 2007; Kim et
al. 2008; Bae et al. 2010; Kim & Kim 2010; Zahlan et al. 2015).
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Tube geometry, even at the macroscale, influenced the effect of heat transfer. When
deteriorated heat transfer occurs for larger diameter tubes, it has been found smaller tubes
(still macroscale) at the same conditions were able to suppress this deteriorated heat
transfer and did not exhibit wall temperature peaks (Kim et al. 2008; Song et al. 2008; Bae
et al. 2010; Zahlan et al. 2015). In the event that both the large and small diameter tubes
yielded deteriorated heat transfer (usually at extreme heat fluxes and low mass fluxes) the
recovery was much faster for the smaller diameter tube downstream (Bae et al. 2010). This
is particularly interesting since the larger diameter tubes operating at the same mass flux
would have an increased Reynolds number, which normally would increase the heat
transfer capability.
Buoyancy and flow acceleration effects are expected to alter the heat transfer, especially
with macroscale diameter tubes. Multiple authors note that buoyancy effects are involved
in the deteriorated heat transfer, ultimately denoted by the changes in localized shear stress
modification near the wall (J. K. Kim et al. 2007; Kim et al. 2008; Song et al. 2008; Kim
& Kim 2010; Bae et al. 2010; Zahlan et al. 2015). J.H. Song et al. (2008), H. Kim (2008),
and Zahlan et al. (2015) comment on the deteriorated heat transfer for larger diameter tubes
(DH >> 2 mm) and state this to be a function of buoyancy but do not evaluate the magnitude
of ratio of buoyancy to inertial forces to estimate this effect on the heat transfer. Kim et al.
(2007) found when mixed convection was present under supercritical conditions, the
experimental data matched well with a correlation that incorporated the effects of
buoyancy, but did not match well with correlations for forced convection under
supercritical conditions. After directly calculating the ratio of buoyancy to inertial effects,
Bae et al. (2010) compared the deteriorated heat transfer occurrences to the magnitude of
the mixed convection and showed they are related. The ratio of experimental data to that
of a supercritical correlation for normal heat transfer (Nub/Nucorr) showed a decrease (i.e.,
over prediction by the correlation) showing that the effects of buoyancy are altering the
heat transfer, especially of macroscale diameter tubes.
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Unlike vertical tubes, horizontal tubes do not have circumferential uniformity in
properties, which can influence the effects of heat transfer differently. A brief overview of
macrotube studies with the flow oriented in the horizontal direction is summarized in Table
2.4. A majority of these experimental investigations use tube hydraulic diameters between
6 and 11 mm and a uniformly applied heat flux of less than 20 W cm-2 on-average using
H2O (Bazargan et al. 2005) and CO2 (Tanimizu & Sadr 2015; Pidaparti et al. 2015) as the
heat transfer fluid. Under horizontal conditions with uniformly applied heat flux, a large
temperature gradient between the top and the bottom of the tube can be present, especially
under deteriorated heat transfer, denoted by peaks in local wall temperature (Bazargan et
al. 2005; Pidaparti et al. 2015). The top tube temperature will be larger for horizontal cases
due to the stratification of fluid density since the low-density fluid rises from the bottom
surface (enhancing the bottom surface) and covering the top surface by a low-density layer
of CO2 with an accompanied decrease in thermal transport properties (inhibiting top
surface heat transfer) (Pidaparti et al. 2015). Therefore the bottom surface of the tube can
yield enhanced heat transfer while the top surface yield deteriorated heat transfer (Bazargan
et al. 2005; Pidaparti et al. 2015).
Table 2.4: Horizontal large diameter tube heat transfer studies, post – 2000
Author
(Bazargan et al.
2005)
(Tanimizu & Sadr
2015)
(Pidaparti et al.
2015)

Fluid

Tin / Tb
(°C)

DH
(mm)

P
(MPa)

q”
(W cm-2)

G
(kg m-2 s-1)

H2O

N.A. / >150

6.3

23 - 27

< 31

330 – 1,230

CO2

20 – 28 / N.A.

8.7

7.5 -9.0

1.6 – 6.4

185 – 286

CO2

20 – 55 / N.A.

10.9

7.5 – 10.2

< 6.5

150 – 350

However, there are quite a few similarities between horizontal versus vertical
macroscale tubes. An increase in mass flux improves the heat transfer for both the top and
bottom of a tube in horizontal orientations (Bazargan et al. 2005; Tanimizu & Sadr 2015).
The effects of bulk fluid temperature on the heat transfer due to the variability in
thermophysical properties diminishes once it exceeds Tpc (Bazargan et al. 2005; Pidaparti
et al. 2015). Also, increases in heat flux either decrease the magnitude of the heat transfer
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coefficient peak near the pseudocritical temperature or yield deteriorated heat transfer
depending on the magnitude of the mass flux (Tanimizu & Sadr 2015). Under horizontal
conditions it is agreed that buoyancy effects cannot be neglected (Bazargan et al. 2005;
Tanimizu & Sadr 2015; Pidaparti et al. 2015) and in some cases buoyancy can still occur
during enhancement heat transfer conditions where the bottom surface has increased heat
transfer performance in comparison to the top surface due to the stratification of lowdensity fluid (Tanimizu & Sadr 2015).

2.1.3 Mini/Microchannel Tube Studies (Post – 2000)
Using vertical macroscale tubes, it was found that the suppression of deteriorated heat
transfer yielding high heat transfer coefficients was realized by decreasing the hydraulic
diameter of the tube (Kim et al. 2008; Song et al. 2008; Bae et al. 2010; Zahlan et al. 2015).
The question remains whether this holds for tubes scaling to the mini and microscale level
(DH < ~2 mm). A brief overview of mini and microscale studies with the flow oriented in
the horizontal and vertical orientations is summarized in Table 2.5. A majority of these
experimental investigations use tube hydraulic diameters between 99.2 μm and
approximately 2 mm with uniformly applied heat flux of less than 30 W cm-2 on-average
with a maximum of 74.8 W cm-2 (Liao & Zhao 2002a; Liao & Zhao 2002b; Jiang et al.
2004; Jiang et al. 2008; Jiang et al. 2013).
Table 2.5: Mini/microtube supercritical CO2 heat transfer studies, post – 2000
Author
(Liao & Zhao
2002a)
(Liao & Zhao
2002b)
(Jiang et al.
2004)
(Jiang et al.
2008)
(Li et al.
2010)
(Jiang et al.
2013)

Fluid
CO2
CO2
CO2
CO2
CO2
CO2

Tin / Tb
(°C)

DH
(mm)

P
(MPa)

q”
(W cm-2)

G
(kg m-2 s-1)
104 ≤ Re ≤
2×105
104 ≤ Re ≤
2×105

N.A. / 20 – 110

0.7 – 2.16

7.4 – 12

1 – 20

N.A. / 20 – 110

0.7 – 2.16

7.4 – 12

1 – 20

32.7 – 51 / N.A.

0.948

9.5

4.53 – 10.8

582 – 1,640

30 / N.A.

0.27

8.14 - 8.60

1.11 – 11.3

389.9 – 584.8

25 – 40 / N.A.

2.0

7.8 – 9.5

< 5.95

3.8×103 ≤ Re ≤
2×104

22.9 – 23.9 / N.A.

0.0992

7.7 – 9.7

8.5 – 74.8

1,823 – 5,043

25

Liao and Zhao (2002a; 2002b) studied the fundamental differences in heat transfer as
the hydraulic diameter decreases for both heating and cooling modes with vertical and
horizontal orientations. Similar to macroscale tubes, an increase in mass flux with the
largest tube diameter investigated (2.16 mm) resulted in an increased heat transfer
coefficient peak within the vicinity of the pseudocritical temperature point under cooling
conditions (Liao & Zhao 2002b). Heated vertical upward flow and cooled horizontal flow
yielded enhanced heat transfer when the bulk fluid was in the vicinity of the pseudocritical
temperature (Liao & Zhao 2002a; Liao & Zhao 2002b). Heated vertical downward flow
yielded deteriorated heat transfer for the conditions studied (Liao & Zhao 2002a). The
magnitude of enhancement or deterioration diminished with a decrease in hydraulic
diameter (Liao & Zhao 2002a; Liao & Zhao 2002b). Heat transfer under downward flow
conditions in the past (Bourke et al. 1970; Petukhov & Kurganov 1983; Hauptmann &
Malhotra 1980) has yielded normal or enhanced heat transfer since the buoyancy and flow
direction are opposed, allowing for higher shear stress at the wall, therefore better
turbulence production. In this case, the authors are not seeing this effect. Therefore, there
is something fundamentally different at the microscale level in comparison to the
macroscale for the downward flow to have the worst heat transfer. The authors note that
strong buoyancy effects were estimated (Gr/Ren), however, the small diameter may be
impeding the assistive shearing normally found in downward flow. Previous macroscale
tube studies did not find this to be true and found increases in heat transfer with a decrease
in hydraulic diameter (Kim et al. 2008; Song et al. 2008; Bae et al. 2010; Zahlan et al.
2015).
Calculation of the ratio of buoyancy to inertial effects (see Section 2.2.1) revealed that
the tube diameters below 1 mm for horizontal flows and all hydraulic diameters for vertical
upward and downward flows were dominated by inertia effects of the flow based off this
parameter (Liao & Zhao 2002a; Liao & Zhao 2002b). The authors state that even though
the criteria for where buoyancy effects tend to dominate the heat transfer (even at high
Reynolds number) was not satisfied, a significant effect on the associated heat transfer
coefficients was observed. Near the pseudocritical temperature point, the max percent
difference of heat transfer coefficient between vertical upward and downward flows ranged
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between 430% and 870% for the range of hydraulic diameters investigated. This
observation of very different heat transfer, simply from the change in flow direction under
similar experiment conditions suggests that buoyancy is having an effect on the heat
transfer.
Previous macroscale tube studies found that for downward flow heat transfer was
enhanced, not deteriorated, due to the opposing forces of buoyancy relative to the direction
of motion of the flow to ensure turbulence (Bourke et al. 1970; Petukhov & Kurganov
1983; Hauptmann & Malhotra 1980). This is not the case for the Liao and Zhao (2002a;
2002b) microscale tubes most likely because at the small scale, buoyancy effects are not
strong enough in comparison to macroscale tubes. The effects of variability in fluid
properties (drastic changes in density near the wall layer) may become negligible with the
decrease in hydraulic diameter since the calculated Nusselt numbers showed a flattening
trend near the pseudocritical temperature with a decrease in hydraulic diameter (Liao &
Zhao 2002a; Liao & Zhao 2002b). This may have something to do with the inability of the
low-density wall layer to substantially induce a strong enough buoyancy force to alter the
boundary layer at this scale and likewise not drastically affect the turbulence into the bulk
fluid. The authors do not comment on the possibility of flow acceleration at this scale; if
they would be able to quantify this effect that would help illustrate the physics behind this
odd heat transfer behavior.
Using a vertical tube with a hydraulic diameter of approximately 1 mm, Jiang et al.
(2004) investigated the effects of buoyancy on convective heat transfer under supercritical
conditions (Jiang et al. 2004). An increase in mass flux did not always yield an increased
heat transfer coefficient as was found in macroscale tube studies (H. Y. Kim, Kim, Song,
et al. 2007; H. Kim et al. 2007; Kim et al. 2008; Bae et al. 2010; Kim & Kim 2010; Zahlan
et al. 2015). Jiang et al. (2004) compared two different mass fluxes (G = 1,360 and 1,153
kg m-2s-1), with the larger one having a lower applied heat flux (q” = 4.56 and 3.77 W cm2

, respectively), under the similar inlet pressure conditions. They found that the heat

transfer coefficient did not increase with an increase in mass flux (Jiang et al. 2004). This
is a very odd observation since increased mass flux usually results in increased heat transfer
(as is the case for single-phase fluids). The interaction of high mass flux and large
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variability in properties could possibly decouple the core and the wall boundary due to
decrease wall density, impeding heat transfer. This seems to be very unlikely though since
Liao and Zhao (2002a; 2002b) found buoyancy to decrease drastically with a decrease in
tube diameter. The inlet temperatures (both below the pseudocritical temperature) were
slightly different in regards to magnitude of subcooling with respect to the pseudocritical
temperature, therefore the combination of inlet temperature, heat flux, and mass flux were
thought to have a very strong effect in slight differences on the heat transfer effectiveness
(Jiang et al. 2004). It should be noted that this above comparison may have been within
experimental uncertainty (±11.3%), unfortunately, the authors did not comment on this
possibility. The effect of heat flux was found to be very complex. With an increase in heat
flux the heat transfer coefficient was reduced, however, the maximum heat flux applied did
not yield the lowest heat transfer coefficient (Jiang et al. 2004). Krasnoshchekov and
Protopopov (1966) found something similar in that a continuous increase in heat flux did
not necessarily exacerbate the heat transfer deterioration in a macroscale diameter tube
(Krasnoshchekov & Protopopov 1966). It may be that substantial changes of
thermophysical properties within the boundary layer only occur within a very thin band of
fluid layers, however, Liao and Zhao (2002a; 2002b) demonstrated that effect of property
variability on heat transfer decreases significantly with a decrease in hydraulic diameter.
This group continued experimental work with a further reduction in hydraulic diameter
(0.27 mm) and lower Reynolds numbers (2,900 maximum) for vertical upward and
downward flow (Jiang et al. 2008). Both upward and downward flows at a constant mass
flux (585 kg m-2 s-1) and reduced pressure (PR = 1.16) showed deteriorated heat transfer,
with the increased magnitude in the wall temperature peak for upward flow (Jiang et al.
2008). Liao and Zhao (2002a) found deteriorated only for downward flows however, it has
been mentioned before, that the specific combination of heat flux, mass flux, and inlet
temperature all play an important role in the deteriorated heat transfer process. Therefore
slight variations can yield dramatically different results as can be seen even with the
alteration of tube geometry.
Evaluation of the buoyancy versus inertial effects was found to be negligible with the
worst case (Re = 1,900, Tin = 30°C, P = 8.14 – 8.39 MPa, q” = 11.3 W cm-2) with a

28

maximum buoyancy parameter (more details Section 2.2.1) value less than the threshold
for where buoyancy driven flow effects could alter the heat transfer (Jiang et al. 2008).
Although the flow acceleration parameter estimation (more details in Section 2.2.2) did not
exceed the criteria for which acceleration effects can reduce the heat transfer, the
magnitude was very close (Jiang et al. 2008). Therefore flow acceleration may have a more
important role in the heat transfer as the hydraulic diameter decreases.
Under high Reynolds number (9,000) and heat fluxes ( 2.6 W cm-2 ≤ q” ≤ 5.2 W cm-2)
Li et al. (2010) found the heat transfer for upward flow yielded classic macroscale
deteriorated (peak in wall temperature) while the wall temperature increased monotonically
in the case for downward flow. Buoyancy was found to be significant for both flow
directions, which contradicts what was found in the case of Liao and Zhao (2002a; 2002b).
For the vertical upward versus downward experiments buoyancy was less significant with
a decrease in tube diameter yet deteriorated differently according to Liao and Zhao (2002a;
2002b). It is interesting to note that the deteriorated heat transfer was recovered
immediately downstream, most likely due to the acceleration of the flow in the boundary
layer, similarity found by Kurganov and Kaptilnyi (1992) in their upward flow macroscale
tube. However, flow acceleration was estimated to be negligible but it is obvious it has a
significant influence on heat transfer, especially on the recovery and not necessarily the
deteriorated heat transfer (Li et al. 2010).
Jiang et al. (2013) discussed, similar to Jackson (2013), that flow acceleration is a
function of both thermal expansion acceleration but also the acceleration due to the
pressure drop. The previous studies had only investigated whether or not the acceleration
was significant based on the thermal expansion acceleration only. In a small diameter tube
of 99.2 μm, Jiang et al. (2013) found the pressure drop and the thermal expansion
acceleration to be significant, unlike buoyancy, exceeding the criteria value for which this
flow effect could potentially suppress the turbulence in the flow, even for vertical
downward flow.
Overall, it is clear the insights regarding heat transfer in macroscale tubes for both
vertical and horizontal flows do not scale well to the mini/microscale tube studies. Further
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research is needed for mini/microscale tubes to expand on the results and understand the
fundamental differences for scaling down to the microscale level using supercritical fluids.

2.2

Prediction Methods for Heat Transfer

The ability to predict the heat transfer and understand the fundamental physical
mechanisms that affect heat transfer for different conditions is necessary for the design of
equipment using supercritical fluids. The following sections will outline a variety of
techniques useful for estimating the magnitude of different effects on supercritical heat
transfer coefficients.

2.2.1 Archimedes Principle Effects
Since turbulence into the flow is from the shearing action of the fluid near the wall, it can
be assumed a reduction of turbulence would likely occur if the shear stress is drastically
modified (Hall & Jackson 1969; Jackson 2013). When the low-density near-wall fluid layer
becomes thick enough, the shear stress can then be reduced and likewise cause a reduction
in the diffusivity of heat and ultimately heat transfer (Hall & Jackson 1969; Jackson 2013).
The shear stress then can reach a value of zero, essentially decoupling the wall and the fluid
core due to the buoyancy driven effects near the wall (Hall & Jackson 1969; Jackson 2013).
Archimedes forces (buoyancy) have been found to potentially alter the heat transfer for
different tube orientations and operating conditions for supercritical fluids.
Since the variation of density within this layer is not steady due to the fact the
supercritical fluids have variability fluid properties in a narrow range of temperatures, it is
best to use a two-region model in terms of density to account for this effect (Jackson &
Hall 1979b). This becomes especially important when the pseudocritical temperature is
encompassed between the bulk and the wall where there is almost a discontinuity in change
of density within this relatively narrow span of temperature (Jackson & Hall 1979b).
Accounting for the two-layer density model and relating the thicknesses of the boundary
layer (δB) and the sub-layer and buffer layer (δM) leads to (Jackson & Hall 1979b),
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=

T
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ρ dT
(Tw − Tb ) T∫b

(2.1)

40 µ w ( ρb − ρ ) g

(2.2)

τ w2/3 ρ w1/2

Introducing the dimensionless groups of Grashoff (Gr) and Reynolds (Re) number into the
above equation for the fractional drop in shear stress (LHS of equation) yields the
following,

Grb

ρb − ρ ) DH 3 g
(
=

(2.3)

ρbν b2

Reb =

GDH
µb

(2.4)

1/2

∆τ δ B
Grb  µ w  ρb 
= 1.33 ×104 2.7
  
τw
Reb  µb  ρ w 

(2.5)

Using a value of 0.1 for the fractional shear stress to impart a < 5% impairment due to
buoyancy would reduce to the following (assuming the viscosity and density ratios are near
unity for practical applications) (Jackson & Hall 1979b),

Grb
< 105
2.7
Reb

(2.6)

Horizontal orientation flows can induce circumferential variations of local wall
temperature, and likewise heat transfer, from the stratification of low-density fluid due to
the effects of buoyancy (Adebiyi & Hall 1976; Kakac et al. 1987; Bazargan et al. 2005;
Pidaparti et al. 2015). This type of effect is different for horizontal tubes than for vertical
oriented tubes, however, the criteria for which the relative importance of buoyancy can be
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determined is similar (Kakac et al. 1987). The criteria for which buoyancy effects are
negligible for horizontal tubes is again a function of Grashoff (Gr) and Reynolds (Re),

Grb =

( ρb − ρ w ) DH 3 g
ρbν b2

Grb
< 10−3
2
Reb

(2.7)

(2.8)

Evaluating the ratio of the buoyancy to inertial forces can provide insight on the magnitude
of low-density effects that are playing a role in the heat transfer.

2.2.2 Flow Acceleration Effects
The potential for axial flow acceleration increases with substantial heating of a fluid,
inducing a favorable pressure gradient (McEligot & Jackson 2004). According to Jackson
(2013), another pressure gradient is required to maintain a constant mass flow rate, since
the near wall velocity is lower in comparison to the core during this acceleration process.
This increased pressure gradient is larger than is required to accelerate the flow and
therefore yields a modification of the shear stress and can lead to the reduction of heat
transfer (Jackson 2013). Under significant acceleration, turbulent flow can yield heat
transfer similar to that of laminar flow which is why deteriorated heat transfer in general
for these conditions is often defined as a process of ‘Laminarization’ (McEligot & Jackson
2004). Calculating the acceleration potential of the flow (e.g. ability for the fluid to
accelerate) can provide insight on the magnitude of flow acceleration that can affect the
heat transfer.
McEligot et al. (1970) proposed an acceleration parameter primarily for gaseous flows
in nozzles and ducts, but this concept has been applied for supercritical fluids (McEligot &
Jackson 2004; Jiang et al. 2008; Jiang et al. 2013). This parameter is a function of important
thermophysical properties at a location of interest, Reynolds number (Re), and a nondimensional heat flux parameter heat flux (q+),
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The non-dimensional heat flux parameter (q+) above assumes a perfect gas approximation
(McEligot & Jackson 2004), therefore a better approximation is to account for the
volumetric coefficient of expansion at a constant pressure (β),

q+ =

qw" β
,
GC p

 1   ∂ρ 
where β = −   

 ρ   ∂T  P

(2.11)

Jiang et al. (2013) found in microscale tubes that the additional acceleration due to
pressure drop through the tube can be accounted for as a function of the isothermal
expansion coefficient (λ), Reynolds number (Re), hydraulic diameter (DH), and pressure
drop,

K v,P = −

DH dP
λ
ReD dx

(2.12)

Accounting for both the thermal expansion and pressure drop flow acceleration effects, the
total effect of acceleration on the laminarization of heat transfer can be estimated,

K=
K v,Th + K v,P
v,tot

(2.13)

This parameter assumes a uniformly applied heat flux on all surfaces as would be the case
for a circular tube. A value of less than 3 ×10-6 would keep the flow turbulent while higher
values would likely laminarise the flow (Moretti & Kays 1965). The above parameter was
later adjusted to account for duct flows that may not always have circumferentially applied
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heat flux by accounting for the perimeter of the heated ( Phe ) and wetted ( Pwe ) surfaces
(McEligot & Jackson 2004),
P 
K v,chan = K v ,tot  he 
 Pwe 

(2.14)

Jackson (2013) proposed a semi-empirically based model for flow acceleration on the
assumption that this is a result of axial variation of enthalpy from the strong heating as a
function of the Reynolds number (Re), Prandtl number (Pr), and non-dimensional
expansion parameter (ψb),

Acb =

ψ

b
1.625
b

( Re

Prb )

qw" β b DH
ψb =
kb

(2.15)

(2.16)

A value of Acb less than 4×10-6 will have an effect on heat transfer due to bulk flow
acceleration of less than 2% (Jackson 2013). Evaluating these acceleration parameters can
provide insight on the whether acceleration of the flow can potentially laminarise and
likewise affect the heat transfer.

