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Kurzfassung

Kraftwerkskreislaufe mit tberkritischem Kohlendioxid (sCO2) als Arbeitsmittel haben
hohes Potenzial in Hinsicht von Effizienz- und Flexibilitatssteigerungen im Vergleich
zu konventionell ~wasserdampfbetriebenen  Kraftwerken. Das kompaktere
Anlagenlayout reduziert den Materialeinsatz, was wiederum zu niedrigeren
Investitionskosten fuhrt. Bei der Warmeabfuhr nahe dem kritischen Druck durchlaufen
die thermophysikalischen Stoffeigenschaften abrupte Anderungen. Daher variieren die
Warmeubertragung und die hydraulischen Eigenschaften innerhalb eines engen
Temperaturbereichs stark.

Die vorliegende Arbeit untersucht die Warmeubertragung und den Druckverlust von
sCO:2 in Rohrstrémungen mit kleinem Durchmesser, um eine Designempfehlungen ftr
neuartige Konzepte kompakter Warmeubertrager zu liefern. Der Einsatz kompakter
Warmedubertrager hat das Potential die Effizienz, Lastwechselgeschwindigkeit und
Zuverlassigkeit eines Kraftwerkskreislauf unter hohem CO2-Druck und Kkleiner

Differenztemperatur zu verbessern.

Es wurden zwei Teststrecken in Form eines Doppelrohrwarmeubertrager konzipiert
und aufgebaut. Die sCO2-Rohrstrémung, mit jeweils 2 mm und 3 mm
Innendurchmesser, wird durch das Kihlmedium im Ringspalt abgekuinhlt.
Temperaturmessungen in der Wandung des Innenrohres ermdglichen die quantitative
Bewertung des Warme-Ubertragungskoeffizienten der sCO2 Stromung. Die Arbeit
wurde thematisch in vier Kaptitel unterteilt. In jedem Abschnitt wird eine
Messkampagne vorgestellt und die Ergebnisse mit entsprechenden Literaturdaten

verglichen.

Mit dem 2 mm-Versuchsrohr wurde die turbulente Warmeibertragung untersucht.
Unter weitreichender Variation der Betriebsbedingungen von sCO:2 (Druck,
Temperatur, Massenfluss) und Kihlmedium (Volumenstrom, Temperatur) wurde der
Einfluss auf den Warmeubertragungskoeffizient untersucht. Die signifikanten Einfliisse
aller Parametern wurden aufgezeigt und eine neue Nusselt-Warmeubertragungs-

gleichung wurde entwickelt.



Die Warmeubertragung in vertikaler Strémungsausrichtung wurde mit beiden
Versuchsrohren untersucht. Eine deutliche Verschlechterung der Warmeubertragung
in der Abwartsstromung wurde festgestellt, welche durch Beschleunigungs- und

Auftriebseffekte verursacht wird.

In den horizontalen Versuchsreihen mit dem 3 mm Rohr wurden Messungen doppelt
durchgefiihrt mit jeweils Temperaturmessungen oben und unten in der Rohrwandung.
Bei Variation von CO2-Massenfluss und CO2-Temperatur wurde eine

Temperaturschichtung festgestellt.

Mit beiden Versuchrohren wurde der Druckverlust untersucht. Mit jeweils einer
isothermen Versuchskampagne wurden eine Gleichung fir den Reibungs-
koeffizienten validiert. Basierend darauf wurde die Vorhersagbarkeit des
Druckverlustes beim Kihlen untersucht. Die Berechnung der Druckverluste mit den
Stoffeigenschaften bei Kernstromungstemperatur zeigten die beste Ubereinstimmung

mit den experimentellen Messungen.



Abstract

Power plants with supercritical carbon dioxide as working fluid have great potential to
increase the efficiency and flexibility of current and future fossil fuel power plants in
comparison to conventional water steam plants. CO2 enables to build a power plant
with a smaller physical footprint, thus, reduce the material input which leads to reduced
capital costs. The heat removal close to the critical pressure is linked with abrupt
changes in the thermophysical properties. This leads to strong variations of the heat

transfer and pressure drop within a small temperature range.

Therefore, this work investigates the heat transfer and pressure drop performance of
supercritical carbon dioxide in small diameter tube flow to contribute to the design of
new concepts of compact heat exchangers. The compactness of heat exchangers
reduces costs and material and further contributes to the cycle being able to work with
high efficiency, speed and reliability under high CO2 pressure and low pinch

temperature.

Two test sections as a tube in tube heat exchangers were designed and constructed.
CO:z2 flows in the inner tube is cooled by the media flowing in the annulus. Temperature
measurements in the wall of the inner tube facilitate the quantitative evaluation of the
heat transfer coefficient of CO2. The present work is structured in four chapters with
respective experimental campaigns. Suitable literature data is presented in each

chapter to evaluate the experimental results.

With the 2 mm test section the turbulent heat transfer performance was investigated.
The heat transfer was evaluated with the variation of CO2 parameters (pressure,
temperature, mass flux) and the cooling media (volume flux, temperature). The
significant influences of all parameters were illustrated and a new heat transfer

correlation was developed.

The heat transfer in vertical flow direction was investigated in both test sections. A
significant deterioration of the heat transfer in the downwards flow was detected which

is caused by acceleration and buoyancy effects.



In the horizontal flow orientation with the 3 mm tube, an experimental campaign was
conducted with the temperature measurement in the top and bottom sides of the tube
wall. A temperature stratification was detected by the variation of CO2 mass flux and

COz2 temperature.

The pressure drop was evaluated in both tubes. With an isothermal measurement
campaign, a suitable correlation for the friction factor was validated. The predictability
of the cooling process was evaluated based on this correlation. The pressuredrop
calculation with the fluid properties of the bulk- and film temperature showed the best

agreement with the experimental measurements.
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Nomenclature

Nomenclature

A (m?)
Cp (IkgK)
d (m)
g (m/s?)
G (kg/m2s)
Gr )
h (kJrkg)
htc (W/m2K)
K (m)
L (m)
m (kg/s)
Nu )
P (bar)
Pr Q)
Q (W)
q (W/m?)
Re )
T (°C)
v (m/s)
/4 (I/s)
Greek symbols
Ap (bar)
B (1/K)

)
U] (kg/ms)
A (W/mK)
p (kg/m?)
§ )

area of heat transfer
specific heat

diameter

acceleration of gravity
mass flux

Grashof number

spec. Enthalpy

heat transfer coefficient
wall roughness

length of discretization
mass flow

Nusselt number
pressure

Prandl number

heat flow

heat flux

Reynolds number
temperature

velocity

volumetric flow

pressure drop

Volumetric expansion coefficient

relative roughness
dynamic viscosity
heat conductivity
density

friction factor



Nomenclature

subscripts

b bulk

cool cooling media
corr correlation
CO2 carbon dioxide
Cu copper

exp experiment

f film

FC forced convection
in inlet

IS0 isothermal

noniso nonisothermal

out outlet
t tube
w wall



Motivation

1 Motivation

The European Union (EU) set the target to progressively reduce its greenhouse gas
emissions up to 2050 to become a climate-neutral economy. In 2007, the EU leaders
established the “2020 climate and energy package”, a set of laws passed to ensure

that the EU meets its key climate and energy targets:

e 20% cut in greenhouse gas emissions (from 1990 levels)
e 20% of EU energy from renewables

e 20% improvement in energy efficiency

The EU is well on track to meet its emissions reduction target for 2020. EU greenhouse
gas emissions were reduced by 24% between 1990 and 2019, while the economy grew
by around 60% over the same period (Figure 1). In 2019, the share of consumed
energy by renewable sources in the EU was 19.7%. The energy efficiency increased
26.6% from 2009 to 2019.

----EU target
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Figure 1: Greenhouse gas emissions from 1990 to 2018 in the EU [1]

For the year 2030, further ambitions are set:

e 40% cuts in greenhouse gas emissions (from 1990 levels),
e At least 32% share for renewable energy,

e At least 32.5% improvement in energy efficiency.



Motivation

The long term strategy of the EU is to be climate-neutral by 2050 — an economy with
net-zero greenhouse gas emissions [1]. All parts of society and economic sectors will
play a role — from the power sector to industry, mobility, buildings, agriculture and

forestry to meet the objectives [2].

In the context of the EU’s climate and energy policy and to decarbonize the electricity
sector, the role of fossil-fuel plants is intended and expected to evolve. Around 21 %
of the final energy consumption in the EU is electricity and it is provided by different
sources. In 2019, 39 % of the electricity consumed came from power plants burning
fossil fuels and 35 % from renewable energy sources, while 26 % came from nuclear
power plants. Current fossil-fuel power plants have been designed to operate in base-
load conditions, i.e to provide a constant power output. However, their role is changing,
due to the growing share of renewable energy sources, both in and outside the EU.
Fossil-fuel power plants will increasingly be expected to provide fluctuating backup
power, foster the integration of intermittent renewable energy sources and provide
stability to the electricity grid. However, these plants are not able to undergo power

output fluctuations.

Water has been used for decades as the thermodynamic cycle’s working fluid in fossil-
fuel power plants because water is abundant, cheap and presents positive
thermodynamic properties. Water-related knowledge as its chemical and physical
properties has continuously increased over the years, enabling to improve cycles’
performances. However, the water-steam cycle enhancement is reaching economic
(high-cost materials) and flexibility (long transient) limitations. In the meantime,
investigations toward alternative thermodynamic cycles using other working fluids
(helium, nitrogen, carbon dioxide, argon, etc.) have been carried out. Despite
promising results, their development has been held back by several factors: fluid
scarcity, toxicity and flammability, high costs, lack of suitable material able to withstand

high temperatures.

In the last years, the constant improvement in materials and the development of new
technologies have renewed the interest in sCO2 cycles. Among promising fluids, CO2
has several advantages such as chemical stability, excellent thermodynamic
properties, low cost, availability and non-flammability. Finally, sCO2 cycles present

high performances with high responsiveness potential [3; 4].
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Motivation

The moderate value of its critical pressure (73.8 bar) makes CO2 more economical for
power plant applications than water where the critical pressure has much higher
properties. In general, a low heat rejection temperature increases the efficiency of
power cycles. The critical temperature of CO2 (31.1°C) contributes to that advantage,
however, it is not too low, to be cooled by the ambient temperature. CO:2 is regarded
as an ideal natural working fluid with ODP = 0 (o0zone depletion potential) and GWP =

1 (global warming potential) [5].

A sCO2 Brayton cycle offers several benefits over competing power plant cycles. A
high plant efficiency can be achieved due to the favourable fluid properties in the
supercritical region. The high gas density of a supercritical working fluid allows to
reduce the necessary compressor work and leads to a reduction in the overall size of
the power plant. The reduced size of turbomachinery, boiler and heat exchangers can
be further translated into reduced capital costs. A sCO2 Brayton cycle can increase the
operational flexibility and the efficiency of existing and future coal and lignite power
plants [6].

The baseline cycle for most studies is the simple recuperated cycle (Figure 2). In this
configuration, a recuperator is used to transfer heat from the hot exhaust leaving the
turbine (5-6) to the cold fluid leaving the compressor (2-3). The isobaric heat addition
in the boiler (3-4) takes at high pressure which is far away from the critical point (in the

range of 200 to 250 bar) and the heat rejection (6-1) at pressures close to the critical

point.
boiler 350
300 4
3
250 -
5
recuperator T 200
P 2.
o 3
2150
o
compressor g
£ 100
@
[ 2 6
1 6 50
 f— 1
0

cooler 1,0 1:2 114 1,Ie 118 z,lo zlz 2,4
Entropy [J/kgK]

Figure 2: Cycle layout and T-s-diagram of a recuperated Brayton cycle
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The heat removal close to the critical pressure is linked with abrupt changes in the
thermo-physical properties. This leads to strong variations of the heat transfer and
pressure drop within a small temperature range, which strongly effects the accurate
dimensioning of the cooler of the brayton cycle. A heat exchanger with too small heat
transfer surface can not remove the neccesary heat leading to strong influence of the
the compressor inlet temperature and its efficiency. The measure to increase the heat
removal is to increase the air ventilation which increases the power consumption of the
cooler. In contrast to this, an “oversized” heat exchanger leads to increased thermal
inertness, material input and capital costs. The research on heat transfer with sCO:2 as
working fluid remains of high importancy for the development on an high efficient
brayton cycle. The break down of an plant-size plate heat exchanger leads to the heat
transfer capability of a single plate. The scaling procedure is explained in the literature
[7; 8]. The experimental investigations on laboratory scale, such as two-plate heat
exchangers, are showing promising results in regard to enhanced heat transfer and
reduced pressure drop. Different kind of heat exchangers, such as printed circuit heat
exchangers [9-24], finned-tube heat exchangers [25-29], plate and fin heat exchanger
[30—39] are point of investigations. Further breakdown of the heat exchanger plate
leads to the heat transfer and pressure drop in a single channel which is most
commonly represented by the fluid flow in a straight and round tube. The experimental
and numerical investigations are focusing on the local heat transfer in a wide range of
tube diameters and flow directions. In this fundamental research, knowledge was
gained starting from the heating application in nuclear power plant [40] or rockets [41].
Experimental investigations have been carried out with sCO:2 flowing inside electrically
resistance heated tubes with different inner diameters [42-50]. For the cooling case,
several researchers have investigated experimentally and numerically the heat transfer
and pressure drop performance of sCOz2 in tubes of different sizes. The main focus
was on the horizontal flow in tubes ranging from 0.5 to 10.7 mm inner diameter [51—
59]. Especially, it has been shown that heat transfer correlations which were developed
for big diameter tubes are not able to predict the heat transfer of small diameter tubes
accurately. For this purpose, the heat transfer and pressure drop of small diameter
tubes is investigated experimentally with a wide range of coundary conditions and flow

directions to evaluate the validity of correlation from the literature.
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2 State of the art

In this chapter, the sCO2 Brayton Cycle is introduced as the main motivation of this
work. Different tasks in design and optimization of the cycle are presented including
turbomachinery, control strategies and thermodynamic modelling leading to the heat
exchanger as an important part of the cycle. A brief introduction including a literature
review on industrial heat exchangers is presented in chapter 2.2. The relevant
thermophysical properties of sCO: in the cooler of the cycle are presented in chapter
2.3.

In chapter 2.4, the state of the art of tube flow heat transfer and pressure drop starts
with a general introduction which both research under heating and cooling conditions
utilizing experimental and numerical work. In chapters 2.4.2 to 2.4.5, detailed

information on the specific field of work is presented to illustrate the existing research

gaps.

2.1 sCO; Brayton Cycle

The purpose of this section is to introduce the thermodynamic aspects of a sCO:2
Brayton cycle [60]. The operation under supercritical pressure raises requirements on
operation and design of the cycle and components as the material must withstand
corrosion under high temperature and pressure. Material selection for sCO2 systems
is dictated by the mechanical and thermal properties of the material and the fabrication
costs. sCOz strongly influences the ionic solubility and dissociation process, which
strongly affects corrosion, oxidation and creep resistance of the material [61].
Extensive investigations with high pressure and temperature in the CO2 environment
are available in literature including stainless steel, nickel-based and titanium-based
alloys [62—66]. The heater has a large surface area exposed to the heat source which
is highly demanding for material strength and durability. The recuperator operates
under high temperatures, high absolute pressures and high-pressure differences
between the exchanging fluids. This requires considerable material resistance to creep
and corrosion for a long service duration without any structural degradation. The
material selection also demands a balance between heat conduction and capital cost
[67]. The operating conditions within the turbine are challenging due to high

temperatures and the pressure difference between inlet and outlet. The main issue is
5
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related to the thermal expansion of material during operation and the mechanical

integrity during startup and shutdown.

