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Highlights

The most notable contributions of the current work are:

A An extensive description of the evolution of ice morphologies under laminar and turbulent flow
conditions accompanied by velocity fields and turbulent kinetic energies obtained through Parti-
cle Image Velocimetry measurements

A The development of a one-dimensional model based on a macroscopic heat balance that facili-
tates the prediction of ice layer growth based on the channel dimensions, the cooling parameter,
the thermal conductivities, and the Reynolds, Prandtl and Nusselt numbers



Abstract

Nuclear reactors can provide sustainable and stable renewable energy required to meet the global en-
ergy demand. Enthusiasm concerning nuclear power plants is tempered due to fear of accidents and
proliferation. The Generation IV International Forum (GIF) coordinates the development and design
of the next-generation (Gen IV) nuclear reactors, which show advances in safety, economic viability,
efficiency, and proliferation resistance. The Molten Salt Fast Reactor (MSFR) is one of the promising
candidates under investigation. To comply with safety regulations, the extensive exploration of potential
safety hazards is imperative. The objective of the current research is to contribute to the understand-
ing of solidification risks within an MSFR. To this end, an experimental study concerning the transient
solidification in turbulent and laminar channel flow has been conducted.

Water is pumped through a rectangular PMMA duct (0:05m  0:05m  1:45m). The bottom plate is
kept at a temperature below the melting point of the medium, thereby inducing solidification. Velocity
fields have been obtained through Particle Image Velocimetry (PIV) measurements before and during
ice formation. Post-processing of the velocity fields resulted in turbulent kinetic energies, fluctuations,
and intensities. The ice layer thicknesses were measured based on manual identification of the solid-
liquid interface and validated with a one-dimensional model for ice layer growth prediction.

Smooth ice layers formed for laminar flow conditions (474 Re 1185) and Re = 6182. Smooth
transition ice formation was observed for Re = 9701 and Re = 13219, where the transition moved
upstream over time. Moreover, a higher degree of turbulence led to a transition at an earlier axial
coordinate. The turbulent kinetic energy increased in the trough of the transition, illustrating the coupling
between the ice topography and the flow. Further increasing the turbulence to Re = 14995 culminated in
the formation of a very thin smooth ice layer. Larger Reynolds numbers were accompanied by higher
turbulent intensities, turbulent kinetic energies, and more heat transfer to the environment. Results
were consistent with expectations based on prior research.

The ice layer thicknesses measured in the middle of the test section show rapid ice formation in the
early stages, with a decaying growth rate as time progresses. Lower Reynolds numbers, lower cold
plate temperatures, and lower inlet temperatures all result in enhanced ice layer thicknesses. A model
based on the macroscopic heat balance validated the observed trends. Non-dimensionalization of the
model illustrated steady-state ice layer thicknesses depend on the dimensions of the duct, the thermal
conductivities of the solid and liquid phase change medium, the cooling parameter, and the Reynolds,
Prandtl, and Nusselt numbers.

Although the turbulent flow had not receded to its fully developed state at the location of the mea-
surement window, the results were highly reproducible. To validate numerical MSFR models, better
defined inlet profiles are preferred. Increasing the development section of the test facility or improving
the turbulence initialization mechanism is therefore advisable for future research.

Further recommendations include the investigation of a wider range of cooling parameters to inves-
tigate more ice formation regimes and following the upstream movement of the transition.
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Introduction

The global energy consumption has increased dramatically throughout the last century[30, 31]. The
Intergovernmental Panel on Climate Change (IPCC) states that human influence is the unequivocal
driving force behind global warming[40]. Noticeable effects of global warming are already observed
worldwide in the form of increased frequencies and intensities of heat waves, droughts, rainfall, and
cyclones. Compared to 1850 1900, the earthis surface temperature has risen by 1:1 C. Without
substantial reductions in greenhouse gas emissions, the temperature difference is expected to exceed
1:5 2:0 C. The use and generation of energy is responsible for approximately 75% of the greenhouse
gas emissions[5]. The global energy demand is expected to increase even further: a 47% increase over
the next 30 years[30]. In 2015, 197 countries accepted the Paris Agreement, an international treaty
to attenuate the temperature increase to less than 2 C above pre-industrial levels[40]. The European
Union strives for a net reduction in greenhouse gas emissions of 55% by 2030 compared to 1990 levels
and net carbon neutrality by 2050[25]. To reach the set targets, the energy production methods need
to transform. Currently, renewable energy sources reliant on solar, wind, and hydro power cannot
meet global energy demand. Additionally, the deliverable energy supplies are dependable on weather
conditions, resulting in considerable fluctuations. Advanced large-scale energy storage is, therefore,
required to stabilize the grid. Although researchers worldwide are working towards more efficient and
economically viable technologies, nuclear power plants are still expected to play a fundamental role in
reducing greenhouse gas emissions.

Nuclear energy was responsible for approximately 10% of the global electricity supply in 2018[3]. A
large advantage of nuclear power plants lies in their ability to generate a reliable and stable electricity
supply, making large-scale energy storage or fossil-fired backup power obsolete[16]. The IPCC men-
tions a role for nuclear energy sources in all scenarios where the temperature increase is kept below
2 C by the year 2060[40]. However, the enthusiasm of the public is mitigated due to fear of nuclear
catastrophes, storage of radioactive waste, and nuclear proliferation.

The Generation IV International Forum (GIF), a collaboration between thirteen countries and the
European Union, coordinates research into the most promising, safer next-generation (Gen V) reac-
tors. Six nuclear reactor technologies have been selected: the Gas-cooled Fast Reactor (GFR), the
Lead-cooled Fast Reactor (LFR), the Molten Salt Reactor (MSR), the SuperCritical-Water-cooled Reac-
tor (SCWR), the Sodium-cooled Fast Reactor (SFR), and the Very-High-Temperature Reactor (VHTR).
These reactors have the potential to show considerable advances in efficiency, economics, safety,
reliability, and proliferation-resistance[8]. This thesis project falls under the SAMOSAFER (Severe Ac-
cident Modeling and Safety Assessment for Fluid-fuel Energy Reactor) project. SAMOSAFER aims
to develop and demonstrate new safety measures to ensure MSRs can comply with expected safety
regulations in 30 yearsitime[67]. The Molten Salt Fast Reactor (MSFR) design is currently based on nu-
merical simulations. Before the commencement of construction, all conceivable safety hazards should
be investigated. This research project aims to contribute to that analysis.

Section 1.1 will introduce the design concept of MSFRs and potential solidification hazards and sec-
tion 1.2 contains a literature review discussing prior research in the field. Lastly, section 1.3 discusses
the research goals and the structure of the current work.

1



1.1. Molten Salt Fast Reactor 2

0000 JOiidd 0ooo 0ooo 0oodooo

The first MSRs were developed at Oak Ridge National Laboratory (ORNL) to design nuclear-powered
military aircrafts[13, 14]. In the 1960s, the possibility of using the technology for civil purposes was
explored with the Molten Salt Reactor Experiment (MSRE). Despite promising results[64], the interest
in MSRs faded due to preferences for competing reactor designs until the GIF selected the technology
as one of the promising Gen IV nuclear reactors[43].

00i0l 0ooooa

The basis of the current MSFR design stems from the earlier developed Molten Salt Breeder Reactor
(MSBR). The MSBR is a graphite-moderated liquid-fueled fission reactor where liquid molten salts play
the part of both fuel and coolant. The liquid fuels are easier to fabricate and improve fuel homogeneity
and heat transfer. Removing the graphite moderator led to the fast spectrum MSR design[6, 54]. The
MSFR is considered safer and requires less fuel processing[29].

The MSFR power plant design under the SAMOSAFER project is schematically depicted in figure
1.1. The current design concept is operated at an average temperature of 725 C, has a thermal power
of 3GW, and 18m? of fuel salts circulating through the core and the 16 heat exchangers from the primary
fuel circuit[34, 65]. The fuel compositions under investigation are LiF  ThF, U233 andLiF ThF,
Ue"F, (TRU)F3, where U denotes enriched uranium and T RU transuranium elements[36]. The
fuel salts are heated while flowing upwards through the core. At the top, the salts have reached a
temperature of approximately 100 C. Then, the salts move to one of the heat exchangers around
the core. The core structure and heat exchangers are covered by reflectors that can absorb neutron
fluxes. The energy released by nuclear fission is transferred through intermediate energy systems to
the conversion system, where electrical power is generated. The fission products are continuously
removed from the fuel by gas and pyrochemical processing[29].

Pumps and Generator

Primary Fuel Circuit e ecees

Electrical
Power

Y e Energy
—_— Intermediate Circuit Converstan
Liquid fuel — Turbine Syste m
% .
Fuel Recuperator
Treatment
" Storage and Storage and
U n |t processing areas processing areas ‘

—
Heat
Sink

-
ra

Emergency Drain System

Figure 1.1: Schematic representation of the MSFR[29].

Ronco and Cammi published a preliminary analysis of potential heat exchanger designs for MSFRs
in 2020[65]. The dimensions of the heat exchangers are constrained due to limited fuel supply and
desired high power densities. [65] suggests channels of dimensions 1  10mm. Most metals have a
thin protective layer to protect the material from corrosion[32, 86]. In MSFRs, the layer might consist
of frozen fuel salts[22]. This layer is damaged above critical velocity values. Therefore, the maximum
velocity of the salt in the primary and intermediate loop is limited to v = 5m/s. Combining the channel
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dimensions and the salt velocities results in a Reynolds number in the range 102 10°[18]. The transition
Reynolds number, where the flow moves from a laminar regime to a turbulent regime, found in [65] is
of order 10%. Hence, the liquid salt flow in the heat exchangers can be laminar or turbulent.

The MSFR design offers improved safety measures as the fuel salts remain liquid under normal op-
erating conditions. The thermal expansion and Doppler effect result in negative reactivity coefficients
and the salt from the primary vessel can be drained to emergency tanks placed underneath the core,
improving reactor stability. The entrance to the emergency tanks is closed under normal operating
conditions with a freeze plug. When the temperatures increase significantly, the freeze plug melts and
salts can enter the tanks[46]. However, the high melting points of the fuel fluorides do induce solidifi-
cation risks.

00000 000OpoDoood oo

The disadvantage of the liquid fuel salts lies in their susceptibility to solidification. Freezing of fuel
salts in the ducts is dangerous as it can result in damaged reactor components through volumetric
expansion and flow blockage resulting in no circulation for cooling[85]. Due to their narrow geometries,
the primary and intermediate heat exchangers and the drainage ducts under the core region are high-
risk regions. Although all temperatures within an MSFR are above the melting point of the fuel and
coolant salts under normal operating conditions, initialization or disengagement of the reactor results
in transient conditions that might induce solidification. Moreover, accident scenarios such as sudden
power outages or depressurization of the steam generator can cause serious problems. In the case of
depressurization of the steam generator, the boiling temperature of water will be reduced, resulting in
temperature drops in the intermediate loop. This can induce solidification of the coolant salts, resulting
in blockage. When freezing occurs, the energy conversion system must be shut down to facilitate
remelting of the salts in the channels.

Experimental and numerical studies investigating solidification phenomena in MSFRs are essential
tools for reducing risks and unnecessary shutdowns of the reactors[79].

0000 Dotooooboo oooood

The objective of this section is to provide an overview concerning the solidification of water under
various flow conditions and geometries based on prior research. The overview contains steady state
and transient studies, numerical and experimental studies, turbulent flow and laminar flow conditions,
and symmetric and asymmetric geometries. Asymmetric is used to describe geometries where one side
is cooled and the other side is not, i.e. only the bottom plate is cooled. In symmetric geometries, both
the top and the bottom plates would be cooled. In asymmetric cooling, there is a distinction between
stable and unstable stratification. In unstable stratification, the higher layers have lower temperatures
than the lower layers. This promotes turbulent exchanges, resulting in more friction and heat transfer.
In stable stratification, the higher layers are warmer than the lower layers, resulting in mitigated friction
and heat transfer[60]. Numerous studies use the cooling parameter ¢ to characterize the cooling
conditions, where

T Tc.
To TE'

with Tg the freezing temperature of the phase change material, Tc the temperature of the cold wall
and T the inlet temperature. Section 1.2.1 will discuss solidification results under symmetric cooling
conditions, and section 1.2.2 under asymmetric cooling conditions. Under turbulent conditions, four
regimes of ice formation are distinguished in both the symmetric and asymmetric case: smooth ice
formation, smooth transition ice formation, step transition ice formation, and wavy ice formation. Figure
1.2 shows the ice morphologies for each regime.

c= (1.1)

00000 DU 00000 botbidoooow

B. Weigand and H. Beer conducted a myriad of experimental and numerical studies in the field of
solidification under turbulent flow conditions. In The Morphology of Ice Structure in a Parallel Plate
Channel (1991)[91], a detailed investigation of the ice structure morphology is provided for fully de-
veloped turbulent flow between two cooled parallel plates. For small increases in ice layer thickness
in the flow direction, they concluded that the approximation that the increasing thickness does not af-
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Figure 1.2: Different ice layer morphologies observed under Figure 1.3: The ¢ Re classification regime for different
asymmetric cooling in a parallel plate channel (cold bottom ice morphologies in a symmetrically cooled parallel plate
plate) by Weigand and Beer[88]. channel[92].

fect flow characteristics is justified. When the increase in ice layer thickness is no longer sufficiently
small, an interaction between the turbulent flow, the ice morphology, and the heat transfer at the solid-
liquid interface occurs[89, 90, 91]. In [91], experiments have been performed for 4000 Re 50000,
273K To 281K ( 0:15C To 7:85C), 261K Tc 270K ( 12215C To 3:15 C), and
0 c 16. The ice morphologies are characterized usinga ¢ Re diagram, figure 1.3, a common
approach in the field[35, 38, 73].