2.2.3 Empirical Correlation Development
Conventional empirical correlations, such as the famous Dittus and Boelter (1930) heat
transfer correlation for turbulent flow,
NuD = 0.023 ( ReD4/5 )( Pr n )

(2.17)

do not account for variable fluid properties within the boundary layer, in the bulk of the
flow, or axially along the flow. To overcome these limitations, several researchers have
added a correction factor (F):

34

Nu = a ( Reθn1 )( Prθn2 ) F

(2.18)

where property ratios between those evaluated at the bulk and wall temperatures can be
used to account for the property variations,
n

n

n

n8

n

n9

4
5
6
7
 ρ w   ρb   µ w   kw   Cp   Cp 
F = Pr         
 
 φ
 ρb   ρ w   µb   kb   Cpb   Cpw 

n3
θ

(2.19)

Different researchers have been investigating both experimentally and numerically
different values of a, n1, n2, and an expression of F to match heat transfer results for
correlation development, as seen in Table 2.6. Many of these properties can drastically
change radially and axially within the proximity to the pseudocritical temperature Tpc.
These correction factors help account for drastically varying properties as a better
representation for heat transfer.
A collection of five supercritical heat transfer correlations developed for heating and
cooling modes in horizontal and vertical orientations with both tubes and microchannels,
can be seen in Table 2.6. The predictive capability of these supercritical correlations will
be later evaluated for the present study.
Table 2.6: A collection of supercritical heat transfer correlations
a

θ

ϕ

n1

n2

n3

n4

n5

n6

n7

n8

n9

(Jackson &
Hall 1979a)

0.0183

b

1

0.82

0.5

0

0.3

0

0

0

n

0

(Liao &
Zhao 2002a)

b

 Grb 
 2
 Reb 

0.203

0.124

0.8

0.4

0

0.842

0

0

0

0.384

0

(Liao &
Zhao 2002b)

w

 Grb 
 2
 Reb 

0.205

0.128

0.8

0.3

0

0

0.437

0

0

0

0.411

(Kruizenga
et al. 2012)

0.0183

b

0.82

0.5

0

0.3

0

0

0

n

0

(Kruizenga
et al. 2012)

0.0043

f

0.94

0

0

0.57

0

0

-0.52

0

0

Author

1
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2.3

Non-Circular Geometry Heat Transfer

In certain industrial processes, the use of non-circular flow geometries is beneficial to
increase heat transfer. Using supercritical fluids, studies have been completed in porous
media (Jiang et al. 2004), printed circuit heat exchangers and plate heat exchangers (Nikitin
et al. 2006; Forooghi & Hooman 2014), serpentine and bent tubes (Bruch et al. 2009; Xu
et al. 2015), circular and non-circular annuli (H. Y. Kim, Kim, Kang, et al. 2007; Kim et
al. 2008; Licht et al. 2008), and multi-port microchannels (Huai et al. 2005; Huai &
Koyama 2007; Kruizenga et al. 2011; Li et al. 2011; Kruizenga et al. 2012).
These geometries add an increased complexity in the heat transfer since they have
completely different boundary conditions in comparison to circular tube studies. Multi-port
microchannel studies have been studied mostly under cooling conditions or very low heat
flux (~3.0 W cm-2), with hydraulic diameters between 1.16 mm and 1.31 mm (Huai et al.
2005; Huai & Koyama 2007; Kruizenga et al. 2011; Li et al. 2011; Kruizenga et al. 2012).
Cooling mode heat transfer is vastly different than in the heating mode since the density
gradient is completely opposite, as seen in Figure 2.3.
In the previous sections, it was discussed that buoyancy effects can alter the local shear
stress near the wall under heating conditions due to the development of a thick, low-density
fluid layer. Cooling mode heat transfer yields different flow physics since the high-density
fluid would be near the wall and low-density fluid would be located in the core, likewise
not necessarily impeding the heat transfer at the wall.

Figure 2.3: Density gradient near wall for heating and cooling modes of heat transfer
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2.4

Summary and Need for Further Work

In the Section 2.1, a holistic overview of literature ranging from the 1950’s to the present
covering the effects of heat transfer under supercritical conditions with changing mass flux,
heat flux, hydraulic diameter, and flow orientation was presented.
Both the early and modern studies made strides in discerning when heat transfer was
enhanced and deteriorated as a function of heat flux, mass flux, and flow orientation. The
hydraulic diameters were quite large (DH >> 2 mm), however, insights on both buoyancy
effects and flow acceleration were found to alter the boundary layer and ultimately inhibit
the transfer of thermal energy from the wall into the bulk fluid. Resolving flow fields of
CO2 under deteriorated heat transfer in the early 1990’s confirmed the speculations from
other authors regarding the fundamental heat transfer phenomena (buoyancy and flow
acceleration) occurring to reduce heat transfer. With more modern experimental
techniques, the modern macroscale tube studies were able to confirm the findings of the
pre – 2000 studies. They were also able to add a bit of complexity by comparing two
different sized tubes on the effects of heat transfer; as the macroscale hydraulic diameter
decreased tube diameter, deteriorated heat transfer was able to be suppressed at a lower
Reynolds number in comparison to high Reynolds number in larger diameter tubes.
There are quite a few discrepancies as the hydraulic diameter is scaled down to below
approximately 2 mm. The effect of buoyancy measured by the ratio of Grashoff to
Reynolds number (from a theoretical standpoint) decreases in magnitude with a decrease
in tube diameter. There is a disagreement between which conditions actually induce
deterioration especially under flow orientation. Flow acceleration appears to become more
severe with the decrease of hydraulic diameter especially when the thermal expansion and
pressure drop flow acceleration is taken into account. Due to these discrepancies further
studies are required.
Studies that have investigated parallel channels have been completed under cooling or
very low heat flux conditions. Cooling mode heat transfer yields different flow physics
since the high-density fluid would be located near the wall and low-density fluid would be
located in the core, likewise not necessarily impeding the heat transfer at the wall. Also,
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these studies investigated heating/cooling on both the top and bottom surfaces, similar to
that of a horizontal tube with uniformly applied heat flux.
In the present study, evaluation of heat transfer in microchannels will be investigated.
The heating will be at high fluxes (up to 40 W cm-2) in parallel microchannels with a
hydraulic diameter of 0.75 mm. The heating will be applied to a single surface to simulate
high-flux solar thermal or electronics cooling loads. Buoyancy effects can alter the local
shear stress near the wall under heating conditions due to the development of a thick, lowdensity fluid layer. However, it will be interesting to capture the effects of a single-side
heated boundary condition since horizontal experiments in macrotubes have found
enhancement on the bottom surface due to the stratification of low-density fluid near the
top. This non-uniform boundary condition has not been evaluated in other multi-port
channel supercritical studies. The present study will help illustrate the effects of changing
flow geometry and boundary conditions on the effects of heat transfer at the microscale
level.
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Chapter 3: Test Facility Development
Supercritical heat transfer experiments of food grade (99.5%) carbon dioxide (CO2) were
conducted over a range of heat fluxes (20 ≤ q” ≤ 40 W cm-2), mass fluxes (500 ≤ G ≤ 1000
kg m-2 s-1), reduced pressure (1.03 ≤ PR ≤ 1.1), and inlet temperatures (20 ≤ Tin ≤ 100°C)
in a parallel square microchannel test article with a single-side constant heat flux boundary
condition. This chapter describes the experimental facility used to conduct these
experiments. Details of the test section itself are provided in Chapter 4.

3.1

Overview

A schematic and photograph of the experimental supercritical heat transfer facility are
shown in Figure 3.1 and Figure 3.2, respectively. The facility consists of supercritical CO2
flowing through a closed loop system, coupled to a circulating coolant loop. The sCO2 loop
operates at a single pressure and consists of four primary components: pre-heater, test
section, post-cooler, and gear pump. The coolant loop consists of a 5 kW chiller with a
circulation pump and exchanges heat with the sCO2 through the post-cooler heat
exchanger.

Figure 3.1: Schematic of experimental facility
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Figure 3.2: Photograph of experimental facility

3.2

Experimental Loop Design

The equipment and materials were specifically chosen for this facility to ensure
compatibility with carbon dioxide and refrigerants (in future experiments) at high pressures
(up to ~18 MPa) and temperatures (up to 200°C). All rigid wetted components were
constructed with stainless steel (304 or 316/316L) while all soft wetted components (seals,
valve seats, etc.) were selected with commercial grade Teflon or EPDM (Ethylene
Propylene Diene Monomer). The post-cooler, gear-pump, and pre-heater loop components
are connected with smooth-bore seamless stainless steel tubing with 12.7 mm outer
diameter and a 1.25 mm wall thickness with a room temperature pressure rating of 22.06
MPa (McMaster-Carr, P/N: 89895K745). The test section is connected to the pre-heater
and post-cooler with smaller, smooth-bore seamless stainless steel tubing with 6.35 mm
outer diameter and a 0.71 mm wall thickness with a room temperature pressure rating of
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25.51 MPa (McMaster-Carr, P/N: 89895K723). The pressure rating of all of the equipment
on the system (including piping, valves, instruments, and fittings) are rated to at least 20.68
MPa. All major components, aside from the gear pump, are well insulated to minimize heat
loss from the system. The particular insulation used and thickness will be defined when
describing each specific subcomponent.
To more easily understand the overall system principles of operation, it is best to
introduce each major component separately starting with the main thermodynamic statepoints within the system (1 to 4 in Figure 3.1). During operation, the entire system is held
above the critical point, therefore a change of phase does not occur. However, at specific
points through the system the fluid may be considered a highly dense “liquid-like” fluid or
low-density “gas-like” fluid depending on the temperature. At point 1, dense liquid-like
supercritical CO2 enters the pre-heating section, where the sCO2 exit temperature (test
section inlet temperature) is adjusted via an external PID temperature controller. The PID
unit (Lightobject, P/N: ETC-JLD612-DC) connects to a 40A solid-state relay with an
output range of 24 to 480 VAC to provide power control to the heating elements.
The custom designed and in-house fabricated pre-heater is a concentric-tube heat
exchanger made from seamless smooth-bore 316 stainless steel. The CO2 flows on the
outside annulus (DH = 5.31 mm) formed by an inner tube (McMaster-Carr, P/N:
89785K838) within an outer tube (McMaster-Carr, P/N: 89785K861). The heat input is
provided by two heating elements that are isolated from the fluid flow (see Figure 3.3)
within the inner tube. The room temperature pressure rating of the inner and outer tube are
28.27 MPa and 25.51 MPa, respectively. The heating elements installed within the preheater assembly are each a single-phase, 220 VAC, 1500 W (~7 amp max), cylindrical
cartridge heater (Dalton Electric, P/N: W2C180-5917). Detailed information of the heater
assembly can be found Table 3.1. The heat exchanger assembly is insulated with high
temperature silicone foam pipe insulation (McMaster-Carr, P/N: 45295K55), with an
approximate thickness of 12.7 mm (k = 0.0562 W m-1 K-1). To reduce the thermal resistance
between the heaters and the supercritical CO2 while also ensuring improved heater life, a
copper based anti-seize paste (Loctite, P/N: 51147 C5-A) was applied to the cartridge
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heaters and housing. Stainless steel shim stock was also used to ensure a tight fit between
the tube and heater at room temperature.

Figure 3.3: Cross-sectional view of pre-heater assembly

Table 3.1: Pre-heater assembly specifications
Max Power (W)
1500
Heater

Pre-Heater Assembly

Length (mm)

457.2

Diameter (mm)

6.22

Outer Tube OD (mm)

19.05

Outer Tube ID (mm)

14.83

Outer Tube Length (mm)

736.6

Inner Tube OD (mm)

9.53

Inner Tube ID (mm)

7.04

Inner Tube Length (mm)

914.4

At the exit of the pre-heating section, the fluid enters the microchannel test section at
state 2, where it is heated at a constant pressure and the heat transfer coefficient is measured
(described in Chapter 4 and Chapter 5). A single-phase, 110 VAC, 100 W cartridge heater
(Watlow P/N: C2A5-L12), with a 3.175 mm diameter and 50.8 mm length, is used to apply
the constant heat flux to the test section. The heater is controlled using a variac
autotransformer. Temperature and pressure measurements are obtained at the test section
inlet and outlet and used in determining the thermodynamic state and heat transfer
coefficient (more details in Section 3.3).
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After exiting the test section, the hot sCO2 is cooled to a dense “liquid-like” state
through the post-cooler heat exchanger, located at state 3. The post-cooler is a custom
designed and in-house fabricated tube-in-tube counter-flow heat exchanger, shown
schematically in Figure 3.4. The heat exchanger is fabricated from 316 stainless steel
tubing, and is insulated with pipe wrap (Reflectix, P/N: SPW0602508) with an approximate
thickness of 23.8 mm (k = 0.0225 W m-1 K-1). The post-cooler consists of two heat
exchangers arranged in series to accommodate the experimental heat loads. The
supercritical CO2 enters on the tube-side with a chilled 50-50% glycol-water mixture in the
annulus of the heat exchanger. The glycol-water mixture is cooled via a Neslab Merlin
M150 recirculation chiller (S/N: 105045016) with a cooling capacity of 5 kW and a
temperature range of 5 to 35°C. Detailed information on the post-cooler assembly can be
found in Table 3.2.

Figure 3.4: Cross-sectional view of post-cooler assembly

Table 3.2: Post-cooler assembly specifications
Outer Tube OD (mm)
19.05

Post-Cooler Assembly

Outer Tube ID (mm)

18.03

Outer Tube Length (mm)

1676.4

Inner Tube OD (mm)

9.53

Inner Tube ID (mm)

7.04

Inner Tube Length (mm)

2095.5
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The supercritical CO2 exits the post-cooler assembly as a dense, “liquid-like”
supercritical fluid and is pumped back to the pre-heating section via a variable speed gear
pump (Micropump, P/N: GC-M23.PDS.B-N2CH30). The gear set for the pump (M23) has
a displacement of 0.81 mL rev-1 and a maximum rated differential pressure across the pump
head of 0.86 MPa. The pump head can operate at system pressures up to 20.7 MPa with
EPDM O-ring seals and commercial grade Teflon at the FNPT ports to ensure compatibility
with the working fluid(s). The pump head is magnetically driven from a NEMA 56C 220
VAC motor (Baldor, P/N: CM3537). The motor speed is adjusted through a variable
frequency drive (ABB, P/N: ACS250-01U-02A3-1+B063+F278). Detailed specifications
of the pump, motor, and variable frequency drive can be found in Table 3.3.
Table 3.3: Supercritical fluid pump, motor, and drive specifications
Displacement
0.81 mL rev-1
Max Differential Pressure

0.86 MPa

Max Operating Pressure

20.7 MPa

Temperature Range

-46 to 177 °C

Maximum Speed

4,000 RPM

Type

NEMA 56C

Baldor Motor

Speed

3450 RPM

(CM3537)

Max Torque

1.02 N-m

Power

0.5 HP

Micropump Pump Head
(GC-M23.PDS.B-N2CH30)

Input (voltage/current)
Motor Variable Speed Drive
(ACS250-IP66-NEMA 4X)

Output (voltage/current)
Power

1-phase, 110
VAC/11 A
3-phase, 220
VAC/2.3 A
0.5 HP

44

The system operates at a nominally constant pressure above the critical point. The
pressure is sustained using a 0.95 L piston-accumulator from Accumulators, Inc. (P/N: A3300 Series). The accumulator cylinder is steel and the piston is aluminum. The accumulator
is connected to a 2500 PSI nitrogen tank using a high pressure regulator (Thermadyne
Firepower, P/N: 0781-9726 FSH4-1500-580). The amount of sCO2 within the system is
constant during operation (i.e. no metering or purging), however the fluid system volume
can be changed using the accumulator, therefore, the system pressure can be controlled to
achieve different supercritical pressures.

3.3

Instrumentation and Data Acquisition

The experimental facility is outfitted with a variety of different measurement devices that
are used to monitor temperature, pressure, flow rate, and electrical heat input, with details
provided in Table 3.4. Locations of different instruments were shown in Figure 3.1
previously. The instruments were chosen to minimize uncertainty at the transducer level,
which will reduce the uncertainty of calculated variables of interest including heat flux,
microchannel wall temperature, bulk fluid temperature, and heat transfer coefficient.
Table 3.4: Experimental facility instrumentation details with nominal uncertainty
Instrument
Location
Supplier
Model
Serial #
Uncertainty Span
Press. Trans.

Pump Outlet

OMEGA

PX-3093KGI

071814DO42

Press. Trans.

Test Section
Inlet

OMEGA

MMA2.5K
V10
P4COT3A5E

432727

Thermocouple

Test Section
Flux Meter

OMEGA

KMQSS02U-6

-

Thermocouple

Test Section
Inlet/Outlet

OMEGA

TMQSS062U-6

-

Mass Flow
Meter

Supercritical
Fluid Loop

TRICOR

1305525

±0.1% Rdng

Wattage
Meter

Test Section
Flux Meter

Ohio
Semitronics

TCM-0325FK-SGSSCADS
GW5-103E

16060602

±0.2% Rdng

±0.25% FS

±0.20% FS
±1.1 °C
OR
±0.4%
±0.5 °C
OR
±0.4%

0 to
3000
PSI
0 to
2500
PSI

-200 to
1250 °C
-250 to
350 °C
0 to
325 kg
hr-1
0 to 100
W
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In the experimental loop, all bulk fluid temperatures (state 1 through 4) are measured
using ungrounded T-type thermocouples (OMEGA, P/N: TMQSS-062U-6) with a nominal
uncertainty of ±0.5°C or 0.4%. Gauge pressure is measured at the exit of the gear pump
using an OMEGA PX-309 series current output transducer (OMEGA, P/N: PX-309-3KGI)
with a nominal uncertainty of ±0.25% FS as a system reference pressure. Absolute sCO2
pressure is measured at the inlet of the test section. This transducer is an OMEGA MM
series voltage output transducer (OMEGA, P/N: MMA2.5KV10P4COT3A5E) with a
nominal uncertainty of ±0.20% FS. The mass flow rate of supercritical fluid is measured
using a Coriolis flow meter (TRICOR, P/N: TCM-0325-FK-SGSS-CADS) immediately
after the pump with a current output and nominal uncertainty of 0.1% of reading.
At the test section, ungrounded T-type thermocouples (OMEGA, P/N: TMQSS-062U6) with a nominal uncertainty of ±0.5°C or 0.4% are used to measure the inlet and outlet
temperatures. To measure heat flux and wall temperature of the test section microchannel
device (see Chapter 4 for more details), K-type thermocouples are used (OMEGA, P/N:
KMQSS-02U-6) with a nominal uncertainty of ±1.1°C or 0.4%. A wattage meter
transducer (Ohio Semitronics, P/N: GW5-103E) is used to monitor the power supplied to
the test section cartridge heater with a nominal uncertainty of 0.2% of reading.
All measured data is recorded in real-time using a LabVIEW 2013 (VER 13.0) interface
via an HP Windows Enterprise personal computer (Intel Core I7, 8GB Ram, 64 Bit). The
data from the transducers are acquired using a National Instruments compact data
acquisition chassis (P/N: NI-cDAQ-9174). This DAQ chassis contains a 16-channel
differential analog input module (P/N: NI-9205) and a 16-channel thermocouple input
module (P/N: NI-9214). The thermocouple module is equipped with cold-junction
compensation sensors for improved accuracy. The current output transducers are read into
the analog input module (voltage only) through a shunt resistor circuit, as seen in Figure
3.5. The resistor used is a 250 Ω resistor (VISHAY DALE, P/N: CMF55/CMF60) with an
uncertainty of ±0.1%. More details of the DAQ system is provided in Table 3.5. A GUI as
developed within LabVIEW to display data in real-time and monitor trends during the
experiment and also during start-up/shut-down procedures.
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Figure 3.5: Shunt resistor circuit for current-to-voltage readings

Table 3.5: DAQ system components
Model
Space

3.4

Input

Bits

DAQ Chassis

NI-cDAQ-9174

4 Modules

-

32

Analog Module

NI-9205

16-Channels

±10 V

16

Thermocouple Module

NI-9214

16-Channels

± 78.125 mV
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Experimental Procedure and Safety

The facility that has been designed to operate with either supercritical R134a or carbon
dioxide. The experiments in the present work have been conducted with food-grade carbon
dioxide (99.5%), however, the same procedures described below could be applied to other
fluids in the future. This section covers the system charging procedure, testing procedure,
and specific safety measures taken to ensure safe operation of the system for both the
operator and the system components.

3.4.1 Charging Procedure
The system is pressure tested prior to charging the system with refrigerant. First, with the
accumulator initially empty (i.e., not connected to the nitrogen tank), the system is
pressurized with R134a vapor to a pressure of approximately 480 KPa (~70 PSI). Nitrogen
is then added to the system to increase the pressure to approximately 6 MPa (~850 PSI). A
refrigerant leak detector (Inficon TEK-Mate, P/N: 705-202-G1) with a minimum detection
sensitivity of 2 grams per year (according to EN14624) is used at each fitting, valve, and
other connections to locate leaks. The leaks were addressed until pressure becomes stable
and additional detection is not possible. Once the system is leak proof, the system is
charged with the refrigerant (CO2).
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Every precaution is taken to ensure oil, water, cleaning agents (acetone and isopropyl
alcohol) are not introduced or left within the system. If there is concern, a visual inspection
of inner tube segments of the system is conducted to check for these containments. If oil is
introduced from equipment (i.e. accumulator, test articles, etc.) a system cleaning
procedure is conducted by circulating 99.9% isopropyl alcohol. The system is then purged
with nitrogen to remove any residual. After system cleaning, the system is connected to a
2-stage, 5 CFM Robinair vacuum pump (P/N: 15500). The nitrogen tank is reattached to
the accumulator and is pressurized to approximately 2.5 MPa (~360 PSI) to ensure the
accumulator piston is completely pushed to the closed position to minimize the system
volume. The vacuum pump is turned on and brings the system down to a pressure of less
than 35 Pa (0.25 Torr) in stages: 1.) pump line 2.) system 3.) refrigerant line. Once vacuum
condition is reached, the pump line valve is closed, the vacuum pump is removed, and the
valve connected to the CO2 tank is opened. If a sufficient vacuum is not achieved, the
remaining air within the system will mix with the liquid CO2 entering the system. This can
allow the air, which is lower in density in comparison to the liquid CO2, to either
accumulate at the high points within the system or prevent the accumulator from properly
changing system pressure due to compressibility issues. The accumulator piston will move
and the regulator pressure will increase to the approximate saturation pressure of CO2 at
room temperature. Once the system stabilizes (~ 1 minute), the nitrogen tank is closed and
the remaining nitrogen is vented from the accumulator. The main system and refrigerant
valves are closed and the remaining CO2 in the refrigerant line is vented. The system is
now charged and ready to use for experiments.