The high operation pressures also lead to high densities, and corresponding low
volumetric-flow rates in the system. This enables compact pipework and plants with a
much smaller physical footprint, however, to design turbomachinery with high power
density introduces challenges. Small diameter and higher rotational speed are
associated with increased aerodynamic losses. A good combination of aerodynamics,
rotordynamics and mechanical performance must be found. Both compressor and
turbine are designed as axial or a centrifugal/radial-inflow architecture and can typically
be sized using the maps developed by Balje [68]. A simple thermodynamic cycle
analysis shows that increasing the pressure ratio of the cycle will increase the thermal

cycle efficiency. The thermal cycle efficiency is sensitive to turbomachinery efficiency.

sCO2 power plants have a high potential to operate efficiently in both full and part load.
Fast load changes enable the power system to deliver backup power to the electricity
grid. A lot of research has focused on the development of control strategies to address
the part-loaded operation and the transient behaviour of sCO2 systems during startup
and shutdown. Dynamic modelling approaches have developed the understanding of
transient performance [69—75]. Compressor and turbine are typically modelled using a
map-based approach. The performance maps deliver the boundary conditions to the
equipment upstream and downstream [76]. Heat exchangers are typically modelled
with transient one-dimensional formulations of the conservation equations with semi-
empirical correlations for both, heat transfer coefficient and pressure drop [77]. Control
strategies can be applied to various parts of the cycle, such as heat sink flow rate,
cooler bypass, compressor flow split, compressor bypass, turbine bypass, turbine
throttling, turbine speed, single tank inventory and dual tank inventory. The control of
the compressor inlet temperature may be achieved by acting on the heat sink at the

cooler as the combination of heat sink flow rate and cooler bypass [78].

The purpose of thermodynamic modelling is to investigate how the cycle parameters,
such as the operating temperatures and pressures, affect the thermodynamic cycle
performance [3]. The simple recuperated cycle can be extended to more complex
layouts with the implementation of reheat, recompression or precompression. The

reheat cycle (Figure 3) divides the expansion process and introduces an intermediate

6
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reheating process. This improves the cycle efficiency by increasing the temperature of

heat addition and the turbine exhaust temperature, which pulls up the potential internal
heat recovery.
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Figure 3: Cycle layout and T-s-diagram of a reheated Brayton cycle
The recompression cycle (Figure 4) is further increasing the cycle efficiency because
it is still a relatively simple arrangement. The recuperation is divided into a high-
temperature recuperator and a low-temperature recuperator section and a secondary
compressor is installed. The compressor bypasses a fraction of the main flow from the

heat-rejection process and main compressor. This helps to offset the mismatch in the
heat capacities of the hot and cold fluids within the recuperators.

350

A J

150

100

Temperature [°C]

F 3

50 4

0

1,0 12 1,'4 1:6 1,‘8 Z:G 2,2 24
Entropy [J/kgK]

Figure 4: Cycle layout and T-s-diagram of a recompressed Brayton cycle
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2.2 Industrial heat exchangers

In a sCO2 Brayton cycle, the heat exchangers have a great influence on the overall
efficiency and system size. The main challenge is to be compact, light, and robust to
endure high CO2 temperature and pressure. The applied type of heat exchanger
compromises costs, durability, and performance. Three heat exchangers are involved
in a sCO2 Brayton cycle: heater, recuperator and cooler. In this chapter, possible heat
exchanger solutions of both, recuperator and cooler are presented. Additionally, a

review of the scientific research on each heat exchanger type is presented.

Printed circuit heat exchangers (PCHE) are the most used heat exchangers for
recuperation [79]. The heat exchangers are manufactured using a solid-state joining
process known as ‘diffusion bonding’. This process creates a heat exchanger core with
no joints, welds or points of failure. The resulting unit combines exceptional strength
and integrity with high efficiency and performance under conditions of extreme
pressure and temperature [79; 67]. Figure 5 shows the cross-section of a PCHE core
with a cross-flow pattern.

Figure 5: Printed Circuit Heat Exchanger [81]

The HX consists of several flat metal plates with fluid flow channels either chemically
etched or pressed into them. The process joins the plates with strength as the base
material. The flow passages are mainly categorized into four types and displayed in

Figure 6:
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Figure 6: Different types of PCHE [82]

The heat transfer and pressure drop have been investigated with various channel
geometries and fluids under a wide range of conditions. Straight channels have been
investigated by Mylavarapu et al. [9], Abraham et al. [10], Chen et al. [11] and Seo et
al. [12]. Reynolds numbers between 100 and 2900 were covered with different types
of heat transfer correlations. Nikitin et al. [13] experimentally investigated the pressure
drop and heat transfer investigations with zig-zag channels and hydraulic diameter of
1.8 mm (cold side) and 1.9 mm (hot side). The overall heat transfer coefficient varied
from 300 to 650 W/m?K, whereas the compactness for the heat exchanger volume is
approximately 1050 m?/m3. Empirical correlations for local heat transfer coefficient
and pressure drop were proposed. Ngo et al. [14] optimized S-shaped fines by use of
3-D CFD simulations and validated his findings with experiments. This heat exchanger
was used to heat water from 7 °C to 90 °C by using sCO2 with a temperature of 118
°C and at a pressure of 115 bar. The pressure drop and internal volume of the new
designed heat exchanger was significantly lower compared with a state-of-the-art
industrial plate heat exchanger. Kim and No [15] investigated the thermal-hydraulic
performance of a PCHE in helium-helium test loop, both experimentally and
numerically. In the tested PCHE, the channel has a 0.922 mm hydraulic diameter, 24.6
mm pitch, and 15° angle. A three-dimensional numerical model was well validated
against the experimental data to develop physical models for the Fanning factor and
the Nusselt number for various geometries, including angle, pitch and diameter. The
angle was varied from 5° to 45°, the pitch length was varied between 24.6 mm and
12.3 mm and the diameter was varied from 1.51 mm to 2 mm. Kim et al. [16]
investigated the heat transfer and pressure drop in a PCHE with a numerical simulation
to explore the validity of existing correlations beyond their tested Reynolds number
ranges. Based on the comparison of CFD results with the experimentally obtained

correlations, a new CFD-aided correlation covering an extended range of Reynolds
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number for Nusselt number and friction factor is proposed to facilitate PCHE designs
for the sCO2 Brayton cycle application. Chen et al. [17] and Yoon et al. [18] investigated
zigzag channels with helium as fluid and proposed Nusselt correlations with validity
between Re of 50 and 2000. Tsuzuki et al. [19] investigated experimentally, both, water
and CO:z in S-shaped channels and compared the results with a numerical model. The
numerical results of the heat transfer performance were about 5 % lower than the
experimental results for the overall heat transfer coefficient. Therefore, the new Nusselt
number correlations are useful to evaluate the experimental performance of the heat
exchanger. Chu et al [20] investigated numerically the local and overall heat transfer
characteristics as well as the dynamic performance of airfoil fins with different
geometrical parameters. The result shows that the heat transfer rate decreases
because of the strong variation of properties of sCOz2, but the pressure loss remains
almost constant along the main flow direction. Meanwhile, the effect of transverse pitch
and staggered longitudinal pitch are analyzed comprehensively. The correlations of
Fanning and Colburn factors are fitted for the studied airfoil surfaces. Kwon et al. [21]
performed CFD analysis for various airfoil fin configurations and provided correlations
for predicting the Nusselt number and the Fanning friction factor. Optimization of the
production and operation by reducing the size and the pressure drop of the recuperator
suggested an optimized configuration of the airfoil fin PCHE. Ho et al. [22] combined
an experimental study with numerical simulations to investigate the forced convective
heat transfer performances of novel airfoil heat exchangers. Airfoil shaped fins were
investigated experimentally and the results were compared with conventional heat
sinks with circular and rounded rectangular fins. The experimental Nusselt number was
enhanced by 29%. Zhao et al. [23] numerically investigated the effect of an airfoil fin
arrangement on heat transfer and flow resistance using supercritical liquefied natural
gas as a working fluid. The airfoil fin PCHE showed better thermal-hydraulic
performance than that with the straight channel PCHE. Moreover, the airfoil fins with
staggered arrangement displayed better thermal performance than that of the fins with
a parallel arrangement. Chu et al. [24] investigated the thermo-hydraulic performance
of printed circuit heat exchangers with airfoil fins. The results show that the
arrangement with consistent and reverse layout applied to a PCHE may averagely
improve the transferred heat per unit area by 28 % and 11 % accompanied with an
increase of the pressure loss by 15 % and 22 %, respectively, compared to the PCHE

with the symmetrical arrangement.
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Cooler

The pressure and temperature in the cooler are lower than in the heater or in the
recuperator. This leads to a much easier choice of material selection. The CO:2 is
cooled by water or air what leads to many possible heat exchanger configurations. In
air-driven coolers, the COz2 close to the critical point has a much higher heat transfer
coefficient than the cooling air. This makes the finned-tube heat exchanger design
most appropriate [83; 8; 7]. The CO2 flows in circular or flat tubes and the cooling air
crosses the finned tubes where flat or continuous external fins are employed to
increase the heat transfer surface area. Different types of fin and tube configurations

are displayed in Figure 7.
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Figure 7: Different fin and tube arrangement [84]

Several investigators have carried out experimental tests and analyses of the heat
transfer performance of finned-tube sCO2 gas coolers. The majority of this work was
focused only on steady-state analyses. Ge et al. [25] validated two different numerical
models with measurements on two CO: finned-tube gas coolers with different structural
designs. Li et al. [26] investigated a fin and micro-channel gas cooler experimentally.
The impact of the fin geometry and air-side mal-distribution on the performance was
analyzed. Ho et al. [27] present an experimental comparison between a microchannel
cooler and two conventional coolers of a COz2 air conditioning cycle. The conventional
coolers and the microchannel cooler were designed to have the same heating capacity,
however, the volume of the microchannel cooler is less than that of conventional
coolers. The results indicate that the heat transfer efficiency of the microchannel cooler
is higher than those of the conventional coolers. Yin et al. [28] developed a finite
element method and compared the results with experiments at 48 operating conditions.
The model predicted the gas cooler capacity within £2 % and pressure drops on the

CO: side well within the range of experimental error. Alternative circuiting and multi-
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slab design were analyzed with the model. Vojacek et al. [29] investigated an air-cooled
sCO: finned tube sink heat exchanger performance test comprising a wide range of
variable parameters (26-166 °C, 70-100 bar, 100-32 g/s). They performed both
steady-state and transient thermal-hydraulic using simulation software. The results of
calculated averaged overall heat transfer coefficients and experimentally determined

values show reasonably low errors.

A plate and fin heat exchanger (PFHX) is made of layers of corrugated sheets
separated by flat metal plates to create a series of finned chambers. Separate hot and
cold fluid streams flow through alternating layers of the heat exchanger and are
enclosed at the edges by side bars. Heat is transferred from one stream through the
fin interface to the parting sheet and the next set of fins into the adjacent fluid. The fins
also serve to increase the structural integrity of the heat exchanger and allow it to
withstand high pressures while providing an extended surface area for heat transfer
[85]. Figure 8 illustrates the flow passages of a PFHX with straight fins in the counter

flow.

Figure 8: Plate and Fin heat exchanger in counter-flow arrangement [8]

A great number of experimental and numerical investigations were conducted in the
last 40 years. A wide range of fluids under various operational conditions were tested

with different types of fins which are displayed in Figure 9.
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Plain

Serrated Hermringbone

Figure 9: Different types of fins [30]

Manglik and Bergles [30] developed a thermal-hydraulic design tool for rectangular
serrated fins. They reanalyzed the existing Fanning and Colburn data and showed the
asymptotic behaviour of the data in the deep laminar and fully turbulent flow regimes.
Geometric parameters were invented to design rational correlations by power-law
equations covering the laminar, transition, and turbulent flow regimes. Ganzarolli [31]
performed a thermal design optimization of a counterflow heat exchanger using air as
the working fluid. The optimization was performed to obtain the optimum fin spacing
and thickness. Li and Wang [32] investigated experimentally the air-side heat transfer
and pressure drop characteristics for brazed aluminum heat exchangers with multi-
region louvre fins and flat tubes. Experiments were conducted within a Reynolds
number range from 400-1600 based on the louvre pitch. The air-side thermal
performance data were analyzed by using the effectiveness-NTU method. Najafi et al.
[33] optimized a plate and fin heat exchanger with air as a working fluid on both sides.
Several geometric variables are considered as optimization parameters to match the
total heat transfer rate and the total annual cost of the system. Fernandez-Seara et al.
[34] experimentally analyzed titanium brazed plate-fin heat exchanger with offset strip
fins in liquid-liquid heat transfer processes with water and ethylene glycol aqueous
solutions as working fluids. The Wilson plot method is applied to the reduction of the
experimental heat transfer data and an empirical correlation for the heat transfer
coefficient was obtained. Taler [35] presented an experimental-numerical method for
determining heat transfer coefficients in crossflow heat exchangers with extended heat
exchange surfaces. Coefficients in the correlations defining heat transfer on the liquid-

and air-side were determined based on experimental data using a non-linear
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regression method. Khoshvaght-Aliabadi [36] manufactured and tested seven plate-fin
heat exchangers configurations: plain, perforated, offset strip, louvred, wavy, vortex-
generator and pin. The working fluid was water and the Reynolds numbers range was
from 480 to 3770. An energy-based performance evaluation criteria were employed.
The vortex-generator channel shows a significant enhancement in the heat transfer
coefficient and a proper reduction of the heat exchanger surface area. Peng et al. [37]
conducted experimental and numerical studies on the flow and heat transfer
characteristics for innovative offset strip fins compact heat exchangers. Five fin
schemes were investigated with various air flow velocities and a constant inlet steam
pressure by experiments. The Reynolds number ranged from 500 to 5000 at the air
side. The experimental results indicated that the fin pitch, fin length and fin bending
distance have a significant influence on the thermal performance of fins. Chen et al.
[38] investigated numerically the effects of different plate-fin heat exchanger structures
in high temperature gas-cooled reactors. Four fin structures and four working
conditions were analyzed to evaluate the performance with detailed analyses of the
velocity distributions, pressure distributions, temperature distributions and heat
transfer. Kuchadiya et al. [39] evaluated the hydraulic behaviour of plate-fin heat
exchangers with offset strip fin with conducting series of experiments. Different Mass
flow rates of both the fluid, cold fluid inlet pressure and hot fluid inlet pressure are
considered as input parameters. The obtained values were compared with correlations

from the literature.
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2.3 Thermophysical properties of sCO2

In Figure 10, the phase diagram of CO2 is displayed. The pressure and temperature
range of the solid, liquid and gaseous state are displayed. The boundaries are the
sublimation, melting and boiling lines. All three regular states coexist at the triple point
which is at p;;5 = 5.18 bar and Ty,.;;, = -56.6°C. The pressure of the triple point is higher
than the ambient pressure, which means that CO2 can only appear in a gaseous or
solid-state at ambient pressure. The boiling line is the connection of the triple point and
the critical point (p,;+ = 73.8 bar and T, = 31.0°C).
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Figure 10: Phase diagram of CO2 [86]

The extension of the boiling line into supercritical temperature and pressure is so called
the pseudocritical line, which is defined as the temperature with the highest gradient in
viscosity and density and the peak in the isobaric heat capacity and thermal
conductivity. The pseudocritical temperature is calculated with the empirical

approximation as follows (Eq.1):

p

Dcrit

_ 1) _ 0.37344( P__ 1)2 +0.045 (L _ 1)3> (1)

Toe®) = Tori <1 + 1.3977(
Dcrit Pcrit
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Figure 11: Thermophysical properties of CO2 at 77, 81 and 85 bar

The thermodynamic properties of COz close to the critical point are illustrated in Figure
11. The viscosity, density, isobaric heat capacity and thermal conductivity are
displayed as a function of the temperature for three different pressure (77, 81 and 85
bar). The properties were calculated using the software NIST REFPROP [86] which is
the application of the following equations: Span and Wagner [87] (density, isobaric heat

capacity), Vesovic et al. [88] (thermal conductivity) and Fenghour et al. [89] (viscosity).