00000b 100 IhoOomoo

Smooth ice layers were observed for ¢ < 0:41 + 7’3767 for Re > 6000. Smooth ice layers increase
rapidly in thickness at the inlet and grow monotonically as the distance from the inlet in the flow direction
progresses[91]. In Freezing in Turbulent Flows inside Tubes and Channels (1993)[88], Weigand and
Beer further investigated the smooth ice layer regime. The T¢ was reduced while maintaining constant
Re and Pr. A nearly constant heat flux from the fluid to the ice layer was observed for a given axial
coordinate. Decreasing the cold wall temperature increases ice layer thickness. Increasing the Re for
a constant Tc and Pr resulted in an enhanced heat flux, leading to less ice growth. Increasing the
P r reduces the thermal boundary layer thickness, leading to a steeper temperature gradient at the ice-
water interface. This steeper temperature gradient leads to a decrease in ice layer thickness. Seki et
al. (1984)[73] also investigated solidification under turbulent flow conditions between two symmetrically
cooled parallel plates. Here, smooth ice layers were observed for % > 10%.

N o

Increasing the cooling parameter suchthat ¢ > 0:41+7'§—$7 resulted in smooth transition ice formation.
A wave is formed near the inlet of the test section. After the contraction close to the entrance, the flow
passage expands gradually in the flow direction. The rapid fluid acceleration occurring in the entrance
region due to the ice layer growth results in laminarization of the flow[91]. Moretti and Kays (1965)[56]
defined the acceleration parameter (K)

4 dh

Re dx’
where h is the ice layer thickness and x the axial coordinate. If K 2 10 ® 3 10 6, the ice layer
thickness gradient was sufficient for relaminarization of initially turbulent flow. Further downstream, the
acceleration, which is proportional to %[89], tends to zero, resulting in enhanced heat transfer. Here,
the ice layer thickness starts to decrease again. After reaching a minimum thickness, the ice layer
grows monotonically for increasing axial coordinates[88]. Seki et al. found transition ice formation for
-Re_ < 10%[72].

(1.2)
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For ¢ > 0:26 + 4%"1 and Re > 6000, step transition ice formation was observed. Under these
conditions, a sharp increase in effective cross-section occurs due to the expanding flow passage. Flow
separation then ensues under the strong laminarization at the entrance region since the difference
in heat transfer between the turbulent and laminarized state is substantial[91]. For increased axial
coordinates, the acceleration of the fluid tends to zero. The ice layers converge and form a parallel
plate channel. The flow then receded to its initially turbulent state.

L1000 000 toooooooo

Wavy ice layers formed for . > 2:4 + % and Re > 6000. The larger cooling parameters lead to

unstable ice layers. In this case, wavy ice layer structures are observed[91].

0 O

In Solidification of Flowing Liquid in an Asymmetric Cooled Parallel-Plate Channel (1992)[90], Weigand
and Beer report their results regarding ice formation in an asymmetric parallel plate channel under
turbulent flow conditions. The lower wall was kept at a constant temperature below the freezing
temperature of the phase-change material. Experiments were conducted for 9000 Re 50000,
273K To 281K and 257K T¢  270K. Figure 1.4 contains the ¢ Re diagram .

B¢
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Figure 1.4: The ¢ Re classification regime for different ice morphologies in an asymmetrically cooled parallel plate channel
with a cold bottom plate[87].

U0o0o 0oo totgbood

Thin smooth ice layers were observed for . < 0:34 + 5'27567. Smooth ice layers thus form for higher
c-values in asymmetrically cooled channels compared to symmetrically cooled channels. This is
explained by the more pronounced acceleration in the symmetrically cooled channel, resulting in lam-
inarization of the flow for lower c-values. Similar to symmetric parallel plate channels[88, 91, 92],

increasing Re results in a decreased ice-layer thickness and decreasing T¢ in an increased thickness.

000000000 00 D00OC0oioo
The formation of a wave near the inlet of the test section is also observed under asymmetric cooling
conditions, where larger Re-values and lower cold wall temperatures lead to thicker ice layers. The
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axial coordinate at which the ice layer reaches its maximum height (Xp) was found to only be a function
of Re[26][89], and can be expressed by the relation[90]

% = 2:33 10°Re LO7: (1.3)
where H is the distance between the parallel plates. Step transition ice formation was only observed
for Re < 24000.

(000 000 000D 0000
Wavy ice layers were observed when . was further increased. For . < 12, the wavy ice layers were
unstable against finite perturbations, which is in agreement with prior research[35]. Only for Re < 9000,
wavy ice layers developed for . < 12 due to strong flow acceleration at the inlet caused by the thicker
ice layers. Wavy ice layers were generally found to develop for . > 2:4 + 42% and Re > 6000.
Increasing ¢ tends to destabilize the ice layer for a constant Re, and increasing Re for a constant
c stabilizes the ice layer[87]. The wavelength, i.e., the distance from crest to crest, decreases for
increasing .. High values of . could lead to three-dimensional effects in the formation of the ice layer.
It was assumed that no steady state could be achieved for these values.

Bushuk et al. (2019)[19] explored the formation of ice scallops. Turbulent flow adjacent to erodible
surfaces led to a small-scale quasi-periodic ripple pattern at the liquid-solid interface on a scale of 5cm
to 20cm. Scallops were found to increase the turbulent heat transfer of the ice-water interface. For
bulk velocities faster than 0:6m/s, scallops formed within 12 hours. They formed within one hour for
bulk velocities larger than 0:8m/s. Nothing could be concluded about lower velocities since longer time
spans have not been measured.
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Seki et al. (1984)[72] investigated solidification in an asymmetrically cooled parallel plate channel using
a cold upper plate. Experiments were performed for 3:2 102 Re 1:5 10*. Since the current study
works with a cold bottom plate, the reader is redirected to [72] for information regarding solidification in
channels with cold upper plates under laminar flow conditions.

Couston et al. (2020)[27] explored the transient melting and freezing in a turbulent shear flow un-
derlying an initially flat solid boundary. Topographical features, such as grooves and ridges, emerged
at the solid-liquid interface due to uneven melting of the solid boundary. The amplitude and wavelength
of the features are affected by the type of density stratification[24][75]: unstable stratification leads to
deeper ridges than stable stratification. The topographies emerge due to either the passive response
of the interface to uneven melting patterns by the turbulent flow or the interplay between turbulence, the
topography interface, and the cold wallis temperature. For unstable stratification, the effect of topogra-
phy is felt throughout the entire depth due to coupling with Rayleigh-B®nard convection rolls, especially
for low Reynolds numbers. The Rayleigh-B@nard rolls promote localized intense up- and downwellings
under the ridges. In the case of stable stratification, the Rayleigh-B®&nard rolls are replaced by weaker
vortices.

Kaaks et al.[42] investigated the transient freezing of water in a square duct with a cooled bottom
plate under laminar flow conditions but found no Rayleigh-B@ard convection cells. The thickness of
the ice layer and the flow profile were determined using planar PIV measurements for Re = 474 and
Re = 1118 and for cold plate temperatures Tc = 5; 7:5; 10; 15 C atthe center and the inlet of the
duct. The ice layer thickened most rapidly at the inlet. As the ice layer thickness increases, the ductis
effective cross-section decreases. As a result, the growth rate decreases as the ice layer thickness
increases. A thicker ice layer increases thermal resistance and enhances heat transfer at the ice-water
interface. [84] and [69] contain further descriptions of transient solidification under laminar flow condi-
tions, also concluding that ice grows rapidly in the beginning, and the rate of growth decreases over
time. Bus et al.[18] developed a combined fluid dynamic and phase change model imposing laminar
flow conditions, which was validated using experimental studies. Their work concerns solidification
phenomena near the inlet, taking the non-eutectic properties of molten salts into consideration. The
mushy layer characteristic of non-eutectic freezing is accompanied by a higher heat flux compared to
eutectic freezing.
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The objective of this thesis project is to contribute to the analysis of freezing risks in MSFRs. To this
end, an experimental investigation of transient solidification phenomena has been performed. Water
was pumped through a rectangular duct with a bottom plate at a temperature below the melting point
of water, inducing ice formation. Velocity fields were measured at various time instances using Par-
ticle Image Velocimetry (PIV) for different flow conditions. The experimental setup was designed by
Kaaks et al.[42] with numerical benchmarking purposes in mind, ensuring well-defined inlet profiles and
boundary conditions. Water is considered a suitable phase change medium alternative for fuel salts
since water has well-documented physical properties, is widely available, is liquid at room temperature,
and has a Prandtl number of similar magnitude as fuel salts[12, 62].

The current projectis primary purpose is to investigate solidification phenomena under turbulent
flow conditions. Although some studies discussed in the previous section explore ice formation under
turbulent flow conditions, the interplay between the velocity field and the transient ice formation under
turbulent flow conditions has not been exhaustively researched. Simulating turbulent flow is extremely
challenging due to its inherently chaotic and unpredictable nature. Experimental results are, therefore,
instrumental in verifying turbulent models used to demonstrate the safety of the reactor designs[79].
Furthermore, freezing properties under laminar flow conditions have recently been documented by
Kaaks et al.[42]. The results obtained under laminar flow conditions presented in this thesis mainly
serve as a form of quality control and provide a useful reference frame when analyzing turbulent flow
results.

The following research goals have been identified:

A Find an approach to initiate a well-defined and reproducible turbulent flow
A Capture and analyze turbulent velocity fields with PIV
A Describe the transient solidification of water in laminar and turbulent channel flow
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The current chapter provides an introduction to the need for MSFR development, the design concept
of the MSFR, and a description of the research goals. Theoretical background information concerning
fluid dynamics, turbulence, solidification, and PIV is presented in chapter 2. Chapter 3 discusses the
experimental approach, including a description of the setup, the experimental procedure, the PIV pro-
cedure, and the design of a simple one-dimensional model that predicts ice layer growth. Results are
divided into initial flow profiles obtained before the onset of solidification, descriptions of the transient
solidification under various flow conditions, measured ice layer thicknesses, and a reflection on the
performance of the turbulence initialization approach. The ice layer growth prediction model validates
gualitative trends observed in ice layer thicknesses. The results are provided and discussed in chapters
4 - 7. Finally, chapter 8 presents the conclusions and recommendations.



Theory

The objective of this chapter is to provide a concise but complete theoretical framework of background
information relevant to the current research project. To this end, section 2.1 discusses the fundamentals
of fluid dynamics. Section 2.2 describes the phenomenology of turbulence, turbulence statistics, and
turbulence initialization methods. In the subsequent section, solidification is introduced. Section 2.4
provides information regarding the PIV measurement technique used to capture the velocity fields.
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Flows are often characterized as laminar or turbulent. Where laminar flows are considered regular,
smooth, and ordered, turbulent flows are characterized as disordered, fluctuating, and chaotic[57]. The
Reynolds number (Re) is a dimensionless number used to characterize the flow. The Reynolds number
is defined as the ratio of inertial to viscous forces in the flow:

Re = %; (2.1)

where u is the velocity, L the characteristic length scale, and the kinematic viscosity[41]. In the
current study, the Reynolds number is calculated using the bulk velocity and the hydraulic diameter
of the rectangular duct. Flows with large Re-values have negligible viscous forces compared to the
inertia of the flow. Small Re-values indicate large viscous effects. Low Reynolds humbers correspond
to laminar flow, and high Reynolds numbers to turbulent flow. The transition Reynolds number, where
flow transitions from laminar to turbulent, depends on the geometry[57].

00000000 00 donoo

Even though laminar and turbulent flows look vastly different, both adhere to the same equations of
motion. The continuum approach facilitates a description of fluid dynamics on a scale where the be-
havior of individual particles can be neglected (Kn < 0:01, where Kn is the Knudsen number)[63]. On
this scale, the fluid flow follows the laws of classical mechanics: the mass, momentum, and energy
of the fluid are conserved[47]. These governing conservation laws result in a set of partial differential
equations describing the motion of the fluid: the Navier-Stokes equations.