3.4.2 Test Procedure
The system has four major variables that need to be adjusted to achieve a full steady-state
condition: system pressure, inlet temperature, test section heat flux, and mass flow rate.
Adjustment of one variable affects the others. Thus, it is important to change a single
variable and then wait to ensure the other variables do not change drastically.
The nitrogen tank connected to the accumulator is turned on and the regulator is used
to adjust the overall system pressure. Once the system pressure is adjusted to a pressure
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slightly below the set-point (~ 0.1 - 0.2 MPa), the glycol-water coolant loop and the system
gear pump are turned on. The temperature of the supercritical CO2 is monitored using the
LabVIEW readouts. After the pre-heater inlet temperature reading is less than 15°C, the
desired test section inlet temperature is set and the pre-heater PID controller is turned on.
A PID controller is a device that uses feedback from the system to adjust the output, such
as the power to a heater in this case (Omega Engineering Inc. 2016). Once the pre-heater
outlet temperature approaches a steady-state condition, the system pressure is adjusted
using a purge valve connected to the accumulator/N2 unit to the desired testing pressure.
The mass flow rate is then adjusted to the desired flow rate using the variable speed pump
and the inlet temperature is re-checked.
If the inlet temperature is unable to hold a ±0.25°C over a five-minute interval using the
PID controller settings, the Proportional, Integral, and Derivative settings are adjusted
through an autotuning process (embedded within the controller). Proportional control uses
the error between the set-point and the current value to determine the magnitude of
adjustment needed for the control system to respond (National Instruments 2011). Integral
control takes the sum of the error (above) over a period of time to reduce the steady-state
error to a value of zero (National Instruments 2011). Derivative control adjusts the rate at
which the controller will respond based on the change in the process variable value
(National Instruments 2011). Once the new PID parameters are set, the inlet temperature
is again adjusted to the desired condition. After the set-point is reached, the test section
heater is turned on to apply the constant heat flux to the test section. The heater is adjusted
using the variable autotransformer dial in increments of ~10 watts until the desired heat
flux condition is reached. This ensures there is not a thermal shock to the test section and
will increase the longevity of the heater life.
The steady-state of the system is verified by recording the inlet and outlet
temperatures of the test section over a duration of five-minutes. If the pre and post interval
temperatures are within ±0.25°C (well within thermocouple uncertainty), the system is
considered steady state and the data are recorded at a rate of 1 Hz for a duration of 10
minutes. If however, the system is not able to keep the inlet and outlet temperatures within
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±0.25°C, even after a PID tuning processes, the data are recorded at a rate of 1 Hz for a
duration of 20 minutes. This reduces the precision error of the data in post-processing.
The post-processing of the data occurs in two steps. First, the collected data files are
processed through a Matlab code that calculates, the mean, standard deviation, precision
error, bias error, and total measurement uncertainty of each measured variable, as will be
described in Chapter 5 (MathWorks 2015). This code processes multiple data points within
one set and organizes them in a single Microsoft Excel sheet. The processed data and
associated measurement uncertainty are used to calculate heat flux, wall temperature, bulk
fluid temperature, and heat transfer coefficient using the Engineering Equation Solver
platform (Klein 2016). The full details of this analysis can be found in Chapter 5.

3.4.3 Safety Considerations
The biggest safety concern when operating this experimental facility is the high system
pressure and fluid temperatures. When the heat input changes from nominal, the system
pressure can rise drastically within a matter of seconds. The experiments are conducted
below a pressure of 10.5 MPa, however, the system is outfitted with a few safety features
to prevent material failure, equipment failure, and/or injury to the operator. Asphyxiation
is a potential hazard, however, all intentional venting of CO2 and N2 were done so through
tubes that connected to a fume hood.
The LabVIEW GUI has multiple visual readings showing instantaneous pressure and
temperature. This allows the operator to see if there are any unexpected changes of nominal
system pressure and temperature in real-time. Within the GUI, there is a green LED set to
activate when the system is filled to a pressure above 0.14 MPa (~ 20 PSI) and a red LED
set to activate when the system is approaching an over-pressurization state above 13.8 MPa
(~2,000 PSI). Also, a stainless steel high pressure relief valve from Swagelok (P/N: SS4R3A1-NE) is installed in the system with a set relief pressure of approximately 18.6 MPa
(~2,700 PSI). The entire system facility is outfitted with a safety enclosure fabricated from
6.35 mm thick, impact-resistant polycarbonate sheets. Sliding windows and removable
sides allow the operator to adjust system components and then replace them easily replace
for an added safety measure.
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Chapter 4: Test Section Design and Fabrication
A microchannel heat exchanger test section was designed and fabricated to analyze
supercritical CO2 heat transfer under different operating conditions. The test section under
consideration needed to have the following qualities:
1. High-pressure and temperature capability (up to ~18 MPa and 200°C)
2. Corrosion resistance to supercritical CO2 and refrigerants
3. Non-invasive measurement of local/average heat transfer coefficient
4. Application of constant heat flux on single side
5. Low design stage uncertainty
Therefore, an innovative measurement and fabrication technique was used to ensure
reasonable uncertainty in determining heat transfer coefficient while allowing operation
under harsh conditions. Prior research on convective heating in microchannel geometries
has primarily focused on the field of subcritical single-phase convective, and two-phase
flow boiling heat transfer. The measurement techniques utilized in these investigations
provided a good overview of available options that can be deployed for non-invasive and
accurate resolution of supercritical heat transfer coefficients in microchannel geometries.
Three variables are required to calculate the heat transfer coefficient: the applied heat flux,
the wall temperature and the bulk fluid temperature.
In one approach, a constant power heater is installed in an extruded portion of material
that contacts the flow channels (see Figure 4.1). When well insulated, the power from the
cartridge heaters can be concentrated through an area restriction in the extruded material,
yielding high heat fluxes at the channel wall. In order to calculate the heat transfer
coefficient in this “heat flux meter” setup (more details can be found in Chapter 5), the heat
flux and wall temperature need to be measured or calculated. The channel heat flux can be
calculated from the measured power of the cartridge heaters and known cross section,
(Peles et al. 2005; Lee et al. 2005; Kuo & Peles 2007; Krishnamurthy & Peles 2008;
Bertsch et al. 2008; Qu & Mudawar 2003; Balasubramanian et al. 2011) or by measuring
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the temperature difference between two points with some known distance apart separated
by a material of known thermal conductivity, and applying Fourier’s Law (Liu et al. 2005;
Rasouli & Narayanan 2014; Rasouli 2015).
The wall temperature can be determined in a few different ways. A calibration can be
developed with respect to the temperature of the heater and heat flux where the wall
temperatures can be determined (Peles et al. 2005; Lee et al. 2005; Kuo & Peles 2007;
Krishnamurthy & Peles 2008). Streamwise embedded thermocouples can also be placed
near the channel wall and can be used to measure the average wall temperature
(Balasubramanian et al. 2011). Alternately, the wall temperature can be determined with
known 1.) heat flux 2.) steamwise temperature near channel wall 3.) distance between
channel wall and steamwise temperatures by using Fourier’s Law (Liu et al. 2005; Bertsch
et al. 2008; Rasouli & Narayanan 2014; Rasouli 2015). An example of this can be seen in
Figure 4.1.

Figure 4.1: Flow boiling heat transfer measurement technique in microchannel
geometry (Liu et al. 2005)
A combination of the above measurement techniques are used in the present study to
resolve both local and average heat flux, wall temperature, and ultimately heat transfer
coefficient. The test section under consideration has square channels with a hydraulic
diameter of 0.75 mm, aspect ratio of 1, and a total channel length of 50 mm. Five channels
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are fabricated in parallel. To ensure the fluid is hydrodynamically developed at the entrance
of the 20 mm heated region, there is a 40D (30 mm) adiabatic section upstream. A flux
meter is used with three sets of thermocouples at three evenly spaced axial positions (5 mm
streamwise) along the microchannel heated portion of the test section. Details on the test
section design and fabrication are presented below.

4.1

Material Selection

The test section material chosen needed to be able to:
1. Maintain yield strength (YS) and ultimate tensile strength (UTS) at elevated
temperature to prevent mechanical failure due to high operation pressure
2. Corrosion resistant with refrigerants and moisture in general
3. Ability to be subjected to modern fabrication processes for machining
microchannels and diffusion bonding
The five material options considered (as seen in Table 4.1) vary in both thermal
conductivity and corrosion resistance. Thermal conductivity is important because it keeps
the test section at a lower temperature for a given heat flux. This in turn reduces both heat
loss and maintains the material’s mechanical properties (YS and UTS).

Material
6061
316/316L
1018
4140/4142
4340

Table 4.1: Material options for test section
Type
Conductivity (W m-1 K-1) Corrosion Resistance
Aluminum Alloy
Stainless Steel
Low Carbon Steel
Alloy Steel
Alloy Steel

167 (@ 25ᵒC)
16.2 (@ 100ᵒC)
51.9 (@ N/AᵒC)
42.6 (@ 100ᵒC)
44.5 (@ N/AᵒC)

Good
Good
Fair
Poor
Poor

(AZoM 2012a), (AK Steel 2007), (AZoM 2013), (AZoM 2012b), (Hewitt 2008), (Davis 1999)

6061 aluminum was the initial material choice for its high thermal conductivity and for
its oxide layer formation that inhibits corrosion (Davis 1999). However, fabrication using
diffusion bonding, which will be discussed in detail in Section 4.4, required a chemical
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etch process when using aluminum, which would destroy this layer and also adds high cost
and complexity. Carbon steel and alloy steels were the second option due to their strength
but with relatively low thermal conductivity (k < 50 W m-1 K-1). The issue with these
materials however was the low chromium content (poor corrosion resistance). When a
material has a substantial chromium composition (~18%), corrosion can be prevented, as
is seen in stainless steels (e.g. 316/316L) especially at high temperatures (Kropschot &
Doebrich 2010).
Recently, the corrosive effects on compressor and turbine materials at supercritical
conditions have been investigated with the increase in research of sCO2 Brayton power
cycles, as was discussed in Chapter 1. Russick et al. (1996) conducted an analysis
comparing stainless and low carbon steel, aluminum, and copper. Corrosion was not found
under pure supercritical CO2 conditions for any of the materials, however the experiment
was for only for 24 hour increments and the conditions were at a relatively low supercritical
condition, not what would be seen in Brayton power cycle components (Russick et al.
1996). Wei et al. (2016) compared low alloy steel and stainless steel (316L) in supercritical
conditions for a duration of 240 hours, much longer than Russick et al. (1996). Under pure
supercritical conditions (i.e. no aqueous-mixture), the low alloy steel showed localized
corrosion while the stainless steel did not (Wei et al. 2016). The actual mechanism is
believed to be from an oxidation on the material surface (Tan et al. 2011). Tan et al. (2011)
was able to subject both ferritic-martensitic and austenitic (types of stainless steel) to an
extreme supercritical condition (P = 20.7 MPa, T = 650°C) (Tan et al. 2011). The austenitic
steels were able to resist the corrosion much better than the ferritic-martensitic steels (Tan
et al. 2011). This could be directly related to the chromium content since the austenitic
steels have over 100% more chromium content in their composition than the ferriticmartensitic steels (Tan et al. 2011).
Using stainless steel 316/316L maintains mechanical properties well at elevated
temperatures and has a chemical composition with enough chromium to ensure corrosion
resistance. Due to the low thermal conductivity, a complete design of the flux meter and
location of cartridge heater was required to ensure the test section body temperatures are
not excessive. Stainless steel is generally agreed to have a maximum intermittent service
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temperature of 870°C (Atlas Specialty Metals 2002). Therefore, the flux meter design
needs to be such that this temperature is not exceeded.

4.2

Initial Test Section Design Model

A model was developed using the Engineering Equation Solver platform (Klein 2016) to
conduct a design stage uncertainty analysis of calculated local and average heat flux, wall
temperature, and heat transfer coefficient. The calculation methodology and uncertainty
analysis will be covered in detail in Chapter 5.
A flux meter is used in this experiment to measure the applied heat flux and local
streamwise thermocouples are used to resolve local and average wall temperature (and
likewise heat transfer coefficient) by using Fourier’s law, as seen in Equation (4.1),

q " = −k

∂T
∂x

(4.1)

A simple 2-dimensional model is used, shown schematically in Figure 4.2. It is assumed
the flow is uniformly distributed in the microchannels, axial conduction along the test
section is negligible, and the test section is well insulated. The geometry of the

Figure 4.2: Segmented test section implemented in EES model
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microchannels are used in the model to calculate the test section heat transfer, assuming
rectangular fins heated at the base.
Since local heat transfer is calculated at three separate streamwise locations, a
segmented type model was used and the test section is discretized into four equal length
segments. At each streamwise thermocouple pair position, the flux is determined using a
set of temperature measurements, known material thermal conductivity, and distance (δB)
between the temperature measurement points. Using the calculated heat flux, the channel
wall temperature is determined from the measured streamwise temperature near the wall,
and distance to the channel base (δA), again using Fourier’s law. An energy balance in each
segment is used to determine the segment exit enthalpy. With the inlet pressure and exit
enthalpy known, the bulk fluid temperature can be determined and is used as the
temperature inlet to the follow segment. The local heat transfer coefficient is then
determined using the known heat flux, wall temperature, and bulk fluid temperature, as
detailed in Chapter 5.
To guide the test section design, it was necessary to simulate an actual experiment.
Therefore, the inverse of the above model was solved. That is, it was assumed that the heat
transfer coefficient and heat flux were known, and the expected temperature readings at all
of the streamwise thermocouples were calculated. This allowed an uncertainty to then be
applied to the calculated temperature measurements, which allowed calculation of the
uncertainty in the “calculated” heat flux and heat transfer coefficient.
The distance between TFM,A and TFM,B is an important parameter in the design of the test
section. An increase in distance between the thermocouples (δB) will decrease the overall
uncertainty of the calculation of heat transfer coefficient since the temperature gradient
will be greater and the uncertainty in the temperature difference is smaller. However, at
large distances there will be an increase in heat loss due to the increase in flux meter surface
area, which can lead to potential maldistribution of the applied flux. In addition, the 100
W cartridge heater (Watlow P/N: C2A5-L12) that is used in the test section is rated up to
a maximum application temperature of 760°C (Watlow 2015). An increase in distance
between the thermocouples will also increase the cartridge heater distance from heat
transfer occurring in the microchannels. This will increase the heater temperature and
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potentially decrease the overall heater life. The values of δA and δB were chosen to be 5 mm
each to ensure a low design stage uncertainty for heat transfer coefficient (<15%).

4.3

Flux Meter Finite-Element Simulation

Usually, a flux meter consists of multiple cartridge heaters placed in the bottom portion of
the flux meter material. Using multiple small heaters is sometimes required to achieve high
heat fluxes in a small envelope of flux meter material. To simplify wiring and controlling
of the heat duty into the test section from multiple heaters, a single cartridge heater can be
used instead. Therefore a nonconventional cartridge heater placement and dimensions was
implemented where the heater length is not the same length as the flux meter itself, as seen
in Figure 4.3. The heat flux at the microchannel can be higher than the heater surface.

Figure 4.3: Flux meter schematic with extended heater length
(thermocouple distances not to scale)
A 3-dimensional simulation was developed in v. 5.1/5.2 COMSOL Multiphysics to
ensure this design would yield uniformity of heat flux near the channel wall (COMSOL
AB 2016). Since the 100 W cartridge heater (Watlow P/N: C2A5-L12) that is used in the
test section is rated up to a maximum application temperature of 760°C, the simulation is
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able to reveal an ideal location (distance from the test section) to prevent the cartridge
heater from exceeding this temperature (Watlow 2015).
The flux meter was assumed to be at a steady-state condition and insulated on all sides
except for top surface, where the base of the microchannels would be located. Bulk
temperature and heat transfer coefficient were specified on this surface to simulate
convective heat transfer. Similar to the actual experiment, six flux meter body temperatures
were recorded at a given set cartridge heater heat flux to resolve the estimated heat flux
near the channel wall.
A grid independence study was conducted, as seen in Figure 4.4, to ensure that an
accurate solution can be attained with a given mesh size while also keeping the
computational effort at a minimum. A distance of 17.5 mm between the cartridge heater
center-line and the first set of thermocouples on the flux meter (TFM,B) was chosen. At this
distance the uniformity of flux was able to be kept within less than 3% and was able achieve
reasonable cartridge heater temperatures for worst-case conditions (low heat transfer
coefficient and high bulk fluid temperature), as seen in Figure 4.5.

Figure 4.4: COMSOL simulation grid independence study of the central, lower
temperature reading on flux meter
(α = 10,000 W m-2 K-1, Tb = 36.85 °C, and q” = 15 W cm-2)
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Figure 4.5: Calculated heat flux using COMSOL simulated flux meter
(α = 3875 W m-2 K-1, Tb = 136.85 °C, and q” = 2 – 20 W cm-2)

4.4

Fabrication Process

A final CAD model of the designed test section can be found in Figure 4.6, illustrating the
location of the fluid inlet/exit, cartridge heater, flux meter, and development/heated length.
A common method to fabricate an intricate design such as this is to initially CNC machine
the flow channels, flux meter, the inlet/exit top part as separate pieces. To create a seal for
the flow path through the microchannels, a gasket would be used around the channels
themselves and both parts would be compressed together with a circumferential bolt
pattern. At low pressure applications, this fabrication method should be sufficient.
However, since the test section was to be subjected to high pressures (>7.40 MPa), it was
decided that diffusion bonding would be used to hermetically seal both the test section
body and between the individual channels, preventing major leaks and flow from crossing
over to adjacent channels.
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Figure 4.6: Cross-sectional view of microchannel test section CAD model
Diffusion bonding is a fabrication process that joins two or more metal layers by the
diffusion of atoms across the interface between the metals (Kazakov & Kuznetsov 1985).
This is completed by applying a specified amount of pressure and heat to the stack of
materials being bonded in vacuum chamber for an extended period of time, as seen in
Figure 4.7(Kazakov & Kuznetsov 1985). This type of process is well known for its joints
that preserve the material properties within the region without a filler material (Kazakov &
Kuznetsov 1985). Due to issue with fixturing of the nonconventional geometry of the test
section during the diffusion bonding process, the fabrication was conducted in stages.
Pre-bond CNC machining was initially completed for the microchannels and mixing
plenum in the bottom part and the inlet/exit flow paths in the top part, as seen in Figure
4.8. The surfaces needed to be polished to a tolerance of Rymax = 0.20 μm and Ra = 0.05 –
0.10 μm for sufficient contact during the diffusion bonding process. Small alignment pin
holes were drilled in the bottom and top pieces to ensure the material would not slide when
the pressure was applied during the diffusion bonding process.
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Figure 4.7: Diffusion bonding technique between two metal surfaces

Figure 4.8: Microchannel test section after CNC machining process
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The channel geometries were then measured and verified using a ZeScope Optical
Profiling System (Zemetrics, S/N: 08Z2015) with a total uncertainty (repeatability,
precision, and resolution) of ±0.005 μm, as seen in Figure 4.9. According to Zygo (formerly
Zemetrics), optical profilers function based on the principles of interference microscopes
(Zygo Corporation). The device compares the light wave properties between the test
surface and a reference surface, therefore, height variations and surface roughness can
easily be obtain with high accuracy (Zygo Corporation).

Figure 4.9: ZeScope profile image for microchannel test section at inlet
Multiple measurements at both the entrance and central region of the channels were
used to determine an average channel height, width, and web thickness, as seen in Figure
4.10. Since diffusion bonding inherently imparts a strain on the material due to the high
pressure applied, the channel dimensions will not be exactly the same after the process is
complete. Additional uncertainty to the channel dimensions are accounted for in the percent
strain imparted; pre and post-bond length and width of the top and bottom pieces were
measured to calculate strain using calipers (Neiko Tools, S/N: 20160118) with an
uncertainty of ±0.023 mm.
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Figure 4.10: Microchannel schematic illustrating major dimensions
The microchannel test section was then diffusion bonded through an external vendor
(Refrac Systems). The furnace operations during this process were performed in
compliance of SAE-AMS-H-6875 Revision B. The bonding process was conducted in a
vacuum furnace with a starting pressure of less than 3×10-4 Torr. The temperatures and
applied pressures were ramped up and cycled up to 1,124°C and 8.27 MPa, respectively.
The estimated vertical (provided by Refrac Systems) and horizontal strain (measured inhouse) imparted on the test section during the bonding process are 0.70% and 0.40%
respectively, with the final bonded test section in Figure 4.11. The diffusion bonded test
sections underwent a post-bond CNC machining process to create the flux meter, including
the thermocouple and cartridge heater holes, as seen in Figure 4.12.
The final dimensions of the test section used in the current experiment can be found in
Table 4.2 showing the nominal, actual, and uncertainties for each of the major quantities.
The uncertainty of the channel width, height, and web thickness are a function of the
ZeScope profile measurements and the percent strain imparted for a given orientation. The
flux meter length and width, which represents the applied flux area, uncertainty is a
function of the accuracy of hand-held calipers. The uncertainty of the distance between the
thermocouple pairs (δB) is derived from the CNC’s ability to achieve a low tolerance
(approximately ±0.001”). It should be noted here that the distance between the near channel
thermocouples and the microchannel bottom surface (δA) has a difference of 0.27 mm from
the nominal dimension. The CNC machining operation bases the location of these
streamwise holes from an edge on the part. The strain imparted by the diffusion bonding
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process shifted the location of where this would be and was estimated from the difference
between total height of the bonded test section from design to post-bond measured height.
An additional uncertainty was accounted for on this distance as well that includes both pre
and post-bond machining and the imparted strain.