The thermophysical properties change strongly with temperature and pressure. For
each pressure (77, 81 and 85 bar), the viscosity and density are strongly decreasing
with increasing temperature. The isobaric heat capacity and thermal conductivity pass
through a peak crossing the pseudocritical temperature. The pseudocritical
temperature increases with increasing pressure. Moreover, the distinct peaks are
flattened.
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2.4 Heat transfer and pressure drop in sCO2

tube flow

This chapter describes the state of the art of tube flow heat transfer and pressure drop
starting with a general introduction which both kinds of research under heating and
cooling conditions utilizing experimental and numerical work.In chapters 2.4.2 to 2.4.5,
detailed information on the specific field of work is presented to illustrate the existing

research gap.

2.4.1 Basic information

A great number of researchers have investigated supercritical heat transfer and
pressure drop. Mainly from its application as a working fluid in nuclear power plants
[40] or as rocket fuel [41], supercritical heat transfer has been investigated under
heating conditions extensively. A lot of knowledge of sCO:2 heat transfer performance
was gained in the heating case where the data for cooling is limited or does even not

exist. Based on this, the chapter starts with a brief introduction of the heating case.

Experimental investigations have been carried out with sCOz2 flowing inside electrically
resistance heated tubes with different inner diameters. A defined direct current is
applied to the tube. The heat flux is the result of the tube cross-sectional area, the
ohmic resistance, the voltage and the amperage. The heat flux can be assumed as
constant over the length of the test section. A test section is displayed in Figure 12
including differential pressure measurement, power supply and surface temperature

measurements with defined discretization.
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Figure 12: Heated tube with direct electrically heating [42]

With the defined inlet conditions and the constant heat flux along the tube, the bulk
fluid enthalpy and temperature can be calculated at each subsection. The heat transfer
coefficient at each subsection is then calculated using the difference between the bulk
fluid temperature T}, , and the measured tube surface temperature T,,, ,.

q.COTlSt (2)

htc, =
* Tw,x - Tb,x

The results show that the heat transfer of sCO: is strongly affected by heat flux and
flow direction. The development of mixed convection in the vertical upwards flow can
lead to a drastic deterioration of the heat transfer performance which is characterized
by a peak in the wall temperature [43]. The vertical downwards flow lead to an

enhancement of heat transfer.

Song et al. [44] investigated tubes of 4.4 and 9.0 mm inner diameter with a heated
length of 2 m. They showed that the same length to diameter ratio and wall heat flux
to mass flux ratio leads to similar heat transfer behaviour. Kim and Kim [45] discussed
the experimental results of a 4.5 mm diameter tube regarding buoyancy and flow-
acceleration effects and showed a wall temperature peak in the upwards flow. Bae and
Kim [46] carried out experiments with tubes of an inner diameter of 4.4 and 9.0 mm.
From the test results, a correlation was published covering both, deteriorated and
normal heat transfer. Zhang and Yamaguchi [47] studied numerically the heat transfer

in a 6 mm diameter tube focusing on low mass flow rates and constant heat fluxes.
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Cao et al. [48] discussed laminar mixed convection in miniature tubes with 0.5 mm
diameter and points out the effects of the sharp variations of physical properties. Du et
al. [49] investigated the velocity and turbulence fields using CFD simulation and
concludes significant influences of buoyancy. Pandey and Laurien [50] suggested a

two-layer model which can take deterioration into account.

For the cooling case, several researchers have investigated experimentally and
numerically the heat transfer and pressure drop performance of sCOz2 in tubes of
different sizes. The main focus was on the horizontal flow in tubes ranging from 0.5 to

10.7 mm inner diameter.

Pitla et al. [51] investigated the cooling heat transfer on a 4.7 mm inner diameter tube.
They found out that the heat transfer coefficient in supercritical fluids is not constant
and varies as a function of the wall temperatures and the bulk temperatures of the fluid.
A new equation was presented based on the properties at the wall and the bulk
temperature. 85% of the heat transfer coefficient values predicted by the new
correlation were accurate within £ 20%. Nu,, and Nu, are the Nusselt number

calculated based on Gnielinski correlation [90] in Eq.4.

Nuy, + Nup\ Ay, 3)
Nu :( - 2 Ub)ﬁ
(é) (Re — 1000)Pr (4)

Nu = 5
1,07 + 12,7\/% (Pr3 —1)

Yoon et al. [52] measured the heat transfer and pressure drop of a 7.73 mm diameter
tube with variations in CO2 mass flux and CO:2 pressure. Mass fluxes were 225, 337
and 450 kg/m?s and the inlet pressures varied from 75 to 88 bar. Existing correlations
for the supercritical heat transfer underpredicted the measured values. A new empirical
correlation was presented with a maximum deviation of 20 %. Nu,, is calculated based

on the Gnielinski correlation [90] in EQ.5:

— \ 0,86
cy\ 0,57 ®)
Nu = 1,38 Nu,, (—p) (Z—W)
b

Cpw
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In this context, the mean specific heat is defined as:

h, — h,, (6)
T, — T,

Cp=

with the enthalpy and temperature of COz2 at the wall (h,, T,,) and in the bulk (hy, T}).
Oh and Son [53] conducted experiments on two stainless steel circular tubes having
an inner diameter of 4.55 mm and 7.75 mm and carried out for CO2 mass fluxes of 200
to 600 kg/m?s, inlet fluid pressures of 75 to100 bar, and the inlet fluid temperatures of
90 to 100 °C. The CO:2 pressure, the inner tube diameter, the mass flux and the
temperature of CO2 showed significant effects on the heat transfer coefficient. The heat
transfer coefficient decreases as the cooling pressure increase otherwise increase as
mass flux increases. Most heat transfer correlations show large deviations from these
experimental data, thus, a new correlation was developed for sCO2 cooling in macro
tubes. Most of the experimental values are within £13 % of the predicted values. The
correlation is based on the Dittus and Boelter equation [91] with additional ratio terms

of the fluid properties at bulk and wall temperature (Eq.7-8):

07 .25 o\ (7)
Nuy, = 0,023 Re," Pry,” (Cpr) ,for T, > Ty
®)
0,7 25 (P Cpb
Nu,, = 0,023 Re’ Pr; (i) (chw) for Ty < Tpe

Liu et al. [54] investigated the cooling heat transfer of a wide range of tube diameters
(d;= 4, 6, 10.7 mm). The effects of the CO2 mass flow rate, inlet pressure, bulk
temperature and tube diameter on the heat transfer coefficient and pressure drop were
illustrated. The results indicated a significant influence of the tube diameter on the heat
transfer coefficient. The authors show that heat transfer correlations for the small
diameter tube deviate strongly from the experimental results. A new heat transfer
correlation for large diameter tubes was proposed. The maximum error between the

predicted results of the new correlation and the experimental data is 15% (EQ.9).

0,906 /¢ \ %585 (9)
Nu,, = 0,01 Re,f,‘gPrme’s (P_W) <ﬂ>
Pp Cpp

Kondou and Hrnjak [55] investigated the heat transfer in the two-phase region.

Experimental results on the heat transfer coefficient and pressure drop of mass flux
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from 100 to 240 kg/m?s at pressures from 50 to 75 bar in a horizontal smooth tube of
6.1 mm inner diameter were provided and compared with correlations. The heat
rejection process below the critical pressure was categorized into superheat, two-
phase, and sub cool zones in which the bulk temperature was superheated, saturated,
and subcooled, respectively. The results indicated that the heat transfer coefficient in
the superheat zone is significantly higher than correlations proposed for single-phase
turbulent flow, and the condensation was identified from the tube wall temperature
below saturation temperature. This superheat zone accounts for a significant portion

of the heat rejected in the subcritical cycle and effects on condenser sizing.

In recent years, numerical investigations have increasingly contributed to the
understanding of the cooling heat transfer of sSCO2. Pandey et al. [56] conducted direct
numerical simulations of a 2 mm diameter tube at a moderate Reynolds number of
5400. Xiang et al. [57]carried out simulations by using the SST k-o turbulence model
and discussed the effects of heat flux and tube diameter on the heat transfer
characteristics.

Especially, it has been shown that heat transfer correlations which were developed for
big diameter tubes are not able to predict the heat transfer of small diameter tubes
accurately. Thus, only two experimental investigations are presented in chapter 2.4.2
for the use as a reasonable comparison of the results with small diameter tubes.
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2.4.2 Forced convection cooling heat transfer

Dang and Hihara [58] investigated the heat transfer and pressure drop in tubes with
four different inner diameters (d;= 1; 2; 4; 6 mm). The temperature of the outer tube
wall was measured at 10 locations evenly distributed along with the 500 mm long tube-
in-tube counter-flow heat exchanger. They found that the Nusselt number increases
slightly with increasing tube diameter. The authors compared the heat transfer

coefficient over the bulk (T,) and film temperatures (T;), which is defined as the

average of bulk and wall temperature (T,,)(Eq.10):
_ (Ty + Tw) (10)
=T

The comparison of the heat transfer data in Figure 13 and Figure 14 shows that the
maximum heat transfer coefficient is considered when the film temperature reaches

the pseudocritical temperature.
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Figure 13: Effect of mass flux G on heat transfer coefficient as a function of bulk

temperature [58]
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Figure 14: Effect of mass flux G on heat transfer coefficient as a function of film
temperature. The dashed line denotes the pseudocritical temperature at a pressure of
8 MPa [58]

The proposed correlation by the authors is a modified Gnielinski equation [90] taking
the film properties into account:

(g) (Re;, — 1000)Pr (11)

NUf =

2
1,07 + 12,7 \fg (Pr3 — 1)

Liao and Zhao [59] experimentally investigated the heat transfer in six horizontal tubes
(d;=0.5,0.7,11, 1.4, 1.55, 2.16 mm). The experimental test section consisted of a
cooled tube of 110 mm length with 6 uniformly distributed thermocouples at the outer
wall. They showed the dependency of the heat transfer coefficient from the bulk
temperature, pressure and mass flow. They found that the Nusselt number depends
on the tube diameter due to buoyancy effects (Figure 15). The Grashof number (Eq.12)
was considered, representing the influence of a secondary flow induced by the

buoyancy force.

(ow — pp)Ppgd® (12)

Gr =
s

with the density of CO2 at the wall (p,,) and in the bulk (p;), the gravity constant (g),

the pipe inner diameter (d) and the dynamic viscosity in the bulk (1;).
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Figure 15: The effect of tube diameters on the Nusselt number Nu, at % =1.19 % [59]

The influence of different cooling water temperatures (T.,,;) has been shown and
drawn back to the temperature difference between CO2bulk and wall temperature. The
correlation (Eq.13) was built up as a variation of the Dittus and Boelter equation [91]
by multiplying it with ratio terms including the properties of the fluid at the wall

temperature. The Nusselt function becomes implicit by adding these terms.

0,205 — \ 0,411
er\” 0205 / &= \” (13)
Nu,, = 0,128 Rel°Pr,y” <_2> (—pb) <—p >
Reb Pw Cpw
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2.4.3 Buoyancy and acceleration effects in vertical flow

orientation

Different heat transfer mechanisms can be observed in the supercritical fluid flow. The
enhanced (EHT), normal (NHT) and deteriorated heat transfer (DHT). The differences
between the three mechanisms are explained by experiments in a heated upwards

tube flow with constant mass flux and increasing heat flux.

In Figure 16, the measured inner wall temperature is displayed as a function of the bulk
fluid enthalpy. The grey line is the reference as the bulk fluid temperature at the
respective fluid pressure. In the NHT (red), the wall temperature has a nearly constant
difference from the bulk fluid temperature. In contrast to the NHT, the EHT shows a
non-constant approximation to the bulk fluid temperature with a very low difference
close to the pseudo-critical temperature. The DHT occurs with a further increase of the
heat flux. The wall temperature of the tube deviates significantly from the course of the
bulk fluid temperature. The temperature difference between the wall and the bulk fluid
increases significantly and the wall temperature shows a local peak in the region below

the pseudocritical temperature.
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Figure 16: Classification of heat transfer based on the wall temperatures [92]
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In fluid flow, a drastic deterioration of the heat transfer can occur. In the case of heating,
it can be detected by the strongly increased wall temperatures. The mechanisms to
cause the deterioration are due to the strongly variable fluid properties of sCO2 close
to the critical point. The flow acceleration and buoyance based on the flow direction
are the main influencing factors. In the cooling case, the upwards flow is by tendency
enhanced and the downwards flow deteriorates. Figure 17 illustrates the qualitative
velocity profiles of an upward (left) and a downward flow (right). The forced convection
shapes a parable-like profile with a flat spike (2, red) while the natural convection
shapes an M-shape profile (3, blue). In the case of a downwards flow, the natural and
forced convection have the same direction, thus the effect of buoyancy leads to higher
velocities in the near-wall layer and the resulting profile is also an M-shape. In this
case, the differential velocity between the near-wall layer and the bulk fluid decreases
with the result of a lower heat transfer between these two regions. In the case of an
upwards flow the natural and the forced convection run in opposite directions with the
result of increasing the turbulence which leads to a better heat transfer between the
near-wall layer and the bulk fluid [93]. Kurganov and Kaptilny [94] validated the velocity
profiles experimentally.

1. Total
2. Forced convection
3. Free convection

upwards downwards

Figure 17: Deteriorated heat transfer based on the fluid flow velocity [93]

The onset of deterioration in sCO2 heat transfer was investigated in the heating case
by several researchers. The research on sCO:2 heating in direct electrical heated tubes

lead to the development of criteria for the deterioration of heat transfer in vertical flow.
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The criterion by Petukhov et al. [95] is based on the effect of flow acceleration and
predicts that the region of the NHT is determined by the ratio of the acceleration

resistance, to the friction resistance which has to be smaller than 1-1.3 (Eq.14-16)

(%)max <1-13 (14)
. ([;_:)0.4 (1_82 log (%)f (15)
w=84qp (16)

The non-dimonsional heat flux ¢; is defined by McEligot and Jackson [43] in Eq.17:

.+ _ 4B (17)
dp =
Cp,bG

The criterion by Jackson et al. [96] is based on a semi-empirical parameter which
considers the comparison between the buoyancy force and the inertial force based on
the Richardson number (Eq.18):

Gr (18)

Ri=—
! Re?