The Navier-Stokes equations, formulated in the 19th century, are a set of nonlinear partial differential
equations that describe the relation between flow variables as a function of time and position. To
completely solve the flow in a defined volume using the Navier-Stokes equations, boundary and initial
conditions must be specified. Essentially, the combination of known initial and boundary conditions
allows computation of the evolution of the flow field over time due to the deterministic nature of the
Navier-Stokes equations[57]. For conserved mass, the change in density ( ) of the system is described
by the continuity equation

%+r (u)=0; (2.2)
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ZKHUBHQRWHV WKH WKRHNBQRFLW\ J)RULQFRPSUHVMWLBEB XGRB WMRXDWLEF

r u=0:
7TKHPRPHQWXP HTXDWLRQ LV
%—ltj: %t+(u rju =r p+r ru+(ru)’ g(r wl + (r u)l + g;

ZKHBHGHQRWHY WKH PDW h UNDID SHHMWDWH. R MK K HG\QOIPG F I WK V L W \
LGHQWLW\WHIHERON YLVFRKHWVERBQ@UFKIE FRQWLQXLW\DQG PRPHQWXP
DUHJHQHUDOL]DWLRQVRI1IHZWRQYVILUVWDQG VHFRQG ODZV RI PRWLRGQ
WLRQV

8YVFYPIRGI

TXUEXOHQW IORZV DUH FRPSOH[ XQSUHGLFWDEOH FKDRWLF DQG XELT:
VHUYDEOH LQ ULYHUV RFHDQV WKH DWPRVSKHUH DQG LQGXVWULDO S|
8QGHUVWDQGLQJ WXUEXOHQFH LY UHOHYDQW IRU D®S ODMDMQAWR G ¥ I WRKW
DIJH>@ DQG *HQ ,9 QXFOHDU@HDKM/ RRAXY Rl WKH FXUUHQW VWXG\ OLHV R
VHFWLRQ GLVFXVVHV WKH SKHQRPHQRORJ\RIWXUEXOHQFH WKHWXUEXC
PHDQ IORZ SURILOHV DQG WXUEXOHQFHLQLWLDOL]DWLRQ

4LIRSQIRSPSK]

7XUEXOHQFHFRQVLVWV RIFKDRWLF YRUWH[ OLNH VW U®FWKK BY UGG WH V
WXUEXOHQW VWUXFWXUHZLWKLQWKHIORZLVFDOOHG WKHPDFURVWUXF!
ZLWK OHQIWKQGPBERFUWIKIFDBRPHWU\ Rl WKH LORQUDM FHDFOMW VBK HH F W O\
$W WKH PDFURVFDOH QRQOLQHDU SURFHVVHV GRPLQDWH DQG WKH YLVFF
QXPEHU DSSURDFKHV LQILQLW\ IRU VPDReG: QHJOLJLETKHHYHYR B KV \M XILIEXV
OHQFH LV QRW D SURSHUW\ RI WKH IOXLG EXW D SURSHUW\ RI WKH IORZ

7XUEXOHQFH LV RIWHQ GHVFULEHG DV YLJRURXVO\ GLVVLSDWLYH WKH
WKHLU NLQHWLF HQHUJ\ 7KH NLQHMW VF B QH Y Z\LSHKJ X QHRY lR® R FMW\ VF D O H
UDWH RI GLVVLSDWLRQ RI WXUEXOHQWINLGHM DHB®HWUJ\ SHU XQLW PDVYV

dk _

dt
7KH GLVVLSDWLRQ UDWH LV DOVR SURSRUWLRQDO WR WKH PDFURVFDOH
UHODWWRQ 7XUEXOHQW HGGLHV ORVH WKHLU HQ/MHUL\ RQ W KH GIIB0GH. WV P H

EUHDN XSLQWR VPDOOHUTHGKHGE LWVL SBBWLR® RINLQHWLF HQHUJ\LQWR |
YLVFRVLW\ $OWKRXJK YLVFRXV HIITHFWV DUH QHJOLJLEOH RQ WKH PDFUR

9LVFRXV GLVVLSDWLRQ RFFXUV DW WKH PLFURVFDOH 7KH PLFURVFDO
VWUXFWXUHV PLFURVWUXFWXUHV 7KHLQIRUPDWLRQ DERXW WKH PDFU
ZKHUH WKH HGGLHV EUHDN XS 7KH PLFURVFDOH LV FKDUDFWHUL]HG E\ W
RQ WKH UDWH RI GLVVLSDWLRQ RI WXUE X O H@M8 NVKHHNLLFHP@IULIR 8 HWPRYILL
IOXLG7KH VFDOHV IRUOHQJWK WLPH DQG YHORFLW\DUH GHILQHG DV

w
sl

N[

DQG
V= 7:(V)%;

UHVSHFWLYHO\ J)RUWKHPLFURVWUXFWXUHWeWKH 5HAQROGYI RW PG Bl W KW
LPSRUWDQFHRIITULFWLR@RQ WKLV VFDOH>



B8YVFYPIRGI

7TKH PDFURVWUXFWXUH WKXV UHWULHYHV LWV HQHUJ\ I[URP WKH LQVWI
VWDEOH HGGLHY EUHDN XS LQWR VPDOOHU HGGLHVY D SURFHVV NQRZQ D
FROWLQXHV XQWLO UHDFKLQJ WKH PLFURVWUXFWXUH ZKHUH WKH NLQH\
FRXVIULF&ZLRQ>

%RWK WKHODUJH VFDD B @ 8 WIKRIQWPBRIOWAWFDOH HGGLHYVY VKRXOG EH UHYV
EXOHQW IORZV $GGLWLRQDOO\ WKHWLPHVWHS VKRXOG EHVXIILFLHQW:(
7KH .ROPRJRURY VFDOHVY SURYLGH WKH OHQJWK WLPH DQG YHORFLW\V
FLHQWO\UHVROYHG WXWHXDWRBEWRBRWKH GHJUHH RI WXUEXOHQFH KLJKH
IRUPRUH WXUEXOHQW IORZV 7KH QXPEHWRIINABDX UHVR QY HGNVSRL BRMAU R
VFDOHV ZLWK WKH 5H\QROGYV QXPEHU DV

3
N = L /O (Re%):

B8YVFYPIRXWXEXMWXMGW

+DGDPDUG D PDWKHPDWLFLDQ LQ WKH WKFHQWXU\ LQWURGXFHG WKH
@ +HIRUPXODWHG D SUREOHP WR EH ZHOO SRVHG LI WKH SUREOHP KDG
DQG LIVPDOO SHUWXUEDWLRQVLQLQLWLDO RUERXQGDU\FRQGLWLRQV L
DGGLWLRQ RI WKH VWDELOLW\ FULWHULXP LPSOLHV WKDW GHWHUPLQLVYV
VROXWLRQ LYV QRW VXVFHSWLEOH WR VPDOO LQLWLDO DQG ERXQGDU\ FR
WLF VROXWLRQV FDQ DOVR EHIRXQG LI WKH LQLWLDO DQG ERXQGDU\ FRC
ZKLFK LY XQDWWDLQDEOH LQ SUDFWLFH ,I VPDOO YDULDWLRQV DIIHFW V
SUHGLFWDEOHDQG WKHSUREOHPLVFRQVLGHUHGLOO SRVHG 7KHQRQO
HTXDWLRY QHJOLJLEOH LQ ODPLQDU IORZV UHVXOWLQJLQ DGKHUHQFH
IORZV DUH WKHUHIRUH SUHGLFWDEOH ,Q WXUEXOHQW IORZV RQ WKH I
ERXQGDU\ FRQGLWLRQV UHVXOW LQ ODUJH YDULDWLRQV LQ WKH VROXW
+HQFH WXUEXOHQFHLVDQLOO SRVHG SUREOHP ZLWK XQSUHGLFWDEOH
IRUPHG IRUWKH VDPH LQLWLDO DQG ERXQGDU\ FRQGLWLRQV DUH FDOOH
WKHQ UHIHUUHG WR DV WKH HQVHPEOH :KLOH HDFK UHDOL]JDWLRQ LV XC
OHFWLRQ RIUHDOL]DWLRQV WKHHQVHPEOHDYHUDJH LV SUHGLFWDEOF
DFFRXQW 7KHUHIRUH D FRPPRQDQG XVHIXO PHWKRG WR GHVFULEH WXU
WLFV UDWKHU WKDQ LQGI@&LGXDO UHDOL]DWLRQV>

$SSO\LQJ5H\QROGYV GHFRPSRVLWLRQi W KFHDYHEHR A [LSVAHR VG DQ W RMW HR
EOHDYHUDIH; WKH IOXFWXDWLRQ FRPSRQHQW

JRUIXOO\GHYHORSHG WXUEXOHQW IORZV WKHHQVHPEOH DYHUDJH KDV
FDOO\ VWDWLRQDU\ :KHQ PHDVXULQJ D VWDWLRQDU\REVHUYDEOH IRU D
DUHD ZKHUH VLPLODU UHVXOWY DUH H[SHFWHG VWDWLVWLFDO PHFKDQL
DYHUDJH VKRXOG HTXDO WKHDYHUDJH RYHU WLPHDQG VSDFH

7TKHURRWPHDQ VTXDUH YHORFLW\IOXFWXDWLRQV RIWKHIORZDUH GH
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7KH WXUEXOHQW NLQHWLFHQHUJ\LVOLQNHG WR WKH YHORFLW\IOXFW XI
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ZKHUHU, DQG GHQRWH WKH YHORFDWGHM UBFRWKHRQV UHVSHFWLYHO\ 7K
LQWHRWIWMKH IORZ DOVR GHSHQGV RQ W®H YHORFLW\ IOXFWXDWLRQV>

_ui?rmS.

o

*YPP]HIZIPSTIH XYVEYPIRXiS[TVShPIW
7KHPHDQ YHORFLW\DV D IXQFWLRQ RI WKH GLVWDQFH WR WKH ZDOO IRU I}
IORZ LV RIWHQ UHSUHVHQWHG LQ QRQ GLPHQVLRQDO ZDOO XQLWYV

ut =

u
u
DQG U

yt = y—

7KH V\PEBBQRWHV WKHDYHUDJH YHORFLW\DV D IXQFIYQRY RHWKHGW VWD
YHORFLW\ 7KH VKHDU YHORFLW\LY FDOFXODWHG DV
r

o ™

ZKHYHLVY WKH ZDOO VK@U VWUHVV>

$IWHU FROQYHUWLQJ WKH SK\VLFDO XQLWV WR ZDOO XQLWY DOO IXOO\ (
VDPH WXUEXOHQW IOXFWXDWLRQV DQG PHDQ YHORKLW\WKRIYBERF L WK
SURILOH IROORZV WKH ODZ R WKIHRQOIOGREYWHOMWKH WKLFNQHVYV RI WKH Y
JRY >30 WKH YHORFLW\DGKHUHVY WR WKH ORJDULWKPLF ODZ 7KHODZRI

ut =y
DQG WKHORJDULWKPLF ODZ LV
ut = 1In(yJ’)+ C;

ZKHUKMHQRWHY WKH 9RQ .jUP D Q4E RIDMMDORQ VWD QW GHSHQGHQW RQ WKH
DQG VPRRWKQHVYV RI @K ABZEHDVOFPRRPPRQO\HOLPLQDWHGRURBR AHJIXVDMWALIRWK H
HTXDWLRQ DV

L1y

u" = =In —

Yo

,Q WKLWFDYVWKH FRRUGLQDWH ZKHUH WKHLGHDOL]JHG YHORFLW\DSSURD
ZDO@ 1HLWKHU ODZ KROGV L. QyWKHIE X FIKIH) YHDORB LW\ IOXFWXDWLRQV RI
RSHG WXUEXOHQW IORZ DOVR IROORZ IFBRQWW L RXODKHVKBDBGO YHARBHW\ S
WKH YHORFLW\ IOXFWXDWLRQV IRUIXOO\GHYHORSHG WXUEXOHQW IORZ
QXPHULFDO VWXGLHVEED QE $RD @ BRQFHIQLQJI WXUEXOHQW FKDQQHO IC
IOXFWXDWERQ@GYW DUH SUHVHQWHG D2/Bl | XQPVMKLRID RKDQQHO KKLIKW LQ W
DQGGLUHFWLRQ

&RQYHUWLQJ WKH PHDQ YHORFLW\ SURILOHV LQWR ZDOO XQLWV IRU | X(
WKH VDPH SURILOHV IRUDOO JHRPHWULHV@QG YHORFLWLHY 3RLVHXLOO

8YVFYPIRGI MRMXMEPM/*"EXMSR
KHQ WKHGHYHORSPHQW VHFWLRQRIDQ H[SHULPHQWDO VHWXS LV VXIILF
WRLWVIXOO\GHYHORSHG VWDWH ,QVRPHFDVHV WKHUHTXLUHG OHQJW
DWXUEXOHQFHLQLWLDOL]DWLRQ PHFKDQLVP 7XUEXOHQFHLQLWLDOL]D
7KH YRUWLFHY LQWHUDFW UHVXOWLQJLQ QHDUO\ KRERIJKQAHEX\HEQ® LV
FUHDWH OD\HUV ZLWK GLIITHUHQW PHDQ YHORFLWLHY DQG WXUEXOHQFH
RILQLWLDO FRQGLWLRQV RQ JULG WXUEXOHQFH VKRZVY SHUVLVWHQW LQ
WKHHQWLUH OHQJWK RI WKH JHRPHWU\ LQGLFDWLQJ WKDW WKH JULG LC



7TSPMHMhGEXMSR

DOHDQ YHORFLW\ SURILOH E9HORFLW\ IOXFWXDWLRQV

JLIXUH 7KH H[SHFWHG PHDQ YHORFLW\ SURILOHDQG WKH YHORFLW\I@X#WXDWLRQV IRU

7TKHVHHIIHFWV DUHUHGXFHG VLJQLILFDQW ORE\TKS5BRFIHHAHAWX WKXEK QW Q
WLDOL]DWLRQ PHFKDQLVP FRXOG WKXV LQIOXHQFH PHDVXUHPHQWY VLJQ
HQWLUHO\WR LWV IXOO\GHYHORSHG VWDWH

3DVVLYH LQLWLDOL]DWLRQ JULGY FRQWDLQ QR PRELOH HOHPHQWV 71
DEOH VHSDUDWA. RRKMPHGGLHV JHQHUDWHG URXJKO\ VFDOH ZLW&K WKH VL]
7KH FODVVLILFDWLRQ RI SDVVLYH JULGV LV EDVHG RQ WKH GHSHQGHQFH
EHU PDLQO\GHWHUPLQHG E\ WKH VKDSH RI WKH EDUV LQ WKH JULG FLUF
GLIIHUHQW 5H\QROGV QXPEHUV DQG VTXDUH EDUV DUH PRUH VHQVLWLY}
WKDQ UHFWDQJXODUEDUV DVWKHIRUPHUW\SHDOORZV HDVLHU UH DWW
GRHV QRW VXEVWDQWLDOO\LQIOXHQFH WKH JHQHUDWHG WXUEXOHQFH ¢
PRQR SODQDU JULGV 7KH ILUVW W\SH FRQVLVWV RI WZR VHWV RI RYHUO
W\SH FRQWDLQVRQO\RQH VHW RIKRUL]JRQWDO RUYHUWLFDO SDUDOOHO [
DQG XQLIRUP IORZ SURILOHV EXW WKH QRQ XQLIRUPLW\ GHFD\V PRUH UD
UHJLRQV ERWK W\SHV JHQHUDWH WKH VDPH IXOO@GHVUHOREHBWPOLERRE
VWLWXWH D VLPSOLILHG PRQR SOD @D UQ@® L\G KH W K RQO\HREQGHEYHIOR SPHQV
UHGXFHG E\ DSSEOR|RRIDERMOA EL DQG PRQR SODQDU JULGYV FRPSDUHG WR
ZLWKRXW LQLWLDOL]DWLRQ JULGV