Figure 4.11: Microchannel test section after diffusion bonding process

Figure 4.12: Microchannel test section after post-bond CNC machining process
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Table 4.2: Microchannel test section dimensions with uncertainty
Type
Parallel (Square)

4.5

Aspect Ratio (Width/Height)

1:1

Number of Channels

5

Development Length

30 mm
Nominal

Actual

Uncertainty

Channel Width

750.00 μm

750.02 μm

± 5.53 μm

Channel Height

750.00 μm

737.32 μm

± 6.16 μm

Web Thickness

1000.00 μm

991.85 μm

± 7.90 μm

Channel Hydraulic Diameter

750.00 μm

743.62 μm

± 4.15 μm

Flux Meter Length

20 mm

20.02 mm

± 0.024 mm

Flux Meter Width

7.75 mm

7.75 mm

± 0.024 mm

Flux meter δA

5.00 mm

4.73 mm

± 0.049 mm

Flux meter δB

5.00 mm

5.00 mm

± 0.025 mm

Test Section Installation

The fabricated test section is installed on the experimental facility, as seen in Figure 4.13.
The top microchannel block portion of the test section is well insulated with high
temperature rigid ceramic insulation (McMaster-Carr, P/N: 93595K73), with an
approximate thickness of 25.4 mm (k = 0.122 W m-1 K-1). The rest of the test section,
including up and downstream, is insulated with high temperature fiberglass insulation
sheeting (McMaster-Carr, P/N: 9356K11), with an approximate thickness of 25.4 mm (k =
0.0375 W m-1 K-1). High temperature insulation was chosen due to the estimated high
temperatures of the test section and flux meter surfaces.
Prior to fully insulating and conducting experiments the inlet, exit, and six flux meter
thermocouples were calibrated against a temperature standard. A dry block thermal well
was used with a full scale range of 50°C to 660°C (FLUKE, P/N: 9144) with a platinum
resistance thermometer standard (FLUKE, S/N: 03830) with an uncertainty of ± 0.037°C.
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A set of six temperature readings ranging from 0°C to 150°C for the T-Type thermocouples
and five temperature readings ranging from 50°C to 450°C for the K-Type thermocouples
to resolve a calibration curve. These calibration points can be found in the Appendix. Full
uncertainty analysis will be discussed in Chapter 5.

Figure 4.13: Microchannel test section installed in experimental facility
(prior to insulation)
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Chapter 5: Experimental Approach
Using the measured parameters described in Chapter 3, the local and average sCO2 heat
transfer coefficient is determined under different system conditions. The four important
independent variables that are used for this investigation are changes in system reduced
"
pressure (PR), mass flux (Gchan), inlet temperature (Tin), and heat flux ( qFM
). To guide the

discussion of the analysis approach, representative sample calculations are presented in the
following sections for a system reduced pressure of 1.1, heat flux of 40 W cm-2, mass flux
of 500 kg m-2 s-1, and an inlet temperature of 50°C. First, the initial data processing is
introduced, followed by the calculation procedure for local and average heat flux, wall
temperature, bulk fluid temperature, and heat transfer coefficient. Unless otherwise noted,
the analysis approach was conducted using the Engineering Equation Solver platform
(Klein 2016). This non-linear solver allows for the calculation of unknown variables
through an embedded iterative procedure.

5.1

Initial Data Processing

As introduced in Chapter 3, raw experimental data files consist of measured inlet and exit
temperature, heat flux meter temperatures, inlet pressure, sCO2 mass flow rate, and flux
meter heater power. Data points were captured for a minimum of 10 minutes at a rate of 1
Hz. The raw data files for a given experiment are processed through a Matlab (MathWorks
2015) code to calculate the mean ( x ), sample standard deviation (s), and precision error
(UPrec), as shown in following equations. The dual-tailed Student t-distribution statistic
used here is a function of N - 1 degrees of freedom (ν) and a confidence interval (CI) of
95%. The precision error is included in the total measurement uncertainty, along with the
bias uncertainty from the transducer and analog-to-digital conversion in the data
acquisition system. This will be further discussed in Section 5.4.
N

x=

∑Y
i =1

N

i

(5.1)
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s
=

1 N
(Yi − x ) 2
∑
N − 1 i =1

U prec = ±

(5.2)

tv,CI ⋅ s

(5.3)

N

A representative analysis for this case can be found in Table 5.1 showing all statistical
analysis of processed data for this sample case. It should be noted that the significant
figures on the temperatures can only be resolved to one decimal place due a single decimal
place thermocouple uncertainty, however, more significant figures were used here to
illustrate these calculations.
Table 5.1: Statistical analysis of measured quantities for sample case
"
PR = 1.1, Gchan = 500 kg m-2 s-1, qFM
= 40 W cm-2, Tin = 50 °C
x
Variable
N
Uprec
s
tv,CI
 (kg s-1)
m

Pin (kPa)
Tin (°C)
Tex (°C)
TFM,A,1 (°C)
TFM,B,1 (°C)
TFM,A,2 (°C)
TFM,B,2 (°C)
TFM,A,3 (°C)
TFM,B,3 (°C)
Wattage (W)

5.2

1.423 × E-3
8170.00
49.6
74.0
220.9
331.7
212.2
332.1
218.0
332.0
84.119

1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200

1.980 × E-4
51.30
0.11
0.09
0.30
0.46
0.28
0.47
0.30
0.47
0.64

1.962
1.962
1.962
1.962
1.962
1.962
1.962
1.962
1.962
1.962
1.962

± 1.121 × 10-5
± 2.91
± 0.01
± 0.01
± 0.02
± 0.03
± 0.02
± 0.03
± 0.02
± 0.03
± 0.04

Calculation of Local Heat Transfer Coefficient

The experimental test section consists of a set of parallel square microchannels with a
uniformly applied heat flux. An array of local thermocouples along the flow length allows
for the calculation of the local wall temperature, local bulk fluid temperature, and likewise
the local heat transfer coefficient. The calculation procedure is described here for a single
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position within the microchannel (shown schematically in Figure 5.1). In the following
analysis, a subscript of a 1 on calculated variables defines the segment location.

Figure 5.1: Schematic of segmented heat transfer model for first segment

5.2.1 Local Reynolds Number
The segment inlet Reynolds number (Rechan,1, Equation (5.4)) is a function of the segment
inlet dynamic viscosity (μsCO2,1), mass flux (Gchan), and hydraulic diameter (DH),

Re chan ,1 =

(Gchan )( DH )

µ sCO ,1

(5.4)

2

With the inlet temperature and pressure of 49.6°C and 8170 kPa, respectively, the viscosity
is found to be 2.087 ×10-5 kg m-1 s-1 using a correlation developed for carbon dioxide
(Fenghour et al. 1998). To calculate this, the average hydraulic diameter of the test section
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and the mass flux of the carbon dioxide need to be determined. With a 750.02 μm channel
width (Wchan) and 737.32 μm channel height (Hchan), the hydraulic diameter is calculated
to be 743.6 μm,

(Wchan × H chan )
Area
=
DH 4=
4
Perimeter
2 × (Wchan + H chan )

(5.5)

The channel mass flux (Gchan) is then calculated with the measured mass flow rate ( m ),
the channel width and height, and the number of parallel channels,
 m
 

 Chan   m Chan 
num 
num 

G chan =
=
( H chan )(Wchan )
( Achan )

(5.6)

For the sample case, the mass flux is 514.6 kg m-2 s-1 with a mass flow rate ( m ) of 1.423 ×
10-3 kg s-1, channel flow area (Achan) of 0.553 mm2, with a total of five parallel channels.
The segment inlet Reynolds number is then calculated to be 18,377.

5.2.2 Local Heat Flux and Wall Temperature
The segment heat flux is found with measured flux meter temperatures (TFM,A,1 and TFM,B,1)
by employing Fourier’s law,
 (TFM , A,1 − TFM , B ,1 ) 
"
qFM

,1 = − k FM ,1 
δB



(5.7)

The thermal conductivity of the material (kFM,1) is found as a function of the average
temperature between the first segment flux meter temperature pair (TFM,A,1 and TFM,B,1),
using the thermal conductivity equation for AISI 316 stainless steel (Ho & Chu 1977). For
this case, the (TFM,A,1) and (TFM,B,1) were measured to be 220.9°C and 331.7°C, respectively,
resulting in a thermal conductivity (kFM,1) of 17.55 W m-1 K-1. With a distance (δB) between
"
-2
the temperature readings of 5 mm, the calculated heat flux ( qFM
,1 ), is 38.90 W cm for this
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sample case. For the other segments, the calculated heat flux were 41.95 W cm-2, and 40.00
W cm-2, for a maximum percent difference of 7.8% for this specific experimental condition.
For all of the experimental conditions that maximum and minimum percent difference (for
a specific test run including all inlet temperatures) is 10.7% and 7.9% respectively
"
The channel base wall temperature is found with the calculated heat flux ( qFM
), and
,1

measured near-wall temperature (TFM,A,1) by again implementing Fourier’s law,

Tw,1

( q ) (δ ) + T
=
−
(k )
"
FM ,1

A

FM , A,1

(5.8)

FM ,1

With a distance (δA) between the near wall streamwise temperature (TFM,A,1) and the channel
base of 4.73 mm, the calculated wall temperature (Tw,1) is 116.0°C.

5.2.3 Local Heat Duty and Bulk Fluid Temperature
"
The heat flux calculated ( qFM
,1 ) is the heat flux applied to the bottom surface of the

microchannel. Thus, the segment heat duty ( Q seg ,1 ) is the thermal energy transferred into
the microchannel bottom surface and can be easily visualized as the heat duty passing
through the cross-sectional area of each segment of the flux meter. This area is
perpendicular to the flow of heat flux. The segment heat duty can be calculated as a
"
function of the segment cross-sectional surface area (Aseg,1) and heat flux ( qFM
,1 ),

"
Q seg ,1 = ( qFM
,1 ) ( Aseg ,1 )

(5.9)

The base segment area is calculated as a function of the channel width (Wchan), web
thickness (tweb), channel segment length (Lseg), and the number of parallel channels
(Numchan),

=
Aseg,1 [( Numchan ×Wchan ) + ( Numchan − 1) × tweb ] × Lseg

(5.10)
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With five parallel channels, 750.02 μm channel width, 991.85 μm web thickness, and a
5.005 mm segment length, the base segment area is 38.63 mm2. Now, the heat duty into
this segment is then calculated to be 15.03 W with a 38.63 mm2 segment surface area and
a 38.90 W cm-2 heat flux.
With the heat duty applied over the segment base area, the bulk fluid temperature at the
exit of the segment can be calculated at this location (Lseg/L = 0.25). This local bulk
temperature is used to calculate the heat transfer coefficient from a segment energy balance
using the segment heat duty ( Q seg,1 ), mass flow rate ( m ), and segment inlet enthalpy
(hinlet,1),

 Q
=
hex ,1  seg ,1
 m sCO

2


 + (hin ,1 )


(5.11)

Here, ( Q seg ,1 ) is the heat duty for each segment, and hin / hex are the bulk specific enthalpy of
sCO2 at each specified location in the segment. The inlet enthalpy is calculated as function
of the measured inlet temperature and pressure. For subsequent segments, the inlet enthalpy
is equal to the calculated exit enthalpy from the previous segment. The inlet enthalpy is
found to be -74,903 J kg-1 with an inlet temperature and pressure of 49.6°C and 8170 kPa,
respectively, using the equation of state of carbon dioxide (Span & Wagner 1996).
Applying Equation (5.11), the segment exit enthalpy is found to be -63,342 J kg-1. With
this known segment exit enthalpy and inlet pressure (assuming negligible pressure drop
with respect to the uncertainty of the inlet pressure transducer), the segment exit
temperature/bulk fluid temperature (Tb,1) is calculated to be 53.8°C.

5.2.4 Local Heat Transfer Coefficient
The calculation of the local heat transfer coefficient requires knowledge of the effective
surface area. This effective area accounts for the surface area of both the channel segment
base and finned surfaces of the channel walls where convective heat transfer of sCO2
occurs. The fin efficiency, assuming a straight-base rectangular fin, needs to first be
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calculated as a function of the iteratively determined local heat transfer coefficient (αsCO2,1),
channel height (Hchan), web thickness (tweb), and estimated fin thermal conductivity (kw,1)
determined as a function of the estimated wall temperature,
  2 × α sCO ,1 
 t   
2
×  H chan +  web    
tanh  
  kw,1 × tweb 
 2    

η fin ,1 =
 2 × α sCO ,1 
 t  
2
×  H chan +  web   

 2   
 kw,1 × tweb 

(5.12)

With a 5,197 W m-2 K-1 heat transfer coefficient (calculated iteratively), 737.32 μm channel
height (Hchan), 991.85 μm web thickness, and 14.98 W m-1 K-1 estimated fin/wall thermal
conductivity, the fin efficiency is calculated to be 0.7508 (75.08%). The effective surface
area is a function of the channel height (Hchan), channel width (Wchan), channel segment
length (Lseg), number of parallel channels (Numchan), and the fin efficiency (ηfin,1),

Aeff ,1 =(2 ×η fin ,1 × H chan × Lseg ) + (Wchan × Lseg )  × Numchan

(5.13)

With a 750.02 μm channel width (Wchan) and 737.32 μm channel height (Hchan), 5.005 mm
segment length, five parallel channels, and a 0.7508 fin efficiency, the effective surface
area is calculated to be 46.48 mm2.
Now, the local heat transfer coefficient can now be calculated by applying Newton’s
Law of Cooling as a function of the segment heat duty ( Q seg ,1 ), effective surface area (Aeff,1),
bulk fluid temperature (Tb,1), and wall temperature (Tw,1),

α sCO2 ,1 =

Q seg ,1

( A ) (T
eff,1

w,1

-Tb,1 )

(5.14)

With a 15.03 W effective base heat duty, 46.48 mm2 effective surface area, 116.0°C wall
temperature, and 53.8°C bulk fluid temperature the local heat transfer coefficient is
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calculated to be 5,197 W m-2. The model would continue onto the next segment with the
bulk fluid temperature found in the previous segment as the new inlet temperature and
determine the next local quantities.

5.3

Calculation of Average Heat Transfer Coefficient

The procedure within this section is used to determine an average heat transfer coefficient
through the microchannel test section. The array of local thermocouples along the flow
length can also be used to determine the average heat flux, average wall temperature, and
average heat transfer coefficient. A view of the entire microchannel test section (found in
Figure 5.2) is represented by a single pair of temperature readings on the flux meter instead
of a total of six; each row of three temperatures are averaged to a single temperature.

Figure 5.2: Schematic of average heat transfer model

5.3.1 Average Reynolds Number
The average Reynolds number (Rechan,ave, Equation (5.15)) is a function of the average
dynamic viscosity (μsCO2,ave), mass flux (Gchan), and hydraulic diameter (DH),
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Re chan ,ave =

( Gchan )( DH )

(5.15)

µ sCO ,ave
2

The average bulk fluid temperature (Tb,ave) between the test section inlet (49.6°C) and exit
(74.0°C) is 61.8°C by completing a simple linear average (see Equation (5.19)). Using this
temperature and an inlet pressure of 8170 kPa, the average viscosity is
2.02×10-5 kg m-1 s-1. The average Reynolds number is then calculated to be 18,945 with a
mass flux of 514.6 kg m-2 s-1 and hydraulic diameter of 743.6 μm. The average hydraulic
diameter and mass flux area calculated the same way as described in Equations (5.5) and
(5.6), respectively.

5.3.2 Average Heat Flux
The average flux meter temperatures (TFM,A,ave and TFM,B,ave) are calculated as 217.0°C and
331.9°C, respectively. Again, these are simply averages of the three sets of thermocouples
at each distance from the microchannels, perpendicular to the flow direction (see Figure
4.3 in Chapter 4 for reference). The heat flux into the microchannel is found with the
calculated average flux meter temperatures by Fourier’s law,
 (TFM , A,ave − TFM , B ,ave ) 
"
qFM

, ave = − k FM , ave 
δB



(5.16)

The thermal conductivity of the flux meter material (kFM,ave) is found as a function of
the average temperature between the average flux meter temperatures, using the thermal
conductivity equation for AISI 316 stainless steel (Ho & Chu 1977). With a resulting
thermal conductivity (kFM,ave) of 17.52 W m-1 K-1 and a distance (δB) between the
"

temperature readings of 5 mm, the calculated average heat flux ( qFM , ave ) is 40.27 W cm-2.
A small discrepancy between the local heat flux and the average heat flux is expected since
complete uniformity of heat flux is difficult under experimental conditions.
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5.3.3 Average Heat Duty and Bulk Fluid Temperature
"

The heat flux calculated ( qFM , ave ) is the heat flux applied to the bottom surface of the entire
heated portion of the microchannel. The total heat duty ( Q ) is the thermal energy
tot

transferred into the microchannel bottom surface, again it can be easily visualized as the
heat duty passing through the cross-sectional area of the flux meter, perpendicular to the
flow of heat flux. The total heat duty can be calculated as a function of the total heat flux
"

cross-sectional surface area (Atot) and heat flux ( qFM ,ave ),
"
Q tot = ( qFM
, ave ) ( Atot )

(5.17)

The total heat flux cross-sectional surface area is calculated as a function of the channel
width (Wchan), web thickness (tweb), total channel length (Ltot), and the number of parallel
channels (Numchan),

=
Atot [( Numchan × Wchan ) + ( Numchan − 1) × tweb ] × Ltot

(5.18)

With a 750.02 μm channel width, 991.85 μm web thickness, 20.02 mm heated channel
length, five parallel channels, the cross-sectional surface area is calculated to be 154.5
mm2. Now with a 154.5 mm2 surface area and a 40.27 W cm-2 heat flux, the heat duty into
the base of the microchannel segment is 62.21 W.
Since both inlet and exit temperature of the test section are measured, a linear average
between the inlet and exit temperatures provides the bulk fluid temperature within the test
section,
Tb , ave =

(Tex + Tin )
2

(5.19)

With the measured inlet temperature (49.6°C) and exit temperature (74.0°C), the bulk fluid
temperature (Tb,ave) between the test section inlet and exit is calculated to be 61.8°C.
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5.3.4 Average Wall Temperature and Heat Transfer Coefficient
The calculation of the average heat transfer coefficient requires knowledge of the effective
surface area. This effective area accounts for the surface area of both the channel segment
base and finned surfaces of the channel walls where convective heat transfer of sCO2
occurs. The fin efficiency, assuming a straight-base rectangular fin, needs to first be
calculated as a function of the iteratively determined average heat transfer coefficient
(αsCO2,ave), channel height (Hchan), web thickness (tweb), and estimated fin thermal
conductivity (kwall,ave) determined as a function of the estimated wall temperature,

η fin ,ave

  2(α sCO ,ave ) 
 t   
2
tanh  
×  H chan +  web    
  (kw,ave )(tweb ) 
 2    

=
 2 × α sCO ,ave 
 t  
2
×  H chan +  web   

 2   
 (kw,ave )(tweb ) 

(5.20)

With a 7,694 W m-2 K-1 heat transfer coefficient (calculated iteratively, see below),
991.85 μm web thickness, 14.95 W m-1 K-1 wall thermal conductivity, the average fin
efficiency is calculated to be 0.677 (67.7%). The effective surface area is then calculated
with respect to the channel height (Hchan), channel width (Wchan), total channel heated
length (Ltot), number of parallel channels (Numchan), and the fin efficiency (ηfin,ave),

Aeff =(2 ×η fin ,ave × H chan × Ltot ) + (Wchan × Ltot )  × Numchan

(5.21)

With a 750.02 μm channel width, 737.32 μm channel height, 20.02 mm total heated channel
length, five parallel channels, and 0.676 (67.6%) fin efficiency, the effective surface area
is calculated to be 174.9 mm2.
To calculate the average wall temperature (Tw,ave) and average heat transfer coefficient
(αsCO2,ave), a resistance network is developed between the measured near wall temperature
(TFM,A,ave) and the bulk fluid temperature (Tb,ave), as seen in Figure 5.3. Using the resistance
network, measured inlet and outlet bulk fluid temperatures, and the total heat duty
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(Equation (5.17), above), the test section overall heat transfer coefficient (UA) can be found
as,

UA =

Q tot
LMTD

(5.22)

Figure 5.3: Close-up view of resistance network in average heat transfer model
Here, the UA value includes conduction resistance in the microchannel test section, and the
convective resistance of the sCO2 fluid. The resistance due to conduction is a function of
the conduction length to microchannel wall (δA), total base area (Atot), and the flux meter
thermal conductivity (kFM,ave),

Rcond =

(k

δA
FM , ave

)( A )

(5.23)

tot

With 4.73 mm distance, 154.5 mm2 total area, and a thermal conductivity of 17.52 W m-1
K-1, the resistance due to conduction is 1.747 K W-1. The resistance due to convection is a
function of the iteratively calculated average heat transfer coefficient (αsCO2,ave) and the
effective surface area (Aeff),
Rconv =

(α

1
sCO2 , ave

)( A )
eff

(5.24)
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These resistances occur in series, therefore the total resistance of the network is simply the
sum of both resistances (Rtot = 2.489 K W-1),

=
Rtot Rcond + Rconv

(5.25)

The overall heat transfer coefficient (UA = 0.406 W K-1) is determined by taking the inverse
of the total resistance,

UA =

1
Rtot

(5.26)

The Log-Mean-Temperature difference is used as a function of the average wall
temperature (Tw,ave) and the inlet (Tin) and exit (Tex) microchannel temperatures,

LMTD =

(Tw,ave − Tin ) − (Tw,ave − Tex )
 (T
−T ) 
ln  w,ave in 
 (Tw,ave − Tex ) 

(5.27)

With the LMTD calculated as 154.9 K, applying an energy balance with known
microchannel total heat duty, the overall heat transfer coefficient (UA) can be iteratively
solved to determine the heat transfer coefficient, yielding a heat transfer coefficient of
7,694 W m-2 K-1 (calculated iteratively).
The average wall temperature can be found (Tw,ave = 114.1°C) by applying Newton’s
"
Law of Cooling as a function of the calculated heat flux ( qFM
, ave ), average heat transfer

coefficient (αsCO2,ave), and bulk temperature (Tb,ave),
"
qFM
, ave = α sCO2 , ave × (Tw, ave − Tb , ave )

(5.28)
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5.4

Uncertainty Analysis

The uncertainty analysis discussion will be separated between measurement uncertainty
and calculated uncertainty. The measurement uncertainty refers to the uncertainty in the
equipment used to measure the important variables of the experiment during testing (e.g.
temperature, pressure, flow rate, heater power). The calculated uncertainty refers to the
"

uncertainty of calculated quantities of interest (e.g. heat flux ( qFM ), wall temperature (Tw),
bulk temperature (Tb), and heat transfer coefficient (α)). The Engineering Equation Solver
platform was used to perform the propagation of error for the calculated values using the
Kline and McMlintock (KMM) error propagation method (Kline & McClintock 1953).