Using this parameter, mixed convection has a significant effect on heat transfer when:

&+ 105 49
Re?”’
The Grashof number is calculated as:
(pp — P)gd® (20)

ﬁb = 2
Pb Vp

The average density of the fluid p can be calculated based on an approximation
proposed by Bae and Yoo [97](Eq.21-22):

fTWpdT D)

Tp

=T, =T,

27



State of the art

s 22
('D‘”Z—pb)forTw>TpCOT'Tb<TpC 2
p= Ty — Tpc) + pw(Tpe — T,
[on (T p;z _?W( ) forT, <T,. < T,
w

Another buoyancy based criterion was published by McEligot and Jackson [43], with
the buoyancy parameter Bo* (Eq.23) described by the heat flux based Grashof number
Gr* (Eq.24):

Gr* (23)
* -7
Bo” = pezasppas > 6+ 10
. _ 9 Badi (24)
Gr* = 5
Apvp

Other criteria use the heat flux to mass flux ratio to indicate the onset of DHT. The
criterion by Jeon et al. [98] is investigated in CO2 flow (Eq.25). The others in water flow
(Eq.25-28).

Jeon et al. [98] g =0.2G? (25)

Yamagata [99] g =200 G (26)

Pioro et al. [100] q > 400 J (27)
G~ kg

Styrokovich et al. [101] q > 600 J (28)
G~ kg

Further experimental and numerical investigations are ongoing to validate and improve
the criteria and equations [92; 102; 103].

Jiang and Zhao [104] investigated the heat transfer in a vertical 2 mm diameter tube
with a combination of experimental measurements and numerical simulations. The
results showed that the local heat transfer coefficients vary significantly along the tube

when the CO:2 bulk temperatures are close to the pseudo critical temperature.
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Experimental work in vertical sCO2 cooling

Bruch et al. [105] investigated experimentally the cooling heat transfer of sCO:z in a
vertical copper tube with an inner diameter of 6 mm. They were the only authors who

applied a deterioration criterion to the cooling heat transfer.

The test section consists of two vertical tube-in-tube heat exchangers connected in
series employing a U-bend. In the experiment, the in- and outlet temperature of CO:2
and cooling media were measured and treated with an integral method to determine
the heat transfer coefficient. The semi-empirical parameter (Gr/Re?’) by Jackson and
Hall [106] was applied to characterize the influence of natural convection on turbulent
vertical flow. The heat transfer in the vertical flow is compared with a correlation of pure
forced convection heat transfer.The selected correlation is the one by Jackson and
Hall [106]:

_ -03 29
Nu, = 0.0183Re{%2ProS (5—”) (29)
w

The results of the experimental investigation were plotted in dimensionless form
(Figure 18). The resulting functions of the downwards stream are the following (Eq.30-
31):

0.46
<42 1075: Ny :1_75( Gr ) (30)
Re ' NuFC R82'7
0.40
—>4.2- 1075; Nuy _ 13_5( Gr ) (31)
Re ' NuFC R827
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Regression downwards
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Gr/Re?’

Figure 18: Evolution of Nusselt number with the mixed convection parameter
by Bruch et al. [105]

The region of forced convection is present at Gr/Re?’ < 107® with only a little
difference to unity. In this region, free convection can be neglected and the general
applicability of the forced convection Nusselt equation can be tested. With increasing
mixed convection parameters, the heat transfer deteriorates can be seen by a negative
gradient of the red line. The strongest deterioration is present in the mixed convection
area which is the turning point of the red line. With further increase of the mixed

convection factor, the flow regime converts to free convection which a noticeable

recovery of the heat transfer in this area.

30



State of the art

2.4.4 Buoyancy effects in horizontal flow orientation

An important role in the heat transfer with supercritical fluids plays the buoyancy and
the resulting temperature stratifications in horizontal flow. The temperature difference
in the heat transfer process between the wall and bulk fluid leads to strong density
differences. This causes secondary flows based on gravity and buoyancy. It is known
that the buoyancy effect in the flow might not be neglected even for a horizontal test

section at high Reynolds numbers [59].

Different buoyancy parameters are suggested in the literature to estimate the
significance of the effect of buoyancy on the heat transfer coefficient in a horizontal
pipe flow. Three criteria are available in the literature. A theoretical consideration is
based on the Richardson number (Eq.32), which is the ratio between buoyancy- and
inertia force. The criterion states the region of neglectable buoyancy effects:
Ri =% « 1073 (32)

Adebiyi and Hall [107] investigated experimentally the heat transfer of sCO: in a heated
pipe with an inner diameter of 22 mm. The results were compared with the estimated
values from the empirical correlation without including buoyancy effects. Buoyancy
effects were detected despite Reynolds numbers above 10000 at the inlet of the tube.
Temperature differences up to 50 K were detected between the top and the bottom
tube wall. The heat transfer was deteriorated at the top and enhanced at the bottom.

Based on the experimental findings, the dimensionless buoyancy free region criterion

Bu was developed considering the dimensionless tube length (g) and the property

variation between bulk fluid and wall (;’—b)
\%

Bu]

Grb.<&>.(x 2 (33)

= — -] <10

Petukhov et al. [95] proposed a criterion for the buoyancy free region in horizontal flow
as:

Gry _ -1 34
ez—is Pry®S - [1+24-Re ™ (Pr?®—1)] <3%107° (34)

b

BuP =
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Du et al.[49], Lin et al.[108] and Diao et al.[109] confirmed that the buoyancy effects
are distinct close to the pseudocritical temperature. In addition to that, the temperature
stratification is negligible in comparison to the liquid-like and gas-like region. Cao et al
[48] investigated experimentally laminar flow of sCO2 in a microchannel with constant
wall temperatures with a numerical simulation. Secondary flow appeared in
accordance with the criterion Ri < 1073. Du to the buoyancy effects and an existing
temperature stratification, the heat transfer in the upper part of the tube was strongly
enhanced while in the bottom part of the tube the heat transfer was slightly
deteriorated. This effect was strongest close to the critical temperature. Tanimizi and
Sadr [110] investigated the buoyancy criterions Bu,y, Bup and Ri < 1073 with
experiments in sSCO2 on their validity. They concluded that all criterions predict the local
heat transfer deterioration. In contrary to that, Kim et al.[111] showed that only Buyy
and Ri < 1073 are able to predict the appearance of buoyancy effects. A limitation is
present for the Jackson criterion at low heat fluxes. In addition to that the heat transfer
was deteriorated in the top of the tube for all experiments and at low heat fluxes an
enhanced heat transfer in the bottom tube occurred.
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2.4.5 Experimental investigations of tube flow pressure drop

The pressure drop within a tube is defined as follows in Eq.35:
I pu? [ G? (35)
Mp=§-—=¢-—

considering the dimensionless friction factor &, the length [ and the diameter d of the
tube, the density p and the velocity u and the mass flux G. The fundamental equations
of the friction factor in turbulent tube flow can be summarized by the following
Equations from the VDI Heat Atlas [112]. The Blasius equation is valid within the range
of Reynolds 3000 — 100000 (Eq.36):

£ = 0,3164 (36)

S
=
Q

IA

For higher Reynolds numbers 10* < Re; < 10, the Konakov correlation (Eq.37) is
valid.

_ 1 (37)

¢= (1.81gRe — 1.5)2

At Reynolds number of 10> < Re; < 5* 107, the Filonenko correlation (Eg.38) is

valid.

_ 1 (38)
"~ (1.8191gRe — 1.64)2

For the turbulent flow in the region of plain and rough surfaces to following Eq.39 is

$

valid:

i= 21g l2,51 +% (39)
JE Re; T 371

by consideration of the roughness of tube K. The correlations in EQ.36-39 is
fundamental for pressure drop investigations. The experimental pressure drop and
friction factor of sCO2 were in the first instance compared with these correlations. New
correlations with better predictability of sCO2 cooling were mainly built up based on
these equations by adding ratio terms of the fluid properties. Petrov and Popov [113]
published a correlation for cooling of sCO: in tubes in 1985. The tube roughness was

not considered in his correlation (Eq.40-42):

&y = [1.821og(Re,,) — 1.64] 72 (40)
s = 0.023 * (%)0'42 (41)
_ . Pw(MwY’ (42)

=t Pb (Ub)
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Liao and Zhao [59] investigated the variation of the friction factor f with the Reynolds
Number for di = 0.50, 0.70, 1.40, and 2.16 mm at G/d =1.19 kg/ms and p = 80 bar. The
friction factor is seen to drop as the tube size was reduced. Yoon et al. [52] measured
the pressure drop of a 7.73 mm diameter tube with variations in mass flux and
pressure. The results were compared with literature correlation and showed good
agreement with an average deviation of 3.7% and an absolute average deviation of
4.9%. They concluded that the Blasius equation is recommended for predicting
pressure drops of sCO2. Dang and Hihara [58] measured the pressure drop ina 1 mm
and 2 mm tube and examined the effects of different mass fluxes and pressures. The
influences are based on thermophysical properties. Son and Park [114] investigated
the pressure drop of a 7.75mm tube with various CO2 mass fluxes, pressures and
temperatures. The experimental results were compared with suitable correlations. The
Blasius correlation slightly underestimated the experiments (mean deviation 4.6%)
whilst the Petrov and Popov [113] equation overestimated the experiments significantly
(mean deviation 64%). Fang and Xu [115] used several data sources (Krasnoshchekov
et al. [116], Liao and Zhao [59], Dang and Hihara [58], Huai et al. [117], Oh and Son
[53] and Lv et al. [118]) to evaluate the available experimental results and existing
correlations for an in-tube pressure drop of sCOz2 cooling. A new correlation (Eq.43-44)
was developed through extensive computer tests based on the results of 297

experiments.

K\M1907 60525  56291\] >  (43)
$isop = 1.613 * [In| 0.234 * (E) - Re;.nos + Re;.onz

pf 1.31 44
~ - —o.49(p—pc) (44)
’Snoniso - fiso,b * |
b
Liu et al. [119] experimentally investigated the pressure drop with 4.6 and 10.7 mm
tubes. The results of the 10.7 mm tube are displayed for four mass fluxes and three

pressures. A comparison with the Blasius equation showed very good agreement.
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3 Objectives of work

As already pointed out, the heat-removal process takes place in the near-critical region
in the Brayton cycle. In the near-critical region, thermophysical properties change
significantly in a small temperature range which makes the prediction of the heat
transfer and pressure drop very challenging. A wide range of experimental and
numerical investigation were analized in regard to the development of industrial heat
exchangers which are showing promising results in terms of higher heat transfer rate
with lower material input and internal volume. The experimental investigations are
mainly on laboratory scale such as two-plates heat exchangers. However, the
fundamental understanding of the heat transfer characteristics, based on the fluid
properties, remains in the smallest scale which is represented by the single channel
fluid flow. From the above discussion, it becomes clear that there are still discrepancies
and lack of knowledge in cooling heat transfer of small size tube flow. It has been
shown that heat transfer correlations which were developed for big diameter tubes are
not able to predict the heat transfer of small diameter tubes accurately. The occurance
of heat transfer deterioration in the vertical flow orientation was mainly investigated in
the heating case. The only experimental work carried out so far in the cooling case
was with a 6 mm tube which does not reflect on the compact heat exchangers of current

state of the art.

The objective of this work is to investigate the heat transfer and pressure drop in small
diameter tubes for the purpose of an accurate sizing of compact heat exchangers. In
a sCO2 Brayton cycle, the heat exchangers greatly influence the overall cycle
efficiency. However, the heat transfer prediction in the cooling process close to the
critical point is challenging due to the strong variations in thermophysical properties.
The heat transfer and pressure drop performance data presented in this work will
contribute to the design of new concepts of compact heat exchangers. The objective
is to investigate the heat transfer performance and pressure drop with a high spatial
resolution within a 2 mm tube, long enough to represent the complete cooling process
of the Brayton cycle in one experiment. An experimental system was built up to
investigate the local heat transfer characteristics of CO2 cooled in a tube. In a second

test section, the heat transfer and pressure drop performance are investigated in a 3
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mm tube to examine the buoyancy and acceleration effects on the flow in both vertical

and horizontal flow orientation.

In chapter 4, the experimental test facility “SCARLETT” and the two tube-in-tube test
sections are presented. The used measurement devices including the uncertainties
are complementing the chapter. In chapter 5, the data reduction is presented with the
energy balance and the pressure drop evaluation which is valid for both testsections.
The heat transfer calculations are presented in separate sub-chapters for the two test
sections. In chapter 6.1, the influence on the heat transfer coefficient will be evaluated
at a wide range of different CO2 pressures, CO2 mass fluxes, CO:2 inlet temperatures
and cooling water temperatures. The significant effects of all parameters will be
discussed in detail and a new heat transfer correlation for the heat transfer coefficient
in a 2 mm tube will be developed. In chapter 6.2, the heat transfer in vertical flow
orientation is evaluated with the 2 mm and 3 mm tubes. In the vertical flow, the heat
transfer performance of the upwards and downwards orientation are compared and
evaluated based on dimensionless criteria from the literature. In Chapter 6.3, the
horizontal flow orientation was investigated in the 3 mm tube with variation in CO2 mass
fluxes and CO: inlet temperatures with the wall temperature measurements at the top
and bottom of the tube to determine the development of temperature stratifications
within the cooling process. In chapter 6.4, the pressure drop is evaluated with the 2

mm and 3 mm tube and compared to literature correlations.
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4 Test facility

The SCARLETT test facility which provides sCO2 at defined boundary conditions for
the experiments is introduced first. In chapter 4.2, the two tube test sections are
presented including the introduction of the general construction approach and the
applied measurement devices. The dimensioning of the tubes and the implementation
of the temperature measurements in the tube wall are described in detail. The

measurements devices and achieved accuracies are described in chapter 4.3.

4.1SCARLETT test facility

The SCARLETT test loop provides sCO2 under defined boundary conditions. Figure
19 depicts the piping and instrumentation (P&I) diagram of the SCARLETT test loop,
which is described in detail by Flaig et al. [120]. After evacuating the loop with a vacuum
pump, the pressure vessels (1, 10) are filled with CO2. During normal operation, liquid
CO:z2 flows from the storage vessel through an electrically heated evaporator (2) and is
slightly superheated. After leaving a demister unit (3), where the remaining liquid CO:2
is separated from the flow, it enters a compressor (4), where it is compressed to a

certain pressure and simultaneously heated by the compression.