6HYHUDO IRUPV RI DFWLYH G\QDPLF WXUEXOHQFH LQLWLDOL]DWLRQ J
DV RVFLOODWLQJ J@LBYED\V R®I DG JULGY ZLWK @GRWBQYHQD OAGDFWLY
JULGV UHVXOW LQ OHVV LVRWURSLF WXUEXOHQFHLQLWLDOL]DWLRQ WKD
OHDG WR SHULRGLF VSLNHV LQ WK WXUEXOHQFH LQWHQVLWLHV>

7SPMHMhGEXMSR

%ULHI GLVFXVVLRQV RI SKDVH FKDQJHV DQG KHDW WUDQVIHU XQGHU ODP
SURYLGHG LQ WKLV VHFWLRQ

4LEWI GLERKI

$ SKDVH FKDQJH LV FKDUDFWHUL]HG DV D GLVFRQWLQXRXV WUDQVIRUPD
ZKLOH WKH FKDQJHV LQ WKH HQYLUR Q RH @W DURF-RRGIE XIODI U @UW H DL BDIID !
HQWDLOV WKH IRUPDWLRQ RU EUHDNDJH RI ERQGVY )JRUPLQJ RU EUHDNL:
HQHUJ\ 7KLV HQHUJ\ UHIHUUHG WR DV WKH ODWHQW KHDW LV WUDQVIH!I
FKDQJLQJ PHGLXP RU YLFH YHUVD 7KH ODWHQW KHDW GRHV QRW DIIHFW
WHUP VHQVLEOH KHDW LV XVHG WR LQGLFDWH WKH HQHUJ\ WUDQVIHU IUF
WHPSHUDWXUH RI WKH PHGLXP

7KH ODWHQW DQG VHQVLEOH KHDW WHUPV DUH LQFOXGHG LQ WKH HQW
FDQ GHILQH SKDVH WUDQV LAV LRIQD/ V 'AKW HPQRRKDA. W V R | VEK HD QGWHU QD O |
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WHUP FRQWDLQLQJ WKH SURGEBW RIKMK¥ROXRWV X UH
H=E+PV:

JRUFRQVWDQW SUHVVXUHV RQO\FKDQJHV LQ LQWHUQI O A HQJI\ UHVXO
WKH FRQWH[W RI SKDVH FKDQJHV WKH HQWKDOS\LV H[SUHVVHG LQ WHUP

H=cT+fiL;

ZLWKWKH VSHFLTLW KHDWHP S HUWDKHKYROXPH OL T X LLG WK B FG\OL\R I IV QKGH D W >
OHOWLQJ UHTXLUHV HQHUJ\DQG VROLGLILFDWLRQ UHOHDVHV HQHUJ\ OF
DQGIUHH]LQJD KHOWAMRXRIFHILWXGH RI WK H RHIRW 8K X bl PHDRUHWLL@N V GH S |
RQ WKHHQWK®OS\DV>

@ H)_ (Lf)),

Q= ot @t -

7KH VROTIsGOWG OLTIXKLEXWPSHUDWXUHY GHVFULEH WKH ERXQGDULHV R
UHJLRQV $ PHGLXP LV VROLG LI IRUWKHTWHPBETIW X UHKR RVHKGILKRGLXP
LV OLTXLG MU ,Ts =T, WKH SKDVH FKDQJH RFFXUV DW D VLQJOH WHPSHU
LV WKHQ FDOOHGs XWHFKWH BSKPDVH FKDQJH RFFXUV LQ D UDQJH RI WHPSH
PHGLXP LV FDOOHG Q& Q3N XWHWHWLIHFLDOV DUH HXWHFWLF DV WKH\ RQO\
ZLWK ERQGV WKDW EUHDN RU IRUP DW WKH VDPH WHPSHUDWXUH OL[WX|
GLIITHUHQW FRQ@WLWXHQWV>

,JEX XVERWIIV
7KLV VHFWLRQ GLVFXVVHV WKH KHDW WUDQVIHU IURP D ZDUPHU IOXLG WR
YHFWLRQ 7KHLQIRUPDWLRQ SUHVHQWHG WKURX2KB®WSRKIW SKIH QR RKQE
WKH $UW RI %D ODQBLHYI $NNHU DQG 0®G GH >

+HDW FRQGXFWLRQ SHUSHQGLFXODU WR WKH ERWWRP SODWH LV UHT?>
WKH FROG SODWH 7KH OD\HU DGMDFHQW WR WKH ZDOO LV PRWLRQOHVV
GLUHFWLRQ +HDWPXVW WKXVILUVW SHQHWUDWH WKURXJK WKHPRWLRQ
SDUWLFLSDWHYV J/LTXLG SDFNDJHY FORVH WR WKH FROG SODWH KDYH OF
IXUWKHU DZD\IURP WKH SODWH

IHZWRQTV ODZ RI FRROLQJLV GHILQHG DV
q=hA T,

ZKHUYHGHQRWHY WKH WKEBEWHOXf WUDQVIHUTFRKH WHPMU DWEUH GLITHUHQ
KHDW WUDQVIHU FRHIILFLHQW GHSHQGV RQ WKH WKHUP WX H FEGHEXRW/L Y L
WKHDYHUDJHUW HOWRKF.AMKDUDFWHULVWLF OHXQ JWK N LG MW R QWK HURPFWK H
X WKHVSHFLILF KHDW WKHYLVFRVLWLHY RI WKH OLTXLG DQG WKH ZDOC
H[SDQVLRQ FRHIILFLHQW DQG WKH JUDYLWDWLRQDO DFFHOHUDWLRQ 7
PDWLRQ UHJDUGLQJWKHFRQGXFWLRQIURP WKHOLTXLG WR WKHFROG SO
DIIlIHFW WKH PDVV IORZUDWH RIOLTXLG WKDWIORZV RYHU WKH FROG SOD!
PXFKKHDWFDQEHDEVRUEHG RUUHOHDVHG 7KHYLVFRVLWLHV LQGLFDW
FRQYHFWLRQ VWDUWYV WR GRPLQDWH RYHU FRQGXFWLRQ 7KH WHPSHUDYV
KLQG WKH KHDW IORZ 7KH WKHUPDO H[SDQVLRQ FRHIILFLHQW LQ FRPELC
FDQUHVXOWLQ GHQVLW\ GLIITHUHQFHV UHVSRQVLEOHIRUIORZLQGXFWLI
DUROHLQ WKHFDVHRIIUHHFRQYHFWLRQ $V WKHKHDW WUDQVIHU FRHII
IRXUEDVLF XQLWY WKHKHDW WUDQVIHU FRHIILFLHQW FDQ EHH[SUHVVHC
LQJ WKH %XFNLQJKDP ,, WKHRUHP +RZHYHU IHZHU QRQ GLPHQVLRQDO J
KHDWWUDQVIHULQ WKHVLPSOHFDVHRIIRUFHFRQYHFWLRQ WKURXJK D U

,Q WKH FXUUHQW JHRPHWU\ WKH SUREOHP GlH S HAQKGH 5RHQ QNRKCHG VX X 1P DFAU
Re WKH3UDQGWO QXPEMKH 6 WHIBQ IXPEHFOHWPRXPEBWFRPELQDWLRQ
RIWKH5H\QROGV DQG 3UDQGW®QWMPEKYWRBEBMHILQLWLRQV DQG SK\VLFD



7TSPMHMhGEXMSR

WKHDIRUHPHQWLRQHG QRQ GLPHQVLRQDO QXPEHUV )RUPXODWLQJD KH
WKH FRQWURO YROXPH HTXDOV WKH HQHUJ\ H[LWLQJ WKH FRQWURO YRO X
LFH OD\HU JURZWK (QHUJ\ HQWHUV DQG H[LWV ZLWK WKH IORZ $GGLWL
YROXPH WR WKH ERWWRP SODWH UHGXFHV WKH HQHUJ\LQ WKH FRQWURO
RI ODWHQW KHDW GXULQJ VROLGLILFDWLRQ IORZV LQWR WKH FRQWURO Y
1HZWRQYTV ODZ Rl FRROLQZKHUWDWKRQEHDW WUDQVIHU FRHIILFLHQW GHS
QXPEHU

7TDEOH 1RQ GLPHQVLRQDO QXPEHUV UHOHYDQW IRU KHDW WUDQVIHU XQGHU IRUFHG FRQYHI
ERWWRP SODWH

"LPHQVLRQOHVV QXPEHU 'HILQLWLRQ  3K\VLFDO PHDQLQJ

— hD &ROQYHFWLYHKHDW WUDQVIHU
1XVVHOW QXPEHNU— T &R§GXFWLYH KHDWWUDSVIHU

5H\QROGV QXPERES _huib %UWWLLRDQ
9HORFLW\ RI PROHFXODU PRPHQWXP WUDQVIHU
SUDQGWO QXPERU= 5 9HORFLW\RIPROHEXODU KHDW WUDQVIHU

swHIDG oxpERUSI= T oilEeL

HDW
— $GYHFWLYH WUDQVSRUW UDWH
SpFOHWQXPEHL‘Pe_ PrRe 'LITXVLYH WUDQVSRUW UDWH

~—|

,Q WXUEXOHQW IORZV HGGLHV HQDEOH KHDW WUDQVIHU WKURXJK FRC
8QGHU ODPLQDUIORZFRQGLWLRQV RQO\FRQGXFWLRQFDQWUDQVSRUW |
IRUH WKH W\SH RI IORZ JUHDWO\ DIIHFWV WKH KHDW WUDQVIHU (PSLULF
SLSHV ZLOO EH GLVFXVVHG VHSDUDWHO\ IRU ODPLQDU DQG WXUEXOHQW
WKDW WKH UHODWLRQV IRXQG IRUWKHUPDOO\ GHYHORSHG SLSH IORZ F
UHFWDQJXODU GXFWYV

OEQMREV LIEX XVERWJIV

5DGLDO KHDW WUDQVSRUW RQO\RFFXUV WKURXJKFRQGXFWLRQ ZLWKLQ |
7KH 3RLVHXLOOH IORZ SURILOH REVHUYHG XQGHU ODPLQDU IORZ FRQGL\
WUDQVSRUW UHVXOWLQJLQUDGLDO WHPSHUDWXUH SURILOHV )RU VKR
OLTXLG SDFNDJH WR WKH ZDOO RFFXUV ZKLOH WKH EXON RI WKH OLTXLG
WHPSHUDWXUH SURILOHY FKDQJH FRQWIGR XROXV @K HB#HLW KMHKIHGRIDGWNY U H |
QXPEWU DVVXPHV D FRQVWDQW YDOXH

Nu = 3:66:

+HUH WKH VKDSH RI WKHWHPSHUDWXUH SURILOH ZLOO QR ORQJHU GHSH
ORQJ WHUP KHDWLQJ :KHWKHU WKHYDOXHV RI WKHWHPSHUDWXUH UHPD

8YVFYPIRX LIEX XVERWJIV
7XUEXOHQW IORZV WUDQVIHU KHDW IURP DQG WR WKH OLTXLG PRUH HIIHF
WKH IORZ 'XH WR WKH GRPLQDWLQJ YLVFRXV HIIHFWV WKH HGGLHV FDQ
ZDOO 7KLV UHVXOWVLQDVPDOO ODPLQDUIORZLQJOD\HUDGMDFHQW WF
GHSHQGV RQ WKHWXUEXOHQW LQWHQVLW\RIWKHOLTXLG ORPHQWXP LV
HGGLHVRXWVLGHWKDQLQVLGHWKHILOP 7KLVUHVXOWVLQDYHORFLW\.
$ FRPPRQDSSURDFKWRVROYLQJVXFK SUREOHPV LVILOP WKHRU\ ZKLFK L
LV ORFDWHG ZLWKLQ WKH ILOP DQG WKDW WKH SURILOH LQ WKH ILOP LV O
PRPHQWXM QG WKH WKHUPDO ILOP OD\H D URIUQKRHND MT\X PDXS \SSIRRUWL G H G
WKDW 1 )LIXUHFRQWDLQV D VFKHPDWLF UHSUHVHQWDWLRQ RI WKH ILOP «
ZLWK D FROG ERWWRP SODWH7KUIWKWEROHRD\WMDW WUDQVIHU WKXV FRQ
EXON WHPSHUDWXUH DQG D OLQHDU WHPSHUDWXUH JUDGLHQW LQ WKH |
ORFDWHG HQWLUHO\ZLWKLQ WKHILOP $FRPPRQO\XVHG HPSLULFDO UHC
SLSHIORZ LV WKHQ GHILQHG DV

Nu = 0:027Re%8Pr3;

YDOLRe PRI DQRB 07 ZKHUWWKBFWRUILQGV LWV RULJLQLQWKHUDWLREH)
RI'WKHILOP OD\HUYV



4EVXMGPI -QEKI:IPSGMQIXV]

JLIXUH 6 FKHPDWLF UHSUHVHQWDWLRQ RI WKH K\GUDXOLF D@QC® W KR FHHW RAHKULAF-ING H\OW | 8 D \[HRJ
WKLFNQHVV IRU K DRAUWORDRBSRUW FROG ERWWRP SODWH 7KHILOP WKLFNQHVVHV DU