5.4.1 Measurement Uncertainty
During the explanation of the experimental facility design in Chapter 3, the manufacturer’s
uncertainty for each of the transducers used was provided. This however is not the complete
measurement uncertainty used for calculations. The four basic sources of uncertainty at the
transducer level are the precision error (previously discussed in Section 5.1), bias
uncertainty, conversion of transducer output (e.g. current-to-voltage using shunt resistor
circuit), and analog-to-digital conversion (ADC) using a data acquisition system. Also, in
some cases there are other miscellaneous uncertainties that can be used to better quantify
the uncertainty attributed to the specific transducer (e.g. line-pressure, drift per year, zero
stability). Using the Root-Sum-Squares method (RSS), the different sources of uncertainty
(e.g. 1, 2, 3) can be summarized into a single overall uncertainty value (Uo),

Uo =

U12 + U 2 2 + U 32 + ...

(5.29)

At the transducer level, sometimes a significant source of uncertainty is developed from
the analog-to-digital conversion of data into the data acquisition system. At a very high
level, the number of bits and the accuracy of a specific DAQ module is the source of
uncertainty for ADC. The resolution of a DAQ module is found from the electrical input
full scale range (EFS) and the number of bits (M),

80

Res =

EFS
2M

(5.30)

The quantization error (QE), or round-off error, is found by simply dividing the resolution
by a factor of two,

QE =

Res
2

(5.31)

Using the RSS method with the quantization error and the accuracy of the specific module
will yield the total uncertainty when using said module to convert analog data to digital
data. A summary of the DAQ analog-to-digital conversion errors can be found in Table
5.2. The two modules in the DAQ system are either a voltage or thermocouple input
module. Therefore, any current output transducers (mass flow and wattage meter) need to
be converted to a voltage reading prior to the ADC. This leads to some complications in
tracking uncertainty as will be illustrated below.

Model

Table 5.2: DAQ analog to digital conversion error summary
EFS
Bits
Res
QE
Accuracy

UADC

NI-9205

±10 V

16

0.305 mV

± 0.153 mV

± 6.220 mV

± 6.222 mV

NI-9214

± 78.125 mV

24

0.00931 μV

± 0.00466 μV

± 0.0250 mV

± 0.0250 mV

Since both the wattage meter and Coriolis flow meter have a current output, the
processing of data is essentially the same, however, to demonstrate the challenges in
incorporating uncertainty, only the mass flow rate data will be shown here. The mass flow
rate uncertainty is directly related to the manufacturer’s reported uncertainty (Ubias).
However, since the module used to acquire the data using the NI cDAQ system is a voltage
analog input, the current output needs to be converted into a voltage reading using a shunt
resistor circuit, as seen in Figure 5.4.
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Figure 5.4: Shunt resistor circuit to convert a current output transducer
reading into a voltage reading in order to acquire data via the DAQ analog module
The governing equation between current, voltage, and resistance is Ohm’s law,
(5.32)

V = i⋅R

Therefore, the use of the Kline and McClintock method of propagation of errors is needed
to track the uncertainty from the current reading to a voltage reading. For the sample case,
the shunt resistor has a resistance of 250 Ω ± 0.25 Ω and the mass flow rate ( m ) is 1.423 ×
10-3 kg s-1 ± 1.258 × E-5 kg s-1. It should be noted, the manufacturer’s stated uncertainty for
the mass flow rate is ± 0.1% of the flow, however at flow rates less than 10% FS, the
uncertainty increases based on their calibration curves. A function was developed and used
to determine the uncertainty at these low flow rates. The basic flow rate uncertainty also
incorporates the zero stability (± 0.01% FS). The flow uncertainty as a function of current
is found to be ± 0.0022 mA using the transducer sensitivity. The partial differentiation of
Ohm’s law with respect to the current and resistance uncertainties for employing the Kline
and McMlintock method,

2

=
UV

 dV
  dV 
UR  + 
Ui 

 dR
  di


2

(5.33)

gives a total uncertainty in volts (UV) of ± 0.0012 V. This uncertainty incorporates the
transducer bias uncertainty and the conversion from current to voltage into a new
uncertainty (Ubias,UTC). Taking the RSS of both the (Ubias,UTC) and (UADC) uncertainties gives
a total uncertainty in volts of ± 0.0063 V. Converting this back into the engineering units
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(kg s-1) using the transducer sensitivity, the total uncertainty in flow is
± 1.429 × E-4 kg s-1 in engineering units.
The uncertainty for the voltage output pressure transducer (Pin) is calculated in a similar
way, however, there is no need to use a shunt resistor circuit. The total bias uncertainty for
this transducer (Ubias) accounts for the accuracy (± 0.2% FS) and the drift (0.1% FS/year),
yielding a total bias uncertainty of ± 0.0245 V, or ± 42.22 kPa in terms of engineering units.
Conducting an RSS with the analog module accuracy gives a total pressure transducer
uncertainty of ± 0.0253 V, or ± 43.57 kPa in engineering units.
The temperature uncertainty, regardless of the thermocouple type, are conducted similar
to the voltage output transducer. Since the thermocouple functions based on the Seebeck
Effect, the voltage output from them is a function of temperature. The bias error (Ubias) for
the T-Type and K-Type thermocouples are ± 0.5°C and ± 1.1°C (or 0.4% depending on
which is larger), respectively. With a thermocouple sensitivity of 40 μV/K for both T-Type
and K-Type, the output voltage is ± 20 μV and ± 44 μV, respectively. Combining the
uncertainty in the ADC with the thermocouple uncertainty using RSS gives a total
uncertainty for T-Type and K-Type of ± 0.8°C and ± 1.3°C. When the 0.4% of reading is
above the nominal uncertainty, the ± 0.8°C and ± 1.3°C uncertainties will likewise increase
but this is not the case for this sample.
The precision error (Uprec) can also be accounted in the total uncertainty of the readings
by performing the RSS with the bias uncertainty and the analog-to-digital uncertainty. For
the sample case described above, a summary of the processed uncertainties and the total
uncertainties in engineering units for all measured variables is provided in Table 5.3.
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Table 5.3: Measured variable uncertainty summary for sample case
"
PR = 1.1, Gchan = 500 kg m-2 s-1, qFM
= 40 W cm-2, Tin = 50°C
Variable
Uprec
Ubias
Ubias,UTC
UADC

 (kg s )
m
Pinlet (kPa)
Tin (°C)
Tex (°C)
TFM,A,1 (°C)
TFM,B,1 (°C)
TFM,A,2 (°C)
TFM,B,2 (°C)
TFM,A,3 (°C)
TFM,B,3 (°C)
Wattage (W)
-1

± 1.121 × 10-5
± 2.91
± 0.01
± 0.01
± 0.02
± 0.03
± 0.02
± 0.03
± 0.02
± 0.03
± 0.04

± 1.258 × 10-6
± 43.56
± 0.5
± 0.5
± 1.1
± 1.1
± 1.1
± 1.1
± 1.1
± 1.1
± 0.17

± 2.708 × 10-5
± 0.20

± 1.404 × 10-4
± 1.56
± 0.63
± 0.63
± 0.63
± 0.63
± 0.63
± 0.63
± 0.63
± 0.63
± 0.16

Utot

± 1.429 × 10-4
± 43.63
± 0.80
± 0.80
± 1.27
± 1.47
± 1.27
± 1.47
± 1.27
± 1.47
± 0.26

5.4.2 Calculated Uncertainty
In the previous Sections (5.2 and 5.3) the calculation procedure for both local and average
quantities were outlined, however, this section will demonstrate at a high level the
uncertainty analysis using the measured values for this sample case. For simplification
purposes, common equations used among the local and average model calculations
(hydraulic diameter, mass flux, and Reynolds number) will be illustrated to demonstrate
the methodology of uncertainty analysis.
When calculating the hydraulic diameter (Equation (5.5)), the Kline-McClintock
method is employed since it is a function of two quantities with individual uncertainties.
The partial differential equations with respect to each of the governing parameters (channel
height and channel width) are first calculated,

( H chan )
∂DH
= 2×
∂Wchan
( H chan + Wchan ) 2

(5.34)

(Wchan )
∂DH
= 2×
∂H chan
( H chan + Wchan ) 2

(5.35)

2

2
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Inserting the partial differential equations into the Kline-McClintock form and accounting
for the uncertainty with respect to the channel width (± 5.53 μm) and channel height
(± 6.16 μm) and simplifying gives the following,

2

U DH

 ∂DH
  ∂DH

=
± 
UWchan  + 
U H chan 
 ∂Wchan
  ∂H chan


2

U DH

2

2
2

 



( H chan )
(Wchan )






=
± 2×
×
U
+
2
×
×
U
H chan
  ( H chan + Wchan ) 2  Wchan    ( H chan + Wchan ) 2 




 


(5.36)

2

(5.37)

The final uncertainty of the hydraulic diameter is then calculated to be ± 4.148 μm.
Mass flux (Equation (5.6)) is determined as a function of the measured mass flow rate
and channel dimensions (height and width). Again, the partial differential equations with
respect to each of the governing parameters are calculated,
 m

 Chan 
∂Gchan
num 

= −
( H chan ) 2 (Wchan )
∂H chan

(5.38)

 m

 Chan 
∂Gchan
num 

= −
( H chan )(Wchan ) 2
∂Wchan

(5.39)

 1

∂Gchan  Channum 
=
∂m
( H chan )(Wchan )

(5.40)

Inserting the partial differential equations into the Kline-McClintock form and accounting
for the uncertainty with respect to the channel width (± 5.53 μm), channel height (± 6.16
μm), and mass flow rate (± 1.429 × 10-4 kg s-1) and simplifying gives the following,
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2

U Gchan

U Gchan

2

 ∂G
  ∂G
  ∂G

=
±  chan UWchan  +  chan U H chan  +  chan U m 

 ∂Wchan
  ∂H chan
  ∂m

   m
 
   Channum  
=
± −
 × U H chan
2
  ( H chan ) (Wchan ) 






2

    m

    Channum 
 + −
2
   ( H chan )(Wchan )
 
 



 × UWchan



2

2

   1


    Channum  

 + 
 × U m 
   ( H chan )(Wchan ) 


 


 


(5.41)

2

(5.42)

The final uncertainty of the mass flux is then calculated to be ± 52.75 kg m-2 s-1.
Reynolds number is slightly more complex as it is a function of the channel dimensions,
mass flux (uncertainty previously calculated) and a function of thermophysical properties.
The evaluation of the thermophysical properties is a function of the inlet pressure and
temperature, therefore the uncertainty stemming from the thermophysical property is
directly related to the uncertainty in the temperature and pressure measurement. To
illustrate this, an uncertainty tree is provided in Figure 5.5 to demonstrate the uncertainty
sources for Reynolds number.

Figure 5.5: Uncertainty tree to illustrate sources of uncertainty for Reynolds number
Calculating the partial differential equations with respect to each of the governing
parameters yields,

∂Rechan
D
= H
∂Gchan µ sCO2

(5.43)
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∂Rechan Gchan
=
∂DH
µ sCO2

(5.44)

∂Rechan
G ×D
= − chan 2H
∂µ sCO2
µ

(5.45)

(

sCO2

)

Now, evaluating the dynamic viscosity as a function of the uncertainty in the average bulk
temperature (±0.6 °C) and inlet pressure (± 43.78 kPa) results in an uncertainty of
± 5.616×10-8 kg m-1 s-1. Inserting the partial differential equations and accounting for the
uncertainty with respect to the hydraulic diameter (± 4.148 μm), mass flux
(± 51.92 kg m-2 s-1), and dynamic viscosity (± 5.616×10-8 kg m-1 s-1) and simplifying gives
the following,

2

2

U Rechan

 ∂Rechan
  ∂Rechan
  ∂Rechan
U Gchan  + 
U DH  + 
U µsCO
=
± 
2
  ∂µ sCO2
 ∂Gchan
  ∂DH

U Rechan

 D
 G
=±  H U Gchan  +  chan U DH
 µ sCO
  µ sCO

 
2
2

2

2
  Gchan × DH
U µsCO
 +  −
2
2

µ sCO2
 

(

)





2






(5.46)

2

(5.47)

The final uncertainty of the Reynolds number is then calculated to be ± 1,934.
This type of analysis outlined above is conducted for every single equation used to
"
evaluate the quantities of interest such as heat flux ( qFM
), wall temperature (Tw), bulk

temperature (Tb), and heat transfer coefficient (α). The calculated uncertainties for both the
local and average models for major output parameters for this sample case can be found in
Table 5.4 and Table 5.5, respectively.
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Table 5.4: Uncertainty analysis summary for important calculated local quantities
"
PR =1.1, Gchan = 500 kg m-2 s-1, qFM
= 40 W cm-2, Tin = 50°C
Unit
μm
kg m-2 s-1
W cm-2

Value
743.6
514.6
18,337
38.90

Utot
4.15
52.75
1,875
0.73

Percent (%)
0.6%
10.3%
10.2%
1.9%

Tw,1
Q seg ,1

°C
W

116.0
15.03

3.1
0.29

2.7%
1.9%

Tb,1

°C
W m-2 K-1

53.82
5,197

1.0
431

1.9%
8.3%

Variable
DH
Gchan
Rechan,1
"
qFM
,1

αsCO2,1

Table 5.5: Uncertainty analysis summary for calculated average quantities
"
PR =1.1, Gchan = 500 kg m-2 s-1, qFM
= 40 W cm-2, Tin = 50°C
Variable
DH
Gchan
Rechan,ave

Unit
μm
kg m-2 s-1
-

Value
743.6
514.6
18,945

Utot
4.15
52.75
1,934

Percent Error
0.6%
10.3%
10.2%

"
qFM
, ave

W cm-2

40.27

0.45

1.1%

Tw,ave

°C
W
°C
W m-2 K-1

114.1
62.22
61.8
7,694

3.0
0.78
0.6
523.6

2.6%
1.3%
1.0%
6.8%

Q tot

Tb,ave
αsCO2,ave
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Chapter 6: Results and Discussion
The experiments in this study explored the effects of mass flux, inlet temperature, inlet
pressure, and applied heat flux on the enhanced and deteriorated heat transfer in parallel,
square microchannel geometry with a hydraulic diameter of 0.75 mm and aspect ratio of 1.
The data was used to evaluate a variety of correlations from the literature for both
supercritical and subcritical conditions to understand the accuracy of heat transfer models
for supercritical flows in small geometries.

6.1

Summary of Data

Six different combinations of reduced pressure, mass flux, and heat flux were investigated,
as seen in Table 6.1. As has been shown previously, at a reduced pressure near 1, steep
gradients in thermophysical properties with temperature are expected to influence the heat
transfer. The effect of these on the heat transfer in microchannels is not well understood.
Furthermore, variation of mass flux allows the effects of increases in the turbulence to be
explored. In addition, since deteriorated heat transfer usually occurs with a combination of
conditions of high heat fluxes and development of the pseudocritical temperature within
the boundary layer, heat fluxes up to 40 W cm-2 were investigated. Finally, to understand
the effect of the reduced temperature (Tb/Tpc) within the microchannel, the inlet
temperature was varied from 20 to 100 degrees Celsius.

Case 1

Table 6.1: Experimental matrix for the present study
Reduced Pressure Mass Flux Inlet Temperature
(-)
(kg m-2 s-1)
(°C)
1.1
500
20 – 100

Heat Flux
(W cm-2)
20

Case 2

1.1

1000

20 – 100

20

Case 3

1.03

500

20 – 100

20

Case 4

1.1

500

20 – 100

40

Case 5

1.1

1000

20 – 100

40

Case 6

1.03

500

20 – 100

40
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All data was obtained using the experimental facility described in Chapter 3. For a given
data set (e.g. one mass flux, one heat flux, and a range of inlet temperatures) the variation
in inlet pressure, mass flux, and average heat flux varied less than 1.5%, 6.2%, and 3.3%,
respectively. The maximum and average uncertainty in the calculated local heat transfer
coefficient are >>100% and 36.7%, respectively. The maximum uncertainty and average
uncertainty in calculated average heat transfer coefficient are 244% and 22.9%,
respectively. A summary of the average quantity uncertainty can be found in Table 6.2.
The extremely high maximum uncertainty occurs near the pseudocritical temperature
point, where the specific heat capacity spikes and the heat transfer coefficient dramatically
increases. For these very high heat transfer cases, the difference in temperature between
the bulk and the wall are sometimes within the uncertainty of the temperature measurement
and calculation, as will be illustrated in Section 6.4. For instances of uncertainty well over
100%, error bars are omitted to simplify plots, however, their points will still be shown to
demonstrate trends. A discussion of techniques to reduce uncertainty is presented in the
conclusions of this thesis.
Table 6.2: Summary of uncertainty for average reported experimental data
Variable
Unit
Maximum (±)
Average (±)
Gchan

kg m-2 s-1

54.8 (10.8%)

53.4 (8.7%)

Rechan,ave

-

6,173 (52%)

1,773 (10.5%)

"
qFM
, ave

W cm-2

0.5 (1.9%)

0.4 (1.4%)

Tw,ave

°C

3 (6.5%)

2.4 (3.5%)

Q tot

W

0.85 (1.9%)

0.67 (1.5%)

Tb,ave

°C

0.6 (2.6%)

0.6 (1.3%)

αsCO2,ave

W m-2 K-1

830,051 (244%)

23,534 (22.9%)
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6.2

Heat Loss and Energy Balance Verification

To quantify the effects of heat loss and/or axial conduction within the microchannel, the
calculated thermal energy gained by the fluid through the test section is compared to the
heat duty calculated from the heat flux and test section area. The energy transferred to the
fluid is determined by a 1st law energy balance (assuming negligible potential and kinetic
energy, zero work done on/by the microchannels, and steady-state conditions),

Q check = m sCO2 × (hin − hex )

(6.1)

Here, the inlet and exit enthalpy are determined from the measured temperature and
inlet pressure. This is defined with a ‘check’ as a subscript as an identifier that this quantity
is to be compared to the thermal energy transfer calculation methodology described in
Chapter 5 (Equation (5.17)) which uses measurements from the heat flux meter to
determine the total energy into the test section. To gain an understanding on the magnitude
of heat loss and/or axial conduction, the thermal energy ratio (RQ) is defined as the thermal
energy transfer check ( Q check ) versus the calculated thermal energy transfer ( Q tot ),

Q
RQ = check
Qtot

(6.2)

A value of one within uncertainty will show the heat duty calculated through the two
approaches is balanced. The comparison of RQ among the studies as a function of bulk fluid
temperature can be seen in Figure 6.1. For clarity, only the higher heat flux condition (40
W cm-2) is shown here as the test section temperature is higher and heat losses are expected
to be greater.
Figure 6.1 shows that the heat duty calculated from an energy balance and from the heat
flux meter are within the uncertainty of one another over a range of conditions, suggesting
that heat losses not accounted for by the heat flux meter are not significant. From the figure,
it can also be seen that the uncertainty in the heat duty calculated from an energy balance
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is unacceptably high near the critical temperature. At this point, the change in bulk fluid
temperature through the test section is very small due to the high heat capacity of the CO2,
which increases uncertainty. Thus, the heat duty calculated using the heat flux meter is a
more accurate method for determining heat duty for the entire range of conditions.

Figure 6.1: Heat input ratio as a function of bulk fluid temperature

6.3

Experimental Variability

The present study is assuming that that heat flux being applied on the bottom of the test
section is uniform. From the design of the flux meter in Chapter 4, it was shown that at
high heat fluxes, the variability of the test can be exacerbated due to the non-convectional
method of applied said heat flux on the microchannel bottom surface. This variation can
then affect the estimated wall and bulk temperatures which are both a function of the heat
transfer coefficient. The variability in the experimental calculated quantities will be
discussed below.
The heat transfer model used to calculate local quantities outlined in Section 5.2 uses
the heat flux calculated at each axial location on the flux meter and applies it to the previous
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segment to determine quantities such as wall/bulk temperature and ultimately heat transfer
coefficient at the axial location. The exit temperature can also be calculated by assuming
the last calculated local heat flux (x/DH = 0.75) is also applied to the last segment to
determine the ‘bulk’ or exit temperature from the last segment. The calculated versus
measured exit temperature can be found in Figure 6.2, with 92% of the tested cases plotted.
Seven of the test conditions in Case 2 in the vicinity of the pseudocritical point were
omitted since the discretized model failed in this region. The combination of very high
mass flux and overall heat transfer rates within the vicinity of the Tpc (high specific heat
capacity) yielded very small temperature differences between the bulk and wall. Therefore,
heat transfer estimates were in the opposite direction in comparison to the direction of
applied heat flux.