Before entering a test section, there is conditioning (5) of the sCO2, which means that
a defined temperature can be adjusted via cooling or heating the sCO2 mass flow rate.
In the test section (6) different kinds of experiments can be performed. After leaving
the test section, the sCO: is cooled down in a gas cooler (7) followed by the expansion
in an expansion valve (8). Before it enters the storage vessel (1) the CO2 can be cooled
down again in a condenser (9). The sCO2 mass flow rate in the SCARLETT test loop
can be adjusted from about 30 to 110 g/s. Lower mass flow in the test section can be
achieved by bypassing needle valves. It must be mentioned, that the achievable mass
flow rate depends on the compressor performance map, which leads to less mass flow
at higher pressures and vice versa. The sCO2 temperature at the inlet of the test
section can be varied from about 0 to 140 °C and the pressure from about 75 to 110

bar.
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Evaporator Demister Unit Compressor Conditioning
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Condenser Expansion Valve Gascooler

Figure 19: Flow diagramm of the SCARLETT test loop

4.2 Tube test sections

The test sections are constructed as a tube-in-tube heat exchanger. The main
components of the test section are a circular straight tube and an outer structure to
form the annulus. COz2 flows in the straight tube and the cooling water flows in the
annulus. The CO2 mass flux is measured before entering the tube. The tube inflow is
constructed with a T-junction with an implemented PT-100 temperature sensor. A hole
was drilled in the tube wall between the tube inflow and the cooling part to measure
the pressure with a minimum influence on the flow. A T-junction leads to a leak tide
connection of the pressure sensors. The tube is completely symmetrical. The
dimensions of the inflow area are the same as in the outflow area. An absolute
pressure sensor is integrated on the high-pressure side. The two drilled holes are

connected to a differential pressure sensor (Figure 20).
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Figure 20: General construction of the test tubes

The cooling part of the tube is the actual test section. The outer structure of the test
section leads the cooling water on two sides into the annulus to ensure a flow with
uniform distribution. The thermocouples are led through the outer structure and
soldered into the tube wall. The thermocouples are implemented into the tube with a
constant distance in between. The volumetric flow V, the inlet temperature T;, and the

outlet temperature T,,; are measured in the cooling flow.

test tube

Figure 21: Outer structure of the test section

Figure 21 shows the test section during the build-up. On the left, the tube and outer
structure are displayed without the flanges. Thermocouples are already soldered into

the tube wall, the tube and the outer structure are in their end position. The following
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steps in the construction are to screw both sides of the outer structure together to
ensure a leak tide flow, bring the flanges into position and connect the water hose on
both sides. On the right of Figure 21, the outer structure is displayed from a different
angle with the flange. The connections for the cooling media flow and the

thermocouples can be seen.

outer structure thermocouple

typ t
d;
tube
i - ©

0,8 2

| [

| 8 !

oy

Figure 22: Implementation of thermocouples in the tube wall

The milled channels in the tube wall are displayed in Figure 22. The channels have the
dimensions of 8mm length, 0,8mm depth and 0,8mm width. The thermocouples are
bent and laid into the channel. The solder alloy used to connect the tube with the
thermocouples was a 96 % tin and 4 % silver mixture with implemented colophony.
This material has a low-temperature melting point (Solidus: 221 °C, Liquidus 238 °C),
which does not exceed the temperature range of T-type thermocouples (-40 °C...+350
°C) and leads to a good thermal connection of the two components due to the high

thermal conductivity.

absolut pressure

measurement discretization
Tor [Toa [Tos [Tos ,,  Taa [Tar [Ty
% .a | b cooled length b  a

outlet

length of differential pressure measurement

total length

Figure 23: Dimensions of test tubes
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The dimensions of the tubes are described in Figure 23 and Table 1 including the total
length of the tube, the length of the differential pressure measurement and the cooling
length. The cooled length contains the thermocouples with a constant discretization.

The lengths a and b define the in- and outflow area.

Table 1: Dimensions of the test section

cooled length [mm] 1200 500
Material Copper Stainless steal
number of tc’s [-] 29 12
discretization [mm] 40 40
positioning of tc’s Alternating One-sided
total length [mm] 1500 1000

diff. pressure [mm] 1386 700

a [mm] 57 150

b [mm] 93 100

In Figure 24, the 2 mm test section is displayed. The test section is mounted on a base
frame and fully isolated. The coloured circles illustrate the measurement devices. The
measurements of the CO2 flow is shown in red and the cooling flow in blue. The test
section is connected with the SCARLETT facility by the in- and outlet (red square). The
bypass valves are used to adjust the mass flux during the experiments. A vacuum
valve was implemented on both sides of the test section to evacuate the system. The
in- and outlet of the cooling flow are built on the lower side of the frame. The
temperature is measured before the flow is separated and the sensors enter the test
section from both sides. The arrangement is identical on the outflow side.
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Figure 24: Test section 2mm tube

In Figure 25, the test section with the 3 mm tube is displayed during construction. The
thermocouples are already soldered into the tube wall. In the next step, the outer tube

structure is closed and the cooling media connections are mounted.

Figure 25: Test section 3mm tube during construction
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4.3 Measurement devices and uncertainties

The measurement devices utilized for the experimental investigations are described in
this chapter. The volumetric cooling flow was measured with electromagnetic
flowmeters by manufacturer ENDRESS+HAUSER. The smaller size was used to
ensure high accuracy at a lower flow of app 100 ml/s. The mass flow of CO2 was
measured with a Coriolis flow meter by manufacturer SCHWING. The Coriolis
measuring principle can directly measure the mass flux which is very important due to
rapidly changing density in the supercritical region. Simultaneously, the flow density is
determined by the measurement device, however, the measured values were not
utilized. The pressure was measured with piezoresistive sensors by manufacturer
KELLER. The temperature measurements of the CO2 flow were conducted with PT-
100 resistance thermometers. The sensors were implemented into compression
fittings by manufacturer ELECTRONIC SENSORS. The temperature measurements
inside the tube wall were done with thermocouple sensors due to the small diameters
of 0,5 and 1 mm. All temperature sensors were calibrated against a PT1000 Reference

with an accuracy of £0,02K. All measured quantities are summarized in Table 2.

Table 2: Experimental measurement devices

Meas. quantity Symbol Range Unit

Volumetric flow 0-2.5 | dmd/s +1%
Mass flow m 0-50 ols +0.3%
Pressure p 0-100 bar +0.15
Diff. pressure Ap 0-1000 | mbar +1.5
Thermocouples T 5-60 °C +0.1
RTD Tin/Toue | 0-100 | °C +0.1
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The temperature calibration was conducted with a copper cylinder immersed in a bath
thermostat. The cylinder has drilled holes in the centre for the reference temperature
measurement and 32 holes in the circumference for the thermocouples. The cylinder
was immersed completely in the bath with a flow restriction reaching over the water
surface. During the calibration process, the water bath was shielded from the

surrounding air by insulation foam.

For the calibration process, the thermostat was set to a fixed temperature. The water
bath and the copper block took some time the reach the equilibrium temperature. The
measurement interval was 15 minutes. The thermocouples were calibrated within a
range of 5 - 65°C with 5 K differences between the temperature points. The derivation
between the reference temperature and the thermocouples was regressed with a linear

function and implemented into the data processing.

Reference temp. typ ttc's

copper cylinder flow restriction

Figure 26: Temperature calibration schematic diagram and the Lauda bath thermostat
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5 Data reduction

In this chapter, the calculation methods are presented for both test sections. The
experimental tubes vary significantly in diameter and cooled length which leads to
separate calculation approaches. The explanations in chapter 5.1 and 5.2 for the
transferred heat in both flows and the frictional pressure drop are valid for both tubes.
In chapter 5.3, the calculation method of the heat transfer for the 2 mm and 3 mm tubes

are presented separately.

5.1 Energy balance

The transferred heat in the cooling side is calculated by the use of the measurement
values of the volumetric flow V and the temperature difference between the inlet and
outlet T 5, — T¢in. The density p was derived from the inlet temperature T, ;, and the

isobaric heat capacity c,, from the average water temperature (T; yr — T¢,in)/2:

Qcoot = Vp Cp (Tc,out - Tc,in) (45)

The transferred heat measured in the COz2 flow is based on the measured mass flow
mco2. 1he temperature measurements Ty, /T, contribute directly to the enthalpy. The
inlet pressure is directly measured, while the outlet pressure is determined with the

differential pressure.

Qco2 =m (h(pin' Tin) — h(Pout» Tout)) (46)
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5.2 Pressure drop and friction factor

The pressure drop evaluation is based on the Bernoulli equation. In EQq.47, the
equations are described by the pressure energy, potential energy and kinetic energy.
Pin 2 Pout

Pin+ PGh+ —~Uin = Pour + pgh + Tugut + Dfric

(47)

In the horizontal flow orientation, the difference in the potential energy can be
neglected. The measured pressure drop is the difference between the inlet and outlet
(Eq.48):

APmeas = Din — Pout (48)
Due to the reduction of the density within the cooling process, the change in kinetic

energy must be considered. The frictional pressure drop is calculated as follows in Eq.
49:

1 1 1 49
Prric = Apmeas_i*( )*GZ (49)

by use of the mass flux density G and the respective densities at in- and outlet. In both
test sections, the frictional pressure drop consists of three parts. In the perspective of
the flow direction, an isothermal length is considered before and after the cooling

section in EQ.50:

Prric = Apinflow + Apcoor + Apoutflow (50)
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Figure 27: Schematic progress of the bulk, film and wall density along the test section

In Figure 27, the schematic progress of the density along the tube is shown. The inflow
at 0 to 0.2 and the outflow at 0.8 to 1 is isothermal, thus, just the bulk density is
displayed. The densities of the wall, film and bulk are displayed in the cooled length
between 0.2 to 0.8. Therefore, it's possible to evaluate the pressure drop based on the

different density values.
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5.3 Heat transfer calculations
5.3.1 Integrational method in 2 mm tube

The heat output at each discretization step (Q,) is defined by the iterated heat transfer

coefficient on the outer tube surface (htc.,o), the outer tube area (A¢,) and the

temperature difference between wall and cooling water temperature (Tt,o —Tcool)

(Eq.51):
Qx = htceger * At,o * (Tt,o - Tcool) (51)

The heat transfer resistance of the copper tube leads to a small difference between
the inner (T;) and outer (T ,) temperature of the tube wall by considering the thermal
conductivity A¢, = 340W/mK, the inner and outer diameter of the test tube (d,, d;), the
length of the pipe section L. The inner tube temperature (T;) is equal to the wall

temperature of CO2 (T¢o2w) (EQ.52):

_ ZT[L)\Cu
_—do
n )

52
(Tt,o,x_ Tt,i) ( )

X

The heat transfer coefficient of CO2 at every discretization step is calculated by the
heat Q,, the inner tube area A; and the temperature difference between bulk and wall

temperature (Eq.53):

Qx (53)
Ai * (Teozp — Tcozw)

htcgozx =

Both, CO2 and cooling water temperatures are measured at the in- and outlet. Within
the tube, the process temperatures are calculated by the heat flux of the previous
discretization step and the respective mass flux to determine the enthalpy of the flow
(Eq.54). The heat exchanger is operated in the co-current flow of sCO2 and the cooling
water.

Q(x) (54)

hco2/c001l(X + 1) = heoz/co01(X) £ =
rnCOZ/cool
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This procedure leads to 29 sets of the process parameters along the test section. Each
thermocouple measurement is paired with cooling water and a CO2 temperature. The
calculation leads to a progress of the CO2 bulk fluid temperature, which is the result of
the earlier described assumptions, all parameters measured and most significantly, the
properties of CO2. For each experiment, htc.,,; was assumed to be constant along the
test section and is the result of solving Eq.55. The iteration fits the measured heat loss
Qco2 With the heat of the cooling side Q .., caicbY the integration of the Eq.51-53 along

the test section:

. ! ) (55)
Qcool,cal = htCeoor * T * d * f (Tt,o - Tcool) dx = Qco2
0

In Figure 28, an example of the calculated temperature within the tube is displayed.
The x-axis is the length of the tube from 0 to 1.2m. The y-axis shows the temperature
of the fluids. In red and blue squares, the measured in- and outlet temperatures are
displayed for CO2 and water. Along the tube, the measured values of the tube wall are
displayed in grey squares. The temperature difference of the cooling media is relatively
small, which leads to an almost linear increase in the cooling media temperature. From
the inflow, the CO2 bulk decreases fast due to the high heat flux based on the high-
temperature difference.
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Figure 28: Calculation example

At reaching the pseudocritical temperature, the pseudo phase change occurs which
leads to an almost constant temperature. After the pseudocritical point, the

temperature decreases with a lower gradient based on the smaller temperature
difference of the fluids.

Error propagation

Additional to the measurement errors, the error of the manual soldering process must
be considered. For example, the manufacturing inaccuracies of the milled channels,
the placing in the channel and the properties of the solder contribute to the assumed
accuracy of the outer wall temperature of the cooper tube (T;,) of +0.2 K. htc.,, Was
assumed to be constant along the test section with an accuracy of +20 %. This value
is a coarse estimation up to now.

Due to the explained assumptions, the accuracy of the CO2 temperature along the test
section was assumed as +0.5 K. From the manufacturer certificate, the error of the
inner and outer tube diameter was 0.05 mm. The heat conductivity of the cooper tube
Acy Was assumed as 340 W/mK +40 W/mK.
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5.3.2 Averaging method in 3 mm tube

The temperature difference in the cooling media flow between the in- and outlet is too
small to apply a caloric determination. Therefore, the heat flux is calculated based on

the CO:2 heat flux considering the tube dimensions (Eq.56):

. Qcoz (56)
dcoz = dL

The CO:2 bulk temperature T¢(, pfor each experiment is the average of in- and outlet
temperature (Eq.57):

_ Tcoz,in t Tcoz,0ut (57)
Tcoop = >

The twelve tube temperature measurements are averaged in Eq.58:

21T (58)

T. =
t 12

The heat conduction of the tube wall leads to a difference between the measured tube
wall temperature Tg; and the CO2 wall temperature T, ,,. For this reason, the tube
wall temperature measurement is assumed to be centred between the inner and outer

surface (Eq.59):

0 G 9

Tecozw =Tt + Qcoz - 2L

The heat transfer coefficient is defined as the ratio of heat flux and the temperature
difference between CO:2 bulk and wall (Eq.60):

hteco, = 22 (60)

Because that in the supercritical region ¢, und htc can change strongly, it is important
to evaluate different definitions of the temperature difference AT. One option, as
considered by Yoon et al. [52], Son et al. [114] and Liu et al. [119], is to calculate the
difference of both averaged values Ty, , and T¢p,,, (EQ.61):

51



Data reduction

ATaverage = TCOZ,b - TCOZ,W (61)

A second approach is to calculate the logarithmic mean temperature difference (LMTD)
(Eq.62):

AT (Tin = Teozw1) = (Tour = Tcozw,12) (62)
Tout - TCOZ,W,IZ

with the CO2-wall temperature at the first and the last measurement T¢pz 1 / Teozw 12

as applied by Liao [59] and Dang [58].

Error propagation

The error bars for the 3 mm tube are calculated based on the statistical error
propagation according to the Gaussian error propagation (Eq.63). The standard
deviation oy, is based on partial differentials of each independent variable (x, v, ...). The
independence of the variables and the linear characteristic of the gradient is an

assumption that delivers a good estimation of the standard deviation:

= (s )Z(% )Z
% = dx x dy Y

For the heat flux of COz, the partial differentials of the measured quantities are shown

(63)

in Eq.64-68. In Refprop, the differentials of the Enthalpy are available.