4EVXMGPI -QEKI:IPSGMQIXV]

S3SDUWLFOH ,PDJH 9HORFLPHWU\ 3,9 LVDWHUPIRUPHWKRGY XVHG WR GH)
E\PHDVXULQJWKHGLVSODFHPHQW RIVPDOO SDUWLFO@VAMKPVWHRWQRD W
ZLOO IRFXV RQ SODQDU 3,9 30DQDU 3,9 IDFLOLWDWHY GLPHQVLRQDO Y
3,9 GLPHQVLRQDO FRQWDLQV VRPHDGYDQWDJHV EXW SODQDU 3,9 UH
YHORFLW\@ HOWBWI>GHY D WZR GLPHQVLRQDO YHORFLW\ILHOG SURYLGHG
FRQGLWLRQVDQG JHRPHWU\ XVHG LQ WKH FXUUHQW VWXG\ 7KH LQIRUPD
VSHFLILHG EDVHGIRQWIKHERRP®IH OHORBLMWHO E\ $GULDQ D@G :HVWHU

*YRHEQIRXEPW
$VWDQGDUG 3,9 VA\VWHP FRQVLVWYVY RI D GRXEOH SXOVHG ODVHU RSWLFV
DFDPHUD LPDJH GLJLWDOL]DWLRQ KDUGZDUH DQG D FRPSXWHU IRU GDW

J)LQH WUDFHU SDUWLFOHYVY DUH LQVHUWHG LQWR WKH IORZ 7R HQVXUL
SDUWLFOHV PXVW KDYH WKH VDPH GHQVLW\DV WKHPHGLXP DQGD QHJOL.
QXPEHU FDQ EH XVHG WR YHULI\ ZKHWKHU WKLV LV WKH FDVH 7KH SDUWLI

pd3hui

k =
St 18Dy’

ZKHUHLV WKH GHQVLW\ RI WK W& B WA DPGHMWWHRE WKH WUDFHU SDUWLFOHYV
FRQVLGHUHG QS&tH&L 1L EDHBRWY DOXHY LQGLFDWH SRVVLEOH GKHWDFKPHQ!
7KHODVHU HPLWV WZR FRQVHFXWLYH SXOVHY 7KHWUDFHU SDUWLFOHV L
FDPHUD FDSWXUHV WZR LPDJHV RI WKHILHOG XQGHU LQYHVWLJIJDWLRQ $
FDSWXUHV RQO\ WKH UHIOHFWHG ODVHU OLJKW 2Q HDFKLPDJH SDUWLEF(
WZR LPDIJHV FRQVWLWXWH D IUDPH SDLU

JRU VXIILFLHQW LOOXPLQDWLRQ RI WKH SDUWLFOHY DQG DGHTXDWH WLF
GLVSODFHPHQW RI WKH SDUWLFOHVY FDQ EH GHWHUPLQHG XVLQJ WKH VR
WUDFHU SDUWLFOHV IROORZ WKH IOXLG PRWLRQ DQG HQRXJK WUDFHU S
VWUXFWXUHV DFFXUDWHO\ WKHLQVWDQWDQHRXY YHORFLW\ILHOG FDQ
RIDW\SLFDO SODQ@ WV GHFHVFXNIHGC LQ ILIXUH

4EVXMGPIHMWTPEGIQIRX
7KH SDUWLFOH GLVSODFHPHQW LQ DIUDPH SDLUGHSHQGV RQ WKH YHORF
LPDJHV ZLWKLQ D IUDPH SDLU *HQHUDOO\ D SDUWLFOHGLVSODFHPHQW (
DGYLVHG WRLPSURYHWKHDFFXUDF\ $ JXLGHO4A BHSILYHMR/DLP IRU D GLVS

7KH LPDJH SODQH LV GLYLGHG LQWR LQWHUURJDWLRQ ZLQGRZV )RUH
SDUWLFOH GLVSODFHPHQW LV GHWHUPLQHG 3DUWLFOH ORFDWLRQV LQ
ORFDWLRQLQLPDIJH YHFWRUGLVSODFHPHQWYVY IURP WKDW ORFDWLRQD



4EVXMGPI -QEKI:IPSGMQIXV]

J)LIXUH 7\SLFDO 30DQDU 3,9 VHWXS

ZLWKLQ WKHVDPHLQWHUURJDWLRQ ZLQGRZ $KLVWRJUDP FRQWDLQLQ.
GLVSODFHPHQWY KDYH WKH VDPH ZHLJKW IDFWRU 7KH SURFHVV LV UHS|
IRXQG LQ LPDJH ,Q D VXFFHVVIXO PHDVXUHPHQW WKH VXP RI KLVWRJI
7KLV SHDN LV FDOOHG WKHFRUUHODWLRQ SHDNDQG UHSUHVHQWYV WKH P
ZLWKLQWKHLQWHUURJDWLEROQXA\\WQGRW HY WKKUH S URAHRNMWVKHIQIRUBIESDUWL
LQLPDIHRQHILQG D FRUUHVSRQGLQJSDUWLFOHORFDWLRQLQLPDJH ZL

,WLVDGYLVHG WR HQV25UR IQRKRRYHUMWLFQHY PRYHV RXW RI WKH IUDPH
VXUHPHQWWLPHWRUHGXFHHUURUYV /DUJHULQWHUURJDWLRQZLQGRZYV
YHFWRUV +RZHYHU VPDOOHU LQWHUURJDWLRQ ZLQGRZV DUH FDSDEOH I
7KH QXPEHU Rl WUDFHU SDUWLFOHV LQ WKH IORZ DOVR DIITHFWV WKH DFF
SBDUWLFOHV VKRXOG EH SUHVHQW LQ DOO LQWHUURJDWLRQ ZLQGRZV )R
WR LGHQWLI\ WKH SDUWLFOH ORFDWLRQ LQ LPDJH FRUUHVSRQGLQJ WR
GLVSODFHPHQW IRU VPDOO FRQFHQWUDWLRQV LV SURQH WR HUURUYV GX
DSSO\LQJLQWHUURJDWLRQ ZLQGRZV UHFHGLQJLQ VLIHLQFUHDVHV WKH
ZLWKRXWLQGXFLQJPRUHHUURUY GXHWR WUDFHU SDUWLF@HVRHKDW PR
VHW RILOWHUURJDWLRQ ZLQGRZV LV UHIHUUHG WR DV WKH PXOWL SDVV
FKDUDFWHULVWLFVY DQG PHDVXUHPHQW REMHFWLYHYV D EDODQFH EHWZI
URIJDWLRQ ZLQGRZ VL]IHPXVW EHIRXQG 6LQFH WKH .ROPRJRURY VFDOHV
VPDOOHU LQWHUURJDWLRQ ZLQGRZV DQG KLIJKHU SDUWLFOH FRQFHQWU
SDUHG WR ODPLQDU IORZFRQGLWLRQV

IPSGMX] hlIPHW
$00 WKH GLVSODFHPHQW YHFWRUV FDQ EH FRQYHUWHG LQWR YHORFLWL|
EHWZHHQ WKH LPDJHV ZLWKLQ WKH |UDP HiSelsLd) &JIHYXEDUWDIMOLIRLGD RO WHKBIRLF
SODQH DOORZV FR® YHUWLRIQWKRWY LQ DQ LQVWDQWDQHRXV YHORFLW\ IL

OXOWLSOH IUDPH SDLUV DUH RIWHQ FDSWXUHG ZLWKLQ D VKRUW SHUL

HUURU VFD\QI%IVZN_I-V‘NH-|UHSUHVHQWV WKH QXPEHU RIIlUDPH SDLUV 7KH DY
LVWKHQ FDOFXODWHG E\DYHUDJLQJ WKH GLVSODFHPHQWYV IRU HDFK LQ
FDOFXODWLRQV RIWKHIOXFWXDWLRQVIURP WKHDYHUDJH YHORFLW\ $V
XQSUHGLFWDEOH PDQ\IUDPH SDLUV DUH UHTXLUHG WR DFFXUDWHO\ GH
VHFWLRQ@KH WLPH EHWZHHQ VXEVHTXHQW IUDPH SDLUV PXVW EH ODUJH
T WRHQVXUH VWDWLVWLFDOO\ XQFRUUHODWHG 3,9LPDJHV INJUHTXLUHPH
IUDPH SDLUV DV D PHDVXUHPHQW HQVHPEOH



4EVXMGPI -QEKI:IPSGMQIXV]

JLIXUH 6 FKHPDWLF UHSUHVHQWDWLRQ RI WKH VWDW L@ WIKADIOLY Q/IRQ WLR/M R U S JHIMHE) MVUIIARV
SDUWLFOH GLVSODFHPHQWYV IURP LPDJH ZKLWH GRWV WR LPDJH EODFN



ZWTIVMQIRXEP QIXL

7KLY FKDSWHU FRYHUV WKH GHVLJQ RI WKH H[SHULPHQWDO IDFLOLW\ W
3,9 SURFHGXUH WKH H[SHULPHQWDO SURFHGXUH DQG WKH GHVLJQ RI W
SUHGLFWLRQ PRGHO $Q DWWHPSW WR HIWUDFW LQIRUPDWLRQ DERXW \
UDQJH RID[LDO FRRUGLQDWHV IXUWKHU GRZQVWUHDP ZDV PDGH EXW WK
7TKHUHIRUH WKHPHWKRGDQG UHVXOWY REWDLQHG WKURXJK WKLV DSSU
6HFWEROQQ WKH DSSHQGL[ GRHV FRQWDLQ D GHVFULSWLRQ RI WKH DSSUR
UHVXOWYV

)746)773 JEGMPMX]

JLIXUHGHSLFWYV WKH VFKHPDWLF UHSUHVHQWDWLRQ RI WKH (635(662 (!
6DOW 6ROLGLILFDWLRQ IDFLOLW\ 7KH (635(662 IDF L@ WR\ ZHDQ/HGWHDWALK GHH C
SHULPHQWDO GDWD VXLWDEOH IRUEHQFKPDUNLQJ QXPHULFDO VWXGLHYV
ZKHUH WKH ERWWRP ZDOO WHPSHUDWXUH LY ORZHUHG EHORZ WKH PHOW!|
VSHFLILFDOO\RILQWHUHVW WR WKH 06)5 'XHWR DPRQJVWRWKHU UHDVF
ZDWHU ZDV XVHG DV D PHGLXP :DWHU ZDV FRQVLGHUHG D VHQVLEOH SKD
DWURRP WHPSHUDWXUH KDV ZHOO GRFXPHQWHG SK\VLFDO SURSHUWLH\
QXPEHU RID VLPLODU RUGHU RI PDJQ@ WX I&WLIHNK HO SHDWLW M QWD O GDWD F
ILFDWLRQ RI ZDWHU LQ LOQWHUQDO IORZ KDV LQ SULRU UHVHDUFK DOUHD(
FRGHV ZKLFK VLPXODWH WKH VROLGLILFDWLRQ R IXHO VDOWYV LQ SLSH IC

7KH (635(662 IDFLOLW\ WHVW VBFWEHDQ BR QA8 WMSR I0cm 300$

SRO\ PHWK\O PHWKDFU\ODWH VTXDUHGXFW 7KHWUDQVSDUHQW300$P
QR RSWLFDO DFFHVV LV UHTXLUHG WKH 300%$ GXFW LV IXUWKHU LQVXODV
FKDQIJHZLWK WKHHQYLURQPHQW 7KHO0OV IOGHMZW & ODFVNR IDVQIGHWEKXH- WHIPURHY D E C
L¥00 0:02cm WKLFN

BROLGLILFDWLRQ RI WKH PHGLXP LV LQLWLDWHG E\ WKH FROG DOXPLQ)
GXFW 7KH FRQ@®S O@WHAMKAOBN 0:0%m ZLGH DIF 0:lcm ORQJ DQG FDQ EH
FRROHG WR D PLQLPXPTWHPSHUDWKHHRDG SODWH LV FRQQHFWHG WR DQ
VLQN FRQWDLQLQJ ®DYHAMGRQWHW IURP 5RELQVR QL) IMKADREKLAHYIWEY R
1500 0:03cm KHLJKA8Y RO0lcm DQG WKLFNQI2¥WHWROHUDQFH XQNQRZQ 7KH Ul
GHU RI WKH KHDW VLQN FRQVLVWYV RI 300X OPE R KHHFD O FXQVDXW DYWL RRR G
FRQQHFWHG WR WKH KHDW VLQN 7KH FRR O428:0KihD P PR PX POSRRZBIIW H R
RXWSXWWRIDQG UHOXIOWERYTV WKRBPDQW HWK\OHQH JO\FRO DQG ZDWHU
WKHUPRFRXSOHV ZLW K:DQ DBFRXJUDXM @I\ GLVWULEXWHG RYHU WKH OHQJW
WLSV RI WKH WKHUPRFRXSOHV DUH SO D F H®5L @:02dHyF & DIGHFOVIL\R B D Y GK Bi\
D GHS\W8R0:03m z GLUHFWLRQ

$ XQLIRUPLQOHW YHORFLW\SURILOHLVYLPSRVHGDW WKHHQWUDQFH RI



)746)773 JEGMPMX]

JLIXUH 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH (635(662 H{<SHULPHQWDO IDFLOLW\ 7KH W
SRO\ PHWK\O PHWKDFU\ODWH DQG WKH G LORShQ VaEER V R4SH K HKWHHOVDWP V@ BWLFOQWL B ILOWHU
KRQH\FRPE JUQGHJRWHY KHDW WUDQVIHU EHWZHHQ WKH PHGLXP DQG WKH KHDW