Figure 6.2: Measured versus calculated test section exit temperature
using local heat transfer model
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The measured exit temperatures for the test section for all non-omitted data points (83
total) are larger than the calculated exit temperature with a maximum and minimum
difference (Tb,meas – Tb,calc) of 5.4°C and 0.1°C, respectively. The calculated exit
temperature is within uncertainty with respect to the measured exit temperature for all inlet
temperatures and mass fluxes with a heat flux of 20 W cm-2. However, with an increase in
heat flux to 40 W cm-2, 77.8% of calculated exit temperatures are within uncertainty with
respect to the measured exit temperature. Within the vicinity of the pseudocritical point,
the specific heat capacity is large and therefore will yield smaller temperature differences
along the test section, possibly allowing the calculated temperature to be closer in
proximity to the measured, within uncertainty. Overall, the measured versus calculated exit
temperatures fit within a 10% deviation from one another.
To better understand the variability in the different test conditions from a local standpoint, the effects of local calculated heat flux, wall temperature, bulk temperature, and heat
transfer coefficient can be found in Figure 6.3 through Figure 6.6. Since similar trends
occur for all of the testing conditions, the nominal case of G = 500 kg m-2 s-1, q” = 20 W
cm-2, and PR = 1.1 will only be presented.
The applied heat flux, as seen in Figure 6.3, is obviously not completely uniform based
on the variation of heat flux calculated at the three axial locations along the test section.
The average variation of heat flux for any given testing case is less 3.3%, as was discussed
in Section 6.1, however on a local basis, the variation of heat flux is less than 11%. For
this particular case, the maximum and minimum percent difference between the applied
heat flux is 8.5% and 6.1%, respectively. The COMSOL finite-element simulation of the
flux meter discussed in Chapter 4 yielded an increase in applied heat flux variability within
an increase in wall heat flux. However, the maximum local heat flux was found to occur at
the first and last axial locations with the lowest at the central axial location along the test
section, unlike what is found under experimental testing conditions. Since completely
insulated surfaces are not possible under experimental conditions, ‘flux leaking’ on the
sides of the flux meter is possible. The variability in applied heat flux carried through to
the wall temperature and final calculation of the heat transfer coefficient.
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Figure 6.3: Local heat flux calculated for a testing case of 20 W cm-2 heat flux, 500 kg
m-2 s-1 mass flux, and 1.1 reduced pressure
Since the wall heat flux was not completely uniform, the estimated wall temperature
revealed similar effects, as seen in Figure 6.4. The variation of the wall temperature makes
sense as a function of the heat flux with the lowest of the three axial temperatures occurring
in the middle with the largest calculated heat flux due to Fourier’s Law. This means that
the temperature difference would also be smaller for a larger heat flux with the same
material and distance. For this particular case, the maximum and minimum percent
difference for calculated wall temperature is 28.8% and 7.1%, respectively, with a decrease
in variability as the bulk fluid temperature is increased. For these six inlet bulk fluid
temperatures evaluated for all cases, the maximum and minimum wall temperature
difference is 28.8% and 7.1%, respectively. Increasing the heat flux (not shown) yields
wall temperature variability either similar in magnitude or increases.
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Figure 6.4: Local wall temperature calculated for a testing case of 20 W cm-2 heat
flux, 500 kg m-2 s-1 mass flux, and 1.1 reduced pressure
The previously calculated heat flux and wall temperature do not require a discretized
model (e.g. the measured quantities from the flux meter allow for simple use of Fourier’s
Law to calculate). The calculation of the bulk fluid temperature directly uses the discretized
model to determine the segment exit temperature (local bulk fluid temperature). The bulk
fluid temperatures (including the measured inlet and estimated exit temperature) are shown
in Figure 6.5. In proximity to the pseudocritical temperature point (Tb = 34°C), the effects
of the high heat capacity are visible with the variation of axial temperature being minimal.
For all test cases, the bulk fluid temperature increased in a monotonic fashion.
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Figure 6.5: Local bulk fluid temperature calculated for a testing case of 20 W cm-2
heat flux, 500 kg m-2 s-1 mass flux, and 1.1 reduced pressure
Finally, using the calculated wall and bulk fluid temperatures, the local heat transfer
coefficient can be determined, as seen in Figure 6.6. The variability in the applied heat flux
and calculation of the wall temperature yielded a variation of the estimated local heat
transfer coefficient. The highest heat transfer coefficients of the three axial locations occurs
at the center of the heated section (x/DH = 0.5) for all testing conditions, stemming from
the location of the smallest wall temperature (likewise lower wall to bulk fluid temperature
difference). For this particular case, the percent difference between maximum and
minimum calculated heat transfer coefficient is >>270% and 128%. For the six inlet bulk
fluid temperatures evaluated for all cases, the maximum and minimum wall temperature
difference is >>100% and 71.7%, respectively. The trend with respect variation of mass
flux, reduced pressure, and heat flux is similar, however a relationship between variability
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of heat transfer coefficient and those conditions is not present. Local heat transfer
coefficient, variability, and uncertainty will be further discussed in the next section.

Figure 6.6: Local heat transfer coefficient calculated for a testing case of 20 W cm-2
heat flux, 500 kg m-2 s-1 mass flux, and 1.1 reduced pressure

6.4

Local Heat Transfer Coefficient

Many of the prior supercritical heat transfer studies in macroscale tubes discussed in
Chapter 2 utilize long heated lengths in their respective test sections (> 500 mm). The local
heat transfer coefficient along these test sections were found by measuring local wall
temperature axially, and applying a segmented energy balance to determine the local bulk
fluid temperature. In these studies, measured wall temperature peaks and drops (likewise
a decrease or increase in heat transfer coefficient) are usual indicators of deteriorated and
enhanced heat transfer, respectively, along the test section heated length.
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The test section under evaluation in this study has an unheated hydrodynamic
development length of 30 mm and a heated length of 20 mm. Within the heated length,
three local heat transfer coefficients can be resolved at increments of 5 mm. Therefore,
there are a total of four segments from the inlet to the exit of the heated section.
Unfortunately, the experimental uncertainty is too high to guide an insightful discussion
regarding the type of heat transfer that is at play in the test section (e.g. deteriorated,
normal, or enhanced). Therefore, only a single plot is shown for the nominal case of PR =
1.1 and G = 500 kg m-2 s-1, as seen Figure 6.7, with the left plot being an applied heat flux
of (a) 20 W cm-2 while the right plot is for (b) 40 W cm-2. The three points in each series
represent the calculated three local heat transfer coefficients through the test section. When
the temperature of the bulk fluid is in the vicinity of the pseudocritical temperature
(indicated with a dashed red line), the heat capacity is large and the change in fluid
temperature along the test section is extremely small. This is especially noticeable with
inlet temperatures between 30 and 40°C at the mass flux of 500 kg m-2 s-1. A local peak in
heat transfer coefficient are observed at the center of the microchannel. Previous studies
have shown that peaks and even gradual increases in heat transfer coefficient usually
indicate heat transfer enhancement (H. Y. Kim, Kim, Song, et al. 2007; Bae et al. 2010).
These peaks can be attributed to the fluid high specific heat capacity (Li et al. 2010; Jiang
et al. 2013) and Prandtl number (Kruizenga et al. 2011; Kruizenga et al. 2012).
The low heat flux (q” = 20 W cm-2) cases yield higher heat transfer coefficients than the
high flux cases at the same bulk inlet temperature, reduced pressured, and mass flux. At
lower heat fluxes, the difference between the wall temperature in comparison to the bulk
fluid temperature are small since the fluid can handle the large thermal load due to the high
heat capacity. At the higher heat flux conditions (40 W cm-2) the heat transfer coefficient
increases from the inlet to the exit (downstream) since the uncertainties for all points are
not overlapping. However, this trend occurs for every single case (including ones not
shown here) leading to the realization that this may simply be associated with a systematic
error of the experiment and simply experimental variability (discussed previously). If this
were to occur only under specific heat fluxes and mass fluxes (usually under high mass
flux and low heat flux), this would then illustrate that there is a localized enhancement of
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heat transfer occurring at a specific location within the test section, but that is not the case
here.

Figure 6.7: Local heat transfer at a mass flux of 500 kg m-2 s-1 and reduced pressure of
1.1 for heat fluxes of (a.) 20 W cm-2 and (b.) 40 W cm-2
The difficulty in comparing between cases is apparent when looking only at three local
heat transfer coefficients; by investigating average heat transfer as a function of multiple
bulk fluid temperatures, a better comparison can be made between changes in inlet
pressure, heat flux, mass flux, and bulk fluid temperature in the vicinity of the
pseudocritical temperature point as discussed in Chapter 2.

6.5

Average Heat Transfer Coefficient

The procedure for calculating the average heat transfer coefficient through the test section
was discussed in Chapter 5. For the high observed heat transfer coefficients in the present
study, the average heat transfer coefficient method decreases the total uncertainty of the
heat transfer since it uses two sets of average temperatures from the flux meter to determine
the heat flux instead of a single pair of two temperatures. The average heat transfer
coefficients for the cases outlined in Table 6.1 can be found in Figure 6.8, Figure 6.9, and
Figure 6.10.
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Regardless of the heat flux, mass flux, and inlet reduced pressure, the heat transfer
coefficient increases and reaches a maximum when the bulk fluid temperature is in the
vicinity of the pseudocritical temperature (i.e., Tb/Tpc approximately equal to 1). Increasing
the heat flux yields the same trend as the lower heat flux conditions, however the peak is
attenuated. Although there is an attenuation in the peak, deteriorated heat transfer does not
appear to be a factor. For the experimental cases investigated, a sudden upstream drop in
heat transfer coefficient at high heat fluxes and low mass fluxes does not occur. Thus, it is
believed simply to be a factor of transport properties of the fluid (e.g. thermal conductivity,
viscosity, density, etc.) near the wall are poorer than the bulk, decreasing the heat transfer
coefficient at the higher heat flux cases. As the bulk fluid temperatures increase beyond the
pseudocritical temperature, the heat transfer coefficients begin to show a monotonic
decrease with increase in temperature. This is consistent with normal single-phase heat
transfer where drastic changes in thermophysical properties are not present. Rather, as the
inlet temperature increases from 50°C to 100°C, the test section bulk Prandtl number
decreases by 25.9% and 30.9% for a reduced pressure of 1.03 and 1.1, respectively for the
nominal case of G = 500 g m-2 s-1 at the 40 W cm-2 heat flux.
With increase in mass flux under subcritical heat transfer conditions, an increase in heat
transfer coefficient would be expected. It is generally agreed upon that an increase in mass
flux will yield increases in heat transfer coefficients for macroscale hydraulic diameter
tubes (H. Y. Kim, Kim, Song, et al. 2007; H. Kim et al. 2007; Kim et al. 2008; Bae et al.
2010; Kim & Kim 2010; Zahlan et al. 2015). However, Huang et al. (2016) summarized
multiple studies of mass flux effect on supercritical heat transfer and found a disagreement
was present. It was found that the effect of mass flux on the heat transfer coefficient was
dependent upon 1.) the ratio of bulk-to-pseudocritical temperature 2.) influences of free
convection 3.) fluid flow orientation (Huang et al. 2016). Also, Jiang et al. (2004) found
in mini/microscale tubes, an increase in mass flux did not always yield an increase in heat
transfer coefficient. It was found that inlet temperature, heat flux, and mass flux have a
very strong effect in slight differences on the heat transfer effectiveness (Jiang et al. 2004).
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An increase in mass flux, as seen in Figure 6.8, results in a +200% increase in heat
transfer coefficient when the bulk fluid temperature approaches the pseudocritical
temperature for the same heat fluxes, inlet reduced pressure, and inlet temperatures.
However, at these extreme conditions of high mass flux and heat transfer coefficient, the
uncertainty is very large. Thus, it is difficult to ascertain with certainty what the percent
increase is at this point. For all data, deteriorated heat transfer does not appear to be a factor
here since the heat transfer coefficient does not exhibit a sudden decrease, even at high heat
fluxes.

Figure 6.8: Average heat transfer comparison at a heat flux of 20 and 40 W cm-2 and
reduced pressure of 1.1 for mass fluxes (a.) 500 kg m-2 s-1 and (b.) 1000 kg m-2 s-1
Operating at a reduced pressure closer to the critical point will cause the thermophysical
property variation to intensify, likewise lead to more prominent enhancement or
deteriorated heat transfer, depending on the heat flux applied. When comparing the heat
transfer coefficients for reduced pressures of 1.1 and 1.03, as seen in Figure 6.9, the trends
are almost identical, however, the peak heat transfer coefficient is approximately 10%
larger for a reduced pressure of 1.03. The magnitude in variation of thermophysical
properties with a 1.03 reduced pressure will be much greater in comparison to a reduced
pressure of 1.1, as was illustrated in Chapter 1. Generally speaking, most studies in
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literature agree that a decrease in reduced pressure will yield a higher heat transfer
coefficient (Bae et al. 2010; Tanimizu & Sadr 2015; Pidaparti et al. 2015). When the inlet
pressure is operated closer to the critical pressure (PR ~ 1) the effects of variable fluid
properties including specific heat capacity and Prandtl number can improve the heat
transfer as seen by lower wall temperatures, however, this change is somewhat
insignificant in comparison to other heat transfer factors (e.g. mass flux and heat flux) (H.
Y. Kim, Kim, Song, et al. 2007; Zahlan et al. 2015). The magnitude of the effect is almost
negligible in comparison to the effect of heat flux and mass flux, as is demonstrated
between Figure 6.8 and Figure 6.9 (H. Y. Kim, Kim, Song, et al. 2007; Zahlan et al. 2015;
Huang et al. 2016).

Figure 6.9: Average heat transfer comparison at a heat flux of 20 and 40 W cm-2 and
mass flux of 500 kg m-2 s-1 for reduced pressures (a.) 1.1 and (b.) 1.03
Pidaparti et al. (2015) found there is a dependence on which reduced pressure condition
will yield a high heat transfer coefficient; this dependence is with respect to whether the
inlet temperature is above or below the pseudocritical temperature. When the bulk fluid
temperature is subcooled (e.g. Tb/Tpc < 1) the lower reduced pressure heat transfer
coefficient is larger, while increased reduced pressure heat transfer coefficient is larger
when the bulk fluid temperature is above the pseudocritical temperature (Pidaparti et al.
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2015). This dependence is said to be associated to the Prandtl number variation
(thermophysical properties) depending on the location of the bulk fluid temperature with
respect to the pseudocritical temperature and was observed for both upward and downward
flows (Pidaparti et al. 2015). Therefore, there does not appear to be a consensus that can
be agreed upon among investigators since they are highly dependent on the mass flux, inlet
temperature subcooling, and heat flux.
For the low heat flux (20 W cm-2), the 1.03 reduced pressure yielded a larger heat
transfer coefficient for bulk fluid temperatures before and above the pseudocritical
temperature. However, at the high heat flux (40 W cm-2) the effect of reduced pressure is
negligible before and after the pseudocritical temperature. This may be a factor of the
microscale geometry and boundary condition since the test section used in Pidaparti et al.
(2015) had a hydraulic diameter of 10.9 mm, 14.3 times the size of the hydraulic diameter
used in this study, and their work used a uniformly heated boundary condition.
A comparison among all of the studied heat transfer conditions is shown in Figure 6.10
without error bars to simplify the plot. The mass flux of 1000 kg m-2 s-1 yields the largest
heat transfer coefficient peak near the pseudocritical temperature for both the 20 and 40 W
cm-2 cases. It is interesting to note that there is a visible shift in the heat transfer coefficient
peak between the reduced pressure of 1.03 and 1.1 for a mass flux of 500 kg m-2 s-1 and
heat flux of 20 W cm-2. This shift is associated with an actual shift in pseudocritical
temperature from ~32.4°C to ~35.4°C. Also, as the bulk fluid temperature exceeds the
pseudocritical temperature the decrease in thermophysical property variability is apparent
since the heat transfer coefficients between the 1.03 and 1.1 conditions begin to overlap
one-another regardless of the heat flux conditions.

104

Figure 6.10: Average heat transfer comparison at a heat flux of 20 and 40 W cm-2,
mass fluxes of 500 and 1000 kg m-2 s-1, and reduced pressures of 1.1 and 1.03

6.6

Comparison with Literature Correlations

The data presented in the previous section is now compared against different heat
transfer correlations. Five of these correlations were developed empirically for supercritical
fluids (water and CO2) for different orientations (e.g. vertical upward, vertical downward,
or horizontal), heating modes (e.g. heating or cooling), and geometries (e.g. tube,
microtube, parallel channel). The remaining three correlations were empirically developed
for subcritical, single-phase fluids (e.g. liquids and gases) for both cooling and heating
modes of heat transfer in tubes and parallel microchannels. By comparing a variety of
different correlations against the data of the present study, insights on the differences in
the heat transfer physics for the present experiment can be illustrated. For each correlation
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being evaluated, the predicted wall temperature and heat transfer coefficient were found
iteratively as a function of the experimental bulk fluid temperature and heat flux.
The heat transfer correlations are compared based on the mean absolute percent error
(MAPE), the ratio (Rα) between the predicted value from the correlations (αcorr) and
experimental value (αexp), and the percent deviation (PD),

MAPE =

100% N aexp - acorr
∑ a
N i =1
exp

Rα =

α corr
α exp

 α − α corr
PD  exp
=
 α
exp


(6.3)

(6.4)


 ×100%


(6.5)

These values provide an indication of how well the heat transfer model matches the
experimental heat transfer data within the microchannel test section. The MAPE will have
a maximum of 100% for under predicted values, and therefore will illustrate the ability for
the correlations to predict the heat transfer for different ranges of reduced temperature
(Tb/Tpc < 0.9, 0.9 <Tb/Tpc <1.1, and Tb/Tpc > 1.1). The ratio (Rα) will provide the magnitude
of the bias with respect to the experimental data while the PD will illustrate the direction
the error (e.g. over or under prediction).

6.6.1 Correlations for Supercritical Heat Transfer
The predictive capability of the supercritical correlations discussed in Chapter 2 are
evaluated using the microchannel heat transfer data from the present study. A comparison
of the predicted heat transfer coefficient versus the experimental value for all supercritical
correlations is shown in Figure 6.11. Overall, the agreement is quite poor, with the mean
absolute percent error and ratio (Rα) for each correlation summarized in Table 6.3 and Table
6.4, respectively. For reference, a summary of the correlations is presented in Table 6.5.
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In Figure 6.12, Figure 6.13, and Figure 6.14 show the agreement of the correlations as a
function of the ratio of bulk-to-pseudocritical temperature. Agreement is particularly poor
in the pseudocritical region, likely due a combination of relatively high experimental
uncertainty and complex heat transfer phenomena that are not well captured in empirical
correlations.
The Gupta et al. (2013) correlation shows a substantial under prediction with respect to
the experimental data. This correlation was for a large diameter tube (8 mm) and oriented
in a vertical upward flow configuration, where potential buoyancy effects can influence
heat transfer (Gupta et al. 2013). This correlation uses a film temperature property ratio
with a Dittus and Boelter (1930) type form with correction factors to account for the nonideal property variations near the pseudocritical temperature (Gupta et al. 2013). This
deviation decreases (MAPE = 90.2% and 91.9 % for temperature greater than 40°C for heat
flux of 20 and 40 W cm-2, respectively) once the bulk fluid temperature is beyond the
pseuodocritical temperature where property variation is less drastic. This correlation
performs the worst out of all of the correlations compared with an average MAPE of 94.7%
and a Rα of 0.05. The inability for this correlation to match well with the experimental data

Figure 6.11: Experimental versus predicted heat transfer coefficient for all
supercritical correlations with heat fluxes (a.) 20 W cm-2 and (b.) 40 W cm-2
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is most likely due to the 1.) flow orientation 2.) tube geometry and 3.) lack of accounting
for potential buoyancy effects by using a ratio between Grashoff (Gr) and Reynolds
number (Re). The relationship between buoyancy to inertial forces of the fluid is not known
when using this model, even though the variation of thermophysical properties is attempted
to be accounted for by using the film temperature approach for property evaulation.