0 dcoz _ hin - hout (64)
am wdL
ah'in _ ah'out) (65)
0 4co2 _ m( dp dp
0 Din ndL
dh (66)
m | 5~ Pout, T ))
9 4cos _ <6p Poutr Lout
d Ap ndL
oh (67)
a qCOZ _ <aT plTl mn
a Tin T[dL
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oh (68)
9 4cos ~ <0T Poutr Lout

0T, ndL

The standard deviation of the experimental result is calculated based on Eq.69:

a 2
Aqcoz = \/( aqfsz) Am? + -

The standard deviation of the heat transfer coefficient is based on the partial

(69)

differentials of the heat flux, the bulk and wall temperature (Eq.70-72):

dhtcco, 1 (70)
ddcoz  Tp—Tw
0 htccos __ coz (71)
dTy (Tp — Ty)?
0 htcco, — qeo2 (72)

0T, (T —Tw)?

The standard deviation of the heat flux A q¢o, (EQ.73) is based on the calculation of

EQ.69 and AT is based on the measurement accuracy:

9 htcop,\> 9 htcp,\> d htcgpo\° (73)
Ahtccor = \/( 0 qczzz) Adcoz” +( 0 TZm) AT +< aTCOZ) AT
w
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6 Results

This chapter is built up according to the shown research gaps in chapters 2.4.2 t0 2.4.5.
In chapter 6.1, the influence on the heat transfer coefficient will be evaluated at a wide
range of different CO2 pressures, CO2 mass fluxes, CO:z inlet temperatures and cooling
water temperatures. The significant effects of all parameters will be discussed in detail
and a new heat transfer correlation for the heat transfer coefficient in a 2 mm tube is
presented. In chapter 6.2, the heat transfer in vertical flow orientation is evaluated with
the 2 mm and 3 mm tubes. In the vertical flow, the heat transfer performance of the
upwards and downwards orientation are compared and evaluated based on the
Jackson criterion. In Chapter 6.3, the horizontal flow orientation was investigated in the
3 mm tube with variation in CO2 mass fluxes and CO: inlet temperatures with the wall
temperature measurements at the top and bottom of the tube to determine the
development of temperature stratifications within the cooling process. In chapter 6.4,
the pressure drop is evaluated with the 2 mm and 3 mm tubes and compared to

literature correlations.

6.1 Forced convection cooling heat transfer in 2

mm tube

In this experimental study, the heat transfer was derived for different boundary
conditions in the 2 mm tube. The experiments were conducted with a constant cooling
mass flux of V.,,; = 100 ml/s with a wide range of CO2 temperatures between 80 and
10 °C. Three CO:2 pressure and four CO2 mass fluxes were tested (Table 3). The
combinations of all these parameters leads to a total number of cooling experiments in

horizontal flow orientation of 160.
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Table 3: Experimental inlet conditions of horizontal cooling in 2 mm tube

Pco2 Gco2 Tcool

(bar) (kg/m?2s) (°C)
77 | 400(G1) |10 |15

81 |600(G2) |20 |225
85 |850(G3) |25 |275
1300 (G4) |30 |32.5
35 |40

With the chosen volumetric flow of cooling water V.., = 100 ml/s, the difference
between T¢yo1in aNd Teoo1,0ut resulted in an average of 1.13 °C. This marginal difference
reduces the potential differences between the measured and the calculated outlet
temperature of the cooling media. Additional, this approach leads to the fact that the

integrational term of Eq.56, fol(Tt,0 — Teoo1), has a small dependency from htcg,). Thus,

the adjustment of htc.,,; leads to an approximately proportional adjustment of Qcoo1 catc-

The Reynolds numbers range based on the bulk fluid properties of the experiments
are displayed in Figure 29. For the highest mass flux (1300 kg/m?s) and high
temperatures the Reynolds numbers are at approximately 120-103. With the reduction
of temperature, the Reynolds number drops by a factor of 3 at constant mass flux. At
the lowest mass flux (400 kg/m?s), the Reynolds number is within a range of 10 to
39-10%in the complete temperature range which is still far in the turbulent flow region.
In between 30 and 40 °C, the pressure plays a major role based on the shifted fluid
properties. The Reynolds number can be higher with lower mass flux and lower
pressure which can be seen at the overlapping of 8lbar/1300kg/m2s with
77bar/850kg/m3s.
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Figure 29: Reynolds number as a function of the bulk fluid temperature for the four

experimental mass flux and the three different pressures at 850kg/m2s

The measured heat values in both, CO2 and cooling media are compared in Figure 30.
It can be seen, that most of the experiments are within a deviation of +25%. At low
cooling temperatures (10-15°C), the measured heat input of cooling flows is higher
caused by the heat input by the ambient air. At higher cooling temperatures (>25°C),
this trend is inverted. An exemplary error bar is displayed. The high error in Q.y0; IS
caused by the small temperature differences between the in- and outlet of the cooling
flow.
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Figure 30: Energy balance of CO2 and cooling flow including an exemplary error bar

The repeatability of the experimental results is displayed exemplary in Figure 31. The
set value of the experiments is 1300 kg/m2s, 81bar, 69 °C for the COz2 inlet conditions
and 100 ml/s, 25 °C as cooling flow inlet conditions. The experimental values of the
CO:2 parameters are displayed in the diagram. The deviation between the two values
is 52.6 kg/m2s/4.0 % for the mass fluxes, 0,15 bar/-0.2 % at pressure and -0.1 %/ 0.3
°C at the inlet temperature. Both results are in very good agreement. The red line is
slightly higher due to the 4 % higher mass flux. Thus, overall good repeatability is given
in the experiments. As the experiment is under cooling conditions, the entrance of the
test section is on the right of the diagram. The 29 thermocouples in the tube deliver the

displayed data point with a steady reduction of the bulk temperature.
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Figure 31: Exemplary repeatability of experiments at CO» conditions of
1300 kg/mz2s, 80 bar and 69 °C

The error bars of the experimental results are displayed exemplary in Figure 32. At the
entrance of the test section, the CO2 temperature is high which leads to a general high-
temperature difference between CO:2 bulk and CO:2 wall. In this region, the
measurement deviation of the temperatures is relatively small compared to the
measured difference. With further cooling, the CO:2 bulk temperature is lowered fast,
lowering the temperature difference and thus increasing the error bar. The high heat
transfer at the vicinity of the pseudocritical temperature further decreases the
difference between CO:2 bulk and wall which leads to the highest error bars. With
further reduction of the CO2 bulk temperature, the heat transfer coefficient decreases

which leads in total to smaller error bars.
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Figure 32: Error bars of experiment at CO, conditions of 1300 kg/m2s, 80 bar and 69 °C

6.1.1 Parametric study

In this parametric study, the influence of each experimental parameter on the heat
transfer coefficient is analysed by showing variations of the respective parameter with
all other parameters at constant values. Figure 33 (top) presents the effect of the mass
fluxes at 415, 830 and 1370 kg/m2s for pco, = 85 bar and T.,,; = 10 °C. The heat
transfer coefficient is shown as a function of the bulk fluid temperature. The heat
transfer coefficient increases as the mass flow increases due to an increase in
turbulent diffusion. As shown by Dang and Hihara [58], the maximum heat transfer
coefficient occurred at bulk temperatures slightly higher than the pseudocritical

temperature.

In Figure 33 (bottom) the heat flux q¢q, is shown as a function of the bulk temperature.
The heat flux is in total higher for increased mass fluxes. This is caused by the
increased heat transfer coefficient, whereas T, and htc.,, were constant. The heat
flux underwent a sharp decrease by crossing the pseudocritical temperature. At the
first position of temperature measurement qco, is lower than the second position due

to the lower temperature caused by heat conduction towards the flanges.
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Figure 34 presents the htc of CO: for three different pressures ranging from 77 bar to
85 bar at G = 860 kg/m3s and T.,, = 10°C. For each pressure, the htc shows the same
tendency in the gas like region. The htc increases continuously by approaching the
pseudocritical temperature. In this stage, higher pressure has a higher heat transfer
coefficient due to the higher thermal conductivity. For different pressures, the gradient
of the htc continues to different peak values. The values are reduced with increased

pressure and htc values of 21, 15 and 12 kW/m?s are reached. This behaviour is
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related to the evolution of specific heat with temperature and pressure. In the liquid-
like region of the cooling process, the htc decreases for all pressures to the same level.
In this stage, higher pressure has a lower heat transfer coefficient due to the lower
specific heat. In this temperature range, however, the measurement uncertainty

increases as the CO2 temperature approaches the cooling media temperature.
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Figure 34: Effect of pressure; heat transfer coefficient

as a function of the bulk fluid temperature

Figure 35 (top) shows the htc at two different cooling media temperatures at pcg, = 77
bar, G = 860 kg/m3s. T.,, = 20 °C leads to slightly lower htc in the early stage of the
cooling process whereas the peak value is significantly higher. In the late stage of the
cooling process, the tendency is reversed: higher cooling media temperature leads to
a higher htc. In Figure 35 (bottom) the wall temperature is displayed as a function of
the bulk temperature. T.,, = 10 °C leads to a lower wall temperature, thus, the wall
temperature is subcritical from the early stage of the cooling process. As the bulk
temperature approaches the pseudocritical temperature, the wall temperature is
already far below the pseudocritical temperature, thus, the wall properties left the
beneficial temperature range, which is close to the pseudocritical critical temperature.
At T, = 20 °C, the wall temperature reaches the pseudocritical temperature at Tp =

48 °C. As the bulk temperature reaches the pseudocritical temperature, the wall
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temperature is close to the pseudocritical temperature. Thus, both bulk and wall

temperatures are in the temperature range of beneficial properties.
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Figure 35: Effect of cooling temperature; heat transfer coefficient and wall temperature

as a function of the bulk fluid temperature
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To verify the experimental setup, it is important to prove the reproducibility of the heat
transfer calculation. In Figure 36, three different experiments are displayed in which
only Tcoz,in IS varied, while T, pco2 and G are kept constant. The heat transfer
coefficient (top) and the wall temperature (bottom) are displayed as a function of the
bulk temperature. The COz2 is cooled in the tube, which means, that T¢y, ;, iS on the
right side and the progress of cooling inside the tube should be read from right to left
in both diagrams. The bulk temperature ranges of the experiment are overlapping. The
comparison shows, that htc and T,, are in good agreement confirming the very good
repeatability of the experiments. Additionally, clear evidence of inlet and outlet effects
can be seen. The first three discretization steps can be denoted as inflow effects and
the last four as outflow effects. Both effects are not evaluated further. It cannot be
stated if these effects are caused by the thermal behaviour of the CO:2 flow, heat
conduction in the tube wall or the local heat transfer on the cooling side. For the
discretization points, 4 to 25, heat transfer coefficient and wall temperature are in good
agreement. The inlet and outlet effects are marked and excluded from the connecting
dotted line. Regarding the development of a forced convection heat transfer

correlation, this effect must be filtered out.
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Figure 36: Effect of Inflow temperature; heat transfer coefficient and wall temperature

as a function of the bulk fluid temperature
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6.1.2 Development of a Nusselt heat transfer equation

To compare the experiments with different CO2 temperatures, CO2 mass fluxes and
cooling temperatures, the ratio of the cooling flux to mass flux (g/G) is displayed as a
function of the dimensionless bulk temperature (T* = (T, + 273.15) /(T + 273.15))
(Figure 37). The experiments cover the temperature range of T* between 0.93 and
1.12. The highest g/G ratio reached is app. 280 J/kg. The purpose of the black line is
to state the range of validity of the heat transfer correlation. The lowest boundary at
0.93 < T*<1.03 was set at 15 J/kg, the boundary increases towards 100 J/kg at 1.03 <
T*<1.11. The upper boundary increases at 0.93 < T*<1 from 15 to 140 J/kg. At T*=1.0
a sudden increase towards 27J/kg exists, followed by a decrease towards 100 J/kg at
1<T"<1.11.

300 1

250 1

200 1

3/6 [HJ/kg]

(%)
o
11

Dl &
Figure 37: Ratio q/G as a function of T *for different mass fluxes

The heat transfer data obtained experimentally are compared with the predicted heat
transfer with correlations of Dang and Hihara [58] and Liao and Zhao [59]. Figure 38
compares the heat transfer calculated with the Dang and Hihara model in orange

circles, whereas the blue squares indicate the use of the Liao and Zhao model.

65



Results

In detail, the Liao and Zhao model underestimates the experimental data with a
significant amount of data points below the -40% line. The average deviation is -29.8%
and the average absolute deviation is 38.2%. The Dang and Hihara equation leads to

an average deviation of -2.3% and an absolute average deviation of 18.8%
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Figure 38: Experimental results compared with the predicted data

The heat transfer coefficients obtained with the two models do not match the
experimental results satisfying. The absolute average deviations of 38.2% and 18.8%
respectively, are too high. However, the Dang and Hihara equation is on average a

reasonable accurate equation.

In Figure 39, the experimental parameter ranges of the present work are compared
with the values by Dang and Hihara. The parameter ranges of the mass fluxes G, the
heat flux g and the heat flux to mass flux ratio g/G is displayed as a function of the
diameter D. The heat fluxes q are significantly higher in the present investigation,
whereas the mass fluxes also reach lower values. The g/G-ratio is much higher due to
the higher heat flux.
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as a function of the diameter D
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The comparison of the experimental data and the available correlations shows that it
is necessary to propose a new correlation for the cooling heat transfer of CO2 near the
critical point. For this reason, an equation based on the Dittus-Boelter [91] correlation

was considered. The equation was expanded with ratio terms of the fluid properties.

a3 A\ 28 a6 74
Nup = ag * Re?j1 * Pr‘i‘)2 * (&) x (C)34 x (—b) * (T]_b) (74)
w w w Pw 7\w Nw

f f f

ob . Cp . Cp (75)

C = ) )
Cpw Cpb Cpw

The different options of the correlation are displayed in Eq.74 and 75. The Nusselt
number can be defined using fluid properties either of the wall, of the film or the bulk
fluid properties. These options were tested and the highest accuracy was reached
using the wall fluid properties. The second option is to implement ¢p, which leads to
three cases for the factor C. The ratio ¢,/c, ,has been found out to deliver the best fit.
The last option is to split the equation into two areas, representing the range above
and below the pseudocritical temperature. Eq.76 shows the resulting correlation with
its coefficients ao-as. The coefficients of the equation were calculated by linearizing
Eq.75 and solving a multiple linear regression. In Table 4 the coefficients of the

proposed equation are displayed. The correlation was published in Wahl et al. [121].
— dg a
Pp\?3 Cp A\ M \2e (76)
Nu,, = ag * Re2! * Pra? % (—) * (—) % (-) * (—)
v ° v v Pw Cp,b )\w Nw

Table 4: Coefficient of the proposed heat transfer correlation

I O O O O O

0.0495 | 0.771 0.455 | 1.450 |-0.026 |1.604 -2.623 | for Ty, 2 Ty

0.0052 | 0.971 0.388 | 1.279 | 0.450 |2.158 -2.923 | for Ty, < Ty
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The comparison between the experimental Nusselt number Nu,,, and the calculated
values by the new equation Nu., is presented in Figure 40. The equation predicts the

experimental results with an absolute average deviation of 7.7%. The proposed

equation predicts the experimental results much better than the reviewed correlations.
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Figure 40: Comparison of predicted and experimental results
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6.1.3 Summary of forced convection results

The cooling heat transfer of supercritical CO2 was investigated experimentally. A test
section was built up with local measurements of the tube wall along the cooled length
to calculate the heat transfer coefficient by use of an integral method. Effects of mass
flux, inlet pressure and cooling water temperature on the heat transfer were analyzed.
It has been shown that the test section delivers reliable heat transfer performance data.
In- and outflow effects have been separated clearly. The heat transfer coefficient
increases with increasing mass flux. However, the influence of the mass flux on the htc
is significantly stronger near the pseudocritical temperature. The peak value of the heat
transfer coefficient appears at a temperature slightly higher than the pseudocritical
value. Due to the fluid properties, the peak value of the heat transfer coefficient is
shifted and flattened towards higher temperature for increasing pressure. Lower
cooling media temperatures causes stronger subcooling of the wall, which leads to a
trade-off between heat transfer performance in the early stage of the cooling process
and the near pseudo critical region. A heat transfer correlation was developed with an

absolute average deviation of 7.7%.
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6.2 Vertical flow orientation

The vertical flow orientation was investigated in both the 2 mm (chapter 6.2.1) and 3
mm (chapter 6.2.2) diameter tube and presented in separate chapters respectively. A

Summary of the experiments is presented in chapter 6.2.3.