VHFWLRQ VKRZQ LDKILVXYWHFWLRQ FRQVLVWYV RI D GLYHUJLQJ QR]JOH D VH\
ODPLQDUL]DWLRQILOWHUV DQG WXUEXOHQFH UHGXFWLRQ VFUHHQV DQC
KDV D FURVV Y5DBVOOR® RE00 0:05cm DQG D OHEDDW R:0x¢m 7KH ODPLQDUL]DWLR
ILOWHUV FRQVLVW RIKRQH\FRPEJULGYV 7KHSXUSRVHRIWKHVHILOWHUV
7KH JULGV KDYH RSHQL@JV RIH VHWWOLQJ FKDPEHU FRQWDLQV WKUHH W
VFUHHQV GRZQVWUHDP IURP WKH ODPLQDUL]DWLRQ ILOWHUV WR UHG XF]|
FRDUVH VFU4H® RISMQLQJYV DQG WKH VHFRQG WZR VFUHHQOWADYH VPDO
WROHUDQFHYV XQNQRZQ 7KH VKDSH RI WKH (R J]iOH @ M @GIHNWK B HEWZGH HQ BV
RXWOHW RI'WKHFRQYHUJLQJ QR]]OH D QI3:50cHDIQQEOBEVORRIZNV K R WV\HR/RVH VGHHRYHL
PHQW RI WKH IORZ EHIRUH HQWHULQJ WKH WHVW VHFWLRRQe,RU ODPLQDU
RIWKHIORZLQ SLSHV LV FRPPRQ® GHWHUPLQHG XVLQJ>

Leviam = 0:057DRe

DQG WKH GHYHORSPHQW OHQUIM K REWVWOQEXOHQW IORZV
Ldev:urb = 1:359DRe?;

ZKHOHGHQRWHY WKH GLDPHWHU Rl WKH SLSH 7KLV UHODWLRQ UHVXOWYV
60cm 67cm 73cm DQ/G&m IRU 5HA\QROGVGEQ8RPEM U3219 D Q18995 UHVSHFWLYHO\ ,Q
SUDFWLFDO HQJLQHHULQJ TXHVWLRQV WKH HQWUDQFH HITHFW EHFRPH\
WLPHVY WKH GLDPHWHU 7KH GHYHORSPHQW OHQJWK IRUWXWEXOHQW IOR

L dev:turb 10D:

7TKHVH UHODWLRQV DUH YDOLG IRU SLSHIORZV EXW ZLOO EH XVHG LQ WK
PHQW OHQJIJWKYV LQ WKHVTXDUH GXFW E\DIXE WK HVKX ®&/U QX ODEHGRIOFHH @GVLHILP F
WXUEXOHQW IORZV WKH GHYHOR SIR& W aAbl Q:038hK=L0v56hV W RR DONDHPE @ DWJ

IORZV WKH XVHG 5H\QROGYV QXPEH4Y DReH 71188 KQ ) DACKLH) I WRIHV WL P D W H (
YHORSPHQW:4nH QLMY 1:36m 7KH UHTXLUHG GHYHORSPHQW OHQJWKYV IRL
QRW UHDFKHG ZLWKLQ WKH WHVW VHFWLRQ +RZHYHU WKH ODPLQDUL]D
UHGXFH WKH UHTXLUHG GHYHORSPHQW OHQJWK $GGLWLRQDOO\ VROLC
K\GUDXOLF GLDPHWHU UHGXFLQJWKHUHTXLUHG GHYHORSPHQW OHQJWHK
WKH HITHFW RI WKH LQFUHDVLQJ 5H\QROGY QXPEHU DIWHU WKH RQVHW R
DOORZIRUD ORQJHUGHYHORSPHQW VHFWLRQ LQ WKHFXUUHQW YHUVLRC



8YVFYPIRGI MRMXMEPMM"EXMSR

EHEHQHILFLDO IRUIXWXUH UHVHDUFK

7KH EXIIHO YHVVHO VWR L0V R ZPURHUP DWHOHVVHO LV FRQQHFWHG WR
PD[LPXP IORZ UDWH FDISAEBLIKWIRRZ UDWH LV PHDVXUHG ZEWK DQ DFFXU
WKIUROLQH 3URPDJ :PDJQHWQGUERY PEXMMHU $HOUADQE KHDW H[FKDQJ
%UD]HG SODWH OLTXLG KHDW H[FK\D S0BE HES B \WHHWGMIQH S X PXSAIERFRXSO |
)/ UHFLUFXODWLQJ FRROHU FRQWUROOLQJ WKH LQOHW WHPSHUDWXU
FRROHU WKLV FRROHU XVHV ZDWHIDER FR REBLUFHOQIIVHHIRKRRD QW LV ZDW
FRROLQJFDSDELOLWLHY DUH OLPLWHG DV VROLGLILFDWLRQ ZLWKLQ WKH
7KHUPRFRXSOHV UHJLVWHU WKH WHPSHUDWXUH RI WKH EXIITHO YHVVHO D

8YVFYPIRGI MRMXMEPMM"EXMSR

7KHREMHFWLYHZDVWRJHQHUDWHIXOO\GHYHORSHG WXUWBEXOHQWIORZ S
WHUHQVXULQJD ZHOO GHILQHGLQOHW SURILOH ZLWK WKH ODPLQDUL]DW
LQFUHDVLQJ WKH YHORFLW\GLG QRW UHVXOW LQ VXIILFLHQWO\GHYHORSES
LQLWLDOLIDWLRQ PHWKRGLVUHTXLUHGWRHQVXUHWKHH[SHULPHQWYV D
LQJ SXUSRVHV

$ VWHS FKDQJH ZDV LQVHUWHG DW WKH XSSHU ZDOO RI WKH GXFW FOR\
LV D UHFWDQJXODU PDJQHW ZLWK W&HOR®ORE I2ON GLmMHDNAHR QD/Q G
400 O:lmm ORQJ 7KH WXUEXOHQW GHYHORSPHQW OHQJWXNUHWKPDWHIE E [
WKDQ WKH GLVWDQFH IURP WKH HQG RI WKH PDJQHW WR WKH PHDVXUHPH
GDPDJH WKH VPRRWK ZDOOV RI WKH 3008 GXFW DQG FRXOG HDVLO\EH LQV
$ JULG ZLWK PXOWLSOH VPDOOHU EDUV ZRXOG OLNHO\ KDYH GHFUHDVHG
SHUIRUPDQFH RI WKH VWHS FKDQJH ZDV H[SHFWHG WR GHOLYHU VLPLODL
DWULS ZLUH 6LQFH WKH DOORZHG UHTXLUHG GHYHORSPHQW OHQJWK Z|
ZHOO GHILQHG SDVVLYH WXUEXOHQFH LQLWLDOL]DWLRQ JULG ZDV QHJOH
WKH LQLWLDOL]HG WXUEXOHQFH ZDV IRXQG LQVXIILFLHQWO\ GHYHORSH
WXUEXOHQFH LQLWLDOL]DWLRQ JULG LV DGYLVHG

A4EVXMGPI -QEKI:IPSGMQIXV]

9HORFLW\ ILHOGV ZHU K Dy SO D QH®DMQWKKHF HQW H U RdmMKHK WINW W VHFWLR
XVLQJ SODQDU 3,9 +ROORZ ERURVLOLFDWH ,JODMAN SXGI® B\VGZ IDW K \B HGLH Q
Rt, =10m ZHUH LQVHUWHG LQWR WKH 10REIB\0:8M)O P B, SDOML ZBHV )RU
ILG& 4 10%5<< 1 HTXDWLRQ7KH YHORFLW\ ODJ ZDV WKXV QHJOLJLEOH IRL
FRQGLWLRQV

7KH OLJKW VRXUFH IRUWKH 3,9 PHDVXUHPHQWY ZDV D : VKXWWHUHG FR
OHQJWHGE®hm /DILVLRQ *HUPORVHU IXLEDIWQNVDBP *HHPNYRUHG WKH ODVHL
VKHHW ZDV ORFDWHG DERYH WKH PHDVXUHPHQW ZLQGRZ DW WKH FHQWH L
WDU\OHWDO 2[LGH 6HPLFRQGXFWRUD&DZBER®, 6H PRI HMEP H UIMPLRIK

UHVROXSAMMLRB5mM SL[HOV DG ®EmMmF/1:4 OHQAYNR@DV XVHG WR FDSWXUH W
SDUWLFOHV DQG WKH LFH OD\HU WKURXJK WKH VLGH ZDOO 7KH FDPHUD Z
R40cm DZD\ IURP WKH FHQWHU RI WKH FKDQQHO 7KLV RSWLPL]HG WKH RYH
DQG WKHILHOGRIYLHZ 7KHFDSWXUHG LPDJHV ZHUH REWD30@H G XVLQJ D
)RUD GLVWDQFH IURP WKH REMHFW WR W kgl HACchhF W IKHHGRLV QWD D 1R I| WRFH VD
LPDJH SODQH WR WKH FEQWBIQ RH WKW DMMWHG WKURXJK *DXVV OHQV ODZ

1 1 1

—_—t — = =

Zo Zo f
ZKHUBHQRWHV WKHFDPHUDIRFDOOHQJIJWK FRBNREYHTLTXDQWRQHHFDRB X
DV
_ Zo.

Mo ;
Zy



JZNTIVMQIRXEP TVSGIHYVI

UHVXOWLQAMUMQ7KH DSHUWXUHfRI 2O GBBMQYKH GHSWK RINVHDOFXODWHG
DV
1 2
=4 1+ — f 2:
z MO )
UHVXO®WOL QJ L@4mm 7KH WKLFNQHVV RI WKH ODVHUIMKHSWLY¥NBSSUR[LPDW

DOOWUDFHU SDUWLFOHVY LQ WKH ODVHU VKHHW DUH LQ IRFXV
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Ne =30 WDNHQ DW D IUHTIXHRHA\IBEHTXHQF\ ZDV VHW VXIILFLHQWO\ ORZ WHF
EHWZHHQ IUDPH SDLUV LV ORQJHU WKDQ WZLFH@VKI® WRBHXDNOIW LRHDH .
VXUHPHQWY ZHUH AR GGOOFDVHD IR T XSHD PARRHYDOXDWH WKH HUURUV LQ W|
YHORFLW\ILHOGVY 7KHIUHTXHQF\ZDV WKHQ LQFUHDVHG WR DYRLG FRQG
VL]H RI WKH PXOWL SDVV LQWHUURJDWLRQ ZLQGRZV ZDV VHW HTXDO IRU
SDULVRQ EHWZHHQ IORZILHOGYV REWDLQHG IRUGLIIHUHQW IORZ FRQGLW!I
%XVKXN H@ D®FPRPPRQ DSSURDFK WR PHDVXUH YDOLG I®@RZRILW&BYV LV WR
WUDFHU SDUWLFOHV PRYH RXW R IdVKHARWEBUURUID WDLQ G DGR YOG E\ | L
WKH FRUUHFW E D @D QW KHEWHORFH@/LHY DQG WKH LQWHUUBURWLEBRVZLQG
WKH VHWWLQJV XVHG WR PHDVXUH WKH YHORFLW\ ILHOGV 7KH FDPHUD D
SURJUDPPDEOH WRPL\QLIRQ FWBRRYAU R ODHIGVZL. WIR IW ZD U H

7DEOH 3SDUWLFOH ,PDJH 9HORFLPHWU\ VHWWLQJV XVHG WR PHDVXUH DQG SURFH\
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9HORFLW\ ILHOGY ZHUH PHDVXUHG IR WROH PABQMDQGC5 KR P ROXGN\E QX IR @ /U5 H\ Q'
QXPEHUEY¥ 6182 Re = 9701 Re = 13219 DQR& = 14995 IRU D VHW FROG SODWH WHPSI
Tcset = 100C DQG D VHW LQOHW WHPSHIECD WKDWARIHPHQWY ZHUH FRQGXFWH
FHQWHU RI WKH WHVW VHFWLR®=-DMtcDQ D[LDO FRRUGLQDWH RI

‘DWHU UHFLUFXODWHG WKURXJK WKH (635(662 IDFLOLWI\NADW WRKKIHKKLIJKHVW
FROGSODWHDQGLQOHW VHW W HRsHU BYW & DHVGLHHBHDCRZKHHGREZRJD WH
ZDV UHGXFHG WR WKH YDOXH FRUUHVSRQGLQJ WR WKH GHVLUHG 5H\QRO
ZHUHUHDFKHG :KHQDLUEXEEOHV ZHUH SUHVHQW WKHIORZUDWH ZDV L
XQWLO QR DLU EXEEOHV UHPDLQHG $ YHORFLW\ILHOG PHDVXUHPHQW ZD
SODWH VHW WHPSHUDWKWYH=ZDNORZHVW WEM/ RROG SODWH LV GLUHFWO\ L(
WKH IORZ UHGXFLQJ WKH IORZ UDWH UHVXOWV LQ D IXUWKHU GHFUHDVH
HI[FKDQJH EHWZHHQ WKHIORZ DQG WKH FROG SODOW H:0)® UDF\WRXOGEGCHID WH W
SHDN LQ WKH FROG SODWH WHPSHUDWXUH PDUNH G 3\0kih R @ MWHNU RNV KIROL G
PHDVXUHPHQW ZDV LQLWLDOL]J]HG YHORFLW\ILHOG PHDVXUHPHQWYV ZHU}
ILUVW KRXU HYHU\ PLQXWHYV GXULQJ WKH VHFRQG KRXU DQG HYHU\ P
KRXUV 7KHGHFLVLRQ WR GHFUHDVH WKH WHPSRUDO UHVROXWLRQ DV W]
GHFUHDVLQJJURZWK UDWH RI WKH LFH OD\HU

$OWKRXIK WKLY PHWKRG UHVXOWHG LQ D GHFUHDVLQJ FROG SODWH WH|
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REWDLQHG UHVXOWY ZHUH UHSURGXFLEOH DQG FRQ& LVWHQW ZLWK ILQGC