Table 6.3: MAPE comparison for the supercritical correlations at
20 W cm-2 and 40 W cm-2 conditions

20 W cm

-2

40 W cm-2
Average

Tb/Tpc

Jackson & Hall
1979

Liao & Zhao, H
2002

Liao & Zhao, C
2002

Kruizenga et al.
2012

Gupta et al.
2013

<0.9

88.7

93.3

33.8

91.6

96.9

0.9 – 1.1

87.3

91.3

64.8

93.2

97.1

>1.1

81.0

86.3

73.0

83.9

90.2

<0.9

81.7

94.4

66.0

86.4

96.8

0.9 – 1.1

78.0

88.5

35.4

87.4

95.2

>1.1

77.9

87.1

58.9

80.8

91.9

-

82.4

90.2

55.3

87.2

94.7

Table 6.4: Rα comparison for the supercritical correlations at
20 W cm-2 and 40 W cm-2 conditions

20 W cm

-2

40 W cm-2
Average

Tb/Tpc

Jackson & Hall
1979

Liao & Zhao, H
2002

Liao & Zhao, C
2002

Kruizenga et al.
2012

Gupta et al.
2013

<0.9

0.11

0.07

0.75

0.08

0.03

0.9 – 1.1

0.13

0.09

0.35

0.07

0.03

>1.1

0.19

0.14

0.27

0.16

0.10

<0.9

0.18

0.06

1.66

0.14

0.03

0.9 – 1.1

0.22

0.12

0.84

0.13

0.05

>1.1

0.22

0.13

0.41

0.19

0.08

-

0.18

0.10

0.71

0.13

0.05
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Table 6.5: Heat transfer correlations developed for supercritical conditions
Authors

Correlation

Conditions/Comments

ρ 
Nub = 0.0183Reb0.82 Prb0.5  w 
 ρb 

0.3

 Cp 


 C p ,b 

n

Modified (Krasnoshchekov
& Protopopov 1966)

h -h
Cp = w b
Tw - Tb

(Jackson & Hall
1979a)
n 0.4
=

Tb < Tw < TPC or 1.2Tpc < Tb < Tw

T

n = 0.4 + 0.3  w − 1
 TPC


Tb < Tpc < Tw

T

T

n = 0.4 + 0.2  w − 1 1 − 5  b − 1 
T

T

 pc

 pc


0.8
b

0.4
b

Nub = 0.124 Re Pr

TPC < Tb < 1.2Tpc and Tb < Tw

 Grb 
 2
 Reb 

0.203

 ρw 


 ρb 

0.842

 Cp

 C p,b





0.384

(Liao & Zhao 2002a)
Grb =

( ρb - ρ w )ρb gd 3

µb2

Cp =

hw - hb
Tw - Tb

 Gr 
NuW = 0.128Rew0.8 Prw0.3  b2 
 Reb 

0.205

 ρb 


 ρw 

0.437

 Cp 


 C p,w 

0.411

(Liao & Zhao 2002b)
Grb =

( ρb - ρ w )ρb gd 3

Cp =

(Kruizenga et al. 2012)

(Gupta et al. 2013)

Data gathered from multiple
sources from existing
literature pre-1979

µb2

 ρw 
Nu f = 0.0043Re0.94
 
f
 ρb 





0.57

−0.19

 kw 
 
 kb 

Carbon Dioxide,
Supercritical Heating,
Horizontal Tube
0.9 ≤ Pr ≤ 10
104 ≤ Re ≤ 2×105
7.4 ≤ P ≤ 12 MPa
20 ≤ Tb ≤ 110°C
0.02 ≤ 𝑚𝑚̇ ≤ 0.2 kg min-1
1 ≤ q” ≤ 20 W cm-2
0.5 ≤ DH ≤ 2.16 mm
Carbon Dioxide,
Supercritical Cooling,
Horizontal Tube
0.9 ≤ Pr ≤ 10
Re ≤ 105
7.5 ≤ P ≤ 10.2 MPa
0.95 ≤ Tb/TPC ≤ 1.125
326 ≤ G ≤ 1197 kg m-2 s-1
N/A ≤ q” ≤ N/A W cm-2
DH = 1.16 mm

hw - hb
Tw - Tb

 C p ,b
Nub = Nu Jack 
C
 p ,b − IG

0.9 ≤ Pr ≤ 10
104 ≤ Re ≤ 2×105
7.4 ≤ P ≤ 12 MPa
20 ≤ Tb ≤ 110°C
0.02 ≤ 𝑚𝑚̇ ≤ 0.2 kg min-1
1 ≤ q” ≤ 20 W cm-2
0.7 ≤ DH ≤ 2.16 mm

−0.52

Carbon Dioxide,
Supercritical Cooling,
Horizontal Microchannels,
9 Semicircular Channels
7.57 ≤ P ≤ 8.8 MPa
20 ≤ Tin ≤ 40°C
29 ≤ Tout ≤ 136°C
706 ≤ G ≤ 3169 kg m-2 s-1
9.3 ≤ q” ≤ 61.7 W cm-2
DH = 8 mm
Carbon Dioxide,
Supercritical Heating,
Vertical Tube
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Two correlations developed for microtubes by Liao and Zhao (2002a; 2002b) for both
heating and cooling modes were considered. These correlations were developed for heat
fluxes up to 20 W cm-2 (the present study’s minimum heat flux) and constant wall
temperature cooling. Both the heating and cooling models use a Dittus and Boelter (1930)
type form with property ratio correction factors (Liao & Zhao 2002a; Liao & Zhao 2002b).
The major difference between these two correlations is at what temperatures the properties
in Reynolds, Prandtl, and Nusselt number are evaluated. Bulk fluid temperature evaluation
provided better fit for heating conditions, while the wall temperature evaluation was more
suitable for cooling (Liao & Zhao 2002a; Liao & Zhao 2002b). The cooling correlation
(defined as Liao-Zhao, C) performs well with a MAPE of 33.8% and 66.0% for the 20 and
40 W cm-2 heat fluxes, respectively, as the bulk fluid temperature approaches the
pseudocritical point. The heating correlation (defined as Liao-Zhao, H) has an MAPE of
93.3% and 94.4% for 20 and 40 W cm-2 heat fluxes, respectively, as the bulk fluid
temperature approaches the pseudocritical point. This demonstrates that this correlation
yields a substantially larger error simply by evaluating properties as a function of the bulk
fluid temperature rather than the wall temperature for the present study.
Interestingly, the MAPE as the bulk fluid temperature passes through the pseudocritical
temperature region (Tb/Tpc < 0.9 to Tb/Tpc > 1.1) dips to a minimum MAPE near the
pseudocritical temperature for the 40 W cm-2 case with the cooling correlation (Liao-Zhao,
C). This was not the case for the heating correlation where the MAPE simply decreased
with increasing temperature. The temperature at which to evaluate the fluid properties is
especially important, as shown here, since the very similar correlations provided somewhat
drastic differences in predicted heat transfer values. Furthermore, these correlations
attempt to account for the effects of buoyancy through the inclusion of the ratio of the
Grashoff number and Reynolds number using the bulk evaluated properties (Liao & Zhao
2002a; Liao & Zhao 2002b). Since this ratio is proportional to the diameter of the tube, the
effect of the small tube geometry is also incorporated into the heat transfer correlations
(Liao & Zhao 2002a; Liao & Zhao 2002b).
The Jackson and Hall (1979a) correlation was a modified form of the Krasnoshchekov
and Protopopov (1966) supercritical CO2 correlation where the constant properties portion
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was substituted with a Dittus and Boelter (1930) form which gave similar results. More
recently, Kruizenga et al. (2011; 2012) investigated heating under low heat fluxes (up to
3.6 W cm-2) and cooling for a parallel microchannel heat exchanger with hydraulic dimeter
of 1.16 mm. The correlation developed is a function of cooling data only and implements
the Jackson and Hall (1979a) correlation with a specific heat ratio correction term to
provide a good fit of their data.
At temperatures less than the pseudocritical temperature, the Jackson and Hall (1979a)
correlation better predicts the experimental data than the curve fitted Kruizenga et al.
(2012) correlation with a MAPE of 88.7% and 91.6%, respectively, for the 20 W cm-2 case
and an MAPE of 81.7% and 86.4% for the 40 W cm-2 case, respectively. The MAPE alone
demonstrates the inability for these correlations to match well with the experimental data,
however, the specific heat ratio added to the Kruizenga et al. (2012) correlation induces
more error for all experimental conditions. In Kruizenga et al. (2012), the Jackson and Hall
(1979a) correlation was found to over predict for both heating and cooling modes,
particularly when the specific heat of the bulk was much larger than the wall region which
could be associated with the size of the flow geometry.

Figure 6.12: Supercritical correlation comparison for a mass flux of 500 kg m-2 s-1,
reduced pressure of 1.1, and heat fluxes of (a.) 20 W cm-2 and (b.) 40 W cm-2
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Even though the hydraulic diameter for the microchannels in the present study and those
studied by Kruizenga et al. (2012) are of similar size (1.16 mm vs. 0.75 mm), the
correlation under predicts the heat transfer for both heat fluxes (average Rα of 0.1 for 20 W
cm-2 and 0.15 for 40 W cm-2). The heat flux in the present study is being applied on a single
surface in parallel microchannels, unlike Kruizenga et al. (2012) where the test section is
heated/cooled via flow blocks in contact with both the top and bottom of the test section.
Kruizenga et al. (2012) calculated the Grashoff number and determined buoyancy effects
were almost negligible, however, the inability for these correlations to account for potential
buoyancy driven effects under high heating loads and non-uniform applied heat flux
provides potential reasoning for this error in estimating heat transfer coefficient.
With an increase in mass flux from 500 to 1000 kg m-2 s-1, as seen in Figure 6.12 and
Figure 6.13 there are a few notable differences in the ability for these correlations to predict
the heat transfer. Near the pseudocritical temperature, the under prediction magnitude for
all of the correlations increases since the percent deviation shifts particularly close to the
90 to 100% region for the 1000 kg m-2 s-1 for the lower heat flux case. The Liao and Zhao
(2002b) correlation for cooling has the lowest percent deviation among the correlations,

Figure 6.13: Supercritical correlation comparison for a mass flux of 1000 kg m-2 s-1,
reduced pressure of 1.1, and heat fluxes of (a.) 20 W cm-2 and (b.) 40 W cm-2
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even in proximity to the pseudocritical temperature for both heat flux conditions except for
the high mass flux in the gaseous region (Tb/Tpc > 1.1). The magnitude of the under
prediction is substantially decreased at the higher heat flux; this is most likely an artifact
of the larger temperature gradient with in the boundary layer covering the pseudocritical
temperature point. Oddly enough, Liao and Zhao (2002a; 2002b) found the effects of
variability in fluid properties may become negligible with the decrease in hydraulic
diameter. This under prediction then illustrates either variability in properties is still present
and/or the heat transfer is substantially enhanced in the present study with the additional
heat transfer surface area due to the fin effect along the channel walls.
Using the film temperature approach as suggested by Gupta et al. (2013) appears to not
be suitable to predict the heat transfer with any confidence under these conditions for both
low and high heat fluxes. The vertical orientation and large diameter tube may be a factor
into this drastic under prediction, even though the mass flux and heat flux conditions were
comparable to this study (Gupta et al. 2013). The original Jackson and Hall (1979a)
correlation again performs better than the modified version presented by Kruizenga et al.
(2012) with a lower percent deviation even near the pseudocritical temperature, as seen in
Table 6.4. The specific heat ratio (Cp,b/Cp,b-IG) used by Kruizenga et al. (2012) where the
subscript b-IG means the Cp is evaluated at the bulk temperature for an ideal gas, is
obviously adding an error for every experimental case. Therefore, this type of correction
factor may truly only be suitable for cooling or low heat flux conditions as was the case in
Kruizenga et al. (2012). The Liao and Zhao (2002a) correlation under high heating did not
perform well either. Performance was similar to Gupta et al. (2013) near the pseudocritical
point with a >85% deviation (under prediction), and eventually performs the worst out of
all compared correlations once the bulk fluid exceed the pseudocritical temperature.
Between the high reduced pressure (Figure 6.12) and the lower reduced pressure (Figure
6.14), the trends in predictive capability of the correlations are very similar. The Liao and
Zhao (2002b) cooling correlation is very sensitive to the decrease in reduced pressure,
especially with the bulk fluid temperature below the pseudocritical point for both heat
fluxes. The percent deviation for the 20 W cm-2 heat flux increases from ~-5% to ~-13%
and for the 40 W cm-2 heat flux increases from ~-75% to ~-83% showing a small yet
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noticeable increase in over prediction of the experimental data at subcooled temperatures.
Although the cooling Liao and Zhao (2002b) correlation is not as accurate at lower reduced
pressures, this correlation out performs the others regardless of heat flux, mass flux, and
reduced pressure with an average MAPE of 55.3% and Rα of 0.71. The one major difference
between this correlation and the others is that the temperature used for evaluating properties
was done so at the wall (Tw) rather than the bulk and also accounted for the effects of
buoyancy.

Figure 6.14: Supercritical correlation comparison for a mass flux of 500 kg m-2 s-1,
reduced pressure of 1.03, and heat fluxes of (a.) 20 W cm-2 and (b.) 40 W cm-2

6.6.2 Correlations for Subcritical Heat Transfer
The predictive capability of subcritical single-phase heating and cooling correlations for
both macro and microchannel geometries are evaluated next using the microchannel heat
transfer data from the present study. A comparison of the predicted heat transfer coefficient
versus the experimental value for all the subcritical correlations is shown in Figure 6.15.
Overall, the agreement is fair for these correlations, with the mean absolute percent error
and ratio (Rα) for each correlation summarized in Table 6.6 and Table 6.7, respectively.
For reference, a summary of the correlations is presented in Table 6.8. In Figure 6.16,
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Figure 6.17, and Figure 6.18 show the agreement of the correlations as a function of the
ratio of bulk-to-pseudocritical temperature.

Figure 6.15: Experimental versus predicted heat transfer coefficient for all
subcritical correlations with heat fluxes (a.) 20 W cm-2 and (b.) 40 W cm-2

Table 6.6: MAPE comparison for the subcritical correlations at
20 W cm-2 and 40 W cm-2 conditions
Dittus & Boelter
1930

Wu & Little
1984

Adams et al.
1998

0.9 – 1.1

68.99

64.15

61.90

>1.1

73.31

53.22

45.60

<0.9

57.01

45.28

44.34

0.9 – 1.1

45.12

44.71

52.37

>1.1

64.79

37.78

28.53

-

65.14

53.70

51.5

Tb/Tpc
<0.9
20 W cm-2

40 W cm-2
Average

81.60

76.82

76.49
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Table 6.7: Rα comparison for the subcritical correlations at
20 W cm-2 and 40 W cm-2 conditions
Dittus & Boelter
1930

Wu & Little
1984

Adams et al.
1998

0.9 – 1.1

0.33

0.48

0.51

>1.1

0.27

0.47

0.54

<0.9

0.43

0.55

0.56

0.9 – 1.1

0.81

1.23

1.35

>1.1

0.35

0.62

0.73

-

0.38

0.60

0.66

Tb/Tpc
<0.9
20 W cm

-2

40 W cm-2
Average

0.18

0.23

0.24

Table 6.8: Heat transfer correlations developed for subcritical conditions
Authors

Correlation

(Dittus & Boelter 1930)

Nub = 0.023Reb0.8 Prb0.4

Conditions/Comments
0.7 ≤ Pr ≤ 16
Re ≤ 10,000
L/D ≥ 10
Water,
Subcritical

N/A≤ Pr ≤ N/A
Laminar ≤ Re ≤ Turbulent
312 ≤ W ≤ 572 μm
89 ≤ H ≤ 97
134 ≤ DH ≤ 164 μm
(Wu & Little 1984)

Nub = 0.0222 Reb1.09 Prb0.4
Nitrogen Gas,
Subcritical Cooling,
Counter Flow
Microchannel,
Non-uniform roughened
surface

=
Nub NuGn (1 + F )
NuGn =

(Adams et al. 1998)

( f / 8)( Re − 100) Pr
1 + 12.7( f / 8)0.5 ( Pr 2/3 − 1)

f f=
(1.82 log( Re) − 1.64) −2
=
Fil
  D 2 
F=
7.6 ×10−5 Re 1 − 
1.164 mm
  , DAdm =

D
  Adm  

1.53 ≤ Pr ≤ 6.43
2.6×103 ≤ Re ≤ 2.3×104
q” ≤ 300 W cm-2
0.109 ≤ DH ≤ 1.09 mm
Water,
Subcritical Heating,
Horizontal Tube
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Since phase change does not occur under single-phase heating or cooling, these
correlation do not account for variable fluid properties that would be exhibited under
supercritical conditions. Variable fluid properties are typically less of an issue for
subcritical convective flows. Thus, the correlations here are primarily a function of friction
factor and bulk Prandtl and Reynolds number. Overall, the agreement is better than the
supercritical correlations (see Figure 6.15) with minimal scatter of the 20 W cm-2 case and
decreased error in resolving heat transfer coefficient at the 40 W cm-2 case. For the 40 W
cm-2 case, 96% of all data points are within the ±75% lines, while approximately 4% of the
data exceeds the ±75% lines in the immediate region of the pseudocritical temperature.
This shows a much better overall predictive capability than the supercritical correlations
since approximately 80% exceeded the ±75% lines for the same thermal conditions.
For a nominal case of 500 kg m-2 s-1 mass flux, reduced pressure of 1.1, and heat fluxes
of 20 and 40 W cm-2 (Figure 6.16), the ability for the correlations to accurately predict the
experimental heat transfer improves as the bulk fluid temperature approaches the
pseudocritical temperature. However, in the vicinity of the pseudocritical temperature (0.9
< Tb/Tpc < 1.1) the heat transfer correlations begin to drastically over predict the
experimental heat transfer by upwards of 100% deviation at the 40 W cm-2 case. This

Figure 6.16: Subcritical correlation comparison for a mass flux of 500 kg m-2 s-1,
reduced pressure of 1.1, and heat fluxes of (a.) 20 W cm-2 and (b.) 40 W cm-2
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similar over-prediction occurs with increases in mass flux (see Figure 6.17) and decrease
in reduced pressure (see Figure 6.18). As discussed previously, this is the region were
drastic variation of thermophysical properties can alter the heat transfer making it difficult
to predict. Unlike the supercritical correlations in the previous section, they do not have
multiple property ratio correction factors as did the previously discussed supercritical
correlations. The Kruizenga et al. (2012) correlation was found to add additional under
prediction compared to the Jackson and Hall (1979a) correlation simply by having an
additional empirical property ratio that was not necessarily valid for all heat transfer cases.
In this circumstance, a complete lack of property ratio correction factors will induce large
error in near the pseudocritical region since the complex heat transfer phenomena is not
captured using these empirical correlations. It should be noted though that having
correction factors may improve the ability to predict heat transfer (e.g. Liao and Zhao
(2002b)), yet if it not general and applicable to multiple heat transfer scenarios (e.g.
Kruizenga et al. (2012)) increased error may occur.
The Dittus and Boelter (1930) correlation does not account for the geometry of the tube
directly nor the variability in thermophysical properties, and has been found in previous
studies to not accurately predict the heat transfer under supercritical conditions, especially
near the pseudocritical temperature and at low reduced pressures (Liao & Zhao 2002a; Liao
& Zhao 2002b; Kruizenga et al. 2012; J. K. Kim et al. 2007; Bae et al. 2010). This
correlation was found to under predict the present data the most compared to the other
subcritical correlations developed for microchannel flows with an average MAPE for all
bulk fluid temperatures of 65.14% and Rα of 0.38. It is interesting to note though this
correlation outperformed 80% of the supercritical correlations on average based on the
MAPE and Rα. The cooling Liao and Zhao (2002b) correlation is slightly more accurate
with an average MAPE for all bulk fluid temperatures of 55.3% and Rα of 0.71. This is
unusual and many other studies state there is either an over or under prediction and is
accentuated when the bulk fluid is near the pseudocritical temperature since this correlation
does not account for variability in thermophysical properties (Liao & Zhao 2002a; Liao &
Zhao 2002b; Kruizenga et al. 2012; J. K. Kim et al. 2007; Bae et al. 2010).
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The Wu and Little (1984) correlation was developed for single-phase gaseous nitrogen
being cooled in counterflow semi-circular microchannels. This correlation performs within
the error bounds of the Dittus and Boelter (1930) and Adams et al. (1998) correlation. The
Wu and Little (1984) correlation predicts the experimental heat transfer similar to that of
the Adams et al. (1998) correlation for both heat fluxes. At the higher heat flux conditions
the heat transfer is over predicted in proximity to the pseudocritical temperature point with
a Rα value of 1.23. This is particularly interesting since this correlation is based upon a
modified version of the Dittus and Boelter (1930) correlation, which alone has a slightly
increased MAPE by approximately a factor of 1.2 on-average. This may be due to that fact
that the Wu and Little (1984) correlation was fitted with data measured from very small
flow geometries and not accounting for the certain property ratios between the bulk fluid
and the wall temperatures.
The Adams et al. (1998) correlation was originally developed for a single microtube
with a hydraulic diameter between 0.109 and 1.09 mm for very high heating loads (up to
300 W cm-2). This correlation was able to perform well for most bulk fluid temperatures
with an average MAPE for all bulk fluid temperatures of 51.5% and Rα of 0.66, except for
in the vicinity of the pseudocritical temperature point at the 40 W cm-2 heat flux. Under
this conditions the Dittus and Boelter (1930) and Wu and Little (1984) correlation had
comparable MAPE (~45%) while the Adams et al. (1998) correlation yielded a 52.4%
MAPE. The geometry is taken into account in this correlation as a heat transfer
enhancement function (F, see Table 6.8) and friction factor; the authors note that heat
transfer under microscale tubes have an over prediction of heat transfer in comparison to
conventional tube correlations (Adams et al. 1998). The enhancement function is most
likely not applicable for supercritical fluids near the pseudocritical temperature however
since this correlation drastically over predicted the experimental heat transfer within this
region, especially at high heat fluxes. The ability for this correlation to match exceptionally
well for predicting heat transfer overall for a supercritical fluid illustrates the importance
of accounting for geometrical dimensions and frictional resistance. Overall, it yielded the
lowest on-average MAPE for all bulk fluid temperatures of 51.5% and Rα of 0.66 for both
supercritical and subcritical correlations.
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When increasing the mass flux to 1000 kg m-2 s-1, as seen in Figure 6.17, there are some
similarities but also notable differences in the ability for these correlations to predict the
heat transfer in comparison to the supercritical correlations. At the high mass flux, as the
bulk fluid temperature approaches the pseudocritical temperature, all of the correlations
begin to over predict the data for the 40 W cm-2 case while the 20 W cm-2 approaches an
under prediction, similar to the trends found when using the supercritical correlations. Once
the bulk fluid temperature exceeds the region of variable fluid properties, the correlations
approach the experimentally calculated heat transfer coefficient again for a heat flux of 20
W cm-2, with the Adams et al. (1998) correlation predicting the heat transfer most
accurately on average. However, for the 40 W cm-2 case, the correlations begin to approach
an under-prediction, still with the Adams et al. (1998) correlation predicting the heat
transfer most accurately on average.

Figure 6.17: Subcritical correlation comparison for a mass flux of 1000 kg m-2 s-1,
reduced pressure of 1.1, and heat fluxes of (a.) 20 W cm-2 and (b.) 40 W cm-2
Between the 1.03 reduced pressure (Figure 6.18) and the 1.1 reduced pressure (Figure
6.16), the trends in predictive capability of the correlations are very similar. One noticeable
difference is the magnitude of over prediction near the pseudocritical temperature point.
With a decrease in reduced pressure from 1.1 to 1.03, an increase in variability in
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thermophysical properties occurs and the over prediction in heat transfer coefficient is
accentuated, especially for the 40 W cm-2 thermal conditions. Even under conditions where
fluid properties vary drastically at lower reduced pressure, the Adams et al. (1998)
correlation is able to still predict the experimental heat transfer coefficient better than the
other two correlations with a percent deviation closer to zero, except in the reduced
temperature region (Tb/Tpc) of approximately 1. A major difference between the Adams et
al. (1998) correlation and the Dittus and Boelter (1930)/Wu and Little (1984) correlations
is accounting for the geometry and the increased frictional resistance in microchannel,
which have been found to increase heat transfer effectiveness (Ackerman 1970; Tanaka et
al. 1971; Ankudinov & Kurganov 1981). Therefore there is obviously a geometrical
dependence on heat transfer, even under single-phase conditions. Accounting for frictional
resistance and flow geometry proves to be an important consideration to accurately predict
heat transfer under supercritical conditions, yet, not accounting for the variability in
properties in the vicinity of the pseudocritical region will yield drastic over predictive
estimations of heat transfer.