6.2.1 2 mm tube

In this chapter, the heat transfer was derived for different boundary conditions in the
upwards and downwards flow direction. The experiments were conducted with a
constant cooling flux of V., = 100 ml/s with a COz inlet temperature between 60 and
80 °C. Three different mass fluxes (400, 600, 1300 kg/m?s) and two cooling
temperatures (20,25°C) were tested at a constant pressure of 80 bar (Table 5). The

total number of cooling experiments in vertical flow orientation was 50.

Table 5: Experimental inlet conditions of vertical cooling in 2 mm tube

Pco2 . Gco2 Tecool
(bar) | (kg/m?2s) (°C)
80 400 20
600 25

1300

In Figure 41 (top), the heat transfer coefficients for two experiments at mass flux G =
400 kg/m2s are compared. The green triangles are the upwards flow, and the red
circles are the downwards flow. The comparison, which is at the lowest mass flux of
the investigation, shows good agreement between the two flow orientations. Thus, no
deterioration was detected in this experiment. In Figure 41 (bottom), the Jackson
criterion Gr/Re?’ is displayed as a function of the bulk fluid temperature. The horizontal
orange line shows the threshold value from the literature (Eq.19). The experiments

only reach this value and do not exceed significantly.
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Figure 41: Effect of flow direction; heat transfer coefficient and Gr/Re?”

as a function of the bulk fluid temperature

At the higher mass flux of 600kg/m2s (Figure 42) and 1300kg/m2s (Figure 43) no

significant difference between the two flow directions can be seen.
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In consideration, that no deterioration occurs at all three mass fluxes and the threshold
value is reached, only a simple conclusion can be made from this experimental
campaign. The overall comparison of the experiments is shown in Figure 44. Both flow
orientations are close to unity. Thus, within the experiment in the 2 mm tube, the
threshold value can be confirmed in terms of that no deterioration was detected below
this value. As in the 2 mm tube no deterioration was detected, in the next chapter the

experimental investigation of vertical flow orientation in the 3 mm tube is presented.
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Figure 44: Evaluation of the heat transfer in vertical flow orientation in 2 mm tube
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6.2.2 3 mm tube

In the vertical flow orientation, five mass fluxes (141, 177, 212, 283 and 354kg/m?2s)
were investigated at a constant pressure of 80 bar and CO2 temperatures between 20
and 50°C. In total 204 experiments were conducted, with 45 in the upwards and 159

in the downwards flow direction

Table 6: Experimental inlet conditions of vertical cooling in 3 mm tube

Gco2

(COUES)

| 80 |141/177/212/283/354 | 5-30 |

To limit the changes of the properties between the in- and outlet of CO2, the
temperature difference of the experiments is kept low if the bulk temperature is close
to the pseudocritical temperature. Higher temperature differences were only measured
far away from the pseudocritical temperature. It results in a difference of both
approaches of between +10% and -20%. Near the pseudocritical temperature T,
htc,ye is up to 10% higher. Towards lower and higher temperatures, this tendency is
reversed. In the liquid-like region, the htcyytp is up to 10% higher and in the gas like
region up to 20% higher. However, to ensure the accuracy of ¢, determination, it is
important to measure above a certain temperature difference between in-and outlet.
This is due to the high c, close to T,.. To meet both requirements the temperature
difference between T;, and T, close to T,. was kept around 2 K. The inaccuracies
based on the measurements was kept below 20%. This assessment shows the good
agreement of both approaches. However, has little influence on the final evaluation of
heat transfer deterioration which is based on a direct comparison of both flow direction.

As of now, htcyyrp is presented about htc.
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In the vertical upwards flow, free convection induces additional turbulence. The
effective direction of forced convection is upwards while free convection is in the
downwards direction. The interaction of both effects leads to a parabolic velocity
profile, which increases the velocity difference between the wall and the centreline and

thus, increases the heat transfer.

In Figure 46, the heat transfer coefficients for mass fluxes from 141 kg/m?s to
283 kg/m?s are shown. As expected, all three mass fluxes show a similar trend with a
peak close to the pseudocritical temperature. The enhancement of the mass flow leads
to a higher heat transfer coefficient due to increases turbulent diffusion. Horizontal error
bars represent temperature change from the inlet to the outlet of the test section, and
vertical error bars represent the uncertainty in the measurement. Only two error bars
are displayed to keep the diagram readable. Error bars are calculated based on the

error propagation as displayed in chapter 5.3.2.
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Figure 46: Heat transfer coefficient over bulk temperature

for different mass flux in vertical upwards flow
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In the vertical downwards flow, the effective direction of both, forced and free
convection are in a downwards direction. In this case, an m-shaped velocity profile
develops. Due to this interaction, the velocity difference between the wall and
centerline is reduced, which can handicap the radial energy transfer. In the downwards
flow, it is expected to see a significant deterioration of the heat transfer, which is
different to the forced convection regime. In Figure 47, the heat transfer coefficients for
mass fluxes from 141 kg/m?s to 354 kg/m?s in the vertical downwards flow are shown.
With the reduction of the mass flux from 354 kg/m?s to 283 kg/m?s, a constant
decrease in the heat transfer coefficient can be seen. With the further reduction of the
mass flux, clear evidence of mixed convection is present. In the liquid-like region (T, <
34.6°C), the heat transfer coefficient drops between 212 kg/m?s and 177 kg/m?s
relatively strong. However, the heat transfer coefficient remains constant with further
reduction. At the pseudocritical temperature, a strong reduction of the heat transfer
coefficient can be seen for G = 177 kg/m?s. At this mass flux, the abrupt change in
the thermophysical properties seems to induce deterioration. The heat transfer
coefficients at G = 141 kg/m?s show a flat trend and thus, disagrees clearly from
forced convection. In the temperature region T, < 33°C and T, > 42 °C, the heat
transfer coefficients are constant with the further reduction from G = 177 kg/m?s to

141 kg/m?s .
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Figure 47: Heat transfer coefficient over bulk temperature for different mass flux

in vertical downwards flow
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In Figure 48, the wall temperatures are presented as a function of the bulk
temperatures. In the upwards flow, the enhancement of the heat transfer with
increasing mass flux leads to no difference in the wall temperature. The dotted lines
visualize the tendencies. The differences between the gas and liquid-like region are
significant. In the downwards flow, the heat transfer deterioration causes a strong

decrease in the wall temperatures.
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Figure 48: Wall temperature over bulk temperature for different mass flux
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The comparison with existing heat transfer correlations is shown in Figure 49. Three

different equations were chosen for comparison:

e Wahletal. [121] (Eq.77), which was presented in chapter 6.1.2
e Dang and Hihara [58] (Eq.10) and
e Jackson and Hall [106] (Eq.29).

In the downwards flow at 141 kg/mz2s, all correlations overestimate the heat transfer.
The Jackson and Hall predictions the highest values at the pseudocritical temperature.
In the liquid-like region, all correlation delivers similar over estimation. In the gas like
region T, > 40°C, the predictions are relatively good except for the Dang and Hihara
equation. At the same mass flux in the upwards flow direction, the predictions are good,
except for the underestimation by Jackson and Hall in the gas like region. In the
downwards flow with mass flux of 212 kg/mz2s, the experimental results are slightly
overestimated in the liquid- and gas-like region. The deviations are much stronger
close to the pseudocritical temperature. In the upwards flow, the predictions are overall
guite good, with little stronger deviation at the pseudocritical temperature. At the mass
flux of 283 kg/mzs, both flow direction shows same tendencies. Fairly good agreement
in the liquid-like region and overestimation by Wahl et al. and Dang and Hihara and
underestimation by Jackson and Hall.

In Figure 50, the ratio Nuexp/Nusc is displayed as a function of the Jackson criterion
Gr/Re?’. The three different Nusselt correlations as introduced above were chosen as
forced convection equations. Additionally, the experimental measurements are divided

into liquid-like (T<Tpc) and gas-like regions (T>Tpc).

In Figure 51, the overall evaluation is presented with the regression lines for both the
downwards and the upwards flow. For the downwards regression, a £15% error line is
shown at Gr/Re?’<10® and +40% at Gr/Re>’>10°. The negative gradient of the
regression in the downwards flow direction can be assigned to the deteriorated heat

transfer.
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Figure 49: Measured heat transfer coefficient compared with predicted values

by Wahl et al., Dang and Hihara, Jackson and Hall for 141, 212 and 283 kg/m3s
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Wabhl et al.
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Figure 52: Evolution of ratio Nuexp/Nus with the mixed convection parameter Gr/Re?’ of

the downwards and upwards flow based on the Dang and Hihara equation

In Figure 52, the results are presented in dimensionless form. For low values of the
mixed convection parameter Gr/Re?’, forced convection is the dominant mechanism
of heat transfer. The influence of free convection is negligible and the ratio Nue,/Nug.
is close to unity for both flow directions. This also indicates a good agreement with the
chosen forced convection equation by Dang and Hihara [58]. As the parameter
Gr/Re?7 increases, buoyancy forces are stronger, and differences appear between the
flow direction. Heat transfer is enhanced in upwards flow and deteriorated in
downwards flow. In the downwards flow a clear trend can be seen, however, the mean
variation is relatively high. The transition to free convection, which is characterized by
the recovery of the Nug,,/Nug theratio was not detected within the experimental
boundary conditions. Eq. 77 and 78 are the functions of the plotted regression of Figure
52.

upwards: Nuy, Gr (77)
= 1.107 + 510.2
Us. " Re27
downwards: Nu, Gr \%°>*° (78)
= 1—-464+* ( )
Nug,. Re?7
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In Figure 53, the final results of the downwards flow are compared with the regression
line of Bruch et al [105]. As an error estimation of the presented work, a regression line
was processed with the data of the upper error limit as well as the lower error limit. The
experimental data is displayed in the green line. The experiments show deterioration
at higher Gr/Re?7 values. This might indicate that the tube diameter is a relevant factor
of the heat transfer deterioration in cooling heat transfer. It seems like that the
phenomena of deterioration and recovery is shifted towards higher Gr/Re?’ values.
The heat transfer recovery is expected to appear near the end of the plotted regression
at Gr/Re?” ~ 1073. However, the experimental facility with its fixed cooling length

would reduce the accuracy to an unacceptable level with the further reduction of the

mass flux.
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Figure 53: Comparison of proposed correlation of downwards flow

with the correlation by Bruch et al. [105]

85



Results

6.2.3 Summary of vertical flow results

In the 2 mm tube, no deterioration was observed within the measured experimental
boundary conditions. The evaluation based on the Jackson Criterion and the threshold
value was reached, however, not significantly exceeded. As for the 2 mm tube, the

threshold value can be confirmed.

In the 3 mm tube, significant deterioration was detected in the lower mass flux region
of the downwards flow. The deterioration was evaluated based on three different heat
transfer equations with no significant difference. The regression of the data points was
compared with the only available literature correlation for deterioration of the cooling
case. The dimensionless evaluation showed differences compared to the literature
data. The comparison might indicate that the tube diameter is a relevant factor of the
heat transfer deterioration in cooling heat transfer. It seems like that the phenomena of
deterioration and recovery is shifted towards higher Gr/Re?’ values for smaller tube

diameters.
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6.3 Buoyancy effects in horizontal flow in 3 mm

tube

To investigate flow stratifications in the CO:2 flow, it is necessary to ensure a turbulent
heat transfer with uniform temperature distribution in the annulus of the test section.
The pretesting is necessary to ensure, that the temperature differences in the tube wall
is exclusively induced by stratification in the sCO2 flow and not by the annulus flow.
Pretests were conducted to investigate the occurance of temperaturstratifications in
the annulus cooling flow.The testing was done with hot water in the tube as the heat
source and the cooling water in the annulus at 20°C. The test section was extended
with thermocouples reaching into the middle of the annulus flow area. The experiments
were conducted twice, with additional thermocouples on top (Option 1) and bottom
(Option 2) of the flow (Figure 54).

cooling water lOption 1 l l
sCO, I—
l | Option 2

cooling water
Figure 54: Experimental set-up for pre-testing of cooling water flow

The measurement settings of the heat flux and the volumetric cooling flow V,,,; in the
annulus are displayed in Table 7. In total 16 experiments with all combinations of the

two parameters were conducted.

Table 7: Parameter settings for pretesting of cooling flow

kW/m?2 ml/s

12 10
18 20
24 30
30 50

87



Results

The maximum temperature difference AT between the measurement in the top and the
bottom of the annulus are displayed in Figure 55. The 10 ml/s flow shows relatively
high differences even at the lowest heat flux and is increasing up to 7.5 K at the highest
heat flux. The 20 ml/s flow is close to zero at the lowest cooling heat flux and increases
to approximately 2 K at the highest heat flux. Almost no stratification is detected in the
30 ml/s flow, where only a AT could be measured in the highest heat flux. No significant

temperature differences were measured in the 50 ml/s flow.

8 =
7 o
B @
5 - ® 10 mlfs
X 4] 20 mlis
5 5 30 mi's
50 ml's
2 -
1 -
O -
12 18 24 30
g [kw/m?]

Figure 55: The maximal measured temperature difference between

top and bottom in pretesting of annulus flow

In Figure 56, the temperature measurement is displayed for the heat flux of 30 kW/m?2
as a function of the axial measurement position. x = 0 and x = 500 mm are denoted as
the measurement positions inlet and the outlet temperatures, respectively. The
agreement of the inlet and outlet temperatures represent the repeatability of the
experiments as the same heat flux and volume flow is applied. In the low volume flow
experiments the heated water at the tube circumference rises to the top of the annulus
due to buoyancy. This effect is reduced with increasing volumetric flow due to two
reasons. The total temperature difference of the experiments decreases and the
turbulent mixing increases. The pretests show that at 50 ml/s flow, the temperature

differences in the annulus is neglectable.
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Figure 56: Temperature of cooling water over the length of the test section

for different volumetric cooling fluxes at g = 30kW/m?2

The measurement parameters for the CO2 cooling are displayed in Table 8. Three

different mass fluxes were tested at a volumetric cooling flow of 60 ml/s which is by far

in the turbulent mixed flow regime. The CO2 temperatures were between 50 and 20

°C. The cooling heat flux was constant at 12 W/m2K.