$GGLWLRQDOO\ PHDVXUHPHQWY ZHUH SHUIRUPHG IRU GLIIHUHQW FRO
LQYHVWLIJDWH WKH LQIOXHQFH RQ WKH L F iReC=DIVH IR&N-K5B0F NOQGR®/Y IRU ODP L (
1185 OHDVXUHPHQWY ZHUH FRQGXFWHG IRURY K HM7¥ DP4 FORMFRQGLWLRQ\
Toset =5:0C DV XVHG E\ .DDN@HW DAQRUP RI TXDOLW\ FRQWURO
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&DPHUD LPDJHFRRUGLQDWHYVY ZHUHWUDQVODWHGLQWR SK\WVLFDO FRRUG
$ URWDWLRQ FRUUHFWLRQ EDVH& RDWKHSEOROGG SWIRDWHKIHRUPDJHY 7KH SUI
ZDWHU OLVWH&DYMWBDHKW@ XVHG LQ WKH SRVW SURFHVVLQJ RIWKH GDWD
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*PS[TVShPIW
7KH SURFHVVHG DYHUDJHDQG LQVWDQWDQHRXV YHORFLW\ILHOGV ZHUH |
Y VRIWZDUH $ FRQWRXU SORWWLQJIXQFWLRQLQ 3\WKRQ ZDV XVHG WR \
IROORZLQJ WKH IORZ GLUHFWLRQ ZHUH SORWWHG EDVHG RQ WKH YHORFI
ORFLW\ ILH26VEDMQWREZY 7KH LQVWDQWDQHRXV PLQXV WKH DYHUDJH IL
VXEWUDFWLQJWKHDYHUDJH YHORFLW\IURPWKHLQVWDQWDQHRXV YHOR
FDVBY 50 DUURZV ZHUH SORWWHG WR UHVROYH PRUH HGGLHYV

7KH YHORFLWLHVY ZHUH DGGLWLRQDOO\DYHUDJH GIRiY kW& D[LDO FRR
WR IDFLOLWDWHHDVLHUDQDO\VLVDQGFRPSDULVRQRIWKHYHORFLW\ SU
ZDOO XQLWV WR SURYLGH LQVLJKW LQWR ZK KW K5tid WRHSIKDWR B ZBL/QI Bt QVEK\HG
WXUEXOHQW NLQHWLF HQHUJLHV WXUEXOHQW LQWHQVLWLHV DQG HUU
ZHUH FDOFXODWHG IRU HDFK LQWHUURJDWLRQ ZLQGRZ RI HDFK IUDPH ST
XVLQJ WKH HTXDWLRQV SUHVHRMWMBARFYMEWRRSRQHQWY DQG WKHLU 10
Zz GLUHFWLRQ ZHUH DVVXPHG QHJOLJLEOH

)VVSV GEPGYPEXMSRW

7KH WXUEXOHQW IORZ ILHOGV ZHUH FRQVLGHUHG VWDWLRQDU\ ZLWKLQ
VFDOH RI WKH LFH OD\HU JURZWK ZDNgVH®E VWH MWD Q O@R D DV DV XKD W R
FRQWDLQ D QRQ JHUR YHORFLW\ FRPSRQHQW LQ WKH IORZ GLUHFWLRQ 71
IORZHUURUV LV D VOLJKWO\VLPSOLILHG YHUVLRQ RI WKH DSSURDFK VXJ.

JRUVWDWLRQDU\WXUEXOHQWIORZVY WKHPHDQIORZILHOGLY GHWHUP
LOWHUURJDWLRQ ZLQGRZ R¥ HUDIPY S QVYHNE OIHWRKIH WLPH EHWZHHQ IUDPH
WKDQWZLFHWKHWXUEXOHQWLQWHJUDO WLPHVFDOH WKH3,9LPDJHV KD
QRLVBV>-SDQGRP PHDVXUHPBHQBFRUWRIWERQGLQJ WR DQ\ BHDNXQHPHQW S
WKHQ EH FRQVLGHUHGTX=QF2RJ-ULZHK(BI[DJ\I‘\LH/G\NKH UDQGRP HUURY DWVPKSHOLW XGH
.URQHFNMQFWLRQ $VLPSOLILHG PRGHO XVHG W RMRLW K HVKHDW N X H G KE@ R\
gt LV

t=u+b+ ;

ZKHUKBHQRWHY WKH PHDVXUHWKRWEQORMRBBDVXUHPHQW QRLVH 7KH P
ELDVLVJIJHQHUDOO\ FRQVLGHUHG DIXQFWLRQ RI WKH WUXH GDWD EXW Z



IIEWYVIQIRX EREPIWMW

FDQ VWHP IRULQVWDQFH IURP WKHILQLWH GLPHQVLRQV ROWKKH. QWHUL
PHDQ VTXDUHG DPSOLWXGH RI WKH UDQGRP PHDVXUHPHQW QRLVH LV
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ZKHUHWKHURRWPHDQVTXDUH GLNMSB WR 8 PHEISNOMHORUMY 7KHWUXH GDYV
EHVSOLWLOQWR WKHHQVHPEOH PHDQ DQG IOXFWXDWLQJ WHUPV IROORZ]
7TKHDYHUDJH RI PHDVXUHR:YINORHMAIVHY RYHU
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ZLWi(uiobrﬁHk/S 7TKHV\PERO GHQRWHV WKH FRUUHODWLRQ FRHIILFLHQW RI WX
3,9 1IUDPHiSDQ@Y 7KHHTXDWERQ ERUUH G¥FH Gg\WRU VWDWLVWLFDOO\ XQFR
VXEVHTXHQW PHDVXUHPHQWY OHDGLQJ WR
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7KH VDPSOLQJ HUURU LV V\INQ:)%V SHUHRRG VKW WVROQWDDEOXW RQFH RI WKH IORZ LV O
PHDVXUHG 3,9 IOXFWXBDWLRQV

var (&)

var(e)z /T _
u NF%
SURYLGHV WKH UHODWLYH HUURU RI W&H QR W H D MIGHY BRORW LAMH\D @ KWHIIXHD U |
HUURU 7KH QXPHUDWRUW Y QK HXDYWLERXQOHQFH LQWHQV LW\

YRUD WXUEXOHQW LQWHRRH\SDRUY PHDV XUH GNg YIHUMPHRIWHD W MOL@ H VF D O
OHDG WR UHODWL Y H<PIH D)@® R R30H PHRWVIORZ HUUR UV DV H)RWWOREZ W H G
ZLWkK< RUVWDWLRQDU\ODPLQDUIORZV WKH UDWH RQPRIQYHHW BBYRAM LV
LW LV RIWHQ DV V,XPBGSAKHE@ )RU D PHDQ GLVSODLHHPMQWKH QXPHUDWR L
HTXDWLRMQKHQ HT,XD=(MW/8 =0:0125 )RU ODPLQDU |0 R\ FR® B QWY =RV
UHVXOW LQ UHODWLY H<FORDRQ@RZ HUMRSNFRNLY HO\

3RVW SURFHVVLQJ IUDPHSDLUV ZDV FRPSXWDWLRQDOO\PRUH FKDO
FXUUHQW VWXG\ WKH HMW+ F0DZHHUGH FRQR/WL G HRIW G VXIILFLHQWO\ VPDOO ¢
RI VROLGLILFDWLRQ PNB\200UHPHQSHUZRWRHG WR FRPSDUH WKH YHORFLV
DJUHHPHQW ZDV IRXQG ZLWK SURILOHV IRU IUDPH SDLUV IRU WKH VDPH

-GIPE]JIVXLMGORIWW QIEWYVIQIRXW
,FH OD\HU WKLFNQHVVHV ZHUH PHDVXUHG E\ PDQXDOO\ GHWHUPLQLQJ W
LQWHUIDFHRQ WKH 379ctP DBEHODW U WKLFNQHVVHY ZHUH GHWHUPLQHG DV
EHFDXVHLQIRUPDWLRQDERXW WKHWUDQVLWLRQ ZR X8 B EG LGFOWHAK BQ B
UHVXOWY ZHUH DOUHDG\KLJKO\UHSURGXFLEOH 6HYHUDO IDFWRUYV SOD\
LFH OD\HU WKLFENQHVVHV

8MQMRK
7KH RQVHW RI IUHH]LQJ LV DFFRPSDQLHG E\ D GLVWLQJXLVKDEOH WHPSH
HVWLPDWHG VWDQGDUG G Htv+ Oriihl R'Q5¢ Q6% H WHTWPHQW@J) LPDJHV ZHUH PD:
LQLWLDWHG HYHU\ PLQXWHV GXULQJWKH ILUVW KRXU HYHU\ PLQXWH)\
PLQXWHV GXULQJ WKH WKLUG DQG IRXUWK KRXUV 78 VWP GGDRBRG\GHY LD
WLPH DUH VPDOO FRPSDUHG WR WKH WLPH VFDOH RILFH OD\HU JURZWK (
WKH QHHG WR PDQXDOO\ VWDUW WKH PHDVXUHPHQW WKURXJK DXWRPDW|
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'EPMFVEXMSR
$Q HUURU RQ WMKBLUHFWRBQWQGUHFWLRQ ZDV HVWLPDW® G\ELQD MNVHH W |
VDPHFDOLEUDWLRQ PHWKRG 'XHWR WKH XSSHUDQGORZEV EDBYOWRI WK
WKDQ LGHQWLI\LQJD WHIHUHQFH SRLQW IRU

1ERYEP HIXIVQMREXMSR SJ XLI WSPMH PMUYMH MRXIVJEGI
7KUHH LWHUDWLRQV RI PDQXDOO\ GHWH UR EQ@EopnJI R/K MV KFHVO B HH G DK F/NHC
UHVXOWHG LQ D VWD Q ®D3n@ GRHY DDWLRQWRIORZ FRQEBOWRR QWXDEEOHQW
IORZFRQGLWLRQV 7KHGHYLDWLRQ ZDV KLJKHUIRUWXUEXOHQW IORZ FR
WLPH UHVXOWLQJLQ OHVV HDVLO\LGHQWLILDEOH VROLG OLTXLG LQWHL

3ZIVEPP IVVSV

TRLOQYHVWLIDWH WKH XQFHUWDLQW\A\LQLFHIRUPDWLRQDQG WKHFRPELQ
ZHUHUHSHDWHG WREH474V DPWHW/D QREWD U G G BI2MoDXMDLVRRERMHUYHG 7KLV HUUR
SUHVXPHG UHSUHVHQWDWLYHRIDOO ODPLQDUIORZPHDVXUHPHQWYV 7Kl
WZLFH IRUDOO WXUEXOHQW 5H\QRReGV3QIRP ERREV: 6D8Q G @Rk 5 BFOH | R U

WKH VWDQGDUG Géi2hoD WRERE@ 3P WKH VWDQGDUG GHYLDWLRQ LQFUHDVFE
ZDV ZLWKLQ WXinUD:Qndntl )RRe =14995 WKH VWDQGDUG GHYLDWLRQ ZDV ZLW
0:2mm  0:6mm
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$ RQH GLPHQVLRQDO PRGHO IRU LFH OD\HU JURZWK SUHGLFWLRQ KDV El
WUHQGV DQG SURYLGH LQVLIKW LQWR WKH SK\VLFDO PHFKDQLFV LQYROY

7KH PRGHO UHOLHV XSRQ D PDFURVFRSLF KHDW EDODQFH 7KH FRQWU
SKDVH LQ WKH GXFW 7K HLG XFHW BLKWIR IGOVKS IMWFKK HPDWLF UHSUHVHQWDWLF
GXFW LV SUHVHQWHBGKIHQLIEH>XOHHU LQGLFDWHG LQ JUH\ IRUPV RQ WRS R
WHPSHUBWXWMK Tg ZKHOHGHQRWHY WKH IUHH]LQJ WHPSHUDWXUH RI WK|
OD\HU KD W(EH LDKWAQW KHID@HDVHG GXULQJLFH IRUPDWLRQ HQWHUV WKH
IOX[IURP WKH ZDUPHU OLTXLG SKDVH LV GkUHRW NG EWFRARQIGBWQRKNHHL FH O L
SURSHUWLHV FRUUHVSRQGLQJ WR WKH VROLG LFH OD\HU DQG WKH OLTX|
EHHQ PDGH

$t7KHLFH OD\HUMY)KL\VFWMREM®\ D IXQFWLRQ RI WLPH DQG WKXV SUHVXPH

GLUHF¥A '®

f7KH IRUPHG LFH OD\HU LV WKLQ 7KHUHIRUH WKH LQZDUGV PDVV IORZ
PDVV IORZ MPWH  mow $GGLWLRQDOO\ WKHHIIHFWLYH KHLJKW LV D:
WKH FKDQQ HQKHH J KW H
f7KHGHQVLWLHV DQG VSHFLILFKHDWV RIZDWHUDUHDVVXPHG HTXDO L
DQC@I cp;s

f7KH XSSHU DQG VLGH ZDOOV RI WKH GXFW DUH SHUIHFWO\ LQVXODWHG

f7KH KHDW IOX[IURP WKH OLTXLG WR WKH VROLG SKDVHLV DSSUR[LPDW
LFH OD\HU

+t$00 WKHHQHUJ\UHOHDVHG LQ WKH IRUP RI ODWHQW KHDW GXULQJ VR
YROXPH

f7KHWHPSHUDWXUH RI WKH VROOGE OLTXLG LQWHUIDFH HTXDOV

:DWHU HQWHUV WKH G T IDMIGH] HW AWK K, g X AW ZEWHKWRWDO PDFUR
VFRSLF KHDW EDODQFH LV WKHQ

me(Tin Tout)+ L q:O;
7KH KHDW IOX[ FDQ EH FDOFXODWHG XVLQJ1HZWR@TVY ODZ RI FRROLQJ HT

q= MA(Ty  Tg);
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JLIXUH 6 FKHPDWLF UHSUHVHQWDWLRQ RIDUHFWDQJIXOD®QG&XKHAVD 2 LMK R REBXAOEE@MWWRP SC
IRUPHG RQ WRS RI WKH ERWWRP SODWH