Figure 6.18: Subcritical correlation comparison for a mass flux of 500 kg m-2 s-1,
reduced pressure of 1.03, and heat fluxes of (a.) 20 W cm-2 and (b.) 40 W cm-2
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6.7

Discussion of Results

In Chapter 2, the physics behind enhancement and deteriorated heat transfer supercritical
fluids was discussed. The two main mechanisms that can alter the ability to transfer heat
from the wall to the bulk of supercritical fluids is the effect of radial buoyancy driven
effects coupled with turbulent flow, and axial flow acceleration. In addition, flow
instabilities at supercritical conditions are another important effect that can drastically
change the heat transfer capability. In this section, the presence of these phenomena in the
geometry under investigation will be evaluated to provide additional insight on the heat
transfer observed here.

6.7.1 Buoyancy Forces
The effect of Archimedes forces (buoyancy) have been found to have significant impact
on heat transfer for both upward vertical and horizontal supercritical flows under high
heating and low mass flux conditions. In horizontal orientations, buoyancy can induce
circumferential variations of local wall temperature, and likewise heat transfer, from the
stratification of low-density fluid (Adebiyi & Hall 1976; Kakac et al. 1987; Bazargan et al.
2005; Pidaparti et al. 2015). These effects can be particularly pronounced for supercritical
flows, where the fluid density can change fairly dramatically over small temperature
differences.
From a theoretical standpoint (Kakac et al. 1987), the criteria for which the flow has
negligible buoyancy effects for a horizontal channel as a function of Reynolds (Re) and
Grashoff (Gr) number is,

Grb
< 10−3
2
Reb

(6.6)

Evaluating the ratio of the buoyancy to inertial forces can provide insight on the magnitude
of low-density effects that are playing a role in the heat transfer. This ratio is calculated at
the bulk fluid conditions for each of the six experimental cases as a function of both heat,
mass flux, and reduced pressure, as seen in Figure 6.19.
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At the lower heat flux and high mass flux conditions, Equation 6.6 suggests that
buoyancy does not appear to play a role in the heat transfer, while at the lower mass flux
approximately half of the data has non-negligible buoyancy effects. With an increase in
heat flux, the data associated with the higher mass flux begins to potentially have buoyancy
effects present. The variation of thermophysical properties within the boundary layer are
most likely inducing a thick, low-density layer where even with high inertia at the higher
mass fluxes, the buoyancy forces could be affecting the heat transfer. Upon further
inspection of the data, the region where buoyancy forces can potentially affect the heat
transfer is under conditions when the inlet temperature is below the pseudocritical
temperature and at high heat fluxes where the wall temperature exceeds the pseudocritical
temperature. Under these conditions, the pseudocritical temperature would be within the
boundary layer between the bulk fluid and the wall temperature are somewhere in the
middle of the test section (Jiang et al. 2008). Sharp variations of thermophysical properties
would occur and cause a decrease in density and dynamic viscosity and likewise create
strong buoyancy forces (Jiang et al. 2008). Strong buoyancy forces have been known to
actually induce deteriorated heat transfer (Jackson & Hall 1979b; Jackson 2013; Song et
al. 2008; Kurganov et al. 2013; Petukhov & Kurganov 1983).

Figure 6.19: Grb Re-2 buoyancy parameter versus mass flux
at a heat flux of (a.) 20 and (b.) 40 W cm-2
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However in the present study, buoyancy effects do not appear to be inducing
deteriorated heat transfer. Prior works have found at smaller hydraulic diameters, the
effects of buoyancy on the heat transfer becomes less significant in comparison to large
hydraulic diameters (Liao & Zhao 2002a; Liao & Zhao 2002b; Jiang et al. 2008; Song et
al. 2008; Jiang et al. 2013). This makes sense since the ratio of buoyancy to inertial forces
ratio according to Equation 6.6 is directly proportional to the hydraulic diameter of the
tube. As the hydraulic diameter was decreased in Liao and Zhao’s (2002a; 2002b)
experiments for both heating and cooling modes and all flow orientations, the Nusselt
number decreased and was even under predicted by the Dittus and Boelter (1930) equation.
It was found that even though buoyancy effects using Equation 6.6 were lower than larger
diameter tubes, fundamentally the smaller diameter tube was yielding lower heat transfer
(Liao & Zhao 2002a; Liao & Zhao 2002b). Since larger tubes yielded Nusselt numbers
greater than the Dittus and Boelter (1930) correlations when buoyancy effects were
significant, buoyancy may have played an assistive role in enhancement heat transfer and
was then attenuated with a decrease in tube size (Liao & Zhao 2002b). In the present study,
even with a comparable hydraulic diameter (0.75 mm) non-deteriorated heat transfer was
found with a peak in heat transfer coefficient near the pseudocritical region, while Liao and
Zhao (2002a; 2002b) found a decrease in heat transfer with a decrease in tube diameter.
When horizontal flows with uniform heat flux have deteriorated heat transfer it occurs
at the top surface due to stratification between the low and high-density fluids in the radial
direction (Kakac et al. 1987; Adebiyi & Hall 1976; Bazargan et al. 2005; Pidaparti et al.
2015). Information regarding the channel top temperature (and likewise fluid properties)
in the current experiment is unknown, therefore the velocity and temperature profiles
within the channels are not easily determined. Since there is potential buoyancy effects
playing a role, there could be induced natural convective swirling with stratification of lowdensity fluid near the top surface of the channels yielding the interesting heat transfer found
in the present study. Horizontal flows usually are enhanced due to buoyancy forces at the
lower portion of the channel (Kakac et al. 1987; Bazargan et al. 2005; Pidaparti et al.
2015). Therefore these buoyancy effects could potentially enhance the heat transfer since
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the bottom surface is the only heated surface with additional heat transfer surface area due
to the fin effect along the channel walls.

6.7.2 Flow Acceleration
During the heating process of a fluid at a constant mass flow rate, the bulk fluid temperature
increases towards the end of the heated test section. The bulk fluid velocity increases
downstream due to the decrease in fluid density inducing a flow acceleration (Jackson
2013). Acceleration of the flow can distort the boundary layer and lead to modification of
the wall shear stress (Hauptmann & Malhotra 1980; Petukhov & Kurganov 1983). This
shear stress modification can reduce the mixing and turbulence generation near the wall
(laminarization) and likewise deteriorate the heat transfer (Kurganov et al. 2013).
Calculating the acceleration potential of the flow (e.g. ability for the fluid to accelerate)
can provide insight on the magnitude of flow acceleration on the heat transfer and are
calculated using two different parameters in, as discussed in Chapter 2.
McEligot et al. (1970) proposed an acceleration parameter primarily for gaseous flows
in nozzles and ducts, but has been applied for supercritical fluids (McEligot & Jackson
2004; Jiang et al. 2008; Jiang et al. 2013). This parameter is a function of important
thermophysical properties, Reynolds number (Re), and a non-dimensional heat flux
parameter heat flux (q+). The simplified form is as follows,

K v,Th
=

 4q +   4q + µ 
=
=
 

ub2 dx  ReD   GDH 

ν dub

qw" β
q =
,
GC p
+

 1   ∂ρ 
where β = −   

 ρ   ∂T  P

(6.7)

(6.8)

This parameter assumes a uniformly applied heat flux on all surfaces as would be the case
for a circular tube (McEligot et al. 1970). The original parameter assumed a perfect gas
approximation (e.g. volumetric coefficient of expansion at a constant pressure accounted
for simply using a temperature) (McEligot & Jackson 2004). A value of less than 3 ×10-6
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would keep the flow turbulent while higher values would likely laminarise the flow, as
found by Moretti and Kays (1965). The above parameter was later adjusted to account for
duct flows that may not always have circumferentially applied heat flux by accounting for
the perimeter of the heating ( Phe ) and wetted ( Pwe ) surfaces (McEligot & Jackson 2004),
P 
K v,chan = K v,tot  he 
 Pwe 

(6.9)

Although only one surface is heated in this study, there is additional heated surface area
from the fin effect of the channel walls. However, the non-channel flow parameter is
calculated (Kv,Th) with the downstream location being the averaged bulk fluid for a
conservative estimate, as seen in Figure 6.20.
The acceleration parameter does not exceed the criteria of 3×10-6 for any of the cases,
even for low mass flux and high heat flux using the conservative approach. However, for
the low mass flux and high heat flux case, the parameter approaches the value of flow
acceleration where heat transfer may become affected. This criteria value does not include
the flow acceleration due to pressure drop through the tube as was done by Jiang et al.
(2013) as a function of the isothermal expansion coefficient (λ), hydraulic dimeter (DH),
Reynolds number (Re), and axial pressure drop,

K v,P = −

DH dP
λ
Re dx

(6.10)

Depending on the magnitude of this value, adding it to Kv,P could potentially exceed the
flow acceleration criteria, however, it is not able to be determined due to lack of pressure
drop measurements in the current study.
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Figure 6.20: (McEligot et al. 1970) acceleration parameter versus mass flux
at a heat flux of (a.) 20 and (b.) 40 W cm-2
Jackson (2013) proposed a semi-empirically based model for flow acceleration on the
assumption that this is a result of axial variation of enthalpy from the strong heating as a
function of the Reynolds number (Re), Prandtl number (Pr), and non-dimensional
expansion parameter (ψb),

Acb =

( Re

ψb =

ψ

b
1.625
b

Prb )

qw" βb DH
kb

(6.11)

(6.12)

The value of Acb is calculated as a function of the average test section bulk fluid
temperature, as seen in Figure 6.21. A value of Acb less than 4×10-6 will have an effect on
heat transfer due to bulk flow acceleration of less than 2%.
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Figure 6.21: (Jackson 2013) acceleration parameter versus mass flux
at a heat flux of (a.) 20 and (b.) 40 W cm-2
Using the Jackson (2013) criteria, at lower heat fluxes and mass fluxes, a majority of
the experimental data will be impacted by flow acceleration while at an elevated mass flux
flow acceleration is almost negligible. However, with an increase in heat flux, both mass
fluxes demonstrate potential effects due to flow acceleration, as some previous studies have
mentioned, especially in small diameter tubes (Jiang et al. 2008; Jiang et al. 2013). Since
potential acceleration effects were found using the Jackson (2013) criteria but not the
McEligot et al. (1970), this demonstrates that there is some discrepancy and it is uncertain
which is correct. Therefore to truly estimate the effects of flow acceleration the pressure
drop for the present study is needed.
Normally, flow acceleration has been found to inhibit heat transfer due to the
relaminarization of the boundary layer, as described above and Chapter 2. However the
current experimental data has mostly been under predicted by both supercritical
correlations, suggesting that heat transfer is not deteriorated in the microchannel. Liu et al.
(2015) found with a natural circulation supercritical loop that the effect of thermally
induced flow acceleration may not always have a consequence of the reduction of heat
transfer. The authors speculate that the acceleration can have an assistive effect in regards
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to heat transfer, depending on its magnitude (Liu et al. 2015). The author’s flow
acceleration parameter was largest when the heat transfer was enhanced according to Liu
et al. (2015), however did not exceed the criteria for the parameter. The experiment was
also conducted in a large hydraulic diameter tube (DH) where flow acceleration in
comparison to buoyancy effects may not pose as much of an issue as it is for small diameter
tubes and channels (Liu et al. 2015).
Also, the Jackson (2013) criteria may not be satisfied since it was also calculated using
the conservative approach (e.g. wetted versus heated perimeter not accounted). In this case,
the acceleration parameter may have not exceeded the acceleration criteria and likewise
flow acceleration could be negligible. If flow acceleration is significant, then the magnitude
of flow acceleration may not actually inhibit heat transfer since the current data suggests
normal to enhanced heat transfer. Further investigation is required.

6.7.3 Flow Instabilities
For both subcritical two-phase flow and supercritical flows, flow oscillations can affect the
heat transfer and reliability of the heat transfer equipment (Pioro & Duffey 2007). Pressure
and temperature fluctuations have been found to occur for a variety of supercritical
conditions (Krasnoshchekov & Protopopov 1966; Stewart et al. 1973; Kurganov et al.
2012). These resonance thermoaccoustic oscillations (TAOs) are usually found during the
transition into a deteriorated heat transfer regime, especially for small diameter tubes
(Kurganov et al. 2012). It usually develops under low mass fluxes when the inlet
temperature is sufficiently subcooled (e.g. Tb < Tpc) and high heat fluxes (e.g. Tw > Tpc)
where maximum changes in density occur along the heated test section (Kurganov et al.
2012).
During experimental testing using the microchannel test section, inlet pressure
oscillations were found consistently under almost every testing case, as seen in Figure 6.22
demonstrating a time-average pressure trace for a mass flux of 500 kg m-2 s-1 and reduced
pressure of 1.1 and heat flux of 40 W cm-2 at two different inlet temperatures. It was
initially assumed that these conditions may have stemmed from electromagnetic
interference (EMI) from the gear pump or miscellaneous electrical noise from the test
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section cartridge heater. With the gear pump operating without the test section heater
energized, oscillations did not occur. The shield grounds for the signal lines of the inlet
pressure transducer were checked, and still found the oscillations to occur under test section
heating conditions. The amplitude is not consistent with simply signal noise and is above
the bounds of the uncertainty for the pressure transducer.

Figure 6.22: Inlet pressure oscillation for mass flux of 500 kg m-2 s-1, reduced pressure
of 1.03, and heat fluxes of 40 W cm-2 at two different inlet temperatures
These oscillations do not resemble consistent high frequency sinusoidal waves and do
not cease after the inlet temperature is above the pseudocritical temperature point, as
described by Stewart et al. (1973) and Kurganov et al. (2012), respectively. Normal to
enhanced heat transfer is found in the current study accompanied by these oscillations,
which normally induce deteriorated heat transfer. Kurganov et al. (2012) comments that a
few authors notice under strong TAOs a heat transfer enhancement (Petukhov 1968;
Sevastyanov et al. 1980). Therefore, potential TOAs may be assisting in the heat transfer
in the microchannel geometry of the current study. This phenomena requires additional
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study, including higher accuracy pressure measurements, to accurately determine if TAOs
are impacting heat transfer at this scale.
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Chapter 7: Conclusions and Future Work
7.1

Conclusions

In the present work, a methodology was developed to characterize heat transfer in a multiparallel microchannel heat exchanger under a single-wall constant heat flux boundary
condition. An experimental flow loop was designed and constructed with a wide range of
achievable experimental conditions including pressures and temperatures up to
approximately 18 MPa and 200°C. A test article was fabricated with state-of-the-art
techniques to maintain high pressure capability at elevated temperatures, resistant to
potential corrosion, and has the ability to measure local and average heat transfer
coefficients with reasonable design stage uncertainty.
A holistic overview of prior work demonstrated the discrepancies between macro and
microscale supercritical flows in tubes. The complexity in enhanced and deteriorated heat
transfer stems from the orientation, bulk temperature, mass flux, heat flux, and geometry.
The scalability of these effects was not found to be similar between macro and microscale
geometries for regular tubes. Thus, supercritical heat transfer experiments of CO2 were
conducted over a range of heat fluxes (20 ≤ q” ≤ 40 W cm-2), mass fluxes (500 ≤ G ≤ 1000
kg m-2 s-1), reduced pressure (1.03 ≤ PR ≤ 1.1), and inlet temperatures (20 ≤ Tin ≤ 100 °C)
in the fabricated parallel square microchannel heat exchanger. Local and average heat
transfer coefficients are experimentally measured and the results are compared to
previously developed correlations. Sudden drops in heat transfer coefficient as a function
of bulk fluid temperature near the pseudocritical point were absent. Therefore, the testing
conditions investigated suggest potential enhanced heat transfer for every case when the
bulk fluid temperature is in the vicinity of the pseudocritical temperature.
The predictive capability of supercritical correlations from the literature were poor in
comparison to the subcritical correlations. Approximately 80% of the data points using the
supercritical correlations exceeded ±75% from the experimental data even for conditions
of low experimental uncertainty (q” = 40 W cm-2). The Liao and Zhao (2002b) correlation
accounted for buoyancy driven effects and evaluated the major thermophysical properties
at the wall temperature and performed the best out of the supercritical correlations
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evaluated. This correlation yielded the lowest MAPE of 55.3% and Rα of 0.71 on-average
for the range of bulk temperatures, mass fluxes, and heat fluxes investigated. Overall the
supercritical correlations were not able to accurately capture the complex heat transfer
phenomena. The different boundary conditions (e.g. single-sided heated under high heat
fluxes) is mostly likely a reason for this deviation.
The predictive capability of the developed subcritical correlations were better (lower
MAPE and Rα) in comparison to the supercritical correlations. Approximately 96% of all
data points fell within the ±75% from the experimental data for conditions of low
experimental uncertainty (q” = 40 W cm-2) with approximately 4% of the data exceeding
±75% in the immediate region of the pseudocritical temperature point. The Adams et al.
(1998) and the Wu and Little (1984) correlations were the most accurate correlations onaverage for all testing conditions with an MAPE of 51.5% and 53.7%, respectively. These
correlations yield drastic over-prediction in most cases in the vicinity of the pseudocritical
temperature since they do not capture the effects of drastically varying properties.
The effects of buoyancy, flow acceleration, and flow instabilities were evaluated using
the experimental data. Buoyancy effects appear to play a role in the heat transfer based on
the calculation of the ratio for buoyancy to inertial forces, especially when the bulk fluid
temperature is below the pseudocritical temperature point. Previous studies have found
buoyancy to impede heat transfer, but deteriorated heat transfer is not occurring under the
conditions investigated. This mixed convection could be inducing a density driven swirling
with the stratification of low-density fluid near the top of the channel. This could ultimately
improve the heat transfer at the bottom portion of the test section channels. Therefore, the
flow geometry and the non-conventional heated boundary may actually be improving the
heat transfer even with buoyancy driven effects under supercritical conditions. Additional
data of the test section in different orientations would help evaluate this hypothesis. Flow
acceleration effects are inconclusive. The estimation of flow acceleration was conservative
since not all sides are heating, therefore the criteria for which acceleration could affect heat
transfer could potentially not be satisfied. The pressure drop flow acceleration was not
estimated for the present study since pressure drop was not measured. Potential TOAs were
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measured, which can be assistive in the heat transfer according to some studies, this
phenomena requires further investigation.

7.2

Recommendations and Future Work

A few important works should be conducted to improve upon the data collected and
insights made from the present study. First, the experimental matrix should be evaluated
again with different test section geometries. While keeping the hydraulic diameter the
same, investigations can be made on changes in aspect ratio for a parallel microchannel
and using square staggered pin-fin arrays to evaluate how flow geometry alterations affect
the heat transfer at this scale. Second, measuring pressure drop will have two major
outcomes, those being 1.) quantifying the flow hydraulic resistance for small channels
under variable properties and 2.) estimates of flow acceleration due to pressure drop. This
value can provide some further insight on if acceleration is actually occurring within the
test section. If so, then this acceleration is potentially assistive in heat transfer.
Other experimental techniques can be used to improve experimental uncertainty. The
current experiment uses a non-invasive technique to determine local and average heat
transfer, however, due to high experimental uncertainty it is difficult to comment on trends
on local heat transfer coefficient confidently especially for high mass flux. Using higher
accurate temperature measurement devices, such as RTDs, with the current set-up could
reduce the total experimental uncertainty. Reducing the mass flux being investigated could
increase the temperature gradients and likewise reduce the total experimental uncertainty
for the temperature measurement devices. This would require an alternate pump capable
of handling high pressures with lower flow rates accompanied with a Coriolis flow meter
with a lower full scale range.
An increase in accuracy and ability to resolve local heat transfer with high resolution
can be completed with the use of the IR thermography technique. This technique is noninvasive and is able to assist in the measurement of local heat transfer coefficients in very
complex flow geometries (Ay et al. 2002). This would require a re-design of the test section
of interest with a visualization window on the top of the test section, capable of allowing
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IR to penetrate to measure the flow (sapphire glass). This could ultimately resolve high
resolution heat transfer coefficients with lower uncertainties.
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Appendix A: Calibration Data for Test Section Thermocouples
Table A1: Calibration data of inlet and exit T-Type thermocouples
Tinlet
Standard
Texit
Standard
Temperature
(T-Type)
(FLUKE 5609)
(T-Type)
(FLUKE 5609)
0 °C
0.3 °C
0.429 °C
0.3 °C
0.410 °C
50 °C

50.3 °C

50.151 °C

50.3 °C

50.172 °C

75 °C

75.4 °C

75.274 °C

75.4 °C

75.236 °C

100 °C

100.5 °C

100.243 °C

100.4 °C

100.162 °C

125 °C

125.5 °C

125.233 °C

125.6 °C

125.247 °C

150 °C

150.5 °C

150.187 °C

150.6 °C

150.141 °C

Table A2: Calibration data of flux meter inlet pair K-Type thermocouples
TFM,A,1
Standard
TFM,B,1
Standard
Temperature
(K-Type)
(FLUKE 5609)
(K-Type)
(FLUKE 5609)
50 °C
50.3 °C
50.180 °C
50.4 °C
50.177 °C
150 °C

150.5 °C

150.158 °C

150.7 °C

150.158 °C

250 °C

249.7 °C

250.364 °C

250.0 °C

250.333 °C

350 °C

349.0 °C

350.335 °C

349.1 °C

350.360 °C

450 °C

449.3 °C

450.338 °C

449.3 °C

450.365 °C
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Table A3: Calibration data of flux meter middle pair K-Type thermocouples
TFM,A,2
Standard
TFM,B,2
Standard
Temperature
(K-Type)
(FLUKE 5609)
(K-Type)
(FLUKE 5609)
50 °C
50.4 °C
50.177 °C
50.4 °C
50.18 °C
150 °C

150.6 °C

150.158 °C

150.7 °C

150.153 °C

250 °C

249.9 °C

250.333 °C

249.9 °C

250.353 °C

350 °C

349.1 °C

350.36 °C

348.8 °C

350.352 °C

450 °C

449.3 °C

450.365 °C

448.8 °C

450.455 °C

Table A4: Calibration data of flux meter exit pair K-Type thermocouples
TFM,A,3
Standard
TFM,B,3
Standard
Temperature
(K-Type)
(FLUKE 5609)
(K-Type)
(FLUKE 5609)
50 °C
50.3 °C
50.212 °C
50.4 °C
50.210 °C
150 °C

150.5 °C

150.169 °C

150.6 °C

150.178 °C

250 °C

249.8 °C

250.39 °C

250.2 °C

250.375 °C

350 °C

348.7 °C

350.392 °C

349.2 °C

350.401 °C

450 °C

448.4 °C

450.328 °C

449.1 °C

450.357 °C