Gco2 Qco2
(kg/m3s) | (W/m2K)
80 141 12
212
283

Table 8: Parameter settings for CO; testing

Figure 57 displays the wall temperatures (left) and the heat transfer coefficients (right)

for all three mass fluxes. The hollow and filled triangles display the measurements on

the bottom and top, respectively. For all three mass fluxes, the wall temperature shows

in the liquid-like region a gradient of (dTcozw/dTcozp) > 1, a bend in the pseudocritical

temperature and the gas like region a gradient of (dT¢co,w/dTco2p) < 1. Temperature

stratification is present in the liquid-like region of the 141 and 212 kg/m?2s experiments.

The difference between the top and bottom wall temperatures is illustrated with a linear
regression at Tco,p < 34°C. The difference is 2.5 K at 141 kg/m2s and 1.7 K at 212

kg/m2s. No stratification is present in the liquid-like region in the 283 kg/m3s

experiments as well as in the gas like region of all mas fluxes. The absence of
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stratification in the gas like region can be explained by the higher turbulence due to the
lower viscosity. In the liquid-like region, the reduction of the stratification is due to the
increased turbulence based on the increased Reynolds number. The effects in the
pseudocritical region are not clear. Especially the very small temperature difference
between wall and bulk at 212 kg/m?2s requires further investigation.
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Figure 57: Wall temperature and heat transfer coefficient as a function

of the bulk temperature (black: 141 kg/m?2s ; blue: 212 kg/m?3s ; red: 283 kg/m2s)
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In Figure 58, the three introduced buoyancy parameters are displayed for all

experiments as a function of the bulk temperature. The green line is the proposed value

by the author's investigation (Eq. 32-34). The black horizontal line indicates the

approximate value of the experimental investigation whereas the liquid-like region at
141 kg/m2?s and 212 kg/m2s had significant stratification. No significant stratification

was detected in the gas-like region.
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The evaluation of the experimental results based on the buoyancy parameter was
displayed as a function of the bulk temperature. In the liquid-like region, a threshold
value of the experimental results was implemented with the black line. In this
temperature range, the experimental results show higher values than the proposed
literature data. In the gas-like region, no stratification was detected, thus, no
comparison is possible. The results indicate that stratification in the cooling case might

be influenced by the tube diameter or in general different to that of the heating case.
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6.4 Pressure drop evaluation

The pressure drop evaluation of the two tubes is presented separately, the 2 mm tube
in chapter 6.4.1 and the 3 mm tube in chapter 6.4.2. The material of the 2 mm tube is
cooper and the 3 mm tube is stainless steel which leads to different surface roughness.
For both tubes, an isothermal measurement campaign is presented first to validate a
friction factor correlation which is then applied to the cooling experiment. The summary

of the experiments is presented in chapter 6.4.3.

6.4.1 2 mm tube

The purpose of this chapter is to investigate the cooling pressure drop of sCO.. In the
cooling process, a sharp decrease of the fluid density might occur in both, axial and
radial directions. This is in general the difficulty in predicting the pressure drop
performance. As a starting point, 90 uncooled measurements were conducted with a
wide range of parameters as displayed in Table 9. The annulus of the test section was
left empty, that no heat transfer was possible. A small temperature difference was still
present in the experiments. However, it was mainly within the range of 3 K and had

theoretically only marginal influence on the fluid density.

Table 9: Isothermal measurements

Pco2 " Gecoz | Tcor
(bar) (kg/m3s) | (°C)
77 400 20
81 850 25
85 1300 40

45

A part of the experimental campaign is shown in Figure 59. The experiments at 25 °C
and 45 °C were selected based on the only small difference in the density between the
pressures, thus, all three pressures deliver similar results. The frictional pressure drop
is displayed as a function of the mass flow. Additionally, a cubic regression line
illustrates the expected dependency of the pressure drop from the mass flow. The
absolute difference of the two temperature ranges is implemented by a density

difference of approximately 40%.
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Figure 59: Measured frictional pressure drop as a function of mass flow in uncooled
conditions for three pressures and two temperature regions

As the next step, the dimensionless friction factor based on the measured friction
pressure drop, the flow density, the tube diameter and the tube length is evaluated. A
dimensionless examination is meant to produce a universally valid correlation. Thus,
the friction factor is plotted as a function of the Reynolds number in Figure 60. The
measured tube roughness (18.2um) applied to Eq.79 leads to a predicted function of

fpred (R e) :

2,51 K/dil (79)

1
— = 21 +
g IRei\/E 3,71

NE
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Figure 60: Dimensionless friction factor as a function of Reynolds in uncooled

conditions for three pressures

The same correlation is used to correlate the experimental values. Additionally, the
18% error line is applied. The correlated tube roughness is 10.2 ym with an average

absolute deviation of 3.3%.

The final objective of the pressure drop evaluation is to predict the pressure drop of
the cooling process. The fluid enters the test section with low density and leaves with
higher density. Thus, the deceleration effect is considered. In the inflow and outflow,
an isothermal section is present, this pressure drop is calculated always with the bulk
properties. The frictional pressure drop for each subsection is calculated based on
Eq.80. Three different options were chosen by considering the bulk, film and wall
properties respectively. The fourth option is the prediction equation by Fang and Xu
[115] which is presented in Eq.42-44.

Lo en l  G? (80)
. = — % * —_——
pr'lC 2 E( e?_) dp(Tb,p)
w f
w

The results are displayed in Figure 61 and quantified in Table 10. The bulk properties
by tendency overestimate whereas the wall properties underestimate the measured
pressure drop with an average deviation of 12.8% and -16.4% respectively. The film
properties and the Fang and Xu equation show a good agreement with an average

deviation of -0.6% and 3.9%, respectively. The average absolute deviation is chosen
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for a final evaluation where both, the film properties and the Fang equation, deliver

quite similar values of 3.7% and 3.9%.
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Figure 61: Predicted pressure drop as a function of the experimental pressure drop for

the bulk, film and wall properties and the equation by Fang

Table 10: Average deviation and average absolute deviation

for the different prediction methods

Prediction [%] bulk | film wall ~ Fang
Average deviation 12,8 -0,6 -16,4 3,9
Average absolute deviation 10,8 3,7 13,9 3,9

For a comparison of the wall properties and the Fang equation, the predicted pressure

drop is plotted as a function of the experimental pressure drop in the double logarithmic

scale in Figure 62. Additionally, the + 15% error line is displayed.
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Figure 62: Predicted pressure drop as a function of the experimental pressure drop

6.4.2 3 mm tube

As a starting point, 30 uncooled measurements of the pressure drop were conducted
at a constant pressure of 80 bar, three different mass fluxes (640, 850 and 1060
kg/m2s) and a temperature range between 25 and 45°C. In Figure 63, the
dimensionless friction factor of the measured parameters is displayed as a function of
the Reynolds number. The measured values show a good agreement with the
correlation by Konakov [112] (Eq.81) for plain tubes. The average deviation is -2,2%

and the average absolute deviation is 4,2%

_ 1 (81)
~ (1.81gRe — 1.5)2

$
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Figure 63: Dimensionless friction factor as a function of Reynolds number of the
uncooled pressure drop measurements

The cooling experiments were conducted with a constant pressure of 80 bar and mass
flux of 850 kg/m2s. The CO: inlet temperature is within the range of 25 to 50 °C. The
volumetric cooling flow was constant at 60 ml/s and a cooling temperature between 8
and 34 °C. Each CO: inlet temperature was cooled with three different cooling
temperatures. In total 45 experiments were conducted. In Figure 64, the frictional
pressure drop of the experiments is displayed as a function of the bulk fluid
temperature. The pressure drop increases sharply around the pseudocritical

temperature of 35°C.
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Figure 64: Frictional pressure drop as a function of the bulk fluid temperature
at 80bar and 850kg/m?2s for 15 sets of inlet temperatures

The prediction of the cooled experiments is based on the Konakov correlation (Eq.82)

which was validated in Figure 63.

1 1 e (82)
P — * —_——
Pfric = 5 (181gRep — 1.5)2  d p(T»,D)
f f

w w

Three different approaches were selected to represent the cooling process. The fluid
properties to calculate the Reynolds number and density were based on either the bulk,
film or wall properties. The fourth option is the prediction equation by Fang and Xu
[115]. The predicted pressure drop is displayed as a function of the experimental
pressure drop in Figure 65. The average deviation and average absolute deviation is

guantified in Table 11.
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Figure 65: Predicted pressure drop as a function of the experimental pressure drop
for bulk, film and wall properties and the equation by Fang
Table 11: Average deviation and average absolute deviation

for different prediction methods

Prediction [%)] bulk | film wall Fang
Average deviation 1.0 -7.5 -15.0 -10.9
Average absolute deviation 3.2 7.7 15.0 10.9

The bulk properties show the best prediction with an average absolute deviation of
3.2%. The film and wall properties underestimate the pressure drop with an average
deviation of -7.7% and -15.0% respectively.
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6.4.3 Summary of pressure drop evaluation

The surface of the 2 mm tube can be considered rough which was initially based on
measurements of the tube surface. The conducted isothermal measurement campaign
showed a lower friction factor with a low average absolute deviation of 3.3% of the
regression. Four different approaches were chosen to predict the pressure drop of the
cooling case with the regressed roughness used respectively. The prediction by the

properties of the film temperature showed the best agreement.

The stainless-steel tube of the 3 mm test section is plain which was shown with the
isothermal measurement campaign. A good agreement was reached with the Konakov
[112] equation. In the cooling experiments, the prediction based on the bulk fluid

properties showed the best prediction.

The results of the two tubes are difficult to compare based on the tube roughness as
an additional factor. However, the isothermal measurements were rather simple to
evaluate with good agreement to state-of-the-art equations. The cooling experiments
were predicted with different methods with a different outcome for the tubes, however,

the differences were quite small.
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7 Conclusion and Outlook

This work presented the heat transfer and pressure drop performance of supercritical
carbon dioxide in small diameter tube flow to contribute to the design of new concepts
of compact heat exchangers. Two test sections were built up as tube in tube heat
exchangers. CO:2 flows in the inner tube is cooled by the media flowing in the annulus.
Temperature measurements in the wall of the inner tube facilitate theevaluation of the
heat transfer coefficient of CO2. The present work is structured in four chapters with
respective experimental campaigns. Suitable literature data is presented in each
chapter to evaluate the experimental results.The forced convection cooling heat
transfer was investigated experimentally in the 2 mm tube. Based on the energy
balance of cooling- and CO:2 flow and the repeatability of the single experiments it has
been shown that the test section delivers reliable heat transfer performance data. The
effects of mass flux, inlet pressure and cooling water temperature on the heat transfer
were analyzed with a parametric study. Which means that a single parameter was
changed while the other bundarys where kept constant. The heat transfer coefficient
increases with increasing mass flux. However, the influence of mass flux on the heat
transfer coefficient is significantly stronger near the pseudocritical temperature. The
peak value of the heat transfer coefficient appears at a temperature slightly higher than
the pseudocritical value. Due to the fluid properties, the peak value of the heat transfer
coefficient is shifted and flattened towards higher temperature for increasing pressure.
Lower cooling media temperatures causes stronger subcooling of the wall, which leads
to a trade-off between heat transfer performance in the early stage of the cooling
process and the near pseudo critical region. The effects of the inflow temperature was
analized and it showed a defined in- and outflow effect of the test section. It was
concluded that a defined data range from the in- and outlet of the test section were
excluded from the correlation. Further, the range of validity was defined by the use of
dimensionless temperature and heat flux to mass flux ratio. A heat transfer correlation
with different parameters of the equation for the liquid-like and the gas-like region was
developed with an absolute average deviation of 7.7%. The deviation from literature

data was also shown.
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In the vertical flow orientation of the 3 mm tube, different mass fluxes where tested in
both upwards and downwards flow orientation. The upwards flow showed, as
expected, a steady reduction of the heat transfer coefficient as the mass flux
decreases. In the downwards flow, at low massfluxes, the decrease of heat transfer
coefficient significantly increases. The deterioration of the heat transfer was evaluated
based on the wall temperature as function of the bulk temperature. The deterioration
of the heat transfer showed significant lower wall temperature than the normal heat
transfer. The deterioration was evaluated based on three different heat transfer
equations as a function of the Jackson criterium (Gr/Re%”). The evaluation showed
was splitted in the liquid-like and the gas-like region which showed quite different
correlation. The regression of the complete data set showed a mainly good agreement
with the most of data with in + 15% in the normal heat transfer and + 40% in the
deteriorated heat transfer area. The regression was compared with the only available
literature correlation. The experimental testing for this deterioration correlation in the
cooling case was conducted with a 6 mm innner diameter tube. The dimensionless
comparison showed significant differences which might indicate that the tube diameter
is a relevant factor of the heat transfer deterioration in cooling heat transfer. It seems
like that the phenomena of deterioration and recovery is shifted towards higher Gr/Re?”’

values.

In the horizontal flow orientation of the 3 mm tube, three different mass fluxes where
investigated at constant pressure of 80 bar and heat flux of 12 W/m2K. The results
showed significant stratification and the findings where compared to buoyancy
parameters from literature. The stratification was detected based on lower wall
temperatures in the bottom of the tube compared to the temperatures in the top of the
tube. The differences were detected in the liquid-like region with a maximum of 2.5 K
at the lowest massflux.Therefore, in the liquid-like region, a threshold value of
significant stratification was proposed. In this temperature range, the experimental
results show higher values than the proposed literature data. In the gas-like region, no
stratification was detected, thus, no comparison is possible. The results indicate that
stratification in the cooling case might be influenced by the flow diameter or in general

different to that of the heating case.
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The pressure drop evaluation for both tubes showed similar results. The isothermal
measurements were rather simple to evaluate with good agreement to state-of-the-art
equations. However, the results of the two tubes are difficult to compare based on the
tube roughness as an additional factor. The 2 mm tube has a rough surfance based
on a material analysis. The measured pressure drop in the isothermal experiments
were up to 1 bar. The dimensionless evaluation of the friction factor as a function of
the Reynoldsnumber showed good agreement with an maximum difference of 8% and
thus, delivered the roughness of the tube as it was part of the equation. The cooling
experiments were compared with the prediction by the bulk-, film- and wall properties
and a literature equation. The lliterature correlation and the prediction with the film
properties where similar results the best option. The 3 mm tube was evaluated in the
same way as the 2 mm tube. The outcome of the isothermal measuemnst showed
good agreement with turbulent friction factor of plain surface tubes. In the cooled

experiments, the bulk properties showed the best agreement.

The present work opens up avenues for future work and they can be categorized as

follows:

e The forced convection heat transfer can be extended with experimental data of

smaller and larger tubes.

e In the vertical flow orientation, the experimental results indicate an influence of
the tube diameter. Heat transfer measurements with bigger diameter tubes

would close this gap.
e Experimental data on temperature stratification in horizontal flow orientation in

the cooling process is very limited in the literature. Experimental and numerical

work would both increase the state of the art in this subject.
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