ZLW,KWKH EXON W HIR SMKHD WKW WUDQVIHU FRHIILFLHQWIKRH WHHDBDRT WIKGI Z L
LQWHWIHbWHL 7KHODWHQWKHDW UHOHDVHG LQWR WKH V\VWHP LV

dt

ZLWKVKH SURGXFW RI WKHGHQVLW\DQG WKH VSHFQ BH OHIMMHIDV) EHG WQ WIT

dd(t) ,
dt
7KH KHDW WUDQVIHU FRHIILFLHQW FDQ EH GHWHUPLQHG WKURXJK WKH 1

WHPSHUDWXUHY DUH XQNQRZQ 7KH KHDW IOX[ IURP WKH OLTXLG WR WK
KHDW IOX[ WKURXJK WKHFROG SODWH 7KH ODWWHU LV FDOFXODWHG XVL
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m Cp(Tin Tout) hIA(Tb TF) =0:
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6 HWWI=Q djce UHVXOWYV LQ WKHIROORZLQJH[SUHVVLRQ IRUWKHEXON WHP:
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7KHRXWOHW WHPSHUDWXUH LV WKHQ DSSUR[LPDWHG XVLQJ
Towt =2Ty  Tin;

EDVHG RQ WKHDVVXPSWLRQ WKDW WKH EXONWHPSHUDWXUH LV WKHDYH
6XEVWLWXWLQIWKBEREXDWWRQHTXDWHRQYHUV

ddt)
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(Tr Te)

7KH RQO\UHPDLQLQJ XQNQRZQ SDUDPHWHUdIt)Q WKHGGILHHHQ YWD O G HX X
LV QRW HDVLO\ VROYHG D Qdpp P QFBP GHWRUZPYGKGC WKURXJK DSSOLFDW!
LOWHIJUDWLRQ PHWKRGYV

7KH FXUUHQW SURMHFW XVHG WKH R@HI7&W SBRIOUWWURY BFZOWHU XV
PRGHO DUH GHQRW HTKIHQLW DWO B} ERC ®LWIZRY DSSOLHG IRUDOO IORZ FRQ
7KH KHDW WUDQVIHU FRHIILFLHQWY ZHUH PRGFXRD\WB 8 XYL Q D B GXDXULERQ
IORZFRQGLWLRQV UHVSHFWLYHO\

2SR HMQIRWMSREPMA"EXMSR
1RQ GLPHQVLRQDOL]DWLRQ SURYHV WR EH D XVHIXO WRRO WR JDLQ LQV
WKRXJKHTXDWIHRQ@LWDWHY FDOFXODWLRQ RI HVWLPDWHG LFH OD\HU WK
LQIRUPDWLRQ DERXW WKH SK\VLFDO PHFKDQLVPV WKDW SOD\D UROH 7KFE
WKHLQJUHGLHQWV UHTXLUHG IRUQRQ GLPHQVLRQDOL]DWLRQ RIWKH PR
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1RQ GLPHQVLRQDOL]JHG TXDQWLWLHV DUHLQGLFDWHG E\D WLOGH

7KH OHQJWKV DQG DUHD DUH QRQ GLPHQMLRQDOL]JHG XVLQJ OHQJWK VF

d
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7KH QRQ GLPHQVLRQDO QXPEHUV XVHG LQ WKH QRQ GLPHQVLRQDOL]DWI
EOH 7KHIROORZLQJHTXDWLRQV FRQWDLQ UHODWLRQV IRU WKH UHOHYI
GLPHQVLRQV DQG SURSHUWLHV RI WKH PRGHO LQVHUWHG
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DQG QRQ GLPHQVLRQDO WHPSHUDWXUH GLITHUHQFHV DV
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&RPELQLQJDOOWKHHTXDWLRQVPHQWLRQHGLQ WKLV VHFWLRQ OHDGV W
HTXDWLRQ IRUWKHLFH OD\HU JURZWK
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$V H[SHFWHG WKH PRGHO FDQ EH H[SUHVVHG LQ WKHUPDO FRQGXFWLYL!
VLRQV RI WKH JHRPHWU\ DQG WKH QRQNGPP HDQRE RQDO QXPEHUV
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7TXEXMSREV]MGIJSVQEXMSR

,Q D VWDWLRQDE! V0L WXD Wide RY QR ORQJHU DQ DSSUR[LPDWLRQ ,Q WKLV
VWDWH LFH OD\HU WKLENQHVV FDQ EH H[SUHVVHG DV
| |

~ ’ H Nu °

g= s Tr " Tc c t pe
-~ H  Nu

oTe TTe F ope

7KH WHUP FRQWDLQLQJ WKH WHPSHUDWXUH GLITHUHQFHVHVXWDMFIRRIQ L]HC

'"HSHQGHQFH RQ WKH WKHUPDO FRQGXFWLYLWLHV WHPSHUDWXUH G
SULVLQJ 7KH VWHDG\ VWDWH LFH OD\HU WI%RN—';QHN(\LM\FRIQ‘GLL\ANLL\RI—Q BVURY
HDVLO\ ZLWK WKH PDRODQEGCHE RLWIERGDOPO®Yc LV UHTXLUHG IRU SRVLWLY
IRUPDWLRQ $VHQVLEOHFRQGLWLRQDV QRLFHIRUPV ZKHQ WKH FROG SC
WKHIUHH]JLQJ SRLOQW RIWKH PHGLXP DQG WKHPHGLXP ZLOO KDYH VROLGI
LQOHW WHPSHUDWXUH LV EHORZ WKHIUHH]LQJWHPSHUDWXUH

KHQ VXEVWLWXWLQIDHTXWWHRXVVHOW UHODWLRQ IRU WXQEWFROHQW |

HTXDWLR®KH VWHDG\ VWDWH LFH OD\HU WKLFNQHVV LQ WKH WXUEXOHQ\
!

|
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+LJKHU LQOHW WHPSHUDWXUHV WKXV UHVXOW LQ ORZHU VWHDG\ VWDWH
WHPSHUDWXUHV LQ KLJKRAUQKPLEHNDIHWYSHYURKHP DWHO\FRQVWDQW $QLQF
QXPEHU UHVXOWYV LQ D GHFUHDVLQJLFH OD\HU WKLENQHVYV

,QWKHODPLQDU UHJLPH WKH 1XVVHQO W3®E PHEFHADWLHRIWH BWH DB ®\V
VWDWHLFH OD\HU WKLFNQHVV IRUPHG XQGHU ODPLQDUIORZFRQGLWLRQ
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(TXDWLRQ@QOOXVWUDWHY WKDW LQ WKH ODPLQDU IORZ UHJLPH KLJKHU 51
GXFHG LFH OD\HU WKLFNQHVVHYV

ad= C =
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miE A xiEn

-GIJSVQEXMSR MR XLIPMQMX

S5HZULWLQJ HTXDWLRQ
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H N |
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HQDEOHV HYDOXDWLRQ RI WKHWXUEXOHQW OLPLWYV

,Q WKHESO!L'I.PLW Nu!1l WKH VWDWLRQDU\LFH OD\HU WKLFNQHVV WHQGYV

OL@E= OLFL—( 1) =0:
Nu 1 Nu !l
,Q WKHMlOLPAW Hu! 0d!1 ,Q WKLV FDVH WKHUH LV QR KHDW WUDQ
6LQFH WKH 1XVVHOW QXPEHU LV GHILOHG DV WKH UDWLR RI FRQYHFWLYH *
Nu! 0ZRXOG LQGLFDWHPRUH KHDW WUDQVIHU GXHWR FRQGXFWLRQ WKD
FDOO\XQDWWDLQDEOH

'KH@ =1 ZKHWHNug DQIG= 4 WKHIXVVHOW QXPEHU FDNUEHH{SUHVVHG I
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-RMXMEP IS[TVS

7KLV FKDSWHU SUHVHQWYVY WKHIORZ SURILOHV PHDVXUHG EHIRUH WKH RQ"
OHQW IORZFRQGLWLRQV $0OOIORZ SURILOHV DUH PHcohWv XY H&m Q WKH PLG

ZLWK WKH VHWWLQJV IRTIMNWABD ICODWTEEOH 30 C

OEQMREVIS[GSRHMXMSRW

,QLWLDO IORZ SURILOHV KR¥#H58HH QIPHIFIHIHWIGQRY WKHDYHUDJH YHORFL
Re=593 LQ WKW SODQH 7KHIORZLQ WKHFHQWHU RI WKH GXFW IORZV IDVWH

JLIXUH $YHUDJH YHOR FReW 592 HBIGRIRW WKH RQVHW RI VROLGLILFDWLRQ

7TKHUHODWL YR AMKIHRWHORFLW\ ILHO G GH/S\LKkRVHGLOIDIXMNEHH HODWLYH
HUURU LV FDOFXODWHG EDVHG RQ WKH IOXFWXDWLRQV IURP WKH DYHUD
HTXDWLRQQ ILIXUEHWKLY HUURU LVDYHUDJHGMEWKHDJLD U BYXKERWWQRQ
LODQDYHUDJH UHRD WY DH XQEW URKHRHUURU LV DXSURQLWRW HBQWHU RI
WKH GXRWsDR@GRVHU WR WKH ZDOOV ORYLQJHYHQFORVHUWRWKHZDOOV
ODUJHGXHWRWKHVFDWWHULQJRIWKHODVHU 7KLVHUURUSURILOH FDQ
YHORFLW\VILHOGV

$YHUDJLQJ WKH YHORFLW\ ILHOG RYHU WKH D[LDO GLUHFWLRQ \LHOG\
YHORFLW\ SURILOH VKRX® OCRAHXKBOI Rl WKH DYHUDJHG YHORFLW\ SUR
SK\WWLFDO XQLWV WR ZDOO XQLWYV WR IDFLOLWDWH FRPSDULVRQ ZLWK IXC
ILHOG FORVHO\UHVHPEOHY 3BRLVHXLOOHIORZDQG LV WKXV FRQVLGHUHG



B8YVFYPIRXiIS[GSRHMXMSRW

D5HODWLYH HUURU E$YHUDJH UHODWLYH HUURU

JLIXUH 7KHUHODWLYH HUURU RI WKH B¥+H39® JBH YYHORWKW\HUHBG DRMHUDJHG RYHU WKH D[LD(
7lcm<x< 79cm E

D3K\VLFDO XQLWYV E:DOO XQLWYV

JLIXUH 7KHLQLWLDO YHORFLW\DYHOGIHE RMHXY WK H DXLt OxKRROEhG LAIDIKHVLFDO D DQG
ZDOO E XQLWYV

8YVFYPIRXiIS[GSRHMXMSRW

OHDVXUHPHQWY KDYH EHRE=-HBRQ QXFIR0H BRd R18219 D RB8=14995 7KH DY
HUDJH YHORFLW\ILHOGV REWDLQHG XQGHU WKHVH WXUEXOHQW IORZ FRQ
DUH SURYLGHG LQKHIJXHW®RFLW\ VFDOHY DUH VHW HTXDO IRUDOO 5H\QROC
SXUSRVHV %LOIRUMKH $SSHQGL[ FRQWDLQV LQVWDQWDQHRXV YHORFLW\ |
WLRQV
$YHUDJLQJWKH YHORFLW)\ RYHIGW KU PR U DDXFRIRUGLQDWH UHVXOWYV LQ V
SURILOHV SUHVHQWHRBH QYHUOWHH G SURILOHYV IRU WKH WXUEXOHQW IORZ
LQ SK\VLFDO DQG ZDOO XQLWV $OWKRXJK WKH DYHUD JHN8& RWIKHHV FOR\V
ORZHU KDOI RI WKH YHORFLW\ SURILOHV LV FRQYHUWHG LQWR ZDOO XQLW
LFH IRUPDWLRQ 7KHDYHUDJH YHOBFUWIGDWMBH VRWORDHIHSH\QROGV Q
IRU KLJKHU 5H\QROGYV QXPEHUV *HQHUDOO\ PRUH WXUEXOHQW IORZV S
LQFUHDVHG LQWHQVLW\ RI HGGLHV 7KH JUDGLHQWY DUH WKH@ SUHVHQ\
7KHURXQGHU SURILOHV REVHUYHG IRUWKH KLJKHU5H\QROGV QXPEHU GR
IORZ SURILOHV &RQYHUVLRQ W RXZDNDKHXQLONMK MWIKDMHY WKLYV KHUH Wi
SURILReEBRIURYHUODSSHG ZLWK 3RLVHXE Q/&H NORRZRFL WUSURILOHV IRU WX
FRQGLWLRQV GR QRW RYHUODS ZLWK WKH SURILOHVY FRUUHVSRQGLQJ WHF
WKH SURILOHV IRUDOO 5H\QROGYV QXPEHUV GHYLDWH VXEVWDQWLDOO\ W
I[URP WKH ORJDULWKPLF ODZ DQG WKH ODZ Rl WKH ZDOO WKDQ WKH ORZ
HVWLPDWHG UHTXLUHG GHYHORSPHQW OHQJWK IRUWXUEXOHQW IORZ GH
KLJKHU 5H\QROGYV QXPEHUV UHTXLUH ORQJHU GHYHORSPHQW OHQJV
VROLGLILFDWLRQ FDQQRW EH FRQVLGHUHG IXOO\ GHYHORSHG IRU DQ\ RI
